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REVIEW ARTICLE

The Effects of Geographic Region and Breed on the Prevalence of Foot
Diseases in Dairy Cows in Tiirkiye: A Systematic Review and
Meta-Analysis
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Abstract

Foot diseases in dairy cows substantially affect animal welfare and farm profitability.
This systematic review and meta-analysis estimated the pooled prevalence of foot
diseases in dairy cows in Tiirkiye and assessed the effects of region, breed, and sample
size. A comprehensive literature search was conducted for studies published between
January 1999 and September 2024 in accordance with PRISMA guidelines. Eligible
studies were analyzed using a random-effects meta-analysis model. Heterogeneity was
assessed using Cochran’s Q test and the I” statistic, and publication bias was evaluated
through Egger’s test and funnel plot analysis. Of 5,779 studies identified, 31 met the
inclusion criteria. The overall pooled prevalence was 20.52% (95% CI: 16.23-25.19). By
region, prevalence ranged from 6.76% to 51.59%, with Holsteins showing the highest
prevalence among breeds (13.22%). A comparison of study periods revealed that the
prevalence significantly increased from 16.93% (95% CI: 12.01-22.50) in 1999-2014
to 24.81% (95% CI: 17.46-32.98) in 2015-2024. These findings highlight regional and
breed-related differences in the prevalence of foot diseases in dairy cows in Tiirkiye.
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Milk production and dairy farming are sustainable
agricultural activities that contribute significantly to a
country’s economy 7. The prevalence of foot diseases,
especially in dairy farms, varies based on factors such
as geographic region, herd size, and breed; it is also
affected by environmental and management conditions.
Different climate structures and regional differences in
herds contribute to the prevalence of foot diseases 51,
For example, cows in humid and temperate regions may
be more prone to certain foot diseases due to prolonged

INTRODUCTION

Foot diseases and lameness in dairy cows are among the
health problems that significantly affect animal welfare
and rural economies all over the world ", including
in Tarkiye *°.. Among the foot problems frequently
encountered in cows, infectious illnesses (e.g., digital
dermatitis) 1®”), and noninfectious illnesses (e.g., sole
ulcer and white line disease) stand out due to the adverse
conditions they create ®1%. Foot diseases cause severe
economic losses linked to early culling, decreased milk

yields, and reduced reproductive performance 13,
Furthermore, individual treatment costs ranged from
USD 51.5 to 1.517 (2019 price levels) depending on the
type of lesion . Additionally, a 2024 study reported an
average lameness cost of USD 153.8 per case in dairy farms
in Turkiye ['*l. Therefore, the rapid detection and accurate
diagnosis of foot lesions are important in ensuring animal
welfare and minimizing economic losses '],

exposure to wet conditions, which are conducive to bacterial
proliferation 2021, Likewise, the risk of infectious disease
may increase in larger herds and foot diseases may become
more common in herds due to poor management 2.
Studies conducted in different regions of Tiirkiye show
that the prevalence of foot diseases varies from east
to west, with rates ranging from 8.1% ** to 38.77% I,
Although there are regional studies on the prevalence

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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and contributing factors of foot diseases in dairy cattle
in Tiirkiye, there is still a lack of comprehensive data.
Understanding the factors affecting such diseases is
critical in developing prevention strategies for dairy farms
and eliminating administrative problems. This study
asked the following research question: Do geographic
region, breed, and sample size affect the prevalence of foot
diseases in cows in Tiirkiye? It evaluated the prevalence
of foot diseases in dairy cattle throughout Tiirkiye, and
it calculated a combined rate. By analyzing the effects of
geographic region, breed, and sample size on illness rates,
this study advances the relevant literature.

MATERIAL AND METHODS
Research Question

Do geographic region, breed, and sample size affect the
prevalence of foot diseases in cows in Tiirkiye?

Search Strategy and Literature Review

This study is based on the PRISMA statement and the
checklist is provided in Supplementary material 12423,
Between July and September 2024, a keyword-based search
was carried out in the databases of PubMed, Web of Science,
Google Scholar, Scopus, Dergipark, and the National Thesis
Center using the online library platform of Cukurova
University. The following search terms were employed:
“cow,” “foot disease,” “prevalence,” and “Tiirkiye” The
complete search strategies, including Boolean operators
and database-specific search strings, are provided in
Supplementary material. After a detailed literature search,
all relevant observational studies (e.g., cross-sectional and
cohort studies), studies including the prevalence of foot
illnesses, master’s theses, and doctoral dissertations were
considered. The findings were filtered to include only
studies published in the past 26 years, from January 1999
to September 2024, in English and Turkish. The resulting
studies were classified as included or excluded based on
an initial review of their titles and abstracts and whether
they answered the abovementioned research question.

Inclusion and Exclusion Criteria

The flow chart for the systematic review and the article
selection process for the meta-analysis, which was created
based on the PRISMA guidelines, is presented in Fig. 1.
First, a total of 5.779 studies published between January
1999 and September 2024 were collected through a
comprehensive literature search. Then, these studies were
selected according to the following inclusion criteria: a)
English and Turkish articles published in peer-reviewed
journals investigating the prevalence of foot diseases
in different regions of Tiirkiye; b) observational studies
(e.g., cross-sectional and cohort studies); ¢) studies with
data on the prevalence or rates of foot diseases in cows;

d) studies specifying the geographic region, breed, and
sample size; e) master’s theses and doctoral dissertations
providing information on the rates or prevalence of foot
diseases in cows in Tiirkiye. The exclusion criteria were
as follows: a) master’s theses or doctoral dissertations
without information on the rates or prevalence of
foot diseases, b) studies using only male animals, and
c) studies not providing details on the rates or prevalence
of foot diseases. In meta-analyses involving more than one
geographic region, each region was considered a separate
study, and the data were evaluated by region. If more than
one breed was investigated in a study, the number of cows
with foot diseases was considered separately by breed.

Data Extraction

Two authors independently screened all the full-text studies
to determine whether they met the inclusion and exclusion
criteria. In the identified studies, only numerical data of
the diseases that constitute the rates or prevalence of foot
diseases were collected, and the framework of the study
was created by not extracting data on the diseases. Using a
standard data extraction form, the first author’s name, year
of publication, breed(s) of cows used in the study, geographic
region, sample size, and number of cows with foot diseases
were recorded. The list of the studies included in the meta-
analysis and their detailed characteristics are given in Table
1. The data were classified by dividing them into subgroups
based on animal breed (Holstein, Simmental, Brown Swiss,
native, and mixed), geographic region (Marmara, Aegean,
Mediterranean, Central Anatolia, Southeastern Anatolia, and
Eastern Anatolia), sample size (less than 1.000 and more than
1.000), and study year (first 16 years, last 10 years, and 26
years in total). Then, the numbers of cows with foot diseases
and the total sample-size values were extracted separately
from these subgroups. The Black Sea region, one of the seven
regions of Tiirkiye, was not included in the study because
there was not enough information about it. Disagreements
between the authors were resolved through discussion.

Data Quality Appraisal

Data quality of all the studies was assessed using 10 quality
control items described by Joanna Briggs Institute prevalence
critical appraisal °"\. The tool evaluated the following: sample
frame, sampling methods, sample size, description of setting,
sufficient coverage for data analysis, objective and reliable
methods for identifying the condition, appropriate statistical
analysis, and adequate response rate. The tool appraises each
domain as Yes/No/Unclear/Not applicable. We assigned a
value 1 to a Yes answer and a value 0 if the answer was No/
Unclear/Not Applicable. A higher score denotes a higher
quality study, with a maximum attainable score of 10. As the
Joanna Briggs Institute tool does not define a specific cutoff
for acceptable quality, a threshold of 25 (i.e., at least 50% of
the quality domains fulfilled) was used to distinguish studies
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Table 1. Information about 31 studies was included in the meta-analysis on the prevalence of foot diseases in dairy cows

Study . . . Number of Foot Diseases
Number Study Breed Geographic Region Sample Size in Cows
1 Sagliyan et al., 2010 ¢ Undefined Eastern Anatolia 1352 387
2 Kulualp et al., 2021 7 Holstein, Simental Aegean 1685 179
3 Istek et al., 2019 ¢! Hol'stem, $1mental, Brown Swiss, Eastern Anatolia 422 100
Native, Mixed
4 Erol et al., 2019 28 Brown Swiss Central Anatolia 200 80
5 Ormanci and Belge, 2001 »°) Hol.steln, slmental, IS TS, Eastern Anatolia 1800 321
Native, Mixed
6 Tutug and Gengcelep, 2021 *°) Isvll?ngtal’ RIS N, Eastern Anatolia 1686 128
7 Cegen et al., 2018 1 Holstein Aegean 93 33
8 Sengoz Sirin et al, 2021 Simental Mediterranean 281 269
9 Ozcan and Pamuk, 2009 13! Hol.steln, §1menta1, LSRR AT Central Anatolia 1800 195
Native, Mixed
10 Atasoy N, 2003 1*2 Hol.stem, slmental, Brown Swiss, Eastern Anatolia 924 210
Native, Mixed
11 Sindak et al., 2003 ) Undefined Southeast Anatolia 4432 134
12 Yayla et al., 2012 1) Simental, Brown Swiss, Native, Eastern Anatolia 2317 280
Mixed
13 Yurdakul and Sen, 2018 2! Undefined Central Anatolia 1302 514
14 Yakan S, 2018 4 Undefined Eastern Anatolia 1255 222
15 Keskin and Durmus, 2016 **/ | Undefined Southeast Anatolia 1818 209
16 Saruhan A, 2015 ¢ Hglstem, Simental, Native, Eastern Anatolia 570 43
Mixed
17 Canatan U, 2020 7 Undefined Marmara 85 84
- Holstein, Simental, Brown Swiss
[38] 9 > >
18 Dagtan I, 2009 Native, Mixed Aegean 1090 71
19 Aydmoglu AG, 2009 1**! H(.)lsteln, Simental, Native, Mediterranean 1320 77
Mixed
20 Yilmaz Tan F, 2020 ) Undefined Eastern Anatolia 1303 14
21 Kavus MT, 2022 11 Undefined Eastern Anatolia 4000 292
22 Pirci B, 2011 4 Holstein Central Anatolia 100 37
23 Akin 1, 2008 43! Holstein Marmara 540 42
24 Yaylak et al., 2010 122! Holstein Aegean 1080 305
25 Istek ve Durgun, 2004 4 Undefined Eastern Anatolia 1356 184
26 Kayapinar and Han, 2021 ) | Undefined Eastern Anatolia 7040 547
27 Canpolat and Bulut, 2003 ! | Undefined Eastern Anatolia 3600 512
28 Giizel and Erden, 2000 47! Undefined Aegean 505 233
29 Cecen and Gorgiil, 2007 14*! Holstein Marmara 547 196
30 Sagliyan and Unsaldi, 2002 ! | Undefined Eastern Anatolia 1688 144
31 Ayhan HD, 2019 % Undefined Eastern- Southeast Anatolia 600 465
with moderate methodological quality from those with lower ~ Statistical Analysis

quality. This approach is consistent with previous prevalence
meta-analyses using the same appraisal tool . In all stages of
this process, discrepancies between reviewers were resolved
by consensus.

Before the meta-analysis, publication bias was examined
statistically with Egger’s test *2/ and graphically with the
funnel plot in all subgroups. The trim-and-fill method was
used to eliminate publication bias. Egger’s test was not
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used if the number of studies included in the meta-analysis
was less than 10. Cochran’s Q test evaluated the hetero-
geneity of the effect sizes of the studies. The Q statistics were
calculated with I? values. If the heterogeneity was statistically
significant, the random effects model was used to estimate
the effect size; if the heterogeneity was not significant, the
fixed effects model was employed. The effect sizes of
individual studies were obtained as a result of the meta-
analysis, and the combined effect sizes were shown graphically
with forest plots. The heterogeneity of the subgroups was
determined based on the animal breeds, geographic regions,
sample sizes, and study years of the studies included in each
subgroup. Then, the combined rates with 95% CI according
to the sample sizes and numbers of cows with foot diseases
were calculated. The chosen level of statistical significance
was P<0.05, but a=0.10 was taken as indicating publication
bias and heterogeneity. MedCalc version 23.0.9. (free trial)
was used for the meta-analysis, and the meta and metafor
packages of R version 4.4.1. (R Core Team, 2021) were
employed to look for publication bias.

RESULTS
Study Characteristics

A total of 31 articles that met the inclusion criteria were
deemed suitable for meta-analysis. The selection process
is shown in Fig. 1. Meta-analyses were performed on the
subgroups based on geographic region, breed, sample
size, and publication year. Among the studies, 14 articles
did not specify animal breeds were not included in the
meta-analysis in the breed subgroup; hence, analyses were
performed on 17 articles. The list of the studies included
in the meta-analysis and their detailed characteristics are
presented in Table 1. The most common breed was the
Holstein (n=13), followed by the Simmental (n=11); the
other three breeds were equally common (n=9). From a
geographic perspective, the eastern Anatolia region had
the most studies (n=14), while the Mediterranean region
had the least (n=2). Also, 11 studies with sample sizes
of less than 1,000 were identified, while 20 studies with
sample sizes of more than 1.000 were found. Regarding
the publication years, 16 studies were published in the
first 16 years (1999-2014) and 15 were published in the
last 10 years (2015-2024). The quality assessment indicated
that most included studies were of acceptable quality. The
average score was 7.25 points (range 5-9, with higher scores
denoting higher quality articles), where the best scores
were associated with sampling, sample frame, methods
for sampling, and sample size. A summary of the quality
assessment is presented in the Supplementary Material.

Meta-Analysis Results

No evidence of publication bias was detected in the sub-
groups with more than 10 studies, and the trim-and-fill

Records identified through database searching (n=5779)

o
8 Pubmed (n=4)
H Web of Science n=12)
£ Google Scholar (n=4960)
£ Scopus (n=76)
= Dergipark (n=710)
National thesis center (n=17)

!

[ Records after duplicated removed ]

(a=4170)

LL

[ Records screened (n=4170) ]

[ Screening ]

B | Records excluded (n=4116)

ﬂ Full-text articles excluded, with reasons

] (n=23)
+  Studies using only bulls (n=1)

+ Doctoral or master's theses without a
+  Studies where foot disease rates
could not be obtained(n=17)

eligibility (n=54)

Full-text articles assessed for
foot disease rate (n=5)

Studies included in this meta-
analysis (n=31)

[ o] ] [ Eligibility ]

Fig 1. Flow diagram of the studies identified by the systematic review on

the prevalence of foot disease in dairy cows

method was not used to determine effect sizes. Hetero-
geneity between the studies was statistically significant in
all the subgroups according to Cochran’s Q test; hence, the
random effects model was used to determine effect sizes.

Breed

The meta-analysis results concerning the breeds are shown
in Table 2. The effect sizes were calculated by considering
heterogeneity. There were heterogeneous distributions
in all the breeds. The rate of foot diseases was highest in
Holstein cows (13.22%) and lowest in native breed cows
(3.88%). The funnel and forest plots for the Holstein breed
are presented in Fig. 2. The funnel and forest plots for the
other breeds can be found in Supplementary Material.

Geographic Region

The meta-analysis findings regarding the geographic
regions are shown in Table 3. There were heterogeneous
distributions in all the regions. The prevalence rates of
foot diseases were as follows: 51.59% in the Mediterranean
region, 50.02% in Marmara, 30.73% in Central Anatolia,
23.45% in the Aegean, 11.82% in Eastern Anatolia, and
6.76% in Southeastern Anatolia. The funnel and forest
plots for the Central Anatolia region are presented in Fig.
3. The funnel and forest plots for the other regions can be
found in Supplementary Material.

Sample Size

The meta-analysis results concerning the two sample-size
groups are shown in Table 4. There were heterogeneous
distributions in both groups. The pooled prevalence was
41.67% in studies with sample sizes <1.000 and 11.77%
in studies with sample sizes >1.000. The relevant funnel
and forest plots are given in Supplementary Material.
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Publication Year

Table 5 presents the findings of the meta-analysis regarding

the studies’ publication years. There were heterogeneous

distributions in all three groups. In the group concerning
the first 16 years (1999-2014), the rate of foot diseases

was 16.93%; in the group pertaining to the last 10 years
(2015-2024), the rate increased to 24.81%. In the group

Kipetal 2021 |- B 1

Istek etl. 2019 -

Omanciand Beige, 201 [~ 1

Gegen etal, 2018 - _

cumapani 2 |- ]

AtssoyN. 2003 - -

Saunan A 2015 Il

Dastani. 2009 = [V S E

Aydinlioglu AG. 2009 — el — :5 R

Pirci B. 2011 - —_— 3

Aan. 2008 - E =

Yayiak etal. 2010 - -

Gegen and Gérgtl, 2007 |- —.—

Total (fxed effects) - +*

Total (random effects)  (— e
I I I I I 0 L I I I I
00 o1 0z 03 04 05 02 01 00 o1 0z 03 04

A Proportion B Proportion

Fig 2. Forest plot (A) and funnel plot (B) of studies on the Holstein breed

Table 2. Prevalence rates of breed, heterogeneity, and Egger test results

Test for Heterogeneity

Breed Proportion (%) 95% CI Egge;lTest

Q P-value I (%) (P-value)
Holstein 13.22 8.75-18.45 566.57 <0.001 97.88 0.163
Simmental 9.37 3.64-17.41 1606.64 <0.001 99.38 0.144
Brown swiss 8.17 4.26-13.21 499.44 <0.001 98.40 -
Native 3.88 2.29-5.86 146.67 <0.001 94.55 -
Mixed 5.16 3.13-7.66 181.82 <0.001 95.60 -
CI: Confidence interval, Q: Cochran Q statistics, I: numerical expression of heterogeneity
Table 3. Prevalence rates of geographic region, heterogeneity, and Egger test results

Test for Heterogeneity
Geographic Region Proportion (%) 95% CI EggerlTest
Q P-value 2 (%) (P-value)
Marmara 50.02 10.54-89.97 443.23 <0.001 99.55 -
Aegean 23.45 10.80-39.17 484.57 <0.001 99.17 -
Mediterranean 51.59 8.20-89.96 1153.71 <0.001 99.91 -
Central Anatolia 30.73 12.67-52.58 399.45 <0.001 99.25 -
Southeast Anatolia 6.76 3.68-10.69 165.03 <0.001 98.18 -
Eastern Anatolia 11.82 7.87-16.43 1979.49 <0.001 99.34 0.446
CI: Confidence interval, Q: Cochran Q statistics, I: numerical expression of heterogeneity
Table 4. Prevalence rates of sample size, heterogeneity, and Egger test results
Test for Heterogeneity

Sample Size Proportion (%) 95% CI EggerlTest

Q P-value 12 (%) (P-value)
<1000 41.67 24.45-60.01 1445.15 <0.001 99.31 0.119
>1000 11.77 8.75-15.17 2293.14 <0.001 99.17 0.258

CI: Confidence interval, Q: Cochran Q statistics, I: numerical expression of heterogeneity
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Table 5. Meta-analysis results for different year intervals.
Test for Heterogeneity E
. er Test
Year Proportion (%) 95% CI %g al
Q P-value 12 (%) (P-value)
First 16 years 16.93 12.01-22.50 1801.69 <0.001 99.17 0.571
Last 10 years 24.81 17.46-32.98 2956.19 <0.001 99.53 0.225
Total 26 years 20.52 16.23-25.19 4809.29 <0.001 99.38 0.378
CI: Confidence interval, Q: Cochran Q statistics, I: numerical expression of heterogeneity

regarding the whole period (26 years), the foot disease rate
was 20.52%. The funnel and forest plots for the studies in
the latter group (whole period) are presented in Fig. 4. The
funnel and forest plots for the other two groups can be
found in Supplementary Material.

Di1SCcUSSION

This study examined the effects of geographic region,
breed, and sample size on the prevalence of foot diseases
in cows in Tiirkiye. It calculated a combined rate of foot

disease prevalence from existing data. The prevalence
of foot diseases in cows varies depending on the breed
and type of disease *>**. Among the factors affecting
the prevalence of such diseases, herd size, building
type, lying space and floor type, grazing period, feeding
methods, and the seasonal distribution of lameness are
all important. Also, keeping regular lameness records
is critical for monitoring animal health and welfare .
Furthermore, housing conditions have also been shown to
impact prevalence; the rates of foot diseases in free-stall
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systems are lower than those in tie-stall systems **. The
present meta-analysis revealed the effects of geographic
region, animal breed, and sample size on prevalence and
the differences in prevalence of subgroups.

The data used in systematic reviews and meta-analyses
of the prevalence of foot diseases in cows vary. These
analyses combine studies conducted in different countries
of the world " or studies from different regions of the
same country *°l. Oehm et al. performed meta-analysis
according to the coefficients (odds ratio), standard errors,
and risk factors. Afonso et al.® carried out meta-analysis
based on the lameness incidence rates obtained from their
included studies. Dutton-Regester et al.'! conducted meta-
analysis according to the sensitivity and specificity values
of their selected studies. In the present meta-analysis, the
percentage values of the foot disease prevalence rates were
obtained based on the sample sizes and numbers of cows
with foot diseases from 31 studies, and proportional meta-
analyses of these data were performed. Although some
primary studies used the term “incidence,” it is important
to distinguish between incidence and prevalence as
separate epidemiological measures. Incidence refers to
newly occurring cases over a defined period, whereas
prevalence represents the proportion of existing cases at a
given time. In the present meta-analysis, the synthesized
estimates correspond to prevalence data.

According to the meta-analysis, the pooled prevalence of
foot disease was 20.52% (95% CI: 16.23-25.19). A difference
in pooled prevalence was observed between study
periods. In the 16 studies covering the first 16 years of the
study period, the pooled prevalence was 16.93% (95% CI:
12.01-22.50), whereas in the 15 studies representing the
most recent 10 years, the pooled prevalence was 24.81%
(95% CI: 17.46-32.98). This apparent increase in pooled
prevalence should not be interpreted as a definitive rise in
the true frequency of foot diseases. The higher estimates
observed in more recent studies may reflect improved
detection methods, increased awareness among farmers
and veterinarians, changes in reporting practices, or
differences in study design and sampling strategies rather
than a true epidemiological increase. Compared with
other studies in Europe, the foot disease rate on farms in
England and Wales was 36.8% 7). In Greece, the lameness
prevalence was 18.7% ©**. In a study that reported the
prevalence of lameness in four countries, the rates were
as follows: 25% in Germany, 24% in France, 10% in Spain,
and 7% in Switzerland **l. In our meta-analysis, the
prevalence of foot diseases in cows varied widely, from
1.07% " to 98.82% 7). The latter figure comes from a
study of foot diseases in slaughterhouse material collected
in the Bursa region, where the presence of at least one
claw lesion in almost all the feet and the scope of the study
explain the high rate ). Overall, these findings suggest

that foot diseases remain a significant health concern
in dairy cattle, although prevalence estimates may vary
substantially depending on study design, sampling
methods, and regional management conditions.

The present meta-analysis demonstrated substantial
variation in the prevalence of foot diseases across geographic
regions in Tiirkiye. The Mediterranean region showed the
highest pooled prevalence (51.59%, 95% CI: 8.20-89.96),
whereas Southeastern Anatolia had the lowest prevalence
(6.76%, 95% CI: 3.68-10.69). The Marmara region had the
second-highest prevalence (50.02%, 95% CI: 10.05-89.97).
These findings suggest notable regional differences in the
burden of foot diseases. However, no eligible studies were
available for the Black Sea region; therefore, analyses were
limited to six regions, which represents an important
limitation of this study. Additionally, the high prevalence
estimates observed in the Mediterranean and Marmara
regions were accompanied by wide confidence intervals,
reflecting considerable statistical uncertainty. These
estimates were based on a limited number of studies (e.g.,
n = 2 for the Mediterranean region) and may have been
influenced by specific study characteristics. For example, a
small-scale study conducted using slaughterhouse material
in the Marmara region reported a prevalence of 98.82%,
which may have disproportionately affected the pooled
estimate. Therefore, these regional estimates should be
interpreted with caution. Regional variations in climate,
herd size, housing systems, and access to pasture may
partly explain the observed differences. Previous research
has shown that access to pasture improves foot health,
with lower rates of foot diseases and lameness observed
in cows that spend more time grazing compared to those
kept in confined housing systems **.. Moreover, elevated
summer temperatures and increased heat stress have
been associated with a higher risk of foot disorders %61,
However, in our meta-analysis, the prevalence of foot
diseases in Southeastern Anatolia was the lowest despite
the region’s high summer average temperatures. By
examining the studies conducted in this region in terms of
seasonal conditions and increasing the number of studies,
different explanations can be made regarding the effect of
heat stress on cows.

In 6 of the 17 studies contained in the meta-analysis of
animal breeds, a single breed was investigated, while in
the other 11 studies, more than one breed was looked at.
The most common breed was the Holstein, which was also
the breed with the highest rate of foot diseases (13.22%,
95% CI: 8.75-18.45). The fact that Holstein cows dominate
the industry due to their productivity and that they
become less resistant to foot diseases compared to other
breeds when sufficient care is not taken of them has been
reported in other studies "%, Foot disease rates among
breeds vary according to the region where the study has
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been conducted, the study methods (clinical trial, survey,
etc.), and the herd’s characteristics. While breeds such
as Holstein 223042431 Simmental 1), and Brown Swiss 28
are used in herd-based studies, it is noticeable that the
number of breeds is greater than one in prevalence studies
addressing specific regions #3323 Furthermore, the
rate of foot diseases in cattle is increasing, especially as
intensive housing conditions have become widespread
and breeds such as Holstein and Simmental have adapted
to them P*>*, In addition, changes in the genetic structure
of breeds, the physical and environmental conditions to
which breeds are exposed, and different care management
practices all affect the prevalence of foot diseases [©*.

Subgroup analyses further indicated differences in pooled
prevalence according to sample size. The pooled prevalence
was 11.77% (95% CI: 8.75-15.17) in studies including >1.000
animals and 41.67% (95% CI: 24.45-60.01) in studies with
<1.000 animals. The narrower confidence interval observed
in larger studies suggests greater statistical precision,
whereas smaller studies demonstrated greater variability in
prevalence estimates >, For example, a study involving
7.040 animals in the Malatya region reported a prevalence
of 7.77% ], whereas in a single-herd study conducted
on 281 cows in the Burdur region reported a prevalence
of 95.73% Pl. In our study, the rate of foot diseases was
generally high in studies with sample sizes of less than
1.000 2842; it is noteworthy that these studies were mostly
conducted in single herds. The studies with sample sizes of
more than 1,000 *344) mainly covered more than one herd;
accordingly, the decrease in the rate of foot diseases was
noticeable. Therefore, the observed inverse pattern between
sample size and pooled prevalence likely reflects differences
in study design, representativeness, and statistical precision
rather than a true biological association [,

In addition, a higher pooled prevalence was observed
in studies conducted during the most recent decade
(24.81%) compared with those from the earlier study
period (16.93%). However, this apparent increase should
be interpreted cautiously. Rather than representing a
definitive rise in the true frequency of foot diseases, the
difference may reflect enhanced diagnostic awareness,
improved detection methods, and increased reporting
practices within the Turkish dairy sector. Furthermore, the
substantial methodological heterogeneity observed across
studies (I >99%) suggests that variations in sampling
strategies, diagnostic criteria, and case definitions between
study periods may have significantly influenced the pooled
estimates. Without accounting for these methodological
differences, a purely biological interpretation of the
temporal pattern would be inappropriate. Overall, the
observed trend likely reflects improvements in case
detection and documentation rather than a straightforward
escalation in disease occurrence.

CONCLUSION

Foot diseases remain an important health concern in dairy
cattle in Tiirkiye. The pooled prevalence of 20.52% (95%
CI: 16.23-25.19) obtained in this meta-analysis should not
be interpreted as the true national population prevalence.
Rather, this estimate represents a statistical summary of
studies conducted over a 26-year period using different
methodological approaches, diagnostic criteria, and
sampling strategies, with substantial heterogeneity (I* =
99.38%). Therefore, the pooled value should be interpreted
cautiously and viewed as an aggregated epidemiological
indicator rather than a definitive population parameter.
These findings highlight the need for standardized
surveillance systems and well-designed, large-scale
observational studies to better characterize the current
burden of foot diseases in the national dairy herd.

HiGHLIGHT KEYPOINTS

o Geographical region, breed, and sample size are
effective in the prevalence of foot diseases.

o The pooled prevalence of foot diseases in Tiirkiye is
20.52%.

o The Holstein breed showed the highest prevalence
among breeds.

«  Prevalence significantly increased after 2015.

o Prevalence ranged from 6.76% to 51.59% across
geographical regions.
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Abstract

Precision Livestock Farming (PLF) operates through the implementation of modern
technological approaches with regard to monitoring and managing animal health,
welfare and productivity of individual animals in real-time. A crucial aspect of PLF
is the individual identification of each animal, which contributes to development of
personalized decisions, leading to improved health outcomes, optimized feed usage, and
greater overall farm efficiency. Currently employed technologies for animal identification
include means as ear tags, RFID tags and boluses, neck collars and other devices for
identification. Recently, a new promising method for individual identification has
emerged, implementing software technologies for animal face recognition. The present
paper focuses on the comparison of the currently used methods for identification
and animal face recognition on several criteria — accuracy, invasiveness, automation
potential, effects on animal welfare and functional challenges. Among the methods
analysed, face recognition appeared accurate for over 90%, with high automation
potential, non-invasive and excellent outcomes for animal welfare. Although, there are
some limitations for the large-scale implementation of this method as hardware costs,
light-induced variations and needs for dataset preparation, livestock face identification
has the potential to improve the precision and effectiveness of animal husbandry and
management. With sustained investment in smart infrastructure for farms and on-field
trials, animal face identification could be practically implemented for more efficient and
intelligent livestock farming.
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For the purpose of Precision livestock farming (PLF),
identification systems must be capable of supporting
automated, individualized management of large animal
populations. PLF aims to enhance animal health, welfare,
and productivity through the integration of real-time
monitoring systems and intelligent technologies . To meet
these goals, researchers and technologists are exploring
novel identification methods that are non-invasive,
scalable, and compatible with digital infrastructure.

INTRODUCTION

The identification of individual animals plays a vital
role in the management of livestock farms, including
operations on health monitoring, traceability of live
animals and their products, reproduction management,
and biosecurity measures. As global agriculture intensifies
and shifts toward data-driven decision-making, the
demand for accurate, efficient, and ethical identification
systems continues to grow. Conventional methods such
as ear tags, branding, tattooing, and injectable RFID
chips, are widely used, but at the same time some of them

In the last decade less invasive and digitally applicable
approaches have emerged, among which animal face

present considerable limitations. These include potential
for loss or damage %, invasiveness, stress and pain to
the animals ¥, and susceptibility to human error or
tampering 1°l. Moreover, visual identification tools require
physical proximity and often human intervention, which
hinders their applicability in automated precision farming
environments.

recognition has gained significant attention. This method
utilizes computer vision and artificial intelligence
(AI) to draw on unique face features to distinguish
between individuals, similar to human facial recognition
systems. Recent advances in deep learning, particularly
convolutional neural networks (CNNs), have enabled high-
accuracy identification in various species, including cattle,

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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pigs, and goats .. These systems have the potential to be
integrated with farm management software, surveillance
cameras, and Internet of Things (IoT) networks for real-
time tracking and decision support.

Furthermore, face recognition technologies promise broader
functionalities such as automated monitoring of health and
behavior, detection of estrus cycles, and implementation of
disease outbreak control measures, all of which are among the
essential components of smart farming systems '*!l. At herd
level, their application could mitigate the stress and ethical
concerns associated with invasive marking techniques, which
could address the growing societal demands for animal
welfare and sustainable farming nowadays.

This study provides a structured comparison of different
identificationtechnology methodsusingunified evaluation
criteria (accuracy, automation potential, welfare impact,
and scalability), complemented by summary performance
data and an assessment of methodological quality.

This paper critically evaluates the current state of animal
face recognition technologies and their potential role in
precision livestock farming. It analyses existing research,
compares traditional and modern identification methods,
and assesses the technological, practical, and ethical
challenges of implementing face biometrics in farm
environments. The objective is to determine whether
face recognition can serve not only as a supplementary
instrument but eventually as a reliable alternative to
conventional systems of animal identification.

MATERIAL AND METHODS

The study was designed as a comparative systematic review
with the objective to classify and compare various animal
identification methods within the context of precision
livestock farming, evaluating their accuracy, efficiency,
impact on animal welfare, and potential for automation,
with a particular focus on face recognition and whether
it can fully replace or serve as a complementary method
to existing practices. A structured literature search was
conducted in the period January-April 2025, involving
systematic searches in scientific databases such as Web
of Science, Scopus, PubMed, and Google Scholar (Fig.
I). The primary search strings included keywords and
combination of terms as: “animal identification” AND
(“ear tag” OR “RFID” OR “microchip” OR “GPS collar” OR
“biometric*” OR “face recognition”) “precision livestock
farming” AND (“identification” OR “computer vision” OR
“deep learning”). All relevant studies were subjected to
selection based on predetermined criteria for inclusion -
only peer-reviewed articles; published between 1995-2025;
being available in English; focused on farm animal species
- cattle, pigs, sheep, goats, horses, and poultry; included at
least one animal identification method; reported findings

on performance, accuracy or applicability. The exclusion
criteria were set to removing from the study papers that
were not peer-reviewed; papers from editorials, theses,
conference abstracts; focus on animal species without
farm relevance (like pets and wildlife); related to animal
tracking or monitoring without individual identification.

All articles selected as per the criteria were checked for
duplication. The compiled set after removing duplicates, was
screened through titles and abstracts for relevance to the topic
based on the inclusion criteria and potentially relevant articles
with full text were assessed for eligibility. From each eligible
study information was extracted regarding the identification
method used, animal species involved, and performance
indicators such as recognition accuracy, reliability, impact
on animal welfare, ease of application, cost, potential for
automation, integration with farm management systems, and
adaptability to different environmental conditions.

The collected data were subjected to qualitative analysis
in order to evaluate their methodology, transparency of
performance metrics, reproducibility of methods, species
diversity and field applicability. Based on this assessment,
studies were categorized as of high, moderate and low
methodological rigor, with the last group being excluded
for further analysis. The remaining studies were used for
comparative analysis encompassing traditional physical
methods, electronic and biometric identification methods.
Data were thematically analyzed and interpreted in light
of the goals of precision livestock farming, considering
not only the technical performance of each method but
also its impact on animals, practical applicability, and
potential for future scalability. Particular attention was
given to face recognition technology and its ability to
meet the requirements of modern identification systems.
The results were organized to highlight the strengths and
weaknesses of each technology in order to determine
whether face recognition can realistically replace or
enhance conventional practices in farm environments.

Identification of studies via databases

Records after duplicatesremoval

searching (n=842)

Records identified through database ‘
(n=1124)

Identification

Records excluded

Records screened by title & abstract
(n=615)

(n=842)

Screening

Full-text articles excluded
(n=143)

Full-text articles assessed for eligibility
(n=227)

Eligibility

Studies included in qualitative analysis
(n=84)

Studies included in comparative analysis
(n=48)

Fig 1. PRISMA flow diagram illustrating the literature search, screening,
eligibility assessment, and final inclusion of studies in the systematic
review
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RESULTS
Traditional Physical Approaches

The comparative review of animal identification methods
that are currently available, revealed significant differences
in their effectiveness, practicality, and compatibility with
the goals of precision livestock farming (PLF) (Table 1).
Traditional approaches such as branding, tattooing, and
ear tagging, although widely implemented, have several
limitations in terms of animal welfare, ease of use, and
the possibility of being integrated with animal holdings
software. Branding, especially hot-iron branding, causes
significant pain and long recovery periods, with healing
taking over eight weeks in many cases. Animals subjected
to this method often show clear signs of discomfort and
avoidance behaviors, raising serious ethical concerns 2.
Cold branding and tattooing are somewhat less severe,
but they are still invasive and not ideal for long-term
tracking, especially on farms where digital monitoring is
implemented !4,

Ear tags, particularly the visual plastic ones, are common
due to being inexpensive and easy to apply. They typically
display alphanumeric or barcoded information that helps
track animals in a herd and are officially recognized
in many countries as a main means of identification.
However, these tags are easily lost, can be damaged, and
often become unreadable due to dirt or wear ">l If they
aren’t integrated with electronic components as RFID
transponders, they also can't support automated tracking
systems and data collection.

Electronic Identification

Electronic methods like RFID tags have addressed some of
these issues. These tags allow for quicker and more accurate
data collection and reduce the need for manual checking.
They can be scanned automatically and synchronized
with farm management systems, which reduce labour and
manual error 1. Even so, they are not perfect as RFID
tags can be lost or damaged, and their limited reading
range poses problems in crowded or complex farm
environments ", Other tools like injectable microchips
offer more security and minimal invasiveness but have
their own set of challenges. They require scanners to be
close to the animal, and the transponders could migrate
under the skin, which may compromise identification
reliability 92, GPS collars are another option, providing
additional data on movement and behaviour, but high
costs, battery life issues, and signal interference limit their
usefulness for continuous identification 222,

Biometric Animal Identification

More recently, biometric technologies have emerged as
a promising alternative. Among them, face recognition
stands out due to its non-invasive nature, high accuracy,
and strong potential for full automation. Deep learning
models, particularly convolutional neural networks, have
shown excellent results across different animal species .
One study achieved over 90% accuracy in identifying
individual pigs even under variable lighting and different
head angles .. Similar outcomes were seen in cattle and goats
using muzzle and facial images, often with Al-enhanced

Table 1. Comparison of common animal identification methods with their relevance to precision livestock farming
Identification . Automation ... | Animal
Method Accuracy Invasiveness Potential Scalability Welfare Challenges Reference
3 . L Tucker et al. ¥}; Schwartzkopf-
Hot-1r.0n High High Low High Poor Pain, healing time, Genswein et al. *’; Herndndez
branding welfare concerns et al 02
T T - g [13].
Tattooing High Moderate Low Moderate | Moderate Poor \{151b1hty, fabor Luetke'meler et by o 14
intensive Cambiaso-Daniel et al.!"*]
Ear tag (visual) | Moderate | Moderate Low (un.less High Good POSS’ tampering, dirt Caja et al.""); Awad [¢)
electronic) interference
imitati o isl, 07,
RFID tags Moderate Low Medium High Good Read range limitations, | Rizvi et al[.1 . ; Harmon et al.l'l;
tag loss Gao etal.
In]. ectabl.e High Lowto Medium Moderate | Good M1gr.at1.on, L Azoulay et al.™”; Mergl et al.”?"
microchip moderate proximity scan
High High cost, battery/signal | Hofmann et al.?!); Waller et
Gps collars (location- | Low High Moderate | Good Lo - s
limitations al.?2l
based)
Nasal p'a.ttern High None Medium Low to Excellent Image quality sensitive, Choi et al.?
recognition moderate hard to capture
L . Bae et al.’); Bello et al.®; Zhang
Lighting variation, B . o
Face recognition | High(>90%) | None High High Excellent | dataset needs, hardware | al. % Cho et al. ™ Sun et
cost > al.?®); Ma et al.?; Ahmad et al.,
27); Neethirajan %; Li et al.”?”!
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detection methods like YOLO-based algorithms 24,
Moreover, studies on dogs have also shown that facial and
nasal features remain stable over time, which is crucial for
long-term identification applications %I,

Further developments in artificial intelligence have
increased the extent of reliability. Advanced models
such as LAD-RCNN and ViT-DL-IN21K help systems
distinguish individuals with greater precision, regardless
of background noise or subtle differences >?. Further-
more, systems integrating face recognition with PLF
technologies have already been tested in real-world farm
settings, including integration into feeding and milking
stations with non-contact animal monitoring. These
applications allow for continuous tracking and can also
provide health and behaviour data in real time, that are
key components of modern, welfare-focused and data-
driven farm management -],

Face recognition in animals as a means of identification
has several advantages, but its widespread use still faces
some challenges. Most studies have been conducted in
controlled environments that do not take into account
many of the obstacles that may arise in real farm settings
(Table 2). Differences in lighting, animal movement, dirt
on the face, breed diversity, and changes in appearance
with age can reduce the accuracy of these systems 1321,
One of the main disadvantages remains the high cost
and initial investment, along with the need for specific
technical knowledge by farm staff, which can further
complicate implementation, especially for smaller animal
holdings.

Alternative Biometric Identification Methods

In addition to the innovative face recognition methods
that have attracted significant interest in recent years,
other biometric approaches for livestock identification
are also being investigated (Table 3). Among them, retinal

imaging is considered one of the most scientifically
reliable methods for certain types of farm animals. This is
due to the unique vascular structure of the retina, which
remains stable throughout the animal’s life and provides
extremely high discrimination ability. This feature was
successfully utilized through computerized techniques
like U-Net-based deep learning model, as some authors
reported recognition accuracy of 95.6% of cattle retinal
patterns #3*4. Confirmation of the reliability of retina as
a biometric marker was achieved also by Saygili et al.l**
through a newly developed image processing system
CattNIS with 92.25% performance of matching retinal
images. Extraction of retinal patterns with segmentation of
retinal vessels through different deep learning algorithms
further proved to be a highly precise method of animal
identification in controlled farm environment ¢,

Even before the introduction of modern machine learning
models, the possibilities of retinal scanning as a means of
identification in farm animals appeared to be a particular
subject of scientific research. The studies of Allen et al.l*”!
and Barron et al.’® demonstrated that the applicability
of this method in both cattle and sheep, with reported
accuracy levels of 98.3% in cows and 93.09% in sheep
respectively, performed higher in comparison to the
electronic identifiers used at the time. Despite the huge
advantage of the uniqueness of retinal blood vessels, the
method has a number of limitations such as necessity of
a special camera for the images and close range with the
animals for image acquisition, which significantly limits
its scalability in large industrial farms.

A number of other non-invasive biometric methods,
such as nose prints, muzzle patterns and body-shape
recognition, have been investigated as reliable means
of animal identification. However, these alternatives
also suffer from limitations in terms of image quality,
environmental factors and animal positioning. Overall,

Table 2. Summary of reported performance* of face recognition systems in livestock species
D i i A
Species Model/Algorithm . R Performance Metric Reported Accuracy Reference
images) or F1-Score
4 imals/4
Cattle CNN-based classifier . A Accuracy 98.99% Bello et al.®¥
images
Cattle DenseNet21 .180 animals/2500 Fl-score 0.92 Mahato et al.!)
Detectron2-based system images
. Vision Transformer (ViT), 20 animals/1500 261
Pigs YOLOVS — F1 0.94 Ma et al.
i 2522
Goats Improved YOLOv4 .30 e Accuracy 96.7% Zhang et al.*!]
images
114 animal: 1
Sheep SqueezeNet-based CNN ima;:slma Sk Accuracy 82.39% Min et al.B%
Transfer learning CNN - o 2
Horses YOLOV? 135 vz Accuracy 96.2% Ahmad et al.
* Summary statistics across studies: Mean reported accuracy 93.6%; Standard deviation +4.8%; Dataset size range 1103-5371 images
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after comprehensive systematic review on the topic,
Cihan et al.® argued that each biometric technique
had its advantages and disadvantages, highlighting the
need for comparative evaluations between multiple
methods in terms of accuracy, practicality, and welfare
considerations.

Comparative Performance Analysis of Identification
Methods

Data from the reviewed studies revealed distinct differences
among the explored identification technologies, based
on performance indicators. Traditional physical means
(branding, tattooing, ear tags) demonstrated high reliability
when considered for manual identification visually, but
they lacked automation capacity and negatively affected
animal welfare due to their invasiveness. Reported error
rates for visual ear tags in farm animals ranged from
5-20% due to tag loss or damage 1“*\.

The performance of electronic identification systems such
as RFID showed moderate to high accuracy (85-98%),
which was influenced by various factors as environmental
conditions and the distance between the animal and the
reading device. Furthermore, when applied in large herds
with big density, the reliability of the method was reported
to decrease due to signal interference and tag loss ['*l.
Injectable transponders as microchips, on the other hand,
demonstrated high identification accuracy (>95%) but
their detection during reading required close proximity
with the animal and showed migration events, although
rarely reported ['*2],

Modern identification approaches like biometric methods,
particularly face recognition, were found reliable for
recognition of multiple animal species under controlled
or semi-controlled conditions, with reported accuracies
exceeding 90%. However, when tested under field
conditions, the performance of face recognition models

Table 3. Comparison of alternative biometric identification methods in livestock
Biometric Species Core Dataset Size | Reported Performance Advantages Limitations Reference
Method Technology
Machine
learning .
Retinal imaging | Cattle classifiers 300 animals Accuracy 95.6% Zgyli:r%}elss Requires specialized | Cihan et
G (SIFT, SURE, 2430 images yoo.% an dqstabilit capture device al.®!
BRISK, FAST, Y
HARRIS)
il Feeegorc Feature matching | 300 animals o High Difficult field Saygili et
Retinal imaging | Cattle (CattNIS) 2430 images Accuracy 92.25% robustness acquisition al.l®%
Highly
-N imal Requi it ih
Retinal imaging | Cattle U-Net . 300 'fimma s Accuracy 97.4% accurate equires controlled Cl[sjn et
segmentation 540 images vascular setup al.
mapping
Retinal imaging | Cattle Dedicated retinal | 869 ax'nmals Accuracy 98.3% Excellent High equipment cost | Allen et al.*”
scanner 1739 images permanence
. . Reliable .
Retinal imaging | Sheep Retlna.l pattern | 64 aplmals Accuracy 93.09% biometric Hand%mg and Bagon et
matching 128 images restraint al.lb®l
marker
Image
. preprocessing 234 animals Tidentification accuracy is Robust . ReqiiEe Cihan et
Retinal vessels | Cattle and . not reported (segmentation | biometric L o
. 1206 images positioning al.l%l
segmentation performance only) feature
methods
The authors report a zero
60 dogs/180 | error rate in comparisons
Dogs images between real and fake Highly
Nose pattern (method i??j;?if: (extended to | data, which corresponds distinctive gigié‘fipmre Choi et al.®?!
transferable) & 70 dogs/278 | to 100% identification patterns ¥
images) accuracy under controlled
experimental conditions.
SIFT feature 15 animals
Muzzle pattern | Cattle extraction and 105 images Accuracy 93.3% Non-invasive | Dirt/occlusion issues | Awad et al.l'’)
matching 8
F Multipl Full Lighti P
ace " 4 t,lp ¢ Deep CNN/VIiT | Variable Mean accuracy 93.6% wy '8 t 1'n 5/ o res ent
recognition species contactless sensitivity review
* Summary of dataset size and mean accuracy are presented in Table 2
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change due to lighting variations, face occlusion, and age-
related morphological changes. These findings highlight
that while biometric systems offer superior automation
and welfare outcomes, their reliability remains context-
dependent.

Despite the challenges mentioned, all studies on the use
of face recognition for animal identification highlight
a wide range of advantages. The technology is humane,
requires no physical contact with the animal, and can be
integrated with automated monitoring systems, giving it
strong potential for widespread adoption in the future.

Di1sCcuUsSION

The findings of this review suggest that animal face
recognition technology has a substantial potential for
modernizing identification practices in precision livestock
farming. While traditional and electronic identification
systems have provided a stable basis for traceability
and animal tracking, they continue to hold significant
disadvantages with regard to animal welfare, automation
capability, and long-term reliability. In contrast, face
recognition emerges as a non-invasive, accurate, and
potentially more scalable alternative, especially when
animal husbandry holdings consider orientation toward
data-driven and welfare-oriented management systems.

Electronic identification systems such as RFID and
injectable microchips offer significant improvements
in traceability and partial automation. RFID tags enable
integration with herd management platforms and support
real-time data collection '), yet they still require tag
placement and may be susceptible to damage or loss.
Subcutaneous microchips are less prone to tampering
but require proximity-based scanning and have reported
issues with migration or incorrect implantation [*%),
Additionally, GPS collars have proven valuable for
environmental and movement tracking but are cost-
prohibitive for many operations and remain unsuitable for
identification alone %2,

Biometric identification, particularly face recognition,
addresses several of these limitations by offering a
contact-free, animal-friendly, and technologically advanced
solution. Modern deep learning algorithms such as
convolutional neural networks (CNNs), LAD-RCNN,
and ViT-based models have demonstrated high accuracy
(often exceeding 90%) across a variety of species, including
cattle, pigs, goats, and poultry [2641:42],

Beyond basic identification, face recognition systems
can be integrated with smart sensors and edge devices
to support real-time behavioral analysis, health
monitoring, and reproductive tracking without human
interference ®*41, In addition, novel applications such as
emotion recognition through facial expressions may open

up new possibilities for welfare assessment and ethical
livestock management **1,

However, face recognition techniques still could not be
fully implemented due to several technical and practical
challenges such as lighting variability, facial obstructions,
and unpredictable animal movement, that can significantly
reduce the accuracy of image-based systems %], Most
current models also struggle with generalization across
breeds or age groups due to morphological differences !,
In addition, the initial infrastructure costs -including
high-resolution cameras, edge processing devices, and
reliable data storage- can be serious burden and challenge
for small-scale farmers. The comparative review on
animal identification techniques **) comprehensively
presents the perspectives of future application of such
novel approaches, but simultaneously emphasizes that no
single biometric modality could be considered universal
across all indicators. Searching for a long-term solution
for a feasable, effective, automated and non-invasive
method will require probably a combination of hybrid
systems with multiple biometric cues.

The successful integration of face recognition technologies
into existing PLF systems also requires attention to farmer
education, usability, and ethical concerns. Adoption
is likely to depend on farmers’ perceptions of cost-
benefit balance, as well as their comfort with digital
tools 7). Stakeholder involvement, including input from
veterinarians, animal welfare experts, and technologists,
will be essential to ensure responsible deployment that
aligns with both productivity and welfare goals 1254,

In conclusion, the continued development of artificial
intelligence, sensor technologies, and affordable edge
computing is likely to reduce the barriers posed by
traditional identification methods. With growing public
and regulatory focus on ethical and sustainable livestock
production, the demand for non-invasive, automated,
and animal-friendly identification methods is expected to
increase. The present systematic review demonstrates that
no single animal identification method currently satisfies
all technical, economic, and welfare requirements of PLE.
Traditional and electronic systems remain reliable but are
constrained by invasiveness, loss, and limited automation.
In this context, animal face recognition is poised not only
to supplement but potentially to replace conventional
systems in the near future. With sustained interdisciplinary
collaboration, ongoing field trials, and investment in smart
farming infrastructure, face recognition can become a
central tool in the transition toward more ethical, efficient,
and intelligent livestock farming.

However, existing evidence indicates that face recognition
systems are not yet universally robust under real farm
conditions. Technical challenges, infrastructure costs,
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and limited large-scale validation remain significant
barriers.

In this regard, future efforts should focus on improving
biometric identification performance under variable
farm and environmental conditions, reducing hardware
and implementation costs, and enhancing user-friendly
integration with management systems that are already
in operation. The focus should be directed towards
development of integrative identification frameworks,
possibly combining face recognition with highly reliable,
although less practical approaches like retinal imaging,
in order to achieve both scalability and accuracy. Using
distinct benchmarks across biometric methods for
comparison and creation of standardized datasets and
evaluation protocols will be essential for determining their
real-world suitability with regard to precision livestock
farming.
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Abstract

Rhododendron plants are abundant in flavonoid compounds, whose prominent antioxidant
and anti-inflammatory physiological activities have attracted considerable attention.
However, the application of related research in animal health maintenance and bodily
protection, along with their underlying mechanisms, remains unclear. This ambiguity
has constrained their translation into practical applications as physiological protective
factors within animal husbandry. This study systematically reviewed relevant literature,
identifying 17 Rhododendron flavonoids exhibiting significant antioxidant and anti-
inflammatory activity. The antioxidant effects of these flavonoids are primarily achieved
through multiple pathways: direct scavenging of free radicals, inhibition of oxidative
enzymes (such as NADPH oxidase and xanthine oxidase), chelation of metal ions, supply
of hydrogen ions, enhancement of the antioxidant system, and regulation of endogenous
antioxidant capacity via the Keapl-Nrf2/ARE and MAPKs signaling pathways.
Meanwhile, their anti-inflammatory effects are mediated through four main mechanisms:
inhibition of inflammatory mediator production, modulation of cytokines and their
receptors, scavenging of reactive oxygen species, and regulation of cell signaling pathways
(including NF-kB and AP-1). To date, flavonoids have demonstrated significant efficacy
in the treatment of various human diseases, including hypertension, atherosclerosis,
cardiomyopathy, myocarditis, diabetes mellitus, and cancer. However, their potential in
veterinary medicine has not been fully explored. This review summarizes recent advances
in the antioxidant and anti-inflammatory physiological activities of Rhododendron
flavonoids and their underlying mechanisms. It aims to provide scientific rationale for
developing flavonoid-based physiological protective agents suitable for animals, thereby
advancing their scientific application in animal health management and livestock
production. This aligns with current priority areas in veterinary research.
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such as anti-cancer, treatment of cardiovascular diseases
and diabetes mellitus .

INTRODUCTION

Rhododendron belongs to the Rhododendron family,
which is a large genus of Rhododendron, with common
types such as Ying shan hong, Haunted Goat Flower,
Zhao shan White, Goat Tramp, and so on, about 967
species, which are widely distributed in Asia, Europe,

The development of many diseases is closely related to
oxidative damage in the body, and reactive oxygen species
(ROS) and reactive nitrogen species (RNS) free radicals
are naturally produced during normal metabolism, and
they play an important role in physiological activities.

and North America, and are mainly native to East Asia
and Southeast Asia . About 700 species in China, except
Xinjiang, Ningxia, everywhere, but in the southwest
provinces and districts, mostly ) The flowers, leaves and
stems of Rhododendron plants are rich in flavonoids,
which are high quality herbal medicines. Flavonoids have
excellent antioxidant and anti-inflammatory activities
and therefore also have many pharmacological effects

However, when the concentration of ROS/RNS is too
high, they produce oxidative stress, a state that leads to
tissue damage and has been linked to the development
of a variety of diseases, including cancer, cardiovascular
disease, neurodegenerative diseases, diabetes, respiratory
infections, and others . The high cost of treating related
diseases caused by oxidative damage places a huge
economic burden on the global community. Flavonoids
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possess diverse physiological activities and low toxicity.
Therefore, investigating their antioxidant and anti-
inflammatory mechanisms to elucidate their protective
effects in alleviating oxidative stress and mitigating
cellular oxidative damage holds significant value for
safeguarding animal organisms from injury, maintaining
health homeostasis. Clarifying the antioxidant and
anti-inflammatory mechanisms of these flavonoids
may also facilitate the development of physiologically
protective formulations, providing theoretical support for
standardised animal health management *!.

Regarding the antioxidant and anti-inflammatory
activities of flavonoid compounds, existing research has
predominantly focused on their pharmacological effects
in humans, while studies on their physiological support
applications, pharmacokinetics, and safety in animals
-particularly livestock and companion animals- remain
fragmented and lack systematic integration. To address
this research gap, this paper first provides a comprehensive
review of studies concerning the antioxidant and anti-
inflammatory physiological properties of flavonoids.
It systematically outlines their mechanisms of action
and applications in maintaining animal health and
providing physiological protection, thereby establishing
a foundational reference for subsequent research into the
application of Rhododendron flavonoids in animal health
management and livestock production. Subsequently,
the focus shifts to the physiological protective value
of Rhododendron flavonoids in veterinary health
management. This involves systematically reviewing
relevant domestic and international research findings,
thoroughly elucidating their mechanisms of action, and
examining their current applications in maintaining
animal health and protecting against damage. This aims
to establish a robust foundation for advancing research in
this field, construct a standardised reference framework,
and facilitate the translational application of flavonoids
(particularly represented by Rhododendron flavonoids) in
veterinary health management and livestock production.

FravoNoiD COMPOSITION

In medicinal chemistry, a compound’s chemical formula
not only determines its physicochemical properties, but
more crucially, the presence and positioning of specific
functional groups within its structure directly dictate how
it interacts with biological targets. This, in turn, influences
its pharmacological activity and therapeutic applications.
Consequently, understanding a compound’s chemical
formula forms the foundation for investigating its mode
of action. The research on flavonoids of Rhododendron
plants in China was first started in 1974, when the total
flavonoid glycosides isolated from Rhododendron plants
were acid-hydrolysed by the teaching and research group

of pharmacology at Lanzhou Medical College, from
which 3,5,7,8,3’4’-hexahydroxyflavonoids were isolated 1!
Nowadays, flavonoids are mainly detected and analysed
by ultra-high performance liquid chromatography-
quadrupole time-of-flight mass spectrometry (UHPLC-
TOFMS) and various chromatographic methods . To
date, 17 flavonoid compounds with antioxidant or anti-
inflammatory activity have been studied (Table I).

ANTIOXIDANT MECHANISM OF ACTION

Antioxidant and oxidative stress are inextricably linked
to the occurrence of oxidative stress, which is a state
in which excessive oxidative molecules (e.g. ROS) are
produced or accumulated within an organism, exceeding
the antioxidant capacity of the cells or tissues, resulting
in oxidative damage to biomolecules (e.g. proteins, lipids,
DNA, etc.) ], and antioxidant refers to the process of
scavenging oxygen free radicals, thereby protecting cells
from oxidative stress. Therefore, as illustrated in Fig. 1, an
understanding of the factors that induce oxidative stress
in cells and the subsequent application of antioxidants to
mitigate these triggers enables the attainment of effective
antioxidant protection. Flavonoids, as an excellent
antioxidant, can address oxidative stress through several
pathways, such as stabilisation or reduction of reactive
oxygen species (ROS), scavenging of free radicals, and
modulation of endogenous antioxidant capacity are the
three main pathways.

Stabilises or Reduces ROS, Scavenges Free Radicals

The two pathways, stabilisation or reduction of ROS and
scavenging of free radicals, usually occur simultaneously
in the process of flavonoids exerting antioxidant effects 111,
Thus, the two pathways are described together. The
antioxidant modalities of both pathways are direct
scavenging of free radicals, inhibition of oxidative enzymes
(NADPH oxidase, xanthine oxidase), chelation of metal
ions, provision of hydrogen ions and enhancement of the
antioxidant system.

Direct Scavenging of Free Radicals

Free radicals are atoms that exist in free form without
pairs or free electrons, which can be produced by normal
cellular metabolism ). Common types of free radicals
include hydroxyl radicals (HO-), superoxide anion
radicals (O,-) and hydrogen peroxide radicals (HO,:).
Hydroxyl radicals (HO-) are the most active free radicals
in the cell, which can react with lipids, proteins, and DNA,
triggering the oxidation of unsaturated fatty acids and the
formation of lipid peroxides (LPO), which can disrupt
the membrane structure and lead to cell damage .
As illustrated in Fig. 2-a, quercetin, isoquercetin, rutin
and other azalea plant flavonoids were able to directly
scavenge HO- at concentrations up to 260 uM 24, When
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Table 1. Continue
Serial . q
Phyto-Chemicals Source Plant Chemical Structure Ref.
Number
9 Naringenin Rhododendron pachypodum Balf (14)
Rhododendron dauricum
[11,13]
10 Kaempferol Rhododendron wiltonii Hemsl
Rhododendron dauricum
- us)
1 Myricetin Rhododendron anthopogon D
12 Luteolin Rhododendron anthopogonoides Maxim 16:17]
OH O
- Rhododendron anthopogonoides Maxim | -
13 Apigenin Rhododendron amesiae Rehder
14 4-O-Methylcedrin Rhododendron pachypodum Balf (£
(27)-2,6 dimethyl-2,7- (4]
15 octadiene-1,6-diol Rhododendron pachypodum Balf
OH
6,8-di-C- HO (o] ©/ »
16 R ] Rhododendron pachypodum Balf )
‘OH
OH O
_OH
17 Isoquercitrin Rhododendron amesiae Rehder (%]

flavonoids bind to free radicals, the phenolic hydroxyl
group of the flavonoid can provide an electron to the free
radical, thus neutralising and deactivating it. When free

radicals are scavenged, lipids, proteins, DNA and other
biomolecules in the cell can exert their effects normally,
reducing oxidative damage *°.
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Inhibition of Oxidative Enzymes (NADPH Oxidase,
Xanthine Oxidase)

Both NADPH oxidase and xanthine oxidase catalyse free
radical generation. NADPH oxidase is a transmembrane
enzyme complex consisting of several components such
as NOX2, p22phox, p47phox, p67phox, etc., whose main
function is the production of superoxide anion radicals
(O,+). In phagocytes, such as neutrophils, NADPH
oxidase is activated upon detection of pathogens, which,
through the signalling pathway, leads to the production of
cytokines (mainly p47phox) phosphorylation, prompting
their transfer to membrane-bound NOX2 components
and initiating the catalytic production of superoxide anion,
the catalytic mechanism of which involves the transfer of
electrons from NADPH to flavin adenine dinucleotide
(FAD), then to proximal haemoglobin, rapidly to distal
haemoglobin, and ultimately to molecular oxygen, to form
superoxide anion 1?*.. Xanthine oxidase (XO), in catalysing
the conversion of hypoxanthine to xanthine and further to
uric acid, uses molecular oxygen as an electron acceptor
to produce large amounts of uric acid and H,O,, of which
H,0O, can be further decomposed to produce hydroxyl
radicals (-OH), increasing the production of reactive
oxygen species 7).

Both quercetin and lignans from the flavonoids of the genus
Rhododendron showed inhibition of NADPH oxidase and
xanthine oxidase. Quercetin inhibits NADPH oxidase

activity and reduces ROS production, while it also inhibits
xanthine oxidase activity, lowers serum uric acid levels and
reduces H,0, production . Lignans also inhibit NADPH
oxidase, reduce oxidative stress, and can reverse the
elevation of xanthine oxidase activity induced by potassium
oxonate, reduce serum and liver levels of uric acid and
blood urea nitrogen, and reduce H,O, production . As
illustrated in Fig. 2-b, populin acts on NADPH oxidase, and
in silico predictions reveal a high docking score between
populin and this enzyme, suggesting its potential to inhibit
NADPH oxidase P As illustrated in Fig 2-¢, rutin and
chrysin exert their primary inhibitory effects on xanthine
oxidase; notably, rutin possesses diverse biological activities
including antioxidant and anticancer properties, while
chrysin inhibits xanthine oxidase activity via hydrogen
bonding and van der Waals forces with the enzyme’s
catalytic active site, acting in a mixed competitive manner V.
These flavonoids exert their antioxidant and protective
effects by inhibiting the activity of oxidative enzymes and
reducing oxidative stress and uric acid production.

Chelating Metal Ions

The mechanism of action of flavonoids chelating metal
ions to achieve antioxidant action mainly includes the
following aspects. The first is that flavonoids form stable
complexes through the formation of ligand bonds with
metal ions (Fe, Gu, etc.) through specific functional
groups such as hydroxyl (-OH) and carbonyl (C=0)

//\ °.

NAPDH

cel

system(AOS)

Pb
A
//_/ |
AOS decrease
ROS increase ’ /

Cell Damage
(b)

Fig 1. Several ways in which cells generate oxidative stress. (a) The reduction of oxygen to water produces ROS substances such as O,> and NO, and the
production of ROS causes oxidative damage to cells, (b) An imbalance in the antioxidant defence system increases ROS and swamps AOS, (c) Activation
of NADPH oxidase leads to excessive ROS production, causing oxidative stress, (d) XOD catalyses the production of uric acid and H,O, under aerobic
conditions, and H,O; is broken down to HO", loss of cells, (¢) Metal ions catalyse the production of ROS by oxidative enzymes, (f) Metal ions such as iron
and copper catalyse oxidative reactions that produce HO-, causing cell damage
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Fig 2. Azalea flavonoids as antioxidants through ROS stabilisation and free radical scavenging. (a) Quercetin, isoquercetin, and rutin directly scavenge HO-,
(b) Quercetin, lignocerotin, and populin inhibit NADPH oxidase activity and reduce free radical production, (c) Quercetin, lignans, rutin, and chrysin
inhibit xanthine oxidase activity and reduce free radical production, (d) Quercetin, lignans, rutin, apigenin and kaempferol chelate metal ions, reduce HO~
production and inhibit oxidase activity, (e) Quercetin, lignans, apigenin, and kaempferol provide hydrogen ions to scavenge HO-, (f) Flavonoids enhance

the antioxidant capacity of the antioxidant system and stabilise ROS

groups in their molecular structure, and such complexes
have stronger free radical scavenging ability than free
flavonoids, in which metal ions can facilitate the transfer
of electrons to enhance the capture of free radicals; finally,
there may be synergistic antioxidant activity between
flavonoids and metal ions in particular cases #>%. For
example, complexes formed by flavonoids with copper
ions show synergistic effects in scavenging superoxide
anion O,) and hydroxyl radical (OH-) 3.,

As illustrated in Fig. 2-d, quercetin, rutin, apigenin,
lignans, and kaempferol in the flavonoids of the genus
Rhododendron can form complexes with metal ions and
exhibit antioxidant activity ..

Hydrogen Atom

Flavonoids provide hydrogen ions to scavenge free
radicals in two main ways. The first is that the antioxidant
activity of flavonoids interrupts the chain reaction
mainly through the reaction of their phenolic hydroxyl
groups with oxygen radicals to form resonance-stabilised
semiquinone radicals. In this process, hydrogen atoms on
the phenolic hydroxyl groups of flavonoids can combine
with peroxyl radicals to form flavonoid radicals, which in
turn react with other radicals, thus terminating the free
radical chain reaction. The second is that intramolecular
hydrogen bonding in flavonoids reduces the antioxidant
activity of hydroxyl groups that act as hydrogen bond
donors (e.g., 5-OH, 3-OH, and 3’-OH) while enhancing

the antioxidant activity of hydroxyl groups that act as
hydrogen bond acceptors (e.g., 4-OH) .

As illustrated in Fig. 2-e, quercetin, populin and kaempferol
among the flavonoids of the genus Azalea exhibit antioxidant
activity by providing hydrogen atoms to scavenge free
radicals ?*.and the antioxidant activities of populin and
kaempferol were also positively correlated with the number
of phenolic hydroxyl groups on the B-ring .

Antioxidant Defence System

The antioxidant system is mainly composed of a number
of antioxidant enzymes, non-enzymatic antioxidants,
and low molecular weight antioxidants *”l. Antioxidant
enzymes are the first-line defence mechanisms of the
antioxidant defence system, including superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), etc. These enzymes are able to scavenge reactive
oxygen species, such as superoxide radicals and hydrogen
peroxide, to prevent them from causing cellular damage *”..
Non-enzymatic antioxidants, including reduced glutathione
(GSH), coenzyme Q (CoQ), lipoic acid, uric acid, and
various proteins (e.g. ferritin, transferrin, cuprocyanin,
and albumin), which are able to directly neutralise
free radicals and protect cells from oxidative damage .
Low molecular weight antioxidants such as vitamin C,
vitamin E, polyphenols, coenzyme Q or the metabolic
compound urate, which scavenge free radicals and reduce
oxidative stress 1*7..
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As illustrated in Fig. 2-f, flavonoids reduce oxidative
stress by modulating the antioxidant enzyme system,
enhancing the activity of antioxidant enzymes and the
antioxidant capacity of the AsA-GSH cycle, and are also
able to stimulate the ascorbic acid biosynthetic pathway
and its upstream glycolytic metabolic pathway, leading
to an increased accumulation of flavonoids, which act
as one of the antioxidants in the non-enzymatic system,
providing hydroxyl radicals to scavenge excess reactive
oxygen species ). It can also act synergistically with
vitamin E, partially regenerating in the presence of
combined antioxidants, driving the regeneration process
by the scavenging of semiquinone radicals in a synergistic
reaction, and also by interactions with glutathione and
ascorbic acid, in which oxidised flavonoids can be re-
reduced by glutathione and ascorbic acid to continue to
exert their antioxidant effects 1’1,

Modulates Endogenous Antioxidant Capacity

Azalea flavonoids regulate endogenous antioxidant capacity
and enhance antioxidant capacity mainly through activation
of Keap1-Nrf2/ARE and MAPK signalling pathways .

Antioxidant of Keap1-Nrf2/ARE Signalling Pathway

Nuclear transcription factor E2-related factor 2 (Nrf2) is
a member of the Capncollar (CNC) family of regulatory
proteins, and is a transcription factor with a basic leucine
zip structure, which is widely found in various organs of
the body, and is mainly responsible for regulating cellular
redox reactions Y. Keapl is a Cullin3 (Cul3)-dependent
substrate articulating protein of the E3 ubiquitin ligase

complex that assembles with Cul3 and Rbx1 to form a
functional E3 ubiquitin ligase complex (Keap1-Cul3-E3),
which in turn regulates Nrf2 2. As illustrated in Fig.
3-a, under normal physiological conditions, Nrf2 binds
to its endogenous inhibitor Kelch ECH-related protein 1
(Keapl), exists in an inactive state in the cytosol and is
rapidly degraded via the ubiquitin proteasome pathway
in order to maintain the low transcriptional activity of
Nrf2 under physiological conditions 3. As illustrated
in Fig. 3-b, upon stimulation of cells by reactive oxygen
species (ROS) or other nucleophiles, Nrf2 dissociates
from Keapl, undergoes activation and translocates
into the nucleus. In the nucleus, Nrf2 binds to Maf
proteins to form heterodimers, which then recognize
and bind to antioxidant response elements (AREs)-
enhancer sequences located in the regulatory regions
of Nrf2 target genes that are critical for the recruitment
of transcriptionally essential factors . In this way, the
Nrf2-Maf heterodimer activates the expression of target
genes and regulates the transcriptional activity of phase
IT metabolic enzymes, antioxidant enzymes or drug
transporters, thus exerting antioxidant damage and
counteracting the effects of oxidative stress ).

Flavonoids, as antioxidants, can act as antioxidant
damages and restore cellular homeostasis by activating the
Keap1-Nrf2/ARE signalling pathway and modulating the
transcriptional activity of antioxidant enzymes or drug
transporters. This signalling pathway plays a key role in
cellular resistance to external oxidative stress and is an
important defence system against oxidative damage .
As illustrated in Fig. 3-c, quercetin and apigenin in the

Physiological

norm "

(a)

Proteasome

Oxidative
stress

Quercetin,
Apigenin

cell
(© membrane

antioxidant response

Fig 3. Flavonoids of Azalea plants are antioxidant by regulating Keap1-Nrf2 and MAPKS signalling pathways. (a) Under normal conditions, Keap1-Nrf2
signalling pathway, Nrf2 signalling molecules are degraded, (b) Suffering from oxidative stress, Nrf2 signalling molecules are released into the nucleus to
bind with Maf proteins to form heterodimers and exert antioxidant effects, (c) Quercetin and apigenin promote Nrf2 translocation into the nucleus and
increase the level of Nrf2 in the nucleus, (d) Flavonoids activate Nrf2 through MAPKs and PI3K/AKT signalling pathways, which in turn enhance the
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flavonoids of genus Azalea can inhibit the degradation of
Nrf2, promote the translocation of Nrf2 into the nucleus,
and increase the level of Nrf2 in the nucleus as a means
of up-regulating the endogenous antioxidant capacity of
cells 147481,

Antioxidant MAPK Signalling Pathway

The mitogen-activated protein kinase (MAPK,) signalling
pathway consists of three major signalling pathways, JNK,
ERK and p38, which play an important role in cellular
responses to external stimuli (e.g. oxidative stress) “?. It
has been shown that ROS activate Nrf2 through MAPKs
and phosphatidylinositol-3-kinase/protein kinase B
(PI3K/AKT) cell signalling pathways in response to
cellular damage caused by oxidative stress ..

As illustrated in Fig. 3-d, flavonoids activate Nrf2 via
MAPKSs signalling pathway in conjunction with PI3K/
AKT signalling pathway and thus enhance the antioxidant
response.

MECHANISM OF ACTION OF
ANTI-INFLAMMATORY

The anti-inflammatory properties of flavonoids from
the genus Azalea are achieved through four main areas:
inhibition of the production of inflammatory mediators,
modulation of cytokines and receptors, scavenging of
oxygen free radicals and cell signalling pathways.

Inhibition of the Production of Inflammatory Mediators

Prostaglandin E2 (PGE2) and NO are the two main pro-
inflammatory mediators. Arachidonic acid (AA) produces
PGE2 via the cyclooxygenase pathway, which contributes
to inflammation by increasing vascular permeability
and vasodilation causing redness, swelling, stiffness and
pain P! Cyclooxygenase 2 (COX-2) mainly catalyses the
production of large amounts of PGE2, which is involved
in the inflammatory response, and inducible NO synthase
(iNOS) catalyses the production of large amounts of NO
from L-arginine, resulting in cellular damage ©*?. Thus,
inhibition of COX-2 and iNOS expression reduces cellular
inflammation and alleviates cellular damage.

As illustrated in Fig. 4-a, quercetin and lignans in the
flavonoids of Rhododendron can inhibit the expression
of iNOS and COX-2 at the mRNA and protein levels to
reduce the production of NO and PGE2 and exert their
anti-inflammatory effects >,

Regulation of Cytokines and Receptors

In the inflammatory response, proliferating cells such as
macrophages, neutrophils, eosinophils and epithelial
cells can synthesise and release a variety of cytokines
such as interleukin 1B (IL-1f)), interleukin 6 (IL-6),
interleukin 8 (IL-8), and tumour necrosis factor (TNF-a),
etc. Flavonoids can be used to inhibit these inflammatory
cytokines by inhibiting their production and hindering

Quercetin,
Luteolin,
Naringenin

Quercetin,
Catechin

(a)

Scavenges
oxygen free

inhibition

Quercetin,
Kaempferol
Luteolin

radicals

Nucleus

inflammatory mediators by oxygen free radicals

Fig 4. Azalea flavonoids are anti-inflammatory by inhibiting the production of inflammatory mediators, modulating cytokines and receptors and scavenging
oxygen radicals. (a) Quercetin and lignans inhibit the expression of iNOS and COX-2 and reduce NO and PGE2 production, (b) Kaempferol, quercetin
and lignans regulate cytokines and exert anti-inflammatory effects, (c) Quercetin and catechin scavenge oxygen free radicals and inhibit the activation of
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their association with the Receptor binding, play an anti-
inflammatory role ™.

The flavonoids of the genus Rhododendron, including
kaempferol, quercetin and lignans, can all have anti-
inflammatory effects by modulating cytokines. Kaempferol
and quercetin can rapidly scavenge DPPH and ABTS free
radicals, and can effectively inhibit the secretion of IL-6,
IL-1B and TNF-a 1. A dose of quercetin (10-25 mol/L)
reduces NO and TNF-a in lipopolysaccharide (LBS)-
induced mouse glioma cells *°. As illustrated in Fig. 4-b,
mucuna pruriens has a highly significant inhibitory effect
on both TNF-a and IL-6 7.

Radical Scavenging

Oxygen free radicals are non-specific damage factors
widely present in phagocytes of the body and are one of
the important pathological mechanisms of inflammation.
When the body is stimulated by inflammation,
macrophages will produce a large number of oxygen free
radicals, disrupting the dynamic balance in the body;
at the same time, oxygen free radicals will also activate
inflammatory factors, exacerbating the inflammatory
response. Therefore, elimination of oxygen free radicals
can slow down the inflammatory response (*.. The
chemical structure of flavonoids, especially those with
a catechol structure, tends to have a large number of
phenolic hydroxyl groups, a structural advantage that
gives them good free radical scavenging properties [*°).

As illustrated in Fig. 4-c, quercetin and catechin in the
flavonoids of Rhododendron contain o-diphenol hydroxyl
structure, which can effectively scavenge oxygen free
radicals ).

Cell Signalling Pathways

NF-KB Signalling Pathway: NF-xB is a dimer consisting
of five monopeptide proteins, P50 (also known as NF-
kB1), p52 (also known as NF-kB2), RelA (also known
as p65), RelB and c-Rel . Tt is also a widely distributed
and functional eukaryotic transcription factor. Functional
NF-xB binding sequences are present in promoters and
enhancers of genes, so NF-kB can bind to fixed nucleotide
sequences in the promoter regions of many genes to initiate
gene transcription, and control a variety of targets such
as cytokines, adhesion factors, growth factors, enzymes
(COX-2, iNOS), neuropeptides, and so on.It plays an
important role in immune response, inflammation and
cell growth regulation . Flavonoids inhibit IKk (IK
kinase) production and increase IkB (inhibitory factor)
expression by preventing NF-«B from entering the nucleus
for transcription. The anti-inflammatory effects of these
compounds are exerted in three ways: by preventing
NF-kB from entering the nucleus for transcription, by
inhibiting IKk (IK kinase) production and by increasing
IkB expression 8.

Quercetin inhibits the activation of the NF-kB signalling
pathway and prevents the entry of NF-«B into the nucleus

Quercetin,
Luteolin

anti-inflammatory

flavonoids

Fig 5. Flavonoids of the genus Azalea are antioxidants through the signalling pathway. NF-kB regulates the inflammatory response through both classical
and non-classical pathways. The classical pathway is dependent on the activation of the IkB kinase complex (IKK), which leads to the phosphorylation of
the IxB protein, which in turn triggers ubiquitination and proteasomal degradation of IkB, and after IxB degradation, the dimer of p50/RelA is released and
enters the nucleus. The non-classical pathway is dependent on NF-kB-inducible kinase (NIK), activation of which leads to partial degradation of p100 into
p52, which forms a dimer with RelB and enters the nucleus. (a) Quercetin and lignans inhibit the NF-kB signalling pathway and prevent its dimerisation
into the nucleus, (b) Flavonoids reduce the activity of NF-kB dimer and AP-1 in the nucleus of the cell nucleus to achieve cellular anti-inflammation




182

Rhododendron Flavonoids in Animal Health Protection

Kafkas Univ Vet Fak Derg

for transcription, thereby reducing the inflammatory
response 2. As illustrated in Fig. 5-a, lignans can
significantly inhibit the phosphorylation of IkKKf and IkBa
in inflammatory cells, reduce the expression of P65 in
the nucleus, and then better inhibit the NF-«B signalling
pathway to exert anti-inflammatory activity 7.

Transcription Factor Activator Protein 1 (AP-1): AP-1
is an intracellular transcriptional activator that is a
heterodimer of c-Fos and c-Jun. Often works with NF-
kB to regulate the expression of inflammatory factors in
mediating inflammatory responses !, NF-KB is mainly
involved in the regulation of cytokine expression and
other inflammatory mediators, whereas AP-1 is involved
in the synthesis of innate immune effector molecules and
cytokine responses . As illustrated in Fig. 5-b, quercetin
Significantly Reduces High Glucose-Induced NF-kB and
AP-1 Activity [,

APPLICATIONS OF RHODODENDRON
FLAVONOIDS

Maintain Blood Pressure Homeostasis

Flavonoids exert anti- MAPKs inflammatory and
antioxidant effects by modulating the Keap1-Nrf2/ARE,
NF-«B, and AP-1 signalling pathways, playing a significant
role in maintaining cardiovascular homeostasis and tissue
protection in animals. Research indicates that flavonoids
may assist in maintaining blood pressure homeostasis,
mitigate abnormal vascular lipid deposition, and safeguard
myocardial structural and functional integrity, thereby
demonstrating positive physiological protective effects on
the cardiovascular system in animals P!,

Flavonoids exert a blood pressure-stabilising regulatory
effect, with quercetin exerting a significant influence
on blood pressure by reducing diastolic pressure in
hypertensive animal models and systolic pressure in
normotensive animal models ¢, Nitric oxide (NO), as the
primary vasodilator, plays a crucial role in blood pressure
regulation. In rat models, kaempferol administered orally
at 10 mgkg ' day ' for 6 weeks significantly enhanced aortic
eNOS expression, elevated serum NO levels, and reduced
systolic blood pressure (approximately |18 mmHg) in a
dose-dependent manner .. In spontaneously hypertensive
rat models, the Rhododendron-derived flavonoid falarone
(at doses of 10-40 mg kg™ over 8 weeks) reduced systolic
blood pressure in a dose-dependent manner by inhibiting
angiotensin II-mediated NADPH oxidase activation. This
alleviated vascular oxidative stress, restored endothelium-
dependent relaxation in the aorta, and reduced intimal
hypertrophy *l. In dogs, intravenous administration of
rhoifolin (5 mM/kg) and vitexin significantly reduced
mean aortic pressure (by 8%), arterial and pulmonary
capillary pressures, and heart rate through vasodilation

and negative inotropic effects. Oral administration of
Elsholtzia blanda total flavonoids (25-100 mg/kg) dose-
dependently reduced myocardial infarction area (from
19.42% to 8.87%), decreased serum creatine kinase-
MB (CK-MB) and malondialdehyde (MDA) levels,
and inhibited lipid peroxidation in a coronary artery
occlusion model 79, In horses, administration of 50-75
mg horse chestnut seed extract (containing 2% aescin and
flavonoids) every 12 h improved venous tone, reduced
transcapillary filtration, and enhanced venous return,
with clinical application in chronic venous insufficiency 7",

Lowering blood lipid levels is the optimal approach for
preventing and treating atherosclerotic diseases, whilst
flavonoids counteract atherosclerosis by inhibiting
inflammation in adipose tissue, enhancing cholesterol
reverse transport, and reducing blood lipid levels. In a
high-fat diet rat model, continuous oral administration
of Rhododendron methanolic extract (dose: 300-200 mg/
kg-d) for 63 days reduced plasma total cholesterol by
approximately 28%, triglycerides by approximately 32%,
and low-density lipoprotein cholesterol by approximately
35%, while increasing high-density lipoprotein cholesterol
by approximately 25%. Its efficacy in reducing the
atherosclerosis index surpassed that of lovastatin (10
mg/kg), with no significant toxic reactions observed 2.
In a study by Shubhi Agarwal and colleagues on a high-
cholesterol New Zealand rabbit model, continuous oral
administration of Rhododendron extract reduced serum
total cholesterol, triglycerides, and low-density lipoprotein
cholesterol levels, increased high-density lipoprotein
cholesterol, and decreased the atherosclerosis index 7).

Restriction of cardiac contraction and relaxation constitutes
a common clinical manifestation of cardiomyopathy.
Calcium ions represent a primary factor in cardiac
contraction whilst flavonoid compounds can inhibit
Ca**-sensitivity dysregulation induced by troponin I
phosphorylation 7#7!. In isolated rat hearts and cardio-
myocytes, total Rhododendron flavonoids (5-20 pg/
mL) inhibited potassium-induced calcium influx and
sarcoplasmic reticulum calcium release, thereby reducing
intracellular Ca®* levels. This mitigated hypoxia-
induced injury and diminished infarct size, revealing
a calcium-regulated cardioprotective mechanism .
In an autoimmune myocarditis rat model, green tea
catechins (400 mg/kg-d administered for 4 consecutive
weeks) mitigated left ventricular dysfunction, reduced
inflammatory cell infiltration and myocardial fibrosis, and
shifted the cytokine profile towards anti-inflammatory
characteristics. This demonstrates that tea flavonoids
can simultaneously alleviate inflammatory responses and
adverse remodelling in experimental myocarditis .

Anticancer

Flavonoids, as natural radiosensitising agents and chemo-
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therapeutic sensitising agents, can be integrated into
comprehensive cancer management across four levels:
primary prevention, synergistic radiotherapy, overcoming
drug resistance, and secondary chemoprevention.
They demonstrate significant potential particularly
in enhancing radiotherapy sensitivity, improving the
efficacy of chemotherapeutic drugs, and reversing tumour
multidrug resistance 7%,

Regarding radiotherapy sensitisation, multiple studies
provide clear dose-response evidence. In colon cancer
models, 24 h pretreatment of HT-29 and DLD-1 cells with
50 uM quercetin significantly increased sensitivity to 6 Gy
X-rays by downregulating the Notch-1 signalling pathway,
reducing colony survival rates by approximately 40% ..
In mouse solid tumour studies, daily intraperitoneal
administration of 25 mg/kg apigenin combined with
10 mg/kg cryptotanshinone for 14 consecutive days,
alongside 2 Gylocalirradiation, achieved a tumour volume
suppression rate of 78% in Ehrlich tumours. This effect
markedly exceeded the 44% observed in the radiotherapy-
alone group, fully demonstrating the advantages of
flavonoid compounds in synergising radiotherapy !,

Flavonoids also demonstrate remarkable efficacy in
enhancing chemotherapy outcomes. In a prostate cancer
xenograft model, daily oral administration of 50 mg/
kg quercetin concurrently with weekly docetaxel (5 mg/
kg) over four weeks elevated tumour weight inhibition
to 72%, substantially surpassing the 38% achieved by
docetaxel monotherapy. Its mechanism of action is
associated with downregulating P-glycoprotein (P-gp)
expression, inhibiting the PI3K/Akt signalling pathway,
and modulating androgen receptor signalling *'l. In
the hormone-refractory PC-3 prostate cancer model,
combining 40 mg/kg quercetin with 10 mg/kg paclitaxel
(administered every 3 days for 5 consecutive cycles)
prolonged tumour doubling time by 1.8-fold through
inducing endoplasmic reticulum (ER) stress and reactive
oxygen species (ROS) bursts, offering novel insights
for enhancing chemotherapy efficacy . In addition
to synergising with chemotherapeutic agents, certain
flavonoid compounds themselves exhibit distinct in vivo
antitumour activity. For instance, research by Ma et al.l*?
on the in vivo antitumour evaluation of Rhododendron
decorum flavonoids demonstrated that in a Kunming
mouse model transplanted with S180 sarcoma, oral
administration of total flavonoids from Rhododendron
grandiflorum (at doses of 50, 100, 200 mg/kg/d) via
oral gavage for 10 consecutive days. The 200 mg/
kg group achieved a tumour volume inhibition rate
of 54.7% (P<0.01). Mechanistic studies revealed that
this dose significantly elevated serum interleukin-2
(IL-2) and TNF-a levels while reducing VEGF levels,
suggesting a synergistic anticancer effect through immune

enhancement and anti-angiogenesis. No hepatotoxicity,
nephrotoxicity, or abnormal body weight changes were
observed during the experiment. Consequently, it is
proposed that Rhododendron decorum flavonoids exert a
dose-dependent antitumour effect in animals via a dual
immune-antiangiogenic mechanism.

In the field of reversing tumour multidrug resistance
(MDR), the efficacy of flavonoid compounds has also
been demonstrated. In a colon cancer model resistant
to 5-fluorouracil (5-FU), co-treatment with 20 uM
kaempferol and 5 uM 5-FU for 48 hours produced
a significant synergistic inhibitory effect on LS174-
Resistant cells (combination index CI=0.6), elevating
apoptosis rates to 3.7 times that of monotherapy. primarily
through inhibiting ABCBI1 transporter function and
inducing G,/M phase arrest in the cell cycle ®'; In the
HL-60/NB4 acute myeloid leukaemia resistance model,
40 uM kaempferol effectively restored cell sensitivity to
doxorubicin by downregulating ABCB1 and ABCCI1
transporter expression alongside Akt and BCL2 signalling
molecules, reducing the resistance index from 8.2 to 2.1 ¥,

The aforementioned studies consistently demonstrate
that flavonoid compounds such as quercetin, kaempferol,
and total flavonoids from Rhododendron anthopogon,
within the dose range of 20-200 uM (in vitro) or 25-200
mg/kg (in vivo), can significantly enhance radiotherapy/
chemotherapy efficacy, reverse ABC transporter-mediated
resistance, or exert direct antitumour effects through
diverse mechanisms. These well-defined dose-response
relationships in preclinical studies provide a foundation
for incorporating flavonoid compounds into clinical
anticancer combination therapies or for their standalone
use. chemotherapy efficacy, reverse ABC transporter-
mediated resistance, or exert direct antitumour effects.
This clear dose-response relationship in preclinical
evidence provides substantial support for the clinical
application of flavonoids in combined anticancer therapies
or as monotherapy.

Animal Diabetes Mellitus

Flavonoids intervene in type 2 diabetes mellitus (T2DM)
and its microvascular and macrovascular complications
by lowering blood glucose, improving insulin sensitivity,
and preventing complications. Regarding hypoglycaemic
effects and insulin resistance improvement, high-dose
quercetin (2100 mg/kg/day via gastric lavage in db/db
mice for 8 weeks) inhibits protein tyrosine phosphatase
1B (PTP1B), elevates insulin receptor substrate 2 (IRS-
2) phosphorylation, and markedly reduces fasting blood
glucose. administered via gastric lavage to db/db mice for 8
weeks) inhibits protein tyrosine phosphatase 1B (PTP1B),
elevates insulin receptor substrate 2 phosphorylation
levels, significantly reduces fasting blood glucose, and
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improves oral glucose tolerance. At equivalent doses,
kaempferol mitigated inflammatory insulin resistance by
blocking IKKB/NF-«B signalling, thereby downregulating
inflammatory mediators such as IL-6 and TNF-a 84,

Flavonoids exert effects by promoting insulin secretion
and modulating the intestinal-pancreatic axis. In a
C57BL/6 high-fat diet model, 50 umol/L quercetin
or 25 pumol/L kaempferol effectively stimulated L-cell
secretion of glucagon-like peptide-1 (GLP-1) in the ileum.
inhibiting dipeptidyl peptidase-4 (DPP-4) activity and
elevating total GLP-1 levels by 1.8-fold, thereby enhancing
glucose-dependent insulin release ®!. In preventing
diabetic complications, flavonoids exhibit multi-target
protective effects: For retinopathy, quercetin at 50 mg/kg/d
(intraperitoneal injection, STZ-induced rats, 12 weeks)
suppressed retinal vascular endothelial growth factor
(VEGF) and intercellular adhesion molecule-1 (ICAM-
1) expression, reducing blood-retinal barrier leakage;
For diabetic nephropathy, kaempferol at 75 mg/kg/day
(oral administration, db/db mice for 16 weeks) reduced
urinary albumin excretion and fibronectin deposition,
a mechanism associated with inhibition of the TGF-p1/
Smad3 signalling pathway; For cardiomyopathy and
osteoporosis, quercetin alleviates myocardial oxidative
stress by activating the Nrf2/HO-1 pathway and protects
the bone matrix by inhibiting receptor for advanced
glycation end-products (RAGE) expression [,

CONCLUSION

In this paper, we review the past research progress on
the mechanism and clinical application of antioxidant
and anti-inflammatory activities of flavonoids from
Rhododendron plants. We have identified 17 flavonoids
in Rhododendron plants with significant antioxidant
and anti-inflammatory activities. These compounds
act through a variety of mechanisms, including direct
scavenging of free radicals, inhibition of oxidative
enzymes (e.g. NADPH oxidase and xanthine oxidase),
chelation of metal ions, provision of hydrogen ions and
enhancement of the antioxidant system to stabilise or
reduce reactive oxygen species (ROS) and scavenging of
free radicals, as well as modulation of the endogenous
antioxidant capacity by the Keap1-Nrf2/ARE and MAPK
signalling pathways. The antioxidant is achieved by means
of the Keap1-Nrf2/ARE and MAPK_ signalling pathways.
Its anti-inflammatory effects are achieved by inhibiting
the production of inflammatory mediators, modulating
cytokines and receptors, scavenging oxygen free radicals,
and affecting cell signalling pathways such as NF-xB and
AP-1. At present, it has become a prevailing trend to
study the antioxidant and anti-inflammatory properties of
flavonoids at home and abroad. Rhododendron is found
all over the world and is rich in flavonoids, so isolating

the specific composition and structure of flavonoids
from Rhododendron will help to design and develop more
effective natural antioxidant protective agents and animal
health supplements . An in-depth elucidation of its
antioxidant and anti-inflammatory mechanisms holds
promise for advancing the development of novel natural
antioxidants for protecting animal organisms against
oxidative damage and maintaining health homeostasis **.

In terms of clinical applications, flavonoids have
been shown to have potential therapeutic effects on
cardiovascular diseases such as hypertension, athero-
sclerosis, cardiomyopathy and myocarditis P. It also
shows great therapeutic potential in the fields of diabetes
and anticancer %% A deeper understanding of their
antioxidant and anti-inflammatory mechanisms will
advance research into the application of flavonoids in
animal health management, thereby fully harnessing their
physiological protective and supportive efficacy.

Flavonoids and terpenoids can act synergistically to
enhance each other’s pharmacological activities, especially
in the fight against cancer. Terpenoids modulate caspase-3
activity and flavonoid circuit affects enzyme activity 1.
Flavonoids and terpenoids collectively influence the
regulation of ATP-binding cassette (ABC) transporter
protein efflux function, and semi-synthetic nitrogen-
containing flavonoids and terpenoids derivatives possess
potential as multidrug resistance (MDR) reversal agents
designed to be effective in cancer . Azalea plants are rich
in flavonoids and terpenoids, the study of Azalea plants
can not only study flavonoids and terpenoids, but also
study the synergistic effect of the two, the development of
new anti-cancer drugs.

Although some progress has been made on the antioxidant
and anti-inflammatory activities of flavonoids in the
genus Rhododendron, there are still some limitations, such
as the absence of systematic studies on their mechanistic
mechanisms, small sample sizes, and geographical
bias. Future studies need to consider a wider range of
samples and different geographical regions to validate the
existing findings and further systematically explore the
pharmacological mechanisms of action of flavonoids .
Moreover, in-depth research into flavonoids holds promise
for providing further scientific rationale for developing
novel approaches to maintaining and safeguarding animal
health, particularly demonstrating significant research and
application value in antioxidant and anti-inflammatory
physiological protection.

In conclusion, significant progress has been made
in research concerning the antioxidant and anti-
inflammatory physiological activities of flavonoids from
Rhododendron species. This has laid a solid foundation
for subsequent development of natural physiological
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protective agents and their application in animal health
management. Future studies should continue to explore
the physiological protective and supportive potential of
these compounds, overcome existing research limitations,
and further expand their application scenarios in
safeguarding animal organisms and maintaining health.
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INTRODUCTION

Abstract

Microplastics have become pervasive environmental contaminants with the capacity to
move across ecological and biological systems. Honey represents a unique food matrix
in this context because it is produced through intensive interactions between honeybees
and their surrounding environment and is consumed directly by humans with minimal
processing. This review synthesizes current evidence on microplastic contamination in
honey, evaluates reported concentration ranges, particle characteristics, and polymer
profiles, and situates these findings within a One Health framework linking environmental
pollution, bee health, and human exposure. Microplastics have been reported in honey
samples from multiple geographic regions worldwide, although reported concentrations
vary considerably among studies. Notably, only a limited number of investigations have
translated contamination data into consumption-based exposure estimates, underscoring
a significant gap in quantitative risk assessment. Experimental and field studies further
indicate that microplastics can affect honeybee physiology, immunity, behavior, and
colony dynamics, and that contaminated bees can transfer particles to hive products,
including honey. Collectively, these findings support the use of honey as a sentinel matrix
for tracing environmental microplastic pollution through biological pathways to the
human diet. Addressing existing knowledge gaps through standardized methodologies
and integrated exposure assessments is essential for advancing risk evaluation within a
One Health perspective.

Keywords: Apis mellifera, Microplastic contamination, Food safety, Bee health, Human-
animal-environment Nexus

widespread presence in both environmental and biological
compartments 2. The detection of microplastics in

Plastics are widely used in modern society due to
their durability and broad range of applications . As
a result of their persistence, plastics are recognized as
long-lasting environmental contaminants that have
been detected across diverse ecosystems 2. Under
environmental weathering, plastics undergo solar UV-
induced photo-oxidation, oxidative chain scission, and
surface microcracking, which embrittle the polymer
matrix and make it susceptible to subsequent mechanical
fragmentation, ultimately generating secondary micro-
plastics (<5 mm) Pl. Recent studies have reported the
presence that microplastics are pervasive environmental
pollutants distributed across a wide range of ecosystems,
including soil, glaciers, deserts, oceans, rivers, and the
atmosphere, and are increasingly detected in drinking
water, air, and diverse food matrices, highlighting their

multiple environmental components indicates that human
exposure may occur via inhalation, dermal contact,
and particularly through dietary intake. In this context,
microplastic contamination is increasingly discussed
within the context of environmental health and exposure
assessment research [°l.

From a human health perspective, the importance of
microplastics is being increasingly debated. Evidence
from human studies suggests that microplastics can be
retained in the gastrointestinal tract, respiratory tract,
and circulation, with their distribution likely influenced
by particle size, shape, chemical composition, and
surface properties 1, In addition, additives used in
plastic production and compounds released during
polymer degradation may pose toxicological risks [615],

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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In recent years, studies have been published suggesting
that microplastics may be associated with inflammation,
immune system modulation, oxidative stress, endocrine
effects, and cellular-level damage !*?!. Therefore, the
occurrence of microplastics in foods, their transfer
through the food chain, and the resulting potential for
human exposure have become major topics of scientific
investigation.

Honey is consumed in many regions globally **!. Honey
is a natural product characterized by a rich biochemical
composition, including simple carbohydrates, amino
acids, proteins, organic acids, and a variety of phenolic
and flavonoid compounds, many of which contribute to
its antioxidant, antimicrobial, and anti-inflammatory
properties ?*¥1. Owing to this diverse composition, honey
has long been associated with beneficial effects on human
health and is frequently described in the literature as a
functional food with preventive and supportive roles in
the context of various health conditions ***!. Honey is a
minimally processed natural product obtained directly
from the environment, with its production process shaped
almost entirely by the interactions between honeybees
and their surrounding ecosystem .. This characteristic
makes honey both a direct reflector of environmental
contaminants and a realistic indicator of human
exposure through consumption. At the same time, honey,
honeybees, and the hive ecosystem have been proposed
as useful bioindicators for monitoring the presence of
microplastics in the environment. Indeed, a growing
body of recent research has confirmed the presence of
microplastics in both honey and honeybees !4,

The One Health perspective constitutes the theoretical
foundation of this study. The One Health approach
emphasizes that human, animal, and environmental
health are inseparable from one another . Microplastic
contamination in honey represents a point of convergence
among environmental exposure, animal health, and
human dietary intake. Honeybees act as biological
representatives of environmental exposure, honey
serves as a food source for humans, and environmental
conditions determine both the materials collected by bees
and the level of contaminant exposure in honey. For this
reason, evaluating the presence of microplastics in honey
is important for understanding human health, honeybee
health, and the integrated structure of ecosystems.

This study aims to systematically evaluate the levels
of microplastics reported in honey and to examine
variations across countries in terms of polymer types
and particle characteristics. Potential human exposure
through honey consumption is then assessed using the
available data. In addition, the findings are integrated
within a One Health framework to jointly consider
environmental, animal, and human exposure dynamics.

Through this approach, the study seeks to support a more
comprehensive understanding of microplastic-related
risks linked to honey from both scientific and public
health perspectives.

MATERIAL AND METHODS
Methodology

A systematic literature search was conducted in the
Web of Science, Scopus, and PubMed databases. No
starting year restriction was applied, as research has
predominantly emerge in recent years. The search
included studies published up to 31 December 2025.
A preliminary literature review was conducted to
determine the keywords used during the database
search. The final search strings combined microplastic-
and polymer-related terms with product descriptors
using Boolean operators. The keyword combinations
were structured as follows: “microplastic AND (honey
OR bee product)”, “micro-plastic AND (honey OR bee
product)”, “microplastic contamination AND (honey OR
bee producs)”, “microplastic morphology AND (honey
OR bee product)”, “microplastic identification AND
(honey OR bee product)”, “polymer AND (honey OR bee
product)”, “polymer type AND (honey OR bee product)”,
“polymer identification AND (honey OR bee product)’,
“polymer composition AND (honey OR bee product)”,
and “polymer profiling AND (honey OR bee product)”
The search strategy was designed to identify studies
investigating microplastic contamination specifically in
honey while excluding research focused solely on bees
or hive materials. Duplicate records were removed prior
to screening. These terms ensured the inclusion of all
studies that investigated microplastic or nanoplastic
contamination in honey while also filtering out unrelated
research on bees or hive materials.

Only studies that examined the detection, quantification,
or characterization of microplastics directly in honey
samples were considered eligible. Studies investigating
other bee-related products (e.g., pollen, propolis, beeswax,
royal jelly, and bee bread) were excluded. Research
focusing on bees, hive materials, foraging behavior, or
environmental sampling around apiaries was excluded,
as these did not align with the objective of assessing
microplastic contamination in honey. The screening
process was performed independently by two researchers
to prevent possible errors. Review articles, conference
proceedings, books, book chapters, and non-English
publications were excluded. The researchers first assessed
the titles and abstracts. Afterwards, they performed a full-
text evaluation of potentially eligible studies. Following
the selection process, a total of 13 studies were included
in the systematic review. The study selection procedure is
presented in detail in the PRISMA flow diagram (Fig. 1).
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Fig 1. PRISMA flow diagram illustrating the study selection process

RESULTS

Global Overview of Microplastic Contamination in
Honey

Table 1 presents the findings of 13 studies and provides a
comparative assessment of the particle levels, physical and
chemical properties of microplastics detected in honey
samples.

Sources and Pathways of Microplastics in Honey

Based on the findings of the systematic literature review,
the reported sources of microplastic contamination in
honey can be classified into several main categories.

These include particles transported from the surrounding
environment into the hive, beekeeping practices and in-
hive materials, contamination arising during harvesting
and processing stages, migration from packaging materials,
and secondary contamination that may originate from
analytical procedures (Fig. 2).

Biological and Behavioral Effects of Microplastic
Exposure in Honeybees

Experimental studies indicate that microplastic exposure
represents an emerging ecotoxicological concern for
honeybee health. Reported effects include alterations in
physiology, immune function, gut microbiota composition,
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Fig 2. Sources and pathways of microplastics in honey

behavior, and neurobiology, with impacts influenced
by particle type, shape, polymer composition, and dose
(Fig. 3).

One Health Perspective

Microplastics in honey reflect their transfer across
ecosystems via bee activity, creating a pathway for human
exposure; thus, their assessment should be considered
within a One Health perspective linking environmental,
animal, and human health (Fig. 4).

Di1sCcuUsSION

Studies reporting microplastic levels in honey can be
descriptively grouped into three categories: low, moderate,
and high contamination. These categories do not represent
standardized thresholds, but were used only as a narrative
aid in summarising the distribution of reported values.

In studies reporting low levels of contamination, mean
microplastic concentrations were reported in the range
of 10-70 MPs/kg B¢l In this group, minimum and
maximum values remained within relatively narrow
ranges. Although mean microplastic concentrations
were not explicitly reported, the studies by Liebezeit and
Liebezeit “**! can also be considered to reflect low-level
contamination when minimum and maximum values are
taken into account (Table 1).

In studies reporting moderate microplastic intensities,
mean concentrations generally fall within the range of
100-200 MPs/kg. In these datasets, minimum values
were again reported at low levels, whereas maximum
values reached the range of 500-1000 MPs/kg 10424
(Table 1). This pattern suggests that contamination in this
group is not evenly distributed across samples. Rather,
moderate mean values appear alongside a wider internal
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Fig 4. From environment to table: A One Health perspective on microplastic transfer via honey bees

spread, indicating greater variability than in the low-
contamination group.

The third group includes studies reporting the highest
mean microplastic concentrations. For example, Basaran
et al.B¥ reported a mean concentration of 314 MPs/
kg. Within this study, minimum values decreased to 0
MPs/kg, while maximum values reached 1280 MPs/kg,
indicating a wide concentration range. Another study in
this group is the dataset reported by Rani-Borges et al.*!],
which documented a mean concentration of 1450 MPs/
kg. This value represents the highest mean concentration
among all studies included in the table. The corresponding
maximum values, reaching up to 2600 MPs/kg, further
characterize this dataset as representing a high level of
contamination (Table 1).

When studies reporting wide maximum ranges are
examined in more detail, the dataset reported by
Miihlschlegel et al.**! shows the widest reported range.
This study reported fragment-shaped microplastics in
the range of 8-8680 MPs/kg, representing the widest
maximum range across all datasets and demonstrating that
very high particle loads can occur in individual samples.
In contrast, for fiber-shaped microplastics, the same study
reported a narrower range of 32-728 MPs/kg, indicating
that morphology-dependent differences can be observed
even within a single dataset. Gomez-Méndez et al.*?], on
the other hand, did not report quantitative information on
microplastic abundance in their study (Table 1).

Opverall, comparative evaluation shows that even in studies
reporting low mean concentrations, maximum values
may extend over broad ranges; studies with moderate
mean concentrations are associated with higher upper
limits; and datasets reporting high mean concentrations
are characterized by maximum particle numbers reaching
the order of thousands. Overall, reported microplastic
concentrations in honey show substantial variability
across studies and within individual datasets. The
consistent detection of microplastics were detected in all

included studies, although reported concentrations varied
considerably.

When the physical characteristics of microplastics detected
in honey samples are examined, available data indicate
that similar morphological categories have been reported
across all studies. Fiber and fragment forms were reported
in the majority of studies and appeared to constitute the
primary structural classes of microplastics detected in
honey (032364143461 (Taple ). This consistency indicates a
high level of agreement in morphological classification
despite differences in study periods, geographic regions,
and analytical methodologies.

Although the dominant morphology varied among
studies, fibers and fragments were the two most
frequently reported forms of microplastics in honey.
In some datasets, fibers were reported as the dominant
morphology %44 whereas other studies reported a
higher abundance of fragment-shaped microplastics 14,
This variation indicates that the relative distribution of
particle morphologies differs across studies; however,
fibers and fragments remain the two most consistently
reported structural forms of microplastics in honey. Only
two studies reported additional microplastic forms (line,
sphere, film) beyond fibers and fragments “**! (Table 1).

Particle size distributions varied markedly among studies.
However, direct comparison remains limited because the
included studies differed in their analytical conditions,
including size detection ranges and particle recovery
approaches. In the Kosovo study, for example, 67% of
the detected microplastics were reported to be smaller
than 100 pm, indicating that small-sized particles may
predominate in some datasets **. Other studies reported
size ranges extending from 1 um to values exceeding 1000
pm, demonstrating that microplastics may occur across
multiple size classes even within a single dataset *>*1. More
detailed morphometric analyses revealed fiber lengths
ranging from 190 to 3525 um and fragment sizes between
68 and 779 pm P8, In addition, some datasets reported
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particle sizes reaching up to 19.950 um; however, because
this exceeds the commonly accepted <5 mm size criterion
for microplastics, such values should be interpreted
with caution 2. The fragment size ranges reported by
Miihlschlegel et al.**! exhibit the widest reported range
among the included studies (Table 1).

With respect to color distribution, black and transparent
particles were among the most frequently reported color
categories across the included studies 1?5444 In addition,
blue, red, green, yellow, and brown particles were reported
in different studies ***! (Table I). The diversity observed
in color distribution is consistent with the overall
morphological heterogeneity of microplastics detected
in honey.

Taken together, these findings indicate that fiber and
fragment morphologies represent the most consistently
reported forms across the included studies, while
particle size ranges span a broad spectrum and color
categories exhibit considerable diversity. From a physical
perspective, microplastics detected in honey therefore
display both shared structural features and a high degree
of heterogeneity.

Polymer composition is one of the parameters showing the
appears to vary considerably among studies. In particular,
polyethylene (PE), polypropylene (PP), and polyethylene
terephthalate (PET) are the principal polymers reported
in the majority of studies 1*?>3¢3%4341 These three
polymers constitute a recurring compositional pattern
in honey samples, although their reported abundances
may vary depending on the analytical methods used.
However, some studies have reported a broader range
of polymers beyond these core types. Ethylene-vinyl
acetate (EVA) was reported as the predominant polymer
in specific studies 2. Other polymers (polyamide
(PA), polystyrene (PS), polyvinyl chloride (PVC),
polycarbonate (PC), acrylonitrile butadiene styrene (ABS),
polytetrafluoroethylene (PTFE), polycaprolactone (PCL),
and polyvinyl siloxane (PVS)) were observed in isolated
datasets, indicating variability in polymer composition
across studies #3441, The fact that these polymers do not
recur in every dataset indicates that the composition of
analyzed samples may vary substantially between studies.
In earlier investigations, polymer identification was more
limited. Miihlschlegel et al.**! reported PET and other
synthetic particles, whereas Liebezeit and Liebezeit 14!
employed the broader term “synthetic particles” without
detailed classification. This reflects the progression from
visual inspection toward advanced techniques, such as
FT-IR and Raman spectroscopy, which allow more precise
polymer identification (Table I).

Overall, the distribution of polymers detected in honey
exhibits a two-layered structure. The first layer comprises

PE, PP, and PET, which recur across all studies and
constitute the core polymer composition of honey
samples. The second layer consists of polymers such as
EVA, PA, and other polymer classes that appear in specific
studies and contribute greater compositional diversity.
The coexistence of these two layers demonstrates that
polymer composition in honey includes both common
and variable components.

As shown in Table 1, microplastics have been reported
in honey samples from multiple countries, indicating
that this is not a location-specific finding. However,
microplastic concentrations, physical characteristics,
and polymer compositions show pronounced variability
between countries. These differences should not be
attributed solely to environmental conditions but should
also be considered in relation to analytical methods,
sampling strategies, beekeeping practices, and local socio-
economic contexts.

In Europe, mean microplastic concentrations reported
from Italy ranged between 10 and 62 MPs/kg 5%l These
results indicate that even in countries with advanced
environmental management systems and strong regulatory
frameworks, microplastics are not entirely absent.
By contrast, an average concentration of 180 MPs/kg
reported in South Korea 1%, a country with similarly high
environmental governance capacity, suggests that high
population density, intensive industrial activity, and the
spatial overlap between urban expansion and beekeeping
areas may contribute to elevated levels. The mean
concentration reported from Tirkiye (314 MPs/kg) B is
notably higher than the low values observed in European
examples. In Tiirkiye, the widespread practice ofbeekeeping
across both rural and peri-urban settings, together with its
broad ecological diversity and rich floral resources, may
increase the extent of environmental contact, providing a
contextual background for this variability. In Saudi Arabia,
the reported mean concentration of 198 MPs/kg ! does
not fully align with the common assumption that arid
climates and sparse vegetation would limit environmental
exposure. This finding suggests that materials used along
the production chain may also influence microplastic
levels. Data from developing countries such as Colombia
and Malaysia 574! fall within low to intermediate ranges,
supporting the view that microplastic levels are not
directly correlated with national development status. In
contrast, the mean value of 1450 MPs/kg reported from
Brazil 4 represents one of the most distinctive results
in the dataset. This exceptionally high value evokes a
complex environmental context shaped by intensive
agricultural activity, extensive tropical biomes, and
diverse production conditions. Its magnitude suggests that
country-specific sampling locations, beekeeping practices,
or methodological factors may also play a decisive role.
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The most extreme value is the maximum concentration
of 8680 MPs/kg reported in Switzerland . Observing
such a high maximum value in a country characterized
by strong environmental indicators and strict regulations
underscores the high spatial variability of microplastic
occurrence under local environmental conditions. This
finding represents an exceptional case, illustrating that
national-level environmental quality alone is insufficient
to explain maximum microplastic values in honey and
that local sampling contexts are critical determinants.

The evaluation of inter-country differences represents
a central scientific rationale of this study. Microplastic
contamination does not occur uniformly across regions.
Factors such as population density, industrial production,
agricultural practices, waste management capacity,
climatic conditions, and beekeeping traditions vary
substantially between countries, and these differences
are directly reflected in honey samples. Accordingly,
comparing microplastic levels in honey across countries
provides valuable insight into both the spatial distribution
of environmental contamination and potential human
exposure. Moreover, variations in honey production
chains, including equipment use, packaging practices, and
storage conditions, may further influence microplastic
diversity. Systematic integration of these environmental
and methodological determinants is essential for
developing a standardized and globally comparable
assessment framework.

The studies summarised in Table 1 employed
different analytical approaches for the detection and
characterisation of microplastics in honey, and these
methodological differences should be taken into account
when interpreting the reported findings. Most studies
used microscopy combined with FT-IR (Kosovo, Tiirkiye,
Ecuador, Malaysia, two studies from Italy, Republic of
Korea, Saudi Arabia, and Brazil), whereas three studies
relied on microscopy alone (Germany/France/Italy/
Spain/Mexico; Switzerland/Bulgaria/Italy/Spain/Latin
America/Germany/France; and Colombia), and one
Swiss study used microscopy together with pu-Raman.
This distribution shows that the current evidence base
is dominated by microscopy-supported spectroscopic
confirmation rather than by visual identification alone.

These differences are important because the analytical
technique directly influences the level of particle
characterisation that can be achieved. Studies using
microscopy alone generally provided limited chemical
detail, often reporting particles broadly as “synthetic
particles” or leaving polymer identity undefined. By
contrast, studies combining microscopy with FT-IR or
u-Raman were able to identify specific polymers such as
PE, PP, PET, PA, EVA, PS, PVC, and PC, thereby offering a
more detailed chemical profile of contamination. A similar

pattern is also visible in the reporting of particle properties:
spectroscopy-supported studies tended to provide more
specific information on polymer composition, while
microscopy-only studies were more restricted to visual
categories such as shape, colour, and approximate size.

From an interpretive standpoint, this methodological
heterogeneity limits strict cross-study comparability.
Reported differences in microplastic occurrence may
reflect not only geographical or environmental variation,
but also differences in analytical sensitivity, particle
confirmation, and reporting detail. For this reason, the
findings in Table 1 should be read comparatively but
cautiously. At the same time, the fact that microplastics
were detected across studies using different analytical
approaches strengthens the broader conclusion that
honey is a relevant matrix for investigating environmental
microplastic contamination and potential exposure
pathways.

Literature findings indicate that microplastics in
honey originate mainly from environmental exposure,
beekeeping materials, processing stages, packaging, and
potential analytical contamination (Fig. 2).

From an environmental perspective, honeybees represent
the initial biological interface in the transfer of microplastics
into honey 1. Microplastics that are widely documented
in air, water, and soil can enter the matrices encountered
by bees through plant surfaces, nectar, pollen, and water
sources 4414841 Through the ingestion of contaminated
nectar and water, or the inadvertent collection of particles
resembling pollen in size and morphology, microplastics
may adhere to the bee cuticle or enter the digestive tract
and subsequently be introduced into hive products . In
a field study conducted by Alma et al.>", colonies fed with
a sucrose solution containing polyester microfibers showed
the presence of these fibers on the cuticle and within the
digestive tract of adult worker bees, as well as in larvae,
wax, and honey samples, experimentally demonstrating
that environmentally derived or feed-associated particles
can be directly transferred into the honey matrix. Similarly,
recent studies emphasize that a substantial proportion of
microplastics reported in honey and other bee products
may be linked to an indirect exposure chain originating
from environmental particles accumulated in soil, water,
and plant tissues P**°2. The geographic distribution of
environmental load is also relevant: Diaz-Basantes et al.l*!
reported higher microplastic counts in honey samples
collected from urban and industrial areas compared with
rural regions, suggesting that the observed contamination
was primarily environmentally driven.

Beekeeping practices and in-hive materials constitute
a second major source of microplastic contamination
in honey. Artificial feeding, synthetic textile fibers from
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protective clothing, and plastic hive components -including
frames and feeders- may introduce microplastics through
mechanical degradation or fiber shedding (2515334,
Miihlschlegel et al.**! attributed the low-level microplastic
contamination detected in commercial honey samples
particularly to synthetic textile-derived fibers associated
with beekeepers’ clothing, interpreting this pathway as
one of the main potential sources. A striking example
in this context is the use of microfiber sheets applied to
control the small hive beetle (Aethina tumida). Buteler
et al.® demonstrated that non-woven microfiber covers
placed inside hives were chewed by bees, leading to fiber
fragmentation, and that after three months of application,
the abundance of blue microfibers on the cuticle and
within the digestive tract of bees, as well as in honey
samples, increased significantly compared with control
hives. This finding indicates that such widely used pest
management practices can become a direct source of
microplastic contamination in honey.

Harvesting and processing stages also represent potential
points of contamination. Inappropriate plastic containers,
buckets, filters, uncapping tools, and centrifuges used
during honey extraction, transport, and storage may
release microplastic particles under surface abrasion and
mechanical stress, allowing direct contact with honey %331,
Fuente-Ballesteros et al.”! noted that direct contact
with “inappropriate plastic cups, containers, honey
extraction machines, and uncapping devices” represents
an additional contamination pathway for hive products,
including honey. This observation indicates that, beyond
environmental exposure, human-controlled stages of
the production chain also play a role in shaping the
microplastic load of honey.

Packaging materials and storage conditions represent
another major source of microplastic contamination in
honey, particularly when considering the final product
reaching consumers. Indeed, many researchers have
emphasized that packaging materials may act as a
secondary source of microplastic contamination for
foods, including honey, and have highlighted the need for
further studies specifically addressing migration processes
under realistic storage conditions “>*-%8]. Katsara et al.*
further stressed that plastic packaging used for honey and
other foods can undergo abrasion under environmental
conditions, transferring microplastics and associated
chemical additives into food, and therefore should be
considered an independent contamination source for
honey. The absence of such migration in studies using
glass packaging supports the notion that packaging-
related contributions are primarily associated with plastic-
based systems.

Finally, contamination arising from analytical procedures
represents a critical methodological limitation that must

be carefully considered when interpreting findings on
microplastic detection in honey. Numerous studies have
emphasized that microplastic quantification in food
matrices is highly susceptible to laboratory-derived
contamination due to the widespread use of plastic
consumables, synthetic filter materials, textile fibers from
laboratory clothing, and background airborne particles [,
This concern is further reinforced by the fact that recovery
rates have not been reported in a substantial proportion of
existing studies. The lack of recovery calculations creates
a critical gap in assessing laboratory-derived contamination
as well as the sensitivity, accuracy, and validity of analytical
methods. Consequently, particularly for studies reporting
low microplastic levels, uncertainty regarding whether the
observed load originates from the actual matrix or from
analytical processes becomes increasingly important.

Overall, microplastic contamination in honey appears to
arise from a multilayered network of sources, including
particles transported into hives through environmental
exposure of bees, plastic- and textile-based materials
used in apicultural practices, plastic equipment employed
during harvesting and processing stages, plastic packaging
systems utilized at the consumer level, and background
contamination introduced during analytical procedures.
The existing literature demonstrates that each of these
sources can independently contribute to increasing
the microplastic burden of honey, indicating that
contamination represents a complex process that cannot
be explained by a single factor.

When evaluating the existing literature on the presence
of microplastics in honey, it is observed that the vast
majority of primary studies report their findings in terms
of concentrations measured in the honey matrix, whereas
studies that quantitatively calculate the daily micro-
plastic intake attributable to honey consumption remain
limited. Of the 13 primary studies reviewed, only four
numerically reported human exposure based on honey
consumption %2424 This indicates that, in most studies,
microplastic exposure specific to honey has been confined
solely to contamination levels, while consumption-based
human exposure has not yet been addressed systematically
in the literature, revealing a clear methodological gap in
this area.

A comparative evaluation of studies that report daily
intake values demonstrates considerable variability across
countries. The value of 2.5x10° MPs/day calculated by
Ahmad et al.®¥ (Saudi Arabia) reflects an approach in
which microplastic intake from honey consumption is
reported at very low levels, whereas the 9.0x102 and
3.7x10" MPs/day values reported by Pham et al.*?
and Ogzgifci et al.’® (Republic of Korea and Kosovo,
respectively) correspond to studies in which exposure is
considered measurable but relatively limited. In contrast,
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the 1.05 MPs/day reported by Bagaran et al.*? (Tiirkiye)
provides an example in which the daily intake calculated
from honey consumption is evaluated at a higher level. In
particular, the fact that the microplastic levels reported in
honey vary markedly across countries suggests that this
difference is closely related to environmental conditions,
production and processing practices, as well as variations
in honey consumption amounts across societies. This
contextual diversity causes honey consumption-based
microplastic exposure calculations to yield different
results from study to study and makes it difficult to
consolidate the reported daily intake values under a single
representativelevel. Although direct evidence showing that
honey-derived microplastic exposure alone is sufficient to
produce these effects remains limited, the documented
presence of microplastics in human biological samples
and tissues suggests that dietary intake may contribute to
the overall body burden of microplastics. In this context,
honey consumption can reasonably be considered one
potential component of cumulative dietary exposure, even
if a direct causal link has not yet been established.

Interpreting calculated daily microplastic intake levels in
terms of potential human health implications requires a
multidimensional framework that extends beyond particle
number alone. In addition to particle number, the size,
shape, polymer type, and the additives or environmental
contaminants carried by microplastics stand out as key
factors determining the direction of interactions with
biological systems and the nature of potential effects. In
this context, an increasing number of studies in recent
years have demonstrated that microplastics can access
biological environments in the human body, and the
reporting of microplastics in human blood, urine, and
feces (%1, as well as in certain tissue samples ), has
brought the possibility of systemic uptake via multiple
exposure routes, including diet, to the forefront.

Reports documenting microplastics in the skin, lungs,
liver, spleen, kidneys, colon, blood, saliva, placenta, and
breast milk suggest that these particles may enter systemic
circulation following different exposure pathways and
potentially distribute to various tissues . In this
regard, understanding the absorption, distribution,
metabolism, and excretion (ADME) characteristics of
microplastics is considered a fundamental requirement
for interpreting possible toxicological outcomes *°.. Data
from different populations show that the presence of
microplastics has been reported in feces, colon, lungs,
bronchoalveolar lavage fluid, sputum, blood, placenta,
and breast milk together with polymer types and size
ranges; in particular, it is emphasized that fractions below
10 pm can interact more easily with cell membranes and
have the potential to be transported to different tissues via
circulation "7, One of the notable findings for human

health is that microplastics have also been detected in
biological structures associated with the cardiovascular
system .. Human studies demonstrating the presence
of microplastics and nanoplastics in atheroma plaques
have strengthened debates suggesting that these particles
may not only be indicators of environmental exposure
but also potentially represent a biological burden that can
be linked to clinical outcomes 7*771,

The most frequently reported mechanistic framework
associated with microplastic exposure is the triggering
of oxidative stress and inflammatory responses and
linking this to cellular damage processes. Experimental
studies suggest that exposure to microplastics can activate
pathways such as Toll-like receptors, NF-kB signaling,
and the NLRP3 inflammasome, leading to increased
production of reactive oxygen species and progression
of inflammatory cascades %I, In parallel, it has been
reported that different PS micro- and nanoparticles can
increase the production of reactive oxygen species, trigger
endoplasmic reticulum stress, and are associated with
apoptosis and autophagic cell death in many cell types,
including human lung and intestinal cell models ®+5.
It also indicates that microplastic exposure can lead to
impairment of intestinal barrier integrity, microbiota
dysbiosis, and changes in bile acid and amino acid
metabolism 7%,

In the context of dietary exposure, the digestive system
represents the primary site where microplastics first
interact with the human body. Available data show that
microplastics can accumulate in the intestine and that
this accumulation is associated with intestinal barrier
dysfunction, changes in microbiota composition, and
deviations in bile acid metabolism >, From a systemic
perspective, microplastic exposure has been linked to
gastrointestinal inflammation, endocrine disruption,
dysregulation of lipid and energy metabolism, as well as
non-alcoholic fatty liver disease and hepatocarcinogenesis.
It is stated that most of these effects develop through
multiple mechanisms such as oxidative stress, chronic
inflammation, immunosuppression, and disruption of
hormonal regulation ®**°. In addition, it is emphasized
that toxicity is sensitive to particle size and that mixture
exposures can further amplify biological effects .
Effects of microplastic exposure via the respiratory route
have also been reported to extend beyond local tissues,
potentially impacting inter-system interaction "7*¢l, From
the perspective of reproductive and developmental health,
the reporting of microplastics in the placenta and breast
milk provides important evidence strengthening the
possibility of exposure in early life periods 7],

Overall, while the current literature accepts that the
presence of microplastics in human biological systems
has been clearly demonstrated, it also shows that there
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remains a significant gap between evidence of “presence”
and clinical-level “causality” in interpreting health
effects. Although detection of microplastics in various
tissues suggests that systemic access is possible, reaching
definitive health outcomes requires the generation of
multilayered evidence that jointly considers exposure level,
particle characteristics, and mixture effects. Accordingly,
mechanistic toxicology data should be interpreted in
conjunction with human biomonitoring findings within a
cautious, holistic framework.

Experimental data suggest that microplastics pose a
growing ecotoxicological risk to honeybees, affecting
physiology, immunity, gut microbiota, behavior, and
neurobiology depending on particle characteristics and
dose (Fig. 3). Several laboratory studies indicate that
PS and PE microplastics affect honeybee physiology.
In a 14-day laboratory exposure study, Wang et al.l*”!
used 50 mg/L of PS microplastics, but it was not stated
whether this corresponded to an environmentally
realistic level. Environmental reference is needed
for ecosystem risk assessment. However, despite the
absence of marked survival effects, PS microplastics
exposure led to a reduction in gut bacterial diversity
and induced pronounced alterations in the bee gut
microbiome, accompanied by changes in the expression
of genes associated with oxidative stress, detoxification
pathways, and immune responses. In contrast, Balzani
et al.t% observed that oral exposure to PE microplastics
at 50 mg/L increased honeybee mortality, whereas lower
doses had no significant effects. The results indicated
that exposure to PE at 50 mg/L resulted in a significant
increase in mortality, whereas no significant effects on
survival were observed at the lower concentrations. Deng
et al.l%! exposed honeybees to spherical PS microplastics
under two complementary designs. First, mixed-size PS
(0.5:5:50 um = 1:1:1) was tested at 0.1, 1, 10, and 100 mg/L
for 14 days. In this concentration-response experiment,
survival was significantly reduced in Apis mellifera at 1
mg/L (P<0.05), 10 mg/L (P<0.01), and 100 mg/L (P<0.01),
and in Apis cerana at 10 and 100 mg/L (P<0.05). Based on
the survival curves, the final survival proportions at day
14 were approximately 62% in controls, 50% at 0.1 mg/L,
48% at 1 mg/L, 45% at 10 mg/L, and 38% at 100 mg/L
for Apis mellifera, and approximately 62% in controls,
50% at 0.1 mg/L, 55% at 1 mg/L, 45% at 10 mg/L, and
42% at 100 mg/L for Apis cerana. Second, a size-response
experiment was performed in Apis mellifera using 0.5,
5, and 50 um PS at 10 and 100 mg/L for 21 days. In this
experiment, cumulative mortality was significantly
higher particularly in the 0.5 um PS group at 100 mg/L
compared with the control (P<0.05); visually, survival at
the end of the experiment was approximately 5% in the
0.5 um/100 mg/L group versus about 28% in the control

group. The study further showed that 0.5 um PS caused
more pronounced midgut damage and stronger tissue
translocation than larger particles. In addition, combined
exposure to 5 um PS (10 mg/L) and Israeli acute paralysis
virus (IAPV) reduced survival to approximately 20% in
Apis mellifera and 27% in Apis cerana by day 7, compared
with roughly 33% and 38%, respectively, in the virus-only
groups, while viral titers increased by more than fourfold
on days 6 and 7 in Apis mellifera and by more than fourfold,
twofold, and sixfold on days 5, 6, and 7 in Apis cerana.
Buteler et al.'*" investigated the effects of acute exposure
to polyester microplastic fibers on the foraging behaviour
of Apis mellifera carnica. In the acute oral toxicity assay,
honeybees fed with 100 mg MPs/L in 50% sucrose solution
showed no increase in short-term mortality compared
with the control group, with mortality remaining 0% at
24 h and 3.33% at 48 h in both groups. In the behavioural
assays, control and MP-containing dishes were presented
simultaneously, and bees showed no significant preference
or avoidance when MPs were offered in sucrose solution
or water (blue fibers: sugar solution, t=0.7, P=0.49,
n=12; water, t=0.21, P=0.83, n=18; yellow fibers: sugar
solution, t=1.13, P=0.27, n=12; water, t=0.04, P=0.96,
n=18). Likewise, proportional consumption did not
differ significantly among sucrose solutions containing 0,
10, and 100 mg MPs/L (GLMM, x*=0.54, df=2, p=0.76,
n=180), although MP-free solutions were consumed
more rapidly (x*=8.31, df=2, p=0.01, n=20). These
results indicate that acute microfiber ingestion did not
cause immediate mortality, but honeybees did not avoid
microplastic-contaminated food or water, suggesting that
repeated exposure may still contribute to longer-term risk.
Wang et al.'%! investigated, under controlled laboratory
conditions, the effects of PS nano- and microplastics
on Apis mellifera, focusing on body weight, intestinal
development, particle accumulation, gut microbiota, and
susceptibility to bacterial infection. Using PS particles
of 100 nm, 1 pum, and 10 pm, the study showed that the
smallest particles, particularly 100-nm PS, caused the most
pronounced adverse effects, including intestinal dysplasia,
reduced body weight, accumulation in the rectum,
and increased susceptibility to Hafnia alvei, leading to
a fivefold higher mortality rate. With respect to the gut
microbiota, no significant difference in alpha diversity
was found in either the Chaol, Shannon, or Simpson
indices (P>0.05). However, compositional changes were
still evident: the initial relative abundance of Lactobacillus
and Bifidobacterium was 72% and 12.33%, respectively,
whereas in the PS-100 nm group Lactobacillus declined to
54.3% on day 10 and Bifidobacterium declined to 6.35% on
day 15. These microbiota changes were accompanied by
altered expression of genes related to immune regulation,
detoxification, and energy metabolism. However, these
findings were obtained using selected PS particles under
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laboratory exposure conditions and should therefore
be interpreted as evidence of potential biological effects
rather than as a direct representation of the full diversity
of microplastics present in natural environments. These
different results demonstrate the determining effect of
particle shape on toxicity and suggest that microplastics
with different shapes lead to varying biological
interactions.

Recent studies also demonstrate that microplastics
impact honeybee cognition and behavior. Pasquini et
al.'l investigated the effects of short-term oral exposure
to spherical microplastics on cognitive functions in
Apis mellifera. Bees were exposed for 48 hours to PS,
polymethyl methacrylate (PMMA), and their combination
at concentrations of 0.5, 5, and 50 mg/L. Exposure to PS
at 50 mg/L resulted in reduced sucrose responsiveness,
indicating impaired ability to detect and respond to nectar
sources. While PMMA alone did not produce significant
effects, combined exposure led to pronounced reductions
in sucrose responsiveness at 5 and 50 mg/L, suggesting
potential synergistic interactions. Furthermore, all
treatments negatively affected learning and memory,
with PS inducing the most marked cognitive impairment.
This is critically important in that it shows microplastics
have biological accessibility in the nervous system and
that behavioral impairments are neurologically based.
Behavioral effects constitute some of the most critical
outcomes in terms of bee ecology. Ferrante et al. (1%
evaluated the effects of PS, PMMA, and their combination
on the survival and immune responses of Apis mellifera.
Bees were orally exposed to three concentrations (0.5,
5, and 50 mg/L). Exposure to both materials resulted in
reduced food consumption and increased mortality at
medium and high concentrations compared with controls.
In addition, alterations in cuticular chemical profiles were
observed, particularly for PMMA. Despite these changes,
exposed workers were not discriminated against by guard
bees and were allowed to re-enter the colony, suggesting
that contaminated individuals may act as vectors for the
spread of particulate matter within the hive. Overall, the
findings indicate that microplastic exposure can impair
individual health and pose potential risks to colony
integrity.

The accumulation of microplastics in the bee body
and their transport to the hive are noteworthy in
terms of both ecology and food safety. Alma et al.l*!
experimentally investigated whether honeybees ingest
microplastics through feeding and how these particles are
subsequently transferred to different matrices within the
colony, including adult bees, larvae, honey, and beeswax.
Colonies were fed a sucrose solution containing polyester
microfibers at an environmentally relevant concentration
(50 mg/L) based on levels reported in drinking water.

After one month of exposure, microfibers were detected
in the bristles and digestive tracts of adult worker bees and
were shown to be redistributed to other hive components.
The results demonstrated that microfibers accumulated
predominantly in beeswax, whereas lower amounts were
detected in honey and in the digestive systems of bees.
Mitton et al.'®! examined the effects of microplastics
alone and in combination with glyphosate on honeybee
larvae. While exposure to MPs alone did not significantly
affect larval survival or body weight, combined exposure
to microplasticsand glyphosate resulted in reduced
survivorship and lower larval weight. At the molecular
level, the combined treatment suppressed immune-related
gene expression and increased catalase activity, indicating
enhanced oxidative stress. These findings suggest that
microplastics may exert synergistic adverse effects on
honeybee larval development when co-occurring with
other environmental pollutants. Al Naggar et al.*!
state that immune weakening, behavioral impairments,
nutritional inefficiency, and larval developmental
disorders may weaken colony health in the long term and
increase the risk of colony collapse.

These findings provide strong field-based evidence
that plastic particles present in the environment can be
transferred directly to hive products through honeybee
behavior, confirming a structural link between bee
exposure and microplastic contamination in honey. They
further indicate that microplastic exposure under natural
ecological conditions frequently co-occurs with other
chemical and biological stressors, and that such combined
exposures may amplify toxic effects. Although most
available studies have been conducted at the individual
level, they raise the possibility that microplastics may also
affect colony-level processes; however, this remains to be
confirmed by direct colony-scale evidence. This integrated
assessment demonstrates that microplastics represent
more than a superficial environmental contaminant
for honeybees; rather, they act as a complex biological
stressor capable of exerting multifaceted effects on
immune function, neurophysiology, behavior, and colony
organization. Their transfer into hive products, especially
honey, underscores the relevance of microplastics for both
ecosystem integrity and food safety research.

According to the World Health Organization (WHO)
and the World Organisation for Animal Health (WOAH;
formerly the World Organisation for Animal Health/
OIE), One Health is an integrated and unifying approach
that recognizes the interdependence of human, animal,
plant, and ecosystem health and promotes coordinated
action across sectors and disciplines 1%¢1%7), Tn the context
of microplastics, this approach is particularly relevant
for understanding the transfer of plastic particles across
ecological and biological systems and their potential
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impacts on health at multiple levels. Honey constitutes
a food matrix in which environmental microplastics are
concentrated through bee foraging activity. This provides
a biologically mediated route for human exposure.
Consequently, the assessment of microplastics in honey
should be regarded not solely as a matter of food safety,
but also as a component of a comprehensive One Health
framework encompassing environmental, animal, and
human health (Fig. 4).

It is evident that bees interact with a variety of substances,
including pollen, nectar, water, and airborne particulate
matter. These substances are present in a variety of
geographic areas, and it is therefore suggested that bees
function as biological sentinels, reflecting environmental
microplastic loads. Due to these characteristics, they
function as biological receivers that passively reflect the
presence of microplastics in the environment. From a
One Health perspective, the environmental microplastic
load is not only a source of exposure for bees but also
an interface that functions in the transfer of this load
into biotic systems. Bees’ feeding and foraging behaviors
make it possible for microplastics to be transported from
natural ecosystems to biological material and ultimately
into the food chain. Environmental microplastics can
enter the food chain via biological vectors without direct
detection 1%,

Honey can be defined as the biochemical product of
the interaction between bees and their environment.
The physiological and behavioural changes reported in
bees due to microplastic exposure are analogous to the
ecosystem-level disruptions that have been observed.
This finding indicates that microplastics are not merely
environmental pollutants but can produce functional
outcomes by interacting with biological systems. In this
context, the presence of microplastics in honey reflects not
merely environmental pollution itself, but the outcome
of an environment-animal interaction through which
bees collect and transfer microplastic particles from the
surrounding environment into the hive and, ultimately,
into honey .. This unique position of honey indicates
that microplastic pollution should be monitored not only
through environmental measurements but also through
biological products.

Within the One Health framework, physiological and
behavioural changes in animals may serve as early warning
indicators of environmental disturbances that could
also have indirect implications for human health "%
Physiological and behavioral changes reported in bees
due to microplastic exposure reflect the biological
counterparts of ecosystem-level disruptions. This reveals
that microplastics are not merely environmental pollutants
but can produce functional outcomes by interacting with
biological systems. The observed effects on bee health

suggest the presence of a risk line that may indirectly
impact human health through the consumption of bee
products, such as honey.

Within the One Health framework, honey consumption
represents a pathway through which environmentally
derived microplastics may contribute incrementally to
human exposure. Although exposure to microplastic
is frequently characterised as low-level and chronic,
it possesses the capacity to generate a cumulative
health burden due to the uninterrupted nature of this
exposure. From a One Health perspective, honey-
derived microplastic exposure should be evaluated not
as an isolated risk on its own but as a component of an
individual’s total environmental and dietary exposure.
This approach demonstrates that, despite honey’s status
as a “natural” product, it is not entirely independent
from contemporary environmental contamination. This
underscores the necessity for novel assessment frame-
works to be developed in order to ascertain its impact on
human health.

The One Health approach provides a useful framework
for interpreting microplastic pollution in honey beyond
contamination measurements alone. By considering
environmental microplastic load, biological effects on bee
health, and human exposure through honey together, it
highlights the interconnected nature of this issue across
ecosystem, animal, and human health. This holistic
standpoint indicates that the presence of microplastics
in honey should be regarded as a matter of One Health
concern, with implications for both food safety and
environmental sustainability, as well as ecosystem health.

Knowledge Gaps and Future Directions

Although the number of studies addressing the presence
of microplastics in honey and exposure associated with
bee products is increasing, significant knowledge gaps that
limit a holistic evaluation within the One Health approach
continue to persist. Chief among these gaps is the fact that
studies converting microplastic concentrations reported
in honey into human-consumption-based exposure
calculations remain quite limited. The vast majority
of existing studies report microplastic contamination
levels, but these data are rarely evaluated in terms of
defined consumption scenarios, such as average versus
high consumers, different age groups, or body weight-
adjusted exposure metrics such as Estimated Daily Intake
(EDIL; particles/day or particles/kg bw/day). As a result,
microplastic contamination data reported for honey are
still rarely translated into probabilistic exposure modelling
or cumulative dietary exposure assessment. At the same
time, formal risk characterization remains constrained
because harmonized health-based benchmark values for
microplastics have not yet been established, and current
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datasets are still considered insufficient for a robust risk
assessment %"l Another fundamental shortcoming is
methodological incompatibility. Differences in sample
preparation, lower size cut-offs, particle size thresholds,
identification techniques, and quality control practices
significantly restrict comparability across studies. In
particular, the lack of harmonized size cut-offs, the limited
detection of nanoplastics (<1 pm), inconsistent polymer
confirmation techniques, and the absence of standardized
QA/QC frameworks further increase uncertainty. The
failure to report recovery rates, procedural blanks,
and blank-correction practices in many studies creates
additional difficulty in interpreting results, especially
those reporting low-level contamination 1!12113],

From a biological standpoint, causal links between
environmental microplastic load, effects on bee health,
and human exposure through honey consumption
have not yet been sufficiently elucidated. Although
the potential of bees as bioindicators of environmental
pollution is increasingly recognized, long-term and multi-
center studies that address environmental measurements,
biological effects, and dietary exposure within the same
framework are still limited. Future research should
focus on harmonizing analytical methods, establishing
standard exposure metrics, and developing consumption-
based exposure models that account for age group, body
weight, and consumption scenario. It should also promote
interdisciplinary study designs integrating analytical
chemistry, ecotoxicology, food safety, exposure science,
and epidemiology in order to assess the environment-
bee-honey-human pathway more comprehensively.
Such efforts would support a more robust evaluation
of microplastic pollution in honey within a One Health
framework.

CONCLUSION

This study reveals that the presence of microplastics in
honey is not an isolated finding but one that has been
consistently reported across different geographies.
However, the reported particle levels do not cluster
around a single typical value, and wide maximum ranges
accompanying low averages indicate that microplastic
contamination in honey varies in a spatially and
production-context-sensitive manner. This positions
honey as a biotic reflection of the environmental
microplastic load. Morphological and chemical profiles
have been demonstrated to support the structural basis
of this variability. The uniform reporting of fibre and
fragment forms across all studies suggests the presence
of a specific morphology for microplastics in honey. The
presence of a wide size range and recurring PE, PP, and
PET polymers indicates that contamination carries both
shared and context-specific components. Cross-country

comparisons suggest that microplastic levels cannot be
explained solely by environmental quality or economic
development and that local production practices, sampling
points, and exposure pressures are determinative. It is
evident that there is a discernible absence of literature
addressing the subject of human exposure. Only a
limited portion of studies reporting microplastics
in honey have calculated consumption-based daily
intake, and most studies have left the evaluation at the
concentration level. However, the health implications
of microplastics in humans and experimental animals
suggest that microplastics can interact with biological
systems, emphasising the necessity for a comprehensive
One Health approach to address this issue. Consequently,
honey serves as a compelling exemplar, illustrating
the manner in which contemporary environmental
contamination impacts the perception of a “natural
product”. Microplastic pollution in honey is not merely
a measured number; it is a risk signal circulating along
the environment-bee-food-human line and produced in
a multilayered manner. Consequently, research focusing
on honey and microplastic contamination emerges as a
strategic research domain, necessitating concurrent
deliberations on food safety and ecosystem health.
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INTRODUCTION

Abstract

A total of 75,640 test-day milk yield records of 248 Holstein cows in the first (124 heads),
second (75 heads), and third lactation (49 heads) were used as material in the study. All data
used in this study were obtained from the database of the Afikim herd management software
used on a private dairy farm. To predict 305-day adjusted milk yields (MY305) using some
partial milk yield parameters, ALM (Automatic Linear Modeling), C&RT (Classification
and Regression Tree), CHAID (Chi-square Automatic Interaction Detector), RF (Random
Forest), MARS (Multiple Adaptive Regression Splines), Bagging MARS (Bootstrap
Aggregating Multiple Adaptive Regression Splines), and BRNN (Bayesian Regularized
Neural Network) data mining algorithms were used with group five-fold cross-validation.
When all algorithms are compared in terms of 15 different prediction performance
measures, the most successful algorithms are MARS (R%dj = 0.844, RRMSE = 6.530 and
MAPE = 5.182), Bagging MARS (RAdj = 0.840, RRMSE = 6.547 and MAPE = 5.103), while
C&RT (R2adj = 0.828, RRMSE = 7.028 and MAPE = 5.542) is the most efficient tree-based
algorithm. When the model evaluation criteria, including systematic bias and limits of
agreement (LoA) among prediction performance measures, were examined together,
the prediction success of the data mining algorithms was determined as MARS, Bagging
MARS, C&RT, ALM, BRNN, CHAID, and REF, respectively. As a result, it can be stated that
75-day partial milk yield totals before peak milk yield is an important time period and an
indirect selection criterion in determining 305-day milk yield. Additionally, it can help
producers evaluate the impact of past milk yields on future cow productivity and predict
overall herd performance, thereby facilitating timely and informed decision-making.

Keywords: Bagging MARS, BRNN, C&RT, CHAID, Data mining, MARS, Milk yield,
Partial milk record, Random forest

This physiological period is defined as the lactation length
and is accepted as 305 days on average in dairy cattle .

Most of the total milk production in the world (about
80%) is obtained from cattle. Although the share of cattle
in total milk production varies depending on regions and
production conditions, it also constitutes a large part of
the income sources of enterprises. In Tiirkiye, most of the
milk production is obtained from cattle and approximately
92% of the milk produced is obtained from cattle. The
remaining approximately 8% is made up of sheep, goat
and buffalo milk . Milk production is the process that
starts after calving and continues until the animal is dry.

The curve showing the increasing and decreasing changes
in milk yield during this period, which is shaped by
the effects of genetic and environmental factors, is called
the “lactation curve” 23,

With good herd management, there is a rapid increase in
milk yield after birth and milk yield reaches its maximum
level (peak) within 4-6 weeks. The peak period continues
for a certain period of time and then milk production
gradually decreases at a lower rate than the postpartum
increase. But, peak yield and day to peak can vary

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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depending on the genetic and herd management factors >4
The success of the enterprises in increasing their
milk yields is primarily to keep records and to make
optimization in terms of the factors in question thanks
to these records. Using the records accurately and in
the easiest way facilitates herd management. Keeping
these records daily defines the actual lactation milk
yield. However, different lactation milk yield prediction
methods have been developed so far in order to predict
the actual lactation milk yield in terms of time and
convenience. In addition, both 305-day milk yields and
actual lactation milk yields have been estimated by using
partial lactation milk records ¢. Another importance
of estimating lactation milk yields from partial lactation
milk yields is that the animals that will not be used for
breeding in the herd are not kept waiting until the first
lactation milk yields are determined and the necessary
labor force is disabled by eliminating the care and feeding
costs to be applied to them. In addition, it is also possible
to eliminate the risks of health protection measures
(vaccination and disease etc.) of these animals. In other
words, estimating the lactation yields of animals based on
partial milk yield records enables indirect selection, which
can shorten the generation interval by approximately one
year. With this application in herd management, selection
efficiency is increased. In brief, because milk yield is a
quantitative trait, it is easily affected by environmental
factors. Therefore, unlike past production approaches,
modern dairy producers tend to identify and intervene
in the factors affecting milk yield as quickly as possible.
This necessitates analyzing and interpreting shorter
timeframes and optimizing production processes to
ensure sustainability in a competitive market.

Today, alongside the advancement of artificial intelligence
technologies, digital tools and systems such as Smaxtech
technology ' that incorporate these algorithms have
increasingly found their place in animal husbandry.
Therefore, it is important to develop alternative calculation
methods to the classical methods used in the calculation
of lactation milk yields. Numerous prediction models have
taken their place in the literature in terms of determining
the traits that have been emphasized until today and
evaluating them in animal breeding 8. Classical
regression methods and traditional lactation curve
models require certain preconditions, such as linearity,
exogeneity, heteroskedasticity, and autocorrelation.
However, data mining algorithm applications can model
nonlinear and complex interactions in the data structure
without any preconditions. In recent years, studies on data
mining have been carried out in many livestock breeding
areas because they have some advantages due to practical,
accurate, successful, and appropriate fit criteria as well as
the ability to use larger data sets; prediction of end-of-

fattening body weight ), determination of mastitis with
thermal camera 1%, body weight prediction in goats !,
body weight prediction in sheep "%, prediction of body
measurements in camels *, prediction of body weight
from some body measurements of cattle during growth
and development [, prediction of body weight by
biometric measurements %], prediction of milk yield !¢,
and honey yield and quality !”'® were used. Although
classical statistical methods are still widely used across
various fields, they may fall short when it comes to
analyzing large and complex datasets, especially with the
rapid advancement of technology. In this context, data
mining algorithms have gained prominence, as they are
capable of effectively analyzing datasets that traditional
statistical methods cannot handle ['*'],

This study aimed to evaluate of 305-day adjusted milk
yields (MY3ys) predictions using the total and mean of
pre-peak 15, 30, 45, 60, and 75-day partial milk yields in
different Lactation Number (LN) 248 Holstein cows via
some data mining algorithms such as Automatic Linear
Modeling (ALM), Classification and Regression Tree
(C&RT), Chi-squared Automatic Interaction Detector
(CHAID), Random Forest (RF), Multiple Adaptive
Regression Splines (MARS), Bootstrap Aggregating
Multiple Adaptive Regression Splines (Bagging MARS)
and Bayesian regularized neural network (BRNN).

MATERIAL AND METHODS
Experimental Animals

The animal material of the study consisted of a total of
75,640 test-day milk yield records of 248 Holstein cows
(mean LMY305=8,765 /. and mean days to peak milk
yield=68 days) in the first (124 heads), second (75 heads),
and third lactation (49 heads) of a private dairy farm in
the Ilgin district of Konya province. All data used in the
study were obtained from the database of the Afikim herd
management software (AfiFarm v. 3.0) used at the farm.
The farm used an 8x2 herringbone milking system and
milking was done twice a day. In order to standardize milk
yields to a 305-day lactation basis for cows with days in
milk shorter or longer than 305 days, the correction factors
recommended by Akman and Eli¢in ?” were applied.

Prediction Methods

In this study, three regression tree-based algorithms
(C&RT, CHAID, and RF) and four different data mining
algorithms (ALM, MARS, Bagging MARS, and BRNN)
were employed.

ALM Algorithm

The ALM algorithm, implemented as an Automated Linear
Modeling procedure, is used in multiple regression analysis
and data mining to determine the most suitable linear
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model by automatically selecting a subset of predictors
when a large number of independent variables are available.
By automating variable selection and model optimization,
the ALM algorithm facilitates the model-building process
and can improve predictive performance 1!,

C&RT Algorithm

C&RT algorithm, developed by Breiman et al.*?], is one
of the most widely used decision tree algorithms. This
algorithm utilizes a binary tree structure, where each
node results in only two branches. The C&RT algorithm
builds a classification model when the dependent variable
is categorical and a regression model when the dependent
variable is continuous. It generally uses the Gini index as
the branching criterion . The Gini index measures how
effectively a node in a decision tree separates individuals
into different classes. This metric ranges from 0 to 1,
where 0 indicates perfect separation, representing a
completely homogeneous (pure) group, and 1 represents
complete heterogeneity. The lower the Gini index, the
more homogeneous the node is 2224,

CHAID Algorithm

Chi-squared Automatic Interaction Detector (CHAID)
algorithm, introduced to the literature by Kass %, is
a tree-based method that constructs decision trees by
employing the chi-square statistic to achieve optimal
splits. The split decisions are made based on Bonferroni-
adjusted p-values. One of the key characteristics of the
CHAID algorithm is its ability to handle categorical and
ordinal variables, as well as variables with missing data.
Furthermore, as a non-parametric method that does
not rely on linear assumptions, CHAID is particularly
effective in multidimensional datasets ?°, Unlike C&RT,
this algorithm allows for more than two branches to
emerge from a single node 172%,

RF Algorithm

RF algorithm, developed by Breiman ), is widely used for
both classification and regression problems. It combines
the predictions of multiple decision trees to obtain a single
aggregated result. The fundamental difference between
the RF algorithm and a single decision tree algorithm
lies in the randomization of the processes involved in
bootstrap sampling and in selecting a random subset of
predictors at each split 1°°),

MARS Algorithm

The MARS algorithm, developed by Friedman B!, is
a non-parametric regression method that identifies
the relationship between dependent and independent
variables. Through a stepwise process, it generates basis
functions by considering candidate knots and potential
interaction terms !"*.. These basis functions are typically

defined as piecewise linear functions and are chosen in
such a way as to minimize the error variance at each step.
Moreover, MARS is capable of modeling interactions
among predictors by including interaction terms in the
model #2331,

Bagging MARS Algorithm

The Bagging MARS algorithm is a method that combines
Multivariate Adaptive Regression Splines (MARS)
with the Bootstrap Aggregating (Bagging) technique.
The primary objective of this method is to improve
the accuracy of the final model by modeling nonlinear
relationships in regression analysis, while also addressing
the issue of overfitting. Bagging MARS generates multiple
MARS models, each trained on different bootstrap
samples, and aggregates their predictions. This approach,
particularly effective with high-dimensional and complex
data, reduces overfitting while simultaneously enhancing
the model’s generalization ability, thus leading to more
reliable results %],

BRNN Algorithm

The Bayesian Regularized Neural Network (BRNN)
algorithm is a method used to model complex relationships
within data, combining artificial neural networks
(ANNs) with Bayesian regularization techniques. This
approach regulates the learning process by assigning prior
probability distributions to the network weights, thereby
providing better generalization in both regression and
classification tasks. Additionally, it reduces overfitting
and delivers effective results, especially with noisy
datasets. Compared to other methods, BRNN has proven
highly reliable in improving neural network performance,
particularly with complex and nonlinear datasets .

Prediction Performance Evaluation Criteria of Data
Mining Algorithms

The prediction performance criteria of the algorithms
used in the study are presented in Table I.

In evaluating the predictive performance of the algorithms,
smaller values are expected for Akaike’s Information
Criterion (AIC), corrected Akaike’s Information
Criterion (AICC), mean error (ME), mean absolute
percentage error (MAPE), mean relative approximation
error (MRAE), mean absolute deviation (MAD), global
relative approximation error (RAE), standard deviation
ratio (SDratio), root mean square error (RMSE), and
relative root mean square error (RRMSE). In contrast,
the coefficient of determination (R?) and the adjusted
coefficient of determination (Adj. R?) should take values
close to 1 ¥7%1. Also, Bland-Altman analysis was used to
determine the systematic bias and limits of agreement
(LoA) between the predictions of data mining algorithms
and the 305-day adjusted milk yield.



210

Prediction of 305-Day Milk Yield Using Pre-Peak Records

Kafkas Univ Vet Fak Derg

Table 1. Performance criteria and formulae of the algorithms

Performance Criteria
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Statistical Analysis

In the study, a total of seven different data mining
algorithms were used, three of which were regression

tree-based. Differences among the means of the lactation
number (LN) levels for the traits considered in the study
were tested using one-way ANOVA. Additionally, the
Tukey HSD test was used to identify which LN levels
differed significantly. Also, the differences between
the 305-day adjusted milk yield and the predictions
of each data mining algorithm were compared using a
paired t-test. All analyses followed a group 5-fold cross-
validation procedure using an individual animal-based
strategy rather than an observation-based one. The ALM,
C&RT and CHAID algorithms were performed using
IBM SPSS Statistics (v23) . In the C&RT and CHAID
regression tree algorithms, the minimum parent node size
was set to 10 and the minimum child node size to 5. In the
RF algorithm, the number of trees (ntree) and mtry were
set to 100 and 5, respectively, using the ‘randomForest
(v4.7.1.1)’ package in R "2, For the MARS and Bagging
MARS algorithms, the ‘caret (v6.0.94), ‘earth (v5.3.4),
and ‘mda (v0.5-5)" R packages were used, while the
‘brnn (v0.9.0)’ package was used to predict MY305 using
the BRNN algorithm with three neurons and a tangent
hyperbolic activation function (-], Finally, the R package
‘ehaGoF (v0.1.1)" was used to calculate the goodness-of-
fit criteria ¢l Furthermore, a Bland-Altman analysis was
conducted at 95% confidence intervals to evaluate the
statistical agreement between data mining algorithms
and 305-day adjusted milk yield predictions.

RESULTS

In the present study, some descriptive statistics of partial
total (PART s, PART;,, PART s, PART,, PART;) and mean
traits of Holstein cows in the first (124 heads), second (75
heads), and third lactation (49 heads) before peak milk
yield are presented in Table 2.

According to Table 2, it is evident that as the number of
lactation increases, both total milk yield and partial period
milk yields rise significantly (P<0.01). It is an anticipated
trend in dairy production that, with increasing LN, the
milk yield potential of cows improves until adulthood.
Average milk yields follow the same trend, reaching
their highest levels particularly in the third lactation.
This increase can be attributed to the improvement of
cows’ physiological capacity with age and the enhanced
efficiency of mammary tissue function. Furthermore, the
lower coefficient of variation (CV) observed in the third
lactation indicates that milk yields are more homogeneous
at this stage. Therefore, cows in their third lactation not
only achieve higher but also more stable milk production.

C&RT Algorithm

The regression tree diagram of the C&RT algorithm with
group 5-fold cross-validation and MY;s prediction is
given in Fig. 1.
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Table 2. Descriptive statistics of partial total and average milk yields of Holstein cows in different lactations

Variables IN | N Min Max X+ Sy S, CV P-value
1 124 5345.00 11260.00 7552.00£100.00¢ 1118.00 14.81

Ms 2 | 75 5917.00 11577.00 9115.00+138.00° 1199.00 13.15 <0.000**
3 49 7891.00 12360.00 9627.00+£146.004 1021.00 10.61

PART 5 1 124 165.90 557.40 313.76+5.75¢ 64.02 20.40

N <0.000**

2 75 172.40 586.70 423.2749.58 83.00 19.61
3 49 291.10 611.00 462.20+10.304 72.20 15.61
1 124 11.06 37.16 20.92+0.38°¢ 4.27 20.40

PARTM;s
2 75 11.49 39.11 28.22+0.64° 5.53 19.61 <0.000**
3 49 19.41 40.73 30.81+0.69* 4.81 15.61
1 124 396.90 1186.00 686.20+11.70¢ 129.90 18.92

PARTS3, <0.000**
2 75 451.20 1299.30 948.80+19.10° 165.00 17.39 ’
3 49 667.50 1370.30 1037.40+21.504 150.70 14.53
1 124 13.23 39.53 22.87+0.39¢ 4.33 18.92

PARTM;
2 75 15.04 43.31 31.63+0.64° 5.50 17.39 <0.000**
3 49 22.25 45.68 34.58+0.724 5.02 14.53
1 124 661.90 1803.00 1092.30+17.20¢ 192.10 17.58

PART s <0.000**
2 75 770.50 2039.50 1502.00+27.50® 238.50 15.88 ’
3 49 1114.80 2172.30 1643.00+32.404 226.70 13.80
1 124 14.71 40.07 24.27+0.38¢ 4.27 17.58

PARTM.s
2 75 17.12 45.32 33.38+0.61° 5.30 15.88 <0.000**
3 49 24.77 48.27 36.51+0.724 5.04 13.80
1 124 946.40 2457.00 1514.70+22.60¢ 251.70 16.62

PART
2 75 1096.20 2680.00 2049.50+35.50% 307.50 15.00 <0.000**
3 49 1627.20 2894.80 2243.90+41.40% 289.70 12.91
1 124 15.77 40.95 25.25+0.38°¢ 4.20 16.62

PARTMeo
2 75 18.27 44.67 34.16+0.59° 5.13 15.00 <0.000**
3 49 27.12 48.25 37.40+0.69* 4.83 12.91
1 124 1257.00 3091.60 1935.70+27.50¢ 305.90 15.80

PARTs
2 75 1438.10 3311.20 2583.40+43.20° 374.30 14.49 <0.000**
3 49 2185.10 3588.90 2830.90+48.50* 339.40 11.99
1 124 16.76 41.22 25.81+0.37¢ 4.08 15.80

PARTMys
2 75 19.18 44.15 34.45+0.58"° 4.99 14.49 <0.000**
3 49 29.14 47.85 37.75+0.65* 4.53 11.99

**(P<0.01; A, B, C; LN: Lactation Number; MYsos: 305-day milk yield; PART: Partial milk total; PARTM: Partial milk mean

The C&RT algorithm generated a total of 24 homogeneous
subsets and 5 main branches for the MY;; prediction. The
most important independent variables are the partial sum
PART;s, PART)5, PART(, and PART,;, respectively. In the
prediction model, partial milk yield means and PARTj,
variables were eliminated by the algorithm because they
were not effective in MY;s prediction. When the regression
tree diagram is carefully analyzed, it is determined that
the most important independent variable in MY

prediction is PARTs. Because 7 of the 12 branches in the
tree diagram belong to the PART;; feature. In other words,
the independent variable PART; contributes more to the
MY s prediction than other variables.

The root node (Node 0) is branched into less (Node 1)
and more (Node 2) than 2367.75 [ of PART),; feature.
It was estimated that if the total milk yield (PARTs) of
lactating animals in the first 75 days was less than 2367.75
I,7436.818 [, and if it was more than 2367.75 [, the animals
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Fig 1. Classification tree diagrams constructed by C&RT for MY

305

(Group cross-validation 5 parent 10 child node 5)

would reach a milk yield of 9706.991 I. In the regression
diagram, the highest MYy prediction occurred at node
24. If the total milk yield in the first 15 days of lactation
(PART);5) was lower than 477 [ and the total milk yield
in the first 75 days (PART,s) was higher than 2796.70 I,
it was predicted to reach 10195.129 | milk yield after
305 days (Node 24). The lowest MY;y; was estimated
as 6303.508 [ when total milk yield in the first 75 days
(PART;;) was lower than 1620.70 [ (Node 7).

MARS Algorithm

MY s, the parameter results of the model obtained using
the MARS algorithm are given in Table 3.

In the MY;; MARS algorithm prediction equation,
PART;s, LN;, PART)s, PARTM,s, PARTM,5, PARTM;,
PARTM,;, PARTy, and PARTMy, independent variables
and 12 basis functions were used. The MARS algorithm
does not use a single variable as the main variable but uses
binary and triple interactions. In the MARS prediction
equation, the basis functions BF;, BF,, BF;, BF,, and

Table 3. MARS algorithm prediction equation of MYss
Functions [Terms Coefficients
BF, Intercept 8930.00
BF, max(0, PART7s - 2536) x LN; -1.180
BF; imax(0, 546 - PART)s) x max(0, PARTM;s - 31.3) -5.650
BF, max(0, 546 - PART;s) x max(0, 25.9 - PARTMjs) -4.270
BFs max(0, 25.1 - PARTM,;) x max(0, 2536 - PART7;)|  +0.425
BF¢ max(0, PART - 1219) x max(0, PARTMg, - 31.8) -0.314
BE; max(0, PARTs - 1219) x max(0, 31.8 - PARTMy) +1.250
BFs max(0, PARTs -1219) x max(0, PARTs - 2404) | +0.00646
BF, max(0, PARTy - 1219) x max(0, 2404 - PART;)| -0.0262
BE,, ?$260?25136PA§$41~Z)) x max(0, PARTg - 1327) +0.00757
BE, max(0, 25.1- PARTM,s) x max(0, 2536 - PARTs) 0,493
ix max(0, PARTM;s - 22.8)
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BF,; contributed positively to MY;s, while the remaining
basis functions had a negative effect. For the MARS
algorithm to work, the basis functions must take values
within the range of the specified constraints. Otherwise,
it does not affect the dependent variable (MYsy) and
can be considered as a zero contribution. As can be seen
from Table 3, the MARS algorithm, in the BF1 function
(Intercept), predicted the MY;ys milk yield to be 8930
I if other functions were not working. In BF,, it was
predicted that the MY;ys milk yield would decrease if
the total milk yield of animals in their third lactation
was less than 2536 [ in the first 75 days. A total milk yields
greater than 2536 [ in the first 75 days of animals in their
third lactation can be considered an indirect selection
criterion for the MY,y trait. Since the regression
coefficient in BF; is negative (-5.650), regardless of the
number of lactation, it is desired that the total milk yield
of animals in the first 15 days be greater than 546 [, while
the average milk yield in the first 15 days is expected
to be greater than 31.3 [. The cutoff points determined
for total and average milk yields in the first 15 days for
dairy cows can be used as practical information in herd
management and feeding. In short, the MARS algorithm
prediction equation of MY;s (Table 3) was given that the

product of the coefficient and the related variables indicates
the contribution of that term to the estimated milk yield.
To avoid the complexity of the MARS algorithm model
and to make it more understandable, the MY, estimate
is made in Table 4 using the independent variables of
a random dairy cow in the dataset. The independent
variables of the randomly selected 3™ lactation (LNj)
dairy cattle were PART s=442.70 I, PART3=979.60 I,
PART,s=1514.70 I, PART=2086.50 I, PARTs=2696.50 [
and PARTM,5=29.51 |, PARTM,=32.65 [, PARTM,5=33.66
I, PARTM4=34.78 I, and PARTM5=35.95 [, respectively.
Accordingly, the MARS algorithm MY,y prediction
calculation process details are given in Table 4.

While the MY;; of the dairy cattle randomly selected
from the data set was 9799.92 | in reality, it was estimated
as 9568.05 liters as a result of the MARS algorithm. In
making this prediction, it was found that the MARS
algorithm made predictions using only BF,, BF,, BFs and
BF; basis functions.

Variable Importance Results of Data Mining
Algorithms

Table 5 shows the sensitivity analysis results for each

Table 4. MARS algorithm prediction of MYz of a random dairy cattle selected from dataset
Functions Algorithm Terms and Calculations Coefficients Contribution to MY3s
BF.* Intercept 8930.00 8930.00
(0, PARTs - 2536) * LN;
* 5 o * = -
o (0, 2696.50 - 2536) * 1 = 160.50*1 = 160.50 1.180 1.1807160.50= - 189.39
(0, 546 - PART}s) * (0, PARTM;s - 31.3) o
BF; (0, 546 - 442.70) * (0, 25.84 — 29.51) = 103.30*0 = 0 ".630 -5.630°0=0
(0, 546 - PARTs) * (0, 25.9 - PARTMy5) *()—
BE, (0, 546 - 442.70) * (0, 25.9 - 35.95) = 103.30*0 = 0 - 4270 - 42707020
(0, 25.1 - PARTMs) * (0, 2536 - PARTYs) o
2 (0, 25.1 - 33.66) * (0, 2536 - 2696.50) = 0*0 = 0 0425 + 04257020
(0, PARTs - 1219) * (0, PARTMy - 31.8)
* - _ *: =
BF¢ (0, 2086.50 - 1219) * (0, 34.78 - 31.8) = 867.50*2.98 = 2585.15 0.314 0.31472585.15 811.74
(0, PART4 - 1219) * (0, 31.8 - PART M) *() —
i (0, 2086.50 - 1219) * (0, 31.8 - 34.78) = 867.50*0 = 0 +1.250 +1.25070=0
(0, PARTs -1219) * (0, PARTjs - 2404)
* * —
BE; (0, 2086.50 - 1219) * (0, 2696.50 - 2404) = 867.50292.50 = 253743.75 |+ 0-00646 +0.006467253743.75= + 1639.18
(0, PART - 1219) * (0, 2404 - PARTs) *() —
BF, (0, 2086.50 - 1219) * (0, 2404 - 2696.50) = 867.50 * 0 = 0 - 0:0262 - 0026270 =0
(0, 546 - PARTs) * (0, 31.3 - PARTM;5) * (0, 1522 - PART40)
BF1o (0, 546 - 442.70) * (0, 31.3 - 29.51) * (0, 1522 - 2086.50) = +0.00127 +0.00127*0 =0
103.30%1.79*0 =0
(0, 25.1- PARTM.s) * (0, PART - 1327) * (0, 2536 - PARTs)
BFu (0, 25.1- 33.66) * (0, 2086.50 - 1327) * (0, 2536 - 2696.50) = +0.00757 +0.00757*0 =0
0%*759.50*0 =0
(0, 25.1- PARTM.s) * (0, 2536 - PARTs) * (0, PARTMys - 22.8) o
BF:, (0, 25.1- 33.66) * (0, 2536 - 2696.50) * (0, 35.95 - 22.8) = 0*0*13.15 =0 - 0493 -0493°0=0
Prediction | = 8930.00 - 189.39 - 811.74 + 1639.18 = 9568.05
* The basic functions and operations used in MYss prediction calculation were given in bold
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data mining algorithm in order to predict the variable
importance values of the independent variables of MY 3.

In MY, PART;s independent variable had the highest
relative importance value in ALM (61.90%) algorithm,
followed by MARS (41.49%) and BRNN (12.34%)
algorithms. In PARTM;, independent variable, Bagging
had the highest relative importance value with MARS
(28.87%), while RF (14.21%) algorithm had the highest
relative importance value in PARTM;. In addition,

the highest and lowest percentages of the independent
variables included in the model of ALM, RF, MARS,
Bagging MARS and BRNN algorithms used in the
current study were 61.90-5.30%, 14.21-5.21%, 41.49-
3.19%, 28.87-0.01% and 12.34-6.79%, respectively. ALM
(PART,5, PARTM,, PART,), PARTM,,, PART,;, PARTMS,,
and PARTM;;), MARS (PART;,, PARTM;,, PART,;s and
PARTM,s), and BRNN algorithm (LN) independent
variables were included in the model, while all independent
variables were included in the model in RF and Bagging
MARS algorithms.

Table 5. Variable importance of data mining algorithms . . .. .
L f £ 4% Prediction Performances of Data Mining Algorithms
Variables | ALM RF | MARS | Bagging MARS | BRNN
The performance criteria values of data mining algorithms
PART; 0.00% | 10.35% | 3.19% 3.86% 6.79% i
are presented in Table 6.
PARTM;; | 0.00% | 7.62% | 4.63% 0.26% 6.79%
PART,, il =0T Iey— — o The dlfferenc.e l?etween the 305—da?r fid)usted @1lk yield
and the predictions of the data mining algorithms was
PARTM;, | 0.00% | 6.24% | 0.00% 28.87% 9.13% o . :
found to be statistically nonsignificant (P>0.05). According
0 9 0, 0 0, .
PARTs 0.00% | 682% | 0.00% 13.98% 1031% to Table 6, we found that MARS, Bagging MARS, C&RT,
PARTM,s | 0.00% | 6.87% | 0.00% 0:31% 1031% | ALM, BRNN, CHAID, and RF were the data mining
PARTq 32.80% | 10.91% | 32.34% 19.19% 11.43% | algorithms with the best prediction performance when
PARTMs | 0.00% | 11.50% | 9.46% 0.32% 11.43% we combined the model evaluation criteria, which include
PART.: 61.90% | 14.16% | 41.49% ST 12.34% systematic bias and limits of agreement (LoA) among
prediction performance indicators. When all algorithms
PARTM,, | 0.00% | 14.21% | 4.24% 0.32% 12.34% )
are compared, the results obtained from the MARS
9 9 v 9 0 . . . . . .
LN >30% | 6.13% | 465% 0.01% 0.00% algorithm of the algorithm with the best criteria in terms
Table 6. Predictive performance of data mining algorithms
Model Performance Criteria ALM C&RT CHAID RF MARS Bagging MARS BRNN
RMSE 593.408 592.790 675.514 734.114 550.754 552.227 595.225
RRMSE 7.035 7.028 8.009 8.704 6.530 6.547 7.057
SDR 0.413 0.413 0.471 0.511 0.384 0.385 0.415
cv 7.050 7.040 8.030 8.720 6.540 6.560 7.070
r 0.911 0.911 0.882 0.860 0.923 0.923 0.910
PI 3.682 3.678 4255 4.680 3.395 3.404 3.695
Bias (ME) -1.782 -0.001 0.000 4.150 0.000 2.832 -1.645
RAE 0.005 0.005 0.006 0.007 0.004 0.004 0.005
MRAE 0.004 0.004 0.005 0.005 0.004 0.004 0.004
MAPE 5.680 5.542 6.530 6.924 5.182 5.103 5.730
MAD 469.352 453.917 537.991 570.093 427.008 421.737 472.576
R 0.829 0.829 0.779 0.738 0.853 0.852 0.828
R’y 0.828 0.828 0.777 0.738 0.844 0.840 0.828
AIC 3171.398 3170.881 3235.675 3272.937 3158.399 3167.724 3168.914
AIC. 3171.447 3170.930 3235.724 3272.937 3160.202 3170.711 3168.914
LoA +1163.08 +1161.87 +1324.01 +1438.86 +1079.48 +1082.36 +1166.64
P-value 0.962 0.999 1.000 0.929 1.000 0.936 0.965
RMSE; Root mean square error, RRMSE; Relative root mean square error, SDR; Standard deviation ratio, CV; Coefficient of variation, r; Pearson’s correlation coefficients, PI;
Performance index, ME; Mean error; RAE, Relative approximation error, MRAE; Mean relative approximation error, MAPE; Mean absolute percentage error; MAD; Mean absolute
deviation, R* Coefficient of determination, R:q; Adjusted coefficient of determination, AICc; Akaike’s information criterion, CAlc; Corrected Akaike’s information criterion, LoA;
Lower-Upper limits of agreement
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Prediction of 305-day Adjusted Milk Yield
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Fig 2. Bland-Altman statistical limits of agreement (LoA) for 305-day adjusted milk yield prediction by data mining algorithms

of performance criteria; high Pearson correlation
coefficient (0.92), R* (85.3%), R%,y (84.4%), low MAPE
(5.18%), SD ratio (0.38), RMSE (550.75), RAE (0. 004),
CV (6.54%) and AIC (3158.39), while the Bagging MARS
algorithm with the second best performance criteria
was found as high Pearson correlation coefficient (0.92),
R? (85.2%), R?, (84.00%), low MAPE (5.10%), SD ratio
(0.38), RMSE (552.22), RAE (0.004), CV (6.56%) and AIC
(3167.72). In addition, the best performing tree algorithm
is the C&RT algorithm with performance criteria of
0.91, 82.9%, 82.8%, 5.54%, 0.41, 592.79, 0.005, 7.04% and
3170.88 in the same order. These algorithms were followed
by ALM, BRNN, CHAID and RF algorithms in terms of
performance criteria.

The Bland-Altman statistical (LoA) for 305-day adjusted
milk yield estimation using data mining algorithms are
given in Fig. 2.

In predicting adjusted milk yield over 305 days, the MARS,
CHAID, and C&RT algorithms were found to provide
unbiased predictions as they were quite close to the zero
point. The Bagging MARS and RF algorithms exhibited
low positive bias, while the ALM and BRNN algorithms
showed negative bias. When data mining algorithms were
evaluated based on their prediction precision, the 95%
confidence interval was found to be as follows: MARS,
Bagging MARS, C&RT, ALM, BRNN, CHAID, and RE

Di1sCUSSION

Traditional methods for predicting milk yield are widely
used in the literature ¢, Nowadays, studies are being
focused on different algorithms other than traditional
milk yield methods, but they are still limited. Studies
evaluating the efficacy of novel methodologies in animal
husbandry are currently insufficient. Traditional lactation

curve models are defined by mathematical functions such
as constant, exponential or gamma. These models are
successful in plotting the average curve at the population
level. However, they lack flexibility in capturing individual
variations at the onset of lactation, abrupt peak deviations,
and irregularities due to environmental factors. High
variance and stochastic variations at the onset of lactation,
which classical regression models cannot explain, can
be predicted with a lower margin of error (RMSE)
using machine learning algorithms /.. However, these
innovative approaches, which can replace complex
traditional models, may play a crucial role in preventing
anomalies in animal care and feeding management.
For instance, continuous monitoring of milk yield at
the individual or herd level not only provides detailed
insights into health and nutritional requirements but
also establishes a robust data foundation that supports
decisions regarding culling or selection. Researchers are
working intensively on algorithms with high predictive
power that will help breeders make early and rapid
decisions in herd management.

Salehi et al.“¥! employed conventional artificial neural
networks (ANNGS) to classify monthly milk yield records
into two categories such as high yield (29000 kg) and
low yield (<9000 kg). The study compared two distinct
classifier models one trained on records spanning the entire
yield range, and another trained exclusively on records
concentrated around the 9000 kg threshold. The results
demonstrated that the classifier trained on threshold-
specific records achieved markedly higher accuracy
(99.7%) compared with the general classifier (92.3%).
Grzesiak et al.*, in the study of MY305 prediction using
partial lactation records, examined the artificial neural
networks (ANN) and multiple linear regression (MLR)
model for cows in their 1%, 2" or 3" lactation and lactation
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duration not less than 200 days. They found that R* = 0.87
for MLR and R? = 0.85 for the test set, and the partial
regression coefficients were significant at P<0.01. The
mean prediction error (MEP) for 305-day lactation yield
was determined as MLR (7.4%) and ANN (6.9%), and the
mean milk yield for 305-day lactation predicted by ANN
was 13.12 [ lower than the mean actual yield of 49 control
cows, while the mean difference in MLR was -91.33 [.
The same researchers reported that the predictions made
by neural network or multiple regression model were
not different from the values predicted by the current
traditional evaluation system (P>0.05). Sharma et al.*
used an artificial neural network (ANN) to predict first
lactation 305-day milk yield using partial lactation records
of Karan Fries crossbred dairy cattle and reported that the
best training algorithm was the ‘Levenberg-Marquardt
algorithm with Bayesian adjustment, which achieved more
than 92% prediction accuracy, which was comparatively
higher than the traditional MLR model. Eyduran et al.!'!
evaluated the relationship between 305-day milk yield and
various environmental factors (calving season, calving
year, number of births, calving interval, and dry period) of
645 head Brown Swiss cattle from 1884 lactation records
using the Regression Tree method. They found that year
of calving was statistically the most effective factor on
305-day milk yield of Brown Swiss cattle, followed by
parity and calving interval in the regression tree diagram
(P<0.01). As a result, they reported that among the cows,
those with more than 352 calving intervals had higher
yields with an average of 3629.345 I and cows with more
than 2 parities had higher yields than cows with 1 and 2
parities. Akilli and Atil " in their study titled evaluation
of normalization techniques on artificial neural networks
for prediction of 305-day milk yield in Holstein Friesen
cows, comparatively tested eight normalization techniques
and five different back propagation algorithms. They
reported that the Bayesian Regularization algorithm and
the Decimal Scaling normalization technique had the
best performance (R?;4 = 0.8181, RMSE = 0.0068, MAPE
= 160.42 for the test set; R*y = 0.8141, RMSE = 0.0067,
MAPE = 114.12 for the validation set). Usman et al. %
compared the performance of three different artificial
neural network algorithms for the prediction of 305-day
milk yield in the first lactation of 1092 head of Vrindavani
crossbred cattle and used two different input sets in the
analysis to predict milk yield. For the first input set, the
R? values of Bayesian Regularization (BR), Levenberg
Marquardt (LM) and Scaled Conjugate Gradient (SCG)
algorithms were found to be 79.89%, 73.65% and 74.65%
respectively, while the lowest RMSE values were 16.89,
20.52 and 20.45 respectively. For the second input set-2,
the R? values of BR, LM and SCG algorithms were found
to be 82.67%, 74.22% and 76.69% respectively, while the
lowest RMSE values were reported as 14.45%, 17.45% and

16.56% respectively. As a result, they emphasized that
BR algorithm can be used to predict 305-day milk yield
in the first lactation in crossbred cattle since it shows
higher accuracy than LM and SCG algorithms. Geng
and Mendes ! reported that the most influential factors
affecting 305-day milk yield were breed, lactation period,
province, and parity. They found that the Automated
Linear Model (ALM) achieved an accuracy rate of 64.2%.
Furthermore, they emphasized that the ALM approach
was particularly effective in identifying the determinants
of the outcome variable, especially when dealing with large
and complex datasets containing numerous predictors.
Boga % used MARS and Bagging MARS algorithms to
create a lactation model for 305-day milk yield in dairy
cattle. The prediction performance values for the Mars
algorithm were r (0.988), R? (96.8%), Adj- R? (96.8%), low
MAPE (1.374%), SD ratio (0.178), RMSE (10.204) and AIC
(143. 073), while Bagging MARS algorithm had r (0.762),
R? (43.6%), Adj- R? (43.5%), low MAPE (4.515%), SD ratio
(0.751), RMSE (7.364) and AIC (735.927). The researcher
reported that the MARS algorithm gave better results in
modeling milk yield for 305-day lactation. Liseune et al.**
suggested a model to predict the entire lactation curve of
dairy cows by leveraging historical lactation milk yield
information observed in the preceding cycle by using
deep learning. They concluded that the ANN model, in
addition to herd statistics, can predict the entire lactation
curve of a cow in the next cycle by using the cow’s past milk
yield sequence and reproductive and health events from
the previous cycle. This advantage of these algorithms also
highlights their current applicability in herd management
programs. Boga et al.'® investigated seasonal milk yield
predictions using MARS algorithm in 157 head Holstein
cross breeds. The three threshold values determined in the
model were number of days milked (159 days), age (39.6
months), and peak yield (37.1 kg). They also determined
that the number of days milked, average seven-day milk
yield and lactation number are the most important
variables in determining the prediction equation, and the
most appropriate value for the prediction equation of the
dependent variables is the winter milk yield variable.

In conclusion, in the studies conducted, the differences in
the results of calculating or estimating real milk yields in
both data mining and traditional methods vary depending
on the size of the data used and the methods. However,
in model comparisons, the criteria for the goodness of
fit of RMSE, RRMSE, RAE, CV, MRAE, MAPE, SDR,
and MAD should generally be very close to 0 and the
closeness of r, R and Adj- R? values to 1 should be taken
into account. In this respect, comparisons should be
made and the most appropriate algorithm and model
should be selected. Furthermore, the bias and precision
of algorithm predictions must also be considered. Among
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the algorithms considered in the study, it can be said
that the MARS and Bagging MARS algorithms were
more preferable than the others. MARS and Bagging
MARS algorithms can be integrated into existing herd
management systems to overcome their complexities.
Some herd management systems already have simple
regression-based predictions in their software. Integrating
these models into decision support tools within herd
management software used in farms can support early
decision-making mechanisms in herd management
programs such as maintenance and feeding, thereby
increasing dairy farm profitability. To the best of our
knowledge, there are only a limited number of studies
in the literature that employ algorithms based on partial
lactation records, and this study represents the first to use
such algorithms with partial lactation data. These findings
may help producers assess the impact of historical milk
yields on future cow productivity and predict overall herd
performance, thereby facilitating timely and informed
decision-making. Briefly, by using these algorithms in
herd management, early culling of cows from the herd
could facilitate the rapid integration of genetically superior
individuals, thereby supporting increased productivity
and offering the potential to enhance the herd’s average
performance. Furthermore, this practice accelerates
genetic progress, too.
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INTRODUCTION

Abstract

Premature ovarian failure (POF), often induced by cyclophosphamide (CP), leads to
hormonal imbalance. Current treatments are ineffective at restoring fertility, creating a
need for novel therapies. This study aimed to investigate the therapeutic potential of bone
marrow-derived mesenchymal stem cells (BM-MSCs) in restoring ovarian function in a
rat model of CP-induced POE Thirty female rats were divided into control, POF (induced
by CP injections), and treated group received a single intravenous injection of BM-MSCs
(POF+BM-MSCs). After four weeks, hormonal levels, ovarian oxidative stress markers,
and histopathological changes were analyzed. CP induction successfully created a POF
model, evidenced by significantly decreased E2 (P<0.001); increased FSH, LH (P<0.01),
elevated oxidative stress, thyroid dysfunction (P<0.01), and severe follicular degeneration.
BM-MSC transplantation effectively reversed these effects, normalizing hormone profiles,
reducing oxidative stress, restoring thyroid function, and improving ovarian follicular
architecture. However, BM-MSC treatment did not significantly improve the CP-induced
uterine damage. It was concluded that BM-MSC therapy demonstrates a strong protective
effect against CP-induced POEF. Despite its pronounced efficacy within the ovary, the
therapeutic benefits were incompletely extended to the uterus under the employed
treatment protocol. This suggests that further investigation into optimized delivery
methodologies to ensure a comprehensive, whole-reproductive-tract reparative outcome.

Keywords: Bone marrow mesenchymal stem cells, Cyclophosphamide, Ovarian toxicity,
Ogxidative stress marker, Premature ovarian failure

of cancer among primates /. Approximately 60-80% of
chemotherapy patients may experience POF 7.,

Premature ovarian failure (POF) is a diverse condition
characterized by the termination of ovarian activity,
along with increased levels of the follicle-stimulating
hormone (FSH) and lower levels of estradiol (E2) ™2,
Ovarian toxicity reduces follicle stores, causes menstrual
irregularities, and leads to ovarian dysfunction and
subsequent infertility. Furthermore, decreased ovarian
estrogen secretion increases the incidence of other
diseases, including Alzheimer’, cardiovascular diseases,
autoimmune diseases, metabolic syndrome, and
gynecological malignancies ). The World Health
Organization (WHO) classifies POF as hypogonadotropic
hypogonadism ™. Various factors contribute to POF, such
as genetic predispositions, autoimmune disorders, or prior
anti-cancer treatments (including surgery, radiotherapy,
or chemotherapy) ©. Moreover, long-term exposure to
gonadotoxic chemotherapy is increasingly recognized as
a significant cause, particularly given the rising incidence

Cyclophosphamide (CP) is a widely used drug in clinical
practice, especially for cancer treatment also exhibits
significant reproductive toxicity. CP accelerates the
maturation of ovarian follicles, leading to a depletion of
the follicular reserve and ultimately resulting in ovarian
failure or even POF B9l Gonadotropin and steroid
hormones are crucial regulators of folliculogenesis in all
mammals. Disrupted endocrine system regulation impairs
follicular growth, and follicular storage, contributing to
ovarian abnormalities, such as POE Various researches
suggested that fewer primordial and early antral follicles
may result in decreased amounts of anti-mullerian
hormone (AMH) in the blood. Along with FSH and E2,
AMH is a good predictor of POF and represents follicular
storage 1'%, Following elderly, this tissue atrophies due to
ovarian failure and decline in E2. Estradiol promotes the
development of free and bound ribosomes, mitochondria,
Golgi, and primary lysosomes in glandular cells and likely

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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in uterine stromal cells. Biochemically, these organelles are
essential for protein matrix production, energy provision,
and the synthesis of varied enzymes. The form and activity
of a functional endometrium reflect the pattern of ovarian
hormone secretion. Normally, the glandular cells are
typically cuboidal or columnar; therefore, a decrease in E2
leads to the flattening of this epithelium "!. Oxidative stress
has been proposed as a key factor in apoptosis within the
reproductive system 2. Elevated levels of reactive oxygen
species (ROS) inhibit follicle development in antral follicles,
while antioxidants such as N-acetyl cysteine, can restore
ROS and protect ovaries from damage caused by free
oxygen radicals *!. Although the production of ROS over
extended periods may have cumulative effects, increasing
the risk of ovarian diseases ¥ Despite being the most
common treatment for POE hormone replacement therapy
(HRT) has not been shown to restore ovarian function
or fertility and carries potential risks of endometrial and
breast cancer " Furthermore, multiple attempts at ovarian
stimulation are typically unsuccessful. Consequently,
a POF diagnosis often leads to significant physical and
emotional distress for animals, highlighting the urgent
need for novel and effective treatments ..

Transplanting stem cells has become a viable strategy
for restoring compromised ovarian function. Therefore,
this study aimed to investigate the therapeutic potential
of bone marrow-derived mesenchymal stem cells (BM-
MSCs) in restoring ovarian function in a rat model of CP-
induced POE

MATERIAL AND METHODS
Ethical Approval

All ethical considerations for the studies on animals
were considered carefully and the experimental protocol
was approved by the Ethics Committee for research on
laboratory animals at Ain Shams University (Ethics Code
# ASU-SCI-ZOOL/2023/5/4).

Culture and Isolation of BM-MSCs

Adult male albino rats with average weight of 100-200 g
were used for the isolation of BM-MSCs. The tibiae and
femurs were flushed with Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, USA) supplemented with 10%
fetal bovine serum (Gibco, USA) in order to extract bone
marrow. Using density gradient Ficoll/Paque (Sigma
Aldrich, USA), nucleated cells were separated and
subsequently suspended in a full culture medium that
contained 1% penicillin-streptomycin (Gibco, USA). The
cells were kept in a humidified environment with 5% CO,
at 37°C. The cultures were washed with phosphate buffer
saline (PBS; Lonza, Switzerland) when they reached
80% confluence, and the cells were separated using
0.25% trypsin and 1 mM EDTA (Gibco, USA) for five

minutes at 37°C. Following centrifugation, the cells were
resuspended in media supplemented with serum. Flow
cytometry analysis was employed to immunophenotype
the BM-MSCs by detecting the expression of positive
indicators include CD90 and CD73, whereas negative
markers include the lack of CD45 and CD34 ',

Experimental Design

A total of 30 healthy adult female Wistar albino rats,
weighing between 180 and 190 g, were used in this study.
The rats were obtained from the Animal House of the
National Research Centre, Egypt. They were housed in a
stainless-steel cage and maintained in the animal facility for
one week prior to study commencement under a 12/12-h
light/dark cycle. Water and a standard diet were given ad-
libitum. Following a week, the rats were divided into two
groups at random: the POF group (n=20) and the normal
control group (n=10). Rats were given an intraperitoneal
injection of 200 mg/kg CP (Endoxan, Germany) on day
1 and then 8 mg/kg/day for the next 14 days to induce
POF I, After 14 days, the POF group was randomly
divided into two subgroups (n=10/each): POF and
POF+BM-MSCs in order to evaluate the impact of BM-
MSCs on CP-induced POF. BM-MSCs were adiminstered
to the rats via a single intravenous injection into the tail
vein (3x106 cellsin a 200 puL), and the rats were observed for
4 weeks. The control group did not receive any treatment.
Blood samples were drawn from the orbital plexus after
the animals were anesthetized with pentobarbital sodium
at the end of the experiment. Serum was separated for the
subsequent hormonal analysis. The ovaries were excised
for biochemical and histopathological analysis and the
uterus was removed for histopathological analysis.

Hormonal Assay

The following hormones were measured in rat serum
using enzyme-linked immunosorbent assay (ELISA) kits;
Follicle-stimulating hormone (FSH, SunLong Biotech Co.,
Ltd, China, Cat. No: SL0286Ra), luteinizing hormone (LH,
SunLong Biotech Co., Ltd, China, Cat. No: SL1093_1Ra),
prolactin (PRL, SunLong Biotech Co., Ltd, China, Cat.
No: SL0598Ra), progesterone (P4, ALPCO, USA, Cat.
No: 55-PROMS-EO01), estradiol (E2, SunLong Biotech Co.,
Ltd, China, Cat. No: SL0268Ra), and anti-Miillerian
hormone (AMH, SunLong Biotech Co., Ltd, China, Cat.
No: SL0504Ra) were measured in the serum of rats using
enzyme-linkedimmunosorbentassay (ELISA)Kkits. Thyroid
-stimulating hormone (TSH, ALPCO, USA, Cat. No:
55-TSHRT-EO01), free triiodothyronine (FT3, ALPCO, USA,
Cat. No: MBS260625), and free thyroxine (FT4, ALPCO,
USA, Cat. No: SL0295Ra) were similarly determined.

Biochemical Assay

Ovarian tissues were prepared for biochemical analysis
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to determine the concentrations of antioxidant enzymes
and oxidative stress markers. Briefly, the excised ovaries
were washed with ice-cold phosphate-buffered saline
(PBS) and mechanically homogenized in 10 volumes
(1:10 weight/volume) of ice-cold PBS. The resulting
homogenates were centrifuged at 16.000 x g for 10 min
at 4°C, and the supernatants were collected for further
analysis. Total protein concentration in the ovarian
homogenates was determined using the Bradford assay
according to the manufacturer’s instructions, with bovine
serum albumin (BSA) used as the standard. The levels
of superoxide dismutase (SOD), glutathione peroxidase
(GPx), and catalase (CAT) were estimated using specific
ELISA kits ((RayBiotech, GA, MyBiosource, USA; Cat. No:
MBS036924, MBS732529 and MBS701908 respectively),
with activities expressed as Units per milligram of protein
(U/mg protein). Malondialdehyde (MDA) levels, serving
as an indicator of lipid peroxidation, were assessed using a
colorimetric assay kit (Elabscience, USA, Cat. No: E-BC-
Ko25-S) and normalized to the protein content, expressed
as nanomoles per milligram of protein (nmol/mg protein).

Histopathological Examinations

The collected ovarian and uterine tissue samples from rats
in the various groups were preserved by fixation in 10%
formalin saline for 24 h. The samples were then washed
in distilled water, dehydrated through a series of graded
ethanol solutions, cleared in xylene and embedded in
paraffin wax at 56°C in a hot air oven for 24 h. Paraffin
wax tissue blocks were prepared and sectioned at 4 pm
using a sledge microtome. For regular light microscopy
examination, the acquired tissue sections were
deparaffinized, and stained with hematoxylin and eosin
stain (H&E) 18],

Statistical Analysis

The mean + standard deviation (S.D.) is used to display all
values. The Statistical Processor System Support (SPSS)
program (version 18.0; SPSS Inc., Chicago, IL, USA) was
used to conduct statistical analysis. One-way analysis of
variance (ANOVA) and the Tukey’s honestly significant
difference (HSD) post hoc test were used to evaluate the data.

RESULTS

Flow cytometric analysis was performed to identify
specific cell surface markers of BM-MSCs. The findings
are consistent with the anticipated immunophenotype of
BM-MSCs (Fig. 1), revealing the cells to be negative for
hematopoietic (CD34, CD45) markers and strongly positive
for mesenchymal stromal cell markers (CD73, CD90).

The present study demonstrated a significant reduction
in serum levels of E2 (52.27+2.94 pg/mL), P4 (8.26+1.80
ng/mL), and AMH (0.97+0.07 ng/mL) in rats within

% Positive cells

cD34 D45 cp73 D90

Fig 1. The percentage of positive cells, indicating the proportion of
the BM-MSCs population expressing each marker. The x-axis lists the
different CD markers analyzed: CD34, CD45, CD73, and CD90.The error
bars represent the standard error of the mean, indicating the variability
within the measurements. The error bars are relatively small for CD73
and CDY0, suggesting consistent expression of these markers across the
analyzed samples

the POF group (P<0.001). Conversely, a significant
elevation (P<0.001) in serum levels of FSH (6.94+0.50
IU/L), LH (5.37+0.73 IU/L), and PRL (0.98+0.22 ng/
mL) were observed in the POF group comparing to the
control group (Fig. 2). In contrast, treatment with BM-
MSCs transplantation resulted in a significant increase in
serum E2 (79.06+5.76 pg/mL, P<0.001), P4 (13.07+1.23
ng/mL, P<0.01), and AMH (1.98+0.11 ng/mL, P<0.001).
Concurrently, serum levels of FSH (3.97+0.74 IU/L,
P<0.01), LH (3.57+0.30 IU/L, P<0.01), and PRL (0.720.07
ng/mL, P<0.05) were significantly reduced compared to
the POF group. However, no significant differences were
observed in these parameters when comparing rats in the
control group and the POF+BM-MSCs group (Fig. 2).

Rats in the POF group exhibited a significant reduction
in serum levels of FT3 (1.50+0.33 pg/mL, P<0.001) and
FT4 (0.80+0.04 pg/mL, P<0.01). Conversely, serum level
of TSH was significantly elevated (3.67+0.51 pIU/mL,
P<0.01) compared to control group (Fig. 3). In contrast,
treatment with BM-MSCs transplantation resulted in a
significant increase (P<0.01) of FT3 (2.42+0.37 pg/mL)
and FT4 (1.62+0.48 pg/mL). Concurrently, TSH was
significantly decreased (2.74 plu/mL) in contrast with
the POF group (P<0.05). However, no significant notable
variations were observed in these parameters in POF+BM-
MSCs group comparing to the control group (Fig. 3).

In rats within the POF group, significant reduction
(P<0.001) was observed in the concentrations of SOD
(74.48+3.62 U/gm tisssue), GPx (35.22+4.46 u/gm protein),
and CAT (134.70£2.78 u/gm protein). Conversely, MDA
levels were significantly elevated (2.81+0.35 nmol/gm
protein, P<0.01) compared to the control group (Fig. 4). In
contrast, treatment with BM-MSCs transplantation led to
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Fig 2. Effect of CP administration and subsequent treatment with BM-MSCs transplantation on serum E2, P4, FSH, LH, AMH and PRL levels in female
albino rats. * is significantly different than control at P<0.001. a, b, ¢ are significantly different than POF at P<0.05, P<0.01 and P<0.001 respectively.
POF: premature ovarian failure, BM-MSCs: bone marrow mesenchymal stem cells
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Fig 3. Effect of CP administration and subsequent treatment with BM-MSCs transplantation on serum FT3, FT4 and TSH levels in female albino rats.
*and ** are significantly different than control at P<0.01 and P<0.001 respectively. a, b are significantly different than POF at P<0.05 and P<0.01 respectively.
POF: premature ovarian failure, BM-MSCs: bone marrow mesenchymal stem cells

a significant increase of SOD (93.46+4.25 U/gm protein,
P<0.001), GPx (47.07+3.06 u/gm protein, P<0.05), and
CAT (183.48+2.67 u/gm protein, P<0.001). Concurrently,
MDA levels were significantly decreased with (1.98+0.31
nmol/gm protein) compared to the POF group (P<0.01).

In the histological examination, control ovary exhibited
various stages of follicular maturation and graafian follicles
accompanied by corpus luteum and interstitial stromal cells
consistent with normal histological structures (Fig. 5-A,B).
Conversely, the ovaries of POF rats displayed degeneration

and nuclear pyknosis within the theca interna cell layer of
the mature follicles in the ovarian tissue. The stromal cells
situated between the follicles were increased, potentially
due to impaired ovulation, and multiple corpus luteum were
observed (Fig. 5-C,D). However, treatment with BM-MSCs
resulted in the restoration of normal histological structures,
characterized by the presence of Graafian follicles, corpus
lutea and various stages of follicular maturation (Fig. 5-E,F).
It was found that CP administration resulted in a notable
reduction in the number of ovarian follicles (Fig. 5-C,D).



223

Kafkas Univ Vet Fak Derg LOTEY, ABO-AZIZA,
ABD EL FATTAH
SOD (U/gm protein) A GPx (U/gm protein) B
120 70
60 *k a
50
g;n ;En 40 3522
20
10
Control POF POF+ BM-MSCs Control POF POF+ BM-MSCs
CAT (U/gm protein) C MDA (nmol/gm protein) D
250

200

CAT (u/gm)

Control POF POF+ BM-MSCs

3 2.81%

MDA (nmol/gm)
= N
- i N in

4
@

Control POF POF+ BM-MSCs
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and P<0.001 respectively. POF: premature ovarian failure, BM-MSCs: bone marrow mesenchymal stem cells

Regarding the uterine structure, the histological structure
of the mucosa was normal in control rats including the
lining epithelium and the underlying lamina propria

Fig 5. Histological examination of ovaries of different groups. (A)
Photomicrograph of control ovary showing different stage of follicles (F)
with corpus luteum (CL) and interstitial stromal cells (INT) in normal
histological structure (H&E, x16). (B) The graafian follicles (GF) and
corpus luteum (CL) in normal histological structure (H&E, x16). (C, D)
Photomicrograph of ovary of POF rats showing degeneration and nuclear
pyknosis in the theca interna cell layer of the mature follicles in ovarian
tissue (arrows) and multiple corpus luteum (CL) with stromal cells in
between the follicles are increased due to weak ovulation (H&E, x16). (E,
F) Photomicrograph of ovary of BM-MSCs treated rats showing normal
histological structure of the graafian follicles (GF) and corpus luteum (CL)
and different stages of follicular maturation (F) (H&E, x16)

containing glandular structure, as well as the submucosa,
muscularis and serosa (Fig. 6-A,B). In contrast, the uteri
of POF rats displayed a flattened mucosal epithelium
with atrophy of the glandular structures in the underlying
lamina propria with degeneration of the uterine glandular
lining epithelial cells within the lamina propria mucosal
layer (Fig. 6-C,D). Following treatment with BM-MSCs,
degeneration was observed in the uterine glandular lining
epithelial cells within the lamina propria and mucosa,
and atrophy was noted the in uterine glands within
lamina propria (Fig. 6-E-F). Moreover, CP administration
led to flattened mucosal epithelium with atrophy of the
glandular structure in the underlying lamina propria and
degeneration in the uterine glandular lining epithelial
cells within the lamina propria mucosal layer (Fig. 6-C,D).
However, BM-MSCs transplantation did not exhibit a
significant effect on uterine tissue.

Di1SCUSSION

Stem cells, with their remarkable ability to self-renew
and differentiate into various specialized cell types, hold
immense potential in regenerative medicine. They offer
hope for treating a wide array of diseases and injuries.
Several studies were exploring stem cells use to repair
damaged tissues, grow replacement organs, and develop
new drug therapies [°).

In this study BM-MSCs were isolated to test the possibility
that they could increase fertility and restore ovarian
function. Flow cytometric analysis was performed to
identify specific cell surface markers of BM-MSCs.
The findings are consistent with the anticipated
immunophenotype of BM-MSCs. This specific pattern
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Fig 6. Histological examination of uterus of different groups. (A, B)
Photomicrograph of uterus of control group showing normal mucosal
(MU) histology, including lining epithelium and underlying lamina
propria (LP) with glandular structure (G) and submucosa (SUB) (H&E,
x16). (C) Photomicrograph of uterus of POF rats showing flattened
mucosal epithelium (FMU) with atrophy of uterine glands (arrow
head) (H&E, x16) and (D) showing degeneration (arrow) in uterine
glandular lining epithelial cells in lamina propria mucosal layer (H&E x
40). (E) Photomicrograph of uterus of BM-MSCs treated rats showing
degeneration (arrow head) in uterine glandular lining epithelial cells in
lamina propria and mucosa (H&E x 40) and (F) showing atrophy (arrow)
in uterine gland in lamina propria (H&E x 40)

of marker expression serves as a crucial criterion for the
definition and characterization of BM-MSC populations
isolated using flow cytometry as reported previously by
Abo-Aziza et al.?’.

The reduction in the levels of E2, P4 and AMH and the
elevation of FSH, LH, and PRL in serum the POF group
were align with previous studies ' that reported increased
serum FSH and LH following CP administration. Hence,
CP-induced POF is characterized by severe follicular
depletion and a subsequent loss of regular cyclicity, often
resulting in persistent diestrus. This hormonal profile
reflects a significant ovarian toxic effect, evidenced by
the substantial decrease in serum P4, E2, and AMH,
coupled with a notable decline in the number of follicles,
ultimately leading to POF. Furthermore, several studies
have shown that chemotherapeutic drugs can induce POF
across various species, including mice, rats, rabbits, and
humans %1 A potential mechanism for the observed
reduction in serum E2 and P4 levels involves alkylating
agents. Cyclophosphamide (CP), recognized as one of
the most ovotoxic chemotherapy drugs, creates DNA
crosslinks, subsequently inducing DNA breaks and
ultimately triggering apoptosis *!. CP causes ovarian
toxicity due to a compromised antioxidant defense

system and an overabundance of free radicals, leading to
apoptosis in granulosa cells (GCs) within the follicles and
was associated with the significant decreased in E2 and
P4 P This process may involve alteration in endogenous
antioxidant enzymes within healthy ovarian tissues, as
indicated in the present study. Another contributing factor
could be the strong toxic effects CP exerts on the gonads,
with its medical applications resulting in POF. CP use
contributes significantly to iatrogenic consequences and
can result in diseases including amenorrhea, infertility,
menstrual abnormalities, and diminished libido. POF
hinders follicular stage development and may lead to
interstitial fibrosis, necrosis, and endocrine alterations
that can increase blood levels of LH and FSH while
decreasing levels of E2 and P4 2%,

Female ovarian granulosa cells generate AMH, one of the
transforming growth factors B-super family. Serum AMH
levels fluctuate according to developmental stage, starting
during puberty and falling off throughout aging. AMH
has shown considerable value as an indication of ovarian
reserve function. As ovarian reserve function declines
with age, changes in AMH levels manifest earlier than
changes in FSH, E2, and antral follicle count. Moreover,
pregnancy, hormonal contraceptives, or the menstrual
cycle have no effect on its concentration ¥, establishing
it as the most accurate biomarker of ovarian aging.
Additionally, a significant elevation in serum FSH and LH
was observed following CP administration. This increase
may be attributed to the substantial decrease in E2 levels,
which disrupts the negative feedback mechanism, leading
to the stimulation of GnRH from the hypothalamus and
consequently a significant rise in FSH and LH secretion
from the anterior pituitary ?**\. In contrast, treatment
with BM-MSCs transplantation resulted in a significant
increase in serum E2, P4, and AMH. Concurrently, the
significant elevation of FSH and LH in the POF group
followed by their significant reduction after BM-MSC
treatment reflects a stable shift in the endocrine profile
rather than transient fluctuations. The trigger of POF
is multifaceted and can be attributed to various factors,
including genetic defects, autoimmune reactions,
chemotherapy, radiotherapy, and surgery. Stem cells, as
a multipotent cell type with the capacity for self-renewal
and multilineage differentiation, have been identified as
a promising tool in tissue engineering for regenerative
medicine B%U, Their potential as a treatment provides
a fresh approach to protecting or repairing impaired
ovarian function in primates undergoing radiation or
chemotherapy. The following are some theories as to how
stem cells in POF restore the impaired ovarian function:
The process by which stem cells migrate into damaged
ovarian tissue and differentiate into cells that resemble
ovarian tissue, especially granulosa cells, which are vital
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parts of the ovarian microenvironment and are essential
for controlling ovarian physiology, including luteal
regression and ovulation *2l. The homing and residence
of stem cells within ovarian tissue, where they contribute
to improving damaged ovarian niches among paracrine
effect by secreting various growth factors, cytokines,
angiogenic factors, and extracellular matrix proteins .
Moreover, the effective alleviation of chemotherapy-
induced inflammatory reactions in ovarian tissue through
the secretion of anti-inflammatory substances following
stem cell transplantation *. Moreover, MSCs may lower
GC apoptosis by affecting G-protein coupled receptor
protein signalling and MAPK pathways, both of which
are essential for follicle and oocyte formation **l. These
mechanisms support the therapeutic benefit of stem cell
therapy for improving ovarian function in individuals with
POF. Elevated FSH levels can accelerate follicle recruitment
and deplete the follicular pool. Deceased E2 and FSH
levels could result from increased apoptosis in the POF
group. Stem cell transplantation increased E2 secretion
and prevented granulosa cell death, subsequently, leading
to downregulation of FSH and LH secretion from the
pituitary gland and the consequent inhibition of follicular
recruitment B¢,

Chemotherapy stands as one of the most effective
systemic therapies for cancers. In cancer patients, thyroid
function is considered susceptible to chemotherapy due
to the active hypothalamic-pituitary axis and the systemic
nature of the treatment. The impact of chemotherapy on
thyroid function was thought to be a side effect that mostly
showed up as hypothyroidism. Thyroid hypofunction was
thought to be connected with the suppression of hepatic
thyroglobulin secretion and an increase in antithyroid
antibodies, specifically anti-thyroid peroxidase (TPO)
and antithyroglobulin, induced by chemotherapy 7. It
is hypothesized that endocrine cells with compromised
mitochondria exhibit elevated oxidative stress and/
or decreased adenosine triphosphate synthesis, along
with distention and vacuolization of the endoplasmic
reticulum cisternae within thyroid follicles, may result
in the inability to synthesize and/or secrete hormones
during cyclophosphamide chemotherapy *”. In contrast,
treatment with BM-MSCs transplantation resulted in a
significant increase of FT3 and FT4. Concurrently, TSH
was significantly decreased in contrast with the POF
group. However, no significant notable variations were
observed in these parameters in POF+BM-MSCs group
comparing to the control group.

In rats within the POF group, significant reduction was
observed in the concentrations of SOD, GPx, and CAT.
Conversely, MDA levels were significantly elevated.
The toxicity of CP exacerbated lipid peroxidation in
ovarian tissue. MDA, a by-product of lipid peroxidation,

acts as oxidative stress indicator. Furthermore,
Cyclophosphamide-induced ovarian damage resulted
in decreased concentrations of SOD, GPx, and CAT.
Oxidative stress inhibited both nuclear and cytoplasmic
maturation of oocytes, and triggering apoptosis led to
ovarian failure . In contrast, treatment with BM-MSCs
transplantation led to a significant increase of SOD, GPx,
and CAT. Concurrently, MDA levels were significantly
decreased with compared to the POF group. Stem cells
transplantation presents an ideal potential treatment for
repairing cytotoxic effect of CP and serves also a powerful
tool in restoring fertility and the potential of pregnancy,
consequences that could be linked to stem cells’ paracrine,
homing, and differentiation ***°l. Control ovary exhibited
various stages of follicular maturation and graafian
follicles, accompanied by corpus luteum and interstitial
stromal cells consistent with normal histological
structures. Conversely, the ovaries of POF rats displayed
degeneration and nuclear pyknosis within the theca
interna cell layer of the mature follicles in the ovarian
tissue. The stromal cells situated between the follicles
were increased, potentially due to impaired ovulation,
and multiple corpus luteum were observed. However,
treatment with BM-MSCs resulted in the restoration
of normal histological structures, characterized by the
presence of Graafian follicles, corpus lutea and various
stages of follicular maturation.

Regarding the uterine structure in this study, the
histological structure of the mucosa was normal in control
rats including the lining epithelium and the underlying
lamina propria containing glandular structure, as well as
the submucosa, muscularis and serosa. In contrast, the
uteri of POF rats displayed a flattened mucosal epithelium
with atrophy of the glandular structures in the underlying
lamina propria with degeneration of the uterine glandular
lining epithelial cells within the lamina propria mucosal
layer. Following treatment with BM-MSCs, degeneration
was observed in the uterine glandular lining epithelial
cells within the lamina propria and mucosa, and atrophy
was noted the in uterine glands within lamina propria.

This study demonstrated a significant decrease of the
count of Graafian follicles and other follicles in female
rats within the POF group, while the corpus luteum count
was significantly increased. These results are consistent
with the observation of Zhang et al.*! that CP increases
ovarian follicle maturation, decreases follicular reserve, and
ultimately causes ovarian failure or even POE. A potential
explanation for these observations lies in the critical role of
ovarian granulosa cells (GCs) are the primary stroma cells
within the ovary, surrounding the oocyte and playing a key
role in folliculogenesis 2. Given their capacity to secrete
growth factors and provide hormonal support, GCs are
essential for oocyte growth and survival. The main cause
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of POF and follicular atresia is increased GC apoptosis
that carried out by chemotherapy . In this study, it
was found that CP administration resulted in a notable
reduction in the number of ovarian follicles. This decrease
in ovarian follicles may be due to the reduction in serum
E2 which is necessary for early folliculogenesis. Decreased
E2 level inhibits follicular progression, thereby disrupting
folliculogenesis. FSH receptors are predominantly expressed
on GCs. Elevated FSH level can accelerate the depletion of
the follicular pool; thus, increased FSH acts as both a cause
and a marker diminished ovary reserve 4. This study also
revealed a significant decrease in serum AMH. AMH has
been used as a predictor of the quality of oocytes remaining
within the ovaries (ovarian reserve) and has been shown
to correlate with antral follicle counts and outcomes of
ovarian stimulation. Consequently, AMH was previously
considered to be an ideal marker of ovarian reserve due to
its exclusively production by GSc. According to research on
animals, AMH influences the recruitment of primordial
follicles and how developing follicles react to FSH ],

Furthermore, the oocyte has both isoforms of thyroid
hormone receptor mRNA, indicating that thyroid
hormone may have a direct effect on the oocyte. Rat
preantral follicle growth and ovulated oocyte counts
are both stimulated by thyroid hormone. T3 stimulated
granulosa cell proliferation and suppressed apoptosis by
activating the PI3K/Akt signaling pathway . Hence,
the decreased serum T3 observed in this study may have
contributed to the reduction in ovarian follicles and
increased granulosa cell apoptosis. In contrast, following
treatment with BM-MSCs, normal histological structure
of the Graafian follicles and corpora lutea, along with
various stages of follicular maturation, were observed.
These findings are consistent with the study of Jalalie et
al.*”, who reported that transplantation of MSCS reduced
degenerative changes and increased follicular quantitative
parameters in ovarian follicles compared to the CP group.
These beneficial effects may be attributed to stem cells’
migration into damaged ovarian tissue and subsequent
differentiation into cells that resemble ovarian tissue,
especially granulosa cells 4.

In this study CP administration led to flattened mucosal
epithelium with atrophy of the glandular structure in the
underlying lamina propria and degeneration in the uterine
glandular lining epithelial cells within the lamina propria
mucosal layer. These results coincide with the observation
of Chen et al.“®), who reported that CP administration
caused damage to the ovary, potentially leading to
primary ovarian insufficiency. These results may be due to
CP-induced significant decrease in E2 and FSH, resulting
in defects in folliculogenesis and subsequent atrophy in
the uterus. However, BM-MSCs transplantation did not
exhibit a significant effect on uterine tissue in this study.

The lack of significant uterine tissue improvement after
BM-MSC transplantation in this study could stem from
the therapeutic regimen’s duration and delivery route. A
single systemic dose might have been insufficient for the
uterus, potentially requiring repeated administrations
or a longer observation period for noticeable effects.
Furthermore, systemic delivery might have resulted
in limited MSC homing to the uterus compared to the
ovaries, where damage signals were stronger. A more direct
delivery route targeting the uterus could be necessary to
achieve a therapeutic concentration of BM-MSCs in that
specific tissue. The uterine microenvironment might also
necessitate a more sustained or different stimulus from
BM-MSCs than the ovaries.

In conclusion, the present study offers novel insights into
the significant clinical potential of BM-MSCs therapy in
premature ovarian failure by ameliorating the disrupted
endocrine secretion system, mitigating ovarian toxicity
through the improvement of tissue oxidative stress
marker levels, modulating thyroid hormones and TSH,
and alleviating histological damage in ovarian tissue.
Furthermore, future studies investigating the therapeutic
potential of BM-MSCs for POF-related uterine issues
might consider exploring different dosages, repeated
administrations, alternative routes of injection (potentially
local), and longer follow-up periods to better understand
their effects on this tissue.
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INTRODUCTION

Abstract

Antimicrobial resistance (AMR) is a growing problem, posing a threat to human
and animal health. The use of antimicrobials in livestock selects for AMR that can
subsequently be transferred to humans. This flow of AMR between reservoirs demands
continuous surveillance in livestock and in humans. Although there are numerous studies
to determine the fecal carriage of antibiotic-resistant bacteria in broiler flocks, there is
a lack of comprehensive metagenomic research targeting the resistome in broilers in
Tirkiye. The aim of this study was to investigate the microbial composition and the
profiles of antimicrobial resistance genes (ARGs, resistome) in three selected broiler
farms in Hatay, using a shotgun metagenomics approach. The microbiota of broilers from
Flock A and C was dominated by Bacillota (formerly Firmicutes) (46.83% and 43.87%,
respectively), whereas Flock B exhibited a high relative abundance of Pseudomonadota
(formerly Proteobacteria) (82.5%). At the genus level, Brachybacterium, Escherichia, and
Ligilactobacillus were significantly more abundant in Flocks A, B, and C, respectively. It
was also noticed that the most abundant KEGG pathways belonged to metabolism and
genetic information processing. Furthermore, xenobiotics biodegradation and metabolism
pathways were more abundant in Flock B than in Flocks A and C. Similarly, a higher ARG
diversity was observed in Flock B. A total of 137 ARGs were identified, comprising different
resistance mechanisms. The MLS23S gene, conferring macrolide resistance through a 23S
rRNA gene mutation, was the predominant ARG in all flocks. These findings provide
a baseline characterization of the broiler gut resistome, highlighting the importance of
metagenomic surveillance in poultry production despite the unavailability of farm-level
antimicrobial usage records.

Keywords: Broilers, Metagenomics, Microbiome, Bacillota, Pseudomonadota,
Ligilactobacillus, Resistome

Several national surveillance programs have been
implemented to monitor the occurrence of AMR

According to World Health Organization (WHO),
antimicrobial resistance (AMR) is a growing health
concern worldwide, promoting international cooperation
due to depth, breadth and complexity . The emergence
of resistance to antibiotics in bacteria is mainly
associated with target mutations and horizontal transfer
of resistance genes . The poultry sector employs a
variety of antimicrobials to maintain flock health and
enhance production efficiency. These antimicrobials serve
different functions and are categorized into therapeutic,
prophylactic, and growth promotion uses *l. Therefore,
the widespread and intensive use of antibiotics in poultry
farming has significantly contributed to the selection and
emergence of antibiotic-resistant bacteria (ARB) and
antibiotic-resistant genes (ARGs) ..

in different reservoirs using indicator bacteria (e.g.
Escherichia coli, Enterococcus spp.) and to follow its trends
over time 7. There is currently no national program
in the field of veterinary medicine in Tiirkiye for the
determination of AMR. However, previous studies have
reported have showed high levels resistance against
critically important antimicrobials, especially in broiler
flocks ®! and chicken meats >3l Although these
studies are important in demonstrating the emergence
and spread of resistance, they target a limited number of
species present in the gut microbiota and their associated
resistance genes, thus representing only a limited portion
of the resistome. Shotgun metagenomics has the potential
to overcome the drawbacks of these approaches by
directly identifying and characterizing the microbiome

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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and resistome . This technique provides a substantial
overview of the abundance, diversity, and structure of the
acquired broiler resistomes. Understanding circulating
resistomes is thus important to provide critical insights
for developing robust, tailored strategies to mitigate AMR
risks and safeguard both public and environmental health
151 For instance, the presence of mobile genetic elements
(MGEs) such as the mcr-1 gene in broiler gut microbiota
can lead to the transmission of colistin resistance to human
pathogens through the food chain or environmental
runoff, posing a significant threat to public health.

In this study, it was aimed to perform comprehensive
analysis of broiler’s gut microbiomes and resistomes using
shotgun sequencing.

MATERIAL AND METHODS
Ethical Approval

This study was approved by Hatay Mustafa Kemal
University Animal Experiments Local Ethics Committee
(Decision number: 2025/07-11)

Animals, Sample Collection and Processing

Three commercial broiler flocks, labeled flock A, flock B
and flock C and located about 50 km from each other in
Hatay, Turkiye, were selected for this study, between 10
and 20 September 2025 to minimize seasonal influences.
On each farm, 25 undisturbed, fecal droppings were
collected in different areas covering the whole house (a
minimum of 3 g faeces per sample). All samples were
collected aseptically in plastic containers and stored
at 4°C and transported to the laboratory within 1-2 h
after sampling. Upon laboratory arrival, individual fecal
samples were homogenized by stirring thoroughly with
a sterile wooden spatula for a few minutes. To obtain a
representative profile of the entire house, a composite
sample was created for each flock by pooling equal weights
(approximately 2 g) of the 25 homogenized individual
samples. These composite pools (one per flock) were then
used for downstream DNA extraction.

DNA Extraction and Sequencing

DNA was extracted from 200 mg of each homogenized
sample using the QIAamp Fast DNA Stool Mini Kit
(Qiagen) based on the manufacturer’s instructions.
A bead beating step was applied at the beginning of the
DNA extraction process. The concentration and quality of
DNA were checked using NanoDrop spectrophotometer.
To evaluate the flock-level microbial and resistance
profiles, three metagenomic libraries (one per flock)
were constructed from the homogenized composite DNA
pools using the Nextera XT DNA library kit (Illumina).
This pooling approach allowed for a comprehensive
surveillance of the diverse genetic material present across

the entire broiler house within a single sequencing run
per farm. Fragment size was evaluated by an automated
capillary electrophoresis system (Fragment Analyzer,
Agilent Technologies, Santa Clara,CA, USA). The
constructed libraries were subjected to high-throughput
sequencing on the NovaSeq 6000 platform (Illumina),
using 2 x 150-bp paired-end sequencing.

Bioinformatic Analysis

The quality of the reads was checked by FastQC tool !¢l
After removal of low-quality reads and Illumina adapters
by using Trimmomatic !'”), the paired end sequences were
aligned against the host reference genome (Gallus gallus)
using the Bowtie2 tool '8l After alignment, the mapped
sequences, that is, reads derived from the host were
removed. The integrated pipeline SqueezeMeta v1.4.0
was applied for further processing and annotation of the
trimmed and host-removed reads from each sample "),
Clean reads were assembled by MEGAHIT (v1.2.9) using
default parameters and the Open Reading Frames (ORFs)
were detected by Prodigal v2.6.3 (Li et al. 2016). Cleaned
sequences were analyzed for antimicrobial resistance
genes (ARGs) using the AMR++ pipeline v3 as well as for
taxonomic assignment using Kraken2 °.. For resistome
profiling, clean reads were aligned against the MEGARes
v3.0 database. A gene was identified as present only if
it met a gene fraction coverage cutoff of 0.80 (80%),
ensuring that the majority of the reference gene sequence
was represented in our data. Furthermore, an identity
threshold of 90% and a minimum alignment length of 75
bp were maintained to ensure the specificity of the ARG
detection. Transcripts per million (TPM) normalization
adjusts raw read counts so that the total expression across
all genes is constant among samples, allowing each TPM
value to represent the relative expression level of a gene
within a sample. Statistical analyses and data visualizations
were conducted using RStudio (R version 4.5.1) and the
STAMP software 2!, For each sample, the Chao1, Shannon,
and Simpson indices were calculated using the R package
vegan, based on taxonomic units at the genus level. To
find the correlation between the relative abundances of
ARGs and bacterial genera, Spearman’s rank correlation
coefficients were calculated using the rcorr() function in
the Hmisc package 121,

A correlation network was constructed based on strong
and statistically significant associations, defined by a
Spearman’s rho (p) >0.8 and a P-value <0.01. Network
graphs were created using the igraph and ggraph packages
in R 224 applying the Fruchterman-Reingold force-
directed layout for optimal visualization of the nodes
and edges. Venn diagrams were plotted using ggvenn
package ! for the number of shared and unique anti-
microbial resistance genes in the flocks.
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RESULTS Table 1. Relative abundance (%) of the dominant bacterial phyla and their
associated major genera across the three sampled broiler flocks (Flock A, B,

Microbial Composition and Diversity and C)

A total of 223,331,799 paired-end reads were generated | phylum G Fl‘(’;.l;A Fl?;‘l;B Fl‘(’;l;c

after host removal and quality trimming. The sequencing >

depth per flock ranged from 74 million to 80 million Llglrartraliis 12 0.2 3

reads, with an average of 77 million reads per sample. Streptococcus 7 0.1 0.1

In addition, a total of 1,239,781 contigs were assembled | acillota Lactobacillus 12 04 5

during the metagenomic analysis, with a total assembly Tocealbacteriam 5 05 7

length of 1.15 Gbp and an N50 value of 1366 bp. At the

taxonomic level, 84 phyla, 96 classes, 161 orders, 268 Staphylococcus 09 27 06

families, 879 genera and 1663 species were identified. Bacteroides 02 0.1 6

The taxonomic distribution of the broiler gut microbiota | Bacteroidota Alistipes 0.6 0.7 3

at the phylum level was dominated by Bacillota Parabacteroides P e o

(formerly Firmicutes) and Pseudomonadota (formerly Cormebactort 6 s 006

Proteobacteria). Specifically, Bacillota accounted for orneacern - :

46.83% and 43.87% of the total sequences in Flocks A |, . Byl L/ < U

. . ctinomycetota

and C, respectively, while Pseudomonadota was the Brevibacterium 3.9 14 0.05

most prevalent phylum in Flock B (82.5%) (Fig. 1). There Dietzia 4 0.01 0.005

were significant differences in the absoluFe abundances [ acterium 0.009 0.05 9

among the flocks (Table 1). Notably, relative abundance :

of Pseudomonadota (82.5%) in flock B was significantly | Lentisphaerota g}f’rzﬁ:’fzf;g 0.0002 8 6

greater than that of other flocks (Fig. 2). Whereas —

Bacillota (46.83%) and Actinomycetota (39.02%) in flock Pseudomonadota | Escherichia 10 83 ?

A and, Bacillota (43.87%) and Bacteroidota (28.51%) in | Others (<1%) 12 5 31

flock C were noted as the dominant phyla. At the genus
level, Ligilactobacillus, Escherichia, and Brachybacterium
were identified as the most abundant taxa. The relative
abundance of Ligilactobacillus was significantly higher
in Flock C compared to the other groups. At the species
level, Escherichia coli was significantly more abundant
in Flock B, whereas Ligilactobacillus salivarius was more
prevalent in Flock A (Fig. 2-a)

It was calculated several alpha-diversity indexes for each
flock. The range of microbial diversity was much higher
in Flock A and B than Flock C (Table 2).

The ARG Diversity of Flocks

The relative abundance of AMR to the corresponding

class of antimicrobial’s level for each flock was presented
in Fig. 3. Shannon, Richness, and Simpson indexes were
also calculated to assess ARG diversity. It was found that
ARG diversity was relatively higher in Flock B (Table
2). Both within and among poultry farms, the relative
abundances of AMR per drug were more varied (Fig 4).
As seen in Fig. 3, macrolide AMR was more abundant
in all flocks, but the relative abundance of tetracycline,
aminoglycoside and beta-lactam drug classes differed in
flocks. For example, relative abundance of beta-lactam
resistance genes was higher in flock B, was much lower
in other flocks. Aminoglycoside and tetracycline AMR
genes were the most abundant in flock C, but flock A and

Fig 1. Taxonomic distribution of the microbial communities at the phylum, genus, and species level across three broiler flocks (a, b, and c). The ‘Others’
category includes phyla with a relative abundance of less than 1%. Data represent pooled samples from each flock
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Table 2. Summary of alpha-diversity indices to determine the Shannon,

Simpson, and Chaol of microbial genera and ARGs

Parameter Flocks Shannon Chaol Simpson
Flock A 3.18 1021 0.92

Microbiome | Flock B 1.44 756 0.5
Flock C 3.71 969 0.95
Flock A 0.97 1055 5.06

ARG Flock B 0.99 1078 5.51
Flock C 0.96 673 4.59

ARG: antimicrobial resistance genes

B had low relative abundance (Fig. 4). Similarly, flock A
had a notably larger proportion of phenicol AMR than
flock B and C. In addition, while oxazolidinone resistance
was only observed in flock A, mupirocin resistance was
observed in flock B (Fig. 4).

The overall structure and composition of the resistome and
AMR genes are presented in Fig. 4. A total of 137 different
antimicrobial resistance genes were detected across all
flocks. Most of them were associated with resistance to
macrolides in all flocks. MLS23S were more abundant and
ubiquitous in all flocks (Fig. 4).

In flock C, A16S and tet16S were more common AMR
genes following MLS23S gene. Among beta-lactam AMR
genes, bla.,x and bla,, were relatively higher in flock B,

which is beta-lactam resistance higher than other flocks.
Among several phenicol AMR genes, cmx and fexB were
much more abundant in flock A than in the other flocks.
Of the resistant genes related to the last resort antibiotics
(colistin, carbapenem, linezolid), optrA and poxtA were
only detected in one flock (flock A). mcr gene variants
and carbapenemase genes (eg, KPC, IMP, VIM, NDM,
OXA-48-like) were not detected in flocks. The relative
abundances of other AMR genes varied across flocks (Fig.
4). Among beta-lactam resistance genes, bla.;y and bla,
were relatively more abundant in Flock B, which exhibited
higher overall beta-lactam resistance than the other
flocks. Regarding phenicol resistance genes, cmx and fexB
were significantly more abundant in Flock A. Notably,
resistance genes associated with last-resort antibiotics
(e.g., colistin, carbapenems, linezolid), specifically optrA
and poxtA, were only detected in Flock A. Conversely,
mcr gene variants and carbapenemase genes (e.g., bla,,c,

blayp, blay,, blagpys blagy , i) Were not detected in any
of the flocks.

The relative abundances of other AMR genes varied across
flocks (Fig. 4). A Venn diagram illustrated the number
of common and unique genes among the groups (Fig.
5-a). Furthermore, network diagrams based on the co-
occurrence of bacterial genera and ARGs were presented
to visualize statistical associations and identify potential
resistance carriers (Fig. 5-b). The majority of ARGs
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Fig 2. Extended error bar plots comparing microbial composition across the three flocks at different taxonomic levels: a) phylum, b) genus, and ¢) species.
Each bar represents the proportion of taxa within each flock, with error bars indicating variability (e.g., standard error or confidence interval, if applicable).
Colors denote flocks as follows: Flock A (blue), Flock B (orange), and Flock C (green). Statistical differences between flocks were assessed using two-tailed

Fisher's exact test with false discovery rate (FDR) correction (q-values <0.05)




233

Kafkas Univ Vet Fak Derg ASLANTAS, SAHIN DOGAN
100
75
ARG Class
. Aminocoumarins . Macrolide
= . Aminoglycosides “ Mupirocin
= -
% . Bacitracin Nucleosides
é . Beta_lactams . Oxazolidinone
2 - Cationic_antimicrobial_peptides . Phenicol
2 50 H o .
< isinfectant Rifampin
_g . Elfamycins . Streptogramin:
% . Fluoroquinolones . Sulfonamides
o . Fosfomycin . Tetracyclines
. Fusidic acid . Trimethoprim
. Lincosamide
25
0

FlockA

FlockB
Sample Type

FlockC

Fig 3. Stacked bar plots illustrating the relative abundance of antimicrobial resistance associated with different drug classes across the three flocks. Each
bar represents an individual flock, and each segment within the bar corresponds to the proportion of resistance attributed to a specific drug class. Colors
indicate distinct drug classes, as defined in the legend. The total height of each bar reflects the overall normalized abundance, enabling comparison of
resistance profiles between flocks

Flocka Flock
SampleType

ARG
Aminocoumarins [l baca | K3
N e Beta_lactams B cacepettar
[ pae | B B qacr
Aminogiycosides [l r qacG
| B N vac qacH
aac3 B varmic qacL
W sacsermve [ oiacex Elfamycins
B areorrme [ biacTx W e
W aorrme [ biaEC Fluoroquinolones
antd-PRIME [ vialap qniB
I ants blaOXA anrs
B ante DlaTEM anve
[ apn2-opRIME vlaz Fosfomycin
[ sphaDPRIME meca | 2
aph3-PRIME Cationic_antimicrobial_peptides [ fos8
aphd W o B os0
aphé T ES fosF
sA Disinfectant Fusidic acid
frsH . qacC . fusA
Bacitracin B 0 B wso

W use
fusF

Lincosamide [ emT

|
M e
| S
|
[ e

InuP

Macrolide

| i

| gl

| B
| Bl
| B
| B
| B8
| B8
| B
| LS

| B nucieosides [l
| B ES B
Oxazolidinone

| BN D

N - B pon

B sae Phenicol

Wren [l ||

e i ||

mee [l ca
mis238 O
mpnA I o8 I
mehe [ cmia |
mphc [ omx B
mphH foxA .
mphO fexB .
msrA floR | |
msrD Rifampin -
mra [l ar B

Mupirocin . poB .
W ies Streptogramins [

VatE B e
vaa B e
| voae ] tetm
VgbA teto
Sulfonamides | tet
folP toR
sull tetw
sulll tetx
Tetracyclines  tety
tet1es ez
teta1 Trimethopri
tetaz | EQ
tet33 N o
tetdo B =
tetdd | K3
teth B o
et ik
teteP anR
tetc
tetD

Fig 4. Stacked bar plots illustrating the relative abundance of antimicrobial resistance genes (ARGs) within each flock. Each bar represents a single flock,
and each segment within the bar corresponds to the proportion of a specific ARG or ARG class. Colors indicate different ARGs (or ARG classes) as defined
in the legend. The total height of each bar reflects the normalized relative abundance, allowing comparison of resistome composition across flocks




234

Faecal resistome and microbiome in broilers Kafkas Univ Vet Fak Derg
a b
Flock C Flock A .0 & @&
sl o ® o0 - .
cm. p w. ARG Degree
[ ® :
° s A .
"’""“ . Pt Degree
@ o :
[ .cs :
'A .sz:s 3
ol 7 Deoes
0 ¥
) o 0.
o . ) o
Toq. o e
el @ o O
Flock B L LA PN S L
Fig 5. (a) Venn diagram showing the number of shared and unique ARGs among the flocks, (b) Co-occurrence network analysis identifying putative
associations between bacterial genera (red) and ARGs (red). Edges represent strong and statistically significant Spearman’s correlations (rho >0.8, P<0.01).
Node size is proportional to the relative abundance of each feature

KEGG_Pathways Level 2

KEGG_Pathways Level 1
Transport and catabolism

[T Gelluar Processes
05 | EnvironmentalInformation Processing
Genstic Information Processing
% I Human Dissases

Metabolism

Signaling melecules and interaction
Biasynthesis of other secondary metabalites
Cell growth and death

Metabolism of other amino acids

Glycan biosynthesis and metablism 5
Metabolism of cofactors and vitamins I 5
Flding serting and degradation

Translation

and

Cell motility
Amino acid metabolism
Replication and repair
Transcription
Metabolism of terpenoids and polyketides
Cellular commurity prokaryotes

Lipid metabolism
Carbohydrate metabolism
Nuclectide metabolism
Drug resistance Antimicrobial
Energy metabolism

Membrane transport

Signal transduction

Fig 6. Heatmap illustrating the distribution of KEGG pathway abundances across the three flocks, organized according to hierarchical Levels 1 and 2. Rows
represent individual KEGG pathways, while columns correspond to the different flocks. Color intensity indicates the normalized relative abundance of
each pathway, with gradients reflecting lower to higher abundance levels. Pathways are grouped based on their functional hierarchy, enabling comparison
of broad (Level 1) and more specific (Level 2) functional categories across flocks

were predicted to be associated with Corynebacterium,
Microbacterium, Dietzia, Enterococcus, Aerococcus,
Carnobacterium, and Streptococcus, suggesting their
putative roles as resistance gene hosts. Specifically,
the tetZ gene showed significant correlations with
Corynebacterium, Brachybacterium, Enterococcus, Dietzia,

associated with Enterococcus, Dietzia, Carnobacterium,
and Microbacterium (Fig. 5-b).

Significant variations in ARG abundance and diversity
were observed across the three flocks, particularly in
Flock B, which showed a distinct profile characterized by a

and Microbacterium. Additionally, one of the most
abundant genes, MLS23S, exhibited co-occurrence with
Alistipes and Bacteroides. Moreover, fexA and ermX were

higher abundance of beta-lactam resistance genes. While
these differences highlight the variability of the broiler
gut resistome under different commercial conditions,
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explicit records regarding on-farm management and
antimicrobial usage (AMU) could not be retrieved for the
sampled facilities.

The KEGG pathway analysis revealed that the most
abundant pathways belonged to metabolism including
carbohydrate, energy metabolism, biosynthesis of other
secondary metabolites, amino acid, nucleotide, glycan
biosynthesis and metabolism of cofactors and vitamins,
replication and repair and genetic information processing
which are folding, sorting and degradation, transcription,
and translation (Fig. 4). Drug resistance and antimicrobial
pathway were more abundant in Flock A and B than Flock
C. Xenobiotics biodegradation and metabolism pathway
was the most abundant in Flock B than Flock A and C

(Fig. 6).

Di1ScuUSSION

This study aimed to comprehensively characterize the
gut microbiome and resistome of broiler flocks using a
shotgun metagenomics approach. The gut microbiota
plays a central role in broiler health and productivity by
maintaining intestinal homeostasis, inhibiting pathogen
colonization, supporting intestinal development, and
modulating host immune responses %I,

Previous studies have reported variable dominance
patterns of major bacterial phyla, particularly Bacillota,
Pseudomonadota, and Actinomycetota, in broiler
gut microbiota . In line with these findings, we
observed marked compositional differences among
flocks, with Bacillota predominating in Flocks A and
C, while Pseudomonadota dominated Flock B. Such
variation is likely driven by a complex interplay of
host-related factors (e.g., age, genetics, immune status)
and environmental conditions, including management
practices, diet, and housing systems ).

At the genus level, Escherichia, Ligilactobacillus,
Brachybacterium, and Corynebacterium were among the
most abundant taxa, consistent with previous reports 2%,
Ligilactobacillus salivarius, in particular, has been
associated with improved gut health and growth
performance in broilers *!. However, shifts in microbial
composition may also arise under antimicrobial
pressure, as antibiotic exposure has been shown to alter
gut communities and increase the relative abundance
of certain taxa, including Ligilactobacillus spp. and
Enterobacteriaceae 2.

The increased abundance of xenobiotics biodegradation
and metabolism pathways observed in Flock B may
reflect greater exposure to exogenous compounds,
such as pharmaceuticals or agrochemicals. These

compounds can impose selective pressures on
microbial communities, potentially contributing to
shifts in community structure and the persistence
of antimicrobial resistance ****.. In agreement with
this observation, Flock B also exhibited higher
ARG diversity. Nevertheless, due to the absence of
detailed antimicrobial usage (AMU) and farm-level
management data, these findings should be interpreted
cautiously as indicative patterns rather than evidence of
direct causal relationships.

The broiler gut microbiota constitutes an important
reservoir of antimicrobial resistance genes. The
widespread use of antimicrobials in poultry production
has been associated with increased ARG abundance
and diversity . In the present study, ARGs conferring
resistance to macrolides, aminoglycosides, and
tetracyclines were predominant, which is consistent
with previous studies **). In contrast, B-lactam
resistance genes were generally less abundant, although
a relatively higher proportion was observed in Flock
B. These differences may reflect variations in selective
pressures across farms; however, in the absence of AMU
data, they should be regarded as baseline resistome
characteristics rather than direct consequences of
antimicrobial exposure.

Notably, resistance genes associated with critically
important antimicrobials, such as mcr, blay,, and
bla,., were not detected. However, the detection
of linezolid resistance-associated genes (optrA and
poxtA) in one flock highlights the potential emergence
of resistance to last-resort antibiotics ¢ Similarly,
plasmid-mediated quinolone resistance (qnr) genes
were present at low abundance, which may not fully
capture the extent of quinolone resistance, as high-level
resistance is often mediated by chromosomal mutations
or alternative mechanisms.

Network analysis revealed co-occurrence patterns
betweenbacterial generaand ARGs, suggesting potential
ecological associations between taxa and resistance
determinants. However, these relationships should be
interpreted with caution. Correlation-based analyses
do not provide evidence of direct genetic linkage
or host attribution. Rather, they identify statistical
associations that may reflect shared ecological niches or
selective pressures. High-resolution approaches, such
as proximity ligation (Hi-C) sequencing or functional
metagenomics, would be required to confirm host-gene
relationships and horizontal gene transfer Dynamics.

In addition, the compositional nature of metagenomic
data introduces inherent limitations. Because sequencing
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data are relative, an apparent increase in one taxon may
lead to a proportional decrease in others, potentially
generating spurious correlations. Therefore, the
associations identified in this study should be considered
hypothesis-generating rather than definitive.

A pooling strategy was employed to characterize
the resistome at the flock level. Although individual
sampling can provide insights into within-flock
variation, pooled samples offer a cost-effective and
representative overview of dominant microbial and
resistance profiles across the production unit. This
approach is widely used in large-scale surveillance
programs, such as DANMAP ¢/,

Several limitations should be acknowledged. First, the
study was limited to three flocks, which may not fully
capture the diversity of broiler production systems.
Second, the absence of detailed antimicrobial usage
and management data restricts the ability to establish
causal relationships. Finally, the pooling strategy does
not account for individual bird-level variation within
flocks.

In conclusion, this study provides a high-resolution
snapshot of the broiler gut microbiome and resistome
in Tirkiye. The observed differences among flocks
highlight the variability of microbial and resistance
profiles under commercial production conditions.
However, these findings should be interpreted as baseline
observations rather than evidence of causality. Future
longitudinal and multi-center studies incorporating
detailed antimicrobial usage and management data
will be essential to better understand the drivers of
antimicrobial resistance in poultry production systems.
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Abstract

We aimed to investigate whether dexmedetomidine (Dex) alleviates hypoxic-ischemic
brain damage (HIBD) in neonatal mice and to explore the potential involvement of
AMPK-related mechanisms. C57BL/6 neonatal mice were randomly assigned into a
sham group, an HIBD group, an HIBD + Dex group, and an HIBD + Dex + Compound
C (CC) group. Neurological deficits were scored, brain water content was detected
and cerebral infarction areas were determined via 2,3,5-triphenyltetrazolium chloride
staining. Hematoxylin-eosin staining was performed to detect the pathological changes
in brain tissues. Compared with the sham group, HIBD mice showed markedly increased
neurological deficit scores, brain water content, infarct area, ROS, and MDA levels,
accompanied by reduced GSH-Px, SOD activity, a lower p-AMPK/AMPK ratio, and
decreased UCP2 expression (P<0.05). Dex treatment significantly improved neurological
function, reduced cerebral edema and infarction, decreased oxidative stress markers, and
enhanced antioxidant enzyme activity, together with increased AMPK phosphorylation
and UCP2 expression compared with HIBD (P<0.05). Notably, co-administration
of Compound C partially attenuated the neuroprotective and antioxidative effects of
Dex, supporting the involvement of AMPK-dependent mechanisms. Although UCP2
expression was altered in parallel with AMPK activity, the present data do not directly
establish UCP2 as a causal mediator. Overall, these findings suggest that Dex mitigates
oxidative stress and neuronal injury in neonatal HIBD, potentially through AMPK-
associated pathways, with UCP2 representing a putative downstream component.
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development and progression, which directly affects the

process and outcome of diseases. Hence, the protection of
neurons has become a key strategy for HIBD treatment 12!,

INTRODUCTION

Hypoxic-ischemic brain damage (HIBD), a common
brain lesion in neonates in the perinatal period, is
mainly characterized by deficiency in oxygen supply or
reduction in blood perfusion to brain tissues. The clinical
manifestations of HIBD include a series of neurological

As a crucial pathological feature of HIBD, oxidative stress
stimulates the excessive accumulation of reactive oxygen
species (ROS) to attack neurons and destroy the structure
and function of brain tissues Pl Although oxidative

dysfunction, and some child patients may experience
sequelae including mental retardation, motor dysfunction
and even cerebral palsy, posing substantial impacts on the
long-term quality of life of these patients. Such a serious
nervous system injury not only brings lifelong health risks
to the child patients, but also imposes a heavy care burden
and economic pressure on the family and society ™.
Neuronal damage serves as the kernel mechanism of HIBD

stress has been widely recognized as a central contributor
to neuronal injury in HIBD, the upstream regulatory
pathways that coordinate mitochondrial redox homeostasis
under hypoxic-ischemic conditions remain incompletely
understood. Based on this pathological mechanism,
seeking drugs that can effectively intervene in HIBD from
the perspective of anti-oxidative stress has emerged as
an important direction of clinical research at present.

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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Dexmedetomidine (Dex) is a highly specific a2 adrenergic
receptor agonist, which is frequently applied to sedation
and analgesia in perioperative period . It possesses
anti-oxidant, anti-inflammatory, anti-apoptotic and many
other neuroprotective effects . Previous evidence has
linked Dex to the regulation of oxidative stress and
energy-sensing pathways, including AMPK signaling,
in different neurological injury contexts . In neonatal
rat model of HIBD, Dex has been shown to mitigate
neuronal injury and improve neurological outcomes by
relieving pathological damage, modulating inflammatory
responses, and suppressing neuronal cell death 7%
However, how Dex integrates mitochondrial oxidative
stress control with cellular energy-sensing mechanisms in
neonatal HIBD remains largely unexplored.

Uncoupling protein 2 (UCP2) is a protein localized in the
inner mitochondrial membrane, which can reduce ROS
production by lowering the mitochondrial membrane
potential, thereby exerting an anti-oxidant effect ©.
Adenosine 5-monophosphate-activated protein kinase
(AMPK) is a key metabolic sensor that responds to
cellular energy stress and has been reported to influence
mitochondrial function and oxidative balance "% Recent
study suggests that AMPK may modulate UCP2 expression
or activity as part of a coordinated response to metabolic
and oxidative stress !''l; however, the relevance of this
regulatory relationship in neonatal hypoxic-ischemic
brain injury has not been established. Notably, whether
AMPK-associated regulation of UCP2 contributes to
Dex-mediated neuroprotection under hypoxic-ischemic
conditions remains unknown.

Therefore, the present study was designed to explore
the involvement of AMPK-dependent mechanisms,
with a particular focus on the AMPK-UCP2 axis, in
the antioxidative and neuroprotective effects of Dex in
neonatal mice with HIBD.

MATERIAL AND METHODS
Ethical Approval

This study has been approved by the ethic committee of
Tongji Hospital (Approval No. TJH-202111026), and great
efforts have been made to minimize the animals’ suffering.

Experimental Animals

SPF-grade C57BL/6 neonatal mice (n=40, 7 days old,
no restriction in sex) were purchased from Hainan
Pharmaceutical Research Institute Co., Ltd. [Animal
License No. SCXK (Hainan) 2020-0007]. All mice
weighing 4-5 g were uniformly raised in a sterile animal
room with a temperature of 22-25°C, relative humidity
of 60%, and a 12 h/12 h light/dark cycle. They were fed
adaptively for 7 d before experiments, without deprivation

of water and food. Sex was not treated as an independent
biological variable due to the limited sample size.

Reagents and Apparatus

Dex was supplied by Beijing Kaishiyuan Biotechnology
Co., Ltd. ROS detection kit was purchased from
US Everbright Inc. Compound C (CC), an AMPK
inhibitor, was offered by MCE (USA). Enzyme-linked
immunosorbent assay (ELISA) kit sourced from Shanghai
ZCi Biotech Co., Ltd. RIPA lysis buffer, bicinchoninic acid
(BCA) protein assay kit, and ECL solution were provided
by Beijing Solarbio Science & Technology Co., Ltd.
Antibodies against phosphorylated (p)-AMPK, AMPK,
and UCP2 were procured from CST (USA). A microscope
(model: DM2000LED) was supplied by Leica (Germany).
A microplate reader (model: Infinite M200) was bought
from BioTek.

Grouping and Modeling Methods

Forty mice were allocated to a sham operation group
(sham group, n=10) and a model group (n=30) in a
random manner. After all mice were anesthetized with
3% pentobarbital sodium (100 pL in volume) through
intraperitoneal injection. The same anesthetic protocol
was applied across all experimental groups to minimize
potential confounding effects. Pentobarbital was used
solely for surgical anesthesia and was not considered an
experimental variable in this study. After anesthesia, the
neck was routinely disinfected and a median incision was
made to expose the left common carotid artery. In the
model group, the left common carotid artery was double
ligated using surgical sutures, and the incision was sutured
layer by layer. A thermostatic (37°C) pad was employed
to maintain body temperature throughout the operation.
After surgery, mice in the model group were placed in a
customized hypoxic chamber, and exposed to a gas mixture
of 8% O, and 92% N, at a flow rate of 2.5-3.5 L/min for 2
h once oxygen concentration stabilized below 10%. In the
sham group, only vessel exposure was performed without
arterial ligation or hypoxia intervention. The neonatal
mouse model of HIBD was successfully prepared when
the mice manifested toddling, limb paralysis, and other
phenomena.

Totally 2 mice died during modeling, and 1 mouse failed.
Thus, 27 successfully modeled mice were randomly
assigned to the HIBD group (n=9), an HIBD + Dex group
(n=9), and HIBD + Dex + CC group (n=9). The sample size
was determined based on previous HIBD studies using
similar experimental designs and outcome measures ['2.
Given the exploratory nature of this study and ethical
considerations regarding animal use, a formal a priori
power analysis was not performed. The mice in the HIBD
+ Dex group were intraperitoneally injected with 50 pg/kg
Dex for intervention immediately after modeling !*.. The
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mice in the HIBD + Dex + CC group were intraperitoneally
injected with 50 pg/kg Dex immediately after modeling,
followed by intraperitoneal injection of CC (10 mg/kg) 1"\
The intraperitoneal injection of 0.9% sodium chloride
solution in the same volume was conducted in the sham
and HIBD groups. All subsequent assessments were
performed at a predefined early time point to evaluate
acute pathological and biochemical changes following
hypoxic-ischemic injury.

Scoring of Severity of Neurological Deficits

After the completion of drug intervention, the
neurological function of neonatal mice in all experimental
groups was evaluated using the neurological deficit score
(NDS) system "), with the specific scoring criteria listed
in Table 1. All behavioral assessments were conducted by
investigators blinded to group allocation. Neurological
deficit scoring was conducted 24 h after hypoxic-ischemic
injury and pharmacological intervention.

Sample Collection

After the NDS evaluation, 6 mice randomly selected
from each group were decapitated, and craniotomy was
performed rapidly to remove the brain tissues on the left
side and isolate the hippocampus. Following rinsing with
precooled PBS bulffer, the tissue samples were immediately
stored at -80°C for later use. The remaining 3 mice were
fixed in the supine position, perfused with 0.9% normal
saline followed by 4% paraformaldehyde, and whole brains
were collected for histological examination. All tissue
collection procedures for biochemical assays, Western
blotting, and histological analyses were performed at the
same time point.

Measurement of Brain Water Content

The whole brain tissues were immediately measured as
wet weight, and the brain tissue was baked in a 100°C
oven for 72 h to obtain the dry weight. The ratio of the
difference between wet weight and dry weight to wet
weight was determined as brain water content (%).

2,3,5-Triphenyltetrazolium Chloride (TTC) Staining

The brain tissues frozen in -20°C refrigerator were sliced
to uniform sections (2 mm-thick) along the coronal plane
using a microtome, followed by 30 min of incubation with

Table 1. Neurological function scoring criteria

Score | Symptom

No nerve damage

0 point

1 point | Inability of the left forelimb to bend inward

Rotation of the left forelimb to the left or walking toward the

2 points left side

3 points | Rotation of the mouse to the left side like chasing the tail

ice-cold 2% TTC solution. Thereafter, the sections were
taken out and immersed in 4% paraformaldehyde solution
for 24 h, and the images were captured to measure and
calculate the cerebral infarction area in each group of mice
through Image] v1.8.0.

Hematoxylin-Eosin (HE) Staining

The 4% paraformaldehyde-fixed brain tissues were
embedded in paraffin, dehydrated in a gradient of
ethanol (70-100%), and transparentized using xylene
solution. Later, the treated tissue blocks were prepared
into 5 um-thick serial sections via the microtome. After
double staining with hematoxylin and eosin, the sections
were mounted with drops of neutral balsam. Finally, the
sections were observed under a light microscope and
analyzed for pathological-morphological changes in the
brain tissues.

ELISA for Levels of Oxidative Stress Indicators in
Brain Tissues

The brain tissues were obtained from the mice in each
group, cut into pieces (I mm in size) with ophthalmic
scissors, and transferred to a centrifuge tube on ice. Then
the supernatant was discarded after the tissues were
precipitated, which were digested into tissue homogenates
using 0.25% trypsin. Afterward, the suspension was
centrifuged at 3.000 rpm for 10 min in a centrifuge, so as
to harvest the supernatant. The levels of ROS, glutathione
peroxidase (GSH-Px), malondialdehyde (MDA), and
superoxide dismutase (SOD) in the supernatant were
measured by means of ELISA.

Determination of Protein Expressions Through
Western Blotting

The hippocampal tissues homogenized and lysed
using RIPA lysis buffer supplemented with protease
and phosphatase inhibitors on ice for 30 min. After
centrifugation at 10.000 rpm for 10 min at 4°C, the
supernatant was collected as total protein extract. Protein
concentration was determined using the BCA kit. Equal
amounts of protein (30 ug per lane) were subjected to
SDS-PAGE gel and transferred to polyvinylidene fluoride
(PVDF) membranes. After blocking with 5% non-
fat milk for 1 h, the membranes were incubated with
primary antibodies against p-AMPK, AMPK, UCP2, and
GAPDH (1:500) overnight at 4°C. ON the next day, the
membranes were incubated with HRP-labeled secondary
antibodies (1:1000) for 3 h at room temperature. Protein
band intensities were quantified using Image] software.
p-AMPK levels were normalized to total AMPK, and
UCP2 expression was normalized to GAPDH.

Statistical Analysis

GraphPad Prism 8.0 software was employed to conduct
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the statistical analysis of experimental data. Data were
expressed by mean + standard deviation (Mean + SD). One-
way ANOVA was used for comparisons among multiple
groups. Post hoc multiple comparisons were performed
using Tukey’s test to reduce the risk of type I error. P<0.05
suggested a difference of statistical significance.

RESULTS

The NDS of mice in the HIBD group was significantly
higher than that in the sham group (P<0.05). The mice
in the HIBD + Dex group had reduced NDS compared to
those in the HIBD group (P<0.05) and the HIBD + Dex +
CC group (P<0.05) (Fig. 1).

When contrasted with the sham group, the HIBD group
presented significantly raised brain water content (P<0.05).
The brain water content in mice was significantly lower in
the HIBD + Dex group than in the HIBD group (P<0.05)
and the HIBD + Dex + CC group (p<0.05) (Fig. 2).

Compared with the sham group, the cerebral infarction
area was significantly increased in the HIBD group
(P<0.05). In contrast, the cerebral infarction area was
significantly reduced in the HIBD + Dex group compared
with the HIBD group (p<0.05) and the HIBD + Dex + CC
group (P<0.05) (Fig. 3).

In the sham group, the hippocampal neurons were tightly
and orderly arranged, with complete and regular cell
morphology. The HIBD group manifested remarkable
pathological changes such as obvious neuron swelling,
evident reduction in cell density, and widespread neuronal
damage. The density of neurons was notably elevated, the
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Fig 1. NDS of mice. *P<0.05 vs. Sham Group, #P<0.05 vs. HIBD Group,
and *P<0.05 vs. HIBD + Dex Group

cell arrangement tended to be regular, and the swelling
was apparently improved in the HIBD + Dex group by
comparison to those in the HIBD group. In contrast,
the HIBD + Dex + CC group showed similar severity of
neuronal damage to the HIBD group, without significant
protective effect (Fig. 4).

Compared with those in the sham group, the relative
ROS level and MDA content in murine brain tissues
rose significantly, whereas the GSH-Px content and
SOD activity dropped significantly in the HIBD group
(P<0.05). The HIBD + Dex group, when contrasted
with the HIBD group, presented significant decreases
in relative ROS level and MDA content, together with
significant increases in GSH-Px content and SOD activity
in the brain tissues of mice (P<0.05). The relative ROS
level and MDA content in the brain tissues of mice
in the HIBD + Dex + CC group were significantly
higher, but the GSH-Px content and SOD activity were
significantly lower than those in the HIBD + Dex group
(P<0.05) (Fig. 5).

The p-AMPK/AMPK ratio and UCP2 protein expression
were significantly decreased in the brain tissues of mice
in the HIBD group compared with the sham group
(P<0.05). Dex treatment was associated with a significant
increase in the p-AMPK/AMPK ratio and UCP2 protein
expression compared with the HIBD group (P<0.05).
These increases were attenuated in the presence of
Compound C, indicating that the observed changes in
UCP2 expression occurred in parallel with alterations in
AMPK phosphorylation (p<0.05) (Fig. 6).
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Fig 3. Cerebral infarction area in various groups of mice. A: Cerebral infarction area detected via TTC staining, B: Cerebral infarction area in diverse groups
of mice. *p<0.05 vs. Sham Group, #p<0.05 vs. HIBD Group, and ®p<0.05 vs. HIBD + Dex Group
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HIBD group, alleviated by Dex treatment, and partially reversed by CC
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Fig 5. Oxidative stress indicators in murine brain tissues from different groups. A: Relative ROS level in brain tissues, B: GSH-Px content in brain tissues,
C: MDA content in brain tissues, D: SOD activity in brain tissues. *P<0.05 vs. Sham Group, ¥P<0.05 vs. HIBD Group, and *P<0.05 vs. HIBD + Dex Group

DISCUSSION The clinical manifestations of HIBD mainly include sudden
hyperthermia, chills, and severe headache accompanied by
projectile vomiting. Infants and young children suffering
edema, selective neuronal necrosis, marble-like pathology  from this disease may present alternating dysphoria and
in the basal ganglia, neuronal damage in the parasagittal lethargy, bilateral gaze, abnormal crying, food refusal,
region of the brain, periventricular leukomalacia, efc . irritability, and other symptoms, and they may rapidly

Pathologically, HIBD is typically featured with brain tissue
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Fig 6. Protein expressions of p-AMPK, AMPK, and UCP2 in murine brain tissues from various groups. A: Protein bands of p-AMPK, AMPK, and UCP2 in
murine brain tissues from diversified groups, B: p-AMPK/AMPXK ratio in brain tissues of mice in each group, C: UCP2 protein expression in murine brain
tissues from different groups. *P<0.05 vs. Sham Group, #P<0.05 vs. HIBD Group, and *P<0.05 vs. HIBD + Dex Group

progress to a coma state in severe cases '/l At present, maintaining GSH at a high level . In the context of
there is a lack of targeted therapeutic drugs capable of HIBD, however, excessive ROS rapidly overwhelms the
effectively relieving brain damage and preventing and anti-oxidant and scavenging capacities of nerve cells,
treating neurological sequelae in neonates. Dex is a  disrupting the oxidant-anti-oxidant balance in brain
potent and highly specific a2 adrenergic receptor agonist, tissues and leading to apparent oxidative stress in nerve
which performs the major neuroprotective mechanisms  cells. When HIBD induces persistent chronic oxidative
like the modulation of glutamatergic neurotransmitter  stress, the activities of SOD and CAT decrease significantly
release, the attenuation of inflammatory cascades, the in brain tissues, and large amount of GSH is consumed 1\,
blockade of neuronal apoptosis pathways, the scavenging Meanwhile, the intensified lipid peroxidation in brain
of oxygen free radicals, and the enhancement of synaptic  tissues causes the production of massive MDA, triggers
plasticity. These action mechanisms are jointly implicated ~ abnormal aggregation of proteins, nucleic acids, and other
in mitigating secondary damage to brain tissues and macromolecules in nerve cells, and arouses neurotoxicity,
prominently improving neurological function score, and  further exacerbating mitochondrial dysfunction and
thus exerting significant neuroprotective effects '8l As  ultimately resulting in nerve cell injury and apoptosis 2*.
reported in the study of Hu et al."”, Dex could markedly It was discovered in this study that the HIBD + Dex group
enhance the cognitive function in rat models of traumatic ~ had overtly reduced ROS level and MDA content and
brain damage, effectively inhibit programmed nerve cell notably incremented SOD activity and GSH-Px content,
death, and substantially relieve structural damage in  implying that Dex can alleviate oxidative stress in HIBD
neurons, demonstrating distinct neuroprotective efficacy.  mice and thus protect the neurological function, but the
Chen et al.” corroborated that Dex could lower NOX4  specific action mechanism needs in-depth research.
expression to reduce ROS generation in brain tissues,
thus ameliorating neurological damage after cerebral
hemorrhage in mice by alleviating oxidative stress.
Through controlling the PPARY/STAT?3 signaling pathway,
Dex pretreatment can efficiently relieve oxidative stress
injury and interrupt the process of cell apoptosis, thereby
producing a significant neuroprotective effect against
HIBD 2. Obvious decreases were detected in the NDS,
brain water content, and cerebral infarction area in the
HIBD + Dex group of the present study, suggesting that
Dex can mitigate brain damage and exert a neuroprotective
effect on HIBD mice, which is consistent with the results
of the aforementioned studies.

In the pathological process of HIBD, the activation of
the AMPK-UCP?2 signaling pathway is a crucial link for
regulating ROS generation and maintaining mitochondrial
function **.. Once hypoxia and ischemia occur in brain
tissues, the elevated intracellular AMP/ATP ratio can
activate the AMPK signaling pathway. Such an energy
metabolism regulatory hub not only promotes fatty acid
[-oxidationtomaintainenergysupply, butalsoup-regulates
UCP2 expression to improve mitochondrial function ¢
With the help of the induced mild uncoupling of the inner
mitochondrial membrane, UCP2 can effectively decrease
the overproduction of superoxide anions in the process of
electron transport chain, thus significantly reducing the
Under physiological conditions, the ROS generated in  ROS accumulation. In the meantime, the activated AMPK
brain tissues activates the anti-oxidant defense system in  also strengthens the activities of anti-oxidant enzymes,
the body, in which SOD and catalase (CAT) are pivotal = such as SOD and CAT, and coordinates with UCP2 in
components of the enzymatic anti-oxidant system in  maintaining the oxidant-anti-oxidant balance in cells.
nerve cells, capable of effectively removing ROS and  This neuroprotective mechanism of the AMPK/UCP2
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axis is particularly important in HIBD because it can
attenuate oxidative stress injury of nerve cells, hinder the
deterioration of mitochondrial dysfunction, and finally
reduce neuronal apoptosis. Zeng et al.?”! proved that
pterostilbene had a protective effect on neonatal rats with
HIBD through the mechanism possibly highly associated
with the up-regulated expression of the LKB1/AMPK/
Nrf2 signaling pathway and the repressed oxidative
stress responses. According to the results of the present
study, the p-AMPK/AMPK ratio and UCP2 protein
expression were markedly increased in the brain tissues
of the HIBD + Dex group. These findings indicate that
Dex treatment is associated with concurrent activation of
AMPK signaling and upregulation of UCP2 expression
under hypoxic-ischemic conditions. Furthermore, co-
administration of the AMPK inhibitor Compound C
attenuated the antioxidative and neuroprotective effects
of Dex, supporting the involvement of AMPK-dependent
mechanisms in Dex-mediated protection.

Severallimitations should be noted. First, although changes
in AMPK phosphorylation and UCP2 expression were
observed after Dex treatment, direct evidence for a causal
role of UCP2 is lacking, as UCP2-specific interventions
were not performed. Second, sex-specific analyses were
not conducted due to the limited sample size, despite
potential sex differences in HIBD outcomes and AMPK-
related signaling. Third, all assessments were performed
at a single early time point after hypoxic-ischemic injury,
which may not fully reflect the dynamic progression of
HIBD. Future studies incorporating genetic approaches,
sex stratification, and multiple time points are warranted.

In conclusion, Dex alleviates oxidative stress and improves
neurological outcomes in neonatal mice with HIBD. These
protective effects are likely associated with activation of
AMPK signaling and downstream mitochondrial redox
regulation, including altered UCP2 expression.
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Abstract

This study examines 45,769 veterinary medicine publication titles from Tiirkiye (1980-
2024) using large-scale text mining, hybrid clustering, and Sustainable Development
Goals (SDG) mapping. It aims to identify long-term thematic trends and assess alignment
with global sustainability priorities. A two-stage hybrid clustering approach (k-means +
hierarchical) revealed 11 thematic groups. SDG alignment was evaluated using a hybrid
Aurora-Elsevier dictionary model enhanced with n-gram-based weighting and validation.
Findings indicate a clear shift from traditional species- and production-focused research
toward molecular, experimental, and data-driven domains. SDG mapping shows
strong associations with Zero Hunger (SDG 2), Good Health and Well-being (SDG 3),
Responsible Consumption and Production (SDG 12), and Life Below Water (SDG 14). In
contrast, Climate Action (SDG 13) and Life on Land (SDG 15) remain underrepresented,
highlighting critical gaps in environmental sustainability. Overall, veterinary research in
Tiirkiye aligns with global production- and health-oriented trends but exhibits partial
thematic divergence, particularly in aquatic systems. The comparatively lower emphasis
on climate change, biodiversity, and ecosystem health suggests areas that could be further
strengthened within the national research agenda. These results offer a data-driven basis
for strengthening interdisciplinary research, advancing the environmental dimension of
One Health, and improving alignment with global sustainability priorities.
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INTRODUCTION

Veterinary medicine plays a critical role at the intersection
of animal health, public health, food safety, environmental
sustainability, and global health security. Beyond clinical
practice, the discipline contributes significantly to
the prevention of zoonotic diseases, the fight against
antimicrobial resistance, sustainable livestock production
systems, the conservation of biological diversity, and
the support of ecosystem health within the One Health
approach %l In this context, veterinary science is directly
related to the Sustainable Development Goals (SDGs),
particularly SDG 2 (Zero Hunger), SDG 3 (Good Health
and Well-being), SDG 12 (Responsible Consumption and
Production), SDG 13 (Climate Action), and SDG 15 (Life
on Land). The strategic position of veterinary medicine
in contributing to these global sustainability goals makes
it important to understand the alignment of national
research orientations with global priorities 1.,

Tiirkiye is a strategic country in regional and global
veterinary management due to its geopolitical position,
animal production capacity, biological diversity, and wildlife
corridors. This position makes veterinary research critical
for both national animal husbandry and public health, as
well as global disease surveillance, control of zoonotic risks,
and sustainable food systems. Strengthening veterinary
research capacity in Tirkiye directly supports regional
biosecurity and international collaborations such as FAO,
WOAH, and WHO, in line with One Health initiatives 7.

In recent years, veterinary education and research
infrastructure in Tiirkiye have developed significantly,
accelerating international collaborations and integration
with digital epidemiology, genomics, precision livestock
farming, and sustainable agriculture policies 1],

Despite the growing use of text-based approaches in
medicine, agriculture, and environmental sciences, the
application of these methods in veterinary research within
an SDG framework remains an emerging area.

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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This study examines 45,769 veterinary science publication
titles from Tiirkiye (1980-2024) using text mining, hybrid
hierarchical clustering, and SDG-based classification to
reveal (i) the transformation of Turkish veterinary research
trends over time, (ii) thematic clustering structures
among departments, and (iii) the alignment of publication
content with the SDGs - contributing to sustainability-
focused scientific mapping in the international literature.

MATERIAL AND METHOD
Ethical Statement

This study did not requiring ethical approval.
Material

The data used in this study includes the title, year, and
division/department information of scientific articles
published in the field of veterinary science in Tiirkiye
between 1980 and 2024 2. The analyses were performed
on article titles; the total data set consists of 45,769 unique
titles obtained after cleaning.

Method

To ensure methodological transparency and reproducibility,
the analysis was structured into four stages: (i) data
preprocessing, (ii) TF-IDF-based text representation with
SVD-based dimensionality reduction and scaling, (iii)
hybrid clustering (k-means + hierarchical), and (iv)
SDG mapping and validation using a hybrid dictionary
approach with ranking-based evaluation. This workflow
ensures a coherent and reproducible analytical process.

Data Preprocessing and Text Standardization

The texts were first subjected to a comprehensive
preprocessing process. In the first stage, all titles were
run through a language filter to identify those in Turkish
and were translated into English to ensure linguistic
consistency. Subsequently, the texts underwent cleaning,
noise filtering, and tokenization processes.

Text Representation and Dimension Reduction

In the first stage, article titles were converted into high-
dimensional feature vectors based on TF-IDF using a
text mining approach. TF-IDF representations derived
from text data typically have a high-dimensional and
sparse feature space. This situation can negatively affect
the performance and computational cost of clustering
algorithms. Therefore, to reduce the dimensionality
problem and preserve the fundamental variation
components in the data structure, a dimension
reduction process was applied using the Singular Value
Decomposition (SVD) method. To ensure comparability
among variables in the clustering analysis, the resulting
vectors were subsequently scaled.

Hybrid Clustering (k-means + hierarchical)

Cluster analysis is an unsupervised learning approach
for identifying homogeneous groups based on similarity
patterns. In text mining, clustering reveals latent thematic
structures; performance depends on appropriate feature
representation, dimensionality reduction, and distance
metric selection.

Due to the large-scale nature of the dataset in this study,
a two-stage hybrid clustering (k-means + hierarchical)
was chosen for the clustering analysis. Hybrid
clustering strategies are widely recommended in the
literature, particularly for large datasets, both to reduce
computational costs and to enhance the interpretability of
the resulting cluster structure. This approach combines the
computational efficiency of the k-means algorithm with
the structural interpretability provided by hierarchical
clustering, offering an effective solution for revealing the
thematic structures of large-scale datasets [*-18)

Pre-Clustering and Determination of Representative
Centers

Given the complexity of hierarchical clustering,
applying it directly to 45,769 observations would require
approximately 2.1 billion pairwise distance calculations,
which is computationally infeasible. By reducing the
dataset to M=500 representative centroids via k-means pre-
clustering, this number decreases to about 250,000. Thus,
M=500 was selected as a balance between computational
feasibility and preserving the global structure of the data.

Hierarchical Clustering Analysis

In the second stage, hierarchical clustering analysis was
performed on the representative centers obtained using
the Ward.D2 linkage method. The Ward method is an
agglomerative approach aimed at minimizing intra-cluster
variance and is widely used, particularly in text-based
datasets. Similarities were calculated using the Euclidean
distance during the clustering process.

Euclidean distance was selected as the similarity measure
given the continuous, standardized feature space. Feature
scaling ensured equal contribution of all dimensions.
SVD-based dimensionality reduction addressed the high-
dimensional, sparse nature of TF-IDF representations,
reducing noise and preserving informative latent structures.

Determination of the Optimal Number of Clusters

Candidate cluster numbers were evaluated in the range
k=2-30 using four internal validation indices: Silhouette
(higher = better intra-cluster cohesion ), Calinski-
Harabasz (higher = stronger separation), Dunn (higher
= better structure), and Davies-Bouldin (lower = better
performance). As different indices may suggest varying
optimal k values 22U, a consensus across multiple
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indices was applied 2%, supplemented by cluster size
distribution and inter-cluster variance ratio to assess over-
fragmentation.

While validation indices serve as an important guide in
determining the final number of clusters, the thematic
consistency and interpretability of the clusters played
a decisive role in the decision-making process. This
approach is of critical importance in ensuring that the
resulting clusters provide not only statistically valid but also
meaningful and interpretable thematic structures 27,

SDG Mapping Using the Hybrid Dictionary Approach

A hybrid dictionary content and text mining approach
was applied to determine the relationship between the
articles in the study and the United Nations’ 17 Sustainable
Development Goals (SDGs). The analysis process was
built on a two-stage design by combining the conceptual
structures obtained from the Aurora ! and Elsevier )
SDG dictionaries ***2. The analysis was conducted in two
consecutive design steps. In Design 1, the XML-based SDG
query files of the Aurora platform were parsed, and the
terms derived from this were converted into a systematic
lexicon structure under the name “Aurora SDG Lexicon.”
In Design 2, the “Elsevier SDG Lexicon” was created
using terms extracted from Elsevier’s 2025 Sustainable
Development Goals (SDGs) Mapping query files; then, it
was integrated with the Aurora lexicon to develop a hybrid
SDG assignment model based on source-based weighting.
In Elsevier queries, expressions in double quotation marks
were parsed as “phrases,” while single words were parsed
as “unigrams”, and each was matched with the relevant
SDG number. These terms were compared with article
titles tokenized at the unigram, bigram, and trigram
levels. Matching scores were calculated considering
n-gram length (tri > bi > uni) and term type (phrase >
unigram) weights. This hybrid structure enabled multi-
source information integration at both the conceptual
and linguistic levels; the most probable SDG label was
identified for ranking and validation purposes based on
the total score, number of matches, and maximum n-gram
level, while multiple SDG matches were retained under
the multi-label classification framework. Thus, a hybrid
text-matching approach that integrates the strengths
of dictionary-based approaches and n-gram matching
techniques was developed >34,

Validation of the SDG Model

To assess the reliability of the SDG assignment model,
a manual validation procedure was conducted using a
stratified sample of article titles based on the highest
detected n-gram level. This sampling strategy was
adopted to separately evaluate the performance of the
n-gram-based matching mechanism, which represents
a fundamental component of the proposed hybrid

system. In this context, 100 article titles were randomly
selected from each n-gram category (trigram, bigram,
and unigram) to ensure a representative evaluation. As
a result, SDG labels were manually assigned to a total of
300 article titles, and these labels were compared with the
SDG candidates generated by the model.

Manual verification was performed independently by
two authors, and disagreements were resolved through
discussion until consensus was reached. In the verification
analysis, the manually assigned SDG labels were compared
with the ranked SDG candidates generated by the model.
Model performance was evaluated using ranking-based
metrics, including coverage and Top-k accuracy (Top-1,
Top-3, and Top-5). Coverage indicates the proportion of
cases where the manually assigned SDG is present among
the candidate SDGs generated by the model, while Top-k
accuracy indicates whether the correct SDG is among
the top k ranked positions. These evaluation metrics are
widely used in SDG mapping and classification studies
because such systems typically generate ranked lists of
candidate SDGs rather than single-label predictions ],

Multi-label Approach

SDG assignment was performed using a multi-label
matching approach. A single article title may contain
expressions related to multiple SDGs and can therefore
be associated with more than one SDG. Consequently,
the values derived from this process represent association
counts, defined as the number of article titles matched
with each SDG, rather than mutually exclusive category
assignments. Percentages reported in the results are
calculated based on these association counts; therefore,
the total percentage may exceed 100%, which is expected
in multi-label classification analyses.

Analysis of Cluster-SDG Relationships (Heatmap)

A heatmap visualization was created to examine the
relationships between the identified thematic clusters and
the Sustainable Development Goals (SDGs) more clearly.
First, using the hybrid SDG lexicon approach, it was
determined which SDGs each article title matched. Then,
the SDG match frequencies were calculated for each cluster.
To determine the relative weight of each SDG within a
cluster, the number of SDG matches for that SDG was
divided by the total number of SDG matches within the
same cluster to obtain percentage values. These percentage
values were visualized on the heatmap. In the heatmap,
rows represent clusters, while columns represent the SDGs
(SDG01-SDG17). Color intensity indicates the relative
density of SDG matches within the respective cluster.

Software and Packages

All analyses were conducted in R (v4.5.1). Data handling
used readxl, readr, dplyr, tidyr, stringr, and tidyverse;
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tokenization and n-gram generation used tidytext;
lemmatization used textstem; TF-IDF construction
used text2vec; stop-word filtering used stopwords
and tokenizers. Dimensionality reduction used irlba;
clustering used fastcluster, proxy, and RANN; validation
used cluster and igraph. Visualization used dendextend,
factoextra, ggplot2, gridExtra, and forcats.

RESULTS
Publication Trends by Year (1980-2024)

Annual publication output in veterinary medicine from
Turkiye increased steadily from the 1980s, accelerating
after 2000 and exceeding 1,000 per year; output first
exceeded 3,000 in 2015, followed by a slight decline in
2019 and 2024 (Fig. 1).

Publication Distribution by Division and Department

Fig. 2 shows the publication volume in the veterinary field
in Turkiye by division and department between 1980 and
2024.

Preclinical Sciences accounted for the highest publication
share (29.9%), followed by Clinical Sciences (29.0%), Basic
Sciences (19.3%), Zootechnics and Animal Nutrition
(15.8%), and Food Hygiene and Technology (6.1%) (Fig. 2).

Division and Department Collaboration Network

Fig. 3 shows the network structure of joint publication
relationships at the division and department levels in
the field of veterinary science. Each node represents a
department, the edge thickness represents the frequency
of joint publications between two departments, and the
coloring represents the divisions.

The strongest inter-departmental connections occur
between Preclinical and Clinical Sciences, with Basic
Sciences (Biochemistry, Physiology, Histology) bridging
both divisions. Zootechnics and Animal Nutrition has

Number of Publications.
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Fig 1. Annual publication numbers in the field of veterinary medicine
between 1980 and 2024

multiple connections, while Food Hygiene and Technology
shows more limited network links (Fig. 3).

Unigram and Bigram Frequency Analyses

Fig. 4 shows the distribution of the 20 most frequently
occurring single words (unigrams) and two-word
expressions (bigrams) in the titles of veterinary research
in Tirkiye.

The most frequently occurring terms in the unigram
analysis were dog, rat, turkey, sheep, cattle, cow, and goat.
Among methodological terms, investigation, parameter,
evaluation, treatment, and performance showed high
frequency. The most frequently used bigram in the
bigram analysis was oxidative stress. This was followed by
dairy cows, biochemical parameters, blood parameters,
escherichia coli, rainbow trout, and broiler chickens.

Trend Topics Diagram

Fig. 5 and Fig. 6 display, for the 30 most frequent unigrams
and bigrams respectively, the first appearance, peak usage,
and last appearance year as horizontal trend lines.

Species-based terms (dog, sheep, cattle, goat, turkey)
dominated the 1980-2000 period. After 2000, molecular-
focused terms such as oxidative, stress, biochemical, and
antioxidant increased rapidly, reaching peak frequencies
between 2020-2024 alongside production-related terms
(broiler, dairy, meat) (Fig. 5).

Production-related bigrams (broiler chickens, dairy
cows, rainbow trout) appeared consistently from the
1980s. Post-2000, mechanistic bigrams (oxidative stress,
biochemical parameters, lipid peroxidation, heat stress)
became increasingly frequent, with marked increases in
oxidative stress and biochemical parameters after 2020
(Fig. 6).

Examining SDG Associations Using a Hybrid
Dictionary-Based Approach

Fig. 7 shows the pattern of SDG associations obtained by
applying a hybrid dictionary-based approach to all article
titles published between 1980 and 2024.

The results indicate that academic publications are most
strongly associated with SDG 2 (36.3%), followed by SDG
14 (19.0%), SDG 3 (18.1%), and SDG 12 (15.8%). Goals
with moderate association levels include SDG 4 (12.3%),
SDG 6 (10.6%), SDG 8 (11.6%), SDG 11 (11.9%), and
SDG 17 (9.3%). Lower association levels are observed
for SDG 1 (8.6%), SDG 5 (7.6%), SDG 7 (8.5%), SDG 9
(5.7%), SDG 10 (7.0%), SDG 13 (6.4%), SDG 15 (8.0%),
and SDG 16 (5.2%).

Validation of the SDG Classification Model

Comparative validation results for the Aurora, Elsevier,



251

Kafkas Univ Vet Fak Derg YONAR, BESOLUK,
YONAR
B115
6709
g =“”i".¢.m
g [ 2ot o st -
: e

4172 |

£ & g ; F £ i g
111111127071 27000101 707

£ :
§F & | ; g ° g & F
A/ /A A AR A
$ Y i ) # 7/ ¢
fe b vfg f

5957

242
.

3998
3876
3667
2500
692
342
., 1l

7

7180
ST0T
B56
L .
ey

6229
5495
13z 5282
4826
3770
1998
432 1083
i 02 l

Fig 2. Distribution of publications by veterinary departments according to divisions

and Hybrid SDG models across different n-gram levels
and for the overall validation dataset are presented in
Table 1.

The hybrid model outperformed both Aurora and
Elsevier models across all n-gram levels (Table 1). For the
overall validation set (n=300), hybrid coverage was 0.755
vs. Aurora 0.631 and Elsevier 0.359; Top-3 accuracy was
0.645 vs. 0.510 and 0.355, respectively, confirming that the
hybrid approach provides more reliable identification of
SDG-related themes.

These results indicate that the hybrid SDG assignment
approach provides a more reliable identification of SDG-
related themes in article titles compared with the single-
dictionary approaches.

SDG and Division Relationship

Fig. 8 shows the top 5 veterinary divisions contributing

it
P ——
s

most to each SDG, revealing the distribution of research
production in these divisions from a sustainability
perspective.

Clinical Sciences and Preclinical Sciences lead across
the majority of SDGs. Basic Sciences ranks among the
top three for nearly all SDGs, while Zootechnics and
Animal Nutrition stands out particularly in SDG 2, 8, and
17. Overall, the findings suggest that interdisciplinary
contributions within veterinary sciences exhibit a
thematically differentiated yet balanced distribution
across the SDG portfolio.

Cluster Validation and Dendrogram

Cluster validation indices for k=2-30 indicated the
Silhouette maximum at k=9 (0.288), with k=10-12
forming a stable region (0.186-0.220). Calinski-Harabasz
increased gradually through this range (10: 12.30; 11:
12.56; 12: 12.94) while Davies-Bouldin reached its
minimum at k=11 (2.17). The Dunn index peaked locally

Bigrams (Top 20)

g

—
-
.

EH]

Fig 3. Collaborative publication network among veterinary departments

Fig 4. Top 20 unigrams and bigrams from article titles
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Fig 5. Trend analysis of unigram terms by year

at k=12 (0.145) and k=15 (0.150), but increases at higher
k were attributed to fragmentation effects. At k>12,
minimum cluster size dropped substantially; the k=11
solution yielded a minimum size of 7 and a between-
cluster variance ratio of 0.197, representing the optimal
balance of separation, interpretability, and balance.

When all validation indices were considered together, the
range of k = 10-12 emerged as an appropriate solution
region in terms of clustering quality. Within this range,
the k = 11 solution was selected as the optimal cluster
structure, as it (i) ensured a balanced distribution of
cluster sizes, (ii) provided adequate cluster separation,
and (iii) prevented over-fragmentation. Therefore, k =
11 was determined as the final number of clusters that
best represents the thematic structure of the dataset from

both statistical and interpretability perspectives.

Eleven thematic clusters were obtained as a result of two-
stage hybrid clustering. The dendrogram generated using
the hybrid structure (k-means & Ward) shows distinct
clustering between clusters.

Fig. 9 shows the final dendrogram resulting from the Ward.
D2 hierarchical clustering applied to the 500 centroids
obtained in the k-means preprocessing stage.

The dendrogram (Fig. 9) shows five main groupings:
Cluster 3 as a dominant independent block; Clusters 2-6-9
on a shared main branch; Clusters 5-8 in the same region;
Clusters 7-10 under a common branch; and Clusters 1-4-
11 within the same large block. Long top-level branches
indicate high semantic distances, while Clusters 7, 10, 9,
and 6 form compact, closely related structures.
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Content Characteristics of Clusters The Evolution of Clusters Over the Years

Table 2 shows the terms with the highest TF-IDF weight
and cluster sizes for each of the 11 thematic clusters
obtained using the hybrid clustering method.

Fig. 10 shows the annual number of articles in the thematic
cluster for the period 1980-2024. In each panel, the black
line represents the number of publications in the relevant

Cluster 3 (n=27,081) is the largest and most heterogeneous
structure, dominated by species terms. Clusters 2, 6, and
9 form a production-biochemical-molecular branch;
Clusters 5 and 8 a pathogen-dairy branch; Clusters 7 and
10 represent aquaculture and poultry-egg specializations;
Clusters 1, 4, and 11 form a clinical-institutional-public
health block (Table 2, Fig. 9).

cluster in the relevant year.

Cluster 3 shows the largest and most steadily increasing
trend from the 1980s; Cluster 2 rose markedly after 2000;
Clusters 5 and 6 show steady growth. Smaller clusters (1,
4,7,8,9, 10, 11) show lower publication volumes and no
discernible trend (Fig. 10).

Table 1. Comparative validation performance of Aurora, Elsevier, and Hybrid SDG models across different n-gram levels
N-gram Level Model n Coverage Top-1 Top-3 Top-5
Hybrid 100 0.833 0.456 0.711 0.744
Trigram Aurora 100 0.689 0.311 0.556 0.611
Elsevier 100 0.511 0.467 0.511 0.511
Hybrid 100 0.780 0.420 0.650 0.750
Bigram Aurora 100 0.590 0.330 0.430 0.540
Elsevier 100 0.490 0.390 0.480 0.490
Hybrid 100 0.660 0.300 0.580 0.620
Unigram Aurora 100 0.620 0.280 0.550 0.590
Elsevier 100 0.090 0.080 0.090 0.090
Hybrid 300 0.755 0.390 0.645 0.703
Opverall Aurora 300 0.631 0.307 0.510 0.579
Elsevier 300 0.359 0.307 0.355 0.359
Coverage and Top-k accuracy values represent proportions of correct matches. Top-k accuracy indicates the proportion of cases in which the manually assigned SDG appears within
the first k ranked SDG candidates generated by the model
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The Relationship Between Thematic Clusters and the
Sustainable Development Goals (Heatmap Analysis)

Fig. 11 presents a heatmap of within-cluster relative SDG
association densities, with rows representing thematic
clusters and columns representing SDGs (SDGO1-
SDG17); color intensity reflects the percentage of SDG
matches within each cluster.

SDGO2 exhibits relatively higher density in Clusters 2, 5, 8,
10, and 11; SDGO3 is more prominent in Cluster 5; SDG14
in Cluster 7; and SDGO6 in Cluster 9. Other SDGs show a
more balanced distribution across clusters (Fig. 11).

Di1ScuUSSION

This study provides a comprehensive analysis of the
thematic evolution of veterinary science in Tiirkiye (1980-
2024) based on 45,769 publications, integrating hybrid
clustering and SDG alignment within a unified analytical
framework 7%, The hybrid clustering approach reduced

the computational load on the large dataset "%, while
the n-gram-weighted combination of Aurora and Elsevier
SDG dictionaries substantially reduced the risk of context-
disconnected matching inherent in single-dictionary
approaches (24,

International scientometric research indicates that
sustainability research is unevenly distributed across SDGs,
with environmental goals relatively underrepresented ¢,
a pattern reflected in veterinary and animal sciences
where production, health, and clinical fields dominate
over environmental topics 2],

Global veterinary research capacity remains geographically
skewed toward Western Europe and North America,
while emerging countries like Tiirkiye have concentrated
thematically on specific areas . Methodological
variability across SDG-based analyses limits direct
quantitative comparisons; findings are therefore evaluated
at the contextual and conceptual level.
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Table 2. Dominant terms and publication count of the cluster
Cluster Representative Terms (Top-TF-IDF) n
1 case, case_report, report, dog, calf, cat, dog_case, congenital, cause, two, myiasis, atresia, treatment, case_congenital, calf_case 1122
2 effect, performance, parameter, egg, broiler, different, lamb, characteristic, biochemical, blood, hen, in vitro, diet, quail, carcass 5642
3 dog, turkey, sheep, effect, study, cattle, treatment, investigation, use, cat, evaluation, disease, region, goat, infection 27081
4 veterinary, medicine, veterinary_medicine, faculty, university, faculty_veterinary, university_faculty, journal, clinic, 690
veterinary_faculty, education, animal, student, turkish_veterinary, history
5 isolate, resistance, coli, escherichia, escherichia coli, antibiotic, staphylococcus, listeria, monocytogenes, listeria 1582
monocytogenes, o, aureus, staphylococcus aureus, antibiotic resistance, strain
6 rat, effect, acid, activity, sperm, protective, antioxidant, vitamin, protective_effect, ram, damage, model, injury, lipid, e 5347
7 trout, rainbow, rainbow_trout, mykiss, oncorhynchus, oncorhynchus_mykiss, trout_oncorhynchus, walbaum, mykiss_ 389
walbaum, effect, isolate_rainbow; isolate, w, mykiss_w, farm
8 milk, cow, dairy_cow, dairy, milk_yield, yield, mastitis, subclinical, subclinical _mastitis, effect, lactation, somatic_cell, somatic, 1480
relationship, holstein
9 oxidative stress, oxidative, stress, rat, effect, apoptosis, inflammation, stress inflammation, stress parameter, stress rat, 755
parameter, damage, protective, inflammation apoptosis, antioxidant
10 Coturnix, Coturnix coturnix, japonica, Coturnix japonica, quail coturnix, quail, Japanese, Japanese quail, egg, effect, 319
performance, weight, hatch, egg weight, egg quality
1 animal, food, health, importance, public_health, public, nutrition, use, safety, domestic_animal, welfare, food_safety, animal_ 1362
nutrition, animal_welfare, human

The dominance of SDG 2 (Zero Hunger) and SDG 3 (Good
Health and Well-being) reflects veterinary sciences long-
standing focus on animal production, food safety, and
zoonotic disease control - a structure aligned with global
veterinary orientation rather than a national deviation (47,

The cluster evolution data corroborate the global shift toward
molecular and data-driven veterinary research (15053
species- and production-focused studies dominated before
2000, after which molecular-biochemical terms (oxidative
stress, antioxidant activity, lipid peroxidation) rapidly

gained prominence, consistent with methodological
diversification in the global literature +***°,

The relatively high representation of SDG 14 (19%) is
notable, as this goal is predominantly associated with
marine sciences globally "¢ Tiirkiye’s prominence
likely reflects its aquaculture production capacity and
geographical advantages, evidenced by the concentration
of rainbow trout and aquaculture terms in Cluster 7,
suggesting a distinct national specialization partially
diverging from the global veterinary literature ..
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Fig 10. Development profiles of thematic clusters by year
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The comparatively lower representation of SDG 13
(Climate Action) and SDG 15 (Life on Land) represents
an area warranting further attention. Global veterinary
and livestock literature increasingly emphasizes climate
change, heat stress, methane emissions, vector dynamics,
and biodiversity loss [>!52%-%1" indjcating a partial
misalignment between national veterinary research
priorities and these emerging global trends.

Several structural factors may explain this pattern:
veterinary curricula have historically centered on clinical
sciences and production efficiency; research funding has
favored directly observable outcomes such as disease
control and production gains; and climate/biodiversity
topics inherently require interdisciplinary integration
with ecology, environmental sciences, and public health
that remains underdeveloped 1.

From a One Health perspective, the strong associations
with SDG 2, 3, 12, and 14 confirm that veterinary research
robustly addresses human-animal-production system
linkages 1268, However, weaker representation of SDG 13
and SDG 15 indicates that the environmental dimension of
One Health has not been sufficiently addressed; a stronger
research focus on climate change, ecosystem degradation,
and biodiversity is needed [**°),

The low publication volume in Food Hygiene and
Technology highlights the need for strengthening research
in food safety surveillance and sustainable food chains.
The literature indicates that the relationship between meat
inspection, surveillance, food safety, and animal welfare
is multifaceted; however, data gaps and insufficient
systematic utilization are reported in many areas 7.
Whether this reflects a Tiirkiye-specific pattern or a
broader global trend warrants comparative investigation.

Academic output in Tiirkiye is primarily concentrated in

animal health and production, consistent with existing
bibliometric analyses '], Emerging global priorities
-climate change, ecosystem health, and biodiversity- have
not yet been fully integrated into the national veterinary
research agenda.

The spread of zoonotic diseases emerging due to
climate change, changes in vector distributions, habitat
transformation, and the impacts of extreme weather
events on animal health and production systems are risks
that are difficult to manage without adequate scientific
infrastructure ©*). Furthermore, the strengthening of
relationships between ecosystem degradation, pathogen
circulation, interactions between wild and domestic
animals, and agroecological vulnerabilities makes the
environmental dimension of veterinary research even
more critical %, In this context, comparatively lower levels
of knowledge production in relevant fields may influence
Tiirkiye’s preparedness for multidimensional environmental
and biological challenges. Global scientific trends
increasingly shift toward climate change, environmental
adaptation, and ecosystem-based research, comparatively
lower academic output in these areas may influence
Tirkiye’s international scientific competitiveness 1.

This study has certain limitations. Since analyses rely
solely on publication titles, context-sensitive themes
-particularly those associated with SDG 13 and SDG 15-
that tend to be elaborated in abstracts or full texts may not
be fully captured. Manual entry inconsistencies in the YOK
Academic dataset and the English-based nature of the SDG
dictionaries may have led to partial underrepresentation
of Turkish-titled studies. While the cluster number k
was determined through multiple validation criteria, the
final selection inevitably involves a degree of interpretive
judgment. Additionally, the multi-label SDG approach
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may have contributed to a relative overrepresentation of
structurally overlapping goals (e.g., SDG 2 and SDG 14
in aquaculture-related studies), though this is an inherent
feature of multi-label classification frameworks rather
than a methodological flaw.

In conclusion, the field of veterinary sciences in Tiirkiye
demonstrates a strong thematic concentration, particularly
within the context of SDG 2 (Zero Hunger) and SDG 3
(Good Health and Well-being), and in this regard, aligns
significantly with global trends. Conversely, the relatively
high representation of SDG 14 suggests that Tiirkiye may
have developed a distinct specialization in aquatic systems
and aquaculture, whereas the comparatively lower
representation of SDG 13 and SDG 15 indicates areas that
may benefit from further research attention in climate
change, biodiversity, and ecosystem health.

Strengthening interdisciplinary collaborations and
directing funding toward environmental sustainability,
food security, and ecosystem health -and expanding the
One Health framework to encompass its environmental
dimension- will enhance Tiirkiye’s sustainability-focused
scientific output and global alignment **!. In this context,
the findings reveal that veterinary sciences are not merely
a discipline focused on production and health, but a
strategic field that must be re-examined and repositioned
within the context of global environmental crises.
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Abstract

Diarrhea is a common gastrointestinal symptom in Tibetan pigs, generally considered to
be related to gut microbiota imbalance. However, studies comparing the gut microbiota
of healthy and diarrheal Tibetan pigs are relatively few. This study used high-throughput
16S rRNA gene sequencing to analyze the fecal microbiota of diarrheal Tibetan pigs.
Diversity analysis and functional prediction results showed that the microbiota richness
of healthy Tibetan pigs was significantly higher than that of diarrheal Tibetan pigs, and
the clustering of gut microbiota between the two groups was more obvious. The gut
microbiota of healthy Tibetan pigs was mainly composed of Firmicutes and Lactobacillus,
while the abundance of Proteobacteria and Eubacterium increased in diarrheal Tibetan
pigs. In particular, the abundance of Lactobacillus was significantly different between the
two groups in the Tibetan pig gut, demonstrating the role of probiotics in gut health. In
addition, the complexity of the gut microbiota of diarrheal Tibetan pigs was reduced, and
the stability of the gut microbiota was disrupted. Metabolic analysis showed significant
differences between the different groups: the intestinal fermentation and nitrate reduction
pathways were increased in diarrheal Tibetan pigs, while healthy Tibetan pigs showed
enhanced amino acid metabolism and a more pronounced anaerobic phenotype. These
findings elucidate the structural and functional alterations in the gut microbiota associated
with diarrhea in Tibetan pigs, offering new insights for potential interventions.
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environmental stress, and host immune status %',
Studies have confirmed that the gut microbiota plays a
crucial role in nutrient metabolism, barrier protection, and
immune regulation "%, In healthy pigs, dominant beneficial
bacteria, such as Lactobacillus and Bifidobacterium,
maintain intestinal homeostasis by producing short-chain
fatty acids (SCFAs), enhancing the mucosal barrier, and
competitively inhibiting pathogen colonization !>,
However, factors such as weaning stress, dietary changes,
or environmental stress can easily disrupt the balance of
the gut microbiota ™. This dysbiosis typically manifests
as a reduction in symbiotic beneficial bacteria and an
overgrowth of opportunistic or pathogenic bacteria (e.g.,
Escherichia coli, Clostridium spp., and Fusobacterium spp.),
leading to diarrhea in animals ?**!, Bacterial pathogens,

INTRODUCTION

Tibetan pigs are a unique domesticated animal breed
native to the Qinghai-Tibet Plateau region of China. They
possess a strong adaptability to harsh, cold environments
and can survive even in conditions of extreme cold,
hypoxia, and feed scarcity !'*l. Previously, Tibetan pigs
were raised through grazing, freely foraging on grasslands.
However, increasing research indicates that this method
makes them more susceptible to various pathogens (such
as bacteria, viruses, and parasites) *.. These pathogens
pose a threat to the health of the herd, preventing large-
scale farming of Tibetan pigs.

Diarrhea is one of the most common and harmful clinical

syndromes in Tibetan pig farming, particularly affecting
weaned piglets 7). Its etiology involves multiple interacting
factors, including pathogen infection, nutritional imbalance,

the primary causative agents of diarrhea in Tibetan
pigs, include enterotoxigenic Escherichia coli (ETEC),
Salmonella spp., and Shigella spp. ETEC frequently causes

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0) ‘
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watery diarrhea and severe dehydration in newborn
piglets 2, while Salmonella infection can lead to acute
enteritis and systemic disease with a high mortality rate I,

Studies have found that changes in gut microbiota
structure are closely related to the occurrence of diarrhea
in hosts . For example, diarrheal piglets typically
exhibit reduced microbial diversity and loss of functional
groups associated with carbohydrate fermentation and
short-chain fatty acid production. Furthermore, early
stressors such as group housing, low temperatures, and
sudden changes in diet exacerbate these microbiota
alterations, impairing intestinal barrier function and
triggering inflammatory responses. With advancements
in high-throughput sequencing technology, microbial
community analysis using 16S rRNA gene sequencing
has become an important method for exploring gut
microbiota and its disease-related microbial changes.
Despite progress in related research, studies on local pig
breeds raised under unique ecological conditions (such
as Tibetan pigs endemic to the Qinghai-Tibet Plateau)
remain limited. Tibetan pigs are frequently subjected to
factors such as cold stress, hypoxia, and dietary changes,
which may affect the composition and resilience of
their gut microbiota. Elucidating the differences in gut
microbiota between diarrheal and healthy Tibetan pigs is
crucial for revealing the microbial mechanisms of diarrhea
in this unique genetic and environmental context.

This study analyzed the composition and diversity of
the gut microbiota in diarrheal Tibetan pigs using high-
throughput 16S rRNA gene sequencing technology. By
comparing the gut microbiota of individuals with diarrhea
and healthy individuals, we can identify key bacterial
communities that may be associated with the occurrence
of diarrhea, as well as the dominant bacterial species in
the gut environment of healthy individuals. This reveals
the microbial mechanisms of diarrhea in Tibetan pigs
and the protective role of the microbial community in the
gut environment, thus providing a basis for developing
effective diagnostic and preventive strategies.

MATERIAL AND METHODS
Ethical Approval

All animal experiments were reviewed and approved by
the Animal Ethics Committee of South China Agricultural
University (approval number: 2024A637), and conducted
in accordance with the institutional guidelines for the care
and use of laboratory animals.

Animal Management and Clinical History

All Tibetan pigs were housed under standard commercial
farming conditions. The animals were kept in naturally
ventilated pens with a relatively constant temperature (20-

25°C) and natural light cycles. All pigs had ad libitum access
to a standard commercial basal diet and clean drinking
water throughout the study period. Crucially, regarding
their clinical history and medication, none of the selected
Tibetan pigs (both healthy and diarrheal groups) had
received any antibiotic therapies, probiotic supplements,
or vaccinations for at least one month prior to fecal sample
collection. This strict selection criterion was implemented
to ensure that the baseline gut microbiota composition
was not artificially perturbed by external pharmacological
or immunological interventions.

Experimental Animals and Sample Collection

This study collected fecal samples from six healthy
Tibetan pigs (healthy group, C: C1-C6) and six clinically
diagnosed Tibetan pigs exhibiting diarrhea symptoms
(diarrhea group, F: F1-F6) at a commercial Tibetan pig
farm in Linzhi, Xizang, Tibet, China. All samples were
immediately frozen and transported to the laboratory
under cold chain conditions to prevent degradation.

To minimize environmental contamination and maintain
the integrity of microbial DNA, all sample processing was
performed under sterile conditions. The core portion of
each fecal sample was aseptically collected using sterile
swabs to avoid contact with potentially oxidized or
contaminated surface materials. Approximately 0.5-2 g
of material from each sample was transferred to sterile
cryopreservation tubes and aliquoted into 2-3 equal
portions for later use. Processed samples were immediately
flash-frozen in liquid nitrogen and subsequently transported
via cold chain logistics to a commercial sequencing provider
for further analysis.

DNA Extraction, 16S rRNA Gene Sequencing, and
Bioinformatics Analysis

Microbial DNA extraction, PCR amplification of the V3-
V4 hypervariable region of the bacterial 16S rRNA gene,
library preparation, high-throughput sequencing, and
downstream data analysis were performed by Beijing
Tsingke Biotechnology Co., Ltd. (Guangzhou, China).
Sequencing utilized the Illumina NovaSeq 6000 platform
with a paired-end strategy (2 x 250 bp).

Raw reads underwent demultiplexing, quality filtering,
merging, and denoising using the DADA2 algorithm
integrated in QIIME2 version 2020.6 to generate high-quality
amplicon sequence variants (ASVs). Chimeric sequences
were removed during this process. Representative sequences
were classified and annotated using a pre-trained classifier
trained against the SILVA database.

Diversity analysis was conducted as follows: a-diversity
metrics (Chaol, Shannon, Simpson, etc.) were compared
using biological t-tests. 3-diversity (Bray-Curtis dissimilarity)
was assessed via principal coordinate analysis (PCoA),
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non-metric multidimensional scaling (NMDS), and
UPGMA clustering, with statistical testing performed
using PERMANOVA and ANOSIM.

Additionally, LEfSe, STAMP, and Metastats were employed
to identify differentially abundant taxa. PICRUSt2,
BugBase, and FAPROTAX were utilized to infer microbial
metabolic functions, phenotypes, and ecological roles. In
all comparative analyses, P-values <0.05 were considered
statistically significant.

RESULTS
Sequencing Quality and ASV Statistics

16S rRNA gene sequencing was performed using the
Mlumina NovaSeq platform with a paired-end sequencing
strategy. In total, 930.725 raw reads were generated across
the 12 samples. After quality filtering, noise reduction,
chimera removal, and sequence merging using the
DADA?2 plugin in QIIME2 (version 2020.6), a total of
871.049 clean reads were retained, ranging from 47.685
to 75.511 reads per sample. The final results showed that
4.683 non-chimeric amplicon sequence variants (ASVs)
were identified in the samples (Fig. I-a). The number of
ASVs per sample ranged from 352 to 938, and the average
number of ASVs in diarrheal samples was noticeably
lower than in healthy samples.

Prior to the calculation of alpha and beta diversity
metrics, the ASV table was rarefied to an even depth
of 47.685 reads per sample (based on the sample with
the minimum number of clean sequences) to correct
for differences in sequencing depth. Furthermore, the

dilution curves at both the sample and population levels
eventually approached saturation after a certain fold
of dilution, indicating that the sequencing depth was
sufficient for assessing microbial diversity (Fig. 1-c, d).
Venn diagram analysis showed that the healthy group (C)
and the diarrheal group (F) shared 480 ASVs, while the
healthy group and the diarrheal group had 2.700 and 1.503
unique ASVs, respectively (Fig. 1-b). This indicates that
diarrhea strongly alters the gut microbiota composition,
resulting in a pronounced reduction in the gut microbiota
of diarrheal Tibetan pigs. Simultaneously, similar to the
previous results, the species richness in the diarrhea group
was consistently lower than that in the healthy group,
suggesting that the gut microbiota of diarrheal Tibetan
pigs was more impoverished and unstable.

Alpha Diversity Analysis

Based on the ASV abundance matrix, we calculated
four indices for a-diversity: ACE, Chaol, Shannon, and
Simpson. The results showed that the ACE and Chaol
indices of the gut microbiota in diarrheal pigs were
significantly lower than those in healthy pigs (Fig. 2-a, b).
The Shannon and Simpson indices also showed a
decreasing trend in diversity in the diarrheal group (Fig.
2-¢, d), indicating that after diarrhea symptoms appeared
in Tibetan pigs, community complexity and evenness
decreased, and the abundance of related microorganisms
significantly declined. The Shannon abundance curve
further supported these findings, showing a lower
abundance level in the diarrheal group compared to the
healthy group (Fig. 2-e), clearly demonstrating the reduced
gut microbiota diversity under diarrheal conditions. The
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abundance ranking curves also illustrate this: the curve
for the healthy group was wider and flatter, indicating
higher species richness and more even distribution; while
the curve for the diarrheal group was steeper, reflecting
the absence of some species (Fig. 2-f).

Furthermore, the shared species accumulation curve (Fig.
2-g) showed a rapid upward trend, indicating that the
current sample size was sufficiently large and that most
microbial taxa were successfully detected.

Beta Diversity Analysis

Beta diversity analysis was performed based on Bray-
Curtis similarity. The results of principal component
analysis (PCA), principal coordinate analysis (PCoA),
and non-metric multidimensional scaling (NMDS) are

shown in Fig. 3-a, b, c. The first two principal coordinates
of PCA explained 72.60% and 10.71% of the variance,
respectively, while PCoA explained 25.75% and 23.08%
of the variance, respectively. A clear separation trend was
observed between the healthy and diarrheal groups in the
ordination plots, indicating a distinct structural shift in
the gut microbiota composition associated with diarrhea.
To rigorously evaluate this divergence, PERMANOVA
and ANOSIM were conducted. PERMANOVA indicated
that the disease status explained 17.5% of the variation in
microbiota composition (R*=0.175, P=0.023]). Consistent
with the visual separation, the ANOSIM test supported
astrong trend of community divergence (R=0.152, P=0.069).
These results further suggest a strong correlation between
diarrheal status and altered gut microbiota composition
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in Tibetan pigs, albeit with some inter-individual
variations.

A heatmap based on Bray-Curtis distance further
confirmed this difference in microbiota composition,
with most samples clustering according to group (Fig. 3-f).
Genus-level UPGMA clustering analysis also revealed
different microbiota patterns within specific groups,
with samples from the same cohort tending to cluster
together (Fig. 3-g). This indicates that the changes in the
gut microbiota caused by diarrhea are quite similar, with a
more significant impact on specific bacterial groups.

Taxonomic Composition and Relative Abundance
Analysis

Further hierarchical clustering analysis based on
the heatmap of the top 50 genera (Fig. 4-a) revealed
significant differences in the gut microbiota between
healthy and diarrheal pigs. Samples from the healthy
group clustered together, rich in various beneficial or
symbiotic bacteria, such as Lactobacillus, Bacteroides, and
the [Eubacterium] eligens group; while samples from the

diarrheal group clustered together, rich in the NK4A214
group, Colidextribacter, and other unclassified bacteria
that may be associated with dysbiosis or inflammation.

To further investigate the taxonomic composition of the
Tibetan pig gut microbiota, we performed visualization
analysis of the microbial community structure at the
phylum and genus levels for both the healthy and diarrheal
groups. At the phylum level (Fig. 4-b), the dominant
phyla in all samples were Firmicutes, Bacteroidota,
and Spirochaetota. Notably, Firmicutes were dominant
in the healthy group, while the relative abundance of
Spirochaetota decreased in the diarrheal group, suggesting
that diarrhea symptoms may be related to changes in the
gut microbiota structure.

At the genus level (Fig. 4-c), the composition of the gut
microbiota became more diverse. The healthy group showed
a relatively even distribution of microbial species, with
Terrisporobacter mayombei and Clostridium disporicum
being particularly abundant. In contrast, the diarrheal
group showed an increased proportion of Lactobacillus
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amylovorus, uncultured Porphyromonadaceae, unclassified
Eubacterium coprostanoligenes group, and unclassified
Bacteroidales. These changes in the microbiota may
reflect changes in the dominant bacterial species and their
resistance to pathogenicity during diarrhea in Tibetan
pigs.

Furthermore, a circular phylogenetic tree was constructed
to explore the phylogenetic relationships of the dominant
groups in the Tibetan pig gut microbiota (Fig. 5). The
results showed different clustering patterns between the
healthy and diarrheal groups, with significant segregation
of dominant bacterial groups. In the healthy group,
members of the phylum Firmicutes (yellow portion),

especially Lactobacillus and Clostridium, were significantly
enriched and showed close phylogenetic relationships.
Conversely, the abundance of Bacteroides was significantly
increased in the diarrhea group, including Treponema
and the NK4A214 group. These bacteria are located on
different branches and are phylogenetically distant from
the core symbiotic flora of the healthy group.

These results indicate that the composition of the gut
microbiota in Tibetan pigs undergoes significant changes
after diarrhea occurs. These changes suggest that the cause
of diarrhea in Tibetan pigs is a reduction or disappearance
of beneficial microorganisms and an increase or appearance
of potentially pathogenic or opportunistic taxa.
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Abundance Difference Analysis Between Healthy and
Diarrhea Groups

To further identify the key taxa that differentiate
between diarrheal and healthy Tibetan pigs, species-level
abundance difference analyses were performed using
LEfSe, Metastats, and univariate statistical methods (Fig.
6). LEfSe analysis (Fig. 6-a, b) showed that members of
the Lachnospiraceae and Lactobacillus families were
significantly enriched in the healthy group. Conversely,
the Eubacterium coprostanoligenes group was significantly
enriched in the diarrheal group, with a linear discriminant
analysis (LDA) score exceeding 4.0, indicating a greater
degree of difference. Relative abundance histograms further
illustrated these differences. Lactobacillus consistently
showed high abundance in healthy samples, with
significantly increased proportions of Lachnoclostridium
and Ruminococcus, suggesting a potential role in
preventing diarrhea-related dysbiosis. In contrast,
unclassified RF39 and Eubacterium coprostanoligenes were
significantly increased in diarrheal samples (Fig. 6-c, d,
e), and the occurrence of intestinal inflammation is likely
related to this dysbiosis.

Transposon analysis (Fig. 6-f) confirmed the above
results, revealing statistically significant differences in the
bacterial communities of multiple genera between the two
groups (P<0.05). Box plots (Fig. 6-g) further illustrated the
different distribution patterns of key taxa. Notably, in the
healthy group, several species, including Terrisporobacter,
Treponema, and Lachnoclostridium, showed significant
increases, suggesting that these bacteria play an important

role in maintaining the health of Tibetan pigs. In contrast,
the increased taxa such as Subdoligranulum in the
diarrhea group may indicate inflammatory damage to the
intestines, leading to diarrhea symptoms in Tibetan pigs.

Co-occurrence Network and Microbial Interaction
Analysis

To investigate the ecological interactions among the
gut microbiota of Tibetan pigs, co-occurrence network
analysis was performed based on Spearman’s rank
correlation coefficient, yielding the network diagram
(Fig. 7-a): a complex interaction network with 46 nodes
and multiple edges was constructed, indicating the
complexity and diversity of the microbial structure in
the gut micro-ecosystem. Most correlations were positive
(red lines), suggesting synergistic effects among most
bacterial groups; while a few negative correlations (green
lines) indicated potential competition. Bacteria belonging
to the phyla Firmicutes and Bacteroidota were located
in the central region of the network and had high node
degrees, indicating their important role in stabilizing the
gut micro-ecological environment as major gut microbes.
Clearly, Lactobacillus (node 33), Terrisporobacter (node
35), and unclassified Bacteroidales (node 36) had the
highest connectivity, suggesting they may be key species
in the gut micro-ecological environment of Tibetan pigs.

Further ecological analysis using Zi-Pi topology analysis
confirmed the ecological roles of these groups (Fig. 7-b).
The results showed that most groups were classified as
marginal groups, i.e., Zi <2.4 and Pi <0.62, indicating that
the role of most gut microbiota communities was limited
to their respective low-connectivity groups. However, a
node located in the peripheral region, with Pi >0.62, was
marked in red, indicating that this group played a unique
role in the connectivity network.

Functional Prediction of Microbial Communities

Metagenomic maps were inferred from 16S rRNA
data using PICRUSt2, and pathway annotation was
performed using the KEGG, BugBase, and FAPROTAX
databases to investigate the functional potential of the
gut microbiota. The results are shown in Fig. 8. KEGG
pathway prediction results showed a significant difference
in microbial metabolic capacity between the healthy
and diarrheal groups (Fig. 8-a). Specifically, the healthy
group showed significant enrichment in pathways such
as global and overview maps, amino acid metabolism,
and metabolism of cofactors and vitamins, indicating that
their gut microbiota is better suited to regulating overall
metabolism and nutrient transformation. In contrast,
the diarrheal group showed upregulated expression
in pathways such as membrane transport, translation,
nucleotide metabolism, and replication and repair. This
result demonstrates the adaptive response of the Tibetan
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pig’s gut microbiota to intestinal environmental dysbiosis
and inflammation after the onset of diarrheal symptoms.
Furthermore, the diarrheal group showed upregulated
abundance of functional genes related to carbohydrate
metabolism, suggesting significant changes in the
intestinal environment and that the microbiota influenced
changes in carbohydrate metabolism. Compositional and
functional analysis of the dominant phyla indicated that
these changes primarily originated from Acidobaceriota,
Actinobacteriota, and Bacteroidota (Fig. 8-b).

FAPROTAX functional annotation further confirmed
these findings. Fermentation and chemoheterophy-
related processes were significantly enhanced in the
diarrhea group. In contrast, the healthy group exhibited
more stable functions, but showed stronger expression
in xylanolysis-related processes (Fig. 8-c). BugBase
phenotypic prediction revealed an increase in aerobic and
gram-negative bacteria in the diarrhea group, particularly
potentially pathogenic bacteria, indicating a significant
increase. This suggests that the hypoxic environment
of the gut alters after diarrhea, affecting gut microbiota
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metabolism. Conversely, the healthy group showed a higher
abundance of anaerobic bacteria, which can indicate the
homeostatic balance of the gut microbiota (Fig. 8-d, e).

Di1sCcUsSSION

This study used 16S rRNA gene sequencing technology
to comprehensively characterize the changes in the gut
microbiota of healthy and diarrheal Tibetan pigs. The
results showed significant differences in the composition,
diversity, and functional potential of the gut microbiota
between the two groups, indicating that diarrhea significantly
remodels the gut microbiota. These findings are consistent
with previous reports on the association between intestinal
diseases and dysbiosis in pigs and other mammals 3],

Analysis of a- and B-diversity of the gut microbiota in
Tibetan pigs revealed a significant decrease in the number
of gut microbiota communities and a decreasing trend
in community complexity, which were significantly
different from healthy pigs. Decreased a-diversity
is typically associated with gut ecosystem dysbiosis,
decreased resistance to beneficial bacteria colonization,
and increased susceptibility to pathogens **!. While

plausible that this relationship is bidirectional. The rapid
intestinal transit and excessive fluid secretion during
diarrheal episodes can mechanically flush out commensal
bacteria, further driving the loss of diversity. Compared
to the diarrhea group, the healthy group exhibited a richer
and more homogeneous gut microbiota composition,
likely due to its larger and more stable population, stronger
resilience to external factors, and greater capacity to repair
the effects of external factors on the gut 3.

Taxonomic analysis showed that both groups were
dominated by Firmicutes and Bacteroidetes, consistent
with previous findings on porcine gut microbiota 43¢,
However, Firmicutes abundance was higher in the healthy
group, while Spirochetes abundance was lower in the
diarrhea group. At the genus level, Terrisporobacter
mayombei and other bacteria were dominant in the healthy
group, while Porphyromonadaceae and Bacteroidales
showed significant aggregation in the gut of diarrheal
pigs. Interestingly, Lactobacillus amylovorus also showed
an unexpected increasing trend in diarrheal pigs. Rather
than a simple “compensatory increase’, this proliferation
can be explained by its strong amylolytic capacity. During
diarrhea, the impaired absorptive function of the small
intestine often allows undigested carbohydrates, such
as starches, to reach the hindgut. This nutrient influx
provides an ideal substrate for L. amylovorus, driving
its opportunistic overgrowth. Consequently, excessive
fermentation by this species can lead to the accumulation
of lactic acid, potentially causing hindgut acidosis and
exacerbating osmotic diarrhea 7% These changes in
gut microbiota may suggest that diarrhea is related to the
proliferation of harmful bacteria that cause inflammation
or the reduction of beneficial bacteria such as Lactobacillus
that can maintain gut microbiota balance. This may lead
to damage to intestinal epithelial tissue and immune
system dysregulation ***l, resulting in the invasion and
colonization of opportunistic pathogens. Therefore,
specific gut microbiota, especially Lactobacillus and related
bacteria, can serve as biomarkers of gut health in Tibetan
pigs, and the increase of Subdoligranulum and related
bacteria may indicate the occurrence of inflammation,
possibly reflecting gut microbiota dysregulation associated
with diarrhea V. Co-occurrence network analysis supports
this explanation. Some important nodes appeared in the
microbial network, with closer connections and more
obvious interactions with other microbiota. Among
them, Lactobacillus, as mentioned above, had the highest
connectivity in the shared network, indicating that it is a
key species in the gut of Tibetan pigs. This species may serve
as an indicator of gut health and homeostasis in Tibetan
pigs, and it may also exchange metabolites with other
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microbial communities in the gut, potentially reflecting
the synergistic effect of Lactobacillus in the Tibetan pig
gut and its resistance to external interference®..

Differential abundance analysis using LEfSe and Metastats
further identified several key taxa associated with specific
groups. We found that the enrichment of Lachnospiracea,
Lactobacillus, and Ruminococcus in healthy pigs indicated a
functional protective role of the microbiome I, while
the significantly increased Eubacterium coprostanoligenes
in the gut of diarrheal Tibetan pigs suggested a close
relationship with diarrhea. Notably, Eubacterium
coprostanoligenes has been found to be associated with
lipid metabolism and pro-inflammatory states >4,
and other elevated proportions of certain microbial
communities in the gut of diarrheal Tibetan pigs have
also been associated with intestinal barrier dysfunction
and intestinal inflammation ). These results suggest that
key taxa, such as Lactobacillus, may serve as microbial
biomarkers for the intestinal health or disease progression
of Tibetan pigs in future research.

Functional predictions further confirmed the biological
significance of these taxonomic changes. Pathway
enrichment in diarrheal Tibetan pigs was associated with
membrane transport, translation, nucleotide metabolism,
and replication and repair processes, indicating that
Tibetan pigs have begun to develop repair mechanisms
to combat the disordered intestinal environment under

diarrheal conditions “5*). Furthermore, the fermentation
potential in the intestines of diarrheal Tibetan pigs was
also increased, possibly related to a significant increase
in fermentative microbiota. This enhanced fermentation
capacity may lead to excessive production of organic acids
or gases, thereby exacerbating diarrhea symptoms (.
In contrast, healthy Tibetan pigs exhibited enhanced
pathways related to amino acid and vitamin metabolism,
suggesting that the gut microbiota of healthy Tibetan
pigs plays an indispensable role in maintaining intestinal
microecological homeostasis .. BugBase predictions
highlighted an increase in Gram-negative bacteria
and potentially pathogenic bacterial phenotypes in
diarrheal pigs, which may exacerbate fluctuations in
the intestinal microbiota, potentially exacerbating
intestinal inflammation and promoting diarrhea . In
summary, these results indicate that diarrhea in Tibetan
pigs is characterized not only by altered gut microbiota
composition but also by significant metabolic and
phenotypic changes. These alterations suggest an intricate
interplay where dysbiosis and inflammation may mutually
exacerbate diarrheal symptoms. Identified functional
pathways, particularly those involved in membrane
transport, fermentation, and processes related to potential
pathogens, may serve as key indicators or therapeutic
targets for managing gut microbiota dysbiosis in high-
altitude local pig breeds.
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In summary, the findings indicate multifaceted dysbiosis
in the gut microbiota of diarrhea-prone Tibetan pigs,
characterized by reduced ecological diversity and
stability, decreased probiotic counts, increased potential
pathogenic bacteria, and a shift towards intestinal barrier
disruption and inflammatory damage. While such changes
have been observed in other species °>*3), Tibetan pigs
living at high altitudes require further investigation due
to their unique environmental adaptability and disease
resistance. Importantly, given the cross-sectional design
of this study, we cannot definitively establish a causal
direction between gut dysbiosis and diarrhea. It is highly
likely that the observed microbial alterations are, at least
in part, a consequence of the diarrheal environment (e.g.,
increased gut motility and luminal wash-out) rather than
the sole primary cause. Therefore, longitudinal studies
or fecal microbiota transplantation (FMT) models are
needed to track microbial succession and determine
causality. Additionally, the specific duration and severity
of diarrhea prior to sampling were not incorporated as
continuous variables in the current evaluation criteria,
which limits our understanding of the temporal dynamics
of dysbiosis during disease progression. Furthermore, the
lack of measurement of host physiological parameters
limits our ability to investigate the mechanisms of host-
microbiota interactions. Finally, the limited capabilities
of 16S rRNA sequencing suggest that functional
inferences may require further validation through
metabolomics analysis. Despite these limitations, this
study comprehensively explores the associations between
gut microbiota changes and diarrhea in Tibetan pigs,
focusing on candidate biomarkers and therapeutic targets.
These findings lay the foundation for future microbial
therapies such as probiotic supplementation or fecal
microbiota transplantation, which could help reduce the
incidence of digestive diseases in high-altitude livestock
farming and thus improve animal health.

This study employed 16S rRNA gene sequencing to
comprehensively characterize the gut microbiota of healthy
and diarrheal Tibetan pigs. Diarrhea was associated with
significantly reduced microbial richness and diversity,
altered community structure, and an increased abundance
of potentially pathogenic and pro-inflammatory bacteria,
particularly Eubacterium coprostanoligenes. In contrast,
healthy pigs harbored a higher proportion of beneficial
genera such as Lactobacillus, which contribute to gut
microbiota balance and intestinal barrier integrity.
Functionally, the diarrheal microbiota exhibited enhanced
fermentation capacityand elevated pathogenicity potential.
These findings demonstrate that gut microbiota dysbiosis
plays a critical role in the pathogenesis of diarrhea in
Tibetan pigs and identify potential microbial biomarkers
for diagnosis and intervention. This study provides a

foundation for developing microbiome-based strategies
to improve gut health in Tibetan pigs, particularly in high-
altitude pastoral environments.
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Abstract

Chronic kidney disease (CKD) is one of the commonly observed progressive diseases in
cats. Red blood cell distribution width (RDW) is a parameter that reflects variability in
erythrocyte size. Recently, RDW has been shown to have potential value as a biomarker
for disease severity and progression in various conditions in both human and veterinary
medicine; however, information regarding its clinical significance in feline CKD remains
limited. The aim of this study was to compare RDW values among cats with CKD, acute-
on-chronic kidney disease, and healthy cats and to evaluate the relationship between RDW
and hematological and biochemical parameters. In this study, cats with CKD, AOC, and

) Corresponding author:

Sahin Akytiz

Phone: +90 541 272 08 30

E-mail: vetnephrology@gmail.com

How to cite this article?
Akyiiz §, Kabu M: Red Blood Cell Distribution

Width in Cats with Chronic Kidney Disease: A
Retrospective Study. Kafkas Univ Vet Fak Derg,
32 (2): 275-280, 2026.

DOI: 10.9775/kvfd.2025.36026

Article ID: KVFD-2026-36026
Received: 05.01.2026
Accepted: 17.03.2026
Published Online: 02.04.2026

healthy cats presented to our clinic between 2022 and 2025 were retrospectively evaluated.
Cats with any concurrent endocrine, neoplastic, or infectious diseases were excluded from
the study. Cats with CKD were divided into three groups: early-stage kidney disease (IRIS
stages 1 and 2), advanced-stage kidney disease (IRIS stages 3 and 4), and acute on chronic
kidney disease (AOC). Hematological, biochemical, and ultrasonographic findings were
evaluated. One-way analysis of variance (ANOVA) and Pearson correlation analysis
were performed. No significant relationships were detected between RDW and SDMA,
UPC, BUN, or phosphorus (PHOS) among the study groups. Only a borderline negative
correlation was identified between RDW and serum creatinine concentration (r=—0.216;
P=0.050). In conclusion, although RDW may be used in other diseases or in human
medicine, it does not appear to be a reliable marker for determining disease progression

in feline CKD.

Keywords: Cat, Chronic kidney disease, Acute-on-chronic kidney disease, RDW

INTRODUCTION

Chronic kidney disease (CKD) is one of the most common
diseasesin cats. CKD is defined as the presence of structural
and functional abnormalities in one or both kidneys
persisting for more than three months. The International
Renal Interest Society (IRIS) has established classification
criteria based on creatinine and SDMA values in stable
kidney patients. These classification criteria are used
both therapeutically and prognostically . CKD can be
observed at any age; however, its prevalence is generally
higher in older cats compared to younger ones. A previous
study reported that approximately 63% of cats with kidney
disease were over 10 years of age, while 37% were under 10
years of age 2. CKD is a progressive disorder characterized
by ongoing nephron loss over time P!, Proteinuria, anemia,
hypertension, hyperphosphatemia, and acute on chronic
kidney disease (AOC) are considered to be associated
with the progression of chronic kidney damage ..

Acute on chronic kidney disease (AOC) can be defined as
an episodic decrease in glomerular filtration rate (GFR)
resulting from renal injury (prerenal, renal, or postrenal)
in a cat with pre-existing chronic kidney damage. It is
frequently characterized by acute renal parenchymal injury
and a decline in renal function. The prognosis of acute
kidney injury is influenced by multiple factors, including
etiology, severity of injury, availability of treatment options
(e.g., hemodialysis), and owner compliance ..

An increase in red blood cell distribution width (RDW),
expressed as a percentage, is a common indicator of
heterogeneity in red blood cell (RBC) size and is reported
as part of a complete blood count. RDW is calculated by
dividing the standard deviation of mean cell volume by
the mean corpuscular volume (MCV) 7). An increase in
RDW generally occurs due to a decrease in MCV or an
increase in RBC size 1.

The association between high RDW and renal impairment

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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is multifactorial. According to studies in human
cohorts, chronic inflammation suppresses erythropoiesis,
while oxidative stress leads to premature erythrocyte
destruction P!l Furthermore, inflammation induced
hepcidin elevation in CKD patients disrupts iron
metabolism, a process that inherently increases RDW
values [,

Recently, increased RDW has been used as a prognostic
factor 4. One study demonstrated that an increased
RDW value was associated with higher mortality in
hospitalized dogs ™. Another study conducted in humans
showed that increased RDW was independently associated
with the progression of CKD. These findings suggest that
RDW has prognostic value and may be an indicator of
CKD progression .

The aim of this study was to compare RDW values among
cats with CKD, acute on chronic kidney disease, and
healthy controls and to evaluate the relationship between
RDW and hematological and biochemical parameters.

We hypothesized that RDW values would be higher in cats
with CKD and acute on chronic kidney disease and that
RDW would be associated with selected hematological
and biochemical parameters.

MATERIAL AND METHODS
Ethical Statement

The Afyon Kocatepe University Local Ethics Committee
for Animal Experiments determined that ethical committee
approval was not required, as this was a retrospective
study. (Approval no: 49533702/354).

A total of 95 medical records of cats presented to the
clinic between 2022 and 2025 were screened for eligibility.
Following application of the predefined exclusion criteria,
12 cats were excluded from the study, including 7 with
heart disease, 4 with infectious disease, and 1 that had
received a blood transfusion within the previous three
months. Ultimately, 83 cats were included in the final
analysis: 12 healthy controls, 20 cats with early stage CKD
(IRIS stages 1-2), 24 cats with advanced stage CKD (IRIS
stages 3-4), and 27 cats with acute on chronic kidney
disease (AOCQC).

For inclusion of cats with CKD, CKD diagnosis was
established based on persistent azotemia (elevated serum
creatinine concentration for at least three months)
together with clinical and laboratory findings compatible
with chronic kidney disease. These included decreased
urine specific gravity (USG <1.035), increased SDMA
concentration, and/or characteristic ultrasonographic
changes such as increased renal cortical echogenicity and
loss of corticomedullary differentiation. CKD staging was
performed according to IRIS guidelines based primarily on

serum creatinine concentrations obtained from clinically
stable patients !l Urinalysis and ultrasonographic
examination were performed as part of the diagnostic
process in included cats. Cats with a positive urine culture,
urinary tract obstruction, liver disease, heart disease,
or infectious disease within the previous month were
excluded from the study.

For the acute on chronic kidney disease (AOC) group,
cats were considered eligible if they exhibited clinical
signs consistent with acute kidney injury (anorexia,
lethargy, vomiting), a >20% increase in creatinine
concentration compared to previously classified values
according to IRIS criteria, the presence of certain
urinalysis markers (glycosuria with normoglycemia,
cylindruria), and more than two characteristic findings
on abdominal ultrasonography, such as increased renal
cortical echogenicity and loss of corticomedullary
differentiation !"*],

Because RDW may be affected by concurrent conditions,
cats with simultaneous systemic or endocrine diseases,
neoplasia, or infectious diseases were excluded. Additionally,
cats that had received a blood transfusion within the
previous three months, had blood loss due to trauma, or
had undergone recent surgical intervention were excluded
from the study. These conditions were diagnosed through
physical examination and laboratory and radiological
methods ",

Cats with CKD were divided into three groups: early stage
kidney disease (IRIS stages 1 and 2), advanced stage kidney
disease (IRIS stages 3 and 4), and acute on chronic kidney
disease (AOC). For the control group, 12 healthy cats that
presented for annual check-ups or had blood samples
collected prior to neutering procedures were included.
Hematological and biochemical analyses, urinalysis,
and ultrasonographic evaluations were performed. Cats
included in the control group were assessed for health
parameters and confirmed to be within reference ranges,
and only cats without evidence of infection were selected.

Hematological analysis results (complete blood count
with leukocyte differential), biochemical profiles (serum
urea, creatinine, total protein, albumin, total calcium,
total phosphorus, alanine aminotransferase and alkaline
phosphatase activities), and urinalysis results (dipstick
analysis, microscopic examination of urinary sediment,
urine specific gravity [USG], and urine protein to
creatinine ratio [UPC]) were evaluated. However, only
red blood cell count (RBC), hemoglobin concentration
(HGB), hematocrit (HCT), urea, creatinine, USG, and
UPC were reported and included in the statistical analysis
for this study.

Blood parameters of cats in the CKD and control groups
were measured using a hematology analyzer (IDEXX
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ProCyte Dx), a biochemical analyzer and urine protein/
creatinine ratio (UPC) using a biochemical analyzer
(IDEXX Catalyst ONE), and urinalysis using a urine
analyzer (IDEXX UA). Ultrasonographic examinations
were performed using an ultrasound device (Philips
Affiniti 70).

Statistical Analysis

Statistical analyses of the data obtained in this study
were performed using IBM SPSS Statistics 26.0 software.
Descriptive statistics included frequency (n) and
percentage (%) for qualitative variables, and mean,
standard deviation, minimum, and maximum values for
quantitative variables. Data distribution was assessed
using the Shapiro-Wilk test and homogeneity of variance
was evaluated using Levene’s test. Since the data followed
a normal distribution, parametric tests (One-Way
ANOVA and Pearson correlation) were employed. One-
way analysis of variance (One-Way ANOVA) was used to
evaluate differences among the groups (Control, AOC,
IRIS 1-2, and IRIS 3-4). For variables showing statistically
significant differences in ANOVA, the Duncan post hoc
test was applied to determine intergroup differences. In
addition, Pearson correlation analysis was performed to
assess relationships between certain hematological and
biochemical variables and SDMA, RDW, and creatinine
levels. A P-value <0.05 was considered statistically
significant in all analyses. Because this was a retrospective
study, the sample size was determined by the number of
eligible cases available in the medical records during the
study period. Therefore, a priori sample size calculation
was not performed.

RESULTS

Demographic characteristics of cats, including sex
distribution, age, and body weight, are summarized in
Table 1.

No statistically significant differences were detected in
RDW values among the study groups (P>0.05). When
hematological and biochemical parameters evaluated

Table 1. Distribution of sex, age and weight according to control, aoc and
IRIS stages
Variable Groups
Soxbel AOC | IRIS1-2 | IRIS3-4

Female | 6 (50.0) 15 (55.6) 14 (70.0) | 15 (62.5)
sex Male 6(50.0) 12 (44.4) 6 (30.0) 9 (37.5)
S () 5.67+4.81 | 10.37+2.86 | 10.05+4.18 | 11.75+2.86

(1-15) (5-16) (3-18) (6-16)

vt | (72030 | 20w | sar | oy
AOC: Acute on chronic kidney disease; IRIS: International renal interest society

among the control, AOC, IRIS 1-2, and IRIS 3-4 groups
were examined, statistically significant differences were
detected in HCT (%), LYM (%), MONO (%), MONO
(K/uL), SDMA, creatinine (CREA), BUN, BUN/CREA
ratio, phosphorus (PHOS), and UPC values (P<0.05).
Significant differences were observed for HCT, LYM,
MONO, SDMA, creatinine, BUN, phosphorus, and UPC
values among the groups (P<0.05) (Table 2). In contrast,
no statistically significant differences were found for RBC,
HGB, MCV, MCH, MCHC, RDW, RETIC, WBC, Neu,
EOS, BAS, PLT, MPV, PDW, or PCT parameters (P>0.05).
All results are presented in Table 2.

According to correlation analysis, relationships between
RDW values and hematological and biochemical parameters
were evaluated. The analysis revealed a significant positive
correlation only between RDW and red blood cell count
(RBC) (R=0.439; P=0.000), indicating that increases in
RDW were associated with increases in RBC count. A
weak and borderline negative correlation was observed
between RDW and creatinine (CREA) (R=-0.216;
P=0.050), suggesting a slight tendency for creatinine levels
to decrease as RDW increased; however, this relationship
should be interpreted cautiously due to its borderline
statistical significance. No significant correlations were
found between RDW and SDMA, HCT, HGB, BUN,
PHOS, or urine protein/creatinine ratio (UPC) (P>0.05).
All data and results of the correlation analysis are presented
in Table 3.

Di1SsCUSSION

In this retrospective study, RDW values were evaluated
in cats diagnosed with chronic kidney disease at different
stages and acute on chronic kidney disease and compared
with healthy cats. RDW values did not show a statistically
significant difference among the groups. RDW was found
to have a positive correlation with erythrocyte count and
a weak, borderline significant negative correlation with
creatinine. However, RDW primarily reflects variability
in erythrocyte size rather than erythrocyte number.
Therefore, the biological significance of this correlation
remains unclear and should be interpreted cautiously.
Additionally, the weak negative correlation detected
between RDW and creatinine indicates that RDW is not
directly associated with loss of renal function but is more
influenced by hematological changes.

In the veterinary literature, RDW has been suggested
to have prognostic importance in feline cardiovascular
diseases, such as hypertrophic cardiomyopathy ["*.. Similar
findings have been reported in human studies, where
RDW showed a negative correlation with glomerular
filtration rate and a positive association with serum
creatinine levels ?!. Although a statistically significant
correlation was observed, its strength was weak and may
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Table 2. Comparative descriptive statistics of hematological and biochemical parameters according to control. Aoc and IRIS stages

Groups
Parameters F P
] AOC IRIS 1- 2 IRIS 3- 4
o agan | moms | mmew | west | e | o
RBC M/ul (7916 Siﬁ;) (682791f11 .'59) (42%11 f399) (5;11?3?3) 1.860 0.143
s | e | wews | owwm | | e
wan | wman | | eees | |
wes | amem | wees | mww | | o
| pena | wemn | e |y | o
woowa | B | uwn | memn | owme | | o
gway | eew | ome | o ||
oo | ok | e gmms | e | |
e peme e | aewa | wmbx || o
sean || s s |y | o
woe | e || mms | | o
s | o | e | wme | o | e
won | ewe | e | mn | e | e
o || wwan || | o
p [ wemn | el | e | |
7 (1.33'3?;4211) (;3.;2;;9) (%)77?91;); (53151137(;) 1.507 0219
e | s | wmm | e | |
g | gmae | www | swsr | | o
wag | g | wwen | e | | om
g | symme | mwans | b | e
SOMA 10.?;)_¢1 13.)31c 41.?f;$.)e;4a 19.(913%5.19)@ 34(3235¢ 1 71).6a s | 0000
pew | weme | om | | e
sasws e | ogmen | wmist | | e
BUN/CREA Ratio 19'(51%35('35 a l‘i';;féifb 15'(31ff§;)7b 13 ?881129)8% 7.686 0.000*
was | nemn | mae | mt | e | e

* P<0.05; Different superscript letters (a, b, ¢) within a row indicate statistically significant differences between groups according to duncan post hoc test (P<0.05). RDW: Red blood
cell distribution width; RBC: Red blood cell count; HCT: Hematocrit; HGB: Hemoglobin; MCV: Mean corpuscular volume; MCH: Mean corpuscular hemoglobin; MCHC: Mean
corpuscular hemoglobin concentration; RETIC: Reticulocyte; WBC: White blood cell; Neu: Neutrophil; Lym: Lymphocyte; Mono: Monocyte; EOS: Eosinophil; BAS: Basophil; PLT:
Platelet count; SDMA: Symmetric dimethylurginine; CREA: Creatinine; BUN: Blood urea nitrogen; BUN/CREA ratio: Blood urea nitrogen to creatinine ratio; PHOS: Phosphorus
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Table 3. Correlation analysis between rdw values and hematological and
biochemical parameters
Parameters RDW%
R 0.020
SDMA
P 0.855
R -0.216
CREA
P 0.050
R 0.439
RBC M/uL
P 0.000*
R 0.069
HCT%
P 0.537
R -0.038
HGB g/dL
P 0.733
R -0.096
BUN
P 0.390
R -0.097
PHOS
P 0.382
R -0.062
UPC
P 0.608
* P<0.05; R: Correlation coefficient; SDMA: Symmetric dimethylarginine; CREA:
Creatinine; RBC: Red blood cell count; HCT: Hematocrit; HGB: Hemoglobin; BUN:
Blood urea nitrogen; PHOS: Phosphorus; UPC: Urine protein/creatinine ratio

not have strong clinical relevance. However, in the present
study, RDW did not demonstrate similar value in the
context of CKD and AOC. Therefore, RDW may exhibit
different prognostic behavior across different disease
groups in cats. RDW alone does not appear to be a reliable
or clinically useful indicator for identifying the presence
or progression of CKD or AOC in cats.

In chronic kidney disease, inflammation, decreased
erythropoietin production, bone marrow dysfunction due
to uremic toxins, and disturbances in iron metabolism can
significantly affect red blood cell distribution width !\
Studies conducted in human and veterinary medicine
have shown that increased RDW values may be associated
with mortality, inflammation, and prognosis of chronic
diseases [#1161222] Although RDW has been shown to be
prognostically associated with many chronic diseases in
the literature, it remains unclear whether RDW increases
with CKD progression in cats. Therefore, this study was
designed to investigate the relationship between RDW
and CKD and to determine whether RDW could be used
as a parameter to predict disease progression.

The main reasons for differences among study results
may include interspecies hematological differences, the
fact that normocytic normochromic anemia is commonly
observed in cats with CKD, and that RDW yields more

meaningful results particularly in conditions where
erythrocyte morphology changes markedly, such as
regenerative anemia 2.

Limitations of this study include the relatively small
sample size, the retrospective nature of data collection,
potential differences in age distribution between groups,
and the lack of inclusion of inflammatory markers
that may influence RDW values. The heterogeneity
between CKD and AOC groups may have influenced
the variability of RDW values. Future studies with larger
populations and prospective designs may be useful in
elucidating the true prognostic significance of RDW in
CKD and AOC.

In conclusion, RDW values did not differ significantly
among cats with chronic kidney disease, acute on chronic
kidney disease, and healthy controls. Furthermore, RDW
showed no clinically relevant associations with most
hematological and biochemical parameters, except for a
weak and borderline negative correlation with creatinine
concentration. These findings suggest that RDW is not
a reliable biomarker for assessing disease progression in
feline renal disease. The discrepancy between the present
results and previous studies conducted in humans may be
attributed to species specific differences in erythrocyte
physiology. Future prospective studies with larger
sample sizes and inclusion of inflammatory markers are
warranted to better elucidate the potential role of RDW in
feline renal diseases.
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Abstract

Radiotherapy is a cornerstone in the management of canine non-lymphomatous nasal
tumors (NLNT), providing both palliative benefit and local tumor control. Image-Guided
Hypofractionated Volumetric Modulated Arc Radiotherapy (IG-HyVMAT) has recently
emerged as a promising treatment modality for canine sinonasal tumors; however, data
regarding tumor control, radiation-associated morbidity, and treatment outcomes across
specific tumor histotypes remain limited. This retrospective study evaluated treatment
response as well as early and late toxicities in 12 dogs with NLNT treated using IG-
HyVMAT or IG-HyVMAT with a simultaneous integrated boost (SIB) protocol. Tumors
were staged using a modified veterinary radiotherapy staging system, and treatment-
related toxicities were assessed according to the Veterinary Radiation Therapy Oncology
Group (VRTOG) criteria. IG-HyVMAT, most commonly delivered in combination with
SIB, was prescribed at doses ranging from 25 to 40 Gy. The treatment protocols were well
tolerated and associated with minimal acute toxicity. Clinical signs such as dyspnea and
nasal congestion were identified as important prognostic indicators for survival in dogs
with NLNT. The observed overall survival time (OST) and progression-free survival
time (PFST), together with the low incidence of acute adverse effects, suggest that the SIB
approach may offer potential clinical benefits, particularly in cases requiring palliative
treatment. Overall, the findings of this study indicate that IG-HyVMAT, frequently
applied with SIB, may provide meaningful survival advantages in dogs with NLNT while
maintaining an acceptable toxicity profile. Nevertheless, further studies incorporating
more advanced dose-optimization strategies for adjacent critical organs are warranted.
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with NLNT. Consequently, RT has become the primary
treatment modality for these tumors and is used with
either palliative or curative intent 12/,

INTRODUCTION

Non-lymphomatous sinonasal tumors (NLNTs) in dogs
are predominantly of epithelial or mesenchymal origin
and are characterized by aggressive local invasion. These
tumors typically extend from the rostral nasal cavity
toward the frontal sinuses and may progress intracranially,
including invasion of adjacent bony structures such as the
cribriform plate .. Due to their locally invasive behavior
and anatomically complex location, the treatment of
NLNTs remains challenging. Previous studies have

Reported survival times following treatment vary
considerably. Median survival in untreated dogs is
approximately 3.1 months (93 days), while dogs receiving
chemotherapy alone may achieve survival times of up to
7.8 months (234 days). In contrast, dogs treated with RT
have reported median survival times ranging from 10 to
19 months (300-540 days) 4.

demonstrated that chemotherapy, either alone or in
combination with surgery, does not provide superior
outcomes compared with radiotherapy (RT) in dogs

Conventional two-dimensional radiotherapy is associated
with limited conformity, often resulting in inadequate
dose delivery to the tumor target while exposing adjacent

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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normal tissues to substantial radiation. In addition to
increased toxicity, this limitation frequently prevents the
delivery of an adequate dose to the tumor target volume.
In contrast, three-dimensional conformal radiotherapy
(3D-CRT), although still relatively limited in veterinary
medicine, enables improved target delineation through
advanced imaging and allows radiation delivery from
multiple beam angles. Within this framework, target
volumes are defined as the Gross Tumor Volume (GTV),
representing macroscopic disease; the Clinical Target
Volume (CTV), encompassing potential microscopic
tumor extension; and the Planning Target Volume (PTV),
which accounts for patient positioning uncertainties
and internal motion. Surrounding normal tissues are
contoured as Organs at Risk (OARs) to facilitate dose
optimization and reduce treatment-related toxicity.

Further advances in conformal radiotherapy have led to
the development of intensity-modulated radiotherapy
(IMRT) and volumetric modulated arc therapy (VMAT).
These techniques represent an evolution in conformal
radiotherapy, using inverse planning algorithms to generate
complex dose distributions that conform to predefined
dose constraints for both target volumes and organs at risk.
Within this context, the simultaneous integrated boost
(SIB) technique improves dose conformity by enabling
the delivery of different dose levels to multiple target
volumes within the same treatment course, potentially
enhancing local tumor control. In human head and neck
oncology, the application of IMRT with SIB has been
associated with reduced acute toxicity and improved
clinical outcomes compared with earlier radiotherapy
techniques 2.

Advances in imaging, immobilization, and image-guided
verification systems have further improved treatment
accuracy, enabling the adoption of hypofractionated
RT protocols that deliver biologically effective doses
comparable to or greater than conventional fractionation
schedules (typically 1.8-2 Gy per fraction delivered over
25-40 fractions). Hypofractionated regimens used in
canine NLNT typically involve higher doses per fraction
(5-8 Gy) administered over 5-15 fractions, providing
logistical advantages such as shorter treatment duration
and fewer anesthetic events ". Considering the need for
repeated general anesthesia and the associated financial
burden in canine RT treatments, hypofractionated
protocols are increasingly accepted in appropriately
equipped veterinary oncology centers.

Despite these technical advances, the prognosis of dogs
with NLNT remains variable. Tumor stage, histologic
type, radiation dose, and fractionation schedule play
critical roles in determining clinical outcomes. Because
studies reporting radiotherapy planning approaches in
dogs with NLNT are relatively scarce, recent research has

focused on optimizing dose and fractionation strategies to
improve treatment efficacy while minimizing radiation-
induced toxicity 411,

Therefore, the aim of the present study was to evaluate
early and late adverse effects in dogs with NLNT treated
at our institution using an image-guided hypofractionated
VMAT protocol with simultaneous integrated boost (IG-
HyVMAT-SIB), and to provide additional data regarding
treatment protocol distribution and clinical outcomes in
veterinary radiation oncology.

MATERIAL AND METHODS
Ethical Statement

This study protocol was reviewed by the Kog University
Local Animal Experiments Ethics Committee (Approval
No: 2025. HADYEK.031). An informed consent form was
obtained from each animal owner.

Case Selection

A total of twelve dogs diagnosed with non-lymphomatous
nasal tumors (NLNT) at the time of presentation were
included in the study. Diagnosis was established based on
histopathological evaluation and/or computed tomography
(CT) findings, and only cases without regional lymph
node involvement or distant metastasis were enrolled. The
follow-up period, including both surviving and deceased
cases, was defined as 15 months (450 days). Previous
surgical interventions were not considered as exclusion
criteria.

All cases were staged using the modified Adams staging
system. According to this system, tumors confined to
a single nasal passage, paranasal sinus, or frontal sinus
without bone involvement beyond the turbinates were
classified as T1. Tumors with bone involvement extending
beyond the turbinates but without orbital, subcutaneous,
or submucosal mass formation were classified as T2.
Tumors showing orbital, nasopharyngeal, subcutaneous,
or submucosal involvement were classified as T3. Tumors
associated with cribriform plate lysis were classified as
T4, whereas tumors demonstrating intracranial extension
into brain tissue were classified as T4a 4.

Clinical signs observed at presentation for each dog were
recorded (Table 1). Radiation-associated toxicities were
assessed according to the Veterinary Radiation Therapy
Oncology Group (VRTOG) scoring system. Toxic
effects observed within the first three months following
radiotherapy were classified as acute, whereas those
developing later were considered late toxicities '?. Tumor
regrowth following an initial regression or progression of
residual disease based on post-treatment imaging findings
was defined as disease recurrence.
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Table 1. Breed-age distribution, common clinical distribution, tumor type, tumor stage, disease-free survival conditions (PFST), survival conditions (ST), acute
and chronic side effects of RT, and G-HyVMAT and SIB with IG-HyVMAT administration doses (total dose Gy/fr) were reported in 12 dogs with NLNT
IG-HyVMAT
PEST ST IG-HyVMAT
Case Breed/Age CCS T ity by MAS | ASE /Grade CSE/Grade Gy/fr SIB Gy/fr
N1 E, DY, Sk/G3, MM/ 30/5
GR/12 EP,NC MC 132 150 4 GO, E/G2 -
91 Sk/G1, MM/
N2 GR/14 DY,NC | SCC 105 1 G3, E/G1 - 15-25/5
Sk/G2,
N3 T/8 EP,SN | HMC 440 45.0 2 MM/GO, E/ SkiGL, B/GO 30-35/5
survival
Gl
N4 EP, DY, Sk/G2, MM/
GR/13 NC AC 403 440 2 GO, E/G2 Sk/G2, E/G2 30-35/5
NS GR/9 ERNC | AC v 40 3 : . 30-35/5
SCC 450 Sk/G2, MM/
N6 T/8 IDESER 304 survival 3 G2, E/G2 Sk/G1, E/G2 25-35/5
266
N7 IDESER: 450 Sk/G3, MM/
GR/8 NC SCC survival 3 GO, E/G2 Sk/G1, E/G2 30-35/5
EP, NC, 450 Sk/G2, MM/
N8 St/11 SN SCC 207 survival 2 GO, E/GO Sk/G1, E/GO 35-40/5
450 Sk/G1, MM/
N9 T/2 DE MH 443 survival 3 GO, E/GO Sk/G0, E/GO 30/5
122 1EDXC, 450 Sk/G1, MM/
N10 LR/13 DE jiee 320 survival 4a GO, E/GO Sk/G2, E/GO 30/10
450 Sk/GO,
NI11 T/14 DE, EX NA 208 . 4 MM/GO, E/ Sk/G0, E/GO 30/5
survival
GO
N12 GR/14 NC NA 87 100 3 - - 18/3
GR: Golden retriever, T: Terrier, LR: Labrador retriever, ST: Setter, MCCS: Most Common Clinical Symptoms, DE: Deformity, DY: Dyspnea, EP: Epistaxis, NC: Nasal Congestion,
SN: Sneeze, EX: Exoftalmus, TT: Tumor Type, HMC: Hemanjiosarcom, SCC: Squamos Cell Carcinoma, AC: Adenocarcinoma, MH: Malignant Histiocytoma, TCC: Transitional
Cell Carcinoma, NA: Undifferentiated Adenocarcinoma, PFST: Progression-Free Survival Time/Disease-Free Survival, ST: Survival time, MAS: Modified Adams Stages, ASE: Acute
Side Effects, CSE: Chronic Side Effects, G: Grade, Sk: Skin, MM: Mucous membrane, E: Eye, IG-HyVMAT D: Image guided hypofractionated volumetric modulated arc radiotherapy
dose, IG-HyVMAT SIB D: Image guided hypofractionated volumetric modulated arc radiotherapy with simultaneous integrated boost dose, Gy: Total radiation dose, fr: Fraction

Treatment Protocol

In the treatment approach, IG-HyVMAT was primarily
preferred for more localized lesions and in situations
where proximity to critical organs was a concern. The
IG-HyVMAT with simultaneous integrated boost (SIB)
protocol was applied in cases with substantial gross
tumor volume (GTV) where the treatment objective
was to achieve improved local palliative control. Doses
administered to animals were determined based on the
tumor’s Adam’s staging and proximity to critical organs.
Controls were generally provided at 8-10 week intervals.

All simulation and treatment procedures were performed
under general anesthesia. Anesthesia was induced with
propofol (4-8 mg/kg; Polifarma, Tiirkiye), followed by
endotracheal intubation and maintenance with sevoflurane
in 80% oxygen under controlled mechanical ventilation.

Patients were continuously monitored via camera
throughout the anesthetic period.

For each treatment session, dogs were positioned and
immobilized to ensure reproducible head and body
alignment. Immobilization was achieved on the CT
simulation table with the patient in sternal recumbency,
using a patient-specific molded foam head support,
thermoplastic mask, and vacuum cushion (Civco) (Fig.
I). The forelimbs were aligned parallel to the body, the
shoulders were positioned symmetrically, and the hind
limbs were extended to improve stability. To further reduce
variability in head and neck positioning and control the
mandibular angle, a patient-specific tongue depressor
and maxillary dental bite block were incorporated during
thermoplastic mask fabrication.

CT images were acquired from the vertex to the level of
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Fig 1. Head mask that prevents head movement during radiation therapy

the C3 vertebra with a slice thickness of 1 mm. To assist
with accurate target delineation, magnetic resonance
imaging (MRI) scans were co-registered with the planning
CT images.

The GTV, CTV, and OARs were contoured by a
veterinarian in collaboration with a radiation oncology
specialist. The GTV was defined based on CT and MRI
findings combined with physical examination results. The
CTV was generated by applying a 5 mm expansion to the
GTV and subsequently cropped at uninvolved anatomical
barriers; the entire nasal cavity and sinuses were included
within the CTV.

Treatment planning was performed using the Eclipse™
v16.1 treatment planning system (Varian Medical Systems,
Palo Alto, CA) with the Analytical Anisotropic Algorithm
(AAA) v16.1.2. In this study, the Planning Target Volume
(PTV) was defined as a uniform 3 mm expansion of the
CTYV in all directions (Fig. 2). All treatment plans utilized
VMAT.

Each treatment fraction was delivered under general
anesthesia. Prior to irradiation, two-dimensional setup

verification was performed in the anteroposterior and right
lateral planes, followed by three-dimensional verification
using onboard cone-beam computed tomography
(CBCT). Treatment delivery was initiated only after
setup confirmation by both a veterinary specialist and a
medical physicist. Patient-specific quality assurance was
performed using Siemens Varian portal dosimetry.

The decision to apply IG-HyVMAT alone or in
combination with SIB was made jointly by the radiation
oncology specialist and the veterinarian, considering
tumor size, location, proximity to critical structures, and
the overall condition of the patient. To avoid prolonging
treatment schedules, SIB planning typically involved
assigning two different dose levels to the GTV and CTV
within the same number of fractions. In cases where SIB
was not applied, a single prescription dose was delivered
to both target volumes (Fig. 3).

Based on evaluation of imaging findings in cases treated
with IG-HyVMAT, the following fractionation schemes
were applied: Cases N1, N9, and N11 received a total dose
of 30 Gy (30 Gy/5 fractions) delivered over five consecutive
treatments; case N10 received 30 Gy (30 Gy/10 fractions)
over ten consecutive treatments; and case N12 received 18
Gy (18 Gy/3 fractions) delivered over three consecutive
treatments.

In cases treated with IG-HyVMAT with SIB, case N2
received 15 Gy to the CTV and 25 Gy to the GTV in
five consecutive fractions. Cases N3, N4, N5, and N7
received 30 Gy to the CTV and 35 Gy to the GTV over
five consecutive fractions, whereas case N6 received 25 Gy
to the CTV and 35 Gy to the GTV over five consecutive
fractions. Case N8 received 35 Gy to the CTV and 40 Gy
to the GTV in five consecutive fractions.

Since the eye is the most affected organ during nasal
tumor irradiation, the dose delivered to the right lacrimal
gland ranged from 4.4 to 29 Gy (mean: 19.78 Gy), while
the dose delivered to the left lacrimal gland ranged from
5.3 to 28.6 Gy (mean: 19.15 Gy).

Statistical Analysis

Descriptive statistics were calculated and are presented

Treated volume

OAR

A

Fig 2. A- Schematic visualization of GTV, CTV, PTV, and QAR determination, B- Planning of GTV (red line), CTV (turquoise line) created with GTV + 5
mm, and PTV (dark blue line) created with CTV + 3 mm in the transverse view
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Fig 3. A) Dose of 35Gy/5Fr is given to GTV (red isodose line), while the dose prescribed to PTV created with CTV + 3 mm is 30Gy/5Fr (SIB) (dark blue
isodose line), B) Dose prescribed to PTV volume created with CTV + 3 mm: 30 Gy/5Fr (red isodose line)

as mean, standard deviation (SD), median, interquartile
range (25"-75" percentiles), and frequency (number and
percentage), as appropriate. The Fisher-Freeman-Halton
exact test was used to evaluate associations between
categorical variables. The relationship between age and
survival was assessed using Spearman’s rank correlation
analysis.

Survival outcomes, including progression-free survival
time (PFST), were compared between breeds and
radiotherapy protocols using the log-rank (Mantel-Cox)
test and Kaplan-Meier survival curves were generated.
The likelihood ratio chi-square test was used to compare
acute and chronic side effects between two groups. A
two-sided P value <0.05 was considered statistically
significant. All statistical analyses were performed using
SPSS software (version 29.0).

RESULTS

A total of 12 dogs were included in the study. Breed
distribution consisted of 6 Golden Retrievers, 3 Terriers,
1 Labrador Retriever, 1 Jack Russell Terrier, and 1
Setter. The mean age of the dogs was 9 years (range:
2-14 years), and the population included 6 males and
6 females. The primary tumor was located in the right
nasal cavity in 5 dogs, the left nasal cavity in 6 dogs, and
bilaterally in 1 dog. Common clinical signs included
facial deformity (DE), dyspnea (DY), epistaxis (EP),

nasal congestion (NC), sneezing (SN), and exophthalmos

Based on histopathological examination and CT
evaluation, tumor types were identified as follows: 4
squamous cell carcinomas (SCC), 2 adenocarcinomas
(ACA), 2 hemangiosarcomas (HSA), 1 transitional cell
carcinoma (TCC), 1 malignant fibrous histiocytoma
(MFH), and 2 undifferentiated neoplasms (UN).
According to the modified Adams staging system, 1 case
was classified as T1, 3 as T2, 5as T3, 2 as T4, and 1 as T4a
(Table I; Fig. 4).

During the 450-day study period, 5 of the 12 dogs died:
case N1 on day 150, N2 on day 105, N4 on day 440, N5 on
day 40, and N12 on day 100. Cases N1 and N4 died due
to multiple organ failure, whereas cases N2, N5, and N12
died as a result of respiratory failure.

During the planned follow-up period, the overall survival
time (OST) and progression-free survival time (PFST)
were 346 days and 238 days, respectively, for dogs treated
with IG-HyVMAT. In dogs treated with the IG-HyVMAT
SIB protocol, OST was 340 days and PFST was 238 days.

Case N6 exhibited a PFST of 304 days, whereas case N9
showed a PFST of 443 days, after which recurrence was
detected on day 450, marking the end of the study. The
owners of both dogs declined further treatment and could
not be contacted for continued follow-up.

Fig 4. A) Stage 1, rostral mass involvement at N2 (arrow), B) Stage 2, nasal septum involvement at N3 (arrow), C) Stage 3, orbital involvement at N9 (arrow),

D) Stage 4a, cribriform plate invasion at N10 (arrow)
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Seven dogs remained alive at the end of the follow-up
period. Among these, three dogs (N9, N10, N11) had been
treated with the IG-HyVMAT protocol, while four dogs
(N3, N6, N7, N8) had received IG-HyVMAT SIB. The
mean PFST among the seven surviving dogs was 312 days
(Table 1).

Although a moderate negative correlation was observed
between age and PFST, this relationship was not statistically
significant (r=-0.508, P=0.092). Mortality rates were found
to be significantly higher in Golden Retrievers and in dogs
presenting with dyspnea (DY) and nasal congestion (NC).
No significant association was detected between recurrence
rates and the other evaluated variables.

Acute Toxicity

Early toxicity evaluations were performed in 10 cases.
Regarding cutaneous toxicity, no findings were observed
in one patient (GO), whereas three patients developed dry
desquamation and alopecia (G1). Moist desquamation
(G2) was observed in four patients, and edematous
desquamation (G3) occurred in two patients. With respect
to mucosal membranes, no early side effects were observed
in eight patients (GO0), while one patient developed G2
toxicity and another developed G3 toxicity (Fig. 5).
According to VRTOG criteria, early ocular toxicities are
defined as moderate conjunctivitis and scleral congestion
(G1); keratoconjunctivitis sicca (KCS) requiring artificial
tears, moderate conjunctivitis, and iridocyclitis requiring
treatment (G2); and ulcerative keratitis with or without
vision loss and glaucoma (G3). In this study, evaluation
of early ocular side effects revealed no toxicity in four
patients, moderate conjunctivitis (G1) in two patients,
and KCS requiring artificial tears (G2) in four patients.
These early side effects appeared during the second week
following radiotherapy and resolved within approximately
1-1.5 months (Table 1).

Late Toxicity

Late toxicity evaluation was performed in 8 cases. All
late adverse effects that developed after the third month
following radiotherapy were considered permanent.
Regarding cutaneous findings, no abnormalities were
observed in two cases. Four dogs exhibited G1 toxicity

(alopecia, hyperpigmentation, and leukotrichia), while
two dogs developed G2 toxicity characterized by
symptomatic induration and fibrosis (Fig. 6). According
to VRTOG parameters, late ocular toxicities in sinonasal
tumor irradiation include asymptomatic cataracts or KCS
(G1); symptomatic cataracts, keratitis, corneal ulceration,
minor retinopathy, or moderate glaucoma (G2); and
panophthalmitis, blindness, severe glaucoma, or retinal
detachment (G3). In this study, five dogs showed no late
ocular toxicity, while three dogs developed G2 toxicities.
Ophthalmologic examinations revealed no G3-level
adverse effects. Among the three dogs exhibiting G2
toxicity (N4, N6, N7), all had persistent KCS requiring
ongoing supportive therapy, which had initially developed
during the acute phase. In addition, cases N6 and N7
developed symptomatic right-sided cataracts with visual
impairment, accompanied by bilateral keratitis, corneal
ulceration, and descemetocele formation. None of the
more severe ocular lesions that may occur at the G2 level,
such as minor retinopathy or glaucoma, were observed.
In case N7, bilateral limbal stem cell deficiency developed
alongside cataract formation. Although this finding is not
included in the VRTOG late toxicity scoring system, it was
considered clinically significant. In the same patient, vision
in the right eye was restored following extracapsular lens
extraction (ECLE) using phacoemulsification, performed
at the owner’s request (Fig. 7).

Fig 6. Late-stage skin toxicity. A) Alopecia, hyperpigmentation, leucotricha
(Grade 1), B) Asymptomatic induration/fibrosis (Grade 2)

Fig 5. Early skin and mucous membrane toxicity. A) Erythema, dry desquamation, alopecia (Grade 1), B) Moist desquamation (Grade 2), C) Pachy

mucositis (Grade 2), D) Conflient desquamation with edema (Grade 3)




Kafkas Univ Vet Fak Derg

287
ULGENALP, CERKEZ, ALPAN, OYMAK, OZGENCIL,

KULEYINOGLU, DEMIRUTKU, GOKCE, ATAGUN, SELEK

Fig 7. Late-stage ocular toxicity. A) Keratitis due to KCS (G1) and limbal
stem cell insufficiency in both right and left eye (G2), B) Descematocele in
the right eye, limbal stem cell insufficiency in both eyes (G2) and KCS (G1)
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Fig 8. Kaplan-Meier curve for progression-free survival time in Golden

Retrievers, Terriers, and other breeds

in terms of acute side effects. However, significant
differences were detected in chronic toxicities,
particularly involving the skin (P=0.020) and ocular
tissues (P=0.049) in dogs treated with IG-HyVMAT SIB
(Table 1). Comparative analysis of PFST between breeds
demonstrated a statistically significant difference (x*=7.51,
P=0.028). Golden Retrievers exhibited significantly shorter
PEST compared with Terriers and other breeds (Fig. 8).
No statistically significant difference in progression-
free survival time (PFST) was observed between the
IG-HyVMAT and IG-HyVMAT SIB groups (x*=0.002,
P=0.964). Follow-up CT examinations performed
approximately 120 days after radiotherapy in dogs treated
with IG-HyVMAT SIB generally demonstrated a marked
reduction in gross tumor volume (GTV) (Fig. 9).

Di1SCUSSION

Adenocarcinomas are generally reported to be the
most common histologic subtype in canine nasal
tumors, followed by squamous cell carcinomas (SCCs)
and, less frequently, chondrosarcomas. Other tumor
types, including fibrosarcomas, osteosarcomas, and
undifferentiated or anaplastic sarcomas, have also
been described ' In a study evaluating radiotherapy
outcomes in 166 dogs diagnosed with NLNT, a significant
difference in survival time was demonstrated between
adenocarcinoma and squamous cell carcinoma . In
contrast to those reports, SCCs were more common than
adenocarcinomas in the present cohort. Nevertheless, our
findings were consistent with previous data showing the
overall predominance of carcinomas over sarcomas !4,

Nasal carcinomas have been reported most frequently

in the CT image taken at the 16th week follow-up after RT

Fig 9. A) Simulation CT image taken during radiotherapy planning for N7 showing the mass covering both cavities, B) Near complete regression of the mass

Comparative Treatment Outcomes

No statistically significant difference was observed
between the IG-HyVMAT and IG-HyVMAT SIB groups

in dolichocephalic breeds such as Golden Retrievers,
Labrador Retrievers, German Shepherd Dogs, and
English Springer Spaniels, with a median age at diagnosis
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of approximately 10 years !4, In the present study,
although a moderate negative correlation was observed
between age and PFST, mortality was significantly higher
in Golden Retrievers than in Terriers and other breeds.
This finding suggests that breed-related differences may
influence disease behavior or treatment response in ways
not fully explained by current staging systems. Evaluation
of tumor laterality revealed 5 right-sided, 6 left-sided,
and 1 bilateral lesion, with no meaningful difference
identified, suggesting that either side of the nasal cavity
may be affected.

In linac-based hypofractionated stereotactic radiotherapy
(SRT) studies for canine nasal tumors delivering a total
dose of 30 Gy, overall survival time (OST) has been
reported to range from 500 to 586 days, with minimal
acute adverse effects '*. Similarly, a study using SRT at a
dose of 10 Gy x 3 fractions in dogs with NLNT reported
an OST of 745 days . In another report including 182
dogs with NLNT treated with 10 Gy x 3 fractions, OST
was 441 days and acute morbidity was minimal " In dogs
with NLNT treated with either 3 consecutive fractions
of 9-10 Gy or a single fraction of 20 Gy SRT, OST was
reported as 388 days ©*l. Another study in 129 dogs with
NLNT treated with 10 Gy x 3 fractions reported clinical
improvement with minimal acute toxicity and an OST of
542 days [,

In cases diagnosed with stage 4 nasal carcinoma,
characterized by cribriform plate lysis and adjacent bone
lysis extending into the intracranial region, SRT was
delivered at a total dose of 30-35 Gy in 3-5 sessions (7-
10 Gy per fraction), and recurrence was observed 3 to
5 months later, with an OST of 170 days "'l In another
study, 88% of dogs with NLNT treated with SRT derived
clinical benefit, with a PFST of 359 days and an OST of
563 days !\,

Considering the small number of cases included in our
study, the limited follow-up period for evaluating early
findings, and the fact that 7 of 12 dogs were still alive on
day 450, our overall apparent success rate was 58%. We
considered the mean PFST of the 7 dogs that remained alive
throughout the 450-day follow-up period (312 days) to be
clinically relevant, and this finding was consistent with the
PEST of 359 days reported by Fox-Alvarez et al.l'*l.

The SIB technique is considered important because
it combines the advantages of dose escalation and
fractionation by delivering different dose levels to different
target volumes within the same treatment course. In a
study of 49 dogs with NLNT, 27 dogs received conventional
SRT (10 x 4.2 Gy), whereas 22 dogs were treated with
an SIB protocol (10 x 4.83 Gy to the gross tumor). The
mean PFST was 274 days for the conventional protocol and
300 days for the SIB protocol. Although the SIB protocol

was reported to be positively associated with prognosis,
the difference between groups was not statistically
significant 6],

In the present study, IG-HyVMAT, predominantly applied
with SIB, was prescribed at doses ranging from 25 to 40
Gy. In dogs treated with IG-HyVMAT, OST and PFST
were 346 and 238 days, respectively, and 60% survived
today 450. In dogs treated with IG-HyVMAT SIB, OST
and PFST were 340 and 238 days, respectively, and 57%
survived today 450. These treatment regimens were well
tolerated and associated with minimal acute toxicity.
Although the small sample size and presence of censored
cases limit definitive conclusions, the achievement of
meaningful survival times with minimal acute toxicity
in dogs treated with SIB supports further investigation
of this approach. On the other hand, tumor size and
location also appeared to be major factors influencing
the clinician’s decision regarding dose escalation and the
extent of organ-at-risk sparing.

An et al." reported three dogs presented with epistaxis
and facial deformity in which CT demonstrated soft
tissue-attenuating, contrast-enhancing masses involving
both nasal cavities, together with cribriform plate lysis
and adjacent bone lysis extending intracranially. These
cases were diagnosed as stage 4 nasal carcinoma and
treated with radiotherapy at a total dose of 30-35 Gy over
3-5 sessions (7-10 Gy per fraction). Monthly follow-up CT
examinations showed tumor shrinkage after treatment,
although recurrence was observed 3 to 5 months later,
and the mean OST was 170 days. The authors concluded
that SRT provided treatment precision even in dogs
with nasal carcinoma and cribriform plate lysis without
causing severe radiation toxicity. They recommended
follow-up CT evaluations at 1, 3, and 6 months after SRT
for prognostic assessment and recurrence monitoring.
Clinical signs initially observed in dogs with nasal tumors
include epistaxis, mucopurulent nasal discharge, facial
deformity, sneezing, stertorous breathing, dyspnea,
ocular discharge, and, in advanced cases, neurologic signs
associated with cribriform plate invasion.

In the present study, one case with T4-stage cribriform
plate destruction died on day 150, whereas another case
with T4a-stage brain invasion was still alive at the end of
follow-up; therefore, no clear conclusion could be drawn
regarding the prognostic significance of these findings. No
neurologic deficits or fistula formation were encountered,
including in the dog with cribriform plate lysis, although
other common clinical signs were observed. This
suggests that radiologic invasion may not necessarily be
associated with neurologic dysfunction. However, the
significantly higher mortality observed in dogs presenting
with dyspnea (DY) and nasal congestion (NC) suggests
that these clinical signs may reflect more advanced
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local disease and may serve as additional prognostic
indicators.

It is well established that OST in dogs with NLNT treated
with SRT ranges from 10 to 19 months (300-540 days) 4.
In the present study, OST was 346 days in dogs treated
with IG-HyVMAT and 340 days in those treated with IG-
HyVMAT SIB, further supporting the clinical effectiveness
of radiotherapy. Comparative analysis of PFST between
breeds revealed a statistically significant difference, with
Golden Retrievers demonstrating significantly shorter
PEST than Terriers and other breeds. This may be associated
with the shorter survival observed in this breed. Earlier
mortality in Golden Retrievers may also have limited the
observation period during which recurrence could be
detected, suggesting the possibility of survival-related bias
in breed-based comparisons of recurrence.

Although no significant difference in PFST was observed
between the IG-HyVMAT and IG-HyVMAT SIB groups,
follow-up CT examinations performed on day 120 after
radiotherapy in the IG-HyVMAT SIB group generally
demonstrated a marked reduction in gross tumor volume
(GTV). This finding supports further investigation of this
protocol, particularly in cases where GTV is substantial
and the primary aim is to achieve improved local palliation.

In the present study, acute side effects resolved within
1 to 1.5 months, while chronic adverse effects included
permanent alopecia and hyperpigmentation (G1) in four
cases and asymptomatic induration/fibrosis (G2) in one
case, none of which appeared to negatively affect patient
quality of life. In addition, permanent KCS of G1 severity
was observed in four dogs, and G2 symptomatic cataract
and keratitis were observed in three dogs, whereas
other adverse effects such as retinopathy, glaucoma, and
permanent blindness were not encountered. Furthermore,
restoration of vision in the right eye of one dog with cataract
following extracapsular lens extraction suggested that
these adverse effects did not severely compromise patient
comfort and also contributed to owner satisfaction. In
contrast, limbal stem cell deficiency observed in two cases,
although not included in the VRTOG toxicity scoring
system, suggests that this entity should also be considered
in ophthalmologic assessments of late morbidity. These
findings support the importance of lacrimal gland and
corneal dose constraints as reported by Poirier et al.l'7l.
Our observations regarding early and late radiotherapy-
related morbidity were also consistent with the toxicities
described by Mortier and Blackwood 2.

Although no significant difference in acute adverse effects
was observed between dogs treated with IG-HyVMAT
and those treated with IG-HyVMAT SIB, significant
differences in chronic skin and ocular toxicities were
observed in the SIB-treated group. This finding may

be attributable to the higher doses delivered within the
planned target volume (PTV) in dogs receiving SIB.

Radiation-induced visual impairment has been shown to
be dose-dependent; mean ocular doses of approximately
39 Gy have been associated with vision loss, whereas
doses below 30 Gy are generally reported to preserve
visual function "8, In hypofractionated IMRT protocols,
radiation-induced KCS represents a clinically important
late complication, and a retrospective case-control
study identified a corneal dose threshold of 14.9 Gy
predictive of KCS development in dogs treated with large
fraction sizes 1"\,

In the present study, the mean lacrimal gland dose in
cases that developed cataract and KCS approached 29
Gy, which was consistent with previous reports. Notably,
the mean lacrimal gland doses in this study were
approximately 19 Gy on both sides, and permanent KCS
occurred only in dogs receiving doses near the upper
end of the reported range. This observation supports the
concept that tumor proximity to ocular structures, and the
resulting unavoidable dose escalation, plays a critical role
in the development of late ocular toxicity. Consistent with
previous IMRT planning studies, these findings reinforce
the importance of lacrimal gland contouring and the
application of conservative dose constraints, particularly
when hypofractionated SRT protocols are used. Vision-
threatening complications involving the lens, retina, or
optic nerve were rare in our study, with only three dogs
developing G2 ocular toxicity. These findings emphasize
the importance of careful dose planning for ocular
structures, particularly the corneal limbus and lacrimal
gland, in order to minimize the risk of permanent KCS
and stem cell deficiency. Although symptomatic treatment
provided clinical improvement, these complications
underscore the need for stricter dose constraints in
hypofractionated SRT protocols.

Because there is no standardized radiotherapy protocol
for canine nasal tumors, further studies with larger case
numbers, longer follow-up periods, and more detailed
reporting of early and late toxicities are needed. The
results of the present study, conducted in a veterinary
hospital setting in Tiirkiye using an officially authorized
and legally established certified radiotherapy device
and a multidisciplinary team including a veterinary
oncology specialist and a medical physicist from the same
institution, support the use of IG-HyVMAT as an effective
treatment modality capable of providing meaningful
survival benefits with an acceptable toxicity profile.

In conclusion, our findings were consistent with previously
published studies in terms of OST, PFST, toxicity, and
dose parameters. Radiotherapy appeared to increase PEST
and OST with minimal adverse effects. Future research
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should focus not only on PEST, OST, and toxicity grading
according to VRTOG criteria, but also on SIB-based
treatment planning strategies in which dose constraints
for adjacent functionally critical organs, particularly
the lacrimal gland and corneal structures, are carefully
evaluated.
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INTRODUCTION

Abstract

Endometritis remains a major cause of reduced reproductive efficiency in dairy cattle,
necessitating practical methods for clinical detection and identification of bacterial
etiology under farm conditions. The aim of this exploratory field study was to evaluate
the practical applicability of a complex diagnostic protocol utilizing a novel portable
endovideo-vaginoscope custom-designed for farm use. The device features autonomous
heating (to prevent lens fogging), Wi-Fi data transmission, and smartphone integration
and was used alongside laboratory verification. In the Abai region of Kazakhstan,
100 Holstein-Friesian cows were screened on days 20-30 postpartum. Clinical signs
of endometritis were detected in 21 animals (21%) by video-vaginoscopy, after which
uterine contents from affected cows were aseptically collected for bacteriological culture
and PCR analysis. Under the aerobic culture conditions used, laboratory findings most
frequently identified Escherichia coli and/or Staphylococcus aureus, including in mixed
bacterial infections. PCR analysis identified the fimH gene in E. coli-positive material
and the nuc gene in S. aureus-positive material, supporting the bacterial etiology of the
inflammation visualized instrumentally. Antimicrobial susceptibility testing revealed
a high prevalence of resistance to ampicillin and oxytetracycline among the isolates,
whereas gentamicin and cephalosporins demonstrated high in vitro activity. The novelty
of this study lies in the field validation of a portable device with thermostabilization and
wireless archiving capabilities. Overall, the results indicate that this protocol, combined
with molecular verification, provides a practical field-adapted approach for the diagnosis
and monitoring of postpartum uterine health in remote farm settings.

Keywords: Abai region, Bovine endometritis, Diagnostics, Escherichia coli, fimH, nuc,
PCR, Portable endovideo-vaginoscope, Staphylococcus aureus

postpartum uterine disease remains substantial; therefore,
the practical value of any diagnostic strategy depends

Postpartum endometritis, clinically characterized primarily
by mucopurulent or purulent vaginal discharge after
21 days in milk (DIM), remains a major cause of
reduced reproductive efficiency in dairy cattle, as it is
associated with impaired conception rates, increased
days open, and significant economic losses .. Beyond
the direct economic burden, postpartum uterine disease
has important sanitary implications at the herd level,
because persistent uterine infection contributes to
increased antimicrobial use, higher treatment costs, and
management challenges related to animal welfare and
biosecurity . In modern dairy herds, the risk of clinical

on its on-farm reproducibility, rapid turnaround time,
and the ability to document findings for monitoring and
decision-making 14,

The pathogenesis of endometritis is viewed as the result
of an interaction between bacterial contamination in
the early postpartum period, trauma or contamination
of the reproductive tract, and the endometrial immune
response. However, colonization does not invariably lead
to clinical inflammation. Mechanisms of “resilience”
-specifically pathogen avoidance, tolerance, and resistance
(elimination)- are critical in determining whether

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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contamination progresses to established disease, and
recent reviews emphasize that the endometrium functions
as an active organ of innate immunity shaping the severity
and consequences of postpartum uterine disease 7.

Etiologically, clinical endometritis in cattle is polymicrobial
and dynamic over time. In addition to Escherichia
coli, Trueperella pyogenes and anaerobic taxa (e.g.,
Fusobacterium, Porphyromonas/Prevotella, Bacteroides)
are frequently associated with postpartum uterine disease.
A crucial pathogenetic feature may be not only the presence
of bacteria but also their localization and tissue invasion.
The application of fluorescence in situ hybridization
(FISH) to endometrial biopsies has demonstrated that
specific anaerobes can be detected intracellularly within
the epithelium and in the lamina propria, supporting the
concept of tissue invasiveness as a factor in the persistence
of inflammation ¥ In parallel, increased attention has
been given to antimicrobial resistance (AMR) in uterine
isolates and to rational antibiotic stewardship, because
empirical treatment without pathogen verification or
susceptibility testing increases the risk of failure and
selection for resistance 1.

From a practical perspective, the “bottleneck” often lies
in clinical diagnosis under field conditions. Traditionally,
clinical endometritis is identified via visual assessment
of vaginal contents (speculum/vaginoscopy, Metricheck
device, gloved hand) based on discharge scoring systems.
While these methods may show comparable predictive
value for reproductive outcomes, they can yield different
diagnostic frequencies for the same animals, indicating a
risk of variability and misclassification "'l Given the lack
of a single “gold standard,” modern studies increasingly
refine diagnostic criteria and evaluate test performance
using probabilistic approaches and Bayesian latent class
models to estimate sensitivity and specificity under
field conditions >1, This has supported interest in
instrumental visualization that allows standardization,
image storage, and subsequent audit of findings-
particularly relevant for geographically dispersed farms
and remote production settings, where specialist access
and quality control of reproductive examinations may be
limited 17201,

In this context, portable video/electronic solutions
facilitate vaginoscopy by providing stable visualization
with digital archiving for longitudinal monitoring and
consultation 7%, At the same time, laboratory verification
remains critical: culture confirms viable pathogens and
enables AMR profiling, while molecular methods (PCR/
RT-PCR) offer greater speed and specificity, especially in
mixed infections. For E. coli, the fimH adhesin has been
reported among virulence factors associated with clinical
endometritis, supporting its use as a marker for potentially
more pathogenic strains in the postpartum period P!

For Staphylococcus aureus, the nuc gene is a widely
accepted species-specific PCR marker used for rapid
identification ??. Contemporary experimental and field
data continue to clarify how S. aureus and other microbial
components influence endometrial inflammation and the
uterine microbial community ¥, and studies of genital
E. coli populations suggest that reservoirs and virulence
determinants may differ between healthy animals and
cows with postpartum uterine disease, which is important
for interpreting PCR results clinically 4.

Overall, modern approaches to the field diagnosis of
clinical endometritis are increasingly viewed as a multi-
stage reproducible protocol comprising: (i) standardized
visual assessment of vaginal discharge (with a trend
toward digital capture for comparability); (ii) aseptic
sampling from the uterine cavity/cervical canal; (iii)
culture confirmation with AMR profiling; and (iv)
targeted molecular verification of key pathogens and/
or virulence markers to confirm etiology and improve
comparability between herds 1*!">%], In this framework, a
protocol combining portable video-vaginoscopy adapted
for farm conditions (including optics thermostabilization/
anti-fogging, wireless transmission, and image archiving)
with bacteriology and PCR detection of fimH (E. coli)
and nuc (S. aureus) markers appears logically sound and
addresses both diagnostic subjectivity and etiological
verification 2.

Accordingly, the aim of this exploratory field study was to
assess the practical applicability of a portable endovideo-
vaginoscope, used in combination with bacteriological
culture and PCR, for the detection of clinical endometritis
and for descriptive characterization of associated bacterial
findings in Holstein herds.

MATERIAL AND METHODS
Ethical Statement

The study was conducted with written consent from the
farm owner and approved by the Institutional Ethics
Committee of Shakarim University (Protocol No. 16,
dated September 10, 2025).

Study Design

This study was conducted on the commercial dairy farm
“Kalihanuly” in the Abai region of Kazakhstan. A total
of 100 Holstein-Friesian cows, producing approximately
25 L of milk per day, aged between 3 and 8 years, were
screened during the early postpartum period (20-30 days
in milk, DIM). The herd was managed under routine
commercial farm conditions in the study region, and all
examinations were performed on-farm. The laboratory
analyses were carried out at the “Agrotechnopark”
Research Laboratory of Shakarim University. The study
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was designed as an exploratory field-validation study;
uterine samples were collected only from cows meeting
the clinical definition of endometritis, and no clinically
healthy control group was included.

Feeding and Body Condition

The cows were fed a Total Mixed Ration (TMR) consisting
of alfalfa hay, corn silage, and concentrates, formulated to
meet the nutritional requirements of lactating dairy cattle.
Water was provided ad libitum. At the time of enrollment
(20-30 DIM), the average body condition score (BCS) of
the animals was within the optimal range (approximately
3.0-3.5 on a 5-point scale) 6],

Reproductive History

Review of the medical history revealed that the study
cohort included animals with a history of dystocia
and retained fetal membranes (>12 h postpartum).
Additionally, cases of acute puerperal metritis treated
during the early postpartum period (0-10 DIM) were
recorded in the history of several cows. These conditions
had either clinically resolved or transitioned into the
chronic forms studied here by the time of enrollment .

Clinical and Instrumental Diagnosis

The diagnostic workflow included medical history
review (focusing on calving and postpartum events), a
general clinical examination, and endovideovaginoscopic
assessment. A custom-designed portable video-vaginoscope
was used for visual inspection of the vaginal and cervical
mucosa (Fig. I). The instrument was constructed from
medical-grade stainless steel (AISI 304), with a distal
module equipped with a miniature video camera, LED
illumination, and a built-in heating system to prevent
condensation (anti-fogging) and to warm the metal
surface.

Real-time video transmission via Wi-Fi allowed the
operator to view and record intra-vaginal and cervical

tindings using a mobile device. To ensure hygiene and
prevent cross-contamination, the device underwent
thorough mechanical cleaning after each use, followed by
high-level disinfection via immersion in a 7.5% hydrogen
peroxide solution for 15 min, and finally double rinsing
with sterile distilled water.

To clinically assess uterine health, the Vaginal
Discharge Score (VDS) system was employed as follows:
Score 0 - no discharge or clear mucus.

Score 1 - mucous discharge with small flecks or strands of pus.
Score 2 - mucopurulent discharge (<=50% purulent content).

Score 3 - purulent discharge (>50% pus), possibly with
malodor or bloody components.

Clinical endometritis was diagnosed when cows had a
VDS >= 2 between 20 and 30 days in milk (DIM) 271,

Sample Collection and Microbiological Analysis

Uterine samples were collected transcervically from
cows that showed clinical signs of endometritis on
video-vaginoscopic examination (presence of purulent
or mucopurulent exudate, n=21). The procedure was
performed under aseptic conditions and visual guidance
using a certified sampling device (Patent No. 10148,
Republic of Kazakhstan). Samples were transported to
the laboratory at +4°C and processed within 2 h.

Initial inoculation was performed on MacConkey agar and
Columbia blood agar supplemented with 5% defibrinated
sheep blood (Oxoid Ltd., Basingstoke, UK). Plates were
incubated aerobically at 37°C for 24-48 h. Preliminary
species identification was based on colony morphology,
Gram staining, and standard biochemical assays:
catalase and coagulase tests for staphylococci; oxidase
and lactose fermentation tests for Enterobacteriaceae.
Because bacteriological culture in the present study was
restricted to aerobic incubation, strict anaerobes were
not specifically targeted. Molecular confirmation of E.

Fig 1. Portable endovideovaginoscope designed for cattle examination. a) General view of the portable endovideovaginoscope (handle and stainless-steel
probe), b) Distal tip showing the built-in video camera, LED illumination, and the working/inspection channel
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coliand S. aureus was performed using PCR targeting the
fimH and nuc genes, respectively.

Antimicrobial Susceptibility Testing

Antimicrobial susceptibility of the isolates was evaluated
using the disk diffusion method on Mueller-Hinton
agar (Oxoid Ltd., Basingstoke, UK), following CLSI
VETO01-A4 (2020) guidelines. The following antibiotic
disks were used: ampicillin (10 pg), oxytetracycline (30
ug), gentamicin (10 pg), cephalothin (30 ug), ceftiofur
(30 pg), enrofloxacin (5 pg), florfenicol (30 ug), and
trimethoprim/sulfamethoxazole (1.25/23.75 ug). Zone
diameters were interpreted per CLSI criteria, and the
proportion of susceptible isolates was calculated using the
formula: %S = S/(S + I + R) x 100.

Molecular Genetic Analysis (PCR)

DNA extraction was performed using a phenol-chloroform
protocol. PCR amplification was carried out using
DreamTaq PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA). Species-specific primers targeting
virulence factors were used as previously described 22

o nuc gene (S. aureus):
Forward: 5-ATGAAGTCAAATAAAATCGCT-3’
Reverse: 5’-TTTGGTGAAAATACTTCTC-3’

o fimH gene (E. coli):

Forward: 5-TGCAGAACGGATAAGCCGTGG-3’
Reverse: 5’-GCAGTCACCTGCCCTCCGGTA-3

Thermal cycling conditions:
o For nuc: initial denaturation at 95°C for 5 min; 35

cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for
30 seg; final elongation at 72°C for 3 min.

o For fimH: initial denaturation at 95°C for 7 min;
35 cycles of 94°C for 30 sec, 57°C for 30 sec, and
72°C for 60 sec; final elongation at 72°C for 7 min.

Amplicons were visualized by agarose gel electro-
phoresis (3%) under UV illumination.

Statistical Analysis

Because this study was exploratory and based on
convenience sampling under field conditions, no a
priori power analysis was performed. Statistical analysis
was conducted using R software v4.3.2 (packages: epiR,
AMR, binom) and GraphPad Prism v10.2. The results
are presented primarily as descriptive data. Categorical
variables (e.g., pathogen detection and antimicrobial
susceptibility categories) are reported as counts,
proportions, and 95% confidence intervals (CI) calculated
by the Wilson method. Where appropriate, comparisons
of proportions were explored using Fisher’s exact test
or the chi-square test. A P value <0.05 was considered
statistically significant, but all inferential results were
interpreted cautiously given the limited sample size and
the absence of a healthy control group.

RESULTS

Endovideo-vaginoscopic examination of cows diagnosed
with clinical endometritis (Fig. 2) revealed characteristic
pathomorphological changes in the cervico-vaginal region.
Direct visualization identified pronounced hyperemia
and edema of the cervical mucosa and vaginal fornix,
with the mucosal surface appearing moist and glossy.
A mucopurulent exudate, distinguished by the loss of
transparency and the presence of turbid, viscous mucus
containing whitish-yellow flocculent purulent inclusions,
was observed accumulating predominantly at the external
cervical os. Based on the proportion of purulent material
within the mucus (pus <50%), the clinical presentation
was classified as VDS 2, providing direct visual
confirmation of an active inflammatory process within the
reproductive tract.

Fig 2. Cervico-vaginal images of clinical endometritis obtained via endovideovaginoscopy. a) External cervical os with marked hyperemia and edema,
b) Mucopurulent exudate and swollen mucosa around the external cervical os, corresponding to a Vaginal Discharge Score (VDS) of 2
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Microbiological Profile and Molecular Verification

Bacteriological analysis of 21 samples from cows with
clinical endometritis showed that S. aureus and E. coli
were the most frequently isolated bacteria under the
aerobic culture conditions used. S. aureus was isolated in
11 cases (52.4%) and E. coli in 9 cases (42.9%). In several
samples, mixed microbial associations (co-infections)
were observed, consistent with the polymicrobial nature
of postpartum endometritis.

Polymerase chain reaction (PCR) was used for molecular
verification and further characterization of the detected
bacteria. PCR was performed on a subset of samples (n=15
for fimH and n=14 for nuc), because some specimens
yielded insufficient material and/or DNA of inadequate
quality for reliable amplification. These PCR findings
should therefore be interpreted as confirmatory results for
the tested subset rather than as prevalence estimates for
the full cohort.

fimH gene (E. coli). Among the 15 DNA samples tested, a
specific 508 bp amplicon was detected in 10 cases (Fig. 3).
The presence of the fimH gene, encoding type 1 fimbrial
adhesin, supports the adhesion potential of these E. coli
strains and is consistent with their possible involvement in
persistence of endometrial inflammation '\

nuc gene (S. aureus). Among the 14 DNA samples tested,
a specific amplicon corresponding to the nuc gene was
identified in 11 cases (Fig. 4). The nuc gene is a species-
specific marker for S. aureus, encoding thermostable
nuclease (DNase), and served here as a confirmatory
molecular marker for the tested material 122,

Antimicrobial Susceptibility Testing

The results of antimicrobial susceptibility testing (AST)
for the isolated pathogens are presented in Table I.
Interpretative categories were assigned according to
veterinary-specific CLSI standards (CLSI VET01-A4, 2020).

Fig 3. Gel electrophoresis of PCR products for detection of the fimH gene
in Escherichia coli. M, 100 bp DNA ladder; lanes 1-15, samples from the
uteri of cows with postpartum endometritis. The presence of a specific
band at 508 bp indicates a positive result. No amplicons were detected in
negative samples

2134 SO RN 68 7890 11 12

Fig 4. Gel electrophoresis of PCR products for detection of the nuc gene
in Staphylococcus aureus. M, 100 bp DNA ladder; lanes 1-14, samples from
the uterine cavity of cows with postpartum endometritis. The presence of a
specific band at 458 bp corresponds to a positive result. No amplicons were
detected in negative samples

Table 1. Antimicrobial susceptibility profiles of E. coli and S. aureus isolates
obtained from cows with clinical endometritis

Escherichia | Staphylococcus
Antimicrobial Agent (Disc Content) coli (n=9) aureus (n=10)

S I | R S I R
Ampicillin (10 ug) 0 1|38 0 2| 8
Oxytetracycline (30 pg) 2 1|6 2 1|7
Gentamicin (10 pg) 7 1|1 10 | 0] O
Cephalothin (30 pg) 6 1|2 8 1 1
Ceftiofur (30 ug) 7 1|1 8 1|1
Enrofloxacin (5 pg) 5 2|2 8 1|1
Florfenicol (30 pg) 6 2 |1 8 1 1
'(I‘lr.l;rslj:;};);)srl}:;Sulfamethoxazole ) 1l e 9 ol 1

S, susceptible; 1, intermediate; R, resistant

Susceptibility profiles were assessed for all E. coli isolates
(n=9) and for available pure cultures of S. aureus (n=10).
One S. aureus isolate was excluded from AST due to
insufficient growth and inability to obtain a stable pure
culture during subculturing.

Di1SCUSSION

In this study, clinical endometritis was diagnosed in
21% of the cows examined at 20-30 DIM. This figure is
within the range of prevalence reported for postpartum
uterine disease in dairy cows "2 Local studies in
Kazakhstan similarly indicate a high incidence of
endometritis; for example, some surveys have reported
clinical endometritis rates on the order of 15-30%, and up
to 40% in certain herds .

Endovideovaginoscopy under farm conditions facilitated
the detection and documentation of clinical endometritis
in postpartum cows, particularly in animals lacking
overt signs of estrus, in which the condition may be
underestimated during routine examination. Rather
than inferring uterine status indirectly, video-assisted
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vaginoscopy enables direct visualization of the cervico-
vaginal mucosa and of vaginal discharge characteristics
(Vaginal Discharge Score, VDS), which are widely used
clinical indicators of endometritis ). However, because
this study did not include a head-to-head comparison
with conventional vaginoscopy, a speculum examination,
or the Metricheck device, the present findings should
be interpreted as evidence of field feasibility rather than
proof of superior diagnostic performance.

The implementation of endovideovaginoscopy extends
standard vaginoscopy by enabling digital imaging and
documentation. Veterinary practitioners can record photo
and video material directly to a smartphone, facilitating
longitudinal monitoring and improving reproducibility of
VDS assessment. An additional practical advantage is the
integrated heating system for the metallic probe, which
may improve operator workflow by reducing optical
fogging and may improve animal comfort during field
examinations, particularly in unheated facilities and cold
climates. Rodrigues et al.'” reported clearer visualization
and greater comfort with videovaginoscopy than with a
standard speculum examination in heifers. Our portable
system additionally incorporates active heating and
wireless data transfer, which enhance its practical field
applicability; nevertheless, direct comparative validation
against conventional methods remains warranted.

In our study, T. pyogenes and strict anaerobes were not
isolated. This finding should be interpreted cautiously,
because bacteriological culture was limited to aerobic
methods and therefore was not designed to recover
obligate anaerobic pathogens. Accordingly, the absence
of these organisms in the present dataset does not
demonstrate their true absence from the uterine
environment. Nevertheless, the presence of purulent
discharge combined with the isolation of E. coli and .
aureus supports the bacterial nature of the inflammation
in affected cows. Previous studies have shown that up to
15-20% of cases with purulent vaginal discharge may yield
no significant bacterial growth, which is consistent with
our findings in some samples [1°2°,

Analysis of the antibiograms revealed limited in vitro
activity of several commonly used first-line antimicrobials.
In the present study, ampicillin and oxytetracycline
showed poor activity against both E. coli and S. aureus
isolates, whereas gentamicin and cephalosporins retained
comparatively higher activity. Similar concerns regarding
antimicrobial resistance among postpartum uterine
isolates have been reported in other settings. In southern
Ethiopia, postpartum dairy cows with uterine infections
yielded bacterial isolates with variable resistance profiles,
highlighting the importance of local susceptibility testing ..
In China, S. aureus isolates obtained from dairy cows
also showed substantial resistance and diverse virulence-

associated characteristics, supporting the need for cautious
antimicrobial selection in bovine practice B! In addition,
minimum inhibitory concentration data from postpartum
bovine uterine isolates demonstrated considerable
variability in antimicrobial susceptibility patterns among
E. coli and T. pyogenes, including differences according
to clinical status 2. Likewise, genomic and susceptibility
analysis of bovine intrauterine E. coli has shown that
antimicrobial resistance profiles may differ among strains
associated with postpartum uterine infections . Taken
together, these findings support our results and reinforce
that antimicrobial susceptibility data should be interpreted
as descriptive in vitro findings from clinically affected
cows on a single farm, while treatment decisions should
preferably rely on local bacteriological and susceptibility
testing. Given the limited number of isolates, these
antimicrobial susceptibility findings should be interpreted
as descriptive in vitro results from clinically affected cows
on a single farm.

From a practical perspective, the proposed protocol
enables on-farm identification of cows with clinical
endometritis based on standardized visual assessment
(VDS) with digital documentation, thereby supporting
monitoring and record-keeping. The combination of
instrumental evaluation with bacteriological culture,
antimicrobial susceptibility testing, and targeted molecular
verification (fimH for E. coli and nuc for S. aureus)
strengthens the interpretation of bacteriological findings
in clinically affected cows and may support evidence-based
antimicrobial selection when treatment is indicated 1>2"22.
The use of a portable, wireless-enabled system may
improve the reproducibility of postpartum uterine health
monitoring and facilitate data exchange between farms
and specialists, especially in remote settings. However, the
study has important limitations. Samples were collected
only from cows with clinical signs of endometritis, without
a contemporaneous clinically healthy control group,
which limits pathogen-specific interpretation. Molecular
analysis was performed only on a subset of samples
because of limited sample volume and/or DNA quality.
In addition, the study did not include direct comparison
with conventional diagnostic methods and did not assess
anaerobic pathogens. Therefore, the microbiological and
antimicrobial susceptibility data should be interpreted
as descriptive findings from clinically affected cows on a
single farm under the conditions of this study.

In conclusion, under farm conditions, the implementation
of a portable video-vaginoscopy system combined with
bacteriological culture and PCR detection enabled
structured on-farm identification and laboratory-supported
characterization of clinical endometritis in 21% of cows
in the early postpartum period. E. coli and S. aureus were
the most frequently isolated bacteria under the aerobic
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culture conditions applied in this cohort. This integrative
protocol appears suitable as a practical field approach
for reproductive health monitoring and for supporting
therapeutic decision-making in remote settings.
Nevertheless, further studies including matched healthy
controls, anaerobic microbiology, and direct comparison
with conventional diagnostic methods are required before
stronger conclusions regarding diagnostic accuracy or
comparative effectiveness can be made.
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Dear Editor,

Mycobacterial infections in cats are characterized by
granulomatous inflammation and are considered among
diseases that are infrequently reported in the literature,
while being capable of involving multiple organ systems
and presenting with variable clinical manifestations .
During the evaluation of feline patients presenting to
the clinics of Istanbul University-Cerrahpasa Veterinary
Hospital and the review of imaging consultations
referred to our unit, cases exhibiting findings consistent
with mycobacterial infections were encountered with
noteworthy frequency. In addition, consultation requests
from colleagues in different cities regarding feline cases
with similar clinical and radiological features suggest that
this situation may indicate a broader distribution rather
than merely reflecting a local case accumulation.

When feline cases diagnosed with mycobacterial infection
in the clinic were examined, it was observed that
mycobacterial infections may involve numerous organs
and systems. Ocular involvement was identified as retinal
detachment, uveitis, intraocular or retrobulbar mass-like
formations, and conjunctival masses. Central nervous
system involvement manifested as single or multiple mass
lesions in the brain and spinal cord, as well as a meningitis
pattern. Pulmonary involvement was characterized
by diffuse or localized interstitial pneumonia patterns
accompanied by nodular opacities. In the nasal region,

space-occupying lesions involving the nasal cavity and
sinuses, with associated involvement of the bone and
the potential to cause soft tissue swelling or ulcerative
lesions, were detected. In addition, single or multiple
mass-like lesions in the skin and subcutaneous tissue, lytic
lesions or cortical thickening in bone, enlargement and
mineralization of lymph nodes, as well as various internal
organ involvements, were identified during clinical and
imaging evaluations.

One of the main problems encountered during the
diagnostic process is that lesions may be interpreted
as progressive histiocytoma or nonspecific histiocytic
inflammation during histopathological evaluation of
biopsy specimens. In lesions in which granulomatous or
pyogranulomatous inflammation predominates, failure to
adequately consider a mycobacterial etiology during the
initial evaluation may lead to delays in diagnosis. Imaging
findings also contribute significantly to diagnostic
uncertainty. In cases with central nervous system
involvement, contrast-enhancing lesions producing mass
effect on magnetic resonance imaging are frequently
interpreted in favor of neoplastic processes. Similarly,
nodular or interstitial patterns detected on thoracic
radiographs are often considered consistent with fungal
infections. To illustrate these diagnostic challenges,
representative examples of clinical appearance and
imaging findings corresponding to different anatomical
localizations are presented below (Fig. 1).

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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shows round mass like lesions with a concentric target sign

Fig 1. (a) Lateral radiograph of the ulna with osteolysis (arrow), (b) the radius with fusiform shaped, moth eaten- lysis and cortical expansion, (c) a miliary
nodular pattern with multiple small soft tissue nodules, (d) marked perihilar lymphadenopathy, (e) retinal detachment with subretinal exudation and
perineural mass surrounding the optic nerve, (f) upper and lower eyelid conjunctival mass, (g) dorsolateral uveal granuloma, (h) cutaneous nodular lesion
with a centrally ulcerated, well-defined margin, (i) severe ulcerated cutaneous mass with raised, irregular margins, (j) nasal cutaneous lesion with central
ulceration, raised margins, and expansion of the nasal bone, (k) computed tomography image of the nasal region showing soft tissue attenuation occupying
the nasal cavity, and a focal lytic area involving the dorsal nasal wall, MRI images of the brain (1) and spinal cord (m), sagittal TIW post-contrast sequences

Another important consequence of delayed or incorrect
recognition of mycobacterial infections is the under-
estimation of the disease’s potential for transmission.
Members of the Mycobacterium tuberculosis complex
are known to pose a zoonotic risk in cats. In particular,
Mycobacterium bovis infections represent a public health
concern for animal owners and veterinary professionals
who are in contact with infected animals >*.

In feline cases presenting with granulomatous lesions
involving multiple organ systems and mimicking
neoplastic or fungal diseases, mycobacterial infections
should be carefully considered in the differential diagnosis.
Considering the presence of similar cases reported from
different cities, increasing veterinary awareness of this
disease is expected to contribute significantly to improving
diagnostic accuracy and to a better understanding of its
epidemiological characteristics.
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Initiative (BOAI) declaration. Articles published in Kafkas Universitesi Veteriner Fakultesi Dergisi are available online, free of charge at https://
vetdergikafkas.org/archive.php.

Except for commercial purposes, users are allowed to read, download, copy, print, search, or link to the full texts of the articles in this journal
without asking prior permission from the publisher or the author. The open access articles in the journal are licensed under the terms of the
Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) licence.
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ARTICLE EVALUATION AND PUBLICATION PROCESS
« Initial Evaluation Process

Articles submitted to Kafkas Universitesi Veteriner Fakultesi Dergisi are primarily evaluated by the editors and associate editors. At this stage,
articles not having suitable scope and aims, with low original research value, containing scientific and ethically important errors, having low
potential to contribute to science and the journal, and having poor language and narration are rejected by the editor without peer-review
process. Initial evaluation process takes up to most 2 weeks.

o Preliminary Evaluation Process

Articles that are deemed appropriate for editorial evaluation are sent to the subject editor related to the category of articles to be examined in
terms of scientific competence and to the statistics editor for evaluation in terms of statistical methods. The suject editors examine the article in
all aspects and report their decisions (rejection, revision or peer-review) to the chief editor. This stage takes about 1 month.

o Peer-review Process

Double-blind peer-review is applied to the articles that have completed preliminary evaluation process. Suggestions of subject editors are primarily
considered in referee assignment. In addition, reviews can be requested from the referees registered in the journals referee pool. At least 2
referees are assigned for peer-review. Opinion of more referees can be required depending on the evaluation process. At this stage, referees send
their decision (reject, revision or accept) about the article to the editor-in-chief. If the rejection decision given by a referee reflects sufficient
examination and evidence-based negativities or ethical problems about the scientific content and accuracy of the article, this decision is checked
by the editor-in-chief and associate editors and submitted to the authors regardless of the other referees’ decisions. The time given to referees to
evaluate an article is ~4 weeks.

« Publication Process of an Article

Total evaluation period of an article, which is completed in the peer-review phase after completing the initial and preliminary evaluation process,
takes 4-6 months. The articles that have completed the subject editorial and peer-review evaluation stages and accepted by the editorial are sent
to the corresponding author for final checks and necessary final additions. After the acceptance, the article designed in the publication format of
the journal is given an DOI number and published immediately on the Article in Press page. When it is time to publish the periodic edition of
the journal, a selection is made from the articles kept on the Article in Press page, taking into account the submission date. The time it takes for
the article to be published by taking the page number is 6-12 months.

NO PUBLICATION FEE

Processing and publication are free of charge with the journal. There is no article processing charges, submission fees or any other fees for any
submitted or accepted articles.

RESPONSIBILITIES OF THE PUBLISHER, EDITORS AND ASSOCIATE EDITORS

The publisher (Dean of the Faculty of Veterinary Medicine of Kafkas University) contributes to the execution of the journal’s routine processes
such as printing, archiving, and mailing, in line with requests from the editor.

The publisher undertakes to carry out an independent and fair decision-making mechanism for its editors and assistants in the article evaluation
process and decisions.

The publisher undertakes to carry out an independent and fair decision-making mechanism for its editors and associate editors in the article
evaluation process and decisions.

Editor-in-chief/editors/associate editors of Kafkas Universitesi Veteriner Fakultesi Dergisi evaluate the articles submitted to the journal regardless
of their race, gender, religious belief, ethnicity, citizenship or political views. In addition, it undertakes not to give any information about the
article except for the authors, subject editors and referees.

Kafkas Universitesi Veteriner Fakultesi Dergisi follows internationally accepted principles and criteria and takes the necessary decisions to apply
in the journal.

Editor-in-chief/editors/associate editors conduct the evaluation and decision process in the journal in coordination within the principles of
confidentiality and have independent decision-making authority and responsibility without being affected by any internal or external factors.

Editor-in-chief/editors/associate editors make and implement all kinds of planning for the development of the journal and its international
recognition. They also follow national and international meetings or events on the development of journals and article evaluation, and ensures
that the journal is represented on these platforms.

The editor-in-chief/editors/associate editors make every effort to ensure that the journal’s subject editors and referee pool have international
qualifications. Likewise, it makes the necessary attempts to strengthen the author’s profile.

Editor-in-chief/editors/associate editors make plans to improve the quality of the articles published in the journal and carry out the necessary
process.

Editor-in-chief/editors/associate editors regularly conduct and control the initial evaluation, preliminary evaluation, peer review and acceptance-
rejection decisions of articles submitted to the journal. While carrying out these procedures, features such as the suitability of the study for the
aims and scope of the journal, its originality, the up-to-date and reliability of the scientific methods used, and the potential it will contribute to
the development of the journal as well as its benefit to science/practice are taken into consideration.

Editor-in-chief/editors/associate editors systematically review, inspect and make decisions about the articles submitted to the journal in terms
of features such as author rights, conflict of interest, observance and protection of animal rights, and compliance with research and publication
ethics.

The editor-in-chief conducts the evaluation/revision process between the authors and subject editors and referees, and ensures that it is completed
within the prescribed time.
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ARCHIVE POLICY

The editorial office of the Kafkas Universitesi Veteriner Fakiiltesi Dergisi and the publisher (Dean’s Office of the Faculty of Veterinary Medicine,
Kafkas University) keep all the articles (electronic and printed) published in the journal in their archives. All articles and their attachment files sent
to the journal are kept securely in the archive. In light of the technological developments, the editorial office of the Kafkas Universitesi Veteriner
Fakiiltesi Dergisi regularly performs electronic processes for the development and updating of materials in digital environment and presents them
to its readers on condition of keeping in safe the original documents and information regarding the articles.

Even if the journal ceases to be published for any reason, the publisher (Dean’s Office of the Faculty of Veterinary Medicine, Kafkas University)
will continue to protect the journal content in the long term and provide convenient access to users. Electronic services of Kafkas University
Information Technologies Department will be used for the journal to maintain this responsibility.

RESPONSIBILITIES OF SUBJECT EDITORS

Subject editors do reviews and evaluations in accordance with the main publication goals and policies of the journal and in line with the criteria
that will contribute to the development of the journal.

Author information is kept confidential in articles sent to the subject editor for preliminary evaluation by the editor.

Subject editors thoroughly examine the sections of the introduction, materials and methods, results, discussion and conclusion, in terms of
journal publication policies, scope, originality and research ethics. Subject editor submits its decision (rejection, revision or peer-review) after
evaluation to the chief editor in a reasoned report.

Subject editor may request additional information and documents related to the study from the authors, when necessary.
In multidisciplinary studies, the article can be submitted for the evaluation of multiple subject editors.
RESPONSIBILITIES OF REFEREES

Double-blinded peer-review procedure is applied in Kafkas Universitesi Veteriner Fakultesi Dergisi in order to evaluate the articles submitted to
the journal in accordance with the principle of impartiality and in objective criteria; that is, referees and writers do not know about each other.

The referees submit their opinions and reports to the editor-in-chief to ensure the control and suitability of a submitted article, its scientific
content, scientific consistency and compliance with the principles of the journal. When a referee makes a decision “reject” about an article, he/
she prepares the reasons for the decision in accordance with the scientific norms and presents it to the editor.

The referee(s) also gives the authors the opportunity to improve the content of the article. Accordingly, the revisions requested from the authors
should be of a quality that explains/questions specific issues rather than general statements.

Referees appointed for the evaluation of the articles agree that the articles are confidential documents and will not share any information about
these documents with third parties, except for the editors participating in the evaluation.

Referees should place their criticism on scientific infrastructure and write their explanations based on scientific evidence. All comments made
by the referees to improve the articles should be clear and direct, and should be written away from disturbing the feelings of the author. Insulting
and derogatory statements should be avoided.

If a referee has an interest relationship with the author(s) on one or more issues, he/she must report the situation to the editor and ask his/her
to withdraw from the referee position. The same is also applicable when the authors illegally obtain information about the referees of the article
and try to influence them.

The editor-in-chief can share the comments and reports from the referees with the editors/associate editors and the relevant subject editor, as
necessary, to ensure that the decision on the article is optimal. If necessary, the editor may share the critical decision and its grounds that a referee
has sent about the article with the other referee(s) and present them to their attention.

Referee(s) may request revision many times for the article they evaluated.

The content of the referee reports is checked and evaluated by editor-in-chief/editors/associate editors. The final decision belongs to the editorial.
RESPONSIBILITIES OF AUTHOR(S)

It is not tolerable for the author (s) to send an article, which has been already sent to another journal, to Kafkas Universitesi Veteriner Fakultesi
Dergisi within the scope of “which accepts” or “which publishes first” approach. If this is detected, the article is rejected at any stage of the
evaluation. As a possible result of these actions, in the process following the previous acceptance of the article sent to another journal, the
withdrawal request with this excuse that the authors submit for this article, the evaluation process of which is going on in our journal, is
evaluated by the editors and associate editors of the journal and disciplinary action on the grounds of ethical violations about those responsible
is started. This unethical action is also informed to the journal editor (if known) who accepted the article.

It is essential that the articles to be sent to Kafkas Universitesi Veteriner Fakultesi Dergisi include studies that have up-to-date, original and
important clinical/practical results and prepared in accordance with the journal’s writing rules.

Authors should choose the references they use during the writing of the article in accordance with the ethical principles and cite them according
to the rules.

The authors are obliged to revise the article in line with the issues conveyed to them during the initial evaluation, preliminary evaluation and
peer-review phases of the article and to explain the changes they made/did not make sequentially in the “response to editor” and “response to
reviewer comments” sections.

If information, documents or data regarding to the study are requested during the evaluation process, the corresponding author is obliged to
submit them to the editorial.

Authors should know and take into account the issues listed in the “General Ethical Principles” section regarding scientific research and authors.

The authors do not have the right to simultaneously submit multiple articles to Kafkas Universitesi Veteriner Fakultesi Dergisi. It is more
appropriate to submit them with acceptable time intervals for the journal’s policy.
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INSTRUCTION FOR AUTHORS

1- Kafkas Universitesi Veteriner Fakultesi Dergisi (abbreviated title: Katkas Univ Vet Fak Derg), published bi-
monthly (E-ISSN: 1309-2251). We follow a double-blind peer-review process, and therefore the authors should
remove their name and any acknowledgment from the manuscript before submission. Author names, affiliations,
present/permanent address etc. should be given on the title page only.

The journal publishes full-length research papers, short communications, preliminary scientific reports, case
reports, observations, letters to the editor, and reviews. The scope of the journal includes all aspects of veterinary
medicine and animal science.

Kafkas Universitesi Veteriner Fakultesi Dergisi is an Open Access journal, which means that all content
is freely available without charge to the user or his/her institution. Users are allowed to read, download, copy,
distribute, print, search, or link to the full texts of the articles, or use them for any other lawful purpose, without
asking prior permission from the publisher or the author. This is in accordance with the BOAI definition of Open
Access.

2- The official language of our journal is English.

3- The manuscripts submitted for publication should be prepared in the format of Times New Roman style, font
size 12, A4 paper size, 1.5 line spacing, and 2.5 cm margins of all edges. The legend or caption of all illustrations
such as figure and table and their appropriate position should be indicated in the text. Refer to tables and figures
in the main text by their numbers. Also figure legends explanations should be given at the end of the text.

The figures should be at least 300 dpi resolution.

The manuscript and other files (figure etc.) should be submitted by using online manuscript submission system
at the address of http://vetdergi.kafkas.edu.tr/

During the submission process, the authors should upload the figures of the manuscript to the online manuscript
submission system. If the manuscript is accepted for publication, the Copyright Agreement Form signed by all
the authors should be sent to the editorial office.

4- The authors should indicate the name of the institute approves the necessary ethical commission report and
the serial number of the approval in the material and methods section. If necessary, the editorial board may also
request the official document of the ethical commission report. In case reports, a sentence stating that “informed
consent” was received from the owner should be added to the main document. If an ethical problem is detected
(not reporting project information, lack of ethical committee information, conflict of interest, etc.), the editorial
board may reject the manuscript at any stage of the evaluation process.

5- Authors should know and take into account the “Generative Artificial Intelligence (AI)” and other matters
listed in the “Ethical Principles and Publication Policy” section regarding scientific research and authors.

6- Types of Manuscripts

Original (full-length) manuscripts are original and proper scientific papers based on sufficient scientific investigations,
observations and experiments.

Manuscripts consist of the title, abstract and keywords, introduction, material and methods, results, discussion,
and references and it should not exceed 12 pages including text. The number of references should not exceed 50.
The page limit does not include tables and illustrations. Abstract should contain 200+20 words.

Short communication manuscripts contain recent information and findings in the related topics; however, they
are written with insufficient length to be a full-length original article. They should be prepared in the format
of full-length original article but the abstract should not exceed 100 words, the reference numbers should not
exceed 15 and the length of the text should be no longer than 6 pages in total. The page limit does not include
tables and illustrations. Additionally, they should not contain more than 4 figures or tables.

Preliminary scientific reports are a short description of partially completed original research findings at an
interpretable level. These should be prepared in the format of full-length original articles. The length of the text
should be no longer than 4 pages in total.
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Case reports describe rare significant findings encountered in the application, clinic, and laboratory of related
fields. The title and abstract of these articles should be written in the format of full-length original articles (but
the abstract should not exceed 100 words) and the remaining sections should be followed by the Introduction,
Case History, Discussion and References. The reference numbers should not exceed 15 and the length of the text
should be no longer than 4 pages in total. The page limit does not include tables and illustrations.

Letters to the editor are short and picture-documented presentations of subjects with scientific or practical
benefits or interesting cases. The length of the text should be no longer than 3 pages in total. The page limit
includes tables and illustrations.

Reviews are original manuscripts that gather the literature on the current and significant subject along with the
commentary and findings of the author on a particular subject (It is essential that the author/s have international
scientific publications on this subject). The title and summary of this manuscript should be prepared as described
for the full-length original articles and the remaining sections should be followed by introduction, text (with
appropriate titles), conclusion, and references.

“Invited review” articles requested from authors who have experience and recognition in international publishing
in a particular field are primarily published in our journal.

Review articles submitted to our journal must be prepared in accordance with any of the three categories listed
below.

Narrative reviews describe current published information on a scientific topic. However, it does not include a
specific methodological process.

Systematic reviews include the search for original studies published in that field on a specific topic, the evaluation
of validity, synthesis and interpretation within a systematic methodology.

Meta-analysis is a method of evaluating the results of many studies on a subject with the methods defined in this
category and statistical analysis of the obtained findings.

7- The necessary descriptive information (thesis, projects, financial supports, etc.) scripted as an italic font style
should be explained below the manuscript title after placing a superscript mark at the end of the title.

8- Atleast 30% of the references of any submitted manuscript (for all article categories) should include references
published in the last five years.

References should be listed with numerical order as they appear in the text and the reference number should be
indicated inside the parentheses at the cited text place. References should have the order of surnames and initial letters
of the authors, title of the article, title of the journal (original abbreviated title), volume and issue numbers, page
numbers and the year of publication and the text formatting should be performed as shown in the example below.

Example: Yang L, Liu B, Yan X, Zhang L, Gao E Liu Z: Expression of ISG15 in bone marrow during early
pregnancy in ewes. Kafkas Univ Vet Fak Derg, 23 (5): 767-772,2017. DOI: 10.9775/kvtd.2017.17726

If the reference is a book, it should follow surnames and initial letters of the authors, title of the book, edition
number, page numbers, name and location of publisher and year of publication. If a chapter in a book with an
editor and several authors is used, names of chapter authors, name of chapter, editors, name of the book, edition
number, page numbers, name and location of publisher and year of publication and the formatting should be
performed as shown in the example below.

Example: Mcllwraith CW: Disease of joints, tendons, ligaments, and related structures. In, Stashak TS (Ed):
Adam’s Lameness in Horses. 4™ ed., 339-447, Lea and Febiger, Philadelphia, 1988.

DOI number should be added to the end of the reference.

In the references can be reached online only, the web address and connection date should be added at the end

of the reference information. The generally accepted scientific writing instructions must comply with the other
references. Abbreviations, such as “et al” and “and friends” should not be used in the list of the references.

Follow the link below for EndNote Style of Kafkas Universitesi Veteriner Fakultesi Dergisi;
https://researchsoftware.com/downloads/journal-faculty-veterinary-medicine-kafkas-university

9- Latin expression such as species names of bacteria, virus, parasite, and fungus and anatomical terms should be
written in italic character, keeping their original forms.
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10- The editorial board has the right to perform necessary modifications and a reduction in the manuscript
submitted for publication and to express recommendations to the authors. The manuscripts sent to authors for
correction should be returned to the editorial office within a month. After pre-evaluation and agreement of the
submitted manuscripts by the editorial board, the article can only be published after the approval of the field
editor and referee/s specialized in the particular field.

11- All responsibilities from published articles merely belong to the authors. According to the ethical policy
of our journal, plagiarism/self-plagiarism will not be tolerated. All manuscripts received are checking by
plagiarism checker software, which compares the content of the manuscript with a broad database of academic
publications.

12- The editorship may request the language editing of the manuscript submitted to the journal. If the article is
accepted, it will not be published without language editing. Before publication, a declaration and/or certificate
stating that proofreading is done by a registered company will be requested from the corresponding author.

13- No fee is charged at any stage in Kafkas Universitesi Veteriner Fakiiltesi Dergisi (No APC/APF)
SUBMISSION CHECKLIST

Please use below list to carry out a final check of your submission before you send it to the journal for review.
Ensure that the following items are present in your submission:

- Cover Letter

 Importance and acceptability of the submitted work for the journal have been discussed (Please avoid
repeating information that is already present in the abstract and introduction).

« Other information has been added that should be known by the editorial board (e.g.; the manuscript or any
part of it has not been published previously or is not under consideration for publication elsewhere.

- Title Page

« Title, Running Title (should be a brief version of the title of your paper, no exceed 50 characters)
o The author’s name, institutional affiliation, Open Researcher and Contributor ID (ORCID)
« Congress-symposium, project, thesis etc. information of the manuscript (if any)
o Corresponding author’s address, phone, fax, and e-mail information

- Manuscript

« Title, abstract, keywords and main text

o All figures (include relevant captions)

« All tables (including titles, description, footnotes)

« Ensure all figure and table citations in the text match the files provided

- Declarations

« Availability of Data and Materials

o Acknowledgements

« Funding Support

» Competing Interests

o Generative Artificial Intelligence (AI)

o Authors’ Contributions

Further Considerations

« Journal policies detailed in this guide have been reviewed

o The manuscript has been “spell checked” and “grammar checked”

« Relevant declarations of interest have been made

« Statement of Author Contributions added to the text

« Acknowledgment and conflicts of interest statement provided
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