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ARTICLE INFO ABSTRACT
Keywords: Oxidative stress plays a vital role in female fertility, yet the mechanisms regulating oxidative
Oxidative stress balance in the canine endometrium remain poorly understood. This study investigates the dy-
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namics of the antioxidant enzyme system in the canine endometrium, focusing on superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione reductase (GSR), and
Female fertility glutathione-S-transferase (GST), along with thiobarbituric acid reactive substances (TBARS) and
Estrous cycle total cellular thiols. Enzyme activities were revealed in five different phases of oestrus cycle in 25
Dog dogs, using a spectrophotometric method: anestrus, proestrus, estrus, early diestrus and diestrus
(n = 5 per group). Notably, a distinctive pattern in SOD and CAT activity was observed, with the
former being characterised by a decrease from anestrus to estrus, and the later showed an
opposite increase from anestrus to diestrus. In contrast, the activities of the glutathione-
dependent enzymes GPX, GSR, and GST remained remarkably stable, although showing some
fluctuations in different stages. TBARS analysis indicated an evident increase in oxidative stress-
related lipid peroxidation in the canine endometrium only between anestrus and proestrus.
Conversely, the thiol cell content remained consistent within the cycle stages. Our examination of
enzyme ratios underscores a delicate balance in the normal canine uterus, effectively controlling
oxidative stress without causing damage to lipids or proteins due to excessive reactive oxygen
species. These findings contribute to our understanding of the unique physiological dynamics of
the canine endometrium, offering valuable insights into the intricate regulation of oxidative stress
in this context and its potential implications for female fertility.

1. Introduction

In physiological conditions, oxygen metabolism generates reactive oxygen species (ROS) through O univalent reduction (Sies,
1991; Stanczyk et al., 2005), including radicals like O35~ and OH®, and non-radical derivatives like hydrogen peroxide (H205) (Halliwell
and Gutteridge, 2015). At moderate concentrations, ROS serve as crucial signaling molecules in cellular processes (Finkel, 1998;
Droge, 2002; Poli et al., 2004)-Ho0, emerges as a primary messenger in redox signaling due to its unique properties (Lennicke et al.,
2015). Unlike free radicals, HoO5 lacks unpaired electrons and can act as a paracrine signal, mediating growth factor signaling
pathways through NADPH oxidase (nicotinamide adenine dinucleotide phosphate oxidase) and influencing cell migration,
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proliferation, and survival (Berridge, 2014; Di Marzo et al., 2018).

Living organisms maintain a dynamic balance between oxidative stress and antioxidant defense mechanisms. The antioxidant
system comprises enzymatic and non-enzymatic components that regulate ROS flow and prevent cellular damage (Yu, 1994; Pamplona
and Costantini, 2011). Key enzymatic components include:

e Superoxide dismutase (SOD), which detoxifies O3~

e Catalase (CAT), which reduces H,O

e Glutathione-related enzymes [the glutathione peroxidase (GPX), glutathione reductase (GSR), and glutathione-S-transferase
(GST)] that manage peroxide levels and regenerate glutathione (Halliwell and Gutteridge, 2015).

The conversion of HyO; to water and oxygen occurs through the synergic activity of glutathione peroxidase and catalase (Zhu et al.,
2012). Non-enzymatic antioxidants include glutathione, vitamins C and E, carotenoids, and flavonoids (Halliwell and Gutteridge,
2015). Oxidative stress emerges when ROS production significantly exceeds the antioxidant system’s capacity, representing an
imbalance between oxidants and antioxidants (Sies, 1991, 2020; Halliwell and Gutteridge, 2015).

Oxidative stress has been implicated in numerous pathological conditions, including tumor development, neurological diseases,
diabetes mellitus, atherosclerosis, hypertension, and chronic kidney disease (Valko et al., 2007; Halliwell and Gutteridge, 2015).
Understanding these mechanisms is crucial for developing therapeutic strategies targeting oxidative stress-related diseases (Valko
et al., 2007; Halliwell and Gutteridge, 2015).

In females, cyclic changes in stromal-epithelial interactions, orchestrated by sex steroid hormones, are essential for endometrial
function during implantation (Agarwal and Gupta, 2005; Agarwal et al., 2008). Antioxidant expression varies throughout the endo-
metrial cycle (Al-Gubory et al., 2010; Cornelli et al., 2013), responding to changes in sex steroid dominance. Reactive oxygen species
(ROS) play critical roles in female reproductive biology, modulating the uterine environment and embryo-maternal interactions during
implantation (Riley and Behrman, 1991; Ufer and Wang, 2011; Rizzo et al., 2012).

Under pathological conditions like endometriosis, increased oxidative stress and antioxidant depletion may contribute to excessive
endometrial stromal cell growth. While oxidative stress is associated with non-physiological endometrial modifications (Van Lan-
gendonckt et al., 2002; May et al., 2011) and various uterine diseases (Szczubial and Dabrowski, 2009), it also participates in
physiological events such as menstruation and decidual implantation (Rizk et al., 2013).

In humans, excessive ROS can compromise early embryonic development by causing DNA fragmentation and apoptosis (Lin and
Wang, 2020; Hardy et al., 2021), potentially thus compromising the embryo ability to implant successfully. Excessive ROS production
in the uterine environment may affect endometrial receptivity by disrupting cytokine signaling and the balance of inflammatory
mediators necessary for implantation (Artimovic et al., 2024). Although less studied, canine embryos may be similarly susceptible to
oxidative stress during the implantation window.

Dogs exhibit a unique estrous cycle, with unique features compared to other domestic species. They are monoestrous, with a
prolonged anestrus stage separating two estrous cycles and marked by basal levels of estrogen and progesterone (Concannon, 2011).
The transition to a new follicular phase begins in the final third of anestrus with follicular recruitment (England et al., 2009). This
anestrus period is critical for maintaining female dog fertility and facilitating endometrial regeneration (Okkens and Kooistra, 2006).
The canine estrous cycle features a prolonged follicular stage, characterized by pre-ovulatory luteinization of dominant ovarian fol-
licles, followed by an extended diestrus phase of consistent duration regardless of pregnancy status (Concannon, 2011). These
distinctive characteristics, particularly the endometrial response to sex steroids, increase susceptibility to progesterone-associated
degenerative conditions, including deciduoma formation (Nomura, 1997) and cystic endometrial hyperplasia (De Bosschere et al.,
2001; Noakes et al., 2001).

Research interest has grown in studying oxidative stress in female reproduction, focusing on its relationship with infertility and
uterine pathologies. However, understanding of oxidative stress in the endometrium of domestic species remains limited, both in
healthy and diseased individuals (Al-Gubory et al., 2008; Ramos et al., 2015; Acar et al., 2020). Recent studies have advanced our
knowledge through innovative approaches: immunohistochemistry revealing SOD and GPX distribution in the canine cyclic uterus
(Santos et al., 2016), and ferrous-to-ferric ion oxidation assays examining total antioxidant changes in uterine tissue homogenates
(Acar et al., 2020). While the latter provides a broader assessment of tissue oxidative stress homeostasis, it fails to elucidate the
mechanisms of oxidative stress balance or the specific contributions of antioxidant enzymes in maintaining endometrial redox
equilibrium.

Despite these advances, a comprehensive understanding of how oxygen scavenging enzymes coordinate throughout the canine
estrous cycle to maintain oxidative balance and endometrial homeostasis remains elusive. This study aims to investigate the dynamics
of antioxidant enzyme activities and measure protein and lipid oxidation levels across different stages of the canine estrous cycle.
Moreover, it seeks to establish baseline data that could support future research on endometrial receptivity, uterine health, and the
identification of markers for endometrial degenerative diseases.

2. Material and methods
2.1. Sample collection and preparation

Twenty-five healthy post-pubertal, nonpregnant nulliparous female dogs aged 10 months to 6 years underwent elective ovar-
iohysterectomy (OVH) in this study (Supplementary Table 1). The animals were part of a municipal neutering program, and all surgical
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procedures followed standard small animal surgical protocols, including appropriate aseptic techniques, anesthesia, pain manage-
ment, and postoperative care. Surgical specimens were collected with owner’s informed consent in accordance with European Ethical
Standards (Directive 2010/63/EU).

Estrous cycle staging was determined through physical examination, vaginal cytology, ovarian inspection after OVH, and circu-
lating progesterone levels (Table 1), with confirmation by ovarian and uterine histology (Payan-Carreira et al., 2011). Blood samples
were collected from the jugular vein in serum-gel tubes (S-Monovette®, Sarstedt) and centrifuged at 2500 xg for 15 minutes. Serum
was stored at —20°C, and progesterone levels were measured by immunoassay (Immulite® 1000, DPC) with < 6.0 % interassay
variation. Diestrus was determined by progesterone levels between 16 and 2 ng.mL ™! and the presence of CL in the ovaries, with the LH
surge day identified at 2 ng.mL~?, this threshold used to establish the first day of estrus.

From the middle portion of each uterine horn, a 1.5 cm fragment was collected immediately after surgery and snap-frozen in liquid
nitrogen for transport to the laboratory, where it was stored at —80°C until analysis. An adjacent uterine segment was collected for
histological analysis, fixed in 10 % buffered formalin, embedded in paraffin wax, sectioned at 2 pm, and stained with hematoxylin and
eosin for estrous cycle staging and to exclude uterine disease.

Uterine samples (n = 5 per group) were categorized according to five stages of the estrous cycle: anestrus, proestrus, estrus, early
diestrus, and diestrus. Given that canine implantation occurs around post-ovulatory day 16 (Barrau et al., 1975; Concannon et al.,
2001), diestrus was subdivided into two distinct phases as previously described (Payan-Carreira et al., 2011): early diestrus, corre-
sponding to the embryo implantation period in pregnant cycles, and full diestrus, which corresponds to the mid-secretory stage.

2.2. Preparation of dog endometrial extracts and protein determination

Frozen tissue samples were dissected while still frozen to separate the endometrium from the myometrium and connective tissue.
The isolated endometrium was finely minced with a surgical blade and homogenized in cold phosphate-buffered saline (PBS — 1.76 mM
KH3POy4, 10 mM NaH3POy, 2.7 mM KCl, 137 mM NaCl; pH 7.0). The homogenates underwent sonication for cell disruption (4 cycles of
5’ with 15" intervals at 80 % amplitude under refrigeration), followed by centrifugation at 1500 xg for 15 minutes at 4°C. The
resulting supernatant was used to determine protein concentration, measure enzymatic activities, and evaluate oxidative damage.

The protein concentration was determined according to Bradford (Bradford, 1976), with bovine serum albumin (BSA) as the
calibration standard. 1000 pL of Bradford reagent [containing 0.01 % (w/v) Coomassie brilliant blue, 4.7 % (v/v) ethanol (95 %) and
8.5 % (w/v) phosphoric acid] was added to 10 uL diluted sample. Protein quantity was determined using absorbance at 590 nm.

2.3. Antioxidant enzyme activity assays

Enzymatic system activities (SOD, CAT, GST, GSR, and GPX) and molecular compounds affected by oxidative cell damage (TBARS
and Thiols) serve as potential biomarkers of oxidative stress. Such stress occurs when the balance between oxidants and antioxidants is
disrupted, either through excessive ROS accumulation or antioxidant defense depletion (Sies, 2020).

All enzyme activities were measured spectrophotometrically in duplicate, with the mean value representing each sample’s result.
Quality control measures included blank measurements and standard curve validation. For all enzyme analyses, a control assay was
performed using PBS in place of tissue extract. Absorbance readings for enzyme activities, except for catalase, were obtained using a
Varian Cary 10 spectrophotometer. Catalase activity was specifically measured using a YSI oxygen electrode system.

SOD (EC 1.15.1.1) activity was determined indirectly by measuring the decrease in nitro blue tetrazolium-formazan (NBT-difor-
mazan) formation using the xanthine/xanthine oxidase system as a superoxide generator (Paya et al., 1992). Assays were conducted in
a reaction mixture containing 100 nM potassium phosphate buffer (pH 7.8), 10 mM EDTA, 10 mM NBT, 10 mM hypoxanthine, and
0.023 U/mol xanthine oxidase. NBT reduction was monitored by measuring absorbance changes at 560 nm for 2 minutes at 25°C. The
rate of NBT reduction in the absence of tissue served as a reference, with activity expressed as percentage inhibition of NBT-diformazan
formation, following the equation.

Table 1
Criteria for staging the canine estrous cycle.
Stage of the Vaginal cytology Py Ovary
cycle
Anestrus > 90 % of the cells are parabasal or intermediate Baseline [< 2 ng. Smooth ovarian surface, devoid of visible
mL '] structures
Proestrus Presence of erythrocytes and raising percentage of superficial and Below 2 ng.mL ™! Large antral follicles with 2-3 mm in diameter
intermediate cells until LH surge are clearly visible in the ovarian cortex
Estrus > 90 % of superficial cells, most becoming cornified by ovulation, and ~ Above 2 ng.mL ! Large follicles 5-8 mm in diameter with thick
sporadic erythrocytes (may reach luteinized walls
12-15 ng.mL™1)
Early Sharp decrease in superficial cells, while intermediate and parabasal > 16 ng.mL ! and Dark carmine, cavitary corpora lutea
diestrus cells, along with neutrophils, are the major cell types visualized rising
Diestrus Predominance of intermediate and parabasal cells; presence of variable ~ above 16 ng.mL ™! Carmine and compact corpora lutea

number of neutrophils
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__ rate of NBT — diformazan formation(control) — rate of NBT — diformazan formation(test)

100
rate of NBT — diformazan formation(control) x

Test values were normalized to protein content (AAbs min~'mg of protein™?).

CAT (EC 1.11.1.6) activity was measured using a Clark-type oxygen electrode at 25°C (Delrio et al., 1977). One unit of CAT activity
was defined as the amount of enzyme catalyzing the decomposition of 1 umol H20- per minute.

GST (EC 2.5.1.18) activity was determined according to Habig et al. (1974) using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate.
The reaction mixture contained 50 mM phosphate buffer (pH 7.0), 1 mM CDNB, and 2 mM GSH. After 2 minutes of incubation,
enzyme activity was measured for 2 minutes at 25°C. Activity was calculated using the molar absorptivity of CDNB (9.6 x10~> M ™.
cm 1) at 340 nm and expressed as nM CDNB-conjugated glutathione.min™!.mg ™" of protein.

GSR (EC 1.6.4.2) activity was measured following Smith et al. (1988). The reaction mixture contained 50 mM potassium phosphate
buffer (pH 7.5), 2 mM EDTA, 0.1 mM NADPH, and 1 mM GSSG. Following 2 minutes of incubation, NADPH oxidation was monitored
for 2 minutes at 25°C. Activity was calculated using NADPH molar absorptivity (6.22 x10° M~'.cm™') at 340 nm and expressed as
nmol NADPH oxidized.min~1.mg~! of protein.

GPX (EC1.11.1.9) activity was determined using a modified method of Paglia and Valentin (1967) with tert-butyl hydroperoxide as
substrate. The assay coupled GSH oxidation to NADPH oxidation catalyzed by GSR, monitoring NADPH decrease at 340 nm. The
reaction mixture contained 1 mM tert-butyl hydroperoxide, 0.24 units yeast GSR, 0.5 mM NADPH, 2 mM EDTA, and 0.1 mM GSH in
100 mM potassium phosphate buffer (pH 7.5). After 2 minutes of incubation, NADPH oxidation was monitored for 2 minutes at 30°C.
Activity was calculated using NADPH molar absorptivity (6.22 x10% M~'.cm™!) at 340 nm and expressed as nmol NADPH oxidized.
min~1.mg~! of protein.

2.4. Lipid and thiol group oxidation

The lipid peroxidation index was assessed by measuring thiobarbituric acid reactive substances (TBARS) using an acid-heating
reaction as described by Buege and Aust (1978) and modified by Doktorovova et al. (2014). Sample aliquots (0.5 mL) were com-
bined with 2.5 mL of thiobarbituric acid (TBA) reagent containing 0.375 % w/v TBA, 0.25 M HCl, 15 % w/v trichloroacetic acid
(TCA), and 6.8 mM butylated hydroxytoluene (BHT). The mixture was heated at 95°C for 15 minutes in a water bath. After cooling, the
flocculent precipitate was removed by centrifugation (10,000 xg, 2 minutes), and the supernatant was collected. TBARS were
quantified spectrophotometrically at 530 nm by measuring the absorbance of the MDA-TBA complex (absorbance coefficient =
1.56 x10° M~ *.cm ™). Results were expressed as nmol of TBARS.mg’1 protein.

Total cellular thiols (protein thiols + glutathione thiols) were measured as markers of redox status and oxidative stress (Baba and
Bhatnagar, 2018). Total thiol group (-SH) oxidation was determined by measuring thiol content in canine endometrial extracts using 5,
5'-dithiobis(2-nitrobenzoic acid) (DTNB), following Ellman (1959) as modified by Sedlak and Lindsay (1968) and Suzuki et al., (1990).
Endometrial suspension (0.5 mL) was mixed with 1 mL of 4 % w/v sulfosalicylic acid and centrifuged at 24,000 xg for 15 minutes. The
pellet was resuspended and homogenized in 100 mM phosphate buffer (pH 8.0). The resulting protein suspension (0.5 mL) was
incubated with agitation for 15 minutes with 4.5 mL phosphate buffer and 70 pL of 10 mM DTNB freshly prepared in absolute ethanol.
After vortexing, samples were incubated for 15 minutes at room temperature. Absorbance was measured at 412 nm, and thiol con-
centration was calculated using an extinction coefficient of 1.36 x 10° M~ 'em ™!, with results expressed as nmol thiol.mg ™! protein.

2.5. Antioxidant enzymatic protection and oxidative stress ratios

Under physiological conditions, enzymatic antioxidants maintain equilibrium with locally generated oxidative stress. To evaluate
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Fig. 1. The interplay of antioxidant enzymes (SOD, CAT, GPX, GSR), Thiols, and TBARS for oxygen scavenging. The schematic shows the relation
between the enzyme ratios and the elimination of reactive species.
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this balance across different stages of the canine estrous cycle, the following ratios were calculated using antioxidant enzyme activities,

GPX. GPX. _ SOD . Thiols . TBARS . _(TBARS+Thiols)
CAT’ GSR’ (CAT+GPX) ’ (SOD+CAT+GPX)’ (SOD+CAT+GPX)’> (SOD+CAT+GPX

about the antioxidant enzyme system’s scavenging ability and its protection against ROS damage in endometrial cells (Fig. 1).

The GPX/GSR ratio indicates tissue oxidative stress levels by describing the relationship between individual enzymatic activities
and the glutathione redox cycle [GSH « GSSG (Glutathione disulfide)]. The balance between GPX and GSR activities is essential for
maintaining high cellular GSH levels, a critical non-enzymatic cellular antioxidant (Lushchak, 2012). An elevated ratio suggests
increased oxidative stress, while lower ratios may indicate more effective antioxidant responses (Yang et al., 2006).

The GPX/CAT ratio assesses H20: degradation efficiency. GPX and CAT, the primary enzymes responsible for H-0: detoxification,
operate through distinct pathways and are particularly effective when cellular peroxide levels are elevated (Carter et al., 2004; Sies,
2017). CAT directly decomposes H-0: into H-0 and Oz, while GPX removes H20- through GSH oxidation to GSSG, which GSR sub-
sequently reduces back to GSH. GPX shows higher Hz0: affinity than CAT, and their cooperative mechanism enables GPX to maintain
high catalase activity (Baud et al., 2004).

The SOD/(CAT + GPX) ratio reflects the coordinated activity of the three main antioxidant enzymes in managing ROS and
oxidative stress. These enzymes form a protective shield against ROS, with CAT and GPX removing the hydrogen peroxide generated by
SOD activity. This ratio expresses the equilibrium between SOD-catalyzed hydrogen peroxide formation and its decomposition by GPX
and CAT (Muchova et al., 2001). An imbalance can lead to H202 accumulation, potentially forming harmful hydroxyl radicals through
the Fenton reaction (Michiels et al., 1994; Muchova et al., 2001; Ighodaro and Akinloye, 2018).

The TBARS/(SOD + CAT + GPX) ratio indicates the balance between oxidative damage markers and key antioxidant enzyme
activities. TBARS detect ROS action on cellular lipids (Dasgupta and Klein, 2014), with increased oxidative stress producing higher
TBARS levels when enzymatic defenses (SOD+CAT+GPX) are compromised.

The Thiols/(SOD+CAT+GPX) ratio reflects the relationship between protein oxidative modifications and antioxidant enzyme
protection. Physiologically, the cytosol’s reducing environment maintains protein thiols in a reduced state. Elevated ROS can cause
oxidative stress-induced protein modifications, reducing thiol levels and depleting glutathione (Baba and Bhatnagar, 2018). Active

lipid oxidation, and thiol oxidation:

)). These ratios provide information

Table 2
Basic descriptive statistics for endometrial oxidative stress enzymes, Thiols and TBARS in the endometrium of female dogs throughout the estrous
cycle. Number of animals per group, n = 5.

Stage Mean SEM SD Minimum Maximum p-value
SOD AN 92.12 5.12 11.44 78.90 106.22 0.002
PE 87.50 1.58 3.53 83.57 92.00
E 64.75 2.54 5.67 57.57 72.96
eDI 69.44 7.18 14.36 56.22 89.59
DI 69.79 6.38 14.26 51.96 87.91
CAT AN 3.37 0.60 1.33 1.94 4.93 <0.001
PE 3.29 0.47 1.05 2.32 4.97
E 9.77 3.31 7.40 4.94 22.64
eDI 16.71 4.51 9.03 4.32 24.54
DI 25.24 3.85 8.61 16.32 35.26
GPX AN 169.30 12.22 27.33 137.77 208.39 0.409
PE 182.56 24.33 54.40 109.04 249.02
E 150.09 22.94 51.29 111.04 229.05
eDI 126.81 19.22 38.45 96.97 181.26
DI 150.27 18.83 42.11 116.00 215.20
GSR AN 10.00 3.73 8.34 3.19 23.60 0.110
PE 6.60 1.29 2.89 4.47 11.58
E 11.35 1.25 2.80 8.16 15.18
eDI 17.87 4.59 9.17 12.63 31.57
DI 14.67 2.69 6.02 9.39 21.66
GST AN 17.76 5.41 12.10 6.52 37.29 0.010
PE 18.99 3.94 8.82 9.20 32.48
E 60.89 13.08 29.24 21.77 91.74
eDI 59.73 12.82 25.63 43.98 98.00
DI 43.50 11.36 25.41 21.07 84.68
TBARS AN 4.24 0.14 0.31 3.84 4.62 0.298
PE 9.69 2.16 4.82 4.65 15.79
E 6.00 1.48 3.31 2.47 10.72
eDI 6.46 1.02 2.04 4.49 8.78
DI 5.71 2.64 5.91 0.84 15.79
Thiols AN 445.30 102.34 228.84 142.66 745.56 0.491
PE 585.59 53.44 119.49 466.07 720.33
E 473.66 43.97 98.32 374.10 614.93
eDI 458.17 83.75 167.49 307.83 645.56
DI 429.75 32.06 71.69 365.32 535.33

Stages of the cycle: anestrus (A), proestrus (PE), estrus (E), early diestrus (eDI) and diestrus (DI). SOD — Superoxide dismutase; CAT — Catalase; GPX —
Glutathione peroxidase; GSR - Glutathione reductase; GST — Glutathione-S-transferase; Thiols — Total sulfhydryls (-SH).
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Fig. 2. Endometrial activity of oxidative stress enzymes at different stages of estrous cycle of bitch canine uterus [anestrus (A), proestrus (PE), estrus
(E), early diestrus (eDI) and diestrus (DI)] Number of animals used per group, n = 5. A. Superoxide Dismutase (SOD) activity. B. Catalase (CAT)
activity. C. Glutathione Peroxidase (GPX) activity. D. Glutathione Reductase (GSR) activity. E. Glutathione-S-Transferase (GST) activity. Significance
levels are denoted by shared letters: P < 0.05 (a/d/e); P < 0.01 (b). F. Time series representation of enzymatic levels across the canine estrous
cycle stages.
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enzymatic defenses (SOD+CAT-+GPX) help maintain stable cellular thiol levels.

The ratio (TBARS-+Thiols)/(SOD+CAT+GPX) evaluates ROS effects on cellular lipids and proteins (Torres et al., 2011). The
coordinated defense mechanism of SOD, CAT, and GPX removes superoxide radicals before their conversion to harmful hydroxyl
radicals. This ratio compares ROS-induced oxidative effects to total antioxidant enzymatic defense, indicating tissue antioxidant status
(Baba and Bhatnagar, 2018). An unchanged ratio suggests efficient neutralization of oxidative stress species without cellular damage.

2.6. Statistical analysis

Results from the biochemical analyses are expressed as mean =+ standard error of the mean (SEM). For each sample, assays were run
in duplicate, and the mean value was used for data pooling. Basic descriptive statistics (mean, standard error, and SEM) were used to
characterize the samples and estrous stages.

Statistical analyses were performed using IBM SPSS Statistics version 22.0 for Mac OS X 10.8. Data distribution normality was
assessed using the Shapiro-Wilk test, with p-values ranging from 0.061 for GPx to 0.702 for Thiols (df=25). Homogeneity of variances
was confirmed using Levene’s test based on medians, with results ranging from F(4, 18) = 0.526 (GR) to 2.145 (SOD), and
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Fig. 3. Endometrial lipid and protein peroxidation levels measured from TBARS and Thiols at different stages of canine estrous cycle [anestrus (A),
proestrus (PE), estrus (E), early diestrus (eDI) and diestrus (DI)]. Number of animals used per group, n = 5. A. TBARS levels; Significance levels are
denoted by shared letters: P < 0.05 (a). B. Total sulfhydryls (-SH) (Thiols) levels. C. Time series representation of lipid (TBARS) and protein per-
oxidation (Thiols) across stages of the canine estrous cycle.
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corresponding p-values from 0.718 (GR) to 0.117 (SOD). After confirming these assumptions, data were analyzed using one-way
ANOVA followed by Tukey’s multiple comparisons test. Differences between groups were considered statistically significant at
p < 0.05.

3. Results
3.1. Activity of oxidative stress enzymes

Antioxidant enzyme activities in canine endometrial homogenates were measured using spectrophotometric analysis of substrates
or derived products (SOD, GPX, GSR, GST) and polarographic analysis of reaction products (CAT). Table 2 presents the activities of
individual antioxidant enzymes, total cellular thiols and TBARS.

The estrous cycle stage significantly influenced the total superoxide radical-scavenging antioxidant enzyme activity (p = 0.002;
Table 2). SOD activity was highest in anestrus and proestrus samples (Fig. 2A) compared to other cycle stages (estrus, early diestrus and
diestrus). While no significant difference was found between anestrus and proestrus (p = 0.956), both stages showed higher activity
than estrus (p = 0.005), early diestrus, and diestrus (p < 0.01). Among the remaining stages, only proestrus and estrus differed
significantly (p = 0.022). No differences were detected among stages with elevated progesterone levels (estrus, early diestrus, and
diestrus), reflecting generally decreased activity during these phases (Fig. 2A).

The activities of H202-scavenging antioxidant enzymes CAT and GPX are shown in Fig. 2B and C. Catalase activity in canine
endometrium varied significantly throughout the estrous cycle (p < 0.001; Table 2). CAT activity was lowest during stages with basal
progesterone levels (anestrus and proestrus), with no significant differences between these stages (Fig. 2B). During estrus, CAT activity
showed a slight increase but remained statistically similar to anestrus, proestrus, and early diestrus levels. A significant increase in CAT
activity occurred during early diestrus (p < 0.05 compared to anestrus or proestrus) and remained elevated through diestrus
(p < 0.001 versus anestrus/proestrus; p < 0.01 versus estrus). In contrast, endometrial GPX activity remained stable across all estrous
cycle stages (p = 0.409; Table 2), despite minor numerical variations between stages (Fig. 2C).

GSR activity remained relatively stable throughout the canine estrous cycle (p = 0.110; Table 2; Fig. 2D), though higher activity
was observed during stages with elevated progesterone levels compared to anestrus and proestrus (p = 0.038).

GST activity showed significant variation across the estrous cycle (p = 0.010), with lowest levels during anestrus and proestrus
compared to other cycle stages (Fig. 2E). The most pronounced increases in GST activity occurred during estrus and early diestrus,
coinciding with rising progesterone levels (Fig. 2E). Significant differences were found between estrus and both anestrus (p = 0.037)
and proestrus (p = 0.044). Early diestrus showed a trend toward higher GST activity compared to anestrus and proestrus (p = 0.062
and p = 0.074, respectively).

The time series graph in Fig. 2.F summarizes the trends in antioxidant enzyme activities across different stages of the canine estrous
cycle, enabling a holistic comparison of the effects of sex steroid hormones (estrogen dominance vs. progesterone dominance vs.
absence of hormonal influence).

The TBARS content in endometrial homogenates, which reflects ROS-induced lipid damage, showed no overall dependence on the
canine estrous cycle stage (P = 0.298; Table 2), as illustrated in Fig. 3.A. However, TBARS levels were significantly higher during
proestrus compared to anestrus (P = 0.040; Fig. 3.A), with no significant differences observed among other cycle stages.

The stage of the cycle did not significantly affect total sulfhydryl (-SH) levels in the canine endometrium (P = 0.491; Table 2), as
shown in Fig. 3.B. Although proestrus showed slightly higher values compared to other cycle stages, these differences were not sta-
tistically significant.

Fig. 3C presents a time series graph showing trends in protein and lipid peroxidation across different stages of canine estrus. This
visualization helps elucidate the effects of sex steroids (comparing periods of estrogen dominance, progesterone dominance, and

Table 3
Ratios of the activity of oxidative stress enzymes in the endometrium of female dogs throughout the estrous cycle. Data provided as Mean + SEM.
Number of animals per group, n = 5.

Ratios AN PE E eDI DI P value
SOD 0.56 + 0.05 0.51 + 0.08 0.44 + 0.06 0.51 + 0.09 0.41 + 0.06 0.610
(CAT + GPX)
GPX 26.64 + 7.15%" 33.24 + 8.00° 13.87 + 2.47*° 8.41 + 2.00° 12.08 + 2.94%° 0.019
GSR
GPX 55.02 + 7.20° 61.89 + 14.17° 19.30 + 4.39% 11.96 + 5.82% 6.78 + 1.70° <0.001
CAT
Thiols 0.02 + 0.00 0.04 + 0.01 0.03 +0.01 0.03 + 0.01 0.02 + 0.01 0.625
(SOD + CAT + GPX)
TBARS 1.73 £ 0.41 2.19 +0.23 2.14 +0.14 2.15 + 0.34 1.79 + 0.17 0.249
(SOD + CAT + GPX)
(TBARS + Thiols) 1.74 + 0.41 2.22 +0.23 217 +0.14 2.18 + 0.34 1.81+0.18 0.597
(SOD + CAT + GPX)

Stages of the cycle: anestrus (A), proestrus (PE), estrus (E), early diestrus (eDI) and diestrus (DI). SOD - Superoxide dismutase; CAT — Catalase; GPX —
Glutathione Peroxidase; GSR — Glutathione reductase; GST — Glutathione-S-transferase; Thiols — Total sulfhydryls (-SH). Different subscripts within a
row indicate statistical differences at p < 0.05.
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minimal hormonal influence).

3.2. Oxidative stress ratios

Analysis of the total antioxidant enzymatic protection system in the canine uterus, measured through the SOD/(CAT+GPX) ratio,
revealed minor, non-significant variations across estrous cycle stages (Table 3). However, peroxide-related enzyme ratios showed
significant differences, with GPX/GSR (p = 0.019) and GPX/CAT (p < 0.001) varying notably across stages.

The GPX/CAT ratio was elevated in anestrus and proestrus compared to other stages (Table 3; Fig. 4.A), following a pattern similar
to SOD activities (Fig. 2.A). This ratio reached its minimum in early diestrus and peaked in proestrus. The decreased values observed
during early diestrus and diestrus likely resulted from increased CAT activity, as supported by individual CAT activity measurements
(Fig. 2.B). The GPX/CAT ratio showed no significant differences among the remaining cycle stages.

The GPX/GSR ratio (Fig. 4.B) also exhibited a pattern similar to SOD activity, with significantly higher values in proestrus and
anestrus compared to other cycle stages (Table 3). This ratio decreased during estrus and reached its lowest points in early diestrus and
diestrus. These changes reflected stable GPX activity (Fig. 2.C), decreased GPX/CAT ratio (Table 3; Fig. 4.A), and a non-significant
increase in GSR activity (Fig. 2.D).

The ratios used to assess oxidative stress state, namely (sonfggiopxﬁ (sonzgﬁeriprﬁ ((Sf)%*fggﬂ‘é’llf;), showed minimal, non-significant

variations across the canine estrous cycle stages (Table 3), indicating an effective enzymatic antioxidant protection and the existence of
stable, non-oxidative stress conditions in the canine endometrium, in all the stages of the estrous cycle.

4. Discussion

ROS play an essential role in endometrial cell physiology and metabolic regulation when present at low concentrations (Sugino,
2007; Al-Gubory et al., 2010). Cellular systems maintain these levels within well-defined limits through antioxidant defense systems,
which include intrinsic antioxidant compounds and enzymes that eliminate excess reactive species. These enzymatic antioxidants
catalyze reactions converting ROS (such as superoxide radical and hydrogen peroxide) into water, preventing the formation of the
more damaging hydroxyl radical that can harm chemical and cellular structures.

The results presented herein demonstrated that total glutathione-dependent enzyme activity in the endometrium remained rela-
tively stable throughout the estrous cycle. However, anestrus and proestrus stages showed increased lipid peroxidation and SOD total
activity, coupled with decreased CAT enzyme activity. Superoxide radical degradation occurs through two forms of superoxide dis-
mutase: cytoplasmatic (SOD 1) and mitochondrial (SOD 2), with SOD activity frequently associated with mammalian reproduction
(Fujii et al., 2005). The highest SOD activity was observed during anestrus, possibly because low sex steroid levels during this stage
weaken the antioxidant protective role typically exerted by these hormones in the canine endometrium, leading to compensation
through the SOD scavenging pathway (Pajovic and Saici¢, 2008).

Anestrus in dogs represents a period of intense endometrial remodeling, characterized by increased apoptosis in late diestrus and
anestrus (Van Cruchten et al., 2003). The combination of lower CAT activity and increased SOD activity during anestrus and proestrus
likely creates a local environment with higher oxidative potential, triggering compensatory survival mechanisms (Ramos et al., 2015).
While low-level lipid peroxidation may favour adaptive stress responses in antioxidant enzymatic systems (Ayala et al., 2014), elevated
SOD activity combined with reduced CAT activity might increase free hydroxyl radical levels, potentially enhancing lipid peroxidation
(Ramos et al., 2015).

Unlike humans, where SOD activity increases from proliferative to mid-secretory stages (Sugino et al., 2002), the current study
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Fig. 4. Main oxidative stress ratios in the canine endometrium at different stages of canine estrous cycle. A. GPX/CAT ratio B. GPX/GSR ratio.
Significance levels are denoted by shared letters: P < 0.05 (a); P < 0.01 (b).
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revealed that canine SOD activity is inhibited by rising progesterone levels, which increase during estrus and remain elevated
throughout early and full diestrus (Concannon, 2009). This species difference may reflect distinct physiological features, particularly
regarding luteolysis. While human endometrial cells in culture show decreased SOD activity and increased ROS concentrations
following estrogen and progesterone withdrawal in vitro (Sugino et al., 2004), canine luteolysis remains poorly understood, with
PGF2q maintaining low values during late diestrus even as peripheral progesterone levels decline below 1-2 ng.mL™! (Luz et al.,
2006). These differences in SOD activity pattern may reflect species-speciphic differences in reproductive physiology.

Knowledge about redox status and oxidative stress in the canine endometrium and their hormonal modulation remains limited.
Studies in other species have shown various patterns: sheep exhibit upregulated endometrial SOD and GPX activity during implan-
tation (Al-Gubory et al., 2010), a survival response deem crucial to prevent oxidative insult in early pregnancy (Al-Gubory et al., 2014)
while also showing decreased SOD1 activity in the endometrium under physiological levels of estrogen and progesterone (Al-Gubory
et al., 2008). Pigs demonstrate estrogen-mediated antioxidant activity through HyO synthesis inhibition in luteal and follicular cells
(Murdoch, 1998), and mice show estrogen-decreased total SOD activity associated with increased endometrial cell membrane fluidity
(Jain et al., 1999), which favours the fusion of trophectoderm and endometrial cells, with increased lipid peroxidation decreasing
during SOD activity (Laloraya, 1990). Similarly, data from the present study showed a decrease in SOD activity from proestrus to estrus
in dogs, where estrogen rises during proestrus, reaching a peak at the beginning of the estrus phase when progesterone levels start to
increase in correspondence with the pre-ovulatory LH surge (Concannon, 2009; 2011).

An apparent discrepancy was observed between high catalase levels and decreased SOD activity, particularly during early diestrus
and diestrus, suggesting an alternative pathway in HyO, synthesis, as previously hypothesized (Gupta et al., 2011; Curieses Andrés
et al., 2022). The increased SOD activity coupled with decreased CAT activity during anestrus likely promotes H,O5 production,
potentially supporting endometrial cell regeneration through ROS-mediated mechanisms involving mitochondrial dysfunction,
membrane damage, and cytochrome C release-induced apoptosis (Kruman et al., 1997).

Catalase activity in the endometrium may influence both proliferation and apoptosis pathways. In other tissues, CAT increases
abort cell proliferation (Yano and Yano, 2002), and protect tumor cells from apoptosis in a hydrogen peroxide-mediated mechanism
(Bechtel and Bauer, 2009). The increased CAT activity observed during diestrus may contribute to reduced endometrial proliferation,
contrasting with peak proliferation during proestrus and early estrus (Van Cruchten et al., 2004). A similar role has been attributed to
GST (Singh, 2015). The concurrent increase in GST activity during estrus, early diestrus, and diestrus suggests a supportive role
alongside CAT, possibly linked to decreased glutathione-dependent activity on oxidative products-

The lower GPX/GSR ratio during progesterone-dominated stages suggests a more effective antioxidant response, with sufficient
GSH regeneration capacity to support GPX’s protective activities. Both GST and GPX regulate lipid and organic hydroperoxide con-
centrations, influencing cell proliferation, survival, and apoptosis (Brigelius-Flohe and Maiorino, 2013). Although best known for their
GSH-dependent ability to conjugate or remove peroxides, GST can also bind nonsubstrate kinases in MAPK (Mitogen-Activated Protein
Kinase) pathways, which regulate cell proliferation and apoptosis (Laborde, 2010). The increased activity during high-progesterone
stages may reflect involvement in endometrial cell turnover regulation (Rider, 2002).

The lower GPX/CAT ratio in early diestrus and diestrus hints at a more prominent role for CAT in detoxifying hydrogen peroxide
and counteracting ROS’s damaging effects. The relatively unchanged ratios combining lipid and protein peroxidation markers with the
collaborative enzyme shield of SOD, CAT, and GPX support this interpretation. Prolonged oxidative stress can damage cell proteins and
lipids, potentially contributing to various health issues and diseases (Torres et al., 2011).

The SOD/(CAT+GPX) ratio evaluates the local scavenging enzymes’ ability to prevent HyO, accumulation—a highly reactive
species originating from superoxide anion dismutation by SOD—through subsequent removal by CAT and GPX, which convert it into
water and oxygen. Despite slight fluctuations across the canine estrous cycle, this ratio remains relatively stable, reflecting the
enzymatic shield’s efficiency in maintaining or restoring a healthy redox state in the canine endometrium (Dasgupta and Klein, 2014;
Baba and Bhatnagar, 2018).

Individual antioxidant enzymes can have varied outcomes in maintaining tissue balance, with each enzyme playing a unique role
across different cell populations. In the endometrium, stromal and epithelial cells mutually influence each other’s functions. Data
presented herein suggests that in the dog’s endometrium, oxidative stress serves a regulatory role without causing tissue harm. This
conclusion is supported by the absence of lipid or protein oxidation compounds, as indicated by thiol and TBARS activity patterns
throughout the estrous cycle. The ratios used in this study indicate that under normal conditions, the canine endometrium maintains
oxidative stress equilibrium. These findings align with existing knowledge about healthy uteri (Acar et al., 2020) and provide valuable
insights into antioxidative stress enzyme activities, TBARS, and Thiols that sustain ROS equilibrium in non-diseased canine
endometrium.

Recent research reveals a higher oxidative stress index in subclinical cystic endometrial hyperplasia (CEH) in dogs, characterized
by increased total oxidant status and decreased total antioxidant status compared to mid-diestrus and 30-day pregnant samples (Kurt
et al.,, 2021). CEH, particularly when associated with pyometra (CEH-P), depletes uterine antioxidants like superoxide dismutase
(SOD), catalase (CAT), and glutathione (GSH).

Chronic oxidative stress conditions may compromise uterine immune defenses, increasing the endometrium’s susceptibility to
bacterial colonization and infection. This disruption further exacerbates the antioxidant-prooxidant balance and weakens uterine
defense mechanisms against pathogens and inflammation (Rautela and Katiyar, 2019). Studies have consistently demonstrated sig-
nificant reductions in antioxidant enzymes (SOD, CAT, GPx, and GSH) in canine pyometra (Toydemir Karabulut, 2018; Kumar et al.,
2024). These enzymatic changes impair ROS scavenging, resulting in free radical overproduction and increased lipid peroxidation
(Kumar et al., 2024), which further damages uterine tissue.

Investigating the molecular mechanisms regulating redox balance in the canine endometrium during the estrous cycle can elucidate
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peri-implantation processes, infertility mechanisms, and age-related endometrial degenerative changes. This research provides
valuable information to support the development of new treatment and prevention strategies. Furthermore, these findings about
canine endometrial redox balance may offer broader understanding of similar mechanisms across humans and other mammalian
species.

The limited sample size (n = 5 per group) may represent a key limitation of this study, suggesting the need for future research with
larger cohorts to further validate and generalize these oxidative stress parameter findings.

5. Conclusions

This study provides the first comprehensive data on antioxidant status and lipid and thiol group compound oxidation in healthy
canine endometrium. The research demonstrates that the cyclic canine endometrium maintains an efficient oxidative stress control
mechanism, preventing lipid and protein damage from reactive oxygen species. Moreover, cyclic fluctuations in antioxidant enzymes,
particularly SOD and catalase, reflect the unique physiological regulatory mechanisms driven by sex steroid variations.

CRediT authorship contribution statement

R. Payan-Carreira: Writing — review & editing, Writing — original draft, Supervision, Investigation, Funding acquisition, Data
curation, Conceptualization. C. Santos: Writing — review & editing, Writing — original draft, Investigation, Formal analysis,
Conceptualization. D. Santos: Writing — review & editing, Writing — original draft, Supervision, Investigation, Formal analysis,
Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This research was funded in partby the Fundacgao para a Ciéncia e Tecnologia under the Grants UIDP/04923/2020 and UIDP/
04033/2020.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.anireprosci.2025.107819.

References

Acar, D.B., Demirel, M.A., Akarca, S.0., Birdane, M.K., 2020. The evaluation of the oxidative stress index of reproductive tissues and serum thiol/disulphide
homeostasis during estrous cycle in bitches. Ank. Univ. Vet. Fak. Derg. 67, 87-94.

Agarwal, A., Gupta, S., Sekhon, L., Shah, R., 2008. Redox considerations in female reproductive function and assisted reproduction: from molecular mechanisms to
health implications. Antioxid. Redox Signal. 10, 1375-1403.

Agarwal, A., Gupta, S., 2005. Role of reactive oxygen species in female reproduction. Part I. Oxidative stress: a general overview. Agro Food Ind. Hi-Tech. 16, 21-25.

Al-Gubory, K.H., Arianmanesh, M., Garrel, C., Bhattacharya, S., Cash, P., Fowler, P.A., 2014. Proteomic analysis of the sheep caruncular and intercaruncular
endometrium reveals changes in functional proteins crucial for the establishment of pregnancy. Reproduction 147, 599-614.

Al-Gubory, K.H., Bolifraud, P., Garrel, C., 2008. Regulation of key antioxidant enzymatic systems in the sheep endometrium by ovarian steroids. Endocrinology 149,
4428-4434.

Al-Gubory, K.H., Fowler, P.A., Garrel, C., 2010. The roles of cellular reactive oxygen species, oxidative stress and antioxidants in pregnancy outcomes. Int J. Biochem
Cell B 42, 1634-1650.

Artimovi¢, P., Badovska, Z., Toporcerovd, S., Spakova, 1., Smolko, L., Sabolova, G., Krivakova, E., Rabajdova, M., 2024. Oxidative stress and the Nrf2/PPARy axis in
the endometrium: insights into female fertility. Cells 13.

Ayala, A., Munoz, M.F., Arguelles, S., 2014. Lipid peroxidation: production, metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal.
Oxid. Med. Cell. Longev. 2014, 360438.

Baba, S.P., Bhatnagar, A., 2018. Role of thiols in oxidative stress. Curr. Opin. Toxicol. 7, 133-139.

Barrau, M.D., Abel, J.H., Torbit, C.A., Tietz, W.J., 1975. Development of implantation chamber in pregnant bitch. Am. J. Anat. 143, 115-129.

Baud, O., Greene, A.E., Li, J., Wang, H., Volpe, J.J., Rosenberg, P.A., 2004. Glutathione peroxidase-catalase cooperativity is required for resistance to hydrogen
peroxide by mature rat oligodendrocytes. J. Neurosci. 24, 1531-1540.

Bechtel, W., Bauer, G., 2009. Catalase protects tumor cells from apoptosis induction by intercellular ROS signaling. Anticancer Res 29, 4541-4557.

Berridge, M.J., 2014. Cell Stress, Inflammatory Responses and Cell Death, Cell Signalling Biology, Portland Press Limited, p. p.30.

Bradford, M.M., 1976. Rapid and sensitive method for quantitation of microgram quantities of protein utilizing principle of protein-dye binding. Anal. Biochem 72,
248-254.

Brigelius-Flohe, R., Maiorino, M., 2013. Glutathione peroxidases. Biochim Biophys. Acta 1830, 3289-3303.

Buege, J.A., Aust, S.D., 1978. Microsomal lipid peroxidation. Methods Enzymol. 52, 302-310.

Carter, A.B., Tephly, L.A., Venkataraman, S., Oberley, L.W., Zhang, Y., Buettner, G.R., Spitz, D.R., Hunninghake, G.W., 2004. High levels of catalase and glutathione
peroxidase activity dampen H202 signaling in human alveolar macrophages. Am. J. Respir. Cell Mol. Biol. 31, 43-53.

Concannon, P.W., 2009. Endocrinologic control of normal canine ovarian function. Reprod. Domest. Anim. 44 (2), 3-15.

11


https://doi.org/10.1016/j.anireprosci.2025.107819
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref1
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref1
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref2
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref2
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref3
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref4
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref4
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref5
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref5
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref6
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref6
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref7
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref7
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref8
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref8
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref9
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref10
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref11
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref11
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref12
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref13
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref13
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref14
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref15
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref16
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref16
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref17

R. Payan-Carreira et al. Animal Reproduction Science 275 (2025) 107819

Concannon, P.W., 2011. Reproductive cycles of the domestic bitch. Anim. Reprod. Sci. 124, 200-210.

Concannon, P., Tsutsui, T., Shille, V., 2001. Embryo development, hormonal requirements and maternal responses during canine pregnancy. J. Rep. Fer S 169-179.

Cornelli, U., Belcaro, G., Cesarone, M.R., Finco, A., 2013. Analysis of oxidative stress during the menstrual cycle. Reprod. Biol. Endocrinol.: RBE 11, 74.

Curieses Andrés, C.M., Pérez de Lastra, J.M., Andrés Juan, C., Plou Gasca, F.J., Pérez-Lebena, E., 2022. Chemistry of Hydrogen Peroxide Formation and Elimination in
Mammalian Cells, and Its Role in Various Pathologies. Multidisciplinary Digital Publishing Institute.

Dasgupta, A., Klein, K., 2014. Chapter 2 - Methods for Measuring Oxidative Stress in the Laboratory. In: Dasgupta, A., Klein, K. (Eds.), Antioxidants in Food, Vitamins
and Supplements. Elsevier, San Diego, pp. 19-40.

De Bosschere, H., Ducatelle, R., Vermeirsch, H., Van Den Broeck, W., Coryn, M., 2001. Cystic endometrial hyperplasia-pyometra complex in the bitch: should the two
entities be disconnected? Theriogenology 55, 1509-1519.

Delrio, L.A., Gomezortega, M., Leallopez, A., Lopezgorge, J., 1977. More sensitive modification of catalase assay with clark oxygen-electrode - application to kinetic
study of pea leaf enzyme. Anal. Biochem 80, 409-415.

Di Marzo, N., Chisci, E., Giovannoni, R., 2018. The role of hydrogen peroxide in redox-dependent signaling: homeostatic and pathological responses in mammalian
cells. Cells 7.

Doktorovova, S., Santos, D.L., Costa, I., Andreani, T., Souto, E.B., Silva, A.M., 2014. Cationic solid lipid nanoparticles interfere with the activity of antioxidant
enzymes in hepatocellular carcinoma cells. Int. J. Pharm. 471, 18-27.

Droge, W., 2002. Free radicals in the physiological control of cell function. Physiol. Rev. 82, 47-95.

Ellman, G.L., 1959. Tissue sulfhydryl groups. Arch. Biochem Biophys. 82, 70-77.

England, G.C., Russo, M., Freeman, S.L., 2009. Follicular dynamics, ovulation and conception rates in bitches. Reprod. Domest. Anim. 44 (2), 53-58.

Finkel, T., 1998. Oxygen radicals and signaling. Curr. Opin. Cell Biol. 10, 248-253.

Fujii, J., Iuchi, Y., Okada, F., 2005. Fundamental roles of reactive oxygen species and protective mechanisms in the female reproductive system. Reprod. Biol.
Endocrinol.: RBE 3, 43.

Gupta, S., Choi, A., Yu, H.Y., Czerniak, S.M., Holick, E.A., Paolella, L.J., Agarwal, A., Combelles, C.M., 2011. Fluctuations in total antioxidant capacity, catalase
activity and hydrogen peroxide levels of follicular fluid during bovine folliculogenesis. Reprod. Fertil. Dev. 23, 673-680.

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S-transferases - first enzymatic step in mercapturic acid formation. J. Biol. Chem. 249, 7130-7139.

Halliwell, B., Gutteridge, J.M.C., 2015. Free Radicals in Biology and Medicine. Oxford University Press, New York.

Hardy, M.L.M., Day, M.L., Morris, M.B., 2021. Redox regulation and oxidative stress in mammalian oocytes and embryos developed. Int. J. Environ. Res. Public Health
18.

Ighodaro, O.M., Akinloye, O.A., 2018. First line defence antioxidants-superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX): Their
fundamental role in the entire antioxidant defence grid. Alex. J. Med. 54, 287-293.

Jain, S., Saxena, D., Kumar, P.G., Koide, S.S., Laloraya, M., 1999. Effect of estradiol and selected antiestrogens on pro- and antioxidant pathways in mammalian
uterus. Contraception 60, 111-118.

Kruman, I., Bruce-Keller, A.J., Bredesen, D., Waeg, G., Mattson, M.P., 1997. Evidence that 4-hydroxynonenal mediates oxidative stress-induced neuronal apoptosis.
J. Neurosci.: Off. J. Soc. Neurosci. 17, 5089-5100.

Kumar, A., Prasad, J.K., Verma, S., Gattani, A., Singh, G.D., Singh, V.K., 2024. Evaluation of uterine antioxidants in bitches suffering from cystic endometrial
hyperplasia-pyometra complex. Pol. J. Vet. Sci. 27, 43-52.

Kurt, S., Eski, F., Mis, L., 2021. Investigation of the usability of kisspeptin and oxidative stress parameters in the early diagnosis of asymptomatic cystic endometrial
hyperplasia in dogs. Reprod. Domest. Anim. 56, 1529-1535.

Laborde, E., 2010. Glutathione transferases as mediators of signaling pathways involved in cell proliferation and cell death. Cell Death Differ. 17, 1373-1380.

Laloraya, M., 1990. Fluidity of the phospholipid bilayer of the endometrium at the time of implantation of the blastocyst-a spin label study. Biochem. Biophys. Res.
Commun. 167, 561-567.

Lennicke, C., Rahn, J., Lichtenfels, R., Wessjohann, L.A., Seliger, B., 2015. Hydrogen peroxide - production, fate and role in redox signaling of tumor cells. Cell
Commun. Signal 13, 39.

Lin, J., Wang, L., 2020. Oxidative stress in oocytes and embryo development: implications for. Antioxid. Redox Signal.

Lushchak, V.I., 2012. Glutathione homeostasis and functions: potential targets for medical interventions. J. Amino Acids 2012, 736837.

Luz, M.R., Bertan, C.M., Binelli, M., Lopes, M.D., 2006. In vitro PGF2alpha production by endometrium and corpus luteum explants from pregnant and nonpregnant
diestrus bitches and placental explants from pregnant bitches. Theriogenology 66, 1442-1447.

May, K.E., Villar, J., Kirtley, S., Kennedy, S.H., Becker, C.M., 2011. Endometrial alterations in endometriosis: a systematic review of putative biomarkers. Hum.
Reprod. Update 17, 637-653.

Michiels, C., Raes, M., Toussaint, O., Remacle, J., 1994. Importance of SE-glutathione peroxidase, catalase, and CU/ZN-SOD for cell survival against oxidative stress.
Free Radic. Biol. Med. 17, 235-248.

Muchovd, J., Sustrovd, M., Garaiovd, 1., Liptakova, A., Blazicek, P., Kvasnicka, P., Pueschel, S., Durackova, Zk, 2001. Influence of age on activities of antioxidant
enzymes and lipid peroxidation products in erythrocytes and neutrophils of down syndrome patients. Free Radic. Biol. Med. 31, 499-508.

Murdoch, W.J., 1998. Inhibition by oestradiol of oxidative stress-induced apoptosis in pig ovarian tissues. J. Reprod. Fertil. 114, 127-130.

Noakes, D.E., Dhaliwal, G.K., England, G.C., 2001. Cystic endometrial hyperplasia/pyometra in dogs: a review of the causes and pathogenesis. J. Reprod. Fertil. Suppl.
57, 395-406.

Nomura, K., 1997. Induction of canine deciduoma in some reproductive stages with the different condition of corpora lutea. J. Vet. Med. Sci. 59, 185-190.

Okkens, A.C., Kooistra, H.S., 2006. Anoestrus in the dog: a fascinating story. Reprod. Domest. Anim. 41, 291-296.

Paglia, D.E., Valentin, W.N., 1967. Studies on quantitative and qualitative characterization of erythrocyte glutathione peroxidase. J. Lab Clin. Med. 70, 158-&.

Pajovi¢, S.B., Saici¢, Z.S., 2008. Modulation of antioxidant enzyme activities by sexual steroid hormones. Physiol. Res. 57, 801-811.

Pamplona, R., Costantini, D., 2011. Molecular and structural antioxidant defenses against oxidative stress in animals. Am. J. Physiol. -Reg. I 301, R843-R863.

Paya, M., Halliwell, B., Hoult, J.R.S., 1992. Interactions of a series of coumarins with reactive oxygen species - scavenging of superoxide, hypochlorous acid and
hydroxyl radicals. Biochem. Pharmacol. 44, 205-214.

Payan-Carreira, R., Pires, M.A., Holst, B.S., Rodriguez-Martinez, H., 2011. Tumour necrosis factor in the canine endometrium: an immunohistochemical study.
Reprod. Domest. Anim. 46, 410-418.

Poli, G., Leonarduzzi, G., Biasi, F., Chiarpotto, E., 2004. Oxidative stress and cell signalling. Curr. Med Chem. 11, 1163-1182.

Ramos, R.S., Oliveira, M.L., Izaguirry, A.P., Vargas, L.M., Soares, M.B., Mesquita, F.S., Santos, F.W., Binelli, M., 2015. The periovulatory endocrine milieu affects the
uterine redox environment in beef cows. Reprod. Biol. Endocrinol.: RBE 13, 39.

Rautela, R., Katiyar, R., 2019. Review on canine pyometra, oxidative stress and current trends in diagnostics. Asian Pac. J. Reprod. 8, 45-55.

Rider, V., 2002. Progesterone and the control of uterine cell proliferation and differentiation. Front Biosci. 7, d1545-d1555.

Riley, J.C.M., Behrman, H.R., 1991. Oxygen radicals and reactive oxygen species in reproduction. P Soc. Exp. Biol. Med 198, 781-791.

Rizk, B., Badr, M., Talerico, C., 2013. Oxidative Stress and The Endometrium. Studies on Women’s Health. Humana Press, pp. 61-74.

Rizzo, A., Roscino, M.T., Binetti, F., Sciorsci, R.L., 2012. Roles of reactive oxygen species in female reproduction. Reprod. Domest. Anim. 47, 344-352.

Santos, C., Pires, Md.A., Santos, D., Payan-Carreira, R., 2016. Distribution of superoxide dismutase 1 and glutathione peroxidase 1 in the cyclic canine endometrium.
Theriogenology 86, 738-748.

Sedlak, J., Lindsay, R.H., 1968. Estimation of total protein-bound and nonprotein sulfhydryl groups in tissue with ellmans reagent. Anal. Biochem 25, 192-&.

Sies, H., 1991. Oxidative stress - from basic research to clinical-application. Am. J. Med. 91, S31-S38.

Sies, H., 2017. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: oxidative eustress. Redox Biol. 11, 613-619.

Sies, H., 2020. Oxidative stress: concept and some practical aspects. Antioxid. (Basel) 9.

Singh, S., 2015. Cytoprotective and regulatory functions of glutathione S-transferases in cancer cell proliferation and cell death. Cancer Chemother. Pharm. 75, 1-15.

12


http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref18
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref19
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref20
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref21
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref21
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref22
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref22
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref23
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref23
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref24
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref24
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref25
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref25
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref26
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref26
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref27
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref28
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref29
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref30
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref31
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref31
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref32
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref32
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref33
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref34
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref35
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref35
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref36
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref36
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref37
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref37
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref38
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref38
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref39
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref39
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref40
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref40
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref41
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref42
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref42
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref43
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref43
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref44
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref45
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref46
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref46
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref47
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref47
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref48
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref48
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref49
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref49
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref50
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref51
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref51
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref52
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref53
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref54
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref55
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref56
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref57
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref57
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref58
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref58
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref59
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref60
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref60
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref61
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref62
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref63
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref64
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref65
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref66
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref66
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref67
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref68
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref69
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref70
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref71

R. Payan-Carreira et al. Animal Reproduction Science 275 (2025) 107819

Smith, LK., Vierheller, T.L., Thorne, C.A., 1988. Assay of glutathione-reductase in crude tissue-homogenates using 5,5-dithiobis(2-nitrobenzoic acid). Anal. Biochem
175, 408-413.

Stanczyk, M., Gromadzinska, J., Wasowicz, W., 2005. Roles of reactive oxygen species and selected antioxidants in regulation of cellular metabolism. Int. J. Occup.
Med. Environ. Health 18, 15-26.

Sugino, N., 2007. The role of oxygen radical-mediated signaling pathways in endometrial function. Placenta 28, S133-S136.

Sugino, N., Karube-Harada, A., Kashida, S., Takiguchi, S., Kato, H., 2002. Differential regulation of copper-zinc superoxide dismutase and manganese superoxide
dismutase by progesterone withdrawal in human endometrial stromal cells. Mol. Hum. Reprod. 8, 68-74.

Sugino, N., Karube-Harada, A., Taketani, T., Sakata, A., Nakamura, Y., 2004. Withdrawal of ovarian steroids stimulates prostaglandin F2alpha production through
nuclear factor-kappaB activation via oxygen radicals in human endometrial stromal cells: potential relevance to menstruation. J. Reprod. Dev. 50, 215-225.

Suzuki, Y., Lyall, V., Biber, T.U.L., Ford, G.D., 1990. A modified technique for the measurement of sulfhydryl-groups oxidized by reactive oxygen intermediates. Free
Radic. Bio Med. 9, 479-484.

Szczubial, M., Dabrowski, R., 2009. Activity of antioxidant enzymes in uterine tissues of bitches with pyometra. B Vet. I Pulawy 53, 673-676.

Torres, L.L., Quaglio, N.B., de Souza, G.T., Garcia, R.T., Dati, L.M., Moreira, W.L., Loureiro, A.P., de Souza-Talarico, J.N., Smid, J., Porto, C.S., Bottino, C.M.,
Nitrini, R., Barros, S.B., Camarini, R., Marcourakis, T., 2011. Peripheral oxidative stress biomarkers in mild cognitive impairment and Alzheimer’s disease.
J. Alzheimers Dis. 26, 59-68.

Toydemir Karabulut, T.S.F., 2018. SOD, CAT, TBARS, and TNF-« concentrations in uterine tissues of bitches with pyometra and dioestrus bitches. Acta Vet. Eurasia 44,
59-62.

Ufer, C., Wang, C.C., 2011. The roles of glutathione peroxidases during embryo development. Front. Mol. Neurosci. 4, 12.

Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T.D., Mazur, M., Telser, J., 2007. Free radicals and antioxidants in normal physiological functions and human disease.
Int J. Biochem Cell B 39, 44-84.

Van Cruchten, S., Van den Broeck, W., D’'Haeseleer, M., Simoens, P., 2004. Proliferation patterns in the canine endometrium during the estrous cycle. Theriogenology
62, 631-641.

Van Cruchten, S., Van den Broeck, W., Duchateau, L., Simoens, P., 2003. Apoptosis in the canine endometrium during the estrous cycle. Theriogenology 60,
1595-1608.

Van Langendonckt, A., Casanas-Roux, F., Donnez, J., 2002. Oxidative stress and peritoneal endometriosis. Fertil. Steril. 77, 861-870.

Yang, M.S., Chan, H.W., Yu, L.C., 2006. Glutathione peroxidase and glutathione reductase activities are partially responsible for determining the susceptibility of cells
to oxidative stress. Toxicology 226, 126-130.

Yano, S., Yano, N., 2002. Regulation of catalase enzyme activity by cell signaling molecules. Mol. Cell Biochem 240, 119-130.

Yu, B.P., 1994. Cellular defenses against damage from reactive oxygen species. Physiol. Rev. 74, 139-162.

Zhu, R.Z., Wang, Y.J., Zhang, L.Q., Guo, Q.L., 2012. Oxidative stress and liver disease. Hepatol. Res 42, 741-749.

13


http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref72
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref72
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref73
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref73
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref74
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref75
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref75
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref76
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref76
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref77
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref77
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref78
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref79
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref79
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref79
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref80
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref80
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref81
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref82
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref82
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref83
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref83
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref84
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref84
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref85
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref86
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref86
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref87
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref88
http://refhub.elsevier.com/S0378-4320(25)00058-2/sbref89

	Antioxidant enzyme dynamics suggest the absence of oxidative stress in the canine endometrium across the estrous cycle
	1 Introduction
	2 Material and methods
	2.1 Sample collection and preparation
	2.2 Preparation of dog endometrial extracts and protein determination
	2.3 Antioxidant enzyme activity assays
	2.4 Lipid and thiol group oxidation
	2.5 Antioxidant enzymatic protection and oxidative stress ratios
	2.6 Statistical analysis

	3 Results
	3.1 Activity of oxidative stress enzymes
	3.2 Oxidative stress ratios

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


