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A blend of selected botanicals
maintains intestinal epithelial
integrity and reduces susceptibility
to Escherichia coli F4 infection by
modulating acute and chronic
inflammation in vitro

Andrea Bonetti!, Andrea Toschi?, Benedetta Tugnoli?,
Andrea Piva'? and Ester Grilli*3*

!Dipartimento di Scienze Mediche Veterinarie (DIMEVET), Universita di Bologna, Ozzano dell Emilia,
Bologna, Italy, ?Vetagro S.p.A., Reggio Emilia, Italy, *Vetagro Inc., Chicago, IL, United States

In the pig production cycle, the most delicate phase is weaning, a sudden and early
change that requires a quick adaptation, at the cost of developing inflammation
and oxidation, especially at the intestinal level. In this period, pathogens like
enterotoxigenic Escherichia coli (ETEC) contribute to the establishment of
diarrhea, with long-lasting detrimental effects. Botanicals and their single
bioactive components represent sustainable well-recognized tools in animal
nutrition thanks to their wide-ranging beneficial functions. The aim of this study
was to investigate the in vitro mechanism of action of a blend of botanicals (BOT),
composed of thymol, grapeseed extract, and capsicum oleoresin, in supporting
intestinal cell health during inflammatory challenges and ETEC infections. To
reach this, we performed inflammatory and ETEC challenges on Caco-2 cells
treated with BOT, measuring epithelial integrity, cellular oxidative stress, bacterial
translocation and adhesion, gene expression levels, and examining tight junction
distribution. BOT protected enterocytes against acute inflammation: while the
challenge reduced epithelial tightness by 40%, BOT significantly limited its drop
to 30%, also allowing faster recovery rates. In the case of chronic inflammation,
BOT systematically improved by an average of 25% the integrity of challenged
cells (p<0.05). Moreover, when cells were infected with ETEC, BOT maintained
epithelial integrity at the same level as an effective antibiotic and significantly
reduced bacterial translocation by 1 log average. The mode of action of BOT was
strictly related to the modulation of the inflammatory response, protecting tight
junctions’ expression and structure. In addition, BOT influenced ETEC adhesion
to intestinal cells (—4%, p<0.05), also thanks to the reduction of enterocytes’
susceptibility to pathogens. Finally, BOT effectively scavenged reactive oxygen
species generated by inflammatory and H,O, challenges, thus alleviating
oxidative stress by 40% compared to challenge (p <0.05). These results support
the employment of BOT in piglets at weaning to help manage bacterial infections
and relieve transient or prolonged stressful states thanks to the modulation of
host-pathogen interaction and the fine-tuning activity on the inflammatory tone.

KEYWORDS

intestinal health, inflammation, oxidative stress, enterotoxigenic Escherichia coli,
botanicals
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1. Introduction

To cope with worldwide increasing meat demands (1), large-scale
animal production systems have adopted intensive management
procedures that expose animals to a wide variety of stressful stimuli
that deeply impair their health and performance. When animals
experience these pressures, they lose their homeostatic state to
undergo an adaptation phase: if the new environmental conditions
require considerable changes, stress is developed (2). This reaction is
usually unfavorable to farmers, who need high animal resilience to
ensure maximum production at the lowest cost.

For pigs, weaning represents the most delicate moment of their
life, during which they experience sudden and dramatic changes in a
short period of time. Common practice suggests that weaning should
be carried out around 21-28 days of age, when piglets have not
completed their gastrointestinal maturation (3), with consequences
that can last for the entire production cycle (4, 5). The gastrointestinal
tract of piglets is particularly affected by early weaning practices: the
loss of intestinal integrity, the reduction of digestive enzyme
production, the decrease in the absorptive surface, the arrival of new
dietary antigens, and the lack of a full immune competence result in
a state of considerable intestinal stress (6-8).

This detrimental condition triggers the onset of a prolonged
inflammatory state, which impairs intestinal homeostasis and worsens
the oxidative status of the gut mucosa (9, 10). Bacteria can take
advantage of the host’s susceptibility to overgrow in the intestinal
lumen: the most frequent infection in weaning piglets is caused by
enterotoxigenic Escherichia coli (ETEC), a group of pathogens that
exacerbates the onset of diarrhea, further damaging the overall health
and performance of piglets (11, 12).

Weaning stress and its symptoms, like diarrhea, were traditionally
treated with antibiotics and pharmacological doses of zinc oxide (12,
13). The employment of antibiotics is now mainly restricted to full-
blown cases, under veterinary prescription, and seriously limited due
to the ever-expanding phenomenon of antimicrobial resistance, which
is endangering the efficacy of antibiotics for both human and animal
medicine (12, 14, 15). Similarly, high zinc oxide doses were banned in
several areas of the world, such as the European Union, because of
environmental pollution and bacterial resistance concerns (16).

Ground-breaking sustainable alternatives are urgently required to
handle animal stress. A wide and varied source of novel and diverse
compounds is represented by nature since plants innately produce
numerous molecules to defend themselves against pathogens,
predators, and stressors (17, 18). Botanicals such as essential oils,
oleoresins, and powder extracts are broadly studied in animal
nutrition thanks to their recognized antimicrobial, antioxidant, and
anti-inflammatory properties (19, 20). Our previous studies showed
that certain single terpene-rich botanicals and phenol-rich botanicals
were able to modulate oxidative stress, ameliorate epithelial integrity
of enterocytes, and support cells to manage ETEC infections in vitro,
with specific mechanisms of action and peculiar individual properties
(21,22).

In this framework, the aim of this study was to investigate the
ability of a blend of selected botanicals (BOT) in different stressful
conditions on cultured Caco-2 enterocytes, a well-known model for
intestinal studies. In particular, we assessed BOT ability to modulate
acute and chronic inflammatory challenges, and explored its efficacy
against an ETEC infection, while also elucidating its in-depth
mechanism of action in vitro.
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2. Materials and methods
2.1. Chemicals and reagents

Chemicals and cell culture reagents were provided by Merck
KGaA (Darmstadt, Germany) unless otherwise specified. Capsicum
oleoresin was purchased from Frey&Lau (Frey + Lau GmbH,
Henstedt-Ulzburg, Germany) and grape seed extract was obtained
from Layn Natural Ingredients (Guilin Layn Natural Ingredients
Corp., Shanghai, China). The blend of botanicals (BOT) was
composed of thymol, grape seed extract, and capsicum oleoresin,
and tested at a concentration of 30ppm (10ppm of each
component) in all the experiments. Stock solutions of the BOT
components were prepared in ethanol 100% (v/v) and supplemented
in a culture medium at a final working concentration of ethanol
<1% (v/v).

2.2. Cell line and culture conditions

The human colon adenocarcinoma cell line (Caco-2) was obtained
from DSMZ (DSMZ-German Collection of Microorganisms and Cell
Cultures, Leibniz Institute, Germany). Caco-2 cells were maintained
in a basal medium composed of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
L-glutamine, 1% non-essential amino acids, and 1% penicillin/
streptomycin (P/S). Cells were incubated at 37°C in an atmosphere
containing 5% CO, at 95% relative humidity.

2.3. Inflammatory challenge

To evaluate the monolayer integrity, Caco-2 cells were cultured
into 24-well Transwell® inserts (0.4 pm diameter pores) (Corning,
Massachusetts, United States), seeded at a density of 5 x 10* cells/
transwell. Transepithelial Electrical Resistance (TER) was
measured using an epithelial tissue voltohmmeter (Millicell ERS-2,
Merk, Darmstadt, Germany). The experiment started 28 days after
the seeding on filters when Caco-2 cells reached a TER value
>600Qcm? which indicates adequate monolayer integrity
and differentiation.

2.3.1. Acute inflammatory challenge

Once completely differentiated, Caco-2 cells were divided into five
groups: a negative control group (CTR-) maintained in basal medium
for the entire duration of the experiment, two positive control groups
(CTR+) that were maintained in basal medium and challenged either
at day 0 or day 6, and two treated groups (BOT+) that were
supplemented with the blend of botanicals and challenged either at
day 0 or day 6.

The acute inflammatory challenge was performed as described by
Toschi et al., (23). Briefly, challenged cells were exposed for 24h to a
cocktail of pro-inflammatory cytokines (cytomix) including IL-1f
(25ng/mL), TNFa (50 ng/mL), and IFNy (50 ng/mL), and LPS from
E. coli O55:B5 (10 pg/mL). Depending on the experimental group,
challenged cells received the cytomix + LPS either at day 0 (early acute
inflammatory challenge) or at day 6 (late acute inflammatory
challenge). Throughout the experiment, TER was measured on days
0,1,2,5,6,and 7.
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2.3.2. Chronic inflammatory challenge

The chronic inflammatory challenge was adapted from Toschi
etal,, (23). To obtain continuous inflammatory stimulation on cells,
the challenge was performed for 7 days with basal medium containing
cytomix + LPS. The inflammatory cocktail was refreshed every 2 days
adding incremental doses of LPS (10, 20, and 30 pg/mL on days 2, 4,
and 6, respectively) to avoid eventual adaptation.

Cells were divided into 4 groups depending on the presence of the
challenge and BOT (CTR-, CTR+, BOT-, BOT+), and treated for a
total of 7 days during which TER was measured at days 0, 1, 2, 3, 6,
and 7. At the end of the experiment, cells were washed with DPBS and
harvested for gene expression analysis.

2.3.3. Measurement of reactive oxygen species
(ROS) levels

ROS were measured using CellROX® Deep Red Reagent
(Thermofisher Scientific, Milan, Italy) following the manufacturer’s
instructions. To perform the analysis, Caco-2 cells were seeded at a
density of 1.5x 10" cells/well onto 96-well plates and maintained in
basal medium. Once reached the confluence, cells were treated with
BOT for 24h. Then, challenged groups were supplemented with
cytomix+LPS for 24h or 500pM H,O, for 1h to induce ROS
production before CellROX® assay. Fluorescence values were recorded
with Varioskan™ LUX (Thermofisher Scientific, Waltham, MA,
United States).

2.4. Bacterial challenge

The pathogen employed for the bacterial challenge was a field
strain of ETEC with F4 adhesins, expressing heat-labile and heat-
stable toxins (LT*, STa*, STb"), and originally isolated from a weaning
piglet affected by post-weaning diarrhea. Bacteria were cultured in
brain-heart infusion broth (BHI, VWR International, Milan, Italy) at
+37°C and daily passaged 1:100 to maintain an active culture (24).
Caco-2 cells were obtained and routinary maintained as described in
Section 2.2.

On challenge day, the bacterial inoculum was prepared by passing
1:80 the overnight culture in fresh BHI. After 4h, when the late
logarithmic growth phase was reached, bacterial turbidity at 630 nm
was measured at the spectrophotometer. The resulting value was
interpolated into an absorbance - CFU/mL curve previously prepared
in order to standardize the bacterial inoculum at a precise
concentration for the infection experiments, as previously described
by Roselli et al. (25).

2.4.1. Infection of Caco-2 cells on porous filters

To recreate an ETEC infection on intestinal cells in vitro, Caco-2
cells were differentiated on porous Transwell® inserts (3.0 pm diameter
pores) (Corning, Massachusetts, United States) in 12 well plates for
30days.

The infection protocol was performed according to our
previous study (22). Briefly, Caco-2 were differentiated and TER of
all inserts measured as described in paragraph 2.3. Then, cells were
washed twice with DPBS, and infected on the apical side with
5x 107 CFU/mL ETEC (multiplicity of infection of 100) in basal
medium without P/S and supplemented with the blend of botanicals
(BOT+). Also the basolateral side of inserts contained the BOT
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treatment in basal medium without P/S. The experiment included
three controls: a negative control (CTR-) without bacteria, a
positive control (CTR+) with only the bacteria, and another group
with the bacteria and 4 ppm colistin, a dose able to completely kill
bacteria (COL+).

TER was measured at 2 and 4 h after the beginning of the infection
to assess cellular integrity. At both time points, 100 uL of basolateral
medium was collected from each filter and immediately diluted into
sterile saline. Aliquots of the most appropriate dilutions were seeded
on BHI agar plates, incubated for 24 h at +37°C, and then counted to
enumerate viable bacteria translocated across the Caco-2 monolayer
(bacterial translocation, BT).

To allow gene expression analysis, at the end of the experiment
cells were washed twice with DPBS, then harvested and stored at
—80°C until RNA extraction.

2.4.2. Adhesion assay

As previously described (22), to assess the ability of BOT to
influence bacterial interaction with target cells, Caco-2 were
differentiated on 24 well plates. On the infection day, cells were
washed twice with DPBS, then infected with 5 x 10’ CFU/mL ETEC in
basal medium without P/S and supplemented with the blend of
botanicals (BOT+). The experimental setup also included two
controls: a positive control (CTR+) with only bacteria, and a group
supplemented with bacteria and 4 ppm colistin (COL+), a dose able
to completely kill bacteria.

After a 1h infection, non-adhered bacteria were discarded, and
then cells were washed four times with DPBS. Caco-2 was lysed with
0.5% Triton X-100 in DPBS for 10 min, then serially diluted in sterile
saline to plate the most appropriate dilutions on BHI agar. Seeded
plates were incubated for 24 h at +37°C, and viable bacteria adhered
to cells were finally counted.

2.5. Gene expression assay

Gene expression was performed on cells harvested at the end of
the chronic inflammatory challenge and the bacterial challenge. The
assay’s protocol was based on previous studies (21, 23). Briefly, RNA
was extracted using NucleoSpin RNA Kit (Macherey-Nagel, Diiren,
Germany) with DNase digestion according to manufacturer’s
instructions. The RNA yield and purity were assessed by A230, A260,
and A280 nm measurements at the spectrophotometer (uDrop Plate
and Varioskan LUX, Thermo Fisher Scientific, Waltham, MA,
United States).

RNA was reverse-transcribed using iScript cDNA Synthesis Kit
(Bio-Rad Laboratories, Hercules, CA, United States) according to the
manufacturer’s instructions. Then, cDNA was diluted and used for
qPCR in reaction mixes prepared with iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA, United States).
Table 1 shows forward and reverse primer sequences obtained from
Merck (Darmstadt, Germany) and used for all the selected
target genes.

qPCR analysis was performed by using a CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA, United States)
under the following conditions: 3 min at 95°C, followed by 40 cycles
0f 95°C for 10s and 60°C for 30s. The specificity of each reaction was
evaluated by melting-curve analysis.
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TABLE 1 Primers used for gene expression experiments in this study.

10.3389/fvets.2023.1275802

Function Gene Sequences (5’ = 3) Product length (bp) Ref.
F: CGGGACTGTTGGTATTGGCTAGA
Z0-1 184 (26)
R: GGCCAGGGCCATAGTAAAGTTTG
F: CTAGCAGCGATCAACTTAGGGACAA
70-2 158 (26)
R: CCCAGGAGTTTCATTACCAGCAA
Tight-junction integrity
F: GCACATACCTTCATGTGGCTCAGF
CLD-1 92 (26)
R: TGGAACAGAGCACAAACATGTCA
F: TCCTATAAATCCACGCCGGTTC
OCCL 105 (26)
R: CTCAAAGTTACCACCGCTGCTG
F: TCTCGAACCCCGAGTGACAA
TNFa 124 (27)
R: TATCTCTCAGCTCCACGCCA
F: AATCTGTACCTGTCCTGCGTGTT
IL-18 78 (28)
R: TGGGTAATTTTTGGGATCTACACTCT
Innate immune response
F: AGCCCTGAGAAAGGAGACATGT
IL-6 141 (28)
R: AGGCAAGTCTCCTCATTGAATCC
F: ATGACTTCCAAGCTGGC
IL-§ 174 (29)
R: ACTTCTCCACAACCCT
F: CGCTTGTCAGAGAGGTGGTT
MUCI3 131 This study
R: AATGCTGGGGAGCTTTCCTC
F: CCTACCTTCTGCTGTTTACTC
Cellular response to ETEC BDI 186 (30)
R: ACTTGGCCTTCCCTCTGTAAC
F: CGGGTGGCTGTCCTTTAGTT
GUCY2C 89 This study
R: AGGCTGAGTTGCCCATCATC
F: GCAATGTTGCCAGTGTCTG
RPLPO 142 31)
R: GCCTTGACCTTTTCAGCAA
Housekeeping genes
F: TGCACCACCAACTGCTTAGC
GAPDH 87 (32)
R: GGCATGGACTGTGGTCATGAG

Ref, reference; F, forward; R, reverse; ZO-1, zonula occludens 1; ZO-2, zonula occludens 2; CLD-1, claudin 1; OCCL, occludin; TNFa, tumor necrosis factor o; IL-1p, interleukin 1f; IL-6,
interleukin 6; IL-8, interleukin 8 MUC13, mucin 13; BD1, beta defensin 1; GUCY2C, guanylyl cyclase 2C; RPLPO, ribosomal protein lateral stalk subunit PO; GAPDH, glyceraldehyde 3

phosphate dehydrogenase.

After collecting threshold cycles, gene expression levels were
normalized using two reference genes, i.e., ribosomal protein lateral
stalk subunit PO (RPLP0) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Relative changes in gene expression were
calculated using the 2724 method (33).

2.6. Immunofluorescence staining

To investigate the morphology of cells that experienced an
inflammatory challenge or a bacterial infection, Caco-2 cells were
stained by an immunofluorescence assay for zonula occludens 1
(ZO-1), a tight junction protein.

After having differentiated Caco-2 on glass coverslips (10 mm
diameter) placed at the bottom of 6 well plates, with each well
corresponding to a different group of treatment, cells were washed
twice with DPBS, then challenged 24 h with cytomix +LPS or 2h with
5x 107 CFU/mL ETEC in basal medium without P/S and supplemented
with the blend of botanicals (BOT+). The experimental design also
included two controls: a negative control (CTR-) without any
treatment or challenge, and a positive control (CTR+) with only the
cytomix + LPS or bacteria.
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After the challenge, cells were washed twice with DPBS, and then
fixed in 4% paraformaldehyde in DPBS. Staining was performed
according to our previous study (22). Briefly, Caco-2 were
permeabilized with 0.5% Triton X-100, and subsequently blocked with
10% goat serum. Then, the rabbit anti-ZO-1 primary monoclonal
antibody (ThermoFisher Scientific, Walthan, MA, United States) was
diluted following manufacturer’s instructions in DPBS with 2% bovine
serum albumin (BSA) and 0.05% saponins and incubated on cells for
3hat +4°C in humidified atmosphere. After three washes, a goat anti-
rabbit secondary antibody conjugated to fluorescein isothiocyanate
(FITC) (ThermoFisher Scientific, Walthan, MA, United States) was
employed to bind the primary antibody for 1h. After washing, nuclei
were counterstained and slides mounted with Fluoroshield containing
4/,6-diamidino-2-phenylindole (DAPI). Pictures were visualized and
acquired using a fluorescent microscope and images elaborated with
NIS-Elements software (Nikon Corporation, Tokyo, Japan).

2.7. Statistical analysis

For each experiment, the experimental unit was the well, with
n=6 for each treatment group. Data are displayed on graphs as
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means + SEM. All data were processed using GraphPad Prism v.9.5.0
(GraphPad Software, Inc., San Diego, CA, United States). TER and BT
were analyzed with Two-Way ANOVA analysis with Tukey post-hoc
test comparing all experimental groups with each other. Adhesion
assay, gene expression, and oxidative stress data were evaluated with
One-Way ANOVA analysis with Tukey post-hoc test, comparing all
experimental groups with each other. Differences were considered
significant when p<0.05, and trends were identified when
0.05<p<0.1.

3. Results
3.1. Inflammatory challenge

3.1.1. Acute inflammatory challenge

Figure 1 reports the results of the acute inflammatory challenge,
performed either at DO or at D6 of BOT treatment.

When the inflammatory challenge was performed at the
beginning of the experiment (Figure 1A), data showed that BOT was
able to limit the drop (—27%) of cellular integrity caused by the
challenge itself (—38%). The moderate drop in TER was also followed
by a faster and higher recovery during the subsequent days: the BOT
group showed always TER values higher than positive control and
reached TER levels in line with or greater than the starting basal value
(100%) one day in advance.

Similar results were obtained when Caco-2 was pre-treated with
BOT and challenged for 24h at D6 (Figure 1B). The application of
BOT significantly improved the basal TER of intestinal epithelial cells,
with an average of +20% in the first 6 days compared to the control. In
addition, BOT allowed the maintenance of a higher integrity after the
application of the cytomix + LPS: the challenge reduced by 30% the
TER of the BOT+ group, while the drop was higher for CTR+ (40%).

3.1.2. Chronic inflammatory challenge

To investigate the effect of BOT on a prolonged inflammatory
state on intestinal cells, Caco-2 was challenged for 7days while
simultaneously being treated with the blend of botanicals. Figure 2

10.3389/fvets.2023.1275802

displays the TER levels across the experiment. In normal conditions
without the challenge, the treatment significantly increased the
integrity of cells during the 7 days of treatment (BOT-) compared to
control (CTR-), allowing enterocytes to reach a TER value up to 146%
of the initial value on day 6.

The chronic inflammatory challenge (CTR+) systematically
reduced cellular integrity during the experiment, keeping TER at
values significantly lower than CTR-, between 75 to 55% of the initial
ones. However, the BOT application consistently improved the
integrity values of the BOT+ group, maintaining TER at levels
significantly higher than the CTR+ group. On day 6, BOT+ integrity
registered an enhancement that reached the unchallenged
control (CTR-).

3.1.3. ROS levels

To examine the detailed mechanism of action of BOT, ROS
levels were measured after both an inflammatory and an H,O,
challenge on Caco-2, and the results are reported in Figure 3. In
both cases, when applied to normal intestinal cells, BOT did not
significantly modify the ROS levels of the cellular system. However,
in the presence of inflammatory and H,O, challenges, both
recognized to generate ROS, the application of BOT significantly
reduced their production (—40% and —38%, respectively),
restoring their concentration at the same level of the negative
control (CTR-).

3.1.4. Gene expression

Caco-2 cells were harvested and mRNA levels were assessed to
further elucidate the action of BOT in maintaining cellular integrity and
modulating the inflammatory response during the chronic challenge.

Figure 4A shows the investigation of inflammation-related genes,
like TNFa, IL-1B, IL-6, and IL-8. The challenge was able to increase the
gene expression of IL-8 (p<0.05) and IL-6 (p<0.1), while for TNFa
only numerical increases were measured, and no differences were
registered for IL-1p. The BOT treatment alone, on healthy cells, did not
significantly modify cytokines expression, even if some numerical
reductions are displayed for TNFa, IL-1f, and IL-6. However, on
challenged cells BOT was able to decrease the levels of IL-8 (p <0.05)
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FIGURE 1

TER results during an acute LPS + cytomix challenge (24 h) on Caco-2 cells treated with a blend of botanicals (BOT). Panel (A) displays the TER of the
challenge at DO, applied simultaneously to the treatment, while panel (B) shows the TER of the challenge at D6, applied on the last day of BOT
treatment. Negative control (CTR-) was shared between the two challenges. Experimental groups with a “+" in the name were challenged. Data in
graphs are represented as means + SEM. Different letters indicate significant differences with p <0.05 at each time point.
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means + SEM. Different letters denote significant differences with p < 0.05.
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Reactive oxygen species levels in Caco-2 cells treated with a blend of botanicals (BOT) and challenged with LPS + cytomix for 24 h (A) or with
hydrogen peroxide (H,0O,) for 1 h (B). Groups with the challenge are represented with a “+" in the name. Data in the graphs are reported as

and IL-1f (p<0.1) cytokines, with a numerical reduction for TNFa,
and bringing back IL-6 expression in line with negative controls.
Figure 4B displays the expression levels of genes directly
related to tight-junction integrity like zonula occludens 1 (ZO-1),
zonula occludens 2 (ZO-2), claudin 1 (CLD-1), and occludin
(OCCL). On healthy Caco-2 cells, BOT numerically increased the
levels of ZO-1, CLD-1, and OCCL, with gene expression always
significantly different from the positive control (CTR+). The
inflammatory challenge (CTR+) worsened the expression of all the
studied tight-junctions, with a significant effect on ZO-2, if
compared to CTR-. The addition of BOT to the challenge enhanced
the mRNA levels of all the studied tight-junction genes: although
not significantly different from CTR+, gene expression was
restored at the same level of the negative controls (CTR- and BOT-).

3.1.5. Immunofluorescence staining
The immunofluorescence staining for ZO-1 of cells experiencing
an inflammatory challenge with or without BOT is shown in Figure 5.
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The application of the cytomix + LPS produced apparent alterations to
the morphology of Caco-2, which tended to organize without a
regular and ordered pattern. This resulted in areas of irregular ZO-1
disposition, partial loss of contact between adjacent cells, and the
presence of localized acellular zones as a result of the detachment of
cells. The supplementation of BOT significantly helped enterocytes to
cope with the negative effects of the challenge by reducing the
observed damages, with only some minor sites of ZO-1 misplacement
or loss of tightness. No localized acellular areas were detected.

3.2. Bacterial challenge

3.2.1. Cellular integrity, bacterial translocation,
and adhesion results

Figure 6A reports the results of Caco-2 cellular integrity during
an ETEC challenge in the presence of BOT. Data show that ETEC
significantly reduced TER of the epithelial monolayer at both 2h and
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4h after the beginning of the infection. Damages were particularly
pronounced at the end of the experiment, where the TER for the
CTR+ group was only at 26% of the starting value. On the contrary,
the addition of BOT to the system significantly protected cellular
integrity throughout the entire experiment: TER values of the BOT+
group were in line with the negative control and colistin (COL+) at
2h, with a slight reduction in TER only registered at 4h, but still at
values statistically equal to healthy unchallenged cells (CTR-).

To investigate the ability of BOT to influence the passage of
bacteria across the Caco-2 monolayer, the bacterial translocation of
ETEC was also assessed, and the results are presented in
Figure 6B. Data demonstrate that, while colistin - at bactericidal dose
— was able to completely avoid ETEC translocation across cells, the
addition of BOT to the challenge allowed a significant reduction of the
viable bacteria passage across Caco-2 at both time points. At 2h, the
reduction exerted by BOT was equal to 1 log,,(CFU/mL), which was
maintained at 4h (0.9 log,((CFU/mL)).

Figure 6C displays the outcomes of the adhesion assay, performed
to study BOT interference in the interaction between Caco-2 cells and
ETEC. The blend of botanicals significantly reduced the adhesion of
the bacteria to Caco-2 enterocytes (—4% compared to control), while
colistin — at a bactericidal dose - completely inhibited its attachment.

3.2.2. Gene expression

At the end of the bacterial challenge, cells were harvested and
mRNA extracted to investigate the expression of inflammatory
(Figure 7A) and tight-junction (Figure 7B) related genes. Moreover,
three genes related to the cellular response to bacteria were
investigated, being mucin 13 (MUCI13), bacterial beta defensin 1
(BD1), and guanylate cyclase 2C (GUCY2C) (Figure 7C).

The ETEC challenge significantly increased the expression of all
the analyzed pro-inflammatory cytokines when compared to negative
control. The application of BOT was not able to reduce the levels of
IL-1p and IL-8 expression, while it tended to decrease TNFa (p <0.1)
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and significantly lowered (p <0.05) IL-6. The blend of botanicals also
improved ZO-1, ZO-2, and CLD-1 expression, originally impaired by
the presence of the ETEC challenge, bringing their levels between
positive (CTR+) and negative (CTR-) controls.

During the challenge, BOT reduced the expression of MUC13, a
putative receptor for ETEC on enterocytes. Moreover, the GUCY2C
receptor for heat-stable ETEC toxins, while being already lowered by
the challenge itself, was further decreased by BOT. Finally, the
expression of BD1, impaired by the bacterial challenge, was partially
restored by the addition of BOT to the system.

3.2.3. Immunofluorescence staining

The immunofluorescence staining results for ZO-1 of cells
challenged with ETEC are shown in Figure 8. The ETEC challenge
produced significant damage to the Caco-2 epithelial monolayer:
compared to the healthy control, infected cells showed a swelling
morphology with an irregular disposition of ZO-1 on cellular borders.
Moreover, areas of cell-to-cell loss of contact left evident gaps between
adjacent cell bodies. In certain areas, the degree of the damages
reached a considerable extent, leading to cellular death, with acellular
spaces open for bacterial translocation. The addition of BOT to the
system significantly reduced the impairments exerted by ETEC,
allowing the maintenance of a higher cellular tightness, with minor
localized sites of ZO-1 irregular distribution or loss of contact between
cellular margins. No areas of extensive cellular detachment
were detected.

4. Discussion

Inflammation is a physiological response that occurs when the
body needs to fight stressors (34, 35). In animal productions, common
practices expose animals to a vast array of harmful stimuli, that can
considerably impair their overall health and performance, with huge
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Immunofluorescence staining of Caco-2 cells treated with a blend of botanicals (BOT) and challenged with LPS + cytomix for 24 h. Groups with the
inflammatory challenge are represented with a “+" in the name. The left pictures show the DAPI staining of cell nuclei, the central column depicts ZO-1
staining with FITC, while the right column displays the merge of the first two images. White arrows identify areas with anomalies of ZO-1 disposition, or

costs for producers (36, 37). In the pig productive cycle, the most
delicate phase is weaning: its early occurrence elicits the onset of
intestinal inflammation as a way to react to stress and adapt to the new
). Caco-2

cells represent a recognized in vitro model to recreate a functional

dietary, environmental, and physiological conditions (10,

intestinal epithelium and to study its response against different
). The mix of cytokines and bacterial LPS
employed in our investigations effectively recreated on intestinal cells

detrimental stimuli (39,

the harmful state that piglets’ gut undergoes at weaning: the health
status of Caco-2 enterocytes was profoundly impaired-in the acute
challenge model-as demonstrated by TER, a direct indicator of
epithelial tightness. However, rather than acute, it is prolonged stress
that is particularly common in actual pig husbandry, since stressors
usually lasts for several days and need time to be completely resolved,
especially during unfavorable periods like weaning (41). For this
reason, we additionally developed a chronic challenge model, that
equally proved efficient in reducing epithelial integrity of Caco-2 cells
throughout time, while also activating the innate immune response
of enterocytes.

The high interdependence and inverse relationship between tight
junctions’ state and inflammation are widely recognized in literature
(42, 43). After the challenge, the drop in cellular integrity shown by

Frontiers in

our data is accompanied by the activation of a strong inflammatory
status, proved by the increase of TNFa, IL-6, and IL-8 cytokine
expression, and the subsequent deterioration of tight-junction mRNA
levels. Consequently, the stimulation of the local inflammatory
reaction triggers the release of reactive oxygen species (ROS), creating
a self-amplifying cycle that further impairs homeostasis, leading to the
loss of gut integrity and thus paving the way for pathogen’s
colonization of the intestinal mucosa (44). Our in vitro inflammatory
challenge model significantly increased the ROS levels in Caco-2 cells,
confirming the close connection between inflammation and oxidation,
with the second being a physiological outcome of the first, but at the
risk of excessively stimulating the overall stress response.
Historically, the employment of pharmacological doses of zinc
oxide during the weaning phase was effective in reducing diarrheal
symptoms and maintaining good zootechnical parameters despite the
dramatic changes piglets must face (45, 46). The mechanism of action
of zinc oxide is multi-factorial, and targets several sites of the
gastrointestinal tract, avoiding excessive inflammation and ROS
production (16). However, the excess of zinc oxide above nutritional
requirements is excreted in feces, with severe environmental and
bacterial resistance concerns (16, 47, 48). Thus, the European
authorities banned zinc oxide medicinal doses in 2022, while other
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indicate significant differences with p <0.05 at each timepoint.

TER (A), bacterial translocation (B), and ETEC adhesion (C) assay results after an enterotoxigenic E. coli infection on Caco-2 cells treated with a blend
of botanicals (BOT). Experimental groups with a “+" in the name were infected. Data in graphs are represented as means + SEM. Different letters

countries are moving towards the same direction (49). Therefore,
farmers are now requested to face weaning stress issues without
pharmacological zinc oxide. Recognized powerful alternatives come
from the bioactive compounds naturally available in fruits and plants,
thanks to their diverse mechanisms of action that span both the
pathogen and the host sides of the issue (19, 50, 51). When employed
alone, single botanicals exert considerable supportive actions to
maintain intestinal health and control bacterial overgrowth (52).
Thymol, the main component of thyme essential oil, has a powerful
antimicrobial and virulence-modulating action, and it is well known
for its anti-inflammatory potential (53, 54). Capsaicin derived from
capsicum oleoresin is a fine regulator of tight junction structure,
owing also to its anti-inflammatory action and its ability to interact
with the endocannabinoid system (55-57). Finally, the wide array of
polyphenols inside grape seed extracts not only control bacterial toxin
activity, but also exert a strong anti-inflammatory and antioxidant
effect (58-60). In our study, we wanted to test the combination of the
three botanicals (thymol, grape seed extract, and capsicum oleoresin;
BOT) in different challenge models, complementing the individual
efficacies of the single components.

The treatment with BOT was effective in protecting intestinal cells
from the loss of integrity generated by an inflammatory challenge. In
the case of enterocytes undergoing an acute challenge, the addition of
BOT even allowed a faster recovery to normal integrity values. This
beneficial effect was confirmed also when Caco-2 was pre-treated with
the blend of botanicals: the pre-treatment with BOT improved the
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integrity of healthy cells before the challenge, and helped enterocytes
to better deal with the inflammatory stimulus. In both acute
challenges, even if still present, the drop in TER in BOT-treated
groups was significantly limited.

When the inflammation was prolonged over time to recreate a
chronic challenge model, BOT consistently supported enterocytes’
health across the entire experiment, allowing cells to maintain a
higher degree of tightness, and stimulating a complete recovery of
TER if given sufficient time. Since weaning inflammation in pigs
usually lasts for several days and requires time to be resolved (6, 61),
the BOT-iterated supportive action is of central interest to maintain a
healthier state, a higher animal performance, and to accelerate the
recovery process to a homeostatic condition. The beneficial effects of
BOT are related to its wide action against enterocytes’ inflammatory
response. Gene expression data at the end of the chronic challenge
demonstrate that BOT significantly reduced the expression of
pro-inflammatory cytokines like IL-6 and IL-8, while also numerically
decreasing TNFo and IL-1p. These results are likely a consequence of
thymol and capsaicin action, two BOT ingredients. The two terpenes
possess phenolic hydroxyl groups that inhibit kinases responsible for
NEF-kB activation, one of the key transcription factors that elicit stress
responses in cells (62, 63). Moreover, thymol and capsaicin directly
interfere with NF-kB active sites, avoiding its translocation in the cell
nucleus and the consequent inflammatory stimulation (64, 65).
Finally, the two bioactives modulate the endocannabinoid system by
binding TRPV1 and 3 receptors, triggering their anti-inflammatory
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FIGURE 7
Gene expression analysis of Caco-2 cells treated with a blend of botanicals (BOT) and challenged with enterotoxigenic E. coli for 4 h. Panel (A) displays
the inflammatory cytokines results (TNFa, IL-1p, IL-6, IL-8), panel (B) reports the data for tight-junction markers (ZO-1, ZO-2, CLD-1, OCCL), while
panel C shows MUC13, BD1, and GUCY2C, three genes related to cellular response to bacterial infection. Groups with bacterial infection are
represented with a “+" in the name. Data in the graphs are represented as means + SEM. Different letters denote significant differences with p <0.05;
tendencies (p <0.1) are highlighted by reporting their respective p values and indicated by a line spanning the two evaluated groups.

potential ( ). The lowered inflammatory tone enabled the
preservation of several tight junction components: during the
challenge, BOT maintained higher expression levels of ZO-1 and-2,
two scaffold-like proteins, and CLD-1 and OCCL, two sealing
elements (69). These figures were also confirmed by the
immunofluorescence staining for ZO-1: BOT-treated challenged cells
showed a better tight junction distribution and only minor areas of
loss of contact between adjacent cells. Since cytokines impair the
), the reduced

inflammatory degree by BOT resulted in the preservation of a higher

distribution and function of tight junctions (

epithelial integrity and structure.

During the inflammatory cascade, the triggering of NF-kB
stimulates the synthesis of oxidative enzymes to produce ROS as a
physiological component of the inflammatory response (71, 72).
However, the persistent accumulation of ROS promotes the activation
of the inflammasome, with the onset of a loop that further exacerbates
inflammation (73, 74). Polyphenols contained inside BOT may
contribute to the disruption of this self-amplifying cycle (60, 75, 76).
Our data showed that BOT reduced ROS generated by the LPS and
cytokine challenge: enterocytes were safeguarded from an excessive
inflammatory activation, thus avoiding the subsequent ROS synthesis.
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Moreover, BOT decreased the oxidative stress also during an H,O,
challenge, displaying its direct detoxifying action against ROS, the
molecules that fuel the pro-oxidative loop.

During inflammation, the structure and function of the intestinal
mucosa is deeply impaired. When the intestinal homeostasis is lost,
pathogens can take over (77, 78). Weaning stress and inflammation in
piglets represent the perfect condition for the overgrowth of
enterotoxigenic Escherichia coli (ETEC) species, whose main
representative is ETEC F4* (79). After adhering to the apical side of
enterocytes, ETEC F4" produce heat-labile and heat-stable toxins, that
elicit the release of ions in the intestinal lumen and, consequently,
water (11). Piglets affected by this pathogen rapidly develop post-
weaning diarrhea, that markedly reduces performance parameters and
). The botanical-based blend used in this study
was effective in protecting Caco-2 enterocytes against an in vitro
challenge with ETEC F4*. As shown by TER levels, intestinal integrity

of infected enterocytes treated with BOT was comparable to

increases mortality (

unchallenged cells and to cells treated with an effective antibiotic —
colistin — used at a bactericidal dose. The protection of epithelial
morphology was confirmed by the immunofluorescence staining of
BOT treated cells, which displayed less damages and the preservation
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Immunofluorescence staining of Caco-2 cells treated with a blend of botanicals (BOT) and challenged with enterotoxigenic E. coli for 2 h. Groups with
bacterial infection are represented with a "+" in the name. Left pictures show the DAPI staining of cell nuclei, the central column depicts ZO-1 staining
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Horizontal bars: 50 um

of ZO-1 disposition if compared to the infected ones. As an indirect
measurement of integrity, also bacterial translocation across Caco-2
was significantly reduced by BOT, highlighting the protective action
of the blend and its ability to keep a tighter cellular monolayer. Even
against the pathogen infection, the precise mechanism of action of
BOT appears to be directed towards the modulation of the epithelial
inflammatory response: the reduced expression of TNFa and IL-6 are
indicators of a decreased inflammatory tone. On the opposite, the
maintenance of higher levels of IL-8, a chemokine that attracts other
immune cells in the site of inflammation (80), and the increased
amount of BD1, a defensin involved in the protection against bacterial
infections (81), might be a sign of an immune boosting effect, allowing
the intestinal mucosa to be ready to efficiently respond in case of an
excessive bacterial infection. The ability of BOT to lower inflammation
is demonstrated also by the preservation of a higher tight-junction
expression, similarly to the results of the inflammatory challenge. This
BOT reinforcing action on intestinal mucosa integrity counteracts the
disruptive effects that ETEC pathogens have on tight junctions
(82,83).

In addition, botanicals seemed to exert an effect on the
susceptibility of intestinal cells to ETEC infection, as displayed by the
BOT-driven reduction of MUC 13 expression, one of the candidate
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). This
effect not only limits the adhesive capacity of the pathogen to Caco-2

receptors that ETEC F4* exploits to target enterocytes (84,

cells, but opposes also NF-kB activity, mitigating the intestinal cell
inflammatory response (86). This outcome further complements the
available evidence about the virulence-modulating activity of the
components inside BOT: thymol, polyphenols, and capsaicin interfere
with the expression and activity of ETEC F4* toxins and adhesins (22,

, 87, 88). Even if the bioactives inside BOT were used at
sub-inhibitory doses, not directly able to prevent bacterial growth, it
is likely possible that those low concentrations were still capable of
decreasing ETEC ability to generate damages on the enterocytes, thus
limiting the intestinal inflammatory response and the activation of ion
channels responsible for the onset of diarrhea in vivo. Moreover, the
BOT beneficial effect also extends to other markers, like GUCY2C, the
receptor for the heat-stable STa bacterial toxin: data showed a
significant decrease in its expression during the challenge, with a trend
particularly marked in the BOT group. GUCY2C reduced signaling is
physiologically linked to the stimulation of epithelial growth and
regeneration: its downregulation might be correlated to an improved
healing of damaged sites on intestinal surface, with the overall
maintenance of an enhanced mucosal integrity (89, 90). Therefore, in
the context of a bacterial infection, BOT displays interesting effects on
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both the host and the pathogen side, deeply modulating their
interaction at multiple levels.

5. Conclusion

In conclusion, the blend of botanicals (BOT) was effective in
controlling acute and chronic stress originating from inflammatory
and ETEC bacterial challenges, that strongly affect pigs at weaning.
The mechanism of action of BOT combines the individual features of
its single components to preserve epithelial integrity. In particular,
BOT modulated enterocytes’ inflammatory response, protected tight
junction expression and function, controlled cellular oxidative stress,
and reduced epithelial susceptibility against pathogens, while
simultaneously acting on bacteria adhesive capacity. These outcomes
enlighten the multifaceted activity of BOT at different stages of the
host-pathogen interaction and support its employment in the feed to
manage post-weaning diarrhea and weaning stress in piglets. Further
studies should now explore BOT efficacy in vivo, both in field trials
and challenge models. Moreover, other in vitro research could
be addressed towards the investigation of BOT beneficial effects on
additional complex models like intestinal organoids, and other cell
lines like immune or liver cells, considering their role in the greater
host response against stress.
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Medicine & Biomedical Sciences, Texas A&M University, College Station, TX, United States

Introduction: Large scale data on the prevalence of diverse medical conditions
among dog breeds in the United States are sparse. This cross-sectional study
sought to estimate the lifetime prevalence of medical conditions among US dogs
and to determine whether purebred dogs have higher lifetime prevalence of
specific medical conditions compared to mixed-breed dogs.

Methods: Using owner-reported survey data collected through the Dog Aging
Project (DAP) Health and Life Experience Survey for 27,541 companion dogs, we
identified the 10 most commonly reported medical conditions in each of the 25
most common dog breeds within the DAP cohort. Lifetime prevalence estimates
of these medical conditions were compared between mixed-breed and purebred
populations. The frequency of dogs for whom no medical conditions were
reported was also assessed within each breed and the overall mixed-breed and
purebred populations.

Results: A total of 53 medical conditions comprised the top 10 conditions for the
25 most popular breeds. The number of dogs for whom no medical conditions
were reported was significantly different (p = 0.002) between purebred (22.3%)
and mixed-breed dogs (20.7%). The medical conditions most frequently reported
within the top 10 conditions across breeds were dental calculus (in 24 out of
25 breeds), dog bite (23/25), extracted teeth (21/25), osteoarthritis (15/25), and
Giardia (15/25).

Discussion: Purebred dogs in the DAP did not show higher lifetime prevalence
of medical conditions compared to mixed-breed dogs, and a higher proportion
of purebred dogs than mixed-breed dogs had no owner-reported medical
conditions. Individual breeds may still show higher lifetime prevalence for specific
conditions.

KEYWORDS

lifetime prevalence, purebred, mixed-breed, epidemiology, cross-sectional
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1. Introduction

The domestic dog (Canis familiaris) is a highly morphologically
diverse species including various breeds developed over the past few
hundred years resulting in dramatic phenotypic variations (20, 64).
Humans have selected for specific phenotypic traits leading to the
development of many pedigree dog breeds. There are currently 197
registered breeds with the American Kennel Club (AKC) and
approximately 400 breeds recognized internationally (1). Inbreeding
or line-breeding has been deployed in the development of most dog
breeds, raising the concern that purebred dogs will have a greater
chance of carrying genetic disorders (1, 12, 20). Inbreeding can lead
to an increased prevalence of recessive genetic disorders, making what
would normally be a rare disease more common within that breed or
familial line (12, 20, 58); however, it can also lead to purging of the
genetic load and associated elimination of inbreeding depression (10,
65). It is a common belief that purebred dogs are at a greater risk for
disease compared to mixed-breed dogs, often due to concerns for
genetic or inherited disorders; however, research has shown that this
is not always the case. Some studies suggest specific breeds or groups
of breeds are at greater risk for certain disorders, but simply being
purebred may not necessarily be associated with increased disorder
prevalence overall (43, 55).

The majority of studies evaluating breed predilections focus on
either the breeds affected by a certain medical condition or the
medical conditions most prevalent in a specific breed (32, 33, 37-39,
41, 42, 48, 60). For example, dilated cardiomyopathy has been
determined to be far more common in Doberman Pinschers, Boxers,
and Great Danes (32) than other dog breeds, whereas studies on the
Cavalier King Charles Spaniel have found a high prevalence of
cardiac, dermatological, and ocular disease (60). Comparatively, there
are few studies that investigate the overall prevalence of disorders
within and across breeds (21, 22, 66). Such studies are accomplished
through either retrospective review of medical records or insurance
data, or through health surveys completed by owners or veterinarians.
Each of these methods of data acquisition have their own benefits
and limitations.

Historically, prevalence data have been obtained via survey
questionnaires distributed through breed clubs and associations;
however, these surveys are often small-scale including only a few
hundred to a few thousand dogs (12). With advancements in data
sharing programs like VetCompass in the UK and Australia and the
increased implementation of electronic medical record systems,
large quantities of data can be collected and used to evaluate the
demographic risk factors for various medical conditions (27, 33,
37-42, 44, 45, 50, 60). Pet insurance data has also been utilized to
assess disease prevalence and mortality in the insured pet
population (15). There are not currently any publicly accessible data
sources like VetCompass in the US, making it difficult to perform a
large-scale review of medical records to estimate prevalence of
veterinary medical conditions in the US. Large-scale health surveys
offer the chance to collect information from a more representative
population, including those dogs who may not have seen a
veterinarian within the timeframe of the study (66). The Dog Aging
Project (DAP) is a nationwide community science research
initiative; at its core is a long-term longitudinal study following
companion dogs through annual surveys collecting biological,
environmental, and lifestyle data.
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This cross-sectional study aimed to estimate the lifetime
prevalence of the most common owner-reported medical conditions
(ORMC) for the top 25 breeds in the DAP, to identify differences in
lifetime medical condition prevalence between the mixed-breed
and purebred populations, and to identify differences in lifetime
medical condition prevalence for the top 25 breeds when compared
to other purebreds and to mixed-breed dogs. A secondary aim of
this study was to determine whether or not there is a difference in
prevalence of dogs with no ORMC between the purebred and
mixed-breed populations.

2. Materials and methods

The DAP is a community science project in which owners enroll
their companion dogs through a series of online surveys (8). The data
collection instrument offered to all owners at the time of enrollment
is a detailed Health and Life Experience Survey (HLES). All dogs
whose owners complete HLES in its entirety become members of the
DAP Pack for the duration of the study (or until the dog’s death or the
owner drops out of the study). The DAP is an open data initiative with
HLES data becoming available for analysis in yearly releases. The
methodology of the DAP, including survey distribution and data
collection, has been detailed previously (8). The University of
Washington IRB deemed that recruitment of dog owners for the Dog
Aging Project, and the administration and content of the DAP Health
and Life Experience Survey (HLES), are human subjects research that
qualifies for Category 2 exempt status (IRB ID no. 5988, effective
10/30/2018). No interactions between researchers and privately owned
dogs occurred; therefore, IACUC oversight was not required. This
cross-sectional study was performed using data collected from 27,541
dogs enrolled in the DAP Pack between December 26, 2019 and
December 31, 2020.

HLES consists of 10 topical sections including owner and dog
demographics, health status, diet, behavior, physical activity, and
environmental factors. The full HLES questionnaire is publicly
available for review online (13). Data from the Dog Demographics
section of HLES were used to identify the 25 most common
AKC-recognized breeds within the DAP Pack and to calculate
descriptive statistics for the various breed groups. Data from the
Health Status section of HLES were used to identify the top 10 ORMC
for each of those 25 most common breeds. Because these data are
collected directly from owners and because all medical problems may
not have been fully investigated, term lists in the Health Status section
include specific diagnoses, syndromes, and clinical signs; here we use
the term “medical conditions” to embrace all of these findings. Within
the Health Status section, owners are asked to report all medical
conditions their dogs have experienced. Respondents select medical
conditions within pathophysiologic (e.g., “Cancer or tumors” or
“Infectious or parasitic disease”) and organ system [e.g., “Cardiac
disorders” or “Kidney or urinary disorders” categories, and each
category includes the option of “other (please describe)].” Free text
responses recorded in these “other (please describe)” items were not
included in the analysis of the medical conditions because this
response choice does not represent a single medical condition and was
therefore beyond the scope of this study. Free text categories for which
the choice of “other (please describe)” would have ranked in the top 10
medical conditions for one or more of the 25 breeds include: other
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trauma, other oral condition, other eye condition, other orthopedic
condition, and other skin condition. These “other (please describe)”
free text responses will be coded and analyzed in a future study, and
coded results will be made available in future data releases. For
purposes of the study reported here, we do not attempt to refine,
combine or otherwise modify participant responses, and present the
data as reported by the participant. For instance, while it is plausible
that a dog with “intervertebral disc disease” or “fibrocartilagenous
embolism” also had “limb paralysis,” and vice versa, we report
precisely what the participant indicated, without assuming that other
related conditions were present.

2.1. Statistical analysis

Statistical analysis was performed using R software (version 4.1.1,
R Foundation for Statistical Computing, Vienna, Austria). Dogs were
separated into groups of mixed-breed dogs or purebred dogs based on
owner-reported breed classification, which has been shown to
be reliable (35). Here, we focused on the 25 most common
AKC-recognized breeds within the DAP Pack. Descriptive statistics
for dogs in each of the breeds were calculated including median age
and median weight at the time survey data were collected. On average,
small dogs live longer than large dogs, and often by a substantial
margin. For this reason, simple chronological age is insufficient to
describe the life stage (e.g., juvenile to adult to senior) in dogs of
various sizes (18). Using the AAHA Canine Life Stage Guidelines (9),
and the authors’ prior work on companion dog lifespan (62), average
lifespan estimates were generated for groups of dog sizes in 10-kg
increments, and life stages were assigned within size categories, as
shown in Table 1. All dogs were assigned to a specific life stage based
on age and body size. The mean and median life stage was determined
for each of the 25 breeds and the mixed-breed category.

Within each of the 25 breeds, we calculated the lifetime prevalence
of the 10 most commonly reported ORMC and generated 95%
confidence intervals using the Wilson method. Lifetime prevalence
estimates for these medical conditions were also calculated for all
purebred, and all mixed-breed dogs, respectively, within the DAP
Pack. We used a binomial model with logit link and adjusting for age
with a linear effect to test: (1) whether mixed-breed and purebred dogs
differed in lifetime medical condition prevalence and then (2) whether
specific breeds exhibited statistically higher (or lower) lifetime
prevalence of a given medical condition compared to all other
purebred dogs in the dataset. The result of these models were
age-adjusted log-odds ratios of medical conditions prevalence for a
given breed compared to all other purebred dogs (or a comparison of
mixed vs. purebred dogs). In the case where multiple statistical

TABLE 1 Life stages by dog size.

Size Puppy Young Mature Senior
adult adult

<10kg 0-0.75yr >0.75-3yr >3-12yr > 12yr

10-19.9kg 0-0.75yr >0.75-3yr >3-12yr > 12yr

20-29.9kg 0-0.75yr >0.75-3yr >3-11yr >1lyr

30-39.9kg 0-1yr >1.0-3yr >3-10.5yr >10.5yr

> 40kg 0-1.5yr > 1.5-3yr >3-95yr >95yr
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comparisons were carried out, we adjusted the threshold for
significance using the Bonferroni correction. With 53 unique medical
conditions (see below), this led to an adjusted significance threshold
of p<0.05/53=0.00095 (e.g., Tables 2-5). When comparing the
lifetime prevalence of dogs with no owner-reported medical
conditions between the 25 breeds and mixed-breed dogs, this led to
an adjusted significance threshold of p <0.05/25=0.002 (e.g., Table 6).

3. Results

Data from 27,541 companion dogs were included in the study. Of
those dogs, 50.6% were mixed-breed dogs (n=13,923) and 49.4% were
purebred dogs (n=13,618). Of the purebred dogs, the 25 most
commonly represented breeds are included in Table 7. These 25 breeds
(n=8,438) make up 62.0% of the purebred dog population and 30.6%
of the overall DAP Pack. The remaining 38.0% of purebred dogs
included members of 258 breeds. Demographic data describing these
breed groups is summarized in Table 7. Both the mean and median
life stage for all 25 breeds and the mixed-breed category fell into the
mature adult life stage. The distribution of life stages within individual
breeds was similar across the 25 breeds.

A total of 53 unique medical conditions were identified making
up the top 10 ORMC for these 25 breeds. The top 10 ORMC in mixed-
breed dogs were a subset of these 53 medical conditions. The ORMC
reported most frequently across breeds were dental calculus, dog bites,
extracted teeth, osteoarthritis, and Giardia (Figure 1). Data on all 53
medical conditions and their lifetime prevalence in individual breeds
are available in Supplementary Table 1. Data on the top 10 ORMC and
their lifetime prevalence in individual breeds are available as
Supplementary Table 2. A Heatmap (Figure 2) demonstrates the scaled
prevalence of these 53 medical conditions across the 25 most popular
dog breeds in the DAP Pack.

3.1. Dogs with no reported medical
conditions

Purebred dogs (22.3%) were significantly more likely (p=0.002)
to have no ORMC than mixed-breed dogs (20.7%). Considering each
breed compared to the population of mixed-breed dogs, significantly
more Golden Retrievers (25.1%; p=1.16x10""), Poodles (26.9%;
p=0.001), Australian Shepherds (29.2%; p=2.3 x 10~°), Border Collies
(31.5%; p=5.84x107°), and Siberian Huskies (34.8%; p=1.53x107)
had no ORMC compared to mixed-breed dogs (Table 6). Conversely,
the frequency of Greyhounds with no ORMC was significantly lower
(8.8%; p=2.15x10"") than mixed-breed dogs.

3.2. Overall purebred vs. mixed-breed
results

A total of 14 ORMC were significantly more prevalent in the
overall purebred dog population compared to the overall mixed-breed
dog population, and similarly, 13 ORMC were significantly more
prevalent in mixed-breed dogs compared to purebred dogs (Table 2).
The remaining 26 ORMC were not significantly different between the
mixed-breed and purebred dog populations. The most common
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TABLE 2 Lifetime prevalence of 53 medical conditions in the purebred and mixed-breed dog populations.

N (mixed-breed/ Mixed-breed Purebred Prevalence p-value
purebred) Prevalence (%; (%; n=13,618)
n=13,923)
No ORMC 2888/3031 20.74 22.26 0.002
Dental calculus 2089/2011 15.00 14.77 0.058
Extracted teeth 1877/810 13.48 595 1.66x 10~
Dog bite 1663/1305 11.94 9.58 2.64x107"°
Fractured teeth 997/810 7.16 5.95 4.82x107°
Seasonal allergies 994/884 7.14 6.49 0.033
Giardia 952/1006 6.84 7.39 0.076
Osteoarthritis 908/869 6.52 6.38 0.636
Ear infection 860/1138 6.18 8.36 3.11x107"
Torn or broken toenail 788/658 5.66 4.83 0.002
Chocolate ingestion 746/546 5.36 4.01 1.21x1077
Bordatella and/or parainfluenza 719/558 5.16 4.10 2.57x107°
Heart murmur 647/709 4.65 5.21 0.032
Pruritis 641/523 4.60 3.84 0.002
Laceration 540/433 3.88 3.18 0.002
Cruciate ligament rupture 535/447 3.84 3.28 0.012
Cataracts 527/626 3.79 4.60 7.71x107*
Fleas 485/325 3.48 2.39 7.17x107*
Sebaceous cysts 460/482 3.30 3.54 0.282

Food or medicine allergies that

affect the skin 415/427 2.98 3.14 0.455
Gingivitis 414/475 2.97 3.49 0.016
Roundworms 412/366 2.96 2.69 0.174
Conjunctivitis 390/369 2.80 271 0.643
Hookworms 388/319 2.79 2.34 0.020
Chronic/recurrent hot spots 386/442 2.77 3.25 0.022
Lyme disease 377/333 2.71 2.45 0.169
Chronic/recurrent diarrhea 375/411 2.69 3.02 0.106
Patellar luxation 372/321 2.67 2.36 0.096
Anal sac impaction 353/367 2.54 2.69 0.407

Urinary tract infection (chronic/

recurrent) 346/466 2.49 3.42 4.32x10°°
GI foreign body 329/357 236 2.62 0.169
Food or medicine allergies 309/337 2.22 2.47 0.162
Hip dysplasia 307/333 2.20 2.45 0.186
Hearing loss (incompletely deaf) 306/347 2.20 2.55 0.056
Urinary incontinence 303/332 2.18 2.44 0.148
Seizures 283/323 2.03 2.37 0.055
Pancreatitis 263/324 1.89 2.38 0.005
Underbite 252/115 1.81 0.84 2.82x107"2
Hypothyroidism 245/275 1.76 2.02 0.113
Lameness (chronic/recurrent) 240/240 1.72 1.76 0.807
Deafness 223/249 1.60 1.83 0.147
(Continued)
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TABLE 2 (Continued)

N (mixed-breed/ Mixed-breed Purebred Prevalence p-value
purebred) Prevalence (%; (%; n=13,618)
n=13,923)

Urinary crystals or stones in
bladder or urethra 194/228 1.39 1.67 0.058
Coccidia 184/254 1.32 1.87 3.12x10™*
Anaplasmosis 151/150 1.08 1.10 0.892
Fractured bone (limb) 146/170 1.05 1.25 0.120
Lick granuloma 144/142 1.03 1.04 0.945
Corneal ulcer 113/208 0.81 1.53 3.14x10°°
Intervertebral disc disease (IVDD) 112/206 0.80 1.51 3.78x107°
Chronic kidney disease 109/105 0.78 0.77 0.911
Retained deciduous teeth 96/148 0.69 1.09 4.35x107*
Keratoconjunctivitis sicca (KCS) 85/206 0.61 1.51 2.46x107"
Tracheal collapse 76/93 0.55 0.68 0.145
Entropion 41/132 0.29 0.97 1.37x107"
Stenotic/narrow nares 5/50 0.04 0.37 7.44x107"°

The bold values included in the tables are the p-values that are statistically significant.

TABLE 3 Lifetime prevalence of the top 10 medical conditions in

ORMC in mixed-breed dogs were dental calculus, extracted teeth, dog Labrador Retrievers compared to the total purebred population.

bite, seasonal allergies, fractured teeth, giardia, osteoarthritis, ear Medical

Number Lifetime 95% ClI p-value

infection, torn or broken toenail, and chocolate toxicity (Table 2). condition affected Prevalence (%)
(%)
. Ear Infection 226 13.51 1195-1523 | 1.33x10°7%
3.3. Breed specific results .
Dog bite 159 9.50 8.19-11.00 0.836
Data on the eight of the most popular breeds are described in detail | ©Ostecarthritis 138 8.25 7.02-9.66 742x10°
here; data for the remaining 17 breeds in the top 25 are available in Giardia 126 7.53 6.36-8.90 0.912
Supplementary Table 2. Additional information including the lifetime Dental calculus 120 717 6.03-8.51 2.99%10-"
prevalence of the other ORMC within the union set of 53 medical Seasonal allergies 120 - 603851 0170
conditions that did not rank in the top 10 ORMC within each breed are
Fractured teeth 119 7.11 5.98-8.45 0.006

available in Supplementary Table 1. The top ORMC in Labrador
Retrievers were ear infections, dog bites, osteoarthritis, Giardia, dental Cruciate ligament
calculus, seasonal allergies, fractured teeth, cruciate ligament rupture, rupture 115 6.87 5.76-8.19 8.54x 107
extracted teeth, and Bordetella and/or parainfluenza (Table 3). Labrador Extracted teeth 102 6.10 5.05-7.35 9.64x1072°

Retrievers were significantly more likely to be reported to have had ear
infections (logOR=0.66, p=1.33x107'), osteoarthritis (logOR=0.55,
p=742x10"%), and cruciate ligament rupture (logOR=1.03,
Pp=8.54x107%) compared to other purebred dogs. Labrador Retrievers

Bordetella and/or
parainfluenza

(“kennel cough”) 91 5.44 4.45-6.63 0.004

The bold values included in the tables are the p-values that are statistically significant.

were significantly less likely to be reported to have dental calculus
(logOR=—-0.85, p=2.99x107") and extracted teeth (logOR=—-0.99,
Pp=9.64x10"*) compared to other purebred dogs.

The top ORMC in Golden Retrievers were ear infections, Giardia, ~ fractured teeth, pruritis, sebaceous cysts, and torn or broken toenails
chronic/recurrent hot spots, dental calculus, seasonal allergies, dog ~ (Table 5). German Shepherd Dogs were significantly more likely to
bites, osteoarthritis, Bordetella and/or parainfluenza, fractured teeth,  be reported to have hip dysplasia (logOR=1.48, p=9.76 x107"°) and
and pruritis (Table 4). Golden Retrievers were significantly more likely ~ seasonal allergies (logOR=0.61, p=9.95x 107°) than other purebred
to be reported to have ear infections (logOR=0.56, p=1.19x107"%)  dogs. The lifetime prevalence of the remaining eight ORMC in
and chronic/ recurrent hot spots (logOR=1.28, p=3.67x10"*’)  German Shepherd Dogs were not significantly different compared to
compared to the overall purebred population. Golden Retrievers were  other purebred dogs.
significantly less likely to be reported to have dental calculus Compared to the overall purebred population, the lifetime
(logOR =—0.68,p=2.68 x 107'°) compared to other purebred dogs. prevalence of the top 10 ORMC in Australian Shepherds, Australian

The top ORMC in German Shepherd Dogs were seasonal allergies,  Cattle Dogs, Boxers, and Siberian Huskies were not significantly
ear infections, Giardia, dog bites, hip dysplasia, osteoarthritis,  different from other purebred dogs (Supplementary Table 1). Both
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TABLE 4 Lifetime prevalence of the top 10 medical conditions in Golden Retrievers compared to the total purebred population.

Medical condition Number affected Lifetime Prevalence (%) 95% CI (%) p-value
Ear Infection 179 12.23 10.65-14.00 1.19x107"°
Giardia 120 8.20 6.90-9.71 0.578
Chronic or recurrent hot spots 115 7.86 6.58-9.35 3.67x107%
Dental calculus 103 7.04 5.83-8.46 2.68x107"°
Seasonal allergies 91 6.22 5.09-7.57 0.942
Dog bite 91 6.22 5.09-7.57 1.80x 10*
Osteoarthritis 78 5.33 4.29-6.60 0.147
Bordetella and/or parainfluenza

(“kennel cough”) 72 4.92 5.76-8.19 0.126
Fractured teeth 57 3.89 3.02-5.01 0.022
Pruritis (itchy skin) 57 3.89 3.02-5.01 0.640

The bold values included in the tables are the p-values that are statistically significant.

Australian Shepherds and Siberian Huskies were also found to have a
significantly higher percentage of dogs with no ORMC than the
mixed-breed population (Table 6).

Four of the 10 most commonly reported ORMC in Chihuahuas
involved dental conditions: extracted teeth, dental calculus, gingivitis,
and retained deciduous teeth (Supplementary Table 2). Specifically,
47.60% (41.22-54.05%) of Chihuahuas were reported to have had
teeth extracted and 33.62% (27.82-39.97%) had dental calculus
reported. This is significantly more frequently than either of those
ORMC were reported in the purebred population (p=6.12x 107> and
p=4.52x 1075, respectively).

4. Discussion

The primary objective of this study was to describe the medical
conditions most commonly reported by owners of the most popular
breeds in the DAP Pack. Although there was the potential for 250
unique ORMC when looking at the 10 most common conditions for
each of the 25 breeds, only 53 ORMC were identified. While the
majority of these ORMC only placed in the top 10 for one or two of
the 25 breeds, 10 of the ORMC were identified as highly common
among at least 10 of the 25 breeds.

Dental calculus was among the top 10 ORMC in 24 of the 25
breeds, and extracted teeth were among the top 10 ORMC in 21 of the
25 breeds. This shows that dental conditions and dental care are
relatively common across breeds in the US. Although dental
conditions are seen across breeds, certain breeds are impacted more
greatly, like Chihuahuas, for whom owners reported dental calculus
in approximately one-third of breed members in the DAP Pack and
extracted teeth in nearly half the breed members. O’Neill and others
reported a 19% prevalence of dental disease among the Chihuahua
population in the UK (41); it is possible that the difference is
attributable to the fact that their study was a period prevalence
estimate for the year 2016, whereas our study considers lifetime
prevalence. A 1999 study demonstrated a prevalence of dental calculus
at 20.5% as reported by veterinarians for dogs attending private small
animal practices in the US (30). This is a higher rate of dental calculus
for dogs overall than was noted in our study. This difference may
be due to changes in prevalence and improved dental care and
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TABLE 5 Lifetime prevalence of the top 10 medical conditions in German
Shepherd Dogs compared to the total purebred population.

Medical Number Lifetime 95% Cl  p-value
condition affected Prevalence (%)

(%)
Seasonal allergies 63 10.36 8.18-13.04 9.95x10°°
Ear Infection 55 9.05 7.02-11.59 0.246
Giardia 53 8.72 6.73-11.23 0.421
Dog bite 51 8.39 6.44-10.86 0.783
Hip dysplasia 46 7.57 5.72-9.94 9.76x107"
Osteoarthritis 43 7.07 5.29-9.39 5.95%x107°
Fractured teeth 39 6.41 4.73-8.65 0.085
Pruritis (itchy
skin) 34 5.59 4.03-7.71 0.009
Sebaceous cysts 33 5.43 3.89-7.52 3.96x107°
Torn or broken
toenail 32 5.26 3.75-7.34 0.330

The bold values included in the tables are the p-values that are statistically significant.

prophylaxis over the past 20years, or may be due to a difference
between veterinarian-reported and owner-reported information.
Additional studies have shown that dental disorders are one of the
most common medical conditions amongst various breeds in the UK
(40, 45) and US (17), and dental conditions are a priority area of
interest for future health-related welfare improvement in the UK dog
population (59), particularly considering that regular veterinary
dental scaling is associated with longer lifespan in dogs (63).
Interestingly, dog bite injuries were the second most common
ORMC reported across breeds, identified in 23 of the top 25 breeds in
the DAP Pack. Most prevalence data for dog bite injuries report on
humans being bitten, with scarce data on dogs being bitten by other
dogs (5,23, 29,49, 61). As a result, there are no recent prevalence data
for dog-on-dog bite injuries in the US. The 23 affected breeds included
dogs of all body sizes, from toy and small breeds to large and giant
breed dogs. While owners and veterinarians may have concern that
small dogs may be bitten by larger dogs, this study shows that bite
injuries are quite common regardless of size. This highlights the
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TABLE 6 Lifetime prevalence of dogs with no owner-reported medical
conditions (ORMC) in the total purebred dog population and the 25 most
popular individual breeds compared to the mixed-breed dog population.

No No ORMC 95%ClI p-value
ORMC (%)

()
Purebred Dogs
(all) 3,031 22.26% 21.57-22.96% 0.002
Mixed-Breed
Dogs 2,888 20.74% 20.08-21.42%
Labrador
Retriever 378 22.59% 20.65-24.66% 0.079
Golden Retriever 367 25.07% 22.92-27.35% 1.16x10~*
German
Shepherd Dog 150 24.67% 21.41-28.25% 0.020
Poodle 125 26.88% 23.05-31.09% 0.001
Australian
Shepherd 126 29.17% 25.08-33.62% 2.30%x107°
Dachshund 72 21.11% 17.12-25.76% 0.867
Border Collie 94 31.54% 26.53-37.03% 5.84x10°°
Chihuahua 39 17.03% 12.72-22.43% 0.169
Beagle 41 19.90% 15.02-25.88% 0.768
Pembroke Welsh
Corgi 53 26.50% 20.87-33.02% 0.047
Boxer 42 21.21% 16.09-27.43% 0.871
Shih Tzu 29 15.03% 10.67-20.75% 0.051
Miniature
Schnauzer 39 20.31% 15.23-26.56% 0.884
Pug 30 15.96% 11.41-21.87% 0.108
Havanese 32 17.78% 12.88-24.02% 0.329
Cavalier King
Charles Spaniel 41 24.12% 18.30-31.07% 0.281
Yorkshire Terrier 30 17.75% 12.73-24.21% 0.340
Great Dane 42 25.77% 19.67-32.98% 0.116
Greyhound 14 8.81% 5.32-14.24% 2.15x107*
Boston Terrier 37 23.27% 17.38-30.42% 0.435
Siberian Husky 55 34.81% 27.82-42.52% 1.53x107°
Shetland
Sheepdog 33 21.43% 15.68-28.56% 0.835
English Springer
Spaniel 35 23.33% 17.28-30.72% 0.437
Australian Cattle
Dog 28 19.31% 13.71-26.49% 0.672
Doberman
Pinscher 40 27.78% 21.11-35.60% 0.039

The bold values included in the tables are the p-values that are statistically significant.

importance of client education along with training and early
socialization of dogs, to try to reduce the incidence of bite wounds in
the future. Owner-reported dog bite injuries were more common in
our study than previously reported in other studies (30); in fact, most
prior studies did not even include dog bite injuries or animal bite
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injuries specifically in their analyses (17, 27, 33, 37-42, 45, 60, 66). It
may be that dog bite injuries are being included in more broad
categories such as trauma in other studies. Alternatively, it is possible
that dog bite injuries are being overlooked in breed-related disease
prevalence studies, as trauma of any kind may not be considered a
form of disease. The study reported here described individual medical
conditions, rather than overarching categories such as “trauma.”
Within the category of trauma, conditions that occurred within the
top 10 most frequent ORMC for any of the top 25 breeds were dog bite
wound, torn or broken toenail, laceration and fractured bone. Other
factors, such as lifestyle and environment, likely contribute to risk of
medical conditions among dogs, and perhaps more significantly for
traumatic conditions. However, it is likely that breed remains a
significant risk factor for some traumatic conditions. For instance,
certain breeds may be inherently more active, or may
be disproportionately chosen by owners for active lifestyles; in either
case, breed and environment could interact to increase the risk of
traumatic injury. Future studies can further investigate
these interrelationships.

The secondary objective of this study was to investigate whether
or not there is a difference between purebred or mixed-breed dogs in
lifetime prevalence of ORMC, or dogs with no ORMC. This study
showed that the lifetime prevalence of dogs with no ORMC was
higher in the purebred population (22.3%) compared to the mixed-
breed population (20.7%) in the DAP Pack. This is contrary to the
common belief that purebred dogs have a greater risk for developing
medical conditions due to breed predispositions. This is also a higher
proportion of dogs with no medical conditions than the 6.8% reported
in the previously mentioned study which used veterinarian-reported
data from small animal practices (30). It is possible that the difference
between the two studies” findings reflects the fact that, despite the
survey instructions to report all known medical conditions, owners
may not recall or choose to report all of their dogs’ medical conditions
in the survey-based data used here. Alternatively, it is possible that the
DAP Pack captures data from dogs from a general population of
healthy dogs who do not require or receive veterinary care and
therefore are not represented in manuscripts reporting only data
derived from veterinary practice records. This intriguing possibility
merits further investigation by determining the frequency of
veterinary visits among DAP Pack members, and by comparing
owner-reported data to data captured in medical records; such
analyses are currently underway by the DAP. Although the difference
between dogs with no ORMC in the purebred and mixed-breed
populations was statistically significant, the difference was only 1.5%.
The mixed-breed population had a significantly higher lifetime
prevalence than the purebred population for 13 of the 53 ORMC
described here; similarly, the purebred population had a significantly
higher lifetime prevalence than the mixed-breed population for 14 of
the 53 ORMC as well. Additionally, our study revealed that certain
breeds were shown to have a higher lifetime prevalence of specific
medical conditions. Overall, 23 of the 25 breeds evaluated showed a
significantly increased lifetime prevalence of at least one ORMC when
compared to other purebred dogs. Of the breeds evaluated, only the
Australian Shepherd, Australian Cattle Dog, Boxer, and Siberian
Husky showed no significant difference in lifetime prevalence for their
10 most commonly reported medical conditions when compared to
other purebred dogs. Even when evaluating for lifetime prevalence in
all 53 of the included ORMC, there was no significant difference in
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TABLE 7 Descriptive data for the DAP Pack including mixed-breed dogs, purebred dogs, and the 25 most popular individual breeds.

Number of = Age [years, Life stage Weight Neutered Intact Spayed Intact
dogs mean (mean) [kg, mean = Male [n (%)] Male [n Female [n Female [n
(range)] (range)] (%)] (%1 (%)1

Mixed-Breed
Dogs 13,923 7.2 (0.1-24.8) Mature adult | 21.6 (<0.1-90.9) 6,593 (47.4) 222 (1.59) 6,982 (50.1) 162 (1.16)
Purebred Dogs
(total) 13,618 7.4 (0.1-25.5) Mature adult 24.0 (0.3-104.5) 5,852 (43.0) 1,147 (8.42) 5,991 (44.0) 628 (4.61)
Labrador
Retriever 1,673 8.1(0.2-24.8) Mature adult 33.7 (4.2-59.1) 687 (41.1) 127 (7.59) 794 (47.5) 65 (3.89)
Golden
Retriever 1,464 6.1 (0.3-19.4) Mature adult 32.3(7.0-57.7) 604 (41.3) 167 (11.41) 607 (41.5) 86 (5.87)
German
Shepherd Dog 608 6.0 (0.3-19.4) Mature adult 36.9 (14.7-67.3) 214 (35.2) 67 (11.02) 296 (48.7) 31(5.1)
Poodle 465 7.2 (0.3-19.0) Mature adult | 20.1 (2.4-44.1) 230 (49.5) 38 (8.17) 183 (39.4) 14 (3.01)
Australian
Shepherd 432 6.6 (0.2-17.7) Mature adult 21.3(3.2-44.1) 199 (46.1) 33(7.64) 177 (41.0) 23(5.32)
Dachshund 341 9.1(0.2-20.8) Mature adult 6.8 (1.8-18.2) 157 (46.0) 22 (6.45) 158 (46.3) 4(1.17)
Border Collie 298 7.3 (0.3-17.0) Mature adult | 19.6 (10.6-42.7) 114 (38.3) 21 (7.05) 145 (48.7) 18 (6.04)
Chihuahua 229 9.7 (0.3-22.3) Mature adult 3.7 (0.9-10.9) 109 (47.6) 5(2.18) 104 (45.4) 11 (4.80)
Beagle 206 8.9 (0.6-21.0) Mature adult 13.2 (6.4-25.0) 92 (44.7) 6(2.91) 102 (49.5) 6(2.91)
Pembroke
Welsh Corgi 200 6.1 (0.3-20.3) Mature adult 13.1 (4.5-21.4) 91 (45.5) 9 (4.50) 91 (45.5) 9 (4.5)
Boxer 198 6.3 (0.5-20.8) Mature adult 29.2 (16.8-44.5) 89 (44.9) 11 (5.56) 90 (45.5) 8 (4.04)
Shih Tzu 193 9.4 (0.3-18.0) Mature adult 6.5(2.3-14.5) 106 (54.9) 11 (5.70) 73 (37.8) 3 (1.55)
Miniature
Schnauzer 192 7.9 (0.3-17.8) Mature adult 8.0 (3.0-15.5) 85 (44.3) 9 (4.69) 95 (49.5) 3(1.56)
Pug 188 8.8(0.3-17.3) Mature adult 9.5 (4.7-17.3) 93 (49.5) 1(0.53) 90 (47.9) 4(2.13)
Havanese 180 7.7 (0.4-19.2) Mature adult 6.6 (2.7-13.6) 92 (52.4) 5(2.78) 78 (43.3) 5(2.78)

Cavalier King

Charles Spaniel 170 7.1(0.3-14.9) Mature adult 9.1 (2.7-17.7) 89 (52.4) 7 (4.12) 70 (41.2) 4(2.35)
Yorkshire

Terrier 169 9.4 (0.9-22.0) Mature adult 3.9 (1.4-9.8) 80 (47.3) 4(2.37) 82 (48.5) 3(1.78)
Great Dane 163 5.1(0.3-12.2) Mature adult | 59.6 (22.7-88.6) 55 (33.7) 21 (12.88) 79 (48.5) 8 (4.91)
Greyhound 159 7.5(1.8-14.2) Mature adult 31.8 (21.4-45.5) 78 (49.1) 2 (1.26) 77 (48.4) 2(1.26)
Boston Terrier 159 7.2 (0.1-16.0) Mature adult 9.9 (2.3-20.0) 70 (44.0) 7 (4.40) 75 (47.2) 7 (4.4)
Siberian Husky 158 7.2 (0.7-19.3) Mature adult 25.4 (13.2-45.9) 65 (41.1) 7 (4.43) 80 (50.6) 6(3.8)
Shetland

Sheepdog 154 8.0 (0.5-19.0) Mature adult 12.0 (5.5-22.7) 81 (52.6) 11(7.14) 58 (37.7) 4(2.6)
English

Springer Spaniel 150 7.6 (0.4-16.7) Mature adult 21.1(10.5-35.5) 52(34.7) 4(2.67) 85 (56.7) 9 (6.0)
Australian

Cattle Dog 145 7.4 (0.3-18.5) Mature adult 21.2 (11.8-33.6) 64 (44.1) 5(3.45) 71 (49.0) 5(3.45)
Doberman

Pinscher 144 6.1 (0.4-13.6) Mature adult 34.5 (5.0-54.5) 55 (38.2) 15 (10.42) 67 (46.5) 7 (4.86)

lifetime prevalence for the Australian Cattle Dog and Siberian Husky  to the mixed-breed population. Because the data utilized in this study
compared to other purebred dogs (Supplementary Table 1). Similarly, — are owner-reported and individual medical records associated with
the Australian Shepherd and Siberian Husky were the breeds with the ~ each dog were not evaluated as part of this study, we are unable to
highest frequency of dogs with no ORMC in our study and  determine the severity of the ORMC or how that severity might vary
significantly more dogs from these breeds had no ORMC compared ~ between breeds. Future studies of severity of disease among breeds,
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and response to therapies deployed, are important targets of
this research.

The most common breeds and ORMC seen in the DAP Pack are
likely to be representative of the United States canine population. Most
previous studies evaluating dogs within the US have been performed
at veterinary referral centers (6, 16, 54) or within a single large private-
practice chain (44, 50, 55). This creates a bias as these studies do not
include dogs whose owners are unable to or elect not to pursue
veterinary specialty referral (3), or target only a particular consumer
group who may not be representative of the overall population.
Because the dogs within the DAP Pack are recruited directly from
owners, not through veterinarians or veterinary clinics, there is the
possibility to include dogs who are evaluated by veterinarians less
frequently, who are never seen at veterinary referral centers, and
potentially those who have never seen a veterinarian at all. Any owner
within the US can sign up at any time. While there is currently a trend
towards older dogs and older owners within the DAP Pack, the DAP
is actively recruiting for dogs of all ages and owners from more
varying backgrounds. There is also a trend towards dogs which have
been neutered within the DAP Pack. Because the majority of dogs
within the DAP Pack are neutered, sex, neuter status, and age of
neutering have not been assessed within this study. This is a limitation
of this study, as these factors can influence medical conditions (21, 22).

The top 25 breeds making up the DAP Pack vary somewhat when
compared to the top 25 breeds according to AKC registration numbers
for 2020. Border Collie, Chihuahua, Pug, Greyhound, Shetland
Sheepdog, and English Springer Spaniel all ranked higher in the DAP
Pack than they did in AKC registration, as they were not even included
in the AKC top 25 breeds (2). These differences between the reported
AKC numbers and DAP Pack numbers are likely due to the fact that
there are many purebred dogs in the US that are never registered with
the AKC. Greyhounds are an excellent example of this as many of the
Greyhounds in the DAP Pack are retired racing dogs, which are often
registered with the National Greyhound Association instead of the
AKC (
significantly fewer greyhounds with no ORMC, as many racing

). It is also possible that this is the reason our study found

greyhounds are retired due to injuries. However, despite these
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differences there are also similarities between popular DAP Pack and
AKC breeds, such as the top 3 breeds in the DAP Pack ranking within
the top 4 breeds in the AKC (2). This study classified all mixed-breed
dogs as part of the mixed-breed population, including new “designer
breeds” such as goldendoodles or cockapoos. While designer breeds
are actually F1 hybrids and not purebred dog breeds, many are
becoming popular within the United States. As a result, performing a
similar study evaluating F1 hybrids as a third breed-background
group could provide useful information for practicing veterinarians
in the United States.

One of the main limitations of this study is that the data were
collected through owner-reported survey results, meaning there is an
inherent risk of recall bias and reporting bias affecting results. This
may be because of lack of understanding of one or more conditions,
lack of recollection of one or more condition and/or lack of
comprehensive diagnostic investigation of one or more conditions.
With these limitations in mind, our survey was intentionally designed
to include clinical signs, as well as discrete diagnoses, among the
options presented to participants. Additionally, data were intentionally
analyzed as reported, and no attempt was made to interpret responses
as components of a larger disease syndrome, or to assume the presence
of common comorbidities. No previous large studies have been
performed analyzing the accuracy of owner-reported medical data in
veterinary medicine. Further research comparing owner-reported
survey data to veterinary medical records is needed. Studies in human
pediatrics show reasonable accuracy in parental recall of children’s
health information, with greater accuracy for acute and significant
health events (4, 11, 14, 19, 24, 34, 51-53, 57). Assuming that dog
owners will have similar recall accuracy and biases as parents
completing surveys about their children’s health, it is reasonable to
assume that owner-reported surveys will be relatively accurate to their
dog’s medical conditions with a potential bias towards recalling
medical conditions which owners regard as more significant. As a
result, this study may highlight those medical conditions that owners
most recall or are most concerned about for their dogs. This means
that there may be an underrepresentation of medical conditions that
owners do not find concerning, or a lack of recognition of all
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components of a given medical syndrome by some respondents. An
example of this is the low lifetime prevalence of stenotic nares,
underbite, and tracheal collapse in this study. These three conditions
were each reported in less than 1% of the purebred population and less
than 2% of the mixed-breed population, much less frequent than
reported in previous studies (25, 28, 31). Stenotic nares and underbite
are often associated with brachycephalic breeds and may potentially
be considered a breed standard in some, and as a result may not
be recognized as a medical condition by owners or veterinarians (28,
46, 47). Furthermore, dogs with externally apparent brachycephalic
features often have hypoplastic trachea as well (7, 26, 56), which less
likely to be apparent to an owner, and may be under-reported in our
data. We did not attempt to re-classify reports of external
of
“brachycephalic syndrome” that assumed hypoplastic trachea was also
present. Additional studies comparing ORMC to what is reported in
the medical records are indicated to determine the accuracy of survey

brachycephalic features into an overarching diagnosis
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Another limitation is the risk that owners will only recall the
most recent medical conditions, resulting in underreporting of
congenital disorders or medical conditions more commonly
associated with young age. While dogs of all ages were included in
this study, the DAP Pack is predominantly older dogs with the
median ages of the different breeds ranging from 5.1years (Great
Dane) to 9.7 years (Chihuahua). All the breeds included in this study
and the mixed-breed category had a majority of the participating
dogs in the mature adult life stage. If owners do fail to recall medical
conditions that were further in the past, the median age of the DAP
Pack population may lead to a reporting towards medical conditions
more common in older dogs. However, since the median life stages
are similar among breeds in the DAP Pack, there should be minimal
age-related biases in direct breed-to-breed comparisons.
Furthermore, as the DAP is a longitudinal study, ORMC will
be collected each year which will make it possible to construct a
more accurate description of the timing of ORMC acquisition across
the lifespan.
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Another limitation of this study is that sex, neuter status, and
age of neutering were not assessed in relation to the ORMC.

Overall, our study found that purebred dogs did not have an
increased lifetime prevalence of ORMC compared to mixed-
breed dogs; in fact the frequency of dogs with no ORMC was
higher within the purebred population. However, specific breeds
often show an increased lifetime prevalence of certain medical
conditions. As a result, it is important for veterinarians to
consider potential breed predispositions when monitoring and
treating their patients. This study also revealed that dental
conditions and dog bites are common across breeds, and as a
result prevention for these conditions should be addressed by
primary care veterinarians.
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Introduction: Dopaminergic agonists are accepted as the most effective
treatment for pituitary pars intermedia dysfunction. However, some horses
are refractory to daily oral pergolide, the recommended registered treatment.
Extended-release cabergoline (ERC) injection may offer an alternative.
The objective of this retrospective case series was to describe clinical and
endocrinological responses to ERC.

Methods: Medical records of horses treated with weekly intramuscular injections
of ERC (5mg/mL, BOVA Aus) at either 0.01mg/kg (high dose, HD) (n =10) or
0.005 mg/kg (low dose, LD) (n = 30) were reviewed. Short-term ACTH responses
were assessed at 5-8days using a Wilcoxon signed ranked test. Longer-term
ACTH responses (30 to 365days) were assessed using generalised estimating
equations.

Results: Five to eight days after the first dose of LDERC, median
adrenocorticotropic hormone (ACTH) concentration was lower (p=0.001),
changing from 153 pg/mL (IQR: 78, 331) to 57 pg/mL (IQR: 30, 102). With HDERC,
median ACTH concentration was also 153 pg/mL (IQR: 96, 185) before and then
56 pg/mL (IQR: 29, 86) after 5-8 days of treatment (p = 0.047). Over 12 months
of treatment, ACTH concentration ranged from 14 to >1,250 pg/mL (median:
51pg/mL) in horses treated with LDERC and 20 to 472 pg/mL (median: 50 pg/
mL) in horses treated with HDERC. Measurements remained above the seasonal
reference range in 39.3 and 52.3% of horses treated with LDERC and HDERC,
respectively. Clinical improvement was reported by owners in 78.3 and 100%
of horses treated with LDERC and HDERC, respectively. Partial, self-limiting
inappetence was reported in 30.0% of LDERC and 60% HDERC cases. Seven
horses exhibited lethargy (5 LDERC, 2 HDERC). Insulin concentrations measured
30 days post-ERC treatment were no different from baseline.

Discussion: Clinical and endocrinological responses were consistent with
results of previous reports of oral pergolide treatment. Weekly injection of ERC
may be an effective alternative to pergolide; the 0.005 mg/kg dose appeared to
be as effective, with less risk of inappetence, than the 0.01 mg/kg dose that has
been reported previously.

KEYWORDS

horse, endocrine, laminitis, geriatric, dopamine, ACTH
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Introduction

(PPID) is a
neurodegenerative condition that results in loss of dopaminergic

Pituitary ~pars intermedia dysfunction
inhibition of the pars intermedia and leads to an overproduction of
peptides, including adrenocorticotrophic hormone (ACTH) (1). PPID
is the most common endocrine condition in geriatric horses and is
encountered frequently in clinical practice (2). Epidemiological
studies have demonstrated a disease prevalence of approximately
15-30% in horses over the age of 15yrs (3). Clinical signs associated
with PPID include hypertrichosis, laminitis, polyuria, polydipsia,
lethargy, muscle wastage, and delayed wound healing (1, 4). In
addition to good husbandry, the treatment of PPID involves the use
of dopaminergic agonists, which reduce peptide secretion from the
pars intermedia (1, 2, 5).

Pergolide, a dopaminergic agonist, has been used widely for the
treatment of PPID for over two decades (5, 6). Pergolide is currently
registered as tablet and (in some countries) liquid preparation;
however, some horses are refractory to daily oral administration, and
previous studies have reported that owners might be less committed
to lifelong therapy in older animals (7-9). A recent study demonstrated
poor compliance with the administration of pergolide tablets, and this
may have implications for the control of clinical signs even though it
did not appear to affect ACTH responses (9).

Cabergoline is a dopaminergic agonist that has the same
mechanism of action as pergolide but is available as an extended-
release intramuscular injection, alleviating the need for daily oral
administration of medication (10, 11). For several decades, cabergoline
was used to treat functional pituitary adenomas in humans, including
cases refractory to pergolide therapy, as it has a high affinity for
dopaminergic receptors in the hypothalamus and pituitary gland
(12-16). Previous studies in horses have investigated the effects of
cabergoline on prolactin, MSH and insulin concentrations (10, 11, 17)
and shown that these hormones have reduced consistent with the drug
having an inhibitory effect on both melanotrophs and lactotrophs in
the equine pituitary gland.

Anecdotally, extended-release cabergoline (ERC) administered as
a low-volume intramuscular injection is an effective alternative to
pergolide. The objectives of the current study were to: (1) review and
describe the initial (5-8 days) and longer-term (12 months) clinical
and endocrinological responses to two dose rates of an intramuscular
extended release cabergoline (ERC) injection that is being used widely
in clinical practice for the treatment of PPID.

Materials and methods
Horses

Clinical records of privately-owned horses treated by Avon Ridge
Equine Clinic (anonymised for peer review) between June 2021 and
October 2022 were reviewed to identify horses that had been treated

with ERC for the management of PPID. Horse weight was estimated
using a validated weigh tape.'

1 Virbac, 361 Horsley Road, Milperra, NSW 2214, Australia.
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Treatment

In accordance with previous reports (10, 11, 17), horses initially
received treatment with ERC as an intramuscular injection (5mg/
mL)” at a “high” dose of 0.01 mg/kg (HDERC). Some horses were
reported by owners to experience in appetence at this higher dose, and
prompting a change in the practice protocol to use a “low” dose of
0.005 mg/kg (LDERC) for subsequent cases in an attempt to mitigate
issues with appetite reduction.

Site selection and correct intramuscular injection technique were
demonstrated by the treating veterinarian when administering the
first dose. The injection site was cleaned with isopropyl alcohol’ prior
to injection, and the total dose of cabergoline (maximum 1 mL) was
administered at a single injection site in either the neck or gluteal
musculature. Owners administered subsequent doses and were
advised to record clinical changes and to contact their veterinarian
immediately if any adverse effects were observed. Cabergoline is not
currently registered for use in horses; thus, informed client consent
for the use of an unregistered medicine was obtained prior to
commencing treatment. Clinical signs were assessed and recorded at
repeat veterinary examinations in consultation with the owners
responsible for day-to-day care of the horses.

Laboratory investigations

ACTH data was collated and grouped relative to cabergoline
administration. For all cases ACTH results were available from up to
3 days prior to treatment, 5 to 8 days after the first injection of ERC,
and thereafter at less consistent but regular intervals as dictated by the
clinical progress of each case. Post-prandial insulin concentrations
were also available from up to 3 days prior to, and after 30 (+/—3), days
of treatment. Insulin was measured approximately 90 min after the
provision of the horse’s normal feed and forage in the morning. Insulin
and ACTH concentrations were measured using an Immulite 2000.

Data analysis

Signalment and clinical data were transposed from case records
to Microsoft Excel® for subsequent analysis. Age, sex, and baseline
ACTH were compared between high and low doses of ERC using
Median ACTH
concentration and interquartile range (IQR) were calculated for

Wilcoxon sign-rank or Chi-squared tests.
baseline (up to 30days prior to treatment), 5-8days, 30-90 days,
91-180days, and 181-365 days post treatment. Where horses had had
ACTH concentration measured more than once during a period, the
mean of the results was used. Each ACTH concentration measurement
was also classified as being within or above the geographical and
seasonal reference range (18) for the month of collection. The
percentage of horses with one or more ACTH concentrations above
the normal range was reported for each period.

BOVA Aus, Suite 1, 304-318 Kingsway Caringbah, NSW 2229.
Isopropyl Alcohol; PharmAust Manufacturing, Malaga, WA, Australia.
Siemens, 885 Mountain Highway, Bayswater, Victoria 3,153, Australia.

g~ NN

Microsoft corporation, Redmond, USA.
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TABLE 1 Short-term adrenocorticotropic hormone responses following a single dose of extended release cabergoline, stratified by low (LDERC) and
high dose (HDERC).

LDERC HDERC
n Pre-treatment® Day 5-8 p-value Pre-treatment® Day 5-8 p-value
ACTH, median (IQR) 22 153 (78, 331) 57 (30, 102) 0.001 10 153 (96, 185) 56 (29. 86) 0.047
Above reference range", n (%) 22 22 (100%) 13 (59.1%) - 10 10 (100%) 6 (60.0%) -

*0 to 31 days prior to the commencement of treatment.

“Percentage of horses with one or more ACTH concentrations above the seasonally adjusted reference range.

Efficacy of HDERC and LDERC were examined by comparing the
ACTH responses at different time points with baseline ACTH
concentration. Comparisons between measures taken at baseline and
5-8 days were made using a Wilcoxon signed ranked test, overall and
stratified by high and low dose. Comparison between ACTH
concentration at each longer-term follow-up period and baseline was
performed using generalised estimating equations, using a negative
binomial distribution for ACTH values and a binomial distribution
for normal/high ACTH values. Analysis was carried out in StataMP
version 17.°

Animal ethics approval

An ethics committee was consulted, and it was determined that
ethics committee oversight was not required for the retrospective
review of clinical data.

Results
Horses

Data from 40 horses were included. Mean (+standard deviation)
age was 22.4 (£5.1years), with 25 geldings (62.5%) and 15 mares
(37.5%). The average weight of horses at baseline was 344 + 146kg. A
variety of breeds were represented, including Welsh and Welsh crosses
(n=18, 45.0%), Thoroughbreds (n=4, 10.0%), Standardbreds (n=3,
7.5%), Quarter horses (n=3, 7.5%), Shetlands (n =2, 5.0%), Miniatures
and Miniature crosses (n=2, 5.0%), Warmblood and Warmblood
crosses (n=2,5.0%), and a range of other mixed breeds (1 =6, 15.0%).
There were insufficient data to compare groups but there were no
obvious differences in breed distributions between the HDERC and
LDERC groups. Horses started treatment at all times of year: January
9, February 2, March 0, April 1, May 3, June 0, July 7, August 7,
September 1, October 2, November 2, and December 6, with no
apparent difference between groups.

Clinical signs of PPID at initial evaluation included hypertrichosis
(n=28, 70.0%), weight loss (=10, 25.0%), laminitis (or a history of
laminitis) (n =10, 25.0%), muscle atrophy (1 =9, 22.5%), lethargy (n=4,
10.0%), recurrent infections (n=2, 5.3%), polyuria and polydipsia
(n=1,2.6%) and poor wound healing (n=2, 5.3%). Fifteen horses had
previously received treatment with pergolide with a mean of 15.2 days
(range 1-60days) between receiving their last dose of pergolide and

6 StataCorp, Texas, USA.
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commencing treatment with ERC. Seven had received pergolide within
a week of starting pergolide treatment (3 HDERC, 4 LDERC).

Treatment

The most common reason for commencing ERC was actual or
anticipated difficulty administering daily oral medication (n=38,
97.4%). Three horses also displayed signs of partial anorexia whilst on
treatment with pergolide at 2mcg/kg. One horse demonstrated high
ACTH concentration, complete anorexia and somnolence when
treated with pergolide at 2 mcg/kg. Ten horses (25.0%) were treated
with 0.01 mg/kg HDERC, 30 (75.0%) with 0.005 mg/kg LDERC. There
was no significant difference between the two groups in terms of age
(p=0.253), sex (p=0.187), or baseline ACTH (p=0.179). Owners did
not report missing any treatment doses.

At the end of the study period, 25 horses continued on treatment
(5 HDERGC, 20 LDERC) and seven horses were lost to follow up (3
HDERC, 4 LDERC). Of the horses that discontinued treatment, 2
(LDERC) stopped due to marked anorexia or colic, 2 due to owner
finances (LDERC), 2 became refractory to injections (LDERC), 3 were
euthanased for unrelated accidents or illness (2 LDERC, 1 HDERC),
and 1 was switched to pergolide (HDERC).

Short-term ACTH responses

Measurements of ACTH concentration were available for 32
horses on day 0 and after a single dose of cabergoline at days 5-8. The
median ACTH concentration reduced from 153 pg/mL (IQR: 79, 245)
to 57pg/mL (30, 96) (p<0.001). All horses had an ACTH
concentration above the seasonal reference range prior to treatment;
19 horses (59.4%) remained above the seasonal reference after a single
dose of cabergoline. Short-term ACTH responses stratified by dose
are shown in Table 1; the reduction in ACTH concentration was
significant in both groups.

Longer-term ACTH responses

In horses with longer-term follow-up data available, ACTH
concentration ranged from 59 to >1,250 pg/mL (median: 162 pg/mL)
prior to treatment with all horses having an ACTH concentration
above the seasonal reference range (Table 2). In the year following the
commencement of treatment, ACTH concentrations ranged from 13
to 1,250 pg/mL (median: 50 pg/mL), with 46.4% of measurements
remaining above the seasonal reference range. Longer-term ACTH
responses are shown in Table 2 and are stratified by dose in Table 3.
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TABLE 2 Adrenocorticotropic hormone concentration (pg/mL) in 40 horses treated with extended release cabergoline.

n Median (IQR) p-value Above reference® (%)
Baseline® 40 162 (90, 286) - 40 (100%)
Day 31-90 30 61 (41, 83) <0.001 17 (56.7%)
Day 91-180 24 47 (38, 106) <0.001 11 (45.8%)
Day 181-365 16 68 (50, 100) <0.001 11 (68.8%)

*0 to 31 days prior to the commencement of treatment.
"Horses with one or more ACTH concentrations above the seasonally adjusted ACTH range.

TABLE 3 Longer-term adrenocorticotropic concentration (pg/mL) following treatment with extended release cabergoline, stratified by low (LDERC)
and high dose (HDERC).

LDERC
Median Above Above
(IGR) e R (%) reference (%)
Baseline 26 170 (88, 331) - 26 (100%) 9 150 (96, 178) - 9 (100%)
Day 31-90 21 46 (32, 83) <0.001 8 (38.1%) 9 67 (47, 80) <0.001 9 (100%)
Day 91-180 16 48 (33,119) <0.001 8 (50.0%) 8 47 (42,71) <0.001 3 (37.5%)
Day 181-365 9 63 (34, 65) <0.001 4(55.6%) 7 102 (71, 280) 0.684 6 (85.7%)

Reduction in ACTH concentration was significant with both doses at
all time points, with the exception of the day 181-365 HDERC group.

Insulin responses

Measurement of insulin concentration was performed at day 0
and day 30 in seven horses in the HDERC group. All horses were
already being managed for equine metabolic syndrome with a diet
consisting of <10% NSC for at least one week prior to measurement
of insulin concentration. The diet of the horses remained consistent at
both testing timepoints. Median insulin concentration prior to
treatment was 185pu/mL (IQR: 113, 279) and after treatment was
241 pu/mL (IQR: 113, 284) (p=0.563).

Longer-term clinical response to treatment

The owners’ perceived response to treatment was recorded in 31
of the 40 horses (23 LDERC and 8 HDERC). In the horses treated with
LDERC, 78.3% reported an improvement (1 =17), while no change
was reported by 13.0% of owners (1 =3) and 8.7% reported worsening
of clinical signs (n=2). Of the horses which improved, 77.8%
demonstrated improved coat shedding (n=14), 66.7% increased
energy levels (n=12), and 22.2% showed signs of improved body
condition (n=4). All owners reported good compliance with the
weekly injection of ERC. Improvement was reported in 100% of the
horses treated with HDERC (n=8). Of these, 87.5% demonstrated
improved coat shedding (n=7), 25% increased energy levels (n=2),
and 25% showed signs of improved body condition (n=2).

Adverse reactions

Adverse events including self-limiting lethargy (HDERC: n=2,
20%; LDERC: n=5, 16.7%), partial anorexia (HDERC: n=6, 60%;
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LDERC: n=9, 30.0%), and mild colic (LDERC: n=2, 6.7%) occurred
within 12-36h following the injection of ERC. Where partial anorexia
was observed, horses displayed a preference for hay and grass over
concentrate feed for approximately 12-24h following injection with
ERC. No reactions were reported at the injection sites in any of the
horses that were treated.

The owners of one horse receiving HDERC opted to switch to
pergolide after two injections, as anorexia and lethargy were observed
for 12h following each dose. The horse displayed no adverse effects
when treated with pergolide. One horse receiving LDERC displayed
lethargy and inappetence for 72h. Treatment with LDERC was
discontinued after the third dose, and the horse commenced treatment
with pergolide at 2mcg/kg. No adverse events were observed on
pergolide. Of the three horses which demonstrated anorexia on
pergolide, only one showed signs of partial anorexia (for 12h)
following treatment with LDERC. The horse which demonstrated
marked anorexia and became an obtunded following each daily dose
of pergolide displayed signs of partial anorexia for 18 h following each
weekly injection with LDERC but remained clinically normal between
doses after this time. Three horses that displayed partial anorexia on
ERC (HDERC: n=2; LDERC: n=1) did not previously demonstrate
any adverse effects on pergolide. One horse treated with LDERC was
partially anorexic and displayed signs of low-grade colic for 6 days
following the first dose. No further doses were administered, and no
further episodes of colic or anorexia were reported.

Discussion

In the horses studied, once weekly injection of cabergoline was
associated with a reduction in ACTH concentration and an
improvement in clinical signs of PPID at the previously reported
0.01 mg/kg dose and also at a lower 0.005 mg/kg dose.

Although median ACTH concentration decreased using both
doses of ERC, ACTH concentration remained above the seasonal
reference range in around half the treated horses. Whilst this appears
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disappointing, similar responses are identified in response to
treatment of PPID with pergolide, with only 30% of horses having
seasonally normal ACTH concentrations following treatment with
this oral dopaminergic agonist (19, 20). Season has a profound effect
on ACTH concentrations (21-23); however, it remains unclear
whether the return of ACTH concentrations to within seasonal
reference ranges should be an objective of treatment to optimise
equine welfare in PPID (24). Inconsistent responses to treatment, as
observed among horses treated with ERC in the present study, has also
been reported following pergolide treatment (20). Inconsistency of
response has been attributed both to inter-horse variability in
pharmacokinetics and pharmacodynamics of dopaminergic agonists
and to the heterogeneous and progressive nature of PPID (20, 25).

Whilst it can be challenging to assess objectively, clinical response
to PPID treatment is ultimately more important than endocrine
response (2, 24), and the owners of 83.9% of horses in this study
reported improvement in clinical signs. However, owners were not
blinded and were therefore subject to bias. Hypertrichosis, weight loss,
history of laminitis, and muscle atrophy were the most common
presenting signs in this study, consistent with previous reports (24, 26,
27). Decreases in hypertrichosis, laminitis occurrence and the reversal
of weight loss and muscle atrophy have been used to assess clinical
response to pergolide (24, 26, 27), with time to the improvement of
clinical signs ranging from 2 months to 3-4 years (20, 26, 27). Clinical
responses observed in this study are therefore consistent with those
reported with pergolide. Treatment with ERC was not associated with
post-prandial insulin responses in the small subset of horses where
insulin measurements were performed. This is consistent with a
previous study in horses which demonstrated that cabergoline does
not affect the insulin response to a glucose challenge (17), and similar
findings have also been reported with pergolide (28).

All but one owner in the current study cited difficulty in
administering a daily oral medication as a reason to commence ERC
treatment. All owners reported good compliance with ERC
treatment. A study in Australia estimated that almost 70% of horses
over 15years of age lived exclusively at pasture, suggesting ageing
horses are managed less intensively, which may make it more
challenging and less appealing to medicate them daily in feed or by
mouth (3). The extended-release nature of cabergoline offers an
advantage in cases where daily administration of pergolide presents
challenges with practicality and, therefore, compliance (29).
Compliance in human and veterinary medicine is an emerging area
of research in which equine medicine lags behind, with few studies
having been performed. One report found that horse owners were
less compliant compared to small animal owners, and veterinarians
significantly overestimated client compliance (30). This is further
supported by a recent survey from the UK, which compared the
amount of pergolide used with the amount that should have been
dispensed and showed that compliance was very poor, with only 48%
of owners purchasing >90% of the amount required to supply the
prescribed dose (9). This study also found that age and breed had a
significant effect, with compliance being extremely low in owners of
Shetland ponies and horses >26yrs old (9). Previous studies have
also demonstrated that routine health care was less frequently
performed in aged animals (7, 8), suggesting that owners may be less
committed to, and compliant with, healthcare recommendations in
older horses (9). In addition to reducing the time and effort involved
in treating PPID, the ERC injection allows for precise dosing, which
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may also offer advantages over pergolide tablets in smaller ponies
where splitting of tablets may pose challenges for owners and
potentially reduce compliance (9).

The HDERC initially used in this study was based on previous
studies in horses (10, 11, 17). One report compared the effects of this
0.01 mg/kg dose of cabergoline (a different formulation to the one
used in the current study) and pergolide on prolactin concentration
and demonstrated that the suppressive effects of cabergoline lasted at
least 10 days compared to an intra-muscular injection of pergolide,
which only produced 24h of suppression (11). Following injection
every 10days, cabergoline has also been shown to suppress plasma
MSH concentrations (17). The authors’ anecdotal experience of using
the ERC preparation used in the current study suggests a rapid onset
of action and variable duration of effect, with ACTH concentration
dropping within a few days and remaining suppressed for up to
2weeks. In most horses, ACTH concentration appears to start to
increase after 7 to 10 days hence the recommended 7 days treatment
interval. Pharmacokinetic and pharmacodynamic studies of ERC in
horses are required to determine the optimal dosing regimen.
Preliminary observations from this study suggest the LDERC might
be more appropriate for further study than the HDERGC, as clinical
responses were similar and there were less unwanted effects. Adverse
events were noted in both groups; however, fewer cases of anorexia
were reported in the LDERC compared with HDERC (30.0% vs. 60%),
albeit case numbers were small. Anorexia is also reported following
pergolide administration (1, 31); however, in this study, some horses
demonstrated anorexia following pergolide administration but not
ERC and vice versa. It is unclear why this is the case. Despite the
variability which exists, ERC may offer an alternative treatment for
horses which are unable to tolerate pergolide due to adverse effects.

Previous studies investigating the use of ERC in normal horses
have not reported any adverse effects (10, 11, 17). In all cases where
partial anorexia was reported in the current study, the owners observed
that horses had a preference for long-stem forage (hay or grass) over
cereal-based feeds. In humans, the use of dopaminergic agonists has
been associated with feelings of nausea (32, 33), which may explain the
reduction in feed intake in horses. A significant reduction in feed
intake has also been observed in dairy cows following a single injection
of ERC (34). The reduction in prolactin concentration that occurs with
cabergoline administration (10) may suppress appetite, as prolactin has
been shown to stimulate food intake in other species (34, 35). The two
horses that suffered from anorexia for longer than 24 h had significant
dental disease, both having lost several molars and having had incisors
extracted for the treatment of equine odontoclastic tooth resorption
and hypercementosis, a common disorder affecting older horses (36,
37). As a result, neither were able to chew long-stem forage. Whilst
anorexia from pergolide administration might be resolved by abruptly
reducing the dose (1), the long-acting nature of ERC does not allow for
such rapid drug withdrawal. Until further investigations are performed,
veterinary surgeons should be cognisant of the possibility that ERC
may have a more profound effect on feed intake in horses with
significant dental pathology.

This study provides preliminary data and is limited by
retrospective data collection, lack of an untreated control or placebo
group, small sample size, and short follow-up period. However, the
results suggest that once weekly injection of extended release
cabergoline may be an effective treatment for horses with PPID and
provides a basis for designing more robust investigations. A dose of
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0.005mg/kg may be more appropriate for the treatment of PPID
than the 0.01mg/kg dose that has been reported in horses
previously. Larger, blinded, randomised clinical trials and studies
on the pharmacokinetics and pharmacodynamics of ERC
are warranted.
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Case report: MRl and CT imaging
features of a melanocytic tumour
affecting a cervical vertebra in an
adult dog, and review of
differential diagnosis for
T1W-hyperintense lesions

Elli Elizabeth Michaelidou*, Adriana Kaczmarska,
Rodrigo Gutierrez-Quintana, Joanna Morris,
Gawain Hammond' and Ana Cloquell’

Institute of Biodiversity, Animal Health and Comparative Medicine, University of Glasgow, Glasgow,
United Kingdom

A 7-year-old Lhasa Apso presented with a history of left thoracic limb lameness
and neck pain. Magnetic resonance imaging revealed a well-defined, extradural
lesion that was hyperintense on T1-weighted (T1W) images and isointense on
T2-weighted (T2W) images and T2* images located at the left lamina of the
C4 vertebra. Computed tomography showed an isoattenuating and contrast-
enhancing mass centered on the left C4 vertebral lamina with associated
osteolysis. The mass was surgically debulked, and histopathology revealed a
malignant melanocytic tumour. The patient recovered completely and received
radiotherapy and three doses of the melanoma vaccine as adjunctive treatment.
Eighteen months following treatment, the patient presented with neck pain
again, but further investigations were declined at this stage, and the patient was
euthanised. To the author's knowledge, this is the first case report describing the
imaging characteristics of a cervical extradural melanocytic tumour in a dog.
This case illustrates the MRI and CT imaging features and treatment of a canine
melanocytic tumour of the cervical vertebrae.

KEYWORDS

melanocytic neoplasia, Melan-A, T1W hyperintensity, cervical vertebra, melanoma of
unknown primary, melanotic schwannoma, case report

1 Introduction

Primary melanocytic tumours of the central nervous system (CNS) are rare pathologies,
with metastatic melanocytic tumours being more frequent (1). In humans, the majority of
melanocytic tumours display characteristic signal patterns on MRI showing T1 and T2
shortening, resulting in TIW hyperintensity and T2W hypointensity (2). In general, apart
from lipids, methaemoglobin and proteinaceous material, this TIW hyperintense appearance
of the lesion is rarely observed on MRI (3) and only a few substances amongst which melanin,
can create this T1W hyperintensity of the lesion (4). This case report describes the imaging
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findings and treatment of a melanocytic tumour affecting the cervical
vertebra in an adult dog and a systematic approach to TIW
hyperintense lesions on MRI.

A 7-year-old, 6.6 kg, male-neutered Lhasa Apso presented with a
3-month history of progressive left thoracic limb lameness and
episodes of yelping. On presentation, the physical examination was
unremarkable. Neurological examination revealed mild lameness and
reduced postural reactions of the left thoracic limb, with severe pain
on ventroflexion of the neck. The remainder of the neurological
examination was normal. Neuroanatomical localisation was consistent
with a left-sided lesion of the C6-T2 spinal cord segments.
Haematology and serum biochemistry were normal. The patient was
anaesthetised for cervical magnetic resonance imaging (MRI) using a
1.5-Tesla system (Magnetom Essenza, Siemens, Camberley,
United Kingdom; MRI acquisition protocol is summarized in

) with a head-neck coil. A solitary, rounded,
10 mm diameter extradural, well-defined mass lesion was observed at
the level of the left lamina and pedicle of the C4 vertebra, causing
osteolysis ( ). The mass was isointense on T2-weighted (T2W)
images (with a central hyperintense cleft) ( ), markedly
hyperintense on T1-weighted (T1W) images ( ), and with no
signal voids on T2* ( ). Although the mass was suppressed
on the short tau inversion recovery (STIR) sequence, there was no
suppression on the specific fat-saturation (FAT-SAT) sequences,

excluding a lipid-containing lesion ( ). Due to marked

10.3389/fvets.2024.1334813

TIW hyperintensity, subtraction images were used for further
evaluation of the contrast enhancement, which was homogenous and
marked, associated with a linear and irregular enhancement of the
adjacent periosteum and meninges. The lesion was causing spinal cord
compression at the level of C4. The C4 left nerve root appeared
enlarged and T1W hyperintense, with contrast enhancement of the
adjacent cervical epaxial muscle.

Given the suspicion of a melanin-containing lesion following the
MRI, a careful examination of the skin, oral cavity, and eyes was
performed, which did not reveal any lesions. Computed tomography
(CT) of the entire vertebral column, thorax, and abdomen was
performed using an 80-slice helical scanner with 120kVp, 112mAs,
and 1.0mm slice thickness (Aquilion Lightning, Canon, Duluth,
United States). Images were reconstructed using medium- and high-
frequency spatial algorithms after intravenous ioversol (Optiray
300mg/mL, Guerbet, Roissy CdG, France) was administered (2mL/
kg) via a power injector (Injectron 82CT, MedTron AG, Germany) at
a rate of 5mL/s through the cephalic vein. CT demonstrated an
osteodestructive, isoattenuating, well-demarcated, homogenously
enhancing mass within the left lamina, also affecting the left pedicle
and the cranial and caudal articular processes of C4 extending into the
vertebral canal and into the left transverse foramen ( ). Bone
proliferation was not observed, nor was there evidence of metastatic
disease or other primary neoplasms.

The patient underwent a left C4 hemilaminectomy, which
revealed a black pigmented mass bulging through the C4 lamina.
The left lamina of C4 and the articular process were removed,
which allowed an en-block debulking of the mass. Although no
infiltration or attachment to the meninges or nerve roots were

FIGURE 1

to be present in the mass.

Transverse T2W image (A), sagittal STIR image (B), transverse precontrast TIW images (C), transverse T2* image (D), transverse T1W fat-suppressed
precontrast image (E) and transverse contrast-enhanced T1W image (F) revealing an extradural mass at the level of the C4 vertebra (arrowheads). Note
the characteristic hyperintense signal on image (C) (asterisk) and signal suppression on image (B) but absence of signal suppression on image (E),
indicating that the lesion does not contain fat tissue. The absence of signal voids on image (D) reveals that haemorrhage and calcifications are unlikely
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FIGURE 2

mean of 58 Hounsfield units.

3 CT transverse images bone window (A) and soft tissue window precontrast (B) and post-contrast (C) at the level of C4 vertebra. Note the
geographical bone resorption of the left lamina of C4 (arrowheads) and the moderate contrast enhancement of the mass. The mass demonstrated a

observed, the ventrolateral aspect of the exposed vertebra
following mass dissection retained a black discolouration,
suggesting neoplastic infiltration. The cavitron ultrasonic surgical
(CUSA:
United States) was used at that level. As clear margins were not

aspirator Integra LifeSciences Corporation, NJ,
achievable, adjunctive radiotherapy was implemented 4 weeks
after surgery (48Gy in 16 daily fractions). Histopathological and
immunohistochemical examination of the mass revealed a well-
differentiated infiltrating tumour with a high mitotic count (12
per 10HPF), positive for Melan-A, confirming a malignant
melanocytic neoplasm. To delay metastatic spread, the patient also
received three doses of the melanoma vaccine (Oncept, Merial
Inc., Athens, GA, United States). The patient recovered after
initial treatment, but 15 months following treatment, the patient
exhibited an episode of neck pain. Further investigations at this
stage were declined, and the patient was euthanised 18 months
following the diagnosis. A post-mortem examination was declined.

3 Discussion

This case report presents a TIW hyperintense lesion of the
cervical vertebra. On MRI, most substances and pathologies are
hypointense on T1W images (3), as only a few naturally occurring
substances are known to reduce T1 relaxation times (4), including;
lipids, methaemoglobin, minerals (calcium, iron, copper, and
manganese), proteins (including vasopressin-neurophysin II-copeptin
complex), melanin, and gadolinium contrast agents (3, 4). Melanocytic
tumours have been described as having the following imaging
characteristics on MRI; TIW hyperintensity and T2W isointensity to
hypointensity (5). In human literature, the paramagnetic properties of
melanin are thought to be the reason behind these signal intensities
(4). The melanocytic tumour in our case shares these typical MRI
characteristics. Moreover, these have also been reported in a cat with
an extradural melanoma within the lumbar region (6). However, there
are reports indicating that this is not always the case. An example of
this includes a recent case of an extradural melanoma affecting a
thoracic vertebra in a dog, where the lesion was hyperintense on both
TIW and T2W images (7).
melanomatosis characterised by T1W hyperintensity and T2W

Similarly, a case of meningeal

hyperintensity with a few small areas demostrating T2W hypointensity
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has also been described in the literature (8). The cause of these atypical
MRI findings is not completely understood. One of the current
hypotheses includes alteration of the typical MRI signals by blood
products from intratumoral haemorrhage (6).

The differential diagnoses for a T1W hyperintense lesion can be
narrowed using can be narrowed using localization and morphology
of pathologies that cause the characteristic T1W hyperintensity, along
with the evaluation of other MRI sequences or imaging techniques (3,
4). We propose a systematic approach detailed in Figure 3. The first
step evaluates adipose tissue content using fat suppression sequences
such as STIR and FAT-SAT (9). In this case, the mass’ signal was
suppressed on STIR. However, as other tissues with short T1 relaxation
may also be suppressed (10), fat-saturation was applied, showing a
hyperintense mass, which excluded a lipid-containing lesion. To
evaluate the content of haemoglobin and calcium, the T2* sequence
was used. Signal voids on T2* were not observed, ruling out a calcified
and likely haemorrhagic lesion. It is important to note that not all
stages of haemorrhage will demonstrate a signal void on T2*.
Oxyhaemoglobin, a diamagnetic substance (seen in the initial stages
of haemorrhage), does not create signal voids, which in contrast to
deoxyhaemoglobin and methaemoglobin, which have paramagnetic
properties and induce faster T2* relaxation times, which result in
signal voids (11-14). The CT characteristics supported these findings,
as the Hounsfield units of the mass were not compatible with lipid,
haemorrhage, or mineralization. Other minerals, such as iron, copper,
and manganese, were considered unlikely, as their accumulation in the
body is related to metabolic disturbances, usually creating bilateral
and symmetrical parenchymal lesions (4). Similarly, based on the
mass’ localisation, the presence of vasopressin was excluded (4, 15).
Thus, a melanin-containing or proteinaceous lesion was the most
likely cause of the TIW hyperintensity. Protein-containing lesions are
usually hyperintense on T2W sequences. However, T2 relaxation
times may vary depending on the amount of free water, protein
content, and viscosity (3, 4). The T2W intensity in our case, suggested
a melanin-containing lesion, which was considered more likely as it
usually appears hypointense on these sequences (16). Despite the
accuracy that may be achieved via evaluating all imaging sequences
and diagnostic methods, histopathology remains the gold standard
technique (17, 18). In this case report, the histopathological analysis
and the positive result for Melan-A immunohistochemistry confirmed
the presence of a melanocytic neoplasm.
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FIGURE 3

and Phillips using a right-handed reference scheme.

Diagram representing a methodical approach to the differential diagnoses of T1W spinal hyperintensities. CT can aid in the process, by taking into
consideration the Hounsfield units of different substances. Asterisk (*) indicates the appearance of haemorrhage and calcium on susceptibility
weighted imaging (SWI) studies which depends on the system manufacturer, with Siemens and Canon using a left-handed reference scheme and GE

Melanocytic neoplasms arise from melanocytes, which originate
from the neural crest during embryogenesis and migrate to the skin,
mucous membranes, and the CNS. Melanoma is common in dogs,
usually involving the oral cavity, nailbed, eye, skin, and genitals (19,
20), with metastases reported in lymph nodes, the lung, brain, heart,
spleen, and bone (20). Primary melanocytic tumours (melanocytoma,
melanoma, melanocytosis, and melanomatosis) of the CNS are rare
(1) but metastatic melanomas are more common (1, 21), with
intracranial (22), intramedullary (23), and vertebral (24) involvement
being documented in veterinary medicine. Additionally, primary CNS
tumours such as schwannomas (25) and gliomas (26) may undergo
melanisation. In human medicine, melanoma of unknown primary
(MUP) refers to metastatic melanoma occurring in lymph nodes,
subcutaneous tissue, or visceral sites in the absence of a detectable
primary tumour (27). MUP may affect the vertebral column in
(28-30), but it has
veterinary medicine.

humans not been documented in

Despite the imaging and histopathological findings in this case, it
was not possible to differentiate between a MUP affecting the C4
vertebra (no primary lesion was found) or a melanotic schwannoma.
Although MUP has not been previously described in dogs, there was
no obvious involvement of the nerve roots or meninges observed

during surgery, making melanocytic schwannoma less likely.
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Achieving a final diagnosis between melanotic schwannomas and
melanocytic lesions can be challenging because both are histologically
similar. Inmunohistochemical stains are not always useful because all
lesions generally express S-100 and one or more melanocytic markers.
Stains for components of the basement membrane can be used to
discriminate schwannomas, but overlapping staining patterns have
been observed with other melanocytic lesions. Therefore, in human
medicine, mutational analyses are being developed (31).

To the author’s knowledge, MRI and CT findings of a solitary
melanocytic mass affecting the cervical vertebral column, without an
identified primary site, have not been previously reported in dogs.
These findings may provide the imaging characteristics for future
recognition of melanin-containing masses, as well as a systematic
approach to TIW hyperintense lesions. Although MRI can assist with
the differential diagnosis, histopathological examination remains
essential for a definitive diagnosis (32).

4 Conclusion

To the author’s knowledge, this case describes the first documented
melanocytic neoplasia affecting the cervical vertebra in an adult
canine and its surgical and medical management. This report provides
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the basis for recognizing such neoplasms in the future, as well as a
diagram that can aid the clinician in narrowing down their differential
diagnoses of a T1W hyperintense lesion in the spine.
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Changes in plasma metabolite
concentrations and enzyme
activities in aging riding horses

Yukari Asahi, Toshiro Arai* and Yoshikazu Tanaka

School of Veterinary Medicine, Nippon Veterinary and Life Science University, Musashino, Japan

In older horses, basal metabolic rate decreases, and plasma metabolite
and hormone concentrations related to energy metabolism change. The
occurrence of age-related diseases, which increases in old animals, may
enhance inflammatory reactivity (inflammaging). Finding the appropriate
treatment for inflammaging at an early stage may prevent various age-related
diseases. Changes in metabolite and hormone concentrations and enzyme
activities involved in energy metabolism in the plasma of clinically healthy riding
horses of various ages were measured to identify biomarkers of inflammaging
(persistent low-grade inflammation that occurs with aging). All horses were
clinically healthy, and their body condition scores (BCSs) were 4 or 5 (9-point
scale). Plasma triglyceride (TG), total cholesterol (T-Cho), blood urea nitrogen
(BUN), insulin concentrations, malondialdehyde (MDA), and serum amyloid A
(SAA) concentrations generally increased with age. Adiponectin concentrations,
plasma superoxide dismutase (SOD), and leukocyte AMP-activated protein
kinase (AMPK) activities decreased, while plasma aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and glutathione peroxidase (GPx)
remained unchanged as horses aged. Although riding horses that partake in
continuous exercise seems to be less likely to develop inflammaging, horses
over 17years of age tend to show proinflammatory signs with disordered lipid
metabolism. In riding horses, SAA, in combination with other markers, may be a
useful biomarker for inflammaging and dysregulated lipid metabolism in aging
horses.

KEYWORDS

adiponectin, age-related disease, chronic inflammation, inflammaging, serum
amyloid A

1 Introduction

The percentage of horses considered “aged” has been increasing, with estimates of all
horses older than 15 years of age ranging from 22 to 34% (1, 2). In older horses, basal metabolic
rate decreases (3), and plasma metabolite and hormone concentrations related to energy
metabolism change with age (4). The occurrence of age-related diseases increases in old
animals (5, 6), and enhanced inflammatory reactivity known as inflammaging may arise with
their onset (7, 8). Franceschi et al. termed the persistence of low-grade chronic inflammatory
status as inflammaging (9), which involves the accumulation of damaged macromolecules and
cellular debris because of increased production and chronically inhibited damage surveillance
and repair functions in multiple tissues (10). The secretion of proinflammatory cytokines from
senescent cells accumulates in tissues with age, termed “senescence-associated secretory
phenotype (SASP), and contributes to the onset of inflammaging (11). As plasma
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concentrations of macromolecules, metabolites, hormones, and
enzymes involved in energy metabolism change in animals with age,
monitoring these concentrations can aid in detecting inflammaging.
Appropriate treatment for inflammaging at an early stage may prevent
various age-related diseases. Arfuso et al. reported that serum
C-reactive protein (CRP) and a2 macroglobulin concentrations
increased in horses with aging, and acute phase proteins (APPs) such
as CRP could be good parameters to assess inflammaging in horses
(12). In this study, changes in metabolite and hormone concentrations
and enzyme activities involved in energy metabolism in the plasma of
clinically healthy riding horses of various ages were measured.
Macromolecules that vary with age are considered to be useful
biomarkers for diagnosing inflammaging in riding horses.

2 Materials and methods

2.1 Animals

In this study, 18 riding horses (Thoroughbred, gelding, 2-23 years
of age) maintained at Niiza Riding Club (Saitama, Japan) and Saitama
Horse Riding Club (Saitama, Japan) were examined. Their body
condition score (BCS) was classified using a 9-point system. Six horses
were selected for each of three groups based on age: Group A
(adolescent, <10years old), Group B (middle age, 10-16years old),
and Group C (old age, >17years old). The horses were fed 5.2-6.4kg
of hay cube, 3.0-4.0kg of good quality hay, 0-1.3 kg of wheat bran, and
0-1.8kg of barley at 6:00 and 16:00 daily. Each horse was subjected to
exercise, which included walking (2-3 m/s for 5-10min) and trotting
(4-6m/s for 15-20 min) every day of the week, resting on Sunday, over
a 10-week period.

2.2 Collection and preparation of blood
samples

Blood samples were taken from the jugular veins of horses and
placed in heparinized tubes. Plasma was then recovered by
centrifugation at 800 x g for 10 min at 4°C and stored at —25°C until
needed for further analysis. Leukocytes were isolated by centrifugation
using hypotonic and hypertonic solutions. Cytosolic fractions of
leukocytes were prepared and isolated according to the method
previously described (13).

2.3 Plasma metabolite and hormone assay

Plasma glucose, triglyceride (TG), total cholesterol (T-Cho), total
protein (TP), creatinine, and blood urea nitrogen (BUN)
concentrations were measured using an automatic clinical chemistry
analyzer (BioMajesty™ JCA-BM2250, JEOL Ltd., Tokyo, Japan) with
the manufacturer reagents at FUJIFILM VET Systems Co., Ltd.
(Tokyo, Japan). Non-esterified fatty (NEFAs) and
malondialdehyde (MDA) concentrations were measured using NEFA
C-test Wako (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) and NWLSS™ Malondialdehyde Assay (Northwest Life
Science Specialties, LLC, WA, USA) commercial kits, respectively.

acids

Serum amyloid A (SAA) concentrations were measured using a
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biochemistry automatic analyzer (Hitachi 7,180, Hitachi High-Tech
Corporation, Tokyo, Japan) with a commercial kit, VET-SAA (EIKEN
CHEMICAL CO., LTD., Tokyo, Japan). Insulin and adiponectin
concentrations were measured using LBIS Rat Insulin ELISA kit
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) and
Mouse/rat adiponectin ELISA kit (Otsuka Pharmaceutical Co., Ltd.,
Tokyo, Japan), respectively. Insulin and adiponectin concentrations
were measured by the ELISA analysis (14), and 100 times diluted
plasma was used for the adiponectin assay. All calibrators and samples
were run in duplicate, and the samples exhibited parallel displacement
to the standard curve for the ELISA analysis. The intra- and inter-
assay coefficients of variation were at <10% in both insulin and
adiponectin assay.

2.4 Plasma enzyme activity assay

Aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) activities were measured using an automatic clinical chemistry
analyzer (BioMajesty™ JCA-BM2250, JEOL Ltd., Tokyo, Japan) with
the manufacturer’s reagents at FUJIFILM VET Systems Co., Ltd.
(Tokyo, Japan). Glutathione peroxidase (GPx) and superoxide
dismutase (SOD) activities were measured using commercial kits, GPx
activity assay (Northwest Life Science Specialties, LLC, WA, USA) and
SOD assay kit-WST (DOJINDO LABORATORIES, Kumamoto,
Japan), respectively. Malate dehydrogenase (MDH) and lactate
dehydrogenase (LDH) activities were measured using the methods
previously described (15, 16). The M/L ratio was calculated as MDH
activities divided by LDH activities. A higher M/L ratio reflects
elevated energy metabolism, leading to higher ATP production in
some tissues, such as muscle and the liver (17). AMP-activated protein
kinase (AMPK) activities in the cytosolic fraction of peripheral
leukocytes were measured using a commercial kit (CycLex AMPK
Assay Kit, MEDICAL & BIOLOGICAL LABORATORIES CO., LTD.,
Tokyo, Japan). The protein concentration in the cytosolic fraction was
determined by the Bradford method (18).

2.5 Statistical analysis

The measured values are expressed as a meanststandard error
(SE). Statistical significance was determined by Student’s t-test. The
significance level was set at a p-value of <0.05. Measured values
outside the reference range were excluded.

3 Results

All horses were clinically healthy, and their BCS values were 4 or
5 on the 9-point scale. Plasma glucose, TP, creatinine, and NEFA
concentrations in horses remained unchanged through adolescence,
middle age, and old age. TG, T-Cho, BUN, and insulin concentrations
increased with age, while adiponectin concentrations decreased. MDA
and SAA concentrations did not change between adolescence and
middle age but increased with aging beyond middle age. The MDA
concentrations in the old age group were significantly higher than
those in the adolescent group (Table 1). Plasma AST, ALT, and GPx
activities did not change in the horses with age, while plasma SOD and
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leukocyte AMPK activities decreased. The plasma M/L ratio did not
change with aging (Table 2).

4 Discussion

According to their plasma ALT and AST activities and creatinine
and BUN concentrations, it could be presumed that no riding horses
in this study had any specific lesions in their livers, kidneys, or skeletal
muscles. Although the BCS of riding horses did not increase with
aging, they showed symptoms of insulin resistance, including
increases in both plasma insulin and TG. In healthy, middle-aged
humans, insulin resistance and dyslipidemia associated with the
accumulation of excess visceral adipose tissue are frequently observed
(19, 20). A horse at 17 years of age is equivalent to a human at 50 years
of age (21). Dysregulation of lipid metabolism became clear in riding
horses aged over 17 years. The increases in plasma MDA and SAA
concentrations and decreases in SOD activities were notable. White
adipose tissue dysfunction and the accumulation of visceral fat occur
in elderly humans (22, 23). Although older riding horses did not show
marked obesity, they accumulated more dysregulated adipocytes

10.3389/fvets.2024.1345548

(enlarged adipocytes) as visceral fat compared to younger horses (4).
In older riding horses, plasma adiponectin concentrations decreased,
as is the case for aging humans. The molecular mechanisms
responsible for adiponectin concentrations may be the direct result of
inflammatory cells suppressing reactive oxygen species (ROS) and
cytokines, inhibiting the NF-xB inflammatory signaling pathway, and
downregulating inflammatory responses (24, 25). Decreasing
adiponectin concentrations lead to dyslipidemia and insulin resistance
(26). Obesity is known to affect immunity and inflammation in horses,
and failure to control for BCS can obscure the interpretation of these
results (27, 28). Increased plasma SAA concentrations in obese
animals could be the result of normal fat mass and/or increased
expression and secretion of SAA from dysfunctional adipose tissue or
other tissues (26). Concentrations of MDA as a product of lipid
peroxidation (29) increase with chronic inflammation as a result of
ROS. Increased MDA in older riding horses is considered to
be induced by lower adiponectin concentrations and decreased
SOD activities.

SAA from dysfunctional adipose tissue may act locally to alter
cytokine production and fat metabolism. Additionally, it may act
systemically on the liver, muscle, cells of the immune system, and the

TABLE 1 Changes in plasma metabolite and hormone concentrations in aging riding horses.

Group A (n = 6) adolescent,

<10years old

Group B (n=6)
middle age, 10—
16 years old

Group C (n=6) old
age, >17years old

Glucose (mg/dL) 90+3 92+2 90+2
TG (mg/dL) 14+2 18+3 20+3
T-Cho (mg/dL) 77+7 79+6 95+5
NEFA (REq/L) 89+12 98420 8247
TP (g/dL) 59+0.2 6.1+0.2 59+0.1
Creatinine (mg/dL) 1.2+0.1 1.2+0.1 1.2+0.0
BUN (mg/dL) 16+1 19+1 201
MDA (pmol/L) 7.6+2.5 7.6+2.5 13.8+0.9 *
SAA (mg/L) 1.4+0.4 0.6+0.1 23+13
Insulin (ng/mL) 0.9+0.4 1.0+0.5 1.4+0.8
Adiponectin (pg/mL) 9.1£2.0 8.1+15 7.1+1.1

*Significant differences (p <0.05) from the value in Group A (Student’s ¢-test).

TABLE 2 Changes in plasma enzyme activities in riding horses with aging.

Group A (n=6)

Group B (n=6)

Group C (n=6)

AST (U/L) 221+18 226+18 253+25
ALT (U/L) 7.0+£0.9 6.8+0.6 75+1.2
GPx (U/L) 5.5+1.9 59+0.8 54+0.3
unit/m * + +
SOD (unit/mL) 114+29 97+11 94+13
MDH (U/L) 152+12 155+18 167+15*
LDH (U/L) 215+28 214+20 246+37
M/L Ratio 0.72+0.05 0.73+£0.04 0.70+0.04
AMPK** (pg/min/mg) 1.4+0.3 1.3+0.3 1.0+£0.1

A: <10years B: 10-16years C: >17 years.
*Significant differences (p <0.05) from the value in Group A (Student’s ¢-test).
#* AMPK activities were measured in the cytosol of peripheral leukocytes.
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vasculature to impact insulin resistance and atherosclerosis (26).
Although SAA is commonly used as a marker for APP in cats and
horses (30, 31), it may be used as a marker of inflammaging in riding
horses when combined other lipid metabolism markers.

Although riding horses with sufficient exercise continually seem
to be less likely to develop inflammaging, horses older than 17 years
tend to show a proinflammatory status with dysregulated lipid
metabolism. Current SAA reagents do not have enough sensitivity to
confirm a significant difference; however, it is expected that improved
reagent performance will allow SAA to become a biomarker that can
differentiate the presence or absence of inflammaging with
dysregulated lipid metabolism in riding horses.

This study has some limitations. First, the number of horses in each
group was small. Second, the insulin, adiponectin, and SAA antibodies
for measurements were not specific to the equine species. An age- and
sex-matched control group, fed on a similar diet, would be required to
help eliminate the possible influence of the aforementioned factors.
Further studies should be performed to evaluate the usefulness of SAA
and other macromolecules such as TG, NEFA, MDA, and SOD as
biomarkers for diagnosing inflammaging in riding horses.

5 Conclusion

Changes in metabolite and hormone concentrations and enzyme
actiMalate dehydrogenase UV assayities relating to energy metabolism
in the plasma of clinically healthy riding horses of various ages were
measured. All horses had BCS values of 4 or 5, without obesity. Plasma
TG, T-Cho, BUN, and insulin concentrations increased gradually with
aging, whereas plasma adiponectin concentrations decreased. MDA and
SAA concentrations increased with aging, while plasma AST, ALT, and
GPx activities did not change. Furthermore, plasma SOD and leukocyte
AMPK activities decreased. Although riding horses with sufficient and
continuous exercise seem to be less likely to develop inflammaging,
horses over the age of 17 years tend to show a proinflammatory status
with the disorder of lipid metabolism. SAA, in combination with other
lipid metabolism markers, may be a useful biomarker for inflammaging
with dysregulated lipid metabolism in riding horses.
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Introduction: Post-ovulatory aging is a time-dependent deterioration of ovulated
oocytes and a major limiting factor reducing the fitness of offspring. This process
may lead to the activation of cell death pathways like apoptosis in oocytes.

Methodology: We evaluated oocyte membrane integrity, egg developmental
competency, and mRNA abundance of apoptosis-related genes by RT-qPCR.
Oocytes from zebrafish Danio rerio were retained in vivo at 28.5°C for 24 h
post-ovulation (HPO). Viability was assessed using trypan blue (TB) staining.
The consequences of in vivo oocyte aging on the developmental competence
of progeny were determined by the embryo survival at 24 h post fertilization,
hatching, and larval malformation rates.

Results: The fertilization, oocyte viability, and hatching rates were 91, 97, and 65%
at 0 HPO and dropped to 62, 90, and 22% at 4 HPO, respectively. The fertilizing
ability was reduced to 2% at 8 HPO, while 72% of oocytes had still intact plasma
membranes. Among the apoptotic genes bcl-2 (b-cell lymphoma 2), bada (bcl2-
associated agonist of cell death a), cathepsin D, cathepsin Z, caspase 6a, caspase
7, caspase 8, caspase 9, apafl, tp53 (tumor protein p53), cdkl (cyclin-dependent
kinase 1) studied, mRNA abundance of anti-apoptotic bcl-2 decreased and pro-
apoptotic cathepsin D increased at 24 HPO. Furthermore, tp53 and cdkl mRNA
transcripts decreased at 24 HPO compared to 0 HPO.

Discussion: Thus, TB staining did not detect the loss of cocyte competency
if caused by aging. TB staining, however, could be used as a simple and rapid
method to evaluate the quality of zebrafish ococytes before fertilization. Taken
together, our results indicate the activation of cell death pathways in the
advanced stages of oocyte aging in zebrafish.
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1 Introduction

The fertilization rate and subsequent normal embryo and larval
developmental stages can be used to define the quality of gametes (1).
A delay in fertilization of ovulated oocytes leads to post-ovulatory
aging or over-ripeness. Post-ovulatory aging is a factor that adversely
affects the quality of oocytes and is complicated to manage. This aging
process causes a loss of developmental competence of the egg, as well
as deterioration, and may lead to oocyte death. Based on previous
studies using murine, porcine and bovine models, oxidative stress (2,
3), mitochondrial dysfunction (4-6), degradation of maternal RNAs
(7, 8), loss of survival factors (9, 10), epigenetic modifications (11, 12),
and apoptosis (13-15) are probably involved in this process of oocyte
aging. Mitochondrial microRNAs for cell death and signal
transduction, stress response and DNA damage, RNA degradation, as
well as energy and transcription regulation, were downregulated in
rainbow trout (Oncorhynchus mykiss) due to post-ovulatory aging
(16). However, oxidative stress does presumably not initiate oocyte
aging in common carp (Cyprinus carpio) and goldfish (Carassius
auratus) (17, 18). Histone acetylation pattern at histone H4 altered
during the oocyte aging in common carp (19) indicating the
involvement of epigenetic regulation. The first report of upregulation
of apoptotic genes in aged oocytes from common carp speculated
about the involvement of apoptosis in the degenerative process of fish
oocytes (17).

The optimal time window for fertilization after ovulation highly
varies among species and environmental conditions like temperature
and storage (20). Several studies have been carried out to understand
the in vitro and in vivo oocyte aging process using different model
species. For example, the fertilization rate of in vivo aged curimata
(Prochilodus marggravii) oocytes declined more prominently
compared to in vitro aged at 26°C (21). The successful in vitro storage
of Caspian brown trout (Salmo trutta caspius) oocytes was for 2 days
at 2-3°C (22), whereas in vivo storage was for 30 days even at a higher
temperature of 7°C (23). The most suitable duration for in vitro
storage of rainbow trout oocytes was 9days (24), and for in vivo
storage was 30 days even at the same temperature, i.e., 2°C (25). The
in vivo storage of northern pike (Esox lucius) oocytes retained the
maximum fertilizing ability till 4 days post ovulation, whereas in vitro
aging of 24 h resulted in a low fertilization rate at 10°C (26). In this
study, we established a 24-h in vivo oocyte aging of zebrafish (Danio
rerio) for the first time, as in vivo studies are important to understand
the fate of oocytes retained inside the fish body after ovulation.

The underlying mechanisms of the degeneration process of post-
ovulatory aged oocytes in fish remain elusive. Therefore, in this study,
we used zebrafish as the experimental animal to investigate the
decrease of trypan blue (TB) -based viability during in vivo aging of
zebrafish oocytes and their quality before fertilization. Furthermore,
the developmental competence was analyzed by estimating
fertilization capability, embryo survival, hatching, and larval
malformation rates after fertilization. Moreover, we analyzed the
mRNA abundance of the pro-survival factor bcl-2 (b-cell lymphoma
2), cell cycle regulator cdkl (cyclin-dependent kinase 1), and the main
pro-apoptotic protein bada (bcl2-associated agonist of cell death a)
during oocyte aging. The pro-apoptotic regulators like cathepsin D and
cathepsin Z, tp53 (tumor protein p53), and apafl (apoptosis peptidase
activating factor 1) mRNA abundance were also investigated. In
addition, caspase 6a, caspase 7, caspase 8, and caspase 9 were also
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studied. The successful in vivo storage of the zebrafish AB strain
oocytes was identified.

2 Materials and methods
2.1 Animal maintenance

The zebrafish (AB strain) used in this study were initially obtained
from the European Zebrafish Resource Centre (Karlsruhe, Germany)
and later donated to the Faculty of Fisheries and Protection of Waters,
the University of South Bohemia, Vodnany, Czech Republic. The fish
were maintained in the ZebTec Active Blue rearing system
(Techniplast, UK) under optimal photoperiod (14:10h for light:dark
cycle) and temperature (28.5°C). The broodstock was fed an adequate
amount of Skretting M-300 Gemma Micro (Skretting, UK), according
to the manufacturers’ recommendation. The females were bred at
two-week intervals to maintain a fresh reproductive cycle. For this
experiment, approximately 12-month-old fish were used. The males
and females were prepared for gamete Research Topic based on the
protocol by Westerfield (27). Briefly, males and females were separated
overnight in 1L spawning tanks by a glass partition in the 2:1 ratio.
The spawning was induced by the light on the subsequent morning.

2.2 Oocyte sampling

Ovulation was detected by observing the release of a few eggs by
the female fish. After that, the females were anaesthetized with 0.05%
tricaine methanesulfonate (methyl-aminobenzoate, MS222). The
hand-stripping method was followed for the Research Topic of
oocytes. A smidgen of oocytes (approx. 150 oocytes) was stripped
from each of the six experimental females and considered as the fresh
group or Oh post-ovulation (HPO). The remaining oocytes were
retained in the fish body for in vivo aging at 28.5°C. The cycle of
collecting oocytes was continued at 2, 4, 8, and 24 HPO. Six individual
females were used to strip at 0, 2 and 24 HPO, and another set of six
females were used to strip at 0, 4 and 8 HPO since stripping the same
females five times is unfeasible. The oocytes collected at each time
point were divided into two different 35 mm petri dishes to assess
viability loss using TB and for in vitro fertilization. The oocyte samples
from 0, 8, and 24 HPOs were immediately frozen in liquid nitrogen
and stored at —80°C till further use for total RNA extraction.

2.3 Oocyte membrane integrity assessment

Trypan blue dye exclusion test was used to analyze the oocytes’
membrane integrity. The stock solution of 0.2% trypan blue (Sigma-
Aldrich, Missouri, United States) was prepared in 1X Phosphate
Buffered Saline (PBS, Sigma-Aldrich). 30-60 oocytes were stained
with TB staining solution (0.1% in PBS) for 2min at room temperature
in a 35 mm petri dish immediately after stripping. Following staining,
the oocytes were rinsed with PBS before visualization. TB stain, a large
negatively charged molecule, is impermeable to cells with an intact
plasma membrane and permeable to a cell with a disrupted membrane
and enters the cytoplasm, making non-viable cells dark blue (28). The
total and the viable number of oocytes were counted under a stereo
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microscope (Olympus SZX16, Olympus Life Science, Japan). The
number of viable oocytes to the total number of oocytes used for
staining was used to calculate the viability rates.

2.4 Artificial insemination

The males were anaesthetized in MS222 (0.05%), and milt was
collected from them in the immobilizing solution (Kurokura 180)
(29). While stripping the male fish, a 2.5 pL pipette was used to collect
the milt simultaneously. The milt collected from 5 males were pooled
together in 50 pL of Kurokura 180 solution. The milt was pooled to
eliminate the effect of individual male sperm quality and to have an
equal volume of sperm for fertilization of all females. The motility of
pooled sperm was analyzed using an Olympus CX31 light microscope
(Olympus Life Science, Japan) before fertilization, according to Fauvel
et al. (30). The pooled milt showed >75% of active spermatozoa
movement. The oocytes stripped at 0, 2, and 24 HPO from six
individual females, and 0, 4, and 8 HPO from another set of six
females were fertilized immediately. Fertilization was carried out by
adding 200 puL of water and 10 pL of sperm to 50-90 oocytes, as the
number varied at different time points of aging in a 35 mm glass petri
plate. The eggs were thereafter transferred into a Pyrex® Petri plate
(9cm in diameter, Germany) (31). After 90min of incubation at
28.5°C, the fertilization rate was assessed by examining the cleavage
pattern of embryos. The eggs showing cleavage were counted under a
Nikon SMZ745T stereo microscope (Nikon, Japan). The fertilization
rate was defined by the number of eggs showing cleavage to the total
number of oocytes inseminated.

2.5 Assessment of egg developmental
indices

Embryo survival, mortality, hatching, and malformation rates
were calculated to determine the developmental competence of
differently aged oocytes, according to Waghmare et al. (31). Briefly,
the fertilized eggs were re-examined after 24h of fertilization. The
number of viable embryos after 24 h of fertilization to the total number
of inseminated oocytes was used to determine the embryo survival
rate. The successful development of fertilized eggs was examined by
calculating embryo mortality (between 24 h and the hatching period)
and hatching (48-72 h after fertilization) rates. The embryo mortality
rate was determined by counting the viable embryos between 24 h and
the hatching period to the total number of 24 h survived embryos. The
number of hatched larvae to the total number of inseminated eggs was
used to determine the hatching rate. After hatching, the larvae were
observed under the Nikon SMZ745T stereomicroscope (Nikon,
Japan) for the body shape. The larvae with body shape curved, bent,
or curled were counted (72 h after fertilization) to the total number of
hatched larvae for malformation rate.

2.6 RNA isolation and cDNA synthesis

Total RNA was isolated from 10 mg of oocytes sampled at 0, 8,
and 24 HPOs from four individual females by the Trizol (Invitrogen,
United States) method. The RNA concentration and quality were

Frontiers in Veterinary Science

10.3389/fvets.2024.1389070

assessed using Nanodrop 2000 (Thermo Scientific, United States).
The isolated RNA was treated with DNAse I, Amplification Grade
(Invitrogen, United States) to digest residual DNA. Maxima First
Strand cDNA Synthesis Kit (Thermo Scientific™, United States) was
used for reverse transcription of 1,000ng of RNA to first strand
c¢DNA according to the manufacturer’s instructions. Reverse
transcription was carried out by incubating samples for 10 min at
25°C followed by 15min at 50°C and final termination at 85°C
for 5min.

2.7 Quantitative expression analysis

Real-time quantitative expression analysis was performed to
determine the apoptosis-related gene (bcl-2, bada, cathepsin D,
cathepsin Z, caspase 6a, caspase 7, caspase 8, caspase 9, apafl, p53,
cdkl) expression using LightCycler 480 (Roche Applied Science,
Germany). The primers of targeted genes were designed by
Primer3web (https://primer3.ut.ee/) and were provided by Eurofins
Genomics, Germany (Table 1). The reaction mixture contained 2 pL
of diluted cDNA (1:10), 1 pL forward and reverse primers (500 nM),
2pL of nuclease-free water, and 5pL PowerUp™ SYBR™ Green
Master Mix (Thermo scientific™, United States). 18S ribosomal RNA
(18s), beta-actin (factin), and elongation factor 1 alpha (efla) were
tested as reference genes. Among those, 18S was found to be the most
stable reference gene to normalize the expression of selected genes. All
data were presented as mean+SD from three samples with three
parallel repetitions, and all the primers were validated by melt curve
analysis. The relative expression levels were analyzed by the 2-44¢
method (32).

2.8 Data analysis

The statistical evaluation and graph generation were performed
using GraphPad Prism 9.4.1 (GraphPad Software, San Diego, CA,
United States). The viability, fertilization, egg development indices,
and relative gene expression were analyzed for variance by one-way
ANOVA followed by Tukey’s multiple comparisons tests for post hoc
comparisons. Viability and fertilization rates between the high- and
low-quality oocytes were analyzed by Mann Whitney test as data were
not normally distributed. Statistical significance was considered with
*p<0.05, **p <0.01, **p <0.001, and, ***p <0.0001.

2.9 Compliance with ethical standards

All methodological protocols, experimental manipulations, and
sampling procedures used in the present study were approved by the
expert committee of the Institutional Animal Care and Use Committee
of the University of South Bohemia, Czech Republic. The co-authors
of this study deal with the manipulation and artificial reproduction of
fish and hold certificates authorizing them to work with laboratory
animals according to section 15d paragraph 3 of Act no. 246/1992
Coll. For the purposes of stripping gametes, fish were anesthetized
with 0.05% tricaine methanesulfonate (MS-222; Sigma-Aldrich,
United States) to ensure their welfare and minimize any
associated stress.
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TABLE 1 primer sequence of selected genes for quantitative expression analysis.

Genbank accession no

Forward primer (5’-3)

Reverse primer (5’-3)

bel2 GTCGAGTGTGTGGAGAAGGA CCGCTGCATCTTTTCCAAAG NM_131807.1
bada ACCTCGCATGACCATCAAGA AGATTCCGAATAGAGCCGCA XM_005161364.4
cathepsin D (ctsd) CCTGAAATACAACCTGGGCT TGAAGGTCTGGACAGGAGTG NM_131710.2
cathepsin Z (ctsz) GCACTACACGCAACCAACAT CCACAGTCAATCACGTTCTGG NM_001006043.1
caspase 6a ATGTCGTAGTCTTGTGGGCA CCATCGGAGTCACAGGATCA NM_001020497.1
caspase 7 ACCATGACCTCGCTCTTCAA TATTGTGTCATTGGGCGGTC NM_001020607.1
caspase 8 ATCTTCCAAGGGCAAAGCTG GCCCAAGCCTCTGTTGTTTT NM_131510.2
caspase 9 TCATCGCCCTCCTGTCATTT AGGCTTTCAGGTCTCAGTGG NM_001007404.2
p53 CTCTCCCACCAACATCCACT TGCCAGCTGACAGAAGAGTT U60804.1
apaf-1 CACAAACTCCCAGAACAGGC AATGCGCTTGAACTGCTTCT NM_131608.1
cdkl CATCTTTGCTGAACTCGCCA AGAGACTCAACATCTGGCCA NM_212564.2
Pactin TAGTCATTCCAGAAGCGTTTACC TACAGAGACACCCTGGCTTACAT AF057040.1
18S rRNA GAATTCCCAGTAAGCGCAGG GATCCGAGGACCTCACTGAG BX296557.35
efla ACAGCTGATCGTTGGAGTCA GTATGCGCTGACTTCCTTGG 123807.1
HPO. The fertilization rate for oocytes fertilized immediately after
A - B ** ovulation was 91% and slightly decreased at 2 HPO to 78%, not
1004 . reaching statistical significance (Figure 2B). However, this decrease
100 e significantly intensified at 4 HPO and 8 HPO to 62 and 2%,
80 © 80 respectively. As expected, the fertilization rate at 24 HPO was nil.
)
X c
Z 60 g 807
) ] . .
g 40- T = 40- 3.2 Egg developmental indices
(]
J_ [T oy
20+ . 207 To further analyze the impact of post-ovulatory aging on oocytes,
0 : | 0 : 1 we measured the survival and hatching of the fertilized eggs. We found
High  Low High Low that within 2h of oocyte aging, embryo survival, and hatching rates
Oocyte quality Oocyte quality had significantly declined from 67 and 65% at 0 HPO to 28 and 26%
FIGURE 1 at 2 HPO, respectively. We did not reveal a further drop toward 4
Evaluation of TB-based viability (A) and fertilization rates (B) during HPO, which showed values of 27 and 22% (Figures 3A,B). Beyond
post-ovulatory aging in zebrafish. Data represents mean + SD. that, the developmental indices are only shown up to 4 HPO, as no
Statistical significance calculated by one-way ANOVA followed by .
Tukeys multiple comparison test are shown by ns, non-significant; embryos developed from 8 HPO. Embryo mortality and larval
*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. malformation rates were assessed to further specify oocyte quality.
Therefore, larva morphology was examined and classified as

malformed if a curled, curved, or bent body shape was observed. The
embryo mortality and larval malformation rates barely occurred at 0
HPO with 1 and 9%, respectively (Figures 3C,D). Although the
mortality and malformation rates slightly rose to 5 and 33%,

3 Results

3.1 Viability loss and fertilization during in
vivo oocyte aging

To account for quality eggs, we estimated oocyte viability by
measuring the TB-based staining rate. An oocyte batch from a female
with less than 50% viability rate at 0 HPO was considered poor and
excluded from the study at further time points (Figure 1A). Those
oocytes also exhibited very low fertilization rates of 27% at 0 HPO and
were categorized as low-quality oocytes (Figure 1B). We observed
hardly any impact during the first 4h of in vivo oocyte aging with
approximately 97% viability at 0 and 2 HPO, and 90% at 4 HPO
without differences compared to 0 HPO (Figure 2A). The viability rate
significantly decreased to 72% at 8 HPO and drastically to 16% at 24
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respectively, we did not detect significant differences for 2 HPO in
either parameter (Figures 3C,D). However, at 4 HPO, a significant
increase in the mortality and malformation rates to 12 and 41% was
found (Figures 3C,D).

3.3 mRNA abundance of apoptosis-related
genes in post-ovulatory aged oocytes

To investigate possible mechanisms of post-ovulatory oocyte
degradation, we studied the mRNA abundance of apoptosis-related
genes during oocyte aging. Based on previous findings (17, 18, 33),
mRNA abundance of pro- and anti-apoptotic genes were quantified at
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FIGURE 2
Oocyte quality of zebrafish assessed by TB-based viability (A) and fertilization rates (B). Data represents mean + SD. Statistical significance calculated by
Mann Whitney test are shown by *p <0.05; **p <0.01.
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FIGURE 3

Embryo survival (A), embryo mortality (B), hatching (C), and larval malformation (D) rates during post-ovulatory aging in zebrafish. Data represents
mean + SD. Statistical significance calculated by one-way ANOVA followed by Tukeys multiple comparison tests is shown by ns, non-significant;
*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001.

0, 8, and 24 HPO. We observed a strong increase in the pro-apoptotic ~ Furthermore, cathepsin Z, caspase 6a, caspase 7, caspase 8, caspase 9,

gene cathepsin D at 24 HPO compared to 0 and 8 HPO ( ). and apaf-1 enhibited no significant change at the examined time
In line with the induction of apoptosis during oocyte aging, we also  points ( ).

revealed a significant downregulation of the anti-apoptotic gene bcl-2

at 24 HPO ( ). The pro-apoptotic gene bada showed constant

transcript levels during all time points ( ). In contrast, the

transcript level of tp53 was significantly decreased at 8 and 24 HPO

compared to 0 HPO ( ). The transcript level of the cell cycle- The observed decrease in the fertilization rates during in vivo
related gene cdkl significantly decreased at 24 HPO ( ). aging of zebrafish oocytes is consistent with findings in other species,
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such as rainbow trout, Japanese eel (Anguilla japonica), common carp,

northern pike, and yellowtail tetra (Alestopetersius caudalis) (

>

-37). However, the duration of oocyte storage assuring the
fertilization success is relatively short in zebrafish compared to those
other species. Zebrafish oocytes from certain females exhibited low
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TB-based viability rates at the time of ovulation, and hence, this
decrease in viability was not solely attributed to aging. Various factors,
such as nutrition, temperature, photoperiod, salinity, captivity
management, stress, chemical elements, and diseases, can affect the
oocyte quality (1) thus contributing to low viability rates at the time
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of ovulation. The in vitro aging of zebrafish AB strain oocytes at 26°C
had no significant difference in fertilization rates until 2h post-
stripping, which aligns with our findings (31). However, it's worth
noting that the fertilization capacity of oocytes at 4h of in vivo aging
was higher, even at a higher storage temperature, compared to in vitro
aging (31). Zebrafish Tubingen strain oocytes stored in Chinook
Salmon ovarian fluid retained fertilizing ability for a longer duration
(38) compared to our study. Conversely, gold-strain zebrafish oocytes
stored at 8°C in a modified Hanks medium lost their fertilizing ability
(39) earlier than in vivo storage of AB strain oocytes in our study.
These variations in fertilization rates may be attributed to specific
storage conditions (e.g., temperature and medium) as well as genetic
strain differences. Although we observed high TB-based viability
rates after 4h in vivo aging, their fertilization rates significantly
decreased. Hence, aging may cause the developmental capacity loss
of oocytes at the early stage and viability loss in the later stage
of aging.

The current results showed that the embryo mortality and larval
malformation rates increased significantly with in vivo oocyte aging.
However, it's noteworthy that only 50% of the larvae were found to
be malformed at 4 HPO, which contrasts with the findings from in
vitro aging experiment where all larvae developed from 4-h-aged
oocytes exhibited morphological malformations (31). Studies
involving other fish species, such as northern pike, common carp, and
rainbow trout, have consistently reported a higher occurrence of
malformations in larvae originating from in vitro aged oocytes
compared to those aged in vivo (17, 25, 26). This suggests that in vitro
oocyte aging is more likely to result in malformation in the resulting
larvae compared to in vivo aging. While it’s known that ovarian fluid
components may contribute to maintaining the fertilizing ability and
embryo development during oocyte aging (40), the precise role of
ovarian fluid in the oocyte aging process remains elusive and requires
further investigation.

The lysosomal proteases, including cathepsin D, cathepsin Z, and
cathepsin B, can indirectly act as pro-apoptotic modulators (41).
These cathepsins disrupt mitochondrial membrane potential, thereby
triggering the mitochondrial pathway of apoptosis (42). In our study,
we observed a significant increase in cathepsin D in 24-h-aged
oocytes, while cathepsin Z showed a non-significant upward trend.
Studies with other fish species have shown variability in cathepsin
activity during oocyte aging. For example, sea bream (Sparus aurata)
eggs with high cathepsin D activity exhibited activation of apoptosis
(43), while mRNA abundance of cathepsin D showed no significant
change during in vivo aging of rainbow trout oocytes (44). Similarly,
studies with African catfish (Clarias gariepinus) and common carp
showed varying trends in cathepsin D and cathepsin Z mRNA level
(17, 33). Considering that matured oocytes are transcriptionally
silent until the initiation of zygotic transcription and early embryo
development relies on stored mRNAs (45), the increase in cathepsin
D transcripts at 24 h post-ovulation in our study could be linked to
the spontaneous activation of oocytes, which ceases transcriptional
silence and presumably triggering cell death. Cathepsins are also
known to potentially activate caspases, which are key regulators of
apoptosis (46). In our study, we did not find a significant difference
in the mRNA level of caspase 6a, caspase 7, caspase 8, and caspase 9
in zebrafish aged oocytes. This contrasts with findings from studies
involving common carp, where the mRNA abundance of caspase 9
increased during oocyte aging (17). However, future research
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focusing on cathepsin and caspase enzyme activity may provide a
clearer understanding of their roles and interactions during
oocyte aging.

Another critical factor in cell fate determination is the ratio of
pro-apoptotic to anti-apoptotic Bcl-2 family proteins. An excess of
bcl-2 typically results in cell survival, while an excess of bax leads to
cell death (47). In our study, we observed a significant decrease in bcl-2
abundance in 24-h in vivo aged oocytes, which is consistent with
findings in aged oocytes of pigs and mice (9, 10). However, the bcl-2
transcript level remained unchanged in common carp aged oocytes
during 14h of in vivo aging (17). The bax gene is upregulated during
oocyte aging in common carp (17), whereas it remains unchanged in
mouse oocytes during in vitro aging (14). Additionally, in the current
study, the expression of bada, which has a similar function to bax,
showed no statistical difference during oocyte aging in zebrafish. This
could be due to low levels of maturation promoting factor (MPF) and
mitogen-activated protein kinase (MAPK) in aged oocytes (48)
potentially influencing the downregulation of bcl-2 without affecting
bada expression (14). The decrease in the pro-survival gene bcl-2 and
the increase in pro-apoptotic cathepsin D might make aged oocytes
prone to apoptosis.

p53can directly bind to PUMA/NOXA (49) and increase
mitochondrial membrane permeability, resulting in leakage of
pro-apoptotic proteins and cytochrome ¢, or indirectly activate
pro-apoptotic genes, such as bax, puma, bbc3, igfbp3, noxa, and apafl
(50-52). The mRNA level of tp53 decreased significantly at 24 HPO,
which is consistent with the results observed in post-ovulatory aged
rainbow trout oocytes (53). The transcript levels of tp53 orthologous
decreased in maternally aged oocytes (54). The tp53 protein level
decreased significantly in mouse oocytes (55), whereas the mRNA
level remained constant in pig oocytes during post-ovulatory aging
(56). Maternally derived tp53 mRNA is essential for embryonic
development in mice and frog (57, 58). Thus, a decrease in tp53
transcripts along with bcl-2 might contribute to abnormal cleavage,
increased mortality, and increased malformations in embryos
developed from the aged oocytes. However, the detailed role of tp53
in oocyte developmental competence and aging is yet unexplored.

CdkI kinase is a major component of the maturation-promoting
factor, MPF that maintains the ovulated oocytes at the metaphase
arrest (59). Deficiency of cdkI in mouse ovulated oocytes prevents the
cells from resuming the meiotic cycle and resulting in infertility (60).
Post-ovulatory aged frog oocytes exhibited low cdk1 activity followed
by spontaneous meiotic exit (61), which is a prerequisite for the
activation of apoptosis (62). The drastic decrease in cdkI transcript at
24 HPO in our study might be due to the spontaneous activation to
exit metaphase arrest and execute the cell death. In the current study,
the 8-h-aged oocytes lost their fertilizing capacity and exhibited
membrane blebbing phenotype after activation with water
(unpublished data), which is a morphological indicator of apoptosis.
Additional analyzes are required to elaborate on the mechanism
behind spontaneous activation followed by cell death in post-
ovulatory aged oocytes.

5 Conclusion

Zebrafish AB strain oocytes can be stored in vivo for 2h with
minimal loss of competency, and complete loss of egg fertilizing ability
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occurs at 8h of ovulation. TB staining does not accurately detect
oocyte post-ovulatory aging. However, it can be used as a simple and
rapid method to estimate the quality of oocytes before fertilization in
zebrafish. The upregulation of cathepsin D and downregulation of
bcl-2 and cdk1 after 24h of in vivo oocyte aging was observed. Based
on the results obtained in the current study, the apoptotic pathway is
activated in the advanced stage of aging, attributing to viability loss.
Complementary analyses like DNA fragmentation, detection of
proteins involved in the activation of cell death pathway, and
examining mitochondrial changes would contribute to thoroughly
understanding the involvement of apoptosis in the oocyte
aging process.
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Effects of intramuscular
alfaxalone and dexmedetomidine
alone and combined on ocular,
electroretinographic, and
cardiorespiratory parameters in
normal cats

Yizhe Guo, Sichao Mao and Zhenlei Zhou*

College of Veterinary Medicine, Nanjing Agricultural University, Nanjing, China

Background: This study aimed to determine the effects of intramuscular
(IM) administration of alfaxalone with or without dexmedetomidine on short
electroretinography (ERG), ocular parameters and cardiorespiratory in healthy
cats.

Methods: Eight healthy female spayed cats were treated with three sedation
protocols: IM administration of 5pg/kg dexmedetomidine (DEX), 5mg/
kg alfaxalone (ALF), and 5pg/kg dexmedetomidine plus 5mg/kg alfaxalone
(DEX + ALF). The washout period after each treatment was 2 weeks. Physiological
parameters, time metrics, intraocular pressure (IOP), Schirmer tear test 1 (STT-
1) and a short ERG protocol were recorded. For age data, weight data, time
metrics and ERG data, one-way ANOVA with Bonferroni posterior comparisons
were performed. For physiological parameters, IOP and STT-1 data, two-
way repeated measures ANOVA with Bonferroni posterior comparisons were
performed. Statistical significance was set at a p-value <0.05.

Results: IOPs were increased in all three groups compared to baseline and
showed no significant differences among three groups at any time point. STT-1
values were decreased significantly during the process. Significant differences
were noticed between a-wave amplitude in the dark-adapted response between
DEX and ALF, and a-wave amplitude in light-adapted response between ALF and
DEX + ALF.

Conclusion: This study demonstrates the feasibility of three sedation protocols
for short ERG recording in cats. All these treatments resulted in increased IOP
values and reduced STT-1 values. But baseline data of ERG was not obtained as
a blank control in cats.

KEYWORDS

alfaxalone, dexmedetomidine, electroretinography, intraocular pressure, cats
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1 Introduction

The electroretinogram (ERG) has been an important tool in
clinical ophthalmology for evaluating retinal function since 1865 (1).
It provides an invaluable mean of assessing retinal function with
opaque media or during the early phases of diseases without
significant funduscopic changes (2). Glaucoma is an ocular disorder
characterized by increased intraocular pressure (IOP), and the
rebound tonometry is a widely used method of IOP measurement (3).
Aqueous tear deficiency (dry eye) can lead to serious ocular
complications, and Schirmer tear test-1 (STT-1) examination is
commonly used in clinical practice (4).

In addition to a quick retinal check performed in partially
conscious animal, anesthesia is preferred during the ERG examination
to prevent artifacts caused by involuntary eyelid twitch, body or globe
movements as well as minimize stress induced by physical restraint (2,
5-7). The results of IOP and STT-1 will be affected by anesthesia, the
majority of measurements are taken without anesthesia. Intraocular
pressure (IOP) is primarily determined by aqueous humor dynamics
and other factors including intraocular blood volume, central venous
pressure, and extraocular muscle tone (8). Anesthetic drugs influence
IOP mainly though extraocular muscles, affecting the success of
ophthalmic procedures (9, 10). Previous studies reported an increase
in IOP in cats administered with propofol (11). Moreover, reduced
tear production is observed in cats with administration of
medetomidine-ketamine (12). Corneal exposure and tear film
evaporation during sedation may lead to ocular complications such as
ulcerative keratitis (13). But sedation of less compliant animals
provides ideal conditions for optimal ophthalmic examination and
enhances safety for both the patient and examiner (14). Furthermore,
general anesthesia carries inherent risks like cardiopulmonary
depression (15). Thus, there is an urgent need for a simple, safe, and
effective chemical restraint for short ERG recordings in cats.

Alfaxalone is a progesterone analog that have rapid onset and brief
duration of action through y-aminobutyric acid type A (GABAA)
receptors (16-18). Compared to other anesthetic agents, alfaxalone
offers advantages such as minimal cardiovascular depression in cats
(19-21), dogs (22), and human (23). But alfaxalone is associated with
certain side effects. Intravenous (IV) administration of alfaxalone at
doses ranging from 0 to 50 mg/kg has been shown to induce dose-
dependent suppressive effect on cardiorespiratory function and
hyperkinesia during recovery in unpremedicated cats (21, 24). The
most common adverse effects of alfaxalone administration in cats
include apnea and hypoventilation (21). Dexmedetomidine is a
sedative drug that commonly used in veterinary medicine. It is an
alpha-2 adrenoceptor agonist witch exerts sedative effects through
activation of central presynaptic and postsynaptic alpha-2 receptors
in the locus coeruleus (25). Cats administered with alfaxalone (5mg/
kg) intramuscularly (IM) were deeply sedated, while cats administered
with alfaxalone IM (5mg/kg) combined with 20 and 40pg/kg
dexmedetomidine were anaesthetized (26). Induction with alfaxalone
alone or in combination with dexmedetomidine intramuscularly (IM)
is reported in cats, however, there is a lack of data specifically about
their effects on the ERG, IOP, and STT-1 in cats (22).

We hypothesized that similar to anesthetic drugs such as
propofol, IM administration of alfaxalone would increase IOP,
decrease tear production, and have no effect on the ERG recordings
in cats, while the use of dexmedetomidine could influence the ERG
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recordings and physiological variables. This study was designed to
compare the effects of IM administration of alfaxalone alone or in
combination with dexmedetomidine on the short ERG protocol, IOP,
STT-1, sedative effect, reversal times, and physiological variables
in cats.

2 Materials and methods

2.1 Animals

All procedures were performed following the guidelines of the
Association for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research. Eight spayed
female cats were recruited for this study. They were housed
individually in a room under controlled temperature (21°C) and light
(7:00-19:00): dark (19:00-7:00 next day) cycle. Cats were socialized
and adapted to human handling for 2 months prior to the study. Two
weeks before study, the cats were specifically assimilated to tonometry.
The animal study was approved by the Institutional Animal Care and
Use Committee of Nanjing Agricultural University. The approval
number was NJAU2022025.

The American Society of Anesthesiologists (ASA) classification
was utilized in this study (27). Before the study, physical examination
and ophthalmic examinations, including X-ray examination (InnoVet
Versa DR Veterinary System; Radiology Imaging Solutions),
echocardiography examination (W70 Vet; Esaote), complete blood
count test (BC-5000 Vet; Mindray Animal Care), blood biochemistry
test (Catalyst One Chemistry Analyzer; Idexx), blood gas analysis
(i-STAT 1 analyzer; Abbott), electrocardiogram (ECG, BeneHeart
R3A; Mindray), Schirmer tear test I (I-DEW Tear strips Schirmer Test;
Ophtalmo), fluorescein staining (I-DEW FLO Fluorescein 1IMG
Strips; Ophtalmo), intraocular pressure with rebound tonometry
setting as “do” (Tonovet; Icare Finland), slit lamp biomicroscopy
(SL-17; Kowa), and fundus imaging system examination (Clear View
2; Menicon) were conducted on the cats. The inclusion criteria for cats
included in this trial were that there are no abnormalities in the above
examinations and the ASA classification was class I. All cats received
an ASA class I assessment without ocular abnormalities.

2.2 Study design

The process of this study was shown in Figure 1. The right eye was
treated with 5mg/mL tropicamide (Tropicamide Eye Drops,
Bausch +Lomb) to dilate the pupil 30min before the injection of
drugs. The cats were treated using three different protocols with a
washout period of 2 weeks after each treatment. IM injection of 5 ug/
kg dexmedetomidine (Dexdomitor, Orion Pharma) and 5mg/kg
alfaxalone (Alfaxan, Jurox Animal Health) was the DEX + ALF group;
IM injection of 5 pg/kg dexmedetomidine was the DEX group; IM
injection of 5 mg/kg alfaxalone was the ALF group. The drugs were
mixed in one syringe. Sodium chloride 0.9% solution was
administrated for DEX (0.5mL/kg) and ALF (0.01 mL/kg) groups,
respectively, to ensure a same amount of IM fluid. The time of drug
administration was considered TO, with various interventions
performed at 5min intervals for 30 min (represented as T5, T10, T15,
T20, T25, and T30) except ECG, STT-1 and ERG.
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arterial pressure; IOP, the intraocular pressure; STT-1, Schirmer tear test 1.

Flow chart of this study. Baseline values were measured 30 min before the administrated of drugs. TO was the timepoint after administrated of drugs.
DEX + ALF, the group received a combination of dexmedetomidine (5 pg/kg) and alfaxalone (5 mg/kg) intramuscularly (IM); DEX, the group received
dexmedetomidine (5 pg/kg) intramuscularly; ALF, the group received alfaxalone (5 mg/kg) intramuscularly; IM, intramuscular injection, n = 8 cats; ERG,
electroretinography; RT, rectal temperature; f, respiratory rate; HR, heart rate; ECG, electrocardiogram; SAP, systolic arterial pressure; DAP, diastolic

RT, fz, HR, ECG, SAP, DAP, IOP

This study was performed between 15:00 and 17:00. The cats were
fasted for 6 h before the experiment, but water was available until 1 h
before the start of the experiment. A 22 G intravenous catheter was
placed in the cephalic vein before sedation. The cats were positioned
in sternal recumbency and received oxygen via a face mask (2 L/min).
Body temperatures were preserved using an air blanket. The Lift-head
time (LH), sternal recumbency time (SRr), and standing time (ST)
were recorded to evaluate sedative effects of drugs during recovery
from anesthesia (26). The LH was determined from drug injection to
the first instance of the cat autonomously raising its head. The SRr was
determined from drug injection to the first occurrence of the cat
returning to the sternal recumbency. The ST was determined from
drug injection to the first instance of the cat autonomously standing.

2.3 Physiological variables evaluations

Systolic arterial pressure (SAP), diastolic arterial pressure (DAP),
rectal temperature (RT), heart rate (HR) and respiratory rate (fz) were
measured at baseline and every 5 min from 0 to 30 min after treatment.
The ECG was evaluated at baseline and every 15 min from 0 to 30 min
after treatment. The SAP and the DAP was determined by a veterinary
blood pressure monitor (SunTech Vet20; SunTech Medical) with a cuff
width approximately 40% of the limb circumference positioned on the
right forelimb (28). Three measurements were taken and the average
was considered as the blood pressure for that time point. The RT was
determined by a compact anesthesia monitor (S/5; GE Healthcare)
using an intrarectal sensor. The HR and the ECG were determined by
a lead II electrocardiogram (BeneHeart R3A; Mindray). The f; was
counted by observing chest movement during the respiratory cycle for
a period of 30s. All physiological variables evaluations, LH, SRr and
ST were recorded by the same experienced veterinarian who was
blinded to group allocation.

2.4 Ophthalmic examination
IOP and STT-1 were measured from the left eye of each cat in

different groups. IOP and STT-1 examinations were performed by the
same experienced veterinarian who was blinded to group allocation.
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IOP was registered at baseline and every 5min from 0 to 30 min after
treatment. STT-1 was registered at baseline and 5, 15, 25min after
treatment. IOP was recorded on the central cornea without topical
anesthesia. Three measurements were taken. If the differences between
three measurements were not greater than 3mmHg, the second
measurement value was considered as the IOP value for that time
point. Measurements were performed with cats in sternal recumbency.
The head was kept above the level of the heart for each measurement
using a soft pillow and the jugular vein was not compressed. STT-1
was measured by placing the commercial strip in the inferior
conjunctival fornix for exactly 60 s and reading immediately.

2.5 The ERG procedure

A short ERG protocol was recorded from the right eye of each cat
using a full-field ERG device (RETevetTM device; LKC Technologies)
for veterinary ophthalmology. The ERG protocol was performed by
another experienced veterinarian who was blinded to group allocation.
The cats were prepared in normal ambient room light. The corneas of
right eye were intermittently irrigated with saline to prevent
keratopathy, and the eyelids were fixed by a eyelid speculum. Pupil size
was assessed frequently to ensure that the pupils were fully dilated
during the examination. The flash was placed 15cm away from the
cats. The ERG device included three electrodes: 1. The active electrode,
a contact lens with a platinum wire, was placed on the cornea; 2. The
reference electrode, a subcutaneous needle electrode (12mm * 29
gauge), was fully inserted at the bottom of the right ear; 3. Ground
electrode, a subcutaneous needle electrode (12mm * 29 gauge), was
fully inserted at the occipital crest. The ERG protocol used in this
study was modified from ECVO (European College of Veterinary
Ophthalmologists) 5-step single flash Protocol. The specific process
was shown in Table Al. The conditions of the photic stimulator
without a filter were set at maximum brightness (350 candela s/m?).
The photopic recordings were conducted 10 min after the cats were
administrated with drugs. Then the light was turned off and retinal
function was tested after 10 min of dark adaptation.

The implicit times and amplitudes were measured in all ERG
responses. Three ERG responses were recorded and the mean values
were used for subsequent analysis. The amplitude of a-wave was
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TABLE 1 Basic information about the cats in this study.

Age (months)

3.4+0.6kg

Weight (kg) 13-25(18)

Weight data are reported as mean + SD. Age data are reported as minimum — maximum
(median), n=8 cats.

TABLE 2 Times to head-lift (LH), sternal recumbency (SRr), and standing
position (ST) after received drugs.

Group LH (mins) SRr (mins) ST (mins)
30.7+9.6

DEX 36.1 + 4.1 38233
(p=0.019)

ALF 21.8+3.8 %# 35053 471+ 115
37.6+1144#

DEX + ALF 42.0+10.7 46.8+11.6
(p =0.001)

DEX + ALF, the group received a combination of dexmedetomidine (5 pg/kg) and alfaxalone
(5 mg/kg) intramuscularly; DEX, the group received dexmedetomidine (5 pg/kg)
intramuscularly; ALF, the group received alfaxalone (5mg/kg) intramuscularly, n =8 cats;
data are reported as mean + SD. *Significantly different between the value of DEX and ALF
(p<0.05). #Significantly different between the value of DEX + ALF and ALF (p <0.05).

defined as the difference between baseline and the negative deflection
trough. The b-wave amplitude was defined as the difference in
amplitude between the a-wave trough and the peak of the b-wave.

2.6 Recovery

The effects of dexmedetomidine were reversed with IM
atipamezole (12.5 ug/kg; Antisedan, Orion Pharma) for the DEX and
DEX + ALF groups 30 min after the treatment. The ALF group was
injected with same volume of saline. Subsequent to the experiment,
cats received oxygen supplementation for 5min before being
transferred to a temperature-controlled kennel to facilitate recovery.

2.7 Data analyses

Data analyses were conducted using SPSS software, version 25
(SPSS Inc., IL, United States), operating on a Windows platform.
Normality was assessed by the evaluation of descriptive statistics,
plotting histograms and the Shapiro-Wilk test. All age data, weight
data, physiological parameters (RT, HR, SAP, DAP and f;), time
metrics (LH, SRr and ST), IOP and STT-1 data were normally
distributed. For weight data, time metrics (LH, SRr and ST), and ERG
data, means * standard deviations (SD) were computed and one-way
ANOVA with Bonferroni posterior comparisons were performed. For
age data, minimum —maximum (median) were computed and
one-way ANOVA with Bonferroni posterior comparisons were
performed. For physiological parameters (RT, HR, SAP, DAP and {R),
IOP and STT-1 data, means+SD were computed and a two-way
repeated measures ANOVA was performed. The statistical significance
of the main effects was compared using Bonferroni corrections post
hoc tests. Statistical significance was set at a p-value <0.05.

The sample size was identified through experimental design,
pre-experimentation, and conventional numerical settings using PASS
15 (a type 1 error [p=0.05], 90% power). The primary hypothesis of
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this study was comparing the effects of IM administration of
alfaxalone alone or in combination with dexmedetomidine on the
short ERG protocol in cats. The preliminary data (unpublished) in
four cats is as follow. Under the DA 0.01 in ERG, the b-wave values
were 58.6 (DEX + ALF), 50.1 (ALF), 52.37 (DEX), and SDs were 13.61
(DEX+ALF), 15.86 (ALF), 16.67 (DEX) respectively. Based on this,
PASS 15 calculated the sample size of 8 animals per group would lead
to >90% power using a one-way ANOVA with 5% type 1 error. Hence
the use of 8 biological replicates in these experiments for accuracy.

3 Result
3.1 Basic information

The age and weight data of cats are presented in Table 1. No
significant differences were observed in the age or weight comparisons
between cats. The sedation procedures previously mentioned were
successfully performed in all cats without any adverse events.
Furthermore, the sedation effect was sufficient for completing the
ERG examination in all three treatments. Vomiting was observed in
two cats from DEX group and one cat from DEX+ALF group
following IM injection of dexmedetomidine.

3.2 Sedative and reversal times

The times to head-lift (LH), sternal recumbency (SRr), and
standing position (ST) were presented in Table 2. Head-lift times were
significantly shorter for cats in ALF group compared to those in DEX
or DEX +ALF group (p<0.05).

3.3 Physiological variables

The RT, f; and HR values were presented in Figure 2. The RT
values decreased slightly over time after the drug injection, but
remained above 38°C throughout the process in all groups. There were
no significant differences in RT values at any time point between the
three groups. The HR values increased in ALF group and decreased in
DEX and DEX+ALF groups after the injection of drugs. The HR
values in ALF group were significantly higher than DEX and
DEX+ ALF groups at all time points except for baseline, T0, and T5
(p>0.05). ECG monitoring showed no abnormalities during sedation
in all three groups. The f; was significantly lower at T10 (p=0.026) and
T25 (p=0.018) in DEX group compared to ALF group. Compared
with DEX and ALF groups, the f; showed no significant differences in
DEX + ALF group and was over 20 b/min during the study. The SAP
and DAP values were presented in Figure 3. There were no significant
differences in SAP and DAP between three groups, except for DAP
between DEX and ALF groups at TO (p=0.040) and T5 (p=0.040).

34 10P and STT-1

All cats could successfully complete the baseline values of IOP and
STT-1 examinations. The results of IOP and STT-1 were presented in
Table 3. The IOP values of the right and left eye that measured before
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The results of rectal temperature (RT) Respiratory rate (fz), heart rate (HR) after received drugs. DEX + ALF, the group received a combination of
dexmedetomidine (5 pg/kg) and alfaxalone (5 mg/kg) intramuscularly; DEX, the group received dexmedetomidine (5 ug/kg) intramuscularly; ALF, the
group received alfaxalone (5 mg/kg) intramuscularly, n = 8 cats; data are reported as mean + SD. Baseline values were measured 30 min before the
administrated of drugs. Baseline represents baseline values; TO represents the injection of drugs, the following timepoints are represent as T5, T10, T15,
and so on. *Significantly different between the value of DEX and ALF (p < 0.05); #Significantly different between the value of DEX + ALF and ALF

(p <0.05); tSignificantly different between the value of DEX + ALF and DEX (p <0.05).

80—
* (P=0.026) "
- 60_ (P=0.018)
"=
g -
= 40
~ "
o
& ]
20
0 T T T T T T T T
R T T T
&
Time/min
-~ DEX
-+ ALF
= DEX+ALF

150
*(P=0040)
(P =0.040)
N i
E 100 4 B
£ S (N S—
-
Z
50_
(=]
0 I 1 1 T T 1 1 1
é‘& S “ N N » W »
> . .
A4 Time/min
FIGURE 3

-~ DEX -+ ALF = DEX+ALF

The results of systolic arterial pressure (SAP) and diastolic arterial pressure (DAP) after received drugs. DEX + ALF, the group received a combination of
dexmedetomidine (5 pg/kg) and alfaxalone (5 mg/kg) intramuscularly; DEX, the group received dexmedetomidine (5 ug/kg) intramuscularly; ALF, the
group received alfaxalone (5 mg/kg) intramuscularly, n = 8 cats; data are reported as mean + SD. Baseline values were measured 30 min before the
administrated of drugs. Baseline represents baseline values; TO represents the injection of drugs, the following timepoints are represent as T5, T10, T15,
and so on. *Significantly different between the value of DEX and ALF (p < 0.05); #Significantly different between the value of DEX + ALF and ALF
(p<0.05); tSignificantly different between the value of DEX + ALF and DEX (p < 0.05).
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this study were 21.79+2.78 and 21.38£2.99mmHg, respectively.
Meanwhile, the STT-1 values of the right and left eye were 16.50 £3.11
and 17.12 +4.10 mm/min. There were no significant differences in the
values of IOP or STT-1 between the left and right eye before treatment
(p>0.05). In this trial, IOP and STT-1 examinations were only
measured on left eye after administration of drugs.

IOP data from the left eyes did not differ significantly among three
groups at any time point (p>0.05). There were no significant
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differences in IOP measurements in all three groups except T15
(p=0.044) in DEX group, T10 (p=0.009) and T30 (p=0.031) in ALF
group compared to the baseline values of each group.

STT-1 data from left eyes did not differ significantly among three
groups at any time point (p>0.05). STT-1 values reduced
significantly in all three groups during the process except T5
(p=0.784) in DEX group compared to the baseline values of
each group.
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TABLE 3 The results of intraocular pressure (IOP) and Schirmer tear test 1 (STT-1) after received drugs.

10.3389/fvets.2024.1407928

IOP (mmHg) STT-1 (mm/min)
ALF DEX + ALF ALF DEX + ALF
Baseline 21.00 £3.74 20.62 +2.88 22.50 £2.20 15.00 £ 4.00 19.25 £ 4.59 17.12 £2.80
TO 22.75+3.69 22.25+3.65 2212 £2.64
T5 23.88 £4.55 2525+ 4.40 23.00 £ 3.42 12.62 £ 3.62 13.62 £ 4.75 ¥ 12.50 +2.78 %
(p=0.010) (p =0.043)
T10 24.62 £3.74 25.62+2.77 % 22.25+3.28
(p =0.009)
T15 26.62 £7.05 % 24.00 +£2.98 22.88+£3.93 7.00 +3.25 % 7.00 +2.27 ¥ 7.12+2.03 ¥
(p=0.044) (p <0.001) (p <0.001) (p <0.001)
T20 25.62 £ 4.56 24.88 £2.75 22.88 £5.33
T25 26.12+3.18 24.75+2.49 23.12+6.20 3.62+1.68 % 2.00 £ 1.31 % 2.88 £1.88 %
(p <0.001) (p <0.001) (p <0.001)
T30 24.50 +4.57 24.88 £2.95 3¢ 22.75 +4.56
(p=0.031)

DEX + ALF, the group received a combination of dexmedetomidine (5 pg/kg) and alfaxalone (5 mg/kg) intramuscularly; DEX, the group received dexmedetomidine (5 pg/kg) intramuscularly;
ALE the group received alfaxalone (5mg/kg) intramuscularly, 7 =8 cats; data are reported as mean + SD. Baseline values were measured 30 min before the administrated of drugs. Baseline
represents baseline values; TO represents the injection of drugs, the following timepoints are represent as T5, T10, T15, and so on. *Significantly different from the value of baseline.

3.5 ERG data

The results of ERG were presented in Table 4 and representative
electroretinogram response was shown in Figure 4. ERG data from
right eyes had no significant differences among three groups at any
time point (p>0.05) except for b-wave amplitude in the condition of
DA 0.01 between DEX and ALF groups (p=0.031), a-wave amplitude
in the condition of LA 3.0 between ALF and DEX+ALF groups
(p=0.008).

4 Discussion

Compared with ophthalmoscopic and behavioral examinations,
the ERG allows for an objective characterization of specific cell types
in the retina and can be used for earlier diagnosis of retinal disease
(29). The administration of anesthetic drugs in animals can avoid
background noises generated by body or globe movements during
ERG recording. It is crucial to regulate IOP and STT-1, especially IOP,
to ensure the success of ophthalmic surgery (30), however, there are
few reports about the effects of alfaxalone on ocular parameters in
cats. Therefore, we evaluated the effect of IM administration of DEX,
ALF, or DEX + ALF groups on short ERG protocol, IOP, and STT-1 in
cats. All three treatments enabled the cats to tolerate corneal electrodes
and subcutaneous needle electrodes. After the reversal with
atipamezole in DEX and DEX+ALF groups, head-lift times were
significantly shorter than ALF group. The time to recovery from
sedation had no significant differences in three treatments.

The short ERG protocol used in this study includes the mixed,
rod, and cone responses to light or dark conditions. Three treatments
allowed for the successful completion of the ERG examination in cats.
ERG changed with different sedation treatments. A higher a-wave
amplitude under light-adapted cone response (LA 3.0) conditions was
found in DEX + ALF group compared to ALF group, which indicated
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a difference in the overall assessment of the outer and inner retina in
the day vision. Similar to the findings in this study, a previous study
observed significant differences in the photopic b-wave amplitude
when ketamine was used combined with xylazine or dexmedetomidine
in cats (31). And a higher b-wave amplitude under dark-adapted rod
response (DA 0.01) conditions was found in DEX group compared to
ALF group, which indicated a difference in the rod responses in night
vision. Other ERG variables showed no significant changes among
three treatments, including: 1. Light-adapted flicker (LA 3.0 flicker)
evoked a robust response of the cone pathway; 2. Dark-adapted,
mixed, rod and cone response (DA 3.0) that assessed both rod and
cones; 3. Dark-adapted mixed, rod and cone response to a higher
intensity flash (DA 10.0) that evaluated the retinal function on the
media opacity; 4. Dark-adapted oscillatory potentials (DA OPs)
extracted from the mixed response by using the 85 Hz bandpass filter,
providing more subtle and consistent information about the diffused
changes in the inner retina caused by ischemic events or amacrine cell
function. Awake cats cannot perform ERG protocol in this trail. But
studies have shown that anesthesia and sedation resulted in significant
attenuation and delay of ERG responses in dogs (6).

Local anesthesia and mydriasis might potentially influence the
measurements of IOP and STT-1, tropicamide and local anesthetic
drugs were not used in the left eye in this trial (32-34). There were no
significant differences in IOP and STT-1 values between the left and
right eyes before the start of sedation, and it had been reported that
there were no significant differences between IOP and STT in the left
and right eyes after anesthesia (14). Thus we conducted the IOP and
STT-1 measurements exclusively on the left eye. Alfaxalone (1-3mg/
kg IM) is reported to significantly increase IOP in dogs that were
premedicated with dexmedetomidine or without any premedication
(35). Wolfran et al. reported that IM administration of
dexmedetomidine (10 pg/kg) reduced IOP and tear production in cats,
while a lower dose of 7.5 ug/kg had no significant effect on IOP (36).
In dogs receiving intravenous injection of 5 pg/kg dexmedetomidine,
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TABLE 4 The results of the short electroretinogram protocol after
received drugs.

Animal group

ALF DEX + ALF
DA 0.01
b-wave | Amplitude = 55.50 +27.34 * 45.85+19.41 * 60.19 + 11.26
(p=0.031) (p=0.031)

Implicit 48.76 + 4.80 56.99 +7.58 54.42 +4.69
time

DA 3.0

a-wave | Amplitude —70.94 + 31.83 —63.35+33.24 —53.11 £29.48
Implicit 11.54 £0.79 12.71 £2.03 11.24 +1.36
time

b-wave Amplitude 458.25£109.59 | 366.13 +123.34 442.50 £ 160.79
Implicit 34.95+3.29 38.16 £7.93 38.85+3.77
time

DA OPs
Amplitude 97.30 £ 60.33 90.10 + 54.56 93.03 +33.31
Implicit 142.94 +24.53 128.61 + 35.15 143.30 + 13.85
time

DA 10.0

a-wave Amplitude —93.03 + 39.66 —68.29 £62.93 —111.63 + 63.46
Implicit 9.98 £ 1.01 10.91 £2.10 10.04 £ 1.91
time

b-wave Amplitude 483.38 £125.32 | 415.00 +134.98 459.13 +160.92
Implicit 32.85+2.35 35.68 £ 6.12 34.21+3.23
time

LA 3.0

a-wave | Amplitude —7.00 +1.53 —529+223# —8.90 +2.47 #

(p =0.008) (p =0.008)

Implicit 8.88 +£0.49 10.41 +1.63 9.84 £ 1.90
time

b-wave | Amplitude 71.64 +22.37 70.16 + 33.69 62.78 +21.83
Implicit 22.48 +5.67 29.99 +£9.63 23.01 £6.29
time

LA 3.0 flicker
Amplitude 78.66 + 34.51 47.11+17.97 56.38 £ 21.59
Implicit 36.93 +18.39 24.28 £12.16 24.01 +£12.04
time

DEX + ALE the group received a combination of dexmedetomidine (5 pg/kg) and alfaxalone
(5 mg/kg) intramuscularly; DEX, the group received dexmedetomidine (5 pg/kg)
intramuscularly; ALF, the group received alfaxalone (5 mg/kg) intramuscularly, n=8 cats;
data are reported as mean + SD. *Significantly different between the value of DEX and ALF
(p<0.05); “Significantly different between the value of DEX + ALF and ALF (p <0.05).

there was no significant difference in IOP measurements within
10min of drug administration (37, 38). Cats sedation with
intramuscular 100 pg/kg medetomidine did not cause a statistically
significant change in IOP values (14). In this study, we only observed
statistical differences at T15 in DEX group, T10, and T30 in ALF
group compared to their baseline, respectively. The lower dose of
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FIGURE 4

Representative electroretinogram response after received drugs.
DEX + ALF, the group received a combination of dexmedetomidine
(5pg/kg) and alfaxalone (5 mg/kg) intramuscularly; DEX, the group
received dexmedetomidine (5 pg/kg) intramuscularly; ALF, the group
received alfaxalone (5 mg/kg) intramuscularly, n = 8 cats. DA 0.01,
dark-adapted rod response; DA 3.0, dark-adapted, mixed, rod and
cone response; DA Ops, dark-adapted oscillatory potentials; DA 10.0,
dark-adapted mixed, rod and cone response to a higher intensity
flash; LA 3.0, light-adapted cone response; LA 3.0 flicker, light-
adapted 3.0 flicker.

dexmedetomidine (5pg/kg) used in our study might explain the
discrepancy with the previous study. Additionally, DEX +ALF group
could potentially counteract the elevation of IOP compared to ALF
group. It was speculated to be related to changes in the production and
outflow of aqueous humour (39). But further research is needed to
investigate the underlying mechanisms. Corneal injuries are common
ocular complications due to the lack of eyelid protection and
deficiency of tear production (40). Previous studies demonstrated that
medetomidine-ketamine, dexmedetomidine, methadone,
dexmedetomidine-methadone and general anaesthesia could reduce
tear production (12, 36, 41). Similarly, in the present study, all three
treatments reduced tear production in cats.

Notably, even at the lower dose utilized in this study, IM
administration of dexmedetomidine (5pg/kg) resulted in a
reduction in HR in cats from the DEX and DEX + ALF groups.
These findings are consistent with prior studies indicating that
dexmedetomidine administration results in decreased HR in cats,
irrespective of dose (26, 42, 43). Alfaxalone treatment demonstrated
minimal cardiovascular depression at clinical routine doses
(2-10mg/kg). Previous studies showed that administering
supraclinical doses of alfaxalone alone (15 and 50 mg/kg) can lead
to dose-dependent decrease in HR and arterial blood pressure in
cats (21). The increase in HR is observed after the IM administration
of various doses of alfaxalone (1, 2.5, 5, 10 mg/kg) (44). The results
of the present trial are similar to these studies, the HR increased
following the IM administration of alfaxalone in ALF group. SAP
and DAP values displayed a biphasic pattern in DEX+ ALF and
DEX groups, with blood pressure values initially increased for the
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first 10 min after the treatment, subsequently declining gradually to
baseline levels. It may be due to the alpha-2 adrenergic agonists
such as dexmedetomidine can induce peripheral vasoconstriction
by activating post-synaptic alpha-2 receptors in the peripheral
vascular smooth muscle, leading to an increase in blood pressure.
Blood pressure may subsequently decrease due to a central effect on
sympathetic tone (45). The administration of alfaxalone (5 mg/kg,
IM) and dexmedetomidine (10, 20, and 40 pg/kg, IM) also showed
similar results on arterial blood pressure in cats (26, 46). The
administration of alfaxalone in cats caused a dose-dependent
suppressive effect on arterial blood pressure (21, 47). In this study,
the blood pressure showed a gradual decrease and stabilized after
15min, no significant suppression was recorded after the
administration of alfaxalone.

In the present study, apnea was not observed and f; was well
maintained in all treatments. Apnea after the IV administration of
alfaxalone has been reported as an uncommon side effect in cats (47).
The IM administration of 10 ug/kg dexmedetomidine and 5mg/kg
alfaxalone with or without 0.2 mg/kg butorphanol in cats has been
reported to decrease the respiratory rate which was not observed in
this study (46, 48). This might be related to the lower doses of drugs
used in the present work.

Some limitations in this study should be noted. Firstly, the
relatively small sample size may affect the generalizability of the
findings. Furthermore, baseline data of ERG was not obtained as a
blank control in cats. Finally, the cats used in this study were young,
healthy, spayed female cats, and older, sick, or male cats may respond
differently to these treatments.

5 Conclusion

In the present study, we successfully completed the short ERG
examination under three protocols in cats. Except for higher photopic
a-wave amplitude in DEX + ALF group compared with ALF group, no
significant changes in the ERG variables were observed in three
treatments. All these treatments resulted in increased IOP values and
reduced STT-1 values.
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Amidst rising global temperatures, chronic heat stress (CHS) is increasingly
problematic for the poultry industry. While mammalian CHS responses are well-
studied, avian-specific researchis lacking. This study uses in-depth transcriptome
sequencing to evaluate the pulmonary response of Cherry Valley ducks to CHS
at ambient temperatures of 20°C and a heat-stressed 29°C. We detailed the
CHS-induced gene expression changes, encompassing mRNAs, IncRNAs, and
miRNAs. Through protein—protein interaction network analysis, we identified
central genes involved in the heat stress response—TLR7, IGF1, MAP3K1, CIITA,
LCP2, PRKCB, and PLCBZ2. Subsequent functional enrichment analysis of the
differentially expressed genes and RNA targets revealed significant engagement
in immune responses and regulatory processes. KEGG pathway analysis
underscored crucial immune pathways, specifically those related to intestinal
IgA production and Toll-like receptor signaling, as well as Salmonella infection
and calcium signaling pathways. Importantly, we determined six miRNAs—miR-
146, miR-217, miR-29a-3p, miR-10926, miR-146b-5p, and miR-17-1-3p—as
potential key regulators within the ceRNA network. These findings enhance
our comprehension of the physiological adaptation of ducks to CHS and may
provide a foundation for developing strategies to improve duck production
under thermal stress.

KEYWORDS

chronic heat stress, duck rearing, environmental temperature, high-throughput
sequencing technology, ceRNA

1 Introduction

The exponential growth of the global population necessitates substantial protein
production, placing escalating demands on animal production systems, particularly within
tropical and subtropical regions. This factor significantly contributes to ensuring global food
security (1, 2). Among these production sectors, the poultry industry emerges as a crucial
subsector that substantially fuels economic growth (3, 4). Nevertheless, the implications of
global warming have engendered prolonged hyperthermia during the summer months,
presenting a formidable challenge to the industry. This challenge has manifested in reduced
productivity and substantial economic losses (5). This deleterious phenomenon, recognized
as heat stress, has garnered extensive global attention and scrutiny (6).
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Heat stress entails an imbalance between heat acquisition and
dissipation, resulting in an elevation of poultry body temperature
(7-9). Tt is typically categorized into intense or chronic heat stress
(CHS), pertaining to brief or prolonged exposure to elevated ambient
temperatures, respectively (10). Unfortunately, both intense and
12). This
consequence extends to other domestic animals as well. Poultry, in

chronic heat stress can exact a toll on avian health (11,

particular, faces heightened vulnerability due to the absence of sweat
glands and the majority of their body surface being covered in
feathers. Consequently, the role of heat dissipation is largely assumed
by the lungs in poultry (13, 14). When the ambient temperature falls
within the thermal comfort zone, birds can sustain their body
temperature with minimal effort. Typically, the optimal temperature
for growing Pekin ducks ranges from 18 to 20°C (15). However,
deviations from this range trigger behavioral, physiological, and
metabolic adaptations aimed at temperature regulation and mitigating
the impact of high temperatures (16-18). These adaptations include
panting, reduced food intake, weight loss, and can culminate in
undesirable outcomes such as increased feed conversion ratios (FCRs),
stunted growth, and compromised meat quality. In cases where
efficient heat dissipation is unattainable, multi-organ dysfunction may
ensue, potentially leading to fatality (19-21).

Recent strides in high-throughput screening technology have
culminated in the routine utilization of transcriptome sequencing for
the quantification and identification of RNAs across diverse tissues
and cells (22). RNA molecules bear transcribed genetic information
that can be translated into proteins or directly/indirectly modulate
gene expression levels (23). The variation in the number of different
transcripts in response to temperature changes can offer valuable
insights into cellular states and stress mechanisms (22, 24). Notably,
heat shock proteins (HSPs) and phosphoinositide 3-kinase (PIK3)
emerge as key participants in heat stress acclimation, with the genes
encoding these proteins showing significant upregulation in heat-
treated Fujian shelducks and Shan Ma, Pekin, Muscovy ducks (25-29).
Furthermore, non-coding RNAs that play immunoregulatory roles
during Salmonella enteritidis infection have been revealed through
competing endogenous RNA (ceRNA) regulatory networks in
Shaoxing ducks (30). Yet, the landscape of ceRNA networks under
heat stress conditions remains largely uncharted.

In this pioneering study, we have created a CHS model in CVds—a
breed with significant economic value—to explore the comprehensive
transcriptomic alterations (31). Our innovative approach employs
environmental control chambers for a precise induction of CHS,
facilitating the in-depth examination of gene, miRNA, mRNA, and
IncRNA expression variations using advanced sequencing techniques.
Furthermore, we have delineated IncRNA-miRNA-mRNA networks
to elucidate the intricate molecular dialogs during CHS, marking a
novel foray into the full-spectrum transcriptomic impact of heat stress
on these ducks.

2 Materials and methods

2.1 Animal resources, ethical approval and
sample collection

This study was conducted in strict accordance with the regulations
outlined by the Administration of Affairs Concerning Experimental
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Animals (Decree No. 63 of the Jiangsu Academy of Agricultural
Science on 8 July 2014). All experimental procedures involving
animals received ethical approval from the Research Committee of the
Jiangsu Academy of Agricultural Sciences (Nanjing, China).

Following the approach detailed in (15, 32), a batch of 72 newly-
hatched CVds with identical genetic backgrounds were procured from
a commercial farm. These ducks were subsequently divided into two
groups through random allocation, ensuring that there were no
significant disparities in phenotypes or weights among any pair of
groups. For brevity, these groups were subsequently referred to as
W20 and W29. During the initial phase of rearing, all ducks were
individually housed in separate pens equipped with an environmental
control chamber, providing access to ad libitum feed and water
(Supplementary Figure S1). Figure 1 illustrates that the ambient
temperature was sustained at 35°C for the first 4 days and was
subsequently decreased to 34°C for the following 3 days. Over days
8-12, the temperature in the W29 enclosure was gradually lowered by
1°C daily to 29°C, which was then sustained for 30 days. In parallel,
the ambient temperature for W20 was similarly reduced by 1°C daily
throughout this interval, leading to a steady state at 20°C (33). During
the entire rearing phase, humidity was consistently maintained at 74%
(34), with all ducks having free access to standard commercial pellet
feed and water from a drip-nipple system.

Ultimately, at the market-age of day 43, three samples were
collected from each group were humanely stunned with a 36V
electrified pool and then euthanized via jugular vein dissection (35).
As the second key organ for heat dissipation, their lungs were carefully
excised, promptly frozen in liquid nitrogen and then stored at —80°C
prior to dispatch to the sequencing company.

2.2 Microscopic observation of duck lungs

The lungs of each selected duck from both groups were examined
under a microscope at a magnification of 20x. Lung tissue samples
from CVds were carefully extracted and subsequently fixed in 4%
paraformaldehyde for a duration of 24h to preserve the cellular
structure for detailed histological analysis. Subsequently, the samples
underwent dehydration using a graded alcohol series. These specimens
were then infiltrated and embedded in paraffin, before being sectioned
into thin serial slices of approximately 5 pm thickness. These sections

40 — W29 - 150
G — W20
o35 — Humidity T
~ =100 3
o 30 o
,g - 74 Z
g F50 R
£ 20
'—
15 T T T T T 0
1 7 14 21 28 35 42
Day age (D)
FIGURE 1
Detailed temperature regimens for W20 and W29 cohorts over the
course of the investigation.
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were mounted onto glass slides, subjected to hematoxylin and eosin
staining, and observed using an Olympus microscope (BX53).

2.3 RNA extraction, library preparation and
full transcriptome sequencing

For each group, total RNA was isolated from three biological
replicates of lung tissue using TRIzol® reagent (Invitrogen,
United States), following the manufacturer’s protocol, and genomic
DNA was removed with DNase I RNase-free (TaKara, Japan). The
RNA concentration and integrity were verified using a
NanoDrop 2,100 spectrophotometer (Thermo Fisher Scientific,
United States) and an Agilent Bioanalyzer 2,100 (Agilent Technologies,
United States), respectively. Only high-quality RNA samples
(OD260/280=1.8 ~2.2, OD260/230>2.0, RIN >6.5, 285:18S > 1.0,
>1pg) were used for sequencing library construction.

Libraries for mRNA and IncRNA were prepared using a ribosomal
RNA depletion strategy with the NEBNext® Ultra™ Directional RNA
Library Prep Kit for Illumina (New England Biolabs, United States),
starting with 3 pug of RNA per sample. miRNA libraries were generated
using the QIAseq miRNA Library Kit (Qiagen, Germany), adhering
to the supplier’s instructions. Based on the length distribution
characteristic of miRNA, target fragments (16-35 nt) were isolated by
gel excision on a 6% Novex TBE PAGE gel (1.0mm, 10 well)
(Invitrogen, United States). Quantification was performed using the
Qubit 4.0 fluorometer (Thermo Fisher Scientific, United States), and
sequencing was carried out on an Illumina NovaSeq 6,000 system
(Illumina, United States) by Shanghai Majorbio Bio-pharm
Biotechnology Co., Ltd. (Shanghai, China).

2.4 Data preprocessing and quality control

After the above deep sequencing, the raw paired-end reads were
preprocessed using SeqPrep' and Sickle’ by removing adaptor
sequences and filtering low-quality reads (Supplementary Table S1).
Clean reads were aligned using HISAT to the high-resolution reference
genome of Anas platyrhynchos (A. platyrhynchos GCF_015476345.1,
https://www.ncbi.nlm.nih.gov/genome/2793?genome_assembly_
1d=1498951) (36, 37). The mapped reads were assembled by StringTie
in a reference-based approach (38). Also, the number of reads mapped
to each transcript was calculated using RSEM, and the transcripts per
million reads (TPM) was estimated to measure the expression level of
each gene/transcript (39).

2.5 Bioinformatics analysis at gene
expression level and mRNA expression
level

Gene expression level is a broader term that encompasses the
levels of all products of gene expression, including mRNA, non-coding

1 https://github.com/jstjohn/SeqPrep

2 https://github.com/najoshi/sickle
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RNAs, and proteins. mRNA expression level is a subset of this,
focusing only on the messenger RNA produced during transcription.
The DESeq2 package within R software was employed to identify
genes and mRNAs that were differentially expressed between W20
and W29, with an emphasis on those exhibiting a greater than 1.5-fold
change and an adjusted padj below 0.05, marking them as statistically
significant (40). These findings were further examined for functional
relevance using GO and KEGG pathway enrichment via GOATOOLS
and KOBAS (41, 42). Additionally, differentially expressed genes
(DEGs) were integrated into STRING (version 12.0) and Cytoscape
(version 11.0.13) to delineate protein—protein interaction (PPI)
networks, highlighting key modules using the cytoHubba plugin
(43-45). Enrichment analysis of interactive gene targets was
conducted using the BINGO plugin and the clusterProfiler package
(46, 47).

2.6 Identification of IncRNA and prediction
of target RNAs

Using the StringTie tool (38) with its default settings,
we reassembled transcripts from the aligned clean reads. Subsequently,
we cross-referenced these merged transcripts against known reference
transcripts annotated in GFF/GTF formats and existing IncRNA
databases to identify recognized IncRNAs. In addition, we pinpointed
putative novel IncRNA transcripts by their length, requiring over 200
base pairs, and by the presence of two or more exons. To assess the
coding potential of these transcripts, we employed a suite of tools:
CNCI (48) with a score threshold below zero, CPC (49) with a score
under 0.5, CPAT (50) with a score below 0.5, and Pfam with an e-value
stricter than le-3 but not passing the threshold. Transcripts that were
consistently predicted to lack protein-coding potential by these
metrics were classified as novel IncRNAs. Potential cis- and trans-
acting target mRNAs of IncRNAs were identified through an
examination of gene expression patterns and chromosomal
positioning, as outlined by (51). For cis-acting targets, genes situated
within a 100,000 base-pair range flanking the IncRNA were pinpointed
utilizing BEDTOOLS software as described by (52). The analysis of
IncRNA-mediated trans-regulation was predicated on the correlation
coeflicient between the expressions of IncRNA and mRNA, with
coeflicients signifying a trans-

exceeding 0.9 potential

regulatory interaction.

2.7 ldentification of miRNA and prediction
of target RNAs

Initially, all clean mapped tags were matched to known miRNAs
using the miRBase (version 22.1) database®. Subsequently, the
remaining tags were cross-referenced with the Rfam and Repbase
databases to filter out ribosomal RNA (rRNA), transfer RNA (tRNA),
small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), other
non-coding RNAs, and repeats. Finally, unannotated tags were
evaluated for potential novel miRNAs with miRdeep2 software (53),

3 http://www.mirbase.org/
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based on their genomic location and the formation of hairpin
structures. The miRanda algorithm (54) was applied to animal
samples, while psRobot (55) was utilized for insect samples to
forecast miRNA targets. Predicted miRNA-target RNAs were then
determined by identifying the overlap in the outcomes from
both tools.

2.8 Differentially expressed RNAs analysis

The refined datasets for IncRNAs, miRNAs, and mRNAs were
obtained by discarding low-quality reads from the initial raw data,
ensuring a Phred quality score of at least 20. RNAs that showed no
expression in over three samples were excluded from subsequent
analyses to maintain data integrity. Consequently, only high-quality
filtered datasets were utilized for further analysis. To quantify RNA
expression, the polished reads from the IncRNA and mRNA libraries
were mapped to the reference genome via the STAR aligner, while the
miRNA sequences were aligned to miRBase using the BOWTIE tool.
The R software’s limma package (56) was utilized for identifying
differentially expressed mRNAs, IncRNAs, and miRNAs (DEmRNAs,
DEIncRNAs, and DEmiRNAs). Significant DEmRNAs
DEIncRNAs were detected within the comparison groups, applying a
threshold of padj <0.05 and an absolute log2FC greater than 1. For
DEmiRNAg, the criteria of an absolute Log2FC greater than 0.585 and
a p-adjust value below 0.05 were adopted. Functional enrichment

and

analyses for GO terms and KEGG pathways were conducted on the
target genes of DEmiRNAs and DEIncRNAs, as well as on DEmRNAs,
using the GOATOOLS and KOBAS tools (42).

2.9 Construction of the
INncRNA-miRNA-mRNA regulatory network

To elucidate the relationships between DEmRNAs, DEIncRNAs,
and DEmiRNAs, a IncRNA-miRNA-mRNA regulatory network was
established rooted in the ceRNA hypothesis. Predictions for miRNA-
IncRNA and miRNA-mRNA pairings were conducted utilizing
Miranda and Targetscan (57), respectively, while the Spearman
correlation coefficient, hinged on expression levels, was employed to
assess the interplay among these pairings. Visualization of the intricate
network was achieved through Cytoscape software.

2.10 RT-gPCR validation for the expression
level of DEmRNAs, DEmiRNAs, and
DElncRNAs

The cDNA synthesis for mRNA involved reverse transcription
using HiScript III RT SuperMix with gDNA wiper (Vazyme, China)
in a thermal cycler, following the protocol provided by the
manufacturer. The inverse transcription reaction (ITR) for mRNA was
executed in a 20 pL reaction mix, incubated at 37°C for 15 min and
85°C for 55, then cooled to 4°C. For IncRNA, cDNA synthesis was
performed using the InRcute IncRNA ¢cDNA First-Strand Synthesis
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Kit and FastKing One Step First-Strand Synthesis Kit (both from
Tiangen, Beijing, China). The cDNA for miRNA was synthesized
using the miRNA First Strand cDNA Synthesis (Stem-loop Method)
Kit (Sangon Biotech, China), with the ITR for both IncRNA and
miRNA conducted as per their respective kits’ guidelines.

Primer sets for mRNA were crafted using Primer Premier 6
software, while primer sets for IncRNA and miRNA were designed via
Sangon Biotech’s online tools®. All primers used in this study were
synthesized by Genewiz® (China), based on sequences in GenBank
and the reference genome. Then, quantitative real-time PCR
(RT-qPCR) was carried out using SYBR Green Master Mix (Yeasen,
Shanghai, China) on an ABI 7500 Sequence Detector (Applied
Biosystem, United States) according to the manufacturer’s instructions.
The reaction mixture included 10 pL of first-strand cDNA, 0.4 pM
each of forward and reverse primers, and 10 pL of 2x SYBR Green
Master Mix, totalling 20 pL. For miRNA, the MicroRNAs qPCR Kit
(SYBR Green Method) from Sangon Biotech was employed. The
RT-qPCR protocol consisted of an initial denaturation at 95°C for
2 min, followed by 34 cycles of 95°C for 10s and 60°C for 30s. All
assays were performed in triplicate, with GAPDH as the internal
control gene for mRNA and IncRNA, and U6 snRNA as the internal
control for miRNA expression studies (37, 58). Melting curve analysis
confirmed the specificity of the amplification, and relative gene
expression was quantified using the 2—*2“ method.

3 Results
3.1 Growth performance and carcass traits

Supplementary Figure S2 reveals that at the 43-day collection
point, W20 exhibited superior performance over W29 in the majority
of carcass characteristics. For a more comprehensive analysis, please
consult our previously published work (1). These findings suggest that
the growth rate of CVds decelerates when ambient temperatures rise
from 20°C to 29°C, aligning with the findings reported in (4).

3.2 Histopathological examination

In the comparative illustration provided by Figure 2, the lungs of
‘W20 exhibited a robust, reddish color and no exudate, with the alveoli
retaining their proper form and exhibiting only minor signs of
inflammation. The lung interstitium was also free from any signs of
excess fluid. In stark contrast, the W29 samples showed significant
exudation and altered alveoli that no longer maintained their usual
shape. These samples demonstrated considerable changes including
thickened alveolar walls, capillary closure, and the presence of
inflammatory cells within the alveolar passages, along with interstitial
swelling. Yet, these issues were less pronounced than in previous
W29 samples.

4 https://store.sangon.com/newPrimerDesign
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FIGURE 2

Gene expression profiles in CVds at 43 days of age. The cross-sectional areas of CVds lung tissue reared in an environmental control chamber at (A—C)
20°C and (D—F) 29°C. In panels (D—F), the green arrows point to areas of inflammatory tissue.

3.3 Gene expression divergence and
subsequent analysis

To elucidate the genetic underpinnings of heat tolerance in CVds,
transcriptomic analyses were conducted on individual lung samples
from both W20 and W29 groups using the Illumina NovaSeq 6,000
system. Each of the three cDNA libraries yielded a substantial number
of clean reads, amassing billions of nucleotides in total. More than
91% of the clean reads from each library can be mapped to the
reference genome of A. platyrhynchos. The expression level of each
transcript was measured using TPM method. For the evaluation of
gene expression variance, the profiles of the longest transcript isoforms
were considered. Followed Principal Component Analysis (PCA)

Frontiers in Veterinary Science

demonstrated a marked distinction between the W20 and W29
sample groups (Figure 3A).

Genes exhibiting an absolute fold change of at least 1.5, coupled
with a padj under 0.05, were classified as DEGs (Supplementary
Table S2). From the W20/W29 comparison, a total of 1,013 DEGs
were discovered, among which were 605 up-regulated and 408 down-
regulated, as shown in Figures 3B,C. Based on the MCC algorithm and
literature research, the top genes were identified as potential hub
genes, which were TLR7, IGF1, MAP3K1, CIITA, LCP2, PRKCB, and
PLCB2 (Figure 4).

Subsequently, the GOATOOLS software was employed to pinpoint
GO terms significantly enriched within these DEGs. A Fisher’s exact
test, adjusted for multiple testing with the Benjamin-Hochberg
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FIGURE 3

Gene expression profile analysis in CVds at 43 days of age. (A) Principal Component analysis plot for six samples. (B) Volcano plot visualizing the gene
expression profile, created using the ComplexHeatmap package in R. (C) Heatmap representation of selected differentially expressed genes. (D) Gene
Ontology enrichment analysis of DEGs. (E) Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis for DEGs.
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FIGURE 4
Protein—protein interaction networks. (A) A comprehensive PPl network for all differentially expressed genes, purged of any isolated nodes; (B) a
focused subnetwork displayed in a circular layout to emphasize connectivity.
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method, flagged GO terms with a false discovery rate less than 0.05 as
significantly enriched. Functional annotation of GO terms revealed
DEGs predominantly engaged in four biological processes: ‘immune
response, ‘immune system process, ‘regulation of immune system
process, and ‘response to external stimulus;, mirroring findings from
multiple other studies. In terms of cellular components, the majority
of associated GO terms pertained to membrane-related structures,
including ‘membrane; ‘mitochondrial inner membrane; and ‘organelle
membrané’ (Figure 3D). These DEGs were predominantly found to
be connected to immune system pathways, including ‘intestinal
immune network for IgA production, “Toll-like receptor signaling
pathway; and ‘C-type lectin receptor signaling pathway’ Notably, a
significant number of these DEGs were also enriched in pathways
related to ‘oxidative phosphorylation’ and were implicated in
‘Salmonella infection’ (Figure 3E).

3.4 Characterization and analysis of
differentially expressed mRNA

Utilizing quality-assured RNAseq data, we delineated 34,363
protein-encoding mRNAs via custom shell scripts developed in-house.
Of which, there were 1,434 mRNA observed to be significantly
differentially expressed, with 803 up-regulated and 631 down-
regulated (Figures 5A,B).

The GO term functional annotation highlighted that DEmRNAs
were actively involved in breakdown processes, including the
catabolism of macromolecules and organic substances, as well as
protein metabolism. Cellular component analysis showed an
abundance of GO terms related to ubiquitin-related enzyme activities,
specifically ‘ubiquitin-protein transferase activity’ and ‘ubiquitin-like
protein transferase activity’ (Figure 5C). Additionally, these
DEmRNAs showed a significant presence in immune system
pathways, like “Toll-like receptor signaling’ and ‘C-type lectin receptor
signaling. Notably, a greater number of terms were associated with
infectious diseases, such as those related to ‘Herpes simplex virus 1
infection, ‘Influenza A’ and ‘Salmonella infection’ (Figure 5D).

3.5 Characterization and analysis of
differentially expressed IncRNA and
functional enrichment analysis of predicted
targets

In the realm of gene regulation, IncRNAs act as cis-regulators,
often influencing proximate protein-coding genes. Utilizing refined
RNAseq data subjected to quality control, our tailored shell scripts
facilitated the identification of 5,352 (4,387 known and 965 novel)
IncRNA transcripts. The genomic analysis revealed that while
IncRNAs and mRNAs share similar transcript lengths, IncRNAs are
more likely to have longer sequences exceeding 3,000 bp. LncRNAs
typically feature a greater proportion with 2-5 exons and possess
shorter open reading frames (ORFs) and lower expression levels as
quantified by FPKM (Figures 6A-D).

Subsequent analysis revealed 217 differentially expressed IncRNAs
within the W29 profile, comprising 111 that were up-regulated and the
rest displaying down-regulation (Figures 7A,B). Plus, GO and KEGG
pathway enrichment analyses were undertaken to decipher the functions
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and pathways associated with the predicted targets. The enriched GO
terms were principally connected to immunoreaction, such as ‘immune
response, ‘immune system process, and ‘regulation of immune system
process’ (Figure 7C). The KEGG pathway analysis revealed involvement
in immune system (e.g., Intestinal immune network for IgA production)
and Infectious disease (e.g., Salmonella infection) (Figure 7D).

3.6 Characterization and analysis of
differentially expressed miRNA and
functional enrichment analysis of predicted
targets

In this study, we generated a substantial number of raw reads,
totaling 12,706,326, 10,121,409, and 9,982,953 for W20, and
12,311,631, 12,412,586, and 10,192,859 for W29, respectively.
Following the removal of adaptor sequences, low-quality sequences,
and reads outside the length range of 18 to 32 nucleotides, we obtained
high-quality clean reads: 12,553,092, 10,032,226, and 9,858,879 for
W20, and 11,971,885, 12,250,135, and 9,864,788 for W29. The
majority of these clean reads ranged in length from 20 to 24
nucleotides (Figure 6E). Upon classifying the small RNAs,
we discovered that 75.3% of the clean reads were attributed to intronic
(61.69%) and exonic (38.24%) regions. Additionally, miRNAs
accounted for 19.3% of the reads, small non-coding RNAs (sncRNAs)
comprised 0.96, and 4.37% were categorized as other types (Figure 6F).

Additionally, for the miRNA expression profiles, 543 DEmiRNAs
were identified in W29, including 413 up-regulated and 130 down-
regulated miRNAs (Figures 8A,B). In the target study of W29-specific
DEmiRNAs, GO annotation revealed a preponderance linked to
molecular functions like receptor activities such as ‘neurotransmitter
receptor activity; ‘signaling receptor activity; and ‘transmembrane
signaling receptor activity. Cellular component annotations centered
around structures such as membranes and organelles, while molecular
functions primarily involved binding and catalysis. The enriched GO
terms for known DEmiRNAs were associated with catabolic processes
(Figure 8C). In KEGG pathway analysis, the targets of DEmiRNAs
were involved in MAPK signaling pathway, Calcium signaling
pathway, and TGF-beta signaling pathway (Figure 8D).

3.7 CeRNA regulatory network in response
to CHS

To elucidate the comprehensive regulatory matrix involving
protein-coding RNAs and non-coding RNAs in response to CHS, a
complex ceRNA network was established, integrating differentially
expressed miRNAs, mRNAs and IncRNAs. This expansive network
predicted thousands of mRNAs and dozens of IncRNAs as miRNA
targets in the lungs of W29. Filtering interactions by a strong negative
correlation revealed several thousand potential miRNA-mRNA and a
handful of miRNA-IncRNA linkages. Certain miRNAs (miR-146,
miR-217, miR-29a-3p, miR-10926, miR-146b-5p, and miR-17-1-3p)
emerged as central hubs, potentially key to regulatory mechanisms,
while multiple IncRNAs (LOC101804558, LOC113841824,
LOC101798355, LOC119717605, and LOC110353088) were also
pinpointed as significant network participants (Figure 9).
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3.8 RT-gPCR confirmation of
mMiRNA-ceRNA correlation in CHS
responses

To substantiate the RNAseq data and examine the expression

correlation between miRNAs and their targets, we selected four key
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miRNAs—miR-146, miR-217, miR-29a-3p, and miR-10926—and
their associated mRNAs and IncRNAs from the ceRNA network for
RT-qPCR analysis. The primer sequences for the mRNAs and
IncRNAs are itemized in Tables 1, 2, respectively, incorporating
GAPDH as the internal reference gene. The primers for the miRNAs
are cataloged in Table 3, with U6 employed as the internal
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normalization gene. The analysis affirmed a predominantly accurate
reflection of regulatory dynamics, with miRNAs and their respective
targets displaying the expected regulatory trends of either up- or
down-regulation (Figure 10). Notably, miR-146 was observed to
be up-regulated, with its predicted targets being up-regulated, while
miR-217 demonstrated down-regulation, accompanied by
up-regulation of all its targets. These results not only validate the
RNAseq data’s accuracy but also the postulated inverse relationship
between the expression of miRNAs
corresponding ceRNAs.

levels

and their

Frontiers in Veterinary Science

77

4 Discussion

The detrimental physiological effects of CHS on poultry and
livestock industries are well-documented. These effects encompass
reductions in feed intake, feed efficiency, growth performance, meat
and egg production, meat quality, and survival rates (15, 24, 32, 59—
67). Moreover, various studies have explored the impact of CHS on
inflammatory responses, dysbiosis, reactive oxidative stress (ROS),
signal reactions, and energy metabolism (68-76). Some studies have
specifically investigated the health status and well-being of ducks
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under increasing ambient temperatures, focusing on granulosa cells  poultry rearing in recent years (78). In the current study, we made full
and the jejunum (25, 77). As the one of the main high-throughput  transcriptome profiling of lungs detached from two groups of CVds at
sequencing technologies, transcriptomics has been facilitating the 43 days of age reared under 20 and 29°C ambient temperatures. In
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order to understand the molecular mechanism of response to CHS, TLR7, IGF1, MAP3K1, CIITA, LCP2, PRKCB, and PLCB2. Notably,
comprehensive bioinformatics analysis and intensive RT-qPCR  TLR?7, highly expressed in duck lung tissue, is a key gene in the innate
experiments was implemented. immune defense against viral infections such as influenza (78-80),

Initial findings indicate that CHS significantly modulates a range  and also plays a role in egg production (79-83). Immunostimulants
of physiological aspects in CVds through pivotal genes including  are reported to enhance antioxidant and immune efficacy by
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stimulating TLR7 expression (84, 85). CIITA (Class II major
histocompatibility complex trans-activator) is integral to the innate
immune response, functioning as a trans-activator that boosts
MHC-II expression in both antigen-presenting and virus-infected
cells. This activation sparks antiviral responses in the host, serving as
a blockade against viral replication and aiding in the clearance of viral
infections (86, 87). IGF1I is acknowledged as a key gene influencing
growth, body composition, and the development of metabolic and
skeletal traits, and plays a significant role in the growth of various
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tissues, including muscle and bone (88-95). Moreover, its correlation
with reproductive efficiency underscores its importance in
developmental biology and poultry breeding programs (96-100).
Publications concerning MAPK3KI (mitogen-activated protein kinase
kinase kinase 1) (101, 102), LCP2 (103) are limited, yet these genes are
known for their roles in lipid metabolism and the development of fatty
liver disease. PRKCB (protein kinase C alpha) (104), and PLCB2
(Phospholipase C Beta 2) are less frequently mentioned. The
comprehensive analysis incorporating differential expression and
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FIGURE 10
Validation of different expressed RNAs via RT-gPCR. (A—F) mRNA, (G—J) miRNA, (K—0) IncRNA. The relative expressions were calculated in triplicate
using the method of 2-24Ct and presented as mean + SD. *p-value <0.05, **p-value <0.01, ***p-value <0.001, ****p-value <0.0001.

TABLE 1 Primer sequences for mRNA quantification via RT-qPCR.

mRNA name GenBank accession No. Primer sequences (5'—3) Product size (bp)

F: CACAGTTCTCCTCTCGCCTCTC
AGPAT3 rna-XM_038172299.1 170
R: ATTCTTGGTTGCCGTAGCTGGA

F: GCCACTGAGGAGCCGTTGAATC
PPA2 MSTRG.7142.3 119

R: GTCTGAGGGAGGGCACCGTAAT

F: AGCAGGAGAAGCAAGTGGAAGA
CIITA rna-XM_027469345.2 266
R: CTGGTGAGTTAGCGAGGTGGAG

F: GCGATGTGGCTGAAGAGGAACC
PLCB2 rna-XM_005019168.5 295
R: CGGCTCATCTGTCGCTTGTTGT

F: TGCCAACAGTCGAACGAGTCAA
MAP3K1 rna-XM_038170332.1 188
R: CCAGTAGTGCTTGCCAGTTGCT

F: CCTGACTACATCGCACCTGAGA
PRKCB rna-XM_038186960.1 202
R: AGATCGCCACTGCCTCCTTG

F: GGTTGTCTCCTGCGACTTCA
GAPDH rna-XM_03818058.4 165
R: TCCTTGGATGCCATGTGGAC

E forward primer sequence; R, reverse primer sequence. GAPDH, internal control gene.
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TABLE 2 Primer sequences for miRNA quantification via RT-qPCR.

miRNA name

Target name

GenBank accession No.

10.3389/fvets.2024.1417244

Primer sequences (5'-3)

miR-146 AGPAT3 rna-XM_005012470.5 F: GCGCTGAGAACTGAATTCCA
AGPAT3 rna-XM_038172299.1 R: GTGCAGGGTCCGAGGT
miR-29a-3p EXOC4 MSTRG.75.2
MAP3K1 rna-XM_038170337.1
F: GCGCTAGCACCATCTGAAAT
MAP3K1 rna-XM_038170332.1
POU2F1 rna-XM_027449375.2
POU2F1 rna-XM_038184037.1
PRKCB rna-XM_038186960.1 R: GTGCAGGGTCCGAGGT
TCIRG1 rna-XM_038179683.1
miR-10926 MAP2K6 rna-XM_038165339.1 F: GCGCGCATCCCAGCGGTG
POU2F1 rna-XM_038184037.1
R: GTGCAGGGTCCGAGGT
POU2F1 rna-XM_027449375.2
F: GCGCTGAGAACTGAATTCCA
miR-146 LOC101805192 rna-XR_005269648.1
R: GTGCAGGGTCCGAGGT
LOC119718278 rna-XR_005269166.1
F: GCGCTAGCACCATCTGAAAT
LOC119715672 rna-XR_005262974.1
miR-29a-3p LOC101791220 rna-XR_003496600.2
LOC119718278 rna-XR_005269167.1 R: GTGCAGGGTCCGAGGT
LOC106018689 rna-XR_002404388.3
F: GCGCGCATCCCAGCGGTG
miR-10926 LOC110351219 rna-XR_005260670.1
R: GTGCAGGGTCCGAGGT
U6 F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT

E forward primer sequence; R, reverse primer sequence. U6, internal control gene.

RT-qPCR suggests the potential of these genes as biomarkers for heat
stress in CVds.

Similarly, it was found that biological profiles, inflammation, and
stress protein markers were significantly enriched in miRNA target
genes in differential genomes, including LIRAPL2, IL7R, TRAF3,
TRAF5, HSPAS, etc. ILIRAPL2 is a molecule in the ILIR family that
has different biological effects on immune and inflammatory
responses. There is evidence to suggest that ILIRAPL2 is a specific
biomarker for kidney injury (105). IL7R is often regulated to varying
degrees after virus attacks on poultry. Similarly, there is evidence to
suggest that IL7R is associated with cellular responses to heat exposure
(106). TRAF3 is a key innate immune regulatory factor that plays a
crucial role in defending against viral invasion (107, 108). TRAF5 has
been found to regulate inflammation and apoptosis of atherosclerosis,
steatosis and melanoma cells, and also plays an important role in
regulating myocardial I/R injury (109). HSPAS can significantly affect
the proliferation, apoptosis, and immune function of poultry
macrophages, while significantly promoting the proliferation of HD11
cells and inhibiting their apoptosis, with pro-inflammatory
effects (110).

Subsequent analysis of gene enrichment pointed to CHS
significantly bolstering immunological processes, with a particular
focus on catabolic pathways in the case of DEmRNAs and targets of
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DEmiRNAs. Across the differentially expressed RNAs, pathways in the
immune system, especially those involved in IgA production and Toll-
like receptor signaling, were highlighted. These enrichments align with
the literature on CHS’s impact on animal health (1, 12, 26, 70, 75, 76).
The pathway of Salmonella infection consistently appears as one of the
most enriched, reflecting the pathogen’s notoriety as a leading poultry-
associated foodborne illness. This observation aligns with findings that
heat stress may compromise the immune defenses, potentially
increasing the risk of Salmonella infection in poultry, as noted in recent
studies (31). The calcium signaling pathway, akin to the Salmonella
infection pathway, has shown deep involvement in response to heat
stress (Figures 3E, 5D, 7D). Elevated temperatures can increase
membrane fluidity and permeability, leading to a calcium imbalance
and the release of cytochrome c into the cytoplasm, triggering apoptosis
through factors like caspases (63). Simultaneously, ROS generated
under heat stress can inflict oxidative damage on enzymes responsible
for muscle calcium regulation, further disturbing cellular homeostasis.
As a result, high temperatures lead to reduced levels of calcium and
phosphorus in the plasma of laying hens. These minerals are crucial for
egg production and the quality of the eggshell (18, 104, 111).

In addition, this study presents, for the first time, a batch of
miRNAs which play a role in CHS response of duck. In the
foundational stages of inflammation, miR-146 is upregulated following
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TABLE 3 Primer sequences for IncRNA quantification via RT-qPCR.

IncRNA name GenBank accession No. Product size (bp)

Primer sequences (5'-3)

LOC101804558 rna-XR_005269495.1 F: CTGCCTCACCTCTTCGTCTTGG 96
R: GCTGCTTCTGTCCTTCTCACTCC

LOC113841824 rna-XR_005267325.1 F: GCAAAGCACAGCCAGCAGTTAC 107
R: ACAGATACCGCATCCAGAGAAGAAG

LOC101798355 rna-XR_005260529.1 F: GCAGAGGGTGAGGTGGTTGTC 114
R: TTCTGGAGGAGCCTTGCATAAGC

LOC119717605 rna-XR_005267439.1 F: GGAGCAGGACACAGCCACTAAC 127
R: GCACAGGACAGACGGACAGAC

LOC110353088 rna-XR_005266311.1 F: CCTGCTGCTGCTGCTCCTG 130
R: GGGTGGCATCTTCCTCCTTCTTC

GAPDH rna- XM_03818058.4 F: GGTTGTCTCCTGCGACTTCA 165
R: TCCTTGGATGCCATGTGGAC

E forward primer sequence; R, reverse primer sequence. GAPDH, internal control gene.

exposure to lipopolysaccharide LPS, a bacterial element detected by
TLR4. This triggers a series of events where NFkB migrates to the
nucleus, initiating the expression of genes responsible for inflammatory
mediators (112-114). Research has strengthened miR-146’ role in this
pathway, underscoring its function in a negative feedback mechanism
that tempers the inflammatory response initiated by TLR4 (115).
MiR-146b-5p is typically upregulated in response to Salmonella
enterica infection, playing a pivotal role in maintaining immune
balance by dampening the initiation of the innate immune reaction
(116, 117). This miRNA has been shown to facilitate replication of the
Duck Tembusu virus through the suppression of the RPS14 gene,
demonstrating its negative regulatory capacity in immune processes
(118). miR-217 is noted for its regulatory influence on diverse muscle
cell types by modulating critical genes, targeting ROCKI in vascular
smooth muscle cells and FGFR?2 in skeletal muscle progenitors (119,
120). In the context of chicken liver cancer cells, miR-29a-3p responds
to selenium levels and can instigate cell movement and invasion. It
does this by focusing on the COL4A2 gene, leading to the suppression
of the RhoA/ROCK signaling pathway (121). To date, the roles of
miR-10926 and miR-17-1-3p remain unexplored, signaling the need
for further investigation into their functions.

However, it's important to acknowledge the limitations of this
study. Firstly, we focused solely on morphological changes in lung
tissue, and future research should incorporate biochemical tests of
lung tissue and morphological tests of skin tissue, as skin is the largest
heat dissipation system. Secondly, while the short-read transcriptome
sequencing and data analysis provided valuable insights, they do not
provide a complete view. The list of DEGs obtained here includes some
unreported genes that likely play crucial roles in the CHS-induced
response of ducks. These genes should be characterized in future
studies. Furthermore, investigating the mechanisms that regulate the
expression of these genes is essential, as is the use of other omics
approaches (multi-omics studies). Additionally, the present study
could benefit from additional examinations, such as assessing amino
acid composition, nutritional value, and protein digestibility (122).

As a brief supplement, several strategies have been proposed to
mitigate the adverse effects of CHS, such as improving housing,
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ventilation, and cooling systems (e.g., using little rearing systems and
cage rearing systems) (123, 124), dietary supplementation (e.g., with
vitamin A, vitamin C, vitamin E, Glutamine, and Herbs) (125-129),
feed additives (e.g., probiotics, prebiotics, polyphenols, and palm oils)
(130, 131), and other approaches (e.g., feed restrictions and genetic
selection for heat tolerance) (132-136).

5 Conclusion

In essence, this study aims to delve into the effects of varying
ambient temperatures on the growth performance of CVds and
shed light on the underlying mechanisms responding to heat stress
using cutting-edge high-throughput sequencing technologies. In
conclusion, like other poultry, CVds are also sensitive to high
ambient temperatures, and environmental control chambers offer
advantages in improving their quality of life (20, 137, 138).
Considering the predictions of continued climate change in most
models (19, 139), further research is urgently needed to uncover
and

the response mechanisms

ducks to CHS.

regulatory networks of
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Fibroblast activation protein is a
cellular marker of fibrotic activity
In canine idiopathic pulmonary
fibrosis
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Mutien-Marie Garigliany?, Thomas Marichal®**® and
Cécile Clercx?
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and Health (FARAH), Faculty of Veterinary Medicine, University of Liege, Liége, Belgium, 2Department
of Morphology and Pathology, FARAH, Faculty of Veterinary Medicine, University of Liége, Liege,
Belgium, *Laboratory of Immunophysiology, GIGA Institute, University of Liege, Liége, Belgium,
“Department of Functional Sciences, FARAH, Faculty of Veterinary Medicine, University of Liége,
Liege, Belgium, *Department of Biomedical Sciences, School of Veterinary Medicine, University of
Pennsylvania, Philadelphia, PA, United States, ®Walloon Excellence in Life Sciences and Biotechnology
(WELBIO) Department, WEL Research Institute, Wavre, Belgium

Canine idiopathic pulmonary fibrosis (CIPF) is a progressive fibrotic interstitial
lung disease of unknown etiology, afflicting aging West Highland white terriers
(WHWTs) and leading to progressive respiratory failure. Fibroblast activation
protein (FAP), a protease overexpressed in many cancers, is upregulated
in idiopathic pulmonary fibrosis in humans. The aim of this study was to
investigate FAP as a marker of active fibrosis in lung biopsies from WHWTs
affected with CIPF, as well as the potential of plasmatic FAP as a biomarker.
After establishing a scoring system to evaluate the severity and activity of
fibrosis on histopathological lung sections, anti-FAP immunohistochemistry
was performed on healthy and CIPF samples. FAP expression was characterized
using both visual and digital quantitative pathology software analyses and then
correlated to fibrosis severity and activity. Levels of plasmatic FAP in WHWTs
affected with CIPF were measured by enzyme-linked immunosorbent assay
and compared with healthy dogs. Lung samples from 22 WHWTs affected
with CIPF were collected. According to the fibrosis scoring system, they were
classified as cases of mild (5), moderate (9) and severe (8) fibrosis and were
attributed scores of fibrosis activity. Fifteen healthy lung samples were classified
as non-fibrotic. Healthy lung samples were FAP-negative, whereas fibroblasts
were FAP-positive in 20 CIPF samples. FAP immunohistochemical expression
correlated mildly with fibrosis severity (p < 0.05; R? = 0.22) but highly with fibrosis
activity scores (p<0.001; R?=0.68). Digital image analysis detected a higher
percentage of FAP-positive cells in areas of active fibrosis (p<0.001) and FAP-
positive cells were distributed outside mature fibrosis lesions, clustered in active
fibrosis areas or scattered within alveolar septa. On the other hand, plasmatic
FAP was significantly lower in dogs affected with CIPF compared with healthy
dogs (p <0.01). In conclusion, this study provides a valuable histological scoring
system to assess the severity and activity of fibrosis in CIPF. It demonstrates that
FAP is a good cellular marker of fibrotic activity in CIPF, and thus constitutes a
promising target to be exploited for diagnostic and therapeutic applications.
Additionally, it suggests that plasmatic FAP, although non-specific, could
be altered in CIPF.
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1 Introduction

Canine idiopathic pulmonary fibrosis (CIPF) is a progressive fibrotic
interstitial lung disease of unknown etiology, affecting the West Highland
white terrier (WHWT) breed leading to progressive respiratory
insufficiency, mimicking idiopathic pulmonary fibrosis (IPF) in humans
(1, 2). Currently, there are neither consistent diagnostic or prognostic
biomarker nor curative treatment options available for this disease (1, 2).

Fibroblast Activation Protein (FAP), also known as seprase, is a
cell surface protease which exhibits both dipeptidyl peptidase activity
and endopeptidase activity (3). Among substrates of the endopeptidase
activity, FAP cleaves denatured type 1 collagen, thus participating in
extracellular matrix (ECM) remodeling (3). The protease also exists as
a soluble circulating form called antiplasmin-cleaving enzyme (APCE)
(4). FAP is specifically expressed in areas of physiological and
pathological active tissue remodeling, including wound healing and
scar formation in mammals (5). FAP is usually undetectable in normal
tissue (5), although low basal levels have been measured in human
adipose tissue, liver and plasma (6, 7).

In human IPE, immunohistochemical studies on lung biopsies
showed that FAP is strongly expressed in areas of lung fibrosis, namely
in fibroblast foci and interstitium, and is positively correlated with the
severity of fibrosis (8, 9). In humans, FAP is also upregulated in other
fibrotic diseases (10-12) as well as non-fibrotic diseases (13, 14), and,
importantly, in various types of cancers. Indeed, it is expressed in over
90% of carcinomas, including among others non-small-cell lung
carcinoma (15-17), colorectal (18, 19), esophageal (20), breast (21-23),
and renal (24) cancer. The protease is mainly present in cancer associated
fibroblasts, but can also be expressed in other cells in the tumor
microenvironment [immune (25) cells or endothelial (19) cells] or in
epithelial tumor cells (17, 19). In dogs, overexpression of FAP has already
been demonstrated in the stroma of mast cell tumors and mammary
carcinomas (26, 27) as well as in the right atrium of beagle dogs with
induced atrial fibrillation (28). Moreover, overexpression of the FAP gene
has been observed in post-mortem lung biopsies from WHWTs affected
with CIPF compared with healthy controls based on microarray analysis
and quantitative reverse transcriptase polymerase chain reaction (29).

Recently, FAP-targeted positron emission tomography (PET)
imaging using a FAP inhibitor (FAPI) has been described as a
non-invasive sensitive tool for advanced tumor staging and
monitoring and has a promising potential owing to its ability to
accurately depict most malignant tumors (30). Beyond its application

Abbreviations: BSA, bovine serum albumin; CAR, chimeric antigen receptor; CIPF,
canine idiopathic pulmonary fibrosis; DPBS, Dulbecco’s Phosphate-Buffered
Saline; ELISA, enzyme-linked immunosorbent assay; EPT, endpoint titer; FAP,
fibroblast activation protein; FAPI, fibroblast activation protein inhibitor; HE,
hematoxylin and eosin; IHC, immunohistochemistry; IPF, idiopathic pulmonary
fibrosis; PET, positron emission tomography; UIP, usual interstitial pneumonia;
WHWT, West Highland white terrier.
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in neoplastic disorders, there have been encouraging reports
suggesting the utility of FAPI PET in non-neoplastic conditions such
as respiratory or cardiac diseases including IPF (9, 31-33). Indeed, the
uptake of FAP-targeted tracers (labeled with either ®*Ga or '*F) in IPF
patients is higher than in healthy volunteers, and also seems to
be positively correlated to the pulmonary function decline (9, 33).

Given the potential role of FAP in the pathogenesis of fibrosis and
cancer, several therapeutic strategies seek to target this protein, from
selective inhibitors (34) to anti-FAP chimeric antigen receptor
(CAR)-T cells (35) or even recent theragnostic ligands (36). However,
none of these FAP-based therapeutic approaches have been approved
in humans yet.

If FAP appears to be a specific marker of active fibrosis in dogs with
CIPE it could represent both an interesting diagnostic and monitoring
marker of the disease and importantly, a potential therapeutic target.
Therefore, the aim of this study was to gain insight into the implication
of FAP in the pathophysiology of CIPF and to confirm its potential as a
marker of disease activity. We hypothesized that FAP is expressed in
lungs of WHWTs affected with CIPE, as well as in the stroma of canine
lung cancers, used as positive controls, but not in healthy lungs.
Anti-FAP immunohistochemistry (IHC) staining was thus performed
on sections of lung biopsies from WHW'Ts affected with CIPE dogs with
lung cancer and dogs without pulmonary disease. The pattern of FAP
expression was characterized according to the pattern of severity and
activity of fibrosis, using both visual and digital quantitative pathology
software analyses. Finally, the potential of circulating FAP as a biomarker
of CIPF was investigated by measuring the levels of plasmatic FAP in
WHWTs affected with CIPF in comparison with healthy dogs.

2 Materials and methods
2.1 Lung sample collection

For this cross-sectional observational study, lung biopsies were
obtained from 22 WHWTs affected with CIPF (median age of 12.4 years;
range 10.3-15.6; 10 females and 12 males), 15 dogs of various breeds
[WHWT (4), Beagle (3), Yorkshire Terrier (3), mixed breed (2),
American Staffordshire Terrier, Bull Terrier, Leonberger, and Shih Tzu]
exempt from lung disease (median age of 13.2years; range 7.3-16.8; 4
females and 11 males) and 7 dogs of different breeds [WHWT (4),
mixed breed (2), Weimaraner] with lung neoplasia (median age of
12.0years; range 8.2-14.2; 5 females and 2 males). In WHWTs, CIPF
diagnosis was based on clinical signs, physical examination, 6-min walk
test, hematology, serum biochemistry, arterial blood gas analysis, cardiac
ultrasonography, thoracic high-resolution computed tomography,
bronchoscopy and analysis of bronchoalveolar lavage fluid (1, 37). CIPF
and healthy WHWTs were recruited as part of a longitudinal study
conducted at the University of Liege and approved by the Animal Ethics
Committee of the University of Liege (approval #20-2245). Healthy
controls were euthanized for reasons unrelated to the study and had no
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respiratory clinical signs and normal lung histopathology. Five post-
mortem lung biopsies were collected: one in the periphery of the right
cranial and accessory lobes, two in the periphery of the right
diaphragmatic lobe - one ventrally and one dorsally - and one centrally
in the right middle lobe. Biopsies of pulmonary neoplasia, collected after
either lobectomy or necropsy, were also retrieved. All biopsies were fixed
in formalin 10% and embedded in paraffin until further use. All samples
were obtained with informed owner consent.

2.2 Histopathology and fibrosis scoring

Formalin-fixed, paraffin-embedded specimens were sliced into
5pm sections with a motorized microtome (Microm HM355S,
Thermo Fisher Scientific). Hematoxylin and eosin (HE) staining was
initially performed. All slides were evaluated by the first author and
by a diplomate of the European College of Veterinary Pathology
(MMG), who were blinded to the clinical records. For each healthy
and CIPF case, one representative section was selected and additional
serial slides were stained with Masson’s trichrome and Picro Sirius red
for further use. All sections were digitalized with NDP NanoZoomer
(Hamamatsu) and Picro Sirius red slides were additionally digitalized
under polarized light with ZEISS Axioscan 7.

For each selected section, a scoring system of fibrosis was applied,
based on both HE and Masson’s trichrome. For this purpose, a list of
criteria was established, as detailed in Table 1, based on previously

10.3389/fvets.2024.1416124

reported histopathological examinations of CIPF lung sections (37,
38) and the latest consensus for histopathological diagnosis of human
IPF (39). Categories of criteria included the pattern of interstitial
fibrosis (evaluating the severity of fibrosis in the subpleural area, in
peribronchiolar area as well as within alveolar septa) based on
Masson’s trichome stained sections, the maturity of fibrosis and its
extent over the section (based on HE and Masson’s trichrome), and
alveolar epithelial and luminal changes (based on HE). Regarding the
maturity of fibrosis, each case was assigned a score of active fibrosis
from 0 to 3 reflecting the proportion of the section affected by active
fibrosis, which was defined as immature, highly cellular, fibroblast-
dominant fibrosis (38). Another score from 0 to 3 was attributed
according to the contribution of mature fibrosis, which was defined as
inactive fibrosis and characterized by dense collagen deposition and
low cellularity consisting of a few fibrocytes (38). An overall grade of
fibrosis severity was attributed according to the total score as follows:
0-3 (non-fibrotic), 4-7 (mild), 8-11 (moderate) and 12-16 (severe).
For lung tumor cases, the histopathological diagnosis was established
as precisely as possible based on medical records and HE stained slides.

2.3 Tissular FAP immunohistochemistry
2.3.1 Staining

Anti-FAP THC was performed on additional serial sections of
formalin-fixed, paraffin-embedded biopsies of CIPF, healthy lungs and

TABLE 1 Scoring system used to evaluate fibrosis in canine idiopathic pulmonary fibrosis lung biopsies.

Scores

Criteria

Histopathological
features

Interstitial fibrosis pattern
Subpleural Increase in pleural width 0 2x >3x NA
Peribronchiolar fibrous metaplasia Smooth muscle over >0.34 <0.34 NA NA
lamina propria and
adventitia thickness ratio
Diffuse Increase in septa widthby | 0 2x 3-4x >5%
fibrosis
Atelectasis, alveolar Absent NA NA Present
distortion, consolidation,
and/or honeycombing
Maturity of fibrosis
Immature, active, cellular, fibroblast- Proportion of the section 0% 1-33% 34-66% >67%
dominant* affected by active fibrosis
Mature, inactive, fibrous, few Proportion of the section 0% 1-33% 34-66% >67%
fibrocytes* affected by mature fibrosis
Alveolar epithelial and luminal changes
Type IT pneumocyte hyperplasia/ Alveolar epithelium Normal Type II pneumocyte Pseudo-stratification NA
bronchiolar metaplasia hyperplasia and/or
atypia
Numerous alveolar macrophages Alveolar macrophages 1-2 >3 NA NA
count per alveolar space

The grade of severity of fibrosis was attributed by calculating the sum of the score attributed for each criteria: 0-3 (non-fibrotic), 4-7 (mild), 8-11 (moderate) and 12-16 (severe). *As the sum
of both percentages cannot exceed 100% (whole section), the sum of the scores from these 2 categories is maximum 4.
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lung cancers, which were used as positive controls. The slides were
deparaffinized in xylene and rehydrated in graded alcohol series.
Antigen retrieval was performed using 10 mM sodium citrate buffer
for 5min at 100°C. Slides were washed at room temperature and
hydrated in Phosphate-Buffered Saline. Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide incubation for
30 min. Sections were then washed with distilled water. Nonspecific
antibody binding was blocked by incubation for 30 min in a blocking
buffer containing 0.5% blocking reagent provided in the TSA Plus
DNP kit (Akoya Biosciences #NEL747A001KT). Sections were
incubated overnight at 4°C temperature with rabbit anti-human
fibroblast activation protein alpha monoclonal primary antibody (1:
100, Abcam #ab207178, RRID:AB_2864720) or with rabbit isotype
IgG control antibody (1:1600, Jackson ImmunoResearch Labs #011-
000-003, RRID:AB_2337118) to later screen for non-specific staining.
Biotinylated goat anti-rabbit secondary antibody (1,1000, Thermo
Fisher Scientific #65-6,140, RRID:AB_2533969) was then incubated
for 1 h at room temperature. The slides were incubated for 30 min with
streptavidin-horseradish peroxidase (Invitrogen #S911), and signal
was amplified using a TSA Plus DNP kit (Akoya Biosciences
#NEL747A001KT). Signal development was achieved with a metal
enhanced diaminobenzidine substrate kit (Thermo Fisher Scientific
#34065). Slides were counterstained with hematoxylin for 30s, then
dehydrated and mounted. Each slide was digitalized using NDP
NanoZoomer (Hamamatsu).

2.3.2 Visual assessment of FAP expression

Two independent observers, including the first author and a
diplomate of the European College of Veterinary Pathology (MMG),
blinded to the histopathological diagnosis, assessed all healthy and
CIPF digitalized sections to determine a staining index for the whole
section, that represents the expression of FAP. There was 91%
agreement between the two observers and the final index was obtained
after a consensus was reached. An area of parenchymal lung was
identified as FAP-positive if at least 25% of the cells exhibited FAP
staining. The FAP expression index (from 0 to 3) was then attributed
according to the percentage of the whole section occupied by
FAP-positive areas. An index of 0 (no expression) was attributed if less
than 1% of the section was occupied by FAP-positive areas, 1 (low
expression) if FAP-positive areas occupied from 1 to 10% of the whole
section, 2 (intermediate expression) from 11 to 50% and 3 (high
expression) for more than 50%. In all CIPF cases, correlation analyses
were conducted between the FAP expression index and the fibrosis
severity score, as well as with the fibrosis activity score attributed
during the scoring of fibrosis.

2.3.3 Digital analysis of FAP expression

Whole slide images were analyzed with an open-source automated
software analysis program for digital pathology (QuPath version 0.4.3)
(40). Briefly, lesional areas were determined manually on the HE slides
and classified into ‘active fibrosis’ or ‘mature fibrosis. Ten areas of
200,000 pm?” each representative of active fibrosis or mature fibrosis
were selected. Automated tissue detection was performed in the
lesional area to correct for alveolar blank spaces. Thereafter, for fibrosis
quantification, built-in algorithms for pixel classification of QuPath
and machine learning were used on sequential Picro Sirius red slides
for measuring collagen content in lesional areas. The accuracy of
collagen detection was then verified by assessing the same area
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digitalized under polarized light. On FAP-stained sections, the
percentage of FAP-positive cells within the lung interstitium for the
20 areas was calculated by applying the deep learning algorithm
StarDist method for cell nuclei segmentation and applying a single
threshold to the cell detection to obtain positive cell detection. To
visualize the spatial distribution of FAP positive cells in fibrotic areas,
image superposition of Picro Sirius red slides and FAP-stained slides
was done by using the Warpy extension in QuPath.

2.4 Plasmatic FAP measurement

2.4.1 Test samples

For the plasmatic FAP measurement, we used plasma samples
from the day of death of 6 WHWTs affected with CIPF for which
positive FAP expression in the lungs was confirmed by the methods
described above. They had a median age of 12.6 years (range 10.3-
15.6; 3 females and 3 males). For the control group, we used the
plasma leftover from the analysis of blood donations from 9 healthy
canine blood donors of various breeds [Border Collie (4), Golden
Retriever (3), Akita Inu, Bull Terrier] with a median age of 6.6 years
(range 3.9-7.3), including 4 females and 5 males. Dogs were
considered healthy based on the absence of clinical signs or physical
exam abnormalities, a complete blood analysis and a screening for
infectious diseases. In all dogs, blood was collected in a citrated tube
before being centrifuged and plasma was isolated and stored at —80°C
until the day of the experiment. The assay was performed in citrate
plasma in all cases because it was the type of plasma that was available
for the higher number of cases in our biobank. Plasma samples
underwent maximum 2 freeze-thaw cycles before analysis. Plasma
samples were diluted in 1% bovine serum albumin (BSA, Sigma
#A7906) in Dulbeccos Phosphate-Buffered Saline (DPBS) in four
dilutions (1:50, 1:100, 1:200, 1:400) for titration. The reactivity of the
assay with canine FAP was verified by using a homogenate of a
FAP-rich metastasis of mammary carcinoma as positive control. A
snap frozen biopsy of a lung metastasis of a mammary carcinoma that
highly overexpressed FAP in IHC was homogenized using a previously
described protocol (41). This canine FAP-containing solution was
then diluted 1:5, 1:10, 1:25, 1:50 in 1% BSA DPBS in the assay for
titration. Recombinant human FAP (Abcam #ab79623) with known
concentration was used as positive control and standard. Negative
control was 1% BSA DPBS.

2.4.2 Assay

Plasma levels of FAP were measured using a double-antibody
sandwich enzyme-linked immunosorbent assay (ELISA). First,
96-well microplates were coated with a mouse IgG monoclonal anti-
canine FAP antibody (5.125pg/mL, Puré lab, University of
Pennsylvania, 4G5) that cross-reacts with human FAP (35) and
incubated overnight at 4°C. The following day, plates were blocked
with 1% BSA in DPBS for 1h before test samples were added in
duplicates and incubated overnight at 4°C with agitation. For
detection, a biotinylated polyclonal sheep anti-human FAP antibody
(0.4 pg/pl, R&D Systems #BAF3715, RRID:AB_2057508) was added
and incubated for 90 min. Plates were then incubated with avidin
horseradish peroxidase (1:1000 dilution, Thermo Fisher Scientific
#18-4100-94) for 30 min, after which 3,3",5,5'-tetramethylbenzidine
(TMB, Life Technologies #SB02) was added. After a 10 min-incubation
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in the dark, reaction was stopped using 50uL/well of H2SO4
1 M. Plates were read by an optical density reader (Multiskan FC,
Thermo Fisher Scientific #51119000) set at 450 nm. Between each step
until the chromogenic reaction, 3 to 5 rinses were performed with a
wash solution of Tween-20 5% (Thermo Fisher Scientific #233360010)
in DPBS.

Because of the lack of commercially available purified canine FAP
protein to act as standard, the exact amount of soluble FAP in
biological samples could not be calculated. Instead, we expressed
results in endpoint titers (EPT). Using a plot of the optical density on
the log base 2 of the dilutions, we defined the cutoff line at half the
optical density of recombinant human FAP at 78.13ng/mL
concentration. The log2 of the endpoint titer was obtained from the
point where the linear line crosses the cutoff line.

2.5 Statistical analysis

Statistical analyses were conducted using the R Commander
interface (42) to the R statistical software. Normal distribution was
assessed using Shapiro-Wilk normality test. For normally distributed
data, parametric tests were used and results were expressed in mean
and standard deviation. A Fisher test was used to verify
homoscedasticity between groups. When variances were significantly
different between groups, comparisons of means were performed
using a Welsh two sample ¢-test. For non-normally distributed data,
non-parametric tests were employed and results were expressed in
median and interquartile range (P25-P75). For correlation analyses of
non-normally distributed data, Spearman’s rank correlation rho test
was used. For the comparison of medians between two groups, a
Mann-Whitney test was used. Significance was established at a
p-value lower than 0.05.

3 Results
3.1 Histopathological analysis

After scoring fibrosis in CIPF sections, five were characterized as
mild (scores ranging from to 4 to 7), nine as moderate (scores ranging
from 8 to 11) and eight as severe fibrosis (scores ranging from 12 to
16). Control lung sections were attributed scores from 0 to 3 and were
considered as non-fibrotic. Seven cases of lung neoplasia, including
six primary pulmonary adenocarcinomas and one metastasis of
mammary carcinoma, served as positive controls for THC.

3.2 Tissular FAP expression

FAP was expressed in cells interpreted as fibroblasts in the lungs
of 20 out of 22 WHWTs affected with CIPE Using a visual semi-
quantitative scoring system, an index of high, intermediate, low and
zero FAP expression were attributed in, respectively, 4, 4, 12, and 2
WHWTs. Healthy lung biopsies from WHW Ts and other breeds all
had an index of zero FAP expression. In primary pulmonary
adenocarcinomas and in the metastasis of mammary carcinoma,
cancer-associated fibroblasts were strongly FAP-positive. Cancer cells
were also FAP-positive in four out of six cases of primary
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adenocarcinoma. Figure | illustrates examples of FAP staining in lung
sections. Within CIPF cases, there was a statistically significant but
poorly relevant positive correlation (p <0.05; R*=0.22) between the
FAP expression index and the score of fibrosis severity. However, the
index of FAP expression was highly positively correlated to the score
of active fibrosis (p <0.001; R*=0.68), as illustrated in Figure 2.

Using quantitative digital analysis, we analyzed 20 areas
originating from 11 different cases which were previously attributed
with various indices of FAP expression and of fibrosis activity. QuPath
automated detection of collagen content in lesional areas accurately
reflected the mature collagen fibers visualized by polarized light
microscopy (Supplementary Figure 1). The mean collagen content was
significantly higher in representative areas of mature fibrosis
(32.95+15.28%) than in representative areas of active fibrosis
(11.20+£7.34%; p<0.001; Figure 3A). This validated our visual,
semiquantitative assessment of the maturity of fibrosis. The mean
percentage of FAP-positive cells was significantly higher (p <0.001) in
representative areas of active (27.73 +8.57%) compared with mature
fibrosis (9.64+4.02%; Figure 3B). Visual superimposition of serial
Picro Sirius red and FAP-stained sections (Figure 4) revealed that
FAP-positive cells were rare within highly collagenic mature fibrosis
areas (Figures 4A-D). However, FAP-positive cells were clustered in
areas of active fibrosis within alveolar septa (Figures 4E-H) or
dispersed at the periphery of mature fibrotic lesions, where collagen
content is lower (Figures 41-L).

3.3 Plasmatic FAP quantification

The plasmatic levels of soluble FAP, as illustrated in Figure 5, were
significantly lower (p <0.01) in WHWTs with CIPF (EPT 0.74 [0.24-
2.38]) than in healthy dogs (EPT 16.50 [4.78-63.84]).

4 Discussion

In this study, we established a semiquantitative scoring system
destined to evaluate the severity and activity of fibrosis on
histopathological sections of CIPE, which in this study exhibited mild
to severe fibrosis. As expected, the FAP THC study revealed that
healthy lung sections were FAP-negative, and that cancer-associated
fibroblasts from lung tumors were strongly positive. In the majority of
CIPF samples, FAP was expressed by cells consistent with fibroblasts
at various indices and only 2 samples were negative. FAP expression
correlated weakly with fibrosis severity but highly with fibrosis activity.
Indeed, automated image analysis detected a higher percentage of
FAP-positive cells in areas of active fibrosis. It is also noticeable on
superimposition of images that FAP-positive cells are located at the
periphery of mature fibrosis lesions and clustered in areas of active
fibrosis. Another finding of this study is that plasmatic FAP was
significantly lower in WHWTs affected with CIPF compared with
healthy dogs.

We established a system of scoring of the histological severity
and activity of fibrosis in CIPE This scoring system aimed to
objectively distinguish lung biopsies of old healthy dogs from mild
CIPF as well as mild from moderate and severe cases of CIPE. While
attributing scores, a particular consideration was given to the
distinction between active (immature) and inactive (mature) fibrosis
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FIGURE 1

Comparison of FAP immunostaining in canine lung biopsies. No FAP expression in healthy lung (A) and high FAP expression in CIPF (B) and primary
pulmonary adenocarcinoma, either in cancer-associated fibroblasts (C) or in cancer cells (D). Immunoperoxidase-diaminobenzidine, hematoxylin
counterstain (bar: 100 pm). FAP, fibroblast activation protein; CIPF, canine idiopathic pulmonary fibrosis.
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for the purpose of subsequently establishing correlation with FAP
IHC analyses. The Ashcroft scoring system (43) used for IPF cannot
be applied to CIPF as human and canine IPF do not have the same
histological pattern. Indeed, in humans, IPF is characterized by
usual interstitial pneumonia (UIP) (39, 44). UIP diagnosis is based
on patchy dense fibrosis accompanied by architectural distortion
(with destructive scarring and/or honeycombing) with a predilection
for subpleural and paraseptal parenchyma, and the presence of
fibroblast foci (39, 44). CIPF shares features with UIP but also with
non-specific interstitial pneumonia, which is characterized by
diffuse interstitial fibrosis (37, 38). Indeed, in WHWTs affected with
CIPF, histology reveals a mild to moderate diffuse mature interstitial
fibrosis with multifocal subpleural or peribronchial areas of
accentuation. Besides, no fibroblast foci are described (37, 38). The
absence of fibroblast foci, as well as the high heterogeneity of fibrosis
within a lung biopsy from a CIPF case, also prevented the application
of scoring systems used for IHC studies of human IPF sections. This
underlines the need for a specific scoring system adapted to dogs, as
presented here.
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This study confirmed the presence of FAP in lung biopsies from
WHWTs affected with CIPE and its absence in normal lungs, as
anticipated from studies of human IPF (8, 9). Based on the assessment
of their morphology and localization, FAP-positive cells appeared as
fibroblasts. Nonetheless, the simultaneous expression of other
fibroblast markers would be needed to confirm with certainty the
precise identity of FAP-positive cells, although previous studies in
human IPF reported a FAP expression restricted to activated
fibroblasts (8, 9). The majority of cases were assigned a low FAP
expression index according to the semiquantitative scoring system.
This outcome, which might initially appear disappointing, is actually
due to the fact that the scoring system assesses the overall expression
across the entire section since CIPF exhibits a more diffuse interstitial
fibrosis pattern than UIP (38). As a whole section of CIPF biopsy can
be highly heterogeneous, with varying ratios of mature and active
fibrosis, this heterogeneity significantly influences the proportion of
the section occupied by FAP-positive areas.

In cases of CIPE, the FAP expression index exhibited a mild
correlation with the severity score of fibrosis, aligning with findings
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from previous studies that have explored the association between FAP
expression and fibrosis severity at both histological and clinical level
in humans (8, 9). Nevertheless, a good correlation emerged when
focused on the activity of fibrosis in lung biopsies. In UIP, the
histologic pattern of human IPF, FAP expression is restricted to areas
of ongoing tissue injury (8). FAP is indeed strongly expressed in
fibroblast foci, which are interstitial clusters of proliferating fibroblasts
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FIGURE 2

Scatterplot displaying the relationship between the FAP expression
index and the grade of active fibrosis. The index of FAP expression
(from O to 3) is positively correlated (p <0.001; R? = 0.68) to the score
of active fibrosis (from 0 to 3) in lung sections of CIPF. FAP, fibroblast
activation protein; CIPF, canine idiopathic pulmonary fibrosis; n,
number of cases.
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and myofibroblasts near the injured alveolar epithelium (8). Despite
the absence of fibroblast foci in CIPE it is consistent that FAP is mostly
expressed in highly fibroblastic active areas, and not in poorly cellular
regions that are consolidated by dense amounts of collagen fibers. The
identified positive correlation between FAP expression and fibrosis
activity underscores FAP’s potential as a promising marker for
fibroplasia, providing substantial support for the hypothesis that FAP
plays a crucial role in the pathophysiology of the disease.

Automated quantitative image analysis technologies were used to
confirm these results with a more sensitive and objective method.
Digital image analysis using artificial intelligence solutions is emerging
in the field of histopathology and IHC, providing promising
techniques for scoring quantification of tissue fibrosis in human IPF
or to quantify FAP positivity in IHC images (9, 43). Such quantifying
tools allowed us to validate our semiquantitative scoring system of
fibrosis used to select areas by their representativity of a type of
maturity of fibrosis (active or mature) with a precise quantification of
the collagen content of the area, which is an established marker of
mature fibrosis (43). Then, it was confirmed that the proportion of
FAP-positive cells was significantly higher in areas occupied by active
fibrosis than in those occupied by mature fibrosis. Digital
superimposition of FAP-positive cell detections onto Picro Sirius red
stained sections allowed us to witness the spatial distribution of
FAP-positive cells in relation to the lesions of fibrosis within the
sections. FAP-positive cells, consistent with activated fibroblasts, are
sparse within mature lesions and are mainly scattered in alveolar septa
that are not yet burdened by large layers of collagen fibers. FAP-positive
active fibrosis areas seem to be located in the periphery of mature
lesions. In this view, FAP-positive cells appear to play a driving role
in fibrosis.

The small cohort of primary pulmonary adenocarcinomas used
in this study showed a strong expression of FAP by cancer-associated
fibroblasts, and occasionally by cancer cells themselves, aligning with
expectations based on both veterinary and human literature (17, 26,

w -
> =

Collagen content (%)

154
>

10

il

FAP-positive cells (%)

*kk

&
>

w
<

D
>

—
>

Mature
Type of fibrosis

Active

FIGURE 3

Box-and-whisker plots of collagen content (A) and of FAP-positive cells (B) in areas representing either active (n = 10) or mature fibrosis (n = 10),
calculated with quantitative digital analysis in CIPF lung sections. The box represents the median and interquartile range. The whiskers represent the
values within 1.5 times the interquartile range. Significance level: *** indicates a p-value below 0.001. FAP, fibroblast activation protein.
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FIGURE 4

FAP, fibroblast activation protein.

L Sept™ X

Panel showing sequential sections in HE staining (1st row), Picro Sirus red staining (2nd row), anti-FAP immunohistochemistry staining (3rd row) and
the superimposition of cell detections (blue: FAP-positive, green: FAP-negative) based on anti-FAP immunohistochemistry onto Picro Sirus red-stained
collagen (4th row). Images (A—D) show an area of strongly collagenic mature fibrosis with rare FAP-positive cells (bar: 50 pm). Images (E=H) illustrate
an area of active fibrosis with low collagen content and numerous FAP-positive cells (bar: 50 pm). Images (I-L) show an entire section with mixed
fibrosis pattern: few FAP-positive cells within highly collagenic mature fibrosis areas, from which less collagenic, FAP-rich areas extend (bar: 500 pm).

27). This provides a foundation for potential extended investigations
about the prognostic significance of FAP in lung cancer. Indeed canine
lung cancers of advanced stage still carry a poor prognosis and could
benefit from novel therapeutic strategies (45, 46).

This analysis revealed lower plasmatic FAP levels in WHW'Ts
affected with CIPF compared with healthy dogs. To date, the variation
of plasmatic FAP in humans affected with IPF is not known. However,
it has been studied in various other conditions, notably in patients with
cancer (18, 20, 24), inflammatory bowel disease (47) or acute heart
failure (48), who also exhibited a lower plasmatic FAP concentration
compared with healthy volunteers, despite an overexpression of FAP
in diseased tissues. The reason for such decrease, as well as the source
of the soluble form of FAP, are still unknown, including whether it
results from shedding from the cellular membrane or from alternative
splicing (7, 49, 50). Current hypotheses suggest that multiple organs
may contribute to a low basal level of circulating FAP, which would
decrease due to a systemic reaction to the disease (20, 48, 51).
Interestingly, other studies showed an increase of circulating FAP in
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patients with liver fibrosis and support the hypothesis that the liver
constitutes a major source of elevated circulating FAP (7, 52, 53).
Further studies on a greater number of cases are thus required to
explain why circulating FAP is decreased in CIPE.

This study of plasmatic FAP concentrations is based on a small
number of dogs which could expose us to sampling biases. Furthermore,
due to the nature of the selection criteria for blood donation (dogs of less
than 10years old and more than 20kg), the control group is not matched
for age and breed with the study population. Nonetheless, a strong
association between age and circulating FAP levels has never been
established in existing literature (32). However, it appears that various
conditions can influence the level of plasmatic FAP, such as malignant,
inflammatory, metabolic, cardiac, or other organs fibrotic conditions
(24, 47, 48, 52, 53). Although plasmatic FAP appears significantly
decreased in dogs with CIPE we do not believe that it would constitute
a useful biomarker of CIPF since it does not seem specific to the disease.

As perspectives, the sensitivity of FAP to identify active fibrosis
specifically localized within the lungs in cases of CIPF can be harnessed
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FIGURE 5

Box-and-whisker plot of plasma levels of soluble FAP in dogs with
CIPF (n = 6) and in healthy dogs (n = 9). The box represents the
median and interquartile range, and the whiskers represent the
values within 1.5 times the interquartile range. Significance level: **
indicates a p-value below 0.01. FAP, fibroblast activation protein;
CIPF, canine idiopathic pulmonary fibrosis.

by FAP-targeted PET examinations. FAPI-based PET/CT are emerging
in preclinical and clinical studies on interstitial lung disease (such as IPF)
or cancer and are presented as non-invasive tools to monitor disease
progression or response to treatment (31, 54). This promising technique
would allow to assess FAP expression in dogs iz vivo and thus enable an
early detection of CIPF and evaluation of progression or response to
treatment. In this field, FAP-targeted therapies (such as anti-FAP CAR-T
cells or FAPI-based theragnostic) emerge as promising prospects, given
the current lack of available treatments for CIPE. Considering that CIPF
is regarded as a spontaneous preclinical model of IPE, human patients
could also gain advantages from these findings.

In conclusion, this study shows new insights into the pathology of
CIPF by describing the cellular expression of FAP in progressing
active immature lesions of fibrosis. These findings position tissular
FAP - but not plasmatic FAP - as a promising marker of activity of the
disease, which could be exploited by multiple diagnostic and
therapeutic applications.
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colitis by priming with colon
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Introduction: The therapeutic efficacy of mesenchymal stromal cells (MSCs)
in inflammatory bowel disease is not completely known and is not consistent.
Priming with inflammatory cytokines has been proposed to adapt MSCs to an
inflammatory environment to have them ready to counteract it, but may have
undesirable effects on MSCs, such as increased immunogenicity. In this study,
we hypothesized that priming MSCs with inflamed intestinal tissue would more
effectively enhance their therapeutic effect on intestinal inflammation.

Methods: The capacity of canine adipose-derived MSCs (cADSCs) primed with
colon tissue homogenates from mice with experimentally induced colitis or
a combination of tumor necrosis factor-a and interferon-y to inhibit T-cell
proliferation was analyzed, along with their own apoptosis, proliferation, cell
surface marker expression, and transcriptome. In addition, colitis mice were
treated with the primed cADSCs to assess colitis severity and immune cell profile.

Results: Priming with cytokines induced apoptosis, decreased cell proliferation,
and major histocompatibility complex-Il gene expression in cADSCs, but these
adverse effects were mild or absent with colitis-tissue priming. cADSCs primed
with colitis tissue reduced the severity of colitis via the induction of M2
macrophages and T-regulatory cells and suppression of T-helper (Th)1/Th17-
cell responses, and their effects were comparable to those of cytokine-primed
cells.

Discussion: Our results emphasize the importance of the activation of MSCs by
the appropriate microenvironment to maximize their therapeutic effect.

KEYWORDS

mesenchymal stromal cell, priming, immunomodulatory, inflammatory bowel
disease, chronic inflammatory enteropathy, dextran sulfate sodium-induced colitis,
microenvironment, stem cell therapy
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1 Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease
and ulcerative colitis, is a naturally occurring gastrointestinal
disorder in humans caused by multiple etiologies, such as
genetic factors, environmental factors, and abnormalities in
gut microbiota and immune response (1). Patients’ quality
of life is severely compromised by chronic gastrointestinal
symptoms that repeatedly go into remission and recur, and by
complications such as fistulas, abscesses, and colorectal cancer (2).
Current treatments for human IBD include aminosalicylic acid,
glucocorticoids, immunosuppressants, and tumor necrosis factor
(TNF)-a inhibitors, but nearly 30% of patients do not respond to
these treatments and 50% of patients become refractory over time
(1, 2). Chronic inflammatory enteropathy (CIE) is a multifactorial
gastrointestinal disorder that occurs spontaneously in dogs, and
its symptoms, pathogenesis, and treatment are similar in many
ways to those of human IBD (3). CIE is clinically classified
by treatment responsiveness into food-responsive enteropathy,
antimicrobial-responsive enteropathy, and immunosuppressant-
responsive enteropathy (3). Dogs that do not respond to these
treatments are classified as having non-responsive enteropathy and
reportedly account for 5% to 27% of dogs with CIE (4). Against
this background, the development of new therapeutic strategies for
human IBD and canine CIE is desirable.

Since their discovery by Friedenstein in 1966, mesenchymal
stromal cells (MSCs) have been intensively studied as a cell source
for tissue regeneration because of their stemness, including self-
renewal and multilineage differentiation potential (5). Recently,
MSCs have attracted attention for their stromal properties,
including immunomodulatory and angiogenic capacities mediated
by secreted factors, and many studies on them have been conducted
not only in human medicine but also in veterinary medicine as
a cell source for treating inflammatory and immune-mediated
diseases (5, 6). MSCs can be isolated from almost all tissues of
the body, including bone marrow, adipose tissue, umbilical cord,
dental pulp, muscle, and synovium. Adipose-derived mesenchymal
stromal cells (ADSCs) are one of the most common cell sources in
humans and dogs due to their relatively low invasiveness, high-yield
isolation, and high proliferative potential (5, 6). In fact, therapeutic
effects of ADSCs have been observed in dogs as well as in humans
for cutaneous, musculoskeletal, ocular, hepatic, respiratory, and
neurological diseases (6, 7).

MSCs are expected to be a novel treatment for IBD and
CIE and, indeed, have been shown to effectively ameliorate
gastrointestinal inflammation in a number of preclinical studies
using experimental animal models (8). However, the success of
these preclinical studies has not been replicated in clinical trials
(9). This may be attributable to the heterogeneity of MSCs
caused by differences in sources such as donors and tissues,
autologous or allogeneic origin, manufacturing steps such as
isolation, culture, and cryopreservation methods, and application
steps such as administration methods and patient conditions
(10, 11). In veterinary medicine, two studies have reported fairly
promising therapeutic effects of canine ADSCs (cADSCs) on CIE,
but both were open-label studies without control groups in a small
number of dogs by the same research group (12, 13). Therefore,
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there is a need to conduct larger-scale clinical trials to verify the
efficacy and safety of MSCs, as well as for efforts to stabilize the
quality of MSC products.

Priming approaches have been proposed as a way to
enhance the inconsistent therapeutic effects of MSCs (11, 14).
Priming, also known as preconditioning or licensing, has been
demonstrated in several studies to affect MSC function by
modulating biological, biochemical, and biophysical factors to
enhance therapeutic efficacy (14). Among these, priming MSCs
with inflammatory cytokines or hypoxic conditions is the most
studied approach to enhance their immunomodulatory capacity
by mimicking the inflamed microenvironment in the body
(15). However, priming with inflammatory cytokines such as
TNF-a and interferon (IFN)-y may have adverse effects on
MSCs for therapeutic application, such as by increasing their
immunogenicity (15). MSCs exist as pericytes or fibroblast-
like cells in the stromal tissue of almost all organs and work
to maintain tissue homeostasis (16). Once tissue inflammation
or damage occurs, MSCs are activated in response to the
microenvironment and contribute to tissue repair through
immunomodulation and matrix remodeling (17, 18). Although
the cues in the disease microenvironment that activate MSCs
are still unclear, it is suggested that a variety of factors act in
combination to enhance their repair capacity. However, to the
best of our knowledge, no studies have examined whether canine
MSCs enhance their therapeutic potential in response to the
disease microenvironment.

Based on the above, the purpose of our study was to investigate
whether priming canine MSCs with disease tissue including
components of the disease microenvironment would enhance their
therapeutic efficacy on the original disease. In the context of studies
to improve the therapeutic efficacy of MSCs for CIE, canine MSCs
primed with inflammatory intestinal tissue from dogs with enteritis
should be administered to canine models of enteritis to determine
if the therapeutic efficacy is enhanced, but such a canine model has
not been established. Therefore, we decided to test our hypothesis
using a mouse model of dextran sulfate sodium (DSS)-induced
colitis, a preclinical model of IBD and CIE commonly used in
MSC xenotransplantation studies (8). If this study demonstrates
that priming with colitis tissue from colitis mice enhances the
immunomodulatory and therapeutic efficacy of cADSCs on mice
with DSS-induced colitis, it will provide the basis for further studies
to evaluate the functional changes of canine MSCs primed with
inflamed intestinal mucosal samples from dogs with CIE and their
efficacy on CIE patients.

2 Results

2.1 Priming with colon tissue homogenate
from mice with colitis enhances the
capacity of cADSCs to inhibit lymphocyte
proliferation in a concentration-dependent
manner

We first determined the concentration of colon tissue
homogenate derived from colitis mice suitable for priming
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cADSCs. For this purpose, cADSCs were incubated with colon
homogenates at graded concentrations for 24h, followed by
evaluation of primed cell morphology and cell viability. Colon
priming at concentrations up to 0.1 mg/mL had no apparent
effect on the morphology of the cADSCs, but at higher
concentrations the cells were observed to “aggregate” (Figure 1A).
The viability of primed cells, assessed by trypan blue exclusion,
maintained above 98% at concentrations up to 0.5 mg/mL, but
reduced mildly to about 94% at concentrations of 1.0 mg/mL
(Supplementary Figure 1). After this experiment, primed cADSCs
were co-cultured for 3 days with CD4™ T-helper (Th) cells derived
from the spleen of colitis mice stimulated with anti-CD3/CD28-
coated beads, followed by flow cytometry measurement of Th
cell proliferation (Figure 1B). Priming with colon homogenate
at concentrations up to 0.5 mg/mL enhanced the capacity of
cADSCs to inhibit Th-cell proliferation in a concentration-
dependent manner (Figure 1C). However, priming with colon
homogenate at 1.0 mg/mL as the total protein concentration
did not further enhance the capacity of cADSCs to inhibit Th-
cell proliferation (Figure 1D). Therefore, the concentration of
0.1 mg/mL in colon priming that best enhanced the capacity
of cADSCs to inhibit lymphocyte proliferation without affecting
their cell morphology and survival was used in subsequent in
vivo experiments.

2.2 cADSCs primed with colon
homogenate strongly inhibit proliferation
of CD4* Th cells from mice with colitis, as
do those primed with TNF-o+IFN-y

To compare the effects of priming on the capacity of
cADSCs to inhibit Th-cell proliferation, cADSCs were primed
with colon homogenate as well as purified inflammatory
cytokines (TNF-a+IFN-y), serum or liver homogenate from
colitis mice for 24h, after which co-culture assays were
performed with primed cells and Th cells derived from mice
with colitis. Based on the finding that colon priming enhances
the capacity of cADSCs to inhibit Th-cell proliferation in
a concentration-dependent manner up to 0.5 mg/mL, in
this experiment, cADSCs were primed with mouse-derived
substances at two different concentrations. However, priming
with 0.5 mg/mL serum resulted in most cells aggregating
after 24h, so they were excluded from the experiment. Th-
cell proliferation was significantly inhibited after 72h in
co-cultures with naive or any primed cADSCs compared
with that in mono-culture (Figure 2A). Priming with liver
homogenate as well as colon homogenate significantly enhanced
the capacity of cADSCs to inhibit Th-cell proliferation
in a (Figure 2B).  The
capacity to inhibit Th-cell proliferation was strongest for

concentration-dependent manner
cADSCs primed colon homogenate at high concentrations,
followed by cADSCs primed with colon homogenate at low
concentrations, liver
and TNF-a+IFN-y.

homogenate at high concentrations,
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2.3 Colon priming could avoid adverse
effects on cADSCs

affect the
immunogenicity of MSCs, as well as their immunomodulatory

Priming may survival, proliferation, and
capacity (14). Therefore, we next investigated the effect of priming
with diseased tissue on the properties of cADSCs. To examine
the effect of priming on survival, cADSCs were primed with
TNF-a+IFN-v, liver homogenate, and a low or high concentration
of colon homogenate for 24h, after which the frequency of
Annexin-V and propidium iodide (PI)-positive apoptotic cell
was measured by flow cytometry (Figure 3A). Priming with these
conditions was chosen because TNF-a+IFN-y application is a
well-studied priming method, liver represents a non-primary
lesion organ in colitis, and low and high concentrations of colon
homogenate allow the study of concentration-dependent effects.
Apoptosis of cADSCs was induced drastically by TNF-a+IFN-y
priming and mildly by liver priming, while colon priming did not
induce apoptosis at levels exceeding that of naive cADSCs, even at
a high concentration (Figure 3B).

As with apoptosis, cADSCs were primed for 24h under
each condition, followed by passaging of primed cADSCs and
analysis of cell proliferation after 1-4 days. Differences in the
proliferation of cADSCs primed with different conditions were
observed day by day, and after 4 days, cADSCs primed with colon
homogenate at a concentration of 0.1 mg/mL showed better cell
proliferation than those under the other conditions (Figure 3C). In
contrast, the proliferation of cADSCs primed with TNF-a+IFN-y
or liver homogenate was rather suppressed compared with that of
naive cADSCs.

2.4 cADSCs primed with colon homogenate
were showed enriched expression of genes
associated with cell proliferation in addition
to inflammation-related genes

To further characterize the biological response of cADSCs
to priming with colon homogenate representing diseased
tissue, gene expression profiling was performed using RNA
sequencing (RNA-seq) and the results were compared to the
transcriptomes of naive and TNF-a+IFN-y-primed cADSCs.
Primary analysis of sequencing reads obtained by RNA-seq
detected the expression of 17,863 genes among naive cADSCs,
and cADSCs primed with TNF-a+IFN-y or colon homogenate
(Supplementary Table 1). Principal component analysis (PCA)
showed that priming markedly altered the gene expression of
cADSCs, with variation among the different strains of cADSCs
(Figure 4A). In particular, to identify the genes of cADSCs
affected by priming in common between the two different
conditions and the genes specifically affected by each type of
priming, differentially expressed genes (DEGs) were detected
from each dataset using DESeq2 and Venn diagram analysis
was performed. TNF-a+IFN-y priming and colon priming
upregulated 957 and 628 genes, respectively, of which 264 genes
were in common (Figures 4B, C, Supplementary Figures 2A, B,
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FIGURE 1

Effect of priming concentration of colon tissue homogenate from mice with colitis on the morphology of canine adipose-derived mesenchymal
stromal cells (CADSCs) and their capacity to inhibit CD4* T-helper (Th)-cell proliferation. (A) Microscopic morphology of cADSCs primed with colitis
colon at graded concentrations. Scale bar = 200 um. (B) Gating method in flow cytometry for analyzing Th-cell proliferation. Panels from left to right
show gating of lymphocyte fractions, removal of doublets, removal of dead cells, gating of CD4" cells, and histogram of cell trace violet-positive
cells, with red boxes indicating gating regions. (C) Histogram of cell trace violet-positive cells showing CD4* Th-cell division in each condition. (D)
Comparison of CD4* Th-cell proliferation in each condition. The proliferation of Th cells was quantified using the percentage of cell trace violet'®"

cells. The same lower-case letter beside the bars indicates that there is no significant difference between the groups (p > 0.05). Data are expressed as
the mean + standard deviation from experiments performed in triplicate; n = 5.
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Effect of priming with different conditions on the capacity of cADSCs to inhibit Th-cell proliferation. (A) Histogram of cell trace violet-positive cells
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FIGURE 3

Different effects of various priming conditions on the properties of cADSCs. (A) Flow cytometric detection of apoptosis in primed cADSCs. The sum
of the percentages of cells positive for Annexin V alone or in combination with propidium iodide (Pl), indicated by red boxes, was measured as
representative of apoptotic cells. (B) Comparison of the percentage of apoptotic cells in cADSCs primed with each condition. TNF-a+IFN-y priming
significantly induced apoptosis in cADSCs, but colon priming did not. (C) Proliferation of cADSCs after 1-4 days of priming measured
spectrophotometrically. Optical density (OD) values after 2—4 days of priming were normalized by OD values after 1 day. Cell proliferation after 4
days of priming was best induced by priming with colitis colon at a low concentration. Data are expressed as the mean =+ standard deviation from
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Supplementary Table 2). At the same time, the downregulated
genes numbered 371 and 489 for TNF-a+IFN-y priming
and colon priming, respectively, of which 186 genes were in
common (Supplementary Figures 2A-D, Supplementary Table 3).
Enrichment analysis based on the Molecular Signatures Database
(MSigDB) hallmark gene set was performed to reveal the
biological relevance of the gene sets that were specifically or
commonly up- or downregulated by each priming condition.
The top-ranked pathways associated with the 264 commonly
upregulated genes were inflammation-related pathways such as
TNF-a signaling via nuclear factor-kappa B (NFkB), inflammatory
response, IFN-y response, and complement, as well as apoptosis
(Figures 4D, E, Supplementary Table 4). Similarly, the pathways
associated with the 693 genes that were specifically upregulated
by TNF-a+IFN-y priming were inflammation-related pathways,
including TNF-a signaling via NFkB, inflammatory response,
IFN-y response, and IFN-ua response, but also allograft rejection
pathways (Figure 4F). In contrast, pathways associated with
the 364 genes
were cell proliferation-related pathways such as the G2M

specifically upregulated in colon priming

checkpoint, mitotic spindle, and E2F targets, as well as
hypoxia (Figure 4G). Enrichment analysis of the gene sets
downregulated by the different priming conditions revealed that
late estrogen response was associated with both types of priming;
epithelial-mesenchymal transition was specifically associated
with TNF-a+IFN-y priming; and E2F targets, cholesterol
homeostasis, and Notch signaling pathways were specifically
associated with colon priming (Supplementary Figures 2E-H,
Supplementary Tables 4, 5).

2.5 Colon priming improves the therapeutic
effect of cADSCs on colitis to the same
extent as TNF-a+IFN-y priming

To assess whether exposure to diseased tissues specifically
enhances the therapeutic effect of cADSCs on the original
disease, cADSCs primed with each condition were administered
intraperitoneally to mice on day 2 of colitis induction by
DSS (Figure 5A). The mice used in a series of experiments
investigating the therapeutic effects of primed cADSCs in vivo
were different from those used for homogenate preparation
and co-culture assays. On day 10 of the experiment, compared
with that in the colitis mice receiving phosphate-buffered
saline (PBS), body weight loss was mildly but significantly
suppressed in colitis mice receiving naive cADSCs and cADSCs
primed with TNF-a+IFN-y or colon homogenate (Figure 5B),
and disease activity index (DAI) was significantly reduced in
mice receiving cADSCs primed with TNF-a+IFN-y or colon
homogenate (Figure 5C). Meanwhile, in the assessment of the
length of the mouse colon after sacrifice, only cADSCs primed
with colon homogenate showed improvement in shortening
(Figures 5D, E). Histological evaluation of the colon showed
no significant ameliorative effect of primed cADSCs, although
some mice treated with cADSCs primed with TNF-o+IFN-y
or colon homogenate had relatively mild histological severity
(Figures 5F, G).
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2.6 cADSCs primed with colon
homogenate markedly shift macrophage
polarity to M2 phenotype

We next performed phenotypic analysis of macrophages to
determine the modulatory effects of primed cADSCs on these
cells, which are important mediators in the pathogenesis of DSS-
induced colitis in mice (19). Peritoneal macrophages from colitis
mice treated with cADSCs primed with each condition were
isolated and the frequencies of F4/80" CD80" proinflammatory
M1 macrophages and F4/80" CD206% anti-inflammatory M2
macrophages were determined using flow cytometry. Both naive
cADSCs and cADSCs primed with any condition reduced F4/80™"
CD80" M1 macrophages, which were drastically increased by
colitis induction, but cADSCs primed with TNF-a+IFN-y or colon
homogenate in particular significantly and markedly reduced them
(Supplementary Figures 3A, B). Concurrently, F4/80" CD206™ M2
macrophages increased to higher levels than in healthy control
mice with the administration of any cADSCs, and were most
increased with administration of cADSCs primed with colon
homogenate (Supplementary Figures 3C, D). The ratio of M1 to
M2 phenotypes of macrophages was greatly polarized toward M1
dominance by induction of colitis, but was significantly skewed
toward M2 dominance by administration of cADSCs primed with
any conditions, especially by administration of cADSCs primed
with colon homogenate (Figure 6A).

2.7 cADSCs primed with colon
homogenate effectively suppress
Th1/Thl7-cell responses

Among the various Th-cell subsets, activation of the Th1/Th17-
cell response, characterized by a cytokine profile featuring
components such as TNF-a, [EN-y, interleukin (IL)-6, and IL-17,
also contributes to the development of the acute phase of DSS-
induced colitis (20). Therefore, we investigated the effect of priming
with diseased tissue on the capacity of cADSCs to modulate an
imbalanced Th-cell paradigm by the phenotypic analysis of CD4™"
Th cells from mice with colitis. To this end, CD41 Th cells were
isolated from the spleens of colitis mice treated with cADSCs
primed with each condition, and the frequencies of Thl cells
expressing IFN-y as an intracellular cytokine, Th2 cells expressing
IL-4, Th17 cells expressing IL-17A, and T-regulatory (Treg) cells
expressing both CD25 on the cell surface and the transcription
factor Foxp3 in the nucleus were determined using flow cytometry.

The frequency of CD4T IFN-yt Thl cells did not show
statistically significant changes in any of the treated mice compared
to the control group (Supplementary Figures 4A, B). Even though
the frequency of Thl cells tended to increase in colitis mice
without cADSC treatment and not in mice with primed cADSC
treatment, the reason statistical significance was not detected
is suggested by the high variability in the colitis mice without
cADSC. For CD4*" IL-4T Th2 cells, the induction of colitis by
DSS and treatment with any cADSCs did not cause consistent
and obvious changes (Supplementary Figures 4C, D). The ratio of
Thl to Th2 cell frequencies, representing the Th1/Th2 balance,
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FIGURE 4
Effects of TNF-a+IFN-y priming and colon priming on the transcriptome of cADSCs. (A) Biplot obtained from principal component analysis (PCA) for
transcriptomes of naive cADSCs and those primed with TNF-a+IFN-y or colon homogenate. (B) Venn diagram of genes significantly upregulated by
priming with TNF-a+IFN-y or colon homogenate. Differentially expressed gene (DEG) analysis was performed using DESeg2; n = 3; fold change >2,
false discovery rate (FDR) < 0.05. (C) Integrated heatmap of genes commonly upregulated in both types of priming. (D) Top-ranked functional
pathways enriched in gene sets upregulated by priming, including 264 common genes (green), 693 genes specific to TNF-a+IFN-y priming (blue),
and 364 genes specific to colon priming (red); FDR < 0.05. (E) Gene-concept network (cnet) plot of pathways enriched for upregulated gene sets
common to each type of priming. (F) cnet plot of pathways enriched for gene sets specifically upregulated by TNF-a+IFN-y priming. (G) cnet plot of
pathways enriched for gene sets specifically upregulated by colon priming.
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FIGURE 5

Effect of priming conditions on the therapeutic efficacy of cADSCs in dextran sulfate sodium (DSS)-induced colitis. (A) Scheme for priming and
administering cADSCs and induction of colitis by DSS. (B) Comparison of body weight loss on day 10 in mice receiving cADSCs primed with each
condition. Control represents healthy mice that received neither DSS nor cADSCs. (C) Comparison of disease activity index (DAI) at day 10 of the
experiment. Colon-primed cADSCs most significantly reduced DAI. (D) Gross images of the colon of mice treated with cADSCs primed with each
condition. The length of the colon, excluding the cecum, was measured. (E) Colon-primed cADSCs significantly improved colon shortening. (F)
Histological images of the colon of mice treated with primed cADSCs. Some mice treated with cADSCs primed with TNF-a+IFN-y or colon
homogenate had relatively mild mucosal epithelial injury. Bar = 100 pm. (G) Comparison of histological scores in each group. Data are expressed as
the mean + standard deviation; n = 5; *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant.
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FIGURE 6

Differential capacity of cADSCs primed with variable conditions to
modulate macrophage polarity and Th cell paradigm. (A) The ratio
of M1 to M2 macrophage frequencies. cADSCs primed with
TNF-a+IFN-y or colon homogenate markedly shifted macrophage
polarity toward M2 dominance. (B) Balance of the Th1/Th2-cell
paradigm as indicated by the ratio of Th1l to Th2-cell frequencies.
(Continued)
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FIGURE 6 (Continued)

The cADSCs primed with colon homogenate modulated the
Th1/Th2 balance by inhibiting Th1-cell activation. (C) Balance of the
Th17/T regulatory (Treg)-cell paradigm as indicated by the ratio of
Th17 to Treg cells. Priming with any condition effectively enhanced
the capacity of cADSCs to suppress Th17-cell responses and induce
Treg-cells, but the effect was particularly pronounced with
TNF-a+IFN-y or colon-priming. Data are expressed as the mean +
standard deviation; n = 5; *p < 0.05, **p < 0.01.

was significantly reduced in mice treated with cADSCs primed
with colon homogenate to the same level as in healthy controls, in
contrast to the level in mice treated with naive cADSCs ( ).
Again, because of the high variability in the PBS group, no
statistically significant difference between the PBS group and the
colon primed group was detected.

The naive and all primed cADSCs consistently reduced
the frequency of CD4T IL-17AT Th17 cells increased by
colitis induction, similar to the suppression pattern in Thl
cells, and especially cADSCs primed with colon homogenate
significantly reduced Th17 cells ( , B).
In contrast, the frequency of CD4" CD25" Foxp3* Treg
cells was clearly increased in mice treated with all primed
cADSCs, and those treated with cADSCs primed with TNF-
a+IFN-y or colon homogenate in particular showed significant
and marked increases in this frequency compared with PBS-
). The ratio of Th17-
to Treg-cell frequencies as a measure of the balance of the

treated mice ( ,

Th17/Treg-cell paradigm was significantly reduced in mice treated
with cADSCs primed with TNF-a+IFN-y or colon homogenate
compared with that in mice without cADSC treatment ( ).
In summary, all priming methods enhanced the capacity of
cADSCs to suppress Th1/Th17-cell responses and induce Treg
cells in colitis mice, with colon priming having the strongest
enhancing effect.

Various priming approaches have been proposed to improve
the therapeutic efficacy of MSCs, including cytokines, growth
factors, hypoxia, drugs, and biomaterials (14). Among them, the
priming of MSCs with inflammatory cytokines aimed at increasing
the secretion of anti-inflammatory and immunomodulatory factors
has been the subject of numerous studies. Yang et al. reported
that priming cADSCs with a combination of TNF-o and IFN-
y markedly enhanced the capacity of these cells to suppress the
expression of proinflammatory cytokines in lipopolysaccharides
(LPS)-activated macrophage cell lines and canine peripheral
blood mononuclear cells via upregulation of the cyclooxygenase
(COX)-2/prostaglandin E2 (PGE2) pathway (21). The same group
also showed that TNF-a-primed cADSCs ameliorated colitis by
promoting the polarization of M2 macrophages in mice with
DSS-induced colitis via the hypersecretion of PGE2 and TNF-
a-stimulated gene/protein 6 (TSG-6) (22), and that extracellular
vesicles (EVs) derived from cADSCs primed with TNF-o and
IFN-y effectively suppressed colitis by inducing Treg cells
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and M2 macrophages (23). Consistent with the above studies,
priming of cADSCs with a combination of TNF-a and IFN-
y in this study drastically enhanced the capacity of cADSCs
to induce M2 macrophages and Treg cells, suppress Th1/Th17-
cell responses, and inhibit Th-cell proliferation, thereby reducing
the severity of colitis, with the upregulation of COX-2 and
TSG-6 (Supplementary Table 1). Enrichment analysis showed that
pathways such as TNF-a signaling via NF«B, IFN-y responses,
and inflammatory responses were enriched as expected, but
surprisingly these pathways were also commonly enriched upon
priming with colitis tissue. Furthermore, the enhancing effect of
cADSCs on immunomodulatory capacity was equally observed
upon priming with colitis tissue. The colon of mice with DSS-
induced colitis expresses high levels of TNF-a and IFN-y compared
with that of healthy mice, but at picogram levels (24, 25).
Therefore, cytokine concentrations much lower than those used
in this study (20ng/mL) may be sufficient to enhance the
immunomodulatory capacity of cADSCs, and the inclusion of
cytokines at concentrations and types more closely resembling
the inflammatory environment may appropriately enhance the
therapeutic effect of cCADSCs. This is supported by studies reporting
that exposure of human ADSCs to synovial fluid from patients with
rheumatoid arthritis or plasma from patients with graft-vs.-host
disease, which contain picogram levels of multiple inflammatory
cytokines such as TNF-a, exerts better immunomodulatory effects
(26,27).

Priming is a good way to enhance MSC function, but one
must consider that it may affect MSC survival, proliferation,
and immunogenicity (15). In this regard, Li et al. showed that
treatment of mouse bone marrow-derived MSCs (BMSCs) for
48h with 10ng/mL each of TNF-a and IFN-y synergistically
induced cell apoptosis, which was mediated by nitric oxide (28).
In addition, Domenis et al. reported that priming of human
ADSCs with graded concentrations of TNF-a and IFN-y from 10
to 40 ng/mL for 48 h caused concentration-dependent changes in
cell morphology and decreased proliferation (29). Regarding the
effect on immunogenicity, Montesinos et al. demonstrated that
stimulation of human BMSCs with a low concentration of TNF-a
(0.5ng/mL) or IFN-y (5ng/mL) for 24 h increased the expression
of major histocompatibility complex (MHC)-I (30). Meanwhile,
MHC-II expression of human BMSCs was not induced by TNF-
o, but was markedly induced by IFN-vy, after 24 h (31, 32). Similar
to these reports, in the present study, cADSC priming with the
combination of TNF-a and IFN-y induced apoptosis, decreased
cell proliferation, and MHC-II gene (DLA-DRA and DLA-DQAI)
expression, while enrichment analysis revealed enrichment of the
apoptotic and allograft rejection pathways. A marked upregulation
of MHC-II gene expression in cytokine-primed cells was revealed
by RNA-seq (Supplementary Table 1). In contrast, priming of
cADSCs with colitis tissue did not induce cell apoptosis, even
at high concentrations, but rather promoted cell proliferation,
and MHC-II gene expression was marginal. Priming with colitis
tissue also showed upregulation of the apoptotic pathway in
common, while the upregulation of cell proliferation and hypoxic
pathways was specifically observed. Several studies have shown that
priming MSCs under hypoxic conditions improves the survival and
proliferative potential of the cells (33, 34). The detailed mechanisms
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by which the hypoxia and cell proliferation pathways were
upregulated are unknown, but activation of these pathways may
have protected cADSCs primed with colitis tissue from apoptosis.
With regard to immunogenicity, priming human BMSCs with IL-
17 alone or a cocktail of IL-1f, IL-6, and IL-23, cytokines secreted
by Th17 cells, has been reported to enhance immunomodulatory
capacity without increasing the expression of MHC-II or co-
stimulatory molecules (35, 36). Considering the activation of Th17
cells that occurs in the colon of mice with DSS-induced colitis, it
is suggested that not only low concentrations of TNF-a and IFN-
y in colitis tissue, but also Th17 cytokines, may be responsible
for the enhanced function of cADSCs without increasing their
immunogenicity. Similar priming effects that enhance function
without adversely affecting MSCs are also provided by exposure
of human ADSCs to the inflammatory environment produced by
activated T cells, synovial fluid from rheumatoid arthritis patients,
or plasma from graft-vs.-host disease patients (26, 27, 37).

MSCs are well known to change their properties and functions
in response to the surrounding microenvironment (18). Therefore,
the aim of this study was to investigate whether ex vivo exposure of
cADSC:s to inflamed colon tissue from mice would more effectively
enhance the therapeutic effect of cADSCs on colitis in mice. DSS-
induced colitis is a representative disease model used in preclinical
studies of human IBD and canine CIE (38). Actually, some
studies have reported that xenotransplantation of canine MSC
ameliorate DSS-induced colitis in mice via immunomodulatory
effects (21, 22, 39). In this study, to determine whether the original
disease microenvironment enhances the immunomodulatory and
therapeutic effects of canine MSCs on DSS-induced colitis in
mice, cADSCs were primed with colon homogenates from colitis
mice rather than dogs and the enhancing effects were compared
to other priming conditions. DSS is toxic to mucosal epithelial
cells of the colon, and when 40-50 kDa DSS is added at a
concentration of 1-5% to drinking water and fed to mice for
5-10 days, it disrupts the integrity of the epithelial barrier and
causes acute colitis (40). In addition to epithelial cell damage,
macrophages play an important role in the pathogenesis of colitis,
and stimulated and subsequently activated proinflammatory M1
macrophages not only cause direct colonic mucosal injury via
the secretion of proinflammatory cytokines such as TNF-a, IL-
18, and IL-6, but also cause the infiltration of neutrophils and
CD4" Th cells into the mucosal epithelium via the secretion
of IL-23 (41). Meanwhile, the adaptive immune system is not
essential for the development of colitis, but the Th1/Th17-cell
response, characterized by cytokines such as IFN-vy, IL-6, and IL-
17, contributes to the progression of colitis (20, 42). Although
the mechanism by which MSCs improve the pathogenesis of
this model is not fully understood, they have been reported to
improve the severity of colitis by reprogramming macrophages,
modifying the Th-cell paradigm, and inducing regulatory immune
cells via the secretion of indoleamine 2,3-dioxygenase (IDO),
PGE2, transforming growth factor-f1, TSG-6, and EVs, among
others (8). It has also been reported that intravenously administered
rat BMSCs engraft onto damaged colon epithelium and restore
the integrity of the epithelial barrier by rebuilding the tight
junction protein claudin (43). Consistent with many previous
reports, our intraperitoneally administered cADSCs, even naive
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ones, shifted the macrophage phenotype from M1 to M2 polarity,
suppressed activation of Th1/Thl17-cell responses, and directly
inhibited Th-cell proliferation. However, their immunomodulatory
capacity and were particularly enhanced in cADSCs primed with
a combination of the inflammatory cytokines TNF-a and IFN-y
and in cADSCs primed with colon homogenate from colitis mice.
These results emphasize the importance of activating MSCs by
exposure to an inflammatory environment in order to maximize
their therapeutic efficacy.

Although MSCs are not constitutively immunosuppressive,
several studies have shown that their immunomodulatory function
is activated by the host inflammatory environment (44). Therefore,
in DSS-induced colitis, delivery of MSCs to inflamed colonic
tissues may effectively activate their immunomodulatory function.
Differences in the migration of MSCs to the inflamed colon that
depend on the route of administration have been reported. For
example, Castelo-Branco et al. showed that the intraperitoneal
administration of allogeneic ADSCs to rats with trinitrobenzene
sulfonic acid (TNBS)-induced colitis improved inflammation via
the migration of ADSCs into the inflamed colon, but intravenous
administration did not improve inflammation as the cells did
not migrate into the colon (45). Li et al. also reported that the
intravenous administration of human BMSCs to mice with TNBS-
induced colitis resulted in most of them being trapped in the lungs
and spleen, but the overexpression of CXCL2 on the cells markedly
increased migration to the colon (46). In contrast, Gongalves
et al. reported that allogeneic ADSCs administered intravenously
to mice with DSS-induced colitis induced high levels of IFN-y in
mouse serum, thereby activating the immunomodulatory function
of ADSCs and showing increased T-cell apoptosis in the inflamed
colon and improvement of inflammation, although this did not
occur upon intraperitoneal administration (47). Furthermore,
Pan et al. showed that allogeneic umbilical cord-derived MSCs
administered intraperitoneally or intravenously to mice with DSS-
induced colitis migrate into the colon by either route and improve
colitis by improving local microcirculation, repairing epithelial
barriers, and exerting immunomodulatory effects, with the effect
of intraperitoneal administration being shown to be superior
(48). Although the biodistribution of administered cADSCs was
not analyzed in this study, it is possible that some of the
intraperitoneally administered cADSCs migrated to the inflamed
colon and were activated by its microenvironment, as suggested
by the fact that even naive cADSCs exhibited immunomodulatory
effects. Thus, intraperitoneal administration may be a more
appropriate route of administration to enhance the therapeutic
effect of MSCs in colitis in mice. However, the intraperitoneal
administration of MSCs is not practical in large animals such as
dogs or in humans due to the large volume of their abdominal
cavity. With the exception of fistula-type Crohn’s disease, local
administration of MSCs is difficult in canine CIE and human
IBD because of the diffuse or multiple lesions in the intestine,
which is much larger and longer than in mice, and MSCs are
almost always administered intravenously (8, 10). Although no
studies have yet examined the biodistribution of intravenously
administered MSCs in dogs with CIE or patients with IBD,
intravenously administered MSCs in these species are often trapped
early in the lungs and then redistributed to the spleen, liver, and
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kidney, but rarely in the intestinal tract (49). Furthermore, proteins,
including cytokines, in the blood do not accurately reflect the
state of inflammation in the gastrointestinal tract, as evidenced
by the absence of established blood biomarkers (50). In summary,
because intravenously administered MSCs in dogs and humans
are less exposed to the inflammatory microenvironment, priming
MSCs with inflammatory tissue may be a promising approach for
successful MSC therapy not only in rodent experimental animal
models but also in canine CIE and human IBD patients.

Hepatobiliary ~ disorders are common extraintestinal
manifestations of IBD (51). Similarly, in DSS-induced colitis,
disruption of the colonic mucosal epithelial barrier increases
intestinal permeability, allowing inflammatory cytokines and
toxins such as LPS to reach the liver via the portal vein and cause
inflammatory damage (52). In addition, during the acute phase
of colitis caused by DSS, serum from C57BL/6] mice exhibits
a cytokine expression pattern characterized by TNF-a, IFN-y,
and IL-6 from MI macrophages/Thl cells and IL-17 from Th17
cells similar to the expression pattern found in colon (24, 25).
Therefore, we also primed cADSCs with serum and liver as
non-colon tissues derived from colitis mice to test the specificity
of priming with colitis tissue in enhancing the therapeutic effect
of MSCs on colitis. Our results showed that priming with colitis
tissue enhanced the immunomodulatory and therapeutic effects of
cADSCs more than priming with other tissues, suggesting that the
enhancing effects were specific. Given that the factors contained
in each tissue sample are diverse, including not only cytokines
but also EVs, miRNAs, and extracellular matrix, this study cannot
clarify the mechanisms involved in the enhancement of cADSC
function by priming, but it is possible that not only factors induced
by inflammation but also components of colon tissue played an
important role. To further validate this site-specific potentiation
effect, it is necessary to compare the therapeutic effect of cADSCs
primed with liver homogenates or colon homogenates on hepatitis
models, for example.

Taken together, priming with colitis tissue homogenate
enhanced the immunomodulatory capacity of cADSCs as much
as priming with a combination of TNF-a and IFN-y, a priming
method that is well known to enhance the immunosuppressive
capacity of MSCs. Furthermore, priming with colitis tissue
enhanced the function of cADSCs without inducing apoptosis,
decreased cell proliferation, or immunogenicity. Therefore,
priming MSCs with diseased tissues may be an alternative method
of priming MSCs to that of cytokines. We believe that if future
studies demonstrate the safety of primed cells in dogs, they can
be considered for use in individual cases in the clinic. The lack of
direct quantification of cytokines and other proteins contained in
the mouse-derived tissue samples used for priming or secreted
by the primed cADSCs is a major limitation of this study, but
given the diversity of factors contained in the samples and the lack
of clarity on the mechanism of action of cADSCs, an exhaustive
proteomic analysis is needed to investigate them. Detailed analysis
of the mechanisms by which inflammatory tissue enhances MSC
function was not within the scope of this study, but should be
conducted in the future. If the factors involved in MSC activation
are identified for this priming method, they may be purified and
combined, making this a disease-specific and scalable method. In
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addition, it will be necessary to investigate the effects of primed
cADSCs on the function as well as phenotype of macrophages
and Th cell subsets. However, to the best of our knowledge, this is
the first study to report that exposure of cADSCs to colitis tissue
appropriately enhances their immunomodulatory and therapeutic
effects on the original disease, colitis. Based on this finding, better
therapeutic efficacy may be achieved by priming MSCs with
mucosal samples obtained in a relatively non-invasive manner by
endoscopic gastrointestinal mucosal biopsy, an essential step in
the definitive diagnosis of canine CIE and human IBD. To achieve
this, further studies are needed to elucidate the mechanisms
mediating the functional enhancement of MSCs by priming, as
well as to analyze characteristics and functions of primed MSCs in
more detail.

4 Materials and methods

4.1 cADSC isolation and characterization

cADSCs were isolated from the falciform ligament fat of
five healthy beagles (males; mean age: 1.8 years; mean weight:
11.0kg), as previously described (53). This study was approved
by the Bioethics Committee of Nippon Veterinary and Life
Science University (approval number 2023S-5; 31 March, 2023).
The animals were handled in accordance with the animal care
guidelines of the Institute of Laboratory Animal Resources, Nippon
Veterinary and Life Science University, Japan. Briefly, collected
adipose tissue was digested in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 0.15% collagenase type I (Sigma-Aldrich,
St. Louis, MO, USA) with gentle agitation at 37°C for 1h.
After centrifugation, the pellet containing the stromal vascular
fraction was resuspended in DMEM, filtered through a 100 pm
nylon mesh, plated into a T-75 culture flask containing DMEM
complete medium [DMEM supplemented with 10% fetal bovine
serum (FBS; Capricorn, Hessen, Germany) and 1% penicillin—
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA)], and
incubated overnight in a humidified atmosphere with 5% CO,
at 37°C. The cells were detached using trypsin-EDTA solution
(Sigma-Aldrich) upon reaching 80-90% confluence and passaged.
As shown in our previous studies, cADSCs were characterized
by flow cytometry for expression pattern of CD29, CD44, and
CD90 positive, CD34, CD45, and HLA-DR negative cell surface
markers (53). In addition, the trilineage differentiation potential
of these cells for adipogenesis, osteogenesis, and chondrogenesis
was confirmed. All experiments were performed using cADSCs at
passages 2-3.

4.2 Mouse colon, liver homogenate, and
serum preparation

To obtain mouse-derived samples and prepare homogenates
for priming cADSCs, fifteen 6-week-old male C57BL/6] mice
were purchased from Jackson Laboratory Japan (Kanagawa, Japan)
and fed ad libitum on sterile water and standard experimental
chow in a temperature- and light-controlled room. Mice in
which colitis had been induced by 7 days of 3% DSS (36-50
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kDa; MP Biomedical, Solon, OH, USA) solution administration
were euthanized by CO, asphyxiation, and colon, liver, and
whole-blood samples were collected. The colon and liver samples
were washed well in PBS and immediately frozen in liquid
nitrogen, followed by manual homogenization on ice using a
tapered tissue grinder. After adding 1 mL of PBS per 100 mg
of homogenate, the samples were centrifuged at 10,000 x g for
20min at 4°C, and the supernatant was collected and filtered
through a 20 um mesh filter for sterilization. The collected whole
blood was centrifuged at 1,200 x g for 15min at 4°C, and
the supernatant was collected to obtain serum. Total protein
concentrations of colon and liver homogenates and serum were
determined using a Qubit protein assay kit (Thermo Fisher
Scientific), in accordance with the manufacturer’s instructions.
Homogenates and sera were stored frozen in liquid nitrogen
until use.

4.3 cADSC priming protocols

cADSCs were thawed and suspended in DMEM complete
medium and plated on 100 mm cell culture dishes. After 3-5
days, when cADSCs reached 70-80% confluence, the medium
was removed and washed twice with PBS, after which DMEM
complete medium containing 0.1 mg of homogenate or serum
as total protein per mL, or containing 20 ng of recombinant
mouse TNF-a (Miltenyi Biotec, Bergisch Gladbach, Germany)
and recombinant mouse IFN-y (Miltenyi Biotec) per mL was
added and incubated with 5% CO, at 37°C. After 24h,
cells were detached with trypsin-EDTA solution and used for
subsequent experiments.

4.4 Lymphocyte proliferation inhibition
assay

cADSCs
concentrations of 0.01 to 1.0 mg/mL, primed with liver

primed with colon homogenate at graded
homogenate or serum at concentrations of 0.1 mg/mL and
0.5 mg/mL, or primed with 20 ng/mL mouse TNF-a and mouse
IFN-y were plated in six-well plates. After 24 h, cADSC adhesion
was confirmed and the medium of the wells was removed,
followed by the addition of 1 x 10° splenic Th cells from
colitis mice without cADSC treatment pre-labeled with 5uM
Cell Trace Violet (Thermo Fisher Scientific) in RPMI-1640
complete medium (RPMI-1640 supplemented with 10% FBS,
1% penicillin-streptomycin, and 50 uM 2-mercaptoethanol) to
the wells with or without 2 x 10° naive or primed cADSCs.
The cells were then co-cultured with or without cADSCs in
the presence of anti-mouse CD3/CD28 antibody-loaded Anti-
Biotin MACSiBead particles (Miltenyi Biotec) at 37°C with 5%
CO, for 72h. Th cells and cADSCs were cultured with direct
contact in the wells. Finally, Th cells were collected and stained
with an anti-CD4-APC antibody (Clone: RM4-5; BioLegend)
or the isotype control, and proliferation was measured by
flow cytometry.
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4.5 cADSC apoptosis assay

Naive cADSCs or cADSCs primed for 24h with 20 ng/mL
of each of TNF-a and IFN-y, 0.1 mg/mL liver homogenate,
or 0.1 mg/mL or 0.5 mg/mL colon homogenate were stained
with the FITC Annexin-V Apoptosis Detection Kit with PI
(BioLegend, San Diego, CA, USA), in accordance with the
manufacturer’s instructions, and then apoptotic cells were
measured by flow cytometry as the sum of the percentages
of cells positive for Annexin V alone or in combination
with PL

4.6 cADSC proliferation assay

Naive cADSCs or cADSCs primed for 24h with 20 ng/mL
of each of TNF-a and IFN-y, 0.1 mg/mL liver homogenate,
or 0.1 mg/mL or 0.5 mg/mL colon homogenate were plated
in 96-well plates at 2 x 10> cells each. After incubation at
37°C and 5% CO; for 1-4 days, Cell Counting Kit-8 (CCK-8;
Dojindo, Kumamoto, Japan) was added to the wells, in accordance
with the manufacturer’s instructions and cell proliferation was
measured as OD values at a wavelength of 450nm with a
Synergy HT Microplate Reader (BioTek, Winooski, VT, USA).
OD values after day 2 were normalized by OD values on
day 1.

4.7 RNA sequencing

Total RNA was extracted from naive cADSCs or cADSCs
primed for 24h with 20ng/mL of each of TNF-a and IFN-
y, or 0.1 mg/mL colon homogenate using a NucleoSpin
RNA kit (TaKaRa, Shiga, Japan), in accordance with the
manufacturer’s instructions. Construction of the ¢cDNA library
was performed with 1 pg of total RNA wusing Illumina
NEBNext Ultra II RNA Library Prep Kit, in accordance
with the manufacturer’s instructions, followed by paired-end
sequencing (2 x 150 bp) using a NovaSeq 6000 instrument.
An average of 16-20 million read pairs were generated for
each library. Primary analysis of RNA-seq raw data was
carried out on the web using RaNa-seq (https://ranaseq.cu/;
accessed on 22 February, 2024) (54). In this way, FASTQ
files were pre-processed with the FASTp tool (55), expression
was quantified with Salmon (56) against the genome assembly
CanFam3.1, and raw count data and count data normalized by
transcripts per million (TPM) were output. Secondary analysis
of RNA-seq data was performed on the web by inputting
these count data into RNAseqChef (https://imeg-ku.shinyapps.io/
RNAseqChef/; accessed on 10 March, 2024) (57). For the pairwise
comparison analysis, DEG detection was performed using DESeq2
with fold change and false discovery rate (FDR) cut-off values
of >2 and <0.05, respectively. To compare DEGs from different
data sets, Venn diagram analysis was performed. Functional
enrichment analysis was performed using clusterProfiler (58)
with an FDR cut-off of >0.05 based on the MSigDB hallmark
gene set.
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4.8 Mouse colitis induction and cADSC
treatment

To evaluate the therapeutic effect of cADSCs primed with
each condition on colitis in vivo, 35 6-week-old c57BL/6] mice
were purchased separately from the mice used for homogenate
preparation and lymphocyte proliferation inhibition assays. To
induce colitis, mice received 3% DSS solution in drinking water
for 7 days, followed by sterile water for 3 days. On day 2 of colitis
induction, mice received 200 WL of PBS or 2 x 10° cells of naive
or primed cADSCs intraperitoneally. In contrast, healthy control
mice received only sterile water to drink and the intraperitoneal
administration of PBS. Each group included 5 mice. The mice were
sacrificed by CO; asphyxiation on day 10, and colon tissues and
immune cells were harvested for subsequent histological evaluation
and phenotypic analysis.

4.9 Evaluation of colitis severity

The severity of colitis was assessed based on the DAI, colon
length, and the histological score of the colon. The DAI was
calculated as the sum of three scores, namely, percent weight
loss from initial weight (grades 0-4: 0, none; 1, 1-5% loss; 2, 6-
10% loss; 3, 11-20% loss; 4, >20% loss), stool consistency (grades
0-3: 0, normal; 1, soft; 2, loose; 3, watery), and rectal bleeding
(grades 0-3: 0, none; 1, occult blood; 2, visible bleeding; 3, gross
bleeding), and was compared among the groups. Colon length
was measured with a ruler from colon samples harvested on day
10. Two pathologists evaluated hematoxylin and eosin-stained
colon tissue sections in a blinded fashion, and histological scores
were calculated in accordance with previously reported methods
(23) as follows: inflammatory cell infiltration (score 0-4: 0, no
filtration; 1, infiltrate around crypt bases; 2, infiltrate reaching
the lamina muscularis mucosa with abundant edema; 3, extensive
infiltration reaching the muscularis mucosa with abundant edema;
4, infiltration of the submucosal layer) and epithelial damage (score
0-4: 0, normal morphology; 1, loss of goblet cells; 2, loss of goblet
cells in large areas; 3, loss of crypts; 4, loss of crypts in large areas).

4.10 Phenotypic analysis of mouse
peritoneal macrophages and splenic CD4+
Th cells

To investigate the effect of primed cADSCs on the immune
system of mice with DSS-induced colitis, immune cells were
harvested from these mice with and without cADSC treatment.
Isolation and phenotypic analysis of mouse peritoneal macrophages
and splenic CD4™ Th cells were performed as previously described
(24). In brief, peritoneal macrophages were isolated by collecting
and centrifuging PBS injected into the abdominal cavity of mice,
and splenic CD41 Th cells were isolated from cell suspensions
obtained by mechanical mashing of the spleen by negative magnetic
selection using a mouse CD4™ T-cell isolation kit (Miltenyi Biotec),
in accordance with the manufacturer’s instructions.
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For flow cytometric phenotyping of macrophages, the cells were
stained with the following antibodies or their respective isotype
controls: anti-F4/80-FITC (clone: BM8; BioLegend), anti-CD80-
APC (clone: 16-10A1; BioLegend), and anti-CD206-PE (clone:
C068C2; BioLegend).

For intracellular cytokine detection, Th cells were stimulated
with phorbol 12-myristate 13-acetate (50 ng/mL; Sigma-Aldrich)
and ionomycin (1 pwg/mL; Sigma-Aldrich) for 6h and brefeldin
A (10 pg/mL; Sigma-Aldrich) for 4h, and then stained with
an anti-CD4-APC antibody (Clone: RM4-5; BioLegend) or
isotype control. The cells were fixed and permeabilized with
Cyto-Fast Fix/Perm Buffer Set (BioLegend) and then stained
with anti-IFN-y-PE (clone: XMG1.2; BioLegend), anti-IL-4-
PE (clone: 11B11; BioLegend), and anti-IL-17A-PE (clone:
TCI11-18H10.1; BioLegend) their
isotype controls.

antibodies, or respective

For flow cytometric detection of Treg cells, Th cells were stained
with anti-CD4-APC and anti-CD25-PE (clone: PC61; BioLegend)
antibodies or their respective isotype controls, followed by fixing
and permeabilizing with True-Nuclear Transcription Factor Buffer
Set (BioLegend) and staining with an anti-Foxp3-Alexa Fluor488
antibody (clone: MF-14; BioLegend) or isotype control. All samples
were measured using a CytoFLEX instrument (Beckman Coulter,
Brea, CA, USA) and data were analyzed using CytExpert ver. 2.0
analysis software.

4.11 Statistical analysis

All results are presented as the mean =+ standard deviation.
Data were tested for distribution normality using the Shapiro-
Wilks normality test. Differences among multiple groups were
assessed by one-way analysis of variance for normally distributed
data and compared using the Dunnetts or Tukey-Kramer
multiple comparison post hoc test, and assessed by Kruskal-
Wallis test for non-normally distributed data and compared
using Steel-Dwass post hock test. p < 0.05 was considered
statistically significant. Statistical analyses were performed using R
Commander 4.1.2.
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Study of age-related changes in
plasma metabolites and enzyme
activity of healthy small dogs that
underwent medical checkups
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Koh Kawasumi'*

!Laboratory of Veterinary Biochemistry, Nippon Veterinary and Life Science University, Musashino,
Japan, 2Muromi Animal Hospital, Fukuoka, Japan

Introduction: In Japan, the importance of medical checkups for pet dogs
is increasing. In this study, we retrospectively explored the effects of age on
plasma biomarkers in healthy small dogs that underwent medical checkups.

Methods: Based on the modified American Animal Hospital Association
Canine Life Stage Guidelines, 52 healthy small dogs were divided into 3 groups
according to their life stage: young adult (1-4years old), mature adult (5-
11years old), senior (12-15years old). None of the dogs were obese. Plasma was
collected from animals that underwent medical checkups at Muromi Animal
Hospital (Fukuoka, Japan). Plasma glucose, triglyceride (TG), total protein, blood
urea nitrogen (BUN), creatinine, total cholesterol, and albumin concentrations;
alanine  aminotransferase, aspartate aminotransferase, and alkaline
phosphatase (ALP) activities; c-reactive protein (CRP), non-esterified fatty acid,
malondialdehyde (MDA), serum amyloid A (SAA), insulin, and adiponectin (ADN)
concentrations; glutathione peroxidase (GPx), superoxide dismutase (SOD),
malate dehydrogenase (MDH), and lactate dehydrogenase (LDH) activities; and
M/L ratio (MDH/LDH) were examined. Changes in the abovementioned plasma
biomarker levels were compared between canines in different life stages.

Results: Plasma ADN concentrations and GPx, SOD, and MDH activities
significantly decreased with age, whereas plasma ALP, BUN, TG, and MDA
concentrations gradually increased. Plasma SAA levels measured by the latex
agglutination method in 51 of the 52 small dogs that underwent medical
checkups were below the detection limit.

Conclusion: Plasma ADN concentrations, GPx, SOD activity, and BUN levels
may be important biomarkers for clarifying the effect of age in healthy dogs that
undergo medical checkups. However, plasma SAA values obtained by the latex
agglutination method were not considered an age-related inflammation marker
for healthy dogs.
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1 Introduction

In the field of veterinary medicine, as in human medicine, there
is a growing movement to promote “prevention” and “prevention of
disease” There is a particularly growing awareness of the importance
of aging-related care in pets (1-6), as aged dogs are likely to become
obese and develop other metabolic diseases that induce chronic
inflammation. Senescent cells secrete various factors such as
inflammatory cytokines, chemokines, and extracellular matrix-
degrading enzymes that have inflammatory and carcinogenic effects,
causing a phenomenon called the senescence-associated secretory
phenotype (7-10), which is associated with a variety of diseases (11).

The emphasize on prevention of disease increased the need for
medical checkups for pets, as regular medical checkup programs for
laboratory dogs are essential for their well-being (12). In Japan,
veterinary medical checkups for pets include general inspection tests
such as 15-20 blood tests, urinalysis, stool tests, and definitive
diagnostic tests, such as chest/abdominal x-ray examinations,
abdominal ultrasound tests, electrocardiograms, blood pressure
measurements, and thyroid hormone tests. A medical checkup is a
detailed examination to detect diseases that may be overlooked
during an annual health checkup performed at the time of rabies
vaccination. However, even in animals that undergo annual medical
checkups and are diagnosed as healthy, illnesses can be discovered
before 1year. Moreover, almost all tests that can be performed
without anesthesia are performed at primary care facilities. Therefore,
it is necessary to consider whether there are any items that can detect
metabolic changes earlier by measuring additional aging and
metabolic biomarkers that may not be routinely assessed in
the hospital.

Franceschi et al. (13) proposed the term “inflammaging,” which
refers to a proinflammatory state associated with the low-grade
inflammation associated with aging. Several researchers in veterinary
medicine have also reported inflammaging (14-21). Levels of acute
phase protein, an acute-phase inflammatory marker, has also been
used to investigate chronic inflammatory conditions. Particularly,
serum amyloid A protein (SAA) levels increase with age in various
diseases. Currently, SAA values are considered disease onset markers
(22, 23). SAA is thought to be a major contributor to the obesity-
associated inflammatory response (24). SAA promotes the lipolysis of
adipose tissue through the NF-kB system, increases blood free fatty
acid concentration, and induces insulin resistance and vascular
damage (25). However, it remains unclear whether increased plasma
SAA levels are caused by obesity-induced or age-related inflammation
(inflammaging) in aged obese dogs.

Therefore, in this study, we examined the changes in plasma
biomarker values such as plasma metabolites, hormone
concentrations, and enzyme activities in healthy dogs without

Abbreviations: ADN, Adiponectin; ALB, Albumin; ALP, Alkaline phosphatase; ANOVA,
Analysis of variance; AST, Aspartate aminotransferase; BCS, Body condition score;
BUN, Blood urea nitrogen; BW, Body weight; CRE, Creatinine; CRP, C-reactive
protein; GPx, Glutathione peroxidase; LALP, Liver alkaline phosphatase; LDH,
Lactate dehydrogenase; MDA, Malondialdehyde; MDH, Malate dehydrogenase;
M/L, Malate dehydrogenase/lactate dehydrogenase ratio; NEFA, Non-esterified
fatty acid; SAA, Serum amyloid A; SE, Standard error; SOD, Superoxide dismutase;
TC, Total cholesterol;; TG, Triglyceride; TP, Total protein.
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obesity that underwent medical checkups, and life stage differences
were investigated. In addition, we investigated whether plasma
SAA levels measured by the latex agglutination method could
be used as an indicator of age-related inflammation in healthy
aging dogs. Notably, because the lifespan of dogs varies depending
on size—small dogs tend to live longer than larger animals (26)—
and the age of small dogs corresponding to humans is less than that
of larger dogs (27, 28), the effect of age on metabolism should
be evaluated using a uniform size. Therefore, because small dogs
account for the largest population in our country (29), we focused
on small healthy dogs that underwent medical checkups to detect
age-related inflammation.

2 Materials and methods

2.1 Animals

Fifty-two clinically healthy small dogs that underwent medical
checkups at the Muromi Animal Hospital (Fukuoka City) were
recruited. Based on the modified AAHA Canine Life Stage Guidelines
(30), the animals were divided into three groups: young adult
(1-4years old), mature adult (5-11 years old), senior (12-15years old).

Ethical approval was obtained from Muromi Animal Hospital
(R23-1). Written informed consent was obtained from each owner.
The frozen plasma samples collected during the medical checkups
were taken to Nippon Veterinary and Life Science University, and
plasma biomarkers were examined.

2.2 Body type classification

Considering the species of dogs in this study, those weighing less
than 9kg were regarded as small dogs (28).

2.3 Body weight (BW) and body
conditioning score (BCS) measurement

BW was measured during the medical checkups. To evaluate the
BCS of the dogs, we employed a 9-point system: 1/9, emaciated; 2/9,
very thin; 3/9, thin; 4/9, underweight; 5/9, ideal; 6/9, overweight; 7/9,
heavy; 8/9, obese; and 9/9, severely obese (31).

2.4 Blood sampling and analysis

Fasting blood was collected from the lateral saphenous vein into
heparinized tubes after at least 8 h of fasting. Plasma was collected by
centrifugation at 3500G for 5min at room temperature and stored at
—80°C until use. Glucose, triglyceride (TG), total protein (TP), blood
urea nitrogen (BUN), creatinine (CRE), total bilirubin, total
cholesterol (TC), albumin (ALB) concentrations and alanine
aminotransferase, aspartate aminotransferase (AST), alkaline
phosphatase (ALP) activities, C-reactive protein (CRP) were measured
at Muromi Animal Hospital (Fukuoka, Japan) using an automatic
biochemical analyzer, FUJI dry chem 7,000V (Fujifilm Medical Co.,
Ltd., Tokyo, Japan).
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Using the remaining plasma samples collected for medical
checkups, non-esterified fatty acids (NEFA), malondialdehyde
(MDA), serum amyloid A protein (SAA), insulin, adiponectin
(ADN) concentrations, glutathione peroxidase (GPx), superoxide
dismutase (SOD), malate dehydrogenase (MDH), lactate
dehydrogenase (LDH) activity, and M/L ratio (MDH/LDH) were
measured retrospectively at the Veterinary Biochemistry
Laboratory, Nippon Veterinary and Life Science University (Tokyo,
Japan). NEFA levels were measured using a commercial kit (NEFA
C-Test Wako; Fujifilm Wako Pure Chemical Industries, Ltd. Tokyo,
Japan). MDA was measured using a commercial kit (NWLSSTM
Malondialdehyde Assay Kit, NWLSS [#NWK-MDAO1], Northwest
Life Science Specialties, LLC, Vancouver, Canada). Insulin was
measured using a commercial kit (REVIS® Insulin-Rat T, Fujifilm
Wako Shibayagi Co., Ltd., Gunma, Japan). ADN levels were
measured using a commercial kit (mouse/rat adiponectin ELISA
kit; Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan). Fifty-thousand-
fold diluted plasma samples were used for ADN measurement. The
acceptable detection limit was estimated to be from 0.25ng/mL to
8.0ng/mL by calibration curve (32). GPx levels were measured
using a commercial kit (NWLSS Glutathione Peroxidase Assay Kit;
Northwest Life Science Specialties, LLC, Vancouver, Canada). SOD
activity was measured using a commercial kit (Superoxide
Dismutase ELISA Kit, Northwest Life Science Specialties, LLC,
Vancouver, Canada). LDH and MDH activities were measured
using the methods reported by Kaloustian et al. (1969) (33) and
Bergmeyer and Bernt (1974) (34), respectively. LDH activity was
calculated by measuring the change in absorbance at 340 nm for
180 s using an absorbance meter while MDH activity was calculated
by measuring the change in absorbance at 340 nm for 300 s using an
absorbance meter. The M/L ratio was calculated by dividing the
MDH level by the LDH level.

Plasma SAA values were measured at the Research and
Development Department of Eiken Chemical Co., Ltd. (Tochigi,
Japan) using a Hitachi 7,180 automatic analyzer with the measurement
reagent VET-SAA (Eiken Chemical, Tokyo, Japan). Age-related
changes in the abovementioned plasma biomarkers were compared
according to canine life stages.

2.5 Statistical analysis

Results are presented as mean * standard error (SE). Statistical
significance was determined using one-way analysis of variance
(ANOVA). The significance level was set at p<0.05 or p<0.01.
Correlation coefficients and p-values between age and the
examined parameters were calculated using multivariate

10.3389/fvets.2024.1437805

regression analysis. Significance levels were set at p<0.05 or
p<0.01. Correlation coefficients were evaluated as follows: |0.7-
1.0|: excellent, |0.4-0.7|: moderate, |0.2-0.4|: weak, |0-0.2]:
no correlation.

3 Results

As shown in Table 1, the 52 healthy small dogs that underwent
medical checkups were divided into 3 groups according to their life
stage: 6 young adults, 35 mature adults, and 11 seniors. The mean+SE
of body weight for the 52 small dogs was 5.68 + 0.30kg. Among the 52
dogs, there were 3 Miniature Schnauzers, 2 Miniature Dachshunds,
19 Toy Poodles, 1 West Highland White Terrier, 2 Cavaliers, 5 Shizu
dogs, 2 Shiba dogs, 3 Chihuahuas, 2 Pugs, 3 Pekingese dogs, 3
Pomeranians, 1 Maltese, 3 Yorkshire Terriers, and 3 mixed breeds.
Fifty-one of the 52 small dogs had a BCS of 5 on a 9-point scale and
were not obese.

Although statistical significance was not observed, plasma BUN,
TG, and MDA levels tended to gradually increase with age, whereas
plasma ADN concentrations in the senior group were significantly
decreased compared with those of young adult group and mature
adult group (one-way ANOVA, p =0.0048, p =0.0241, respectively:
Table 2). Although the difference was not significant, plasma TP levels
tended to increase with age, whereas plasma ALB levels tended to
decrease with age.

The GPx and MDH activities in the senior group were significantly
lower than those in the mature group (one-way ANOVA, p=0.0049
and p=0.0182, respectively; Table 3). Plasma SOD activity in the
mature adult group was significantly lower than that in the young
adult group (p=0.044).

As shown in Table 4, the plasma SAA levels in 51 of the 52 healthy
small dogs that underwent medical checkups were below the lower
detection limit, which was calculated as 3.54mg/L (35). One dog
without severe inflammation (age: 9.5 years, BCS: 6/9; with cataracts,
pupillary atrophy, and mild periodontal disease) had a plasma SAA
value of 12.3mg/L.

The correlation coeflicients and p-values between age and
biomarker levels were calculated using multivariable regression
analysis (Table 5). The following markers were positively correlated
with age: BUN levels, moderately positive (coefficient 0.499,
p=0.000); CRE levels, moderately positive (coefficient 0.467,
p=0.001); TG levels, weakly positive (coefficient 0.237, p=0.138);
ALP levels, weakly positive (coefficient 0.297, p=0.024); and TP
levels, weakly positive (coefficient 0.204, p=0.246). Negative
correlations were as follows: ADN levels, moderately negative
(coefficient —0.478, p=0.007); GPx activity, moderately negative

TABLE 1 Changes in BW and BCS in healthy small dogs examined in medical checkups.

Young adult (6) Mature adult (35) Senior (11)
Age (Years) 39 + 0.6 9.0 + 03 14.0 + 0.4
Weight (kg) 6.6 + 11 5.8 + 0.4 47 + 05
BCS (19) 5.5 + 03 5.5 + 0.2 5.0 + 0.1

Data are presented as mean + SE.
The numbers in parentheses indicate the number of animal examined.
BW, body weight; BCS, body condition score; SE, standard error.
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TABLE 2 Changes in plasma metabolites and hormone concentrations in healthy small dogs examined in medical checkups.

Young adult (6) Mature adult (35) Senior (11)
GLU (mg 100mL™) 106.7 + 75 102.7 + 1.4 104.0 + 24
TG (mg 100mL™") 61.7 + 6.7 94.6 + 15.3 157.6 + 50.0
TC (mg 100mL™") 2237 + 39.6 217.8 + 14.0 227.6 + 18.8
NEFA (mEqL™) 1.25 + 03 118 + 0.10 1.05 + 0.17
TP (g100mL"") 63 + 0.2 6.4 + 0.1 6.6 + 0.3
ALB (g100mL"™") 35 + 0.2 3.4 + 0.1 33 + 0.1
CRE (mg 100mL™) 0.7 + 0.1 0.7 + 0.0 0.9 + 0.1
BUN (mg 100mL™") 16.1 + 15 16.3 + 13 343 + 6.3
MDA (umol L) 0.7 + 0.4 0.9 + 03 11 + 0.4
CRP (mg 100mL™") NT 0.8 + 0.2 0.9 + 0.2
INS (ngmL™) 0.2 + 0.1 0.4 + 0.2 0.2 + 0.1
ADN (umol mL™) 404 + 10.3* 26.8 + 3.3% 125 + 23

Data are presented as mean + SE.
The numbers in parentheses indicate the number of animals examined.
* Significant (p <0.05) compared to the senior group (one-way ANOVA).

ADN, adiponectin; ALB, albumin; ANOVA, analysis of variance; BUN, blood urea nitrogen; CRP, c-reactive protein; CRE, creatinine; GLU, glucose; INS, insulin; MDA, malondialdehyde;
NEFA, non-esterified fatty acid; SE, standard error; TC, total cholesterol; TG, triglyceride; TP, total protein.

TABLE 3 Changes in plasma enzymes activities in healthy small dogs examined in medical checkups.

Young adult (6) Mature adult (35) Senior (11)
AST (U/L) 312 + 3.9 332 + 25 28.1 + 22
ALT (U 443 + 44 772 + 8.6 865 + 231
ALP (U 95.4 + 28.8 1703 + 39.4 325.9 + 79.4
GPx (mU/mL) 260 + 43 243 + 13 18.7 + 2.8%%
SOD (unit/mL) 447 + 23 4%+ 19.3 + 33 11.0 + 17
MDH (IU/L) 59.8 + 19.5 73.1 + 6.2 446 + 6.0%%
LDH (IU/L) 88.0 + 243 109.0 + 9.6 916 + 126
MIL 0.6 + 0.1 0.8 + 0.2 0.5 + 0.1

The data are expressed as mean + SE.
The numbers in parentheses indicate the number of animals examined.
*#* Significant (p <0.05) when compared against mature adult group (One-way ANOVA).

ALP, alkaline phosphatase; ALT, alanine aminotransferase; ANOVA, analysis of variance; AST, aspartate aminotransferase; GPx, glutathione peroxidase; LDH, lactate dehydrogenase; MDH,
malate dehydrogenase; M/L, malate dehydrogenase/lactate dehydrogenase ratio; SE, standard error; SOD, superoxide dismutase.

(coefficient —0.414, p=0.007); SOD activity, weakly negative
(coefficient —0.267, p=0.127); and AST levels, weakly negative
(coefficient —0.242, p=0.132). Plasma MDH activity (an energy
metabolism marker) and plasma SAA level (an inflammatory
marker) did not correlate with age (coefficient —0.144, p=0.007;
coefficient 0.065, p =0.683, respectively).

4 Discussion

The characteristics of medical checkups in Japan are different
from those of health checkups conducted once a year. During medical
checkups, more detailed examinations are performed based on the
wishes of pet owners concerned about the onset of potential diseases.
Therefore, even in pets that are diagnosed as healthy during health
checkups, we check for the presence or absence of various internal
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abnormalities in the body, such as latent inflammatory diseases and
tumors, as early as possible.

Since small dogs are more commonly kept compared to medium
and large dogs in Japan, we focused on small dogs in this study. The
equivalent age at each life stage differs between small, medium, and
large dogs, and it is impossible to evaluate the effects of age on
metabolic changes in the same way.

4.1 Changes in plasma enzyme activities

GPx is an enzyme belonging to the selenoprotein family that
catalyzes the reduction of hydrogen peroxide and lipid peroxides
(36). Four types of GPx (GPx-1-4) have been identified in mammals
(37). GPx4 is an antioxidant enzyme known to directly reduce
phospholipid hydroperoxides in membranes and lipoproteins and
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TABLE 4 Plasma SAA levels in 52 small dogs.

10.3389/fvets.2024.1437805

Young adult (6) Mature adult (35) Senior (11)
Age (dog) 1 3 4 5 6 7 8 9 10 11 12 13 14 15
(Human) 15 28 32 36 40 44 48 52 56 60 64 68 72 76
SAA (mgL™) 0.6 0.6 0.4 0.8 0.7 0.6 05 0.7 0.4 1.0 0.9 12 05 0.7
0.5 0.8 0.6 0.7 0.6 038 03 0.6 1.0 0.9 17 20
0.9 03 0.1 0.8 03 0.6 0.8 13 0.2 0.8
0.6 0.6 0.5 0.8 0.5 0.9 05
20 0.5 0.0
12.3 0.8
L1
03
0.7
03
AV 0.6 0.6 0.6 038 0.6 0.8 0.7 1.8 0.6 0.6 L1 0.8 L1 1.2

SAA, serum amyloid A.

TABLE 5 Correlation coefficients and P values between the age and examined parameters in 52 healthy dogs.

BW —0.198 0.105
BCS —0.168 0.150
GLU —0.015 0.713
TC 0.044 0.262
TG 0.237 0.138
NEFA —0.025 0.837
MDA 0.129 0.482
AST —0.242 0.132
ALT 0.133 0.379
ALP 0.297 0.024
MDH —0.144 0.007
LDH 0.015 0.727
M/L ratio —0.087 0.439
SOD —0.267 0.127
GPx —0.414 0.007
ADN —0.478 0.007
INS 0.004 0.983
TP 0.204 0.246
ALB —0.033 0.419
BUN 0.499 0.000
CRE 0.467 0.001
SAA 0.065 0.683

Correlation coefficients were evaluated as follows: |0.7-1.0]: excellent, [0.4-0.7: moderate, |0.2-0.4|: weak, [0-0.2|: no correlation using Pearson analysis. P-values were evaluated using

multivariable regression analysis.

ADN, adiponectin; ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BCS, body condition score; BUN, blood urea nitrogen; BW,

body weight; CRE, creatinine; GLU, glucose; GPx, glutathione peroxidase; INS, insulin; LDH, lactate dehydrogenase; MDA, malondialdehyde; M/L, malate dehydrogenase/lactate

dehydrogenase ratio; NEFA, non-esterified fatty acid; SAA, serum amyloid A; SOD, superoxide dismutase; TC, total cholesterol; TG, triglyceride.

cooperates with a-tocopherol to suppress lipid peroxidation (38). In
this study, plasma GPx and SOD activities tended to decrease in aged
dogs that underwent medical checkups. This suggests that the
protective function against cytotoxicity owing to the strong oxidizing
action of superoxide may weaken with age.
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4.2 MDH, M/L ratio

MDH (L-malate: NAD oxidoreductase [EC 1.1.1.37]) catalyzes the
NAD/NADH-dependent interconversion of the substrates, malate and
oxaloacetate. This reaction plays an important role in the malate/
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aspartate shuttle across the mitochondrial membrane and the
tricarboxylic acid cycle within the mitochondrial matrix (39).

In this study, MDH activity significantly decreased at the senior stage
compared to that at the mature adult stage. This suggests a decrease in
energy metabolism in the senior stage, as has been observed in humans.
The M/L ratio, calculated by dividing the activity value by the LDH
activity value, is thought to be an index for evaluating the metabolic state
of animal tissues (40). It is used as a sensitive marker of increased energy
metabolism, including increased ATP production, in tissues (41).
Previous research on the relationship between aging and the M/L ratio
in riding horses also found no significant difference in the M/L ratio
between young and old groups (42). To investigate age-related energy
metabolism, MDH activity may be more appropriate than the M/L ratio.

43 ALP

ALP [orthophosphoric-monoester phosphorylase (EC 3.1.3.1)] is an
enzyme with low substrate specificity that hydrolyzes phosphate
monoester bonds under alkaline conditions (pH 9-11). In clinical
practice in dogs, it is primarily used as an indicator of liver and biliary
tract diseases (43). In dog serum, three ALP isoenzymes are known:
bone ALP, liver ALP (LALP), and corticosteroid-induced ALP (44).
LALP accounted for less than 10% of young dogs, but more than 50% of
total ALP in middle-aged and elderly dogs (45). In this study, the
age-related increase in plasma ALP levels was suggested to be due to an
increase in LALP levels.

4.4 Changes in plasma metabolites

Plasma TG levels tended to increase with age. This indicates that
lipid metabolism tends to decline with age, even if it does not manifest
as an abnormality.

Due to decreased lipid metabolism, fat accumulates in areas other
than the visceral fat and adipose tissue, leading to obesity, and the ectopic
accumulation of fat in the muscle and liver induces inflammation (46).
In addition, obesity activates aging signals in adipose tissue and promotes
immunosenescence (47). However, in this study, not all dogs that
underwent pet medical checkups displayed obesity-related inflammation,
considering their BCS and plasma SAA levels.

An increase in plasma TP levels and decrease in plasma ALB levels
indicate an increase in plasma globulin levels. In such cases, chronic
inflammation such as periodontal disease is often observed.

Plasma BUN values are influenced by three factors: ingested proteins
and protein catabolism, urea synthesis by the liver and excretion by the
kidneys, and changes depending on the amount of urea filtered
glomerular filtration. Therefore, it is considered less reliable than CRE
levels (48). However, an increase in plasma BUN levels accompanied by
an increase in plasma CRE levels in the senior stage may be an important
indicator of kidney disease. Consequently, urine specific gravity, urine
protein, and blood pressure measurements should be considered. In
obese cats, serum BUN levels significantly increased during the geriatric
stage (49).

MDA is a relatively stable end product of the peroxidation of
polyunsaturated fatty acids and is considered an indicator of oxidative
stress (50, 51). The measurement results showed a tendency for plasma
MDA levels to increase in dogs with age, although the difference was not
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significant. We hypothesized that oxidative stress may increase in aged
dogs undergoing medical checkups. In addition, the levels of GPx and
SOD, which have antioxidant effects, significantly decrease with age.
These antioxidant effects were consistent with an increase in plasma
MDA levels. Notably, many aging phenomena are suggested to be related
to oxidative stress. In dogs and cats, it is said to be related to degenerative
changes in the renal tubules (52). It was speculated that the increase in
BUN and CRE is due to oxidative stress, which leads to early kidney
disease. Previously, we attributed elevated BUN levels to increased
protein intake in aging patients. By measuring GPx, SOD, and MDA,
we may be able to differentiate between oxidative stress and excessive
protein intake as potential causes.

Plasma ADN concentrations showed the highest levels (40.4 +10.3 pg/
mL) at the young adult stage. Subsequently, the concentrations decreased
with age. This suggests that the anti-inflammatory effect might decrease,
and insulin resistance might increase in healthy aged dogs who undergo
medical checkups, even if they are not obese. In a previous study,
we examined plasma ADN concentrations in experimentally induced
healthy obese dogs fed a high-fat diet. ADN concentrations at the young
adult life stages were at the same level as in this study (38.8+7.8 ug/mL)
(53). In addition, the positive correlation of TG and ALP with age suggests
that decreased ADN activity may lead to reduced fat burning and bile
stagnation in the liver and elevated TG levels due to decreased AMP
kinase activation, which increases ALP levels. Moreover, serum ALP
activity increases in dogs and cats are reportedly due to intrahepatic or
extrahepatic cholestasis (43). Since the owners of animals undergoing
medical checkups are very health-conscious, they may not be obese
according to BCS, but they may have accumulated visceral fat. In Japan,
many owners feed their dogs jerky as a treat, and many of these snacks
contain artificial additives. If a small dog continues to ingest additives
every day, it puts more strain on the liver and liver enzymes rise. In cases
of high TG and TC levels or cases of elevated liver enzymes without
abnormalities in the liver parenchyma on ultrasonography, we have
prescribed dietary foods (high fiber foods) or low fat foods. However, if
we can confirm a decrease in ADN in our hospital, supplementing with
5-aminolevulinic acid might be beneficial, as it has been shown to reduce
TG levels and liver enzymes (54, 55).

4.5 SAA

At the beginning of this study, we hypothesized that plasma SAA
levels, measured using Vet SAA (Eiken Chemical), could serve as an
indicator of age-related inflammation. A paper comparing
apolipoprotein-Al in septic shock and multiple organ dysfunction
syndrome using Eiken Chemical’s Vet SAA (the same one we used)
reported that both CRP and SAA showed high values (56). This paper
reported that the average values of SAA in 21 cases of septic shock
were 400 pg/mL and CRP values were 23.6 mg/dL. We expected that
Vet SAA (Eiken Chemical) would have a higher value and wider
detection range during the same inflammation compared to CRP, an
apolipoprotein-Al commonly used in dogs.

As mentioned above, it is assumed that slight inflammation occurs
in the animals’ bodies due to oxidative stress caused by aging, and it was
hypothesized that the onset of this very small inflammation could
be detected using Vet SAA, which would result in differences between
groups. In addition, the young adult group is excluded from the test
items in our hospital’s medical checkups because they are young and
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often do not have inflammation, but the CRP levels measured in the
mature adult and senior groups were low at 0.8+£0.2 and 0.9+0.2mg/dL,
respectively, but were above the reference range. Therefore, some kind of
inflammation may have begun to occur in the body. However, almost all
the plasma SAA levels were below the detection limit. Therefore,
although it has been confirmed that plasma SAA levels measured by the
latex agglutination method are elevated in cases of severe inflammatory
diseases, it may be difficult to detect the onset of inflammation that
we are looking for using SAA. Furthermore, to apply other detection
methods such as ELISA and chemiluminescence, it is necessary to verify
plasma SAA levels as a marker of age-related inflammation.

Dogs are important for the investigation of age-related diseases in
humans (57). Like humans, elderly dogs tend to become obese (58).
In aged obese dogs, it is difficult to determine whether inflammation
is induced by aging or obesity. To verify the onset of inflammation due
to aging, we measured the degree of inflammation in clinically healthy
dogs without obesity, by measuring plasma SAA levels using the latex
agglutination method. As a result, the plasma SAA level was below the
detection limit, and no pathological inflammation related to aging was
observed. Future studies should investigate whether the latex
agglutination test for SAA remains below the detection limit in obese
senior dogs. Notably, only one of the 52 dogs in this study had a
measurable SAA level, and this dog had a BCS of 6/9. Healthy dogs
that have undergone pet checkups do not show the pathological
inflammation associated with aging. Pet owners are afraid of latent
inflammatory illnesses that cannot be identified through health
checkups. In this study, the plasma SAA levels in healthy dogs
provided sufficient information to pet owners.

4.6 Limitations

None of the small dogs recruited in this study were obese, and
they had no clinical symptoms, although Miniature Schnauzers have
breed-specific altered TG metabolism (59, 60) and are likely to become
hyperlipidemic with age (61). Therefore, we do not believe that these
results are representative of all small dogs bred in Japan. However, our
results regarding the characteristics on age-related changes in plasma
enzyme activities, hormones, and metabolites may be a characteristic
of healthy small dogs that have undergone medical checkups.

Although we targeted small dogs that underwent medical
checkups in this study, small dogs that undergo regular health
examinations may have different physiological characteristics, such as
obesity. Therefore, it is necessary to conduct further studies on dogs
from other populations to clarify the effects of age. Since medium-
sized and large dogs have different lifespans than small dogs, they are
thought to have different age-related metabolic characteristics.
Therefore, we need to verify the characteristics of age-related
inflammation separately. Plasma SAA measurements using latex
agglutination tests can also be performed in dogs with inflammatory
diseases. Therefore, it may be difficult to detect early-stage age-related
inflammation in non-obese small dogs.

5 Conclusion

In this study, age-related changes in plasma BUN levels, ADN
concentrations, and GPx, SOD and MDH activities were found
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in healthy small dogs that underwent medical checkups. These
may complement in-hospital testing and contribute to earlier
detection of disease. Further studies on more biomarkers are
required to better understand age-related inflammation.
We measured SAA using the latex agglutination method to
determine whether it could be used as an indicator of age-related
inflammation. However, this test was unable to detect age-related
inflammation in dogs without inflammatory diseases because
most of the clinically healthy canine samples were below the
lower detection limits. We confirmed that the healthy dogs that
underwent medical checkups had no inflammation in their
inner bodies.
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