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Abstract 25 

     Hyperandrogenism and insulin resistance are co-pathologies of polycystic ovary syndrome (PCOS). 26 

Recent evidence has suggested that elevated local cortisol levels are associated with ovarian and 27 

endometrial insulin resistance in hyperandrogenic PCOS patients, but the molecular mechanisms 28 

underlying these clinical findings remain unclear. We and others have used chronic treatment with 29 

human chorionic gonadotropin (hCG) and insulin to create an in vivo rodent model for the onset and 30 

development of PCOS-like phenotypes. Here, we aimed to determine whether the molecular 31 

mechanisms of glucocorticoid receptor (GR) signaling, mitochondrial function, and local inflammation 32 

in the ovary and uterus are intrinsically different in PCOS-like rats compared to controls. In both the 33 

ovary and the uterus, decreased expression of two GR protein isoforms was concurrent with increased 34 

expression of Fkbp51 but not Fkbp52 mRNA in PCOS-like rats compared to controls. However, 35 

PCOS-like rats exhibited an opposite regulation of Hsd11b1 or Hsd11b2 mRNAs in the two tissues. 36 

Further, the expression of several oxidative phosphorylation-related protein components was 37 

decreased in the PCOS-like ovary and uterus, but surprisingly the expression of many genes involved 38 

in mitochondrial function and homeostasis was increased in the same tissues and animals. 39 

Additionally, PCOS-like rats showed the increased expression of ovarian and uterine NFκB signaling 40 

proteins and Tnfaip3 mRNA. In PCOS-like rats, while similar decreased expression of Il1b, Il6, and 41 

Mmp2 mRNAs was seen in the ovary and uterus, the opposite regulation of Tnfa, Ccl2, Ccl5, and 42 

Mmp3 mRNA expression was observed in the two tissues. Both ovaries and uteri from PCOS-like 43 

animals showed increased collagen deposition compared to controls. Collectively, our observations 44 

suggest that hyperandrogenism and insulin resistance disrupt ovarian and uterine GR activation and 45 

trigger compensatory or adaptive effects for mitochondrial homeostasis, allowing tissue-level 46 

maintenance of mitochondrial function in order to limit ovarian and uterine dysfunction. Our study also 47 

suggests that hyperandrogenism and insulin resistance-induced activation of NFκB signaling resulting 48 

in aberrant regulation of inflammation-related gene expression might be tissue specific in female 49 

reproductive tissues. 50 

 51 
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1. Introduction 54 

     Worldwide, 4%–21% of all adolescent and reproductive-aged women are diagnosed with polycystic 55 

ovary syndrome (PCOS), which is a complex, heterogeneous hormone-imbalance disorder [1]. 56 

Extensive evidence from clinical studies suggests that PCOS patients commonly have impaired 57 

ovarian folliculogenesis and chronic anovulation, and their endometrium tends to remain in a 58 

proliferative state [2], which likely results in disrupted processes of uterine decidualization and embryo 59 

implantation [3, 4]. These defects cause approximately 75% of PCOS patients to suffer from 60 

anovulation infertility [5], and approximately 50% of PCOS patients experience recurrent pregnancy 61 

loss [6]. Although hyperandrogenism and insulin resistance either alone or in combination are 62 

recognized as the central manifestations in PCOS patients [7-9], the precise pathophysiological 63 

mechanisms of this syndrome that result in disrupted ovarian and uterine function are far from 64 

completely understood. 65 

     Glucocorticoid receptor (GR) is a ligand-dependent transcription-regulating protein belonging to the 66 

steroid receptors in the superfamily of nuclear receptors [10]. Among its other actions [10], GR plays a 67 

critical role in female reproduction [11]. For instance, GR is highly expressed in the mammalian ovary 68 

and uterus [12, 13], and genetic models have demonstrated a physiological role for GR as a required 69 

factor for embryo implantation and decidualization [14]. The GRα and GRβ isoforms are encoded in 70 

both humans and rodents, and there is compelling evidence that cellular GRα, but not GRβ, is 71 

principally activated by binding of ligands such as cortisol in humans and corticosterone in rodents [10, 72 

11]. Human studies have previously reported that the use of dexamethasone, an exogenous 73 

glucocorticoid drug, induces abnormal glucose homeostasis and impairs peripheral insulin sensitivity 74 

[15, 16]. Similarly, treatment with dexamethasone also results in peripheral and tissue-specific insulin 75 

resistance and decreased ovarian 17β-estradiol production in different animal models [17-19]. While 76 

systemic and tissue-specific insulin resistance is often seen in PCOS patients [8, 9] and PCOS-like 77 

animal models [20-22], intracellular GR signaling might be maintained and continue to play a critical 78 

role in PCOS. Supporting this notion are clinical studies demonstrating a positive association between 79 

elevated local cortisol levels and ovarian and endometrial insulin resistance in PCOS patients [23, 24]. 80 

In addition to insulin resistance, hyperandrogenism, particularly of ovarian origin, is the cornerstone of 81 

PCOS pathophysiology [7], and we and others have previously reported the aberrant expression of 82 

ovarian and endometrial androgen receptor (AR) in PCOS patients compared to non-PCOS controls 83 
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[25-27]. Because there is high similarity in the DNA-binding domains, the ligand-binding domains, and 84 

the hormone response elements between GR and AR [28], it would be most informative to study the 85 

molecular mechanisms of ovarian and uterine GR signaling under the conditions of hyperandrogenism 86 

and/or insulin resistance in vivo. 87 

     It is notable that some [29, 30], but not all, clinical studies have shown that elevated circulating 88 

cortisol levels and its metabolism are associated with PCOS [31]. However, the circulating and tissue 89 

levels of glucocorticoids do not always reflect each other in PCOS patients. This is partly due to the 90 

fact that increased expression and activity of intracellular 11β-hydroxysteroid dehydrogenase 91 

(11βHSD) 1, the pre-receptor regulator of glucocorticoids, determines the local cortisol concentrations 92 

in a tissue-specific manner [32], as reported in adipose tissues in PCOS patients [33]. 11βHSD, which 93 

is a member of the short-chain dehydrogenase/reductase superfamily, is important for intracellular 94 

glucocorticoid metabolism and action in the target tissues/cells [34]. It is expressed as two isoforms, 95 

11βHSD1 (Hsd11b1) and 11βHSD2 (Hsd11b2), and they are co-expressed in most tissues, including 96 

the ovary and uterus in humans and rodents [11, 34]. In humans, while 11βHSD1 functions mainly as 97 

a reductase converting inactive cortisone to active cortisol, 11βHSD2 acts exclusively as an oxidase 98 

converting cortisol to cortisone [34]. In rodents, corticosterone is a main active glucocorticoid, whereas 99 

11-dehydrocorticosterone is an inactive glucocorticoid [34]. The functional roles of 11βHSD1 and 100 

11βHSD2 in rodents are similar to those in humans. These findings suggest that the distinct 101 

expression patterns and enzymatic activities of 11βHSD isoforms might change in opposite directions 102 

in order to regulate the local concentration of cortisol/corticosterone in a particular tissue or cell type. 103 

In addition, the tissue-specific regulation of the 11βHSD isoforms in response to a variety of 104 

pathophysiological stimuli has been investigated as a potential method for activating or suppressing 105 

the GR signaling pathway [32, 34]. However, the causality of 11βHSD isoform dysregulation in the 106 

ovary and uterus under the conditions of hyperandrogenism and/or insulin resistance has never to our 107 

knowledge been experimentally determined in a PCOS-like animal model in vivo. 108 

     In addition to the nuclear translocation of GR from the cytoplasm [10, 11], GR can also be 109 

translocated to the mitochondria in many different cell types [35]. While mitochondria play a dynamic 110 

and multifaceted role in cell signaling and metabolism [36], several studies have demonstrated that 111 

mitochondrial GR contributes to the regulation of mitochondrial DNA gene transcriptional responses in 112 

a similar manner as it functions in the nucleus [35]. In fact, in vivo and in vitro studies have 113 
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demonstrated that mitochondrial DNA (mtDNA) contains glucocorticoid response elements that can 114 

regulate mtDNA transcription in a ligand-dependent manner [37, 38]. In PCOS patients and PCOS-like 115 

animals, evidence is accumulating that hyperandrogenism and insulin resistance impair mitochondrial 116 

function in different tissues and cells in vivo [26, 39-45]. In addition, while glucocorticoid-mediated 117 

regulation of inflammatory and immune responses and female fertility is well studied [10, 11], clinical 118 

studies also show a strong and frequent association between the development of PCOS and low-119 

grade chronic inflammation [1, 3, 4]. Although animal studies have provided us with a great deal of 120 

knowledge of the critical roles of human chorionic gonadotropin (hCG) and insulin treatment on 121 

ovarian and uterine insulin resistance [20, 46] and on follicular cyst formation [22] – as well as several 122 

molecular mechanisms behind hyperandrogenism and insulin resistance [20, 22, 46-50] – the cellular 123 

significance of the connection between hyperandrogenism and insulin resistance and glucocorticoid-124 

GR signaling-mediated mitochondrial function and chronic inflammation in the ovary and uterus 125 

remains unclear. 126 

     In the present study, we comprehensively examined the distribution and alteration of GR signaling, 127 

mitochondrial function, and local inflammation in the rat ovary and uterus in response to chronic 128 

treatment with hCG and/or insulin, which mimics two of the main PCOS-related etiological factors. Our 129 

findings indicate that aberrant changes in GR expression and functionality may be involved in the 130 

ovarian and uterine pathological processes in PCOS.  131 

2. Materials and Methods  132 

2.1. Ethics approval and animal care 133 

     All animal experiments and animal care procedures were carried out according to the institutional 134 

guidelines for the care and use of animals in research. The studies were approved by the Animal Care 135 

and Use Committee of the Heilongjiang University of Chinese Medicine, China (HUCM 2015-0112). 136 

Adult female Sprague Dawley rats (70 days old) were obtained from the Laboratory Animal Centre of 137 

Harbin Medical University (Harbin, China) and were kept in groups with free access to food and water 138 

and a controlled temperature of 22 ± 2 °C with a 12:12 h light:dark cycle. 139 

2.2 Chemicals and reagents 140 

     hCG was from NV Organon (Oss, Holland), and human recombinant insulin (Humulin NPH) was 141 

from Eli Lilly Pharmaceuticals (Giza, Egypt). Anti-mouse IgG horseradish peroxidase (HRP)-142 

conjugated goat (A2304), and anti-rabbit IgG HRP-conjugated goat (A0545) secondary antibodies 143 
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were from Sigma-Aldrich (St. Louis, MO). The primary antibodies used for Western blot and 144 

immunohistochemical analyses in the present study, their dilutions, and their sources are listed in 145 

Table 1. The avidin-biotinylated-peroxidase complex detection system (ABC kit) was from Vector 146 

Laboratories Inc. (Burlingame, CA). A detailed list of primers is provided in Table 2. Unless otherwise 147 

specified, all reagents were purchased from Sigma-Aldrich (St Louis, MO, USA). 148 

2.3. Study design, estrous cycle analysis, and tissue collection 149 

     The female Sprague Dawley rats (n = 88) used in this study needed to have normal cycles prior to 150 

treatment, and these were confirmed by examination of vaginal smears under a light microscope for 151 

two sequential estrous cycles (about 8–10 days). All rats were randomly divided into four groups and 152 

treated with (A) an equal volume of saline as controls, (B) 3.0 IU/day hCG to induce 153 

hyperandrogenism, (C) insulin, which was started at 0.5 IU/day and gradually increased to 6.0 IU/day 154 

between the 11th day and the 22nd day to induce hyperinsulinemia and peripheral insulin resistance, 155 

or (D) hCG plus insulin to induce a combination of hyperandrogenism and peripheral insulin resistance, 156 

which are key co-pathologies of PCOS. Animals were decapitated on the 23rd day. The doses and 157 

treatment protocols for hCG and insulin are described in detail in the previous paper [20].  158 

     Prior to treatment, estrous cycles were monitored daily by vaginal lavage according to a standard 159 

protocol [51]. Rats treated with saline or insulin had normal cycles, but hCG-treated and hCG+insulin-160 

treated animals displayed absent or prolonged cycles. None of the hCG+insulin-treated rats with 161 

prolonged estrous cycles were included in the study. After treatment, 10 animals per group were 162 

randomly selected and further analyzed. 163 

     After transient anesthesia by isoflurane (2% in a 1:1 mixture of oxygen or air, RWD Life Science 164 

Co., Shenzhen, China), the ovaries and uteri were removed and stripped of fat and connective tissues. 165 

One side of the ovary and uterus in each animal was fixed in 4% formaldehyde and neutral buffered 166 

solution for 24 h at 4ºC and embedded in paraffin for histochemical analysis. The other side was 167 

immediately frozen in liquid nitrogen and stored at −70ºC for subsequent quantitative real-time (qRT) 168 

PCR and Western blot analyses.  169 

2.4. Morphological assessment, immunostaining, and imaging 170 

     The fixed tissue, including the ovaries and uteri, was embedded in paraffin. Sections were cut at a 171 

thickness of 5 μm and stained with hematoxylin and eosin (H&E) according to standard procedures, 172 

and the immunohistochemical staining was performed as previously described [47, 48]. Ovarian and 173 
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uterine tissue sections were dewaxed and refixed in Bouin’s solution (HT10132, Sigma-Aldrich) and 174 

stained with Weigert’s Iron Hematoxylin Set (HT10-79, Sigma-Aldrich) and Masson’s Trichrome 175 

Staining Kit (HT15, Sigma-Aldrich) as described by the manufacturer. After deparaffinization and 176 

rehydration, the sections were immersed in epitope retrieval buffer (1 mM EDTA, 0.05% Tween 20, pH 177 

8.0) and heated in a 700 Watt microwave for 15 min. The sections were subsequently rinsed twice 178 

with dH2O and once with 0.01 M Tris-buffered saline supplemented with Triton X-100 (TBST). The 179 

endogenous peroxidase was removed, and nonspecific binding was blocked by incubation with 3% 180 

H2O2 for 10 min and then with 10% normal goat serum for 1 h at room temperature. After incubation 181 

with the anti-GR primary antibody (1:100 dilution, Table 1) overnight at 4°C in a humidified chamber, 182 

sections were stained using the avidin-biotinylated-peroxidase ABC kit according to the manufacture’s 183 

instructions (Vector Laboratories) followed by a 5-min treatment with 3,3-diaminobenzidine 184 

tetrahydrochloride (DAB, SK-4100, Vector Laboratories). All sections were incubated with DAB for the 185 

same length of time so that comparisons could be made between individual samples, and all slides 186 

were stained in a single run to eliminate inter-experiment variations in staining intensity. Tissue 187 

sections were observed with a Nikon E-1000 microscope (Japan) under bright-field optics and 188 

photomicrographed using Easy Image 1 (Bergström Instrument AB, Sweden). 189 

2.5. RNA isolation and qRT-PCR analysis 190 

     The details of ovarian and uterine RNA isolation, quantification, and quality assessment were 191 

described previously [20]. Each cDNA sample was subjected to qRT-PCR with a Roche Light Cycler 192 

480 sequence detection system (Roche Diagnostics Ltd., Rotkreuz, Switzerland) using SYBR green 193 

qPCR master mix (K0252, Thermo Scientific, Rockford, IL). The primer sequences for each target 194 

gene are listed in Table 2. Several housekeeping genes, including Gapdh, Actb, and U87, were tested 195 

prior to analysis. Gapdh was chosen as the internal reference for all analyses because expression 196 

remained stable across all groups. Each sample was analyzed in triplicate, and the relative fold 197 

expression of each gene was calculated using the comparative critical threshold (Ct) method (Life 198 

Technologies, Stockholm, Sweden) with normalization to the Gapdh gene based on the 2−∆∆Ct 199 

calculation.  200 

2.6. Tissue protein extraction and Western blot analysis 201 

     Ovarian and uterine samples were pulverized and then homogenized in ice-cold RIPA buffer 202 

(Sigma-Aldrich) supplemented with cOmplete Mini protease inhibitor cocktail tablets (Roche 203 
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Diagnostics, Mannheim, Germany) and PhosSTOP phosphatase inhibitor cocktail tablets (Roche 204 

Diagnostics). The protein extractions for whole cells and mitochondrial fractions were performed 205 

following published methodology [20, 48, 52]. After determining the total protein concentration by BCA 206 

assay, 30 μg of protein from each group was resolved on 4–20% TGX stain-free gels (Bio-Rad 207 

Laboratories GmbH, Munich, Germany) and transferred onto PVDF membranes. The membranes 208 

were blocked by 0.01 M Tris-buffered saline supplemented with Triton X-100 containing 5% nonfat dry 209 

milk for 1 h and were probed with different primary antibodies (Table 1) in the blocking buffer overnight 210 

at 4°C followed by HRP-conjugated secondary antibody. Chemiluminiscence signals were detected 211 

using SuperSignal West Dura substrate following the manufacturer’s instructions (Thermo Scientific—212 

Pierce). Ultraviolet activation of the Criterion stain-free gel on a ChemiDoc MP Imaging System (Bio-213 

Rad) was used to control for proper loading. Band densitometry and quantification was performed 214 

using Image Laboratory (Version 5.0, Bio-Rad, Sweden), and the protein band densities were 215 

normalized to the total-protein loading control. Details of the method have been described previously 216 

[47]. 217 

2.7. Statistics  218 

      For all experiments, n-values represent the numbers of individual animals. All values are 219 

presented as the means ± SEM. Statistical analyses were performed using the Statistical Package for 220 

Social Science (SPSS, version 24.0, SPSS Inc., Chicago, IL) and Graphpad Prism statistical software 221 

(Graphpad, version 5.0, Graphpad Software, La Jolla, CA) for Windows. The normal distribution of the 222 

data was tested with the Shapiro–Wilk test. Differences between groups were analyzed by one-way 223 

ANOVA followed by Tukey’s post-hoc test for normally distributed data or by the Kruskal–Wallis test 224 

for skewed data. Statistical significance was set at p < 0.05. 225 

3. Results 226 

3.1. Ovarian defects in rats treated chronically with hCG and/or insulin 227 

     In accordance with previous results from studies of follicular cyst formation and ovarian stromal 228 

hyperplasia in rodents treated with hCG and insulin [22, 53], we found grossly oversized ovaries with 229 

enlarged fluid-filled follicles in hCG+insulin-treated and hCG-treated rats compared to control and 230 

insulin-treated rats (Fig. 1A). Further, morphological analysis revealed significant differences in the 231 

number of ovarian cystic follicles in hCG+insulin-treated and hCG-treated rats compared with the 232 

number in control and insulin-treated rats (Fig. 1A). In the ovaries, weak immunoreactivity was present 233 
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in the cytoplasm of follicle cells (mainly in granulosa cells) and oocytes in control rats; however, there 234 

was intense nuclear GR immunoreactivity in the corpus luteum (Fig. 1B). In addition, GR 235 

immunoreactivity was almost absent in the apoptotic follicles in control rats (Fig. 1B). Because the GR 236 

consists of two distinct isoforms, GRα and GRβ [11], we performed a Western blot analysis to 237 

measure the expression of ovarian GR protein isoforms in rats treated chronically with hCG and/or 238 

insulin (Fig. 1C). There was no significant difference in GRα, GRβ, or total GR expression between 239 

saline-treated and insulin-treated rats. However, we observed that the expression of GRα and GRβ 240 

together with total GR was significantly decreased in hCG-treated rats compared to controls. 241 

Quantitative protein data indicated that GRα and total GR, but not GRβ, proteins were decreased in 242 

hCG+insulin-treated rats compared to control rats. Because FKBP5 (Fkbp51) and FKBP4 (Fkbp52), 243 

the GR binding proteins, display differential regulation of GR activation [54], we compared the 244 

expression of Fkbp51 and Fkbp52 mRNAs in the ovary by qRT-PCR (Fig. 1D). Quantitative data 245 

indicated that Fkbp51 but not Fkbp52 mRNA levels were increased in rats treated with hCG and/or 246 

insulin compared to control rats treated with saline. This result suggests that Fkbp51, a negative 247 

regulator of GR activity, might be able to bind GR and block its activation in the ovary. While both 248 

11βHSD1 (Hsd11b1) and 11βHSD2 (Hsd11b2) are expressed in the ovary [11, 34], we found that the 249 

Hsd11b1 mRNA level was decreased in hCG+insulin-treated and insulin-treated rats compared to 250 

controls. In contrast to insulin-treated rats, hCG+insulin-treated and hCG-treated rats exhibited an 251 

increase in Hsd11b2 mRNA level (Fig. 1E). 252 

     GR function contributes not only to nuclear, but also to mitochondrial transcription [35]. To analyze 253 

whether the aberrant regulation of oxidative phosphorylation (OXPHOS) capacity – a key aspect of 254 

mitochondrial respiratory function [55] – is associated with decreased GR protein expression in the 255 

ovary after treatment with hCG and insulin, we profiled the expression of five respiratory protein 256 

complexes (Complex I, NADH dehydrogenase; Complex II, succinate dehydrogenase; Complex III, 257 

ubiquinol cytochrome c reductase; Complex IV, cytochrome c oxidase; and Complex V, ATP synthase) 258 

in the ovary. As shown in Fig. 2A, similar to GR protein regulation, the expression of OXPHOS 259 

Complex I, IV, and V was decreased in hCG+insulin-treated and hCG-treated rats compared to control 260 

rats. Among five respiratory protein complexes, only Complex II protein expression was increased in 261 

insulin-treated rats compared to control rats treated with saline. Next, we analyzed the gene 262 

expression profile, focusing on mitochondrial fusion (Mfn1 and Opa1), fission (Drp1), biogenesis (Tfam, 263 
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Pgc1a, and Nrf1), and mitophagy (Parkin, Pink1, Rheb, and Atp13a) [56]. As shown in Fig. 2B, 264 

although no significant difference was seen in Mfn1, Tfam, or Pink1 mRNA expression between 265 

hCG+insulin-treated and control rats, increased expression of Opa1, Drp1, and Pgc1a mRNAs and 266 

decreased expression of Nrf1, Parkin, Rheb, and Atp13a mRNAs were found in hCG+insulin-treated 267 

rats. Additionally, there were similarities and differences in the gene expression patterns between 268 

hCG-treated and insulin-treated rats. For instance, we found increased expression of Mfn1 and Opa1 269 

mRNAs and decreased Atp13a mRNA expression in hCG-treated and insulin-treated rats compared to 270 

controls. However, Tfam mRNA expression was decreased in hCG-treated rats but was increased in 271 

insulin-treated rats. Moreover, Pink1 mRNA expression was unaltered in hCG-treated rats but was 272 

decreased in insulin-treated rats. Thus, the lack of significant effects of the combination of hCG and 273 

insulin on Tfam and Pink1 mRNA expression is likely due to the contrasting effects of hCG and insulin. 274 

Similar to hCG+insulin-treated rats, decreased Rheb mRNA expression and increased Drp1 and 275 

Pgc1a mRNA expression were found in both hCG-treated and insulin-treated rats. 276 

     A dysfunctional or less sensitive GR promotes NFκB-mediated inflammatory processes [54, 57]. 277 

Using Western blotting, we found that the expression of the inhibitor of NFkB kinase complex β (IKKβ) 278 

and nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (IκBα) proteins 279 

was decreased in hCG+insulin-treated and hCG-treated rats (Fig. 3A). However, we found that while 280 

total NFκB (p65) protein expression was decreased, phosphorylated NFκB (p65) protein expression 281 

and the ratio of phosphorylated NFκB (p65) [p-NFκB (p65)] to total NFκB (p65) protein levels were 282 

significantly higher in hCG+insulin-treated rats than controls. While the pattern of total NFκB (p65) 283 

protein expression and the ratio of p-NFκB (p65) to total NFκB (p65) protein expression between 284 

hCG+insulin-treated and hCG-treated rats were similar, no alterations of any protein expression or the 285 

ratio of phosphorylated NFκB (p65) to total NFκB (p65) protein expression were found in insulin-286 

treated rats (Fig. 3A). We next determined the expression pattern of genes that are involved in the 287 

inflammatory process in the ovary by qRT-PCR. Quantitative data indicated that Tnfa, Il1b, Il6, Ccl2, 288 

and Csf2 mRNA expression was decreased by hCG and insulin treatment, both separately and in 289 

combination (Fig. 3B). Moreover, while Tnfaip3 mRNA expression was increased in hCG+insulin-290 

treated and insulin-treated rats, Ccl5 mRNA expression was decreased in hCG+insulin-treated rats 291 

compared to control rats (Fig. 3B). Collagens are key structural protein components of the extracellular 292 

matrix [58], and altered matrix metalloproteinase (MMP) expression plays a role in the 293 
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pathophysiology of the ovary and uterus [59]. In the ovary, we found that compared to control rats 294 

Mmp2 mRNA expression was decreased in hCG+insulin-treated and hCG-treated rats and that Mmp3 295 

mRNA expression was decreased by hCG and insulin treatment, both separately and in combination 296 

(Fig. 3B). Furthermore, Masson’s trichrome staining revealed that the deposition of ovarian collagen 297 

was significantly increased in hCG+insulin-treated rats compared to control rats (Fig. 3C). hCG-treated 298 

but not insulin-treated rats displayed similar ovarian collagen deposition as hCG+insulin-treated rats 299 

(data not shown). 300 

3.2. Uterine defects in rats treated chronically with hCG and/or insulin 301 

     Consistent with our previous studies [20, 48], the most dilated uterine lumen was seen in hCG-302 

treated rats compared to the other three groups, and multiple cystic glands filled with large amounts of 303 

secretory fluid were found in hCG+insulin-treated rats (Fig. 4A). General histological evaluation of the 304 

uterine sections stained with H&E showed that the luminal epithelial cells remained cuboidal with 305 

similar thickness in saline-treated and insulin-treated rats, but increased luminal epithelial cell height 306 

and the appearance of vacuoles and the formation of multiple cell layers were observed in 307 

hCG+insulin-treated and hCG-treated rats (Fig. 4A). In line with previous results [60-62], 308 

immunochemical analysis revealed that the luminal and glandular epithelial cells exhibited greater GR 309 

immunoreactivity in the cytoplasm compared to the nucleus, which was in contrast to the 310 

predominantly nuclear GR expression in stromal cells in control rats (Fig. 4B). In addition, GR 311 

immunoreactivity was also observed in the myometrium and blood vessels (Fig. 4B). Quantitative data 312 

from Western blot analysis indicated that the expression of GRα and GRβ together with total GR was 313 

significantly decreased in hCG+insulin-treated rats compared to controls; however, no significant 314 

difference in GRα, GRβ, or total GR expression was found between saline-treated and hCG-treated 315 

rats or between saline-treated and insulin-treated rats (Fig. 4C). Similar to the ovary (Fig. 1D), the 316 

expression of Fkbp51 mRNA was increased in the rat uterus compared to control rats regardless of 317 

whether the rat was treated with hCG, insulin, or a combination of the two (Fig. 4D). Unlike the ovary 318 

(Fig. 1D), however, the expression of Fkbp52 mRNA was significantly higher in hCG-treated and 319 

insulin-treated rats than control rats (Fig. 4D). Furthermore, quantitative data from qRT-PCR indicated 320 

that the Hsd11b1 mRNA level was increased in rats treated with hCG and/or insulin compared to 321 

controls, and a decreased Hsd11b2 mRNA level was only seen in hCG-treated rats compared to 322 

control rats (Fig. 4E).  323 
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     To investigate whether mitochondrial function and homeostasis were altered in the uterus or the 324 

ovary in response to hCG and insulin treatment, the expression of five respiratory protein complexes 325 

and a set of genes (Mfn1, Opa1, Drp1, Tfam, Pgc1a, Nrf1, Parkin, Pink1, Rheb, and Atp13a) was 326 

determined by Western blotting and qRT-PCR. As shown in Fig. 5A, while the expression of OXPHOS 327 

Complex I was decreased in hCG+insulin-treated and hCG-treated rats, Complexes III, IV, and V were 328 

only decreased in hCG+insulin-treated rats compared to controls rats. There were no significant 329 

changes in the five respiratory protein complexes between insulin-treated and control rats. The levels 330 

of Mfn1, Opa1, Drp1, Tfam, Pgc1a, Nrf1, Parkin, and Rheb mRNAs, but not Pink1 and Atp13a mRNAs, 331 

were increased in hCG+insulin-treated rats compared to controls rats (Fig. 5B). All measured gene 332 

levels were increased to some extent in hCG-treated and insulin-treated rats compared to controls, 333 

indicating a similar gene expression pattern for hCG and insulin treatment (Fig. 5B). 334 

     Similar to the ovary (Fig. 3A), decreased IKKβ, IκBα, and total NFκB (p65) protein expression and 335 

increased p-NFκB (p65) protein expression and increased ratio of p-NFκB (p65) to total NFκB (p65) 336 

protein levels were observed in hCG+insulin-treated rats (Fig. 6A). In addition, we observed that while 337 

there was no change in any measured protein expression between insulin-treated rats and controls, 338 

total NFκB (p65) protein expression was decreased in hCG-treated rats compared to control rats (Fig. 339 

6A). At the same time, increased Tnfa, Tnfaip3, Ccl2, Ccl5, and Mmp3 mRNA expression and 340 

decreased Il1b, Il6, and Mmp2 mRNA expression was observed in hCG+insulin-treated rats (Fig. 6B). 341 

Furthermore, while a similar regulatory pattern of Tnfaip3, Il1b, Il6, and Ccl5 mRNA expression was 342 

seen in hCG-treated and insulin-treated rats, the expression of Tnfa, Ccl2, Csf2, Mmp2, and Mmp3 343 

mRNA was either increased or unchanged in hCG-treated rats compared to control rats (Fig. 6B). 344 

Lastly, Masson’s trichrome staining showed that the deposition of uterine collagen was significantly 345 

increased in hCG+insulin-treated and insulin-treated rats compared to control rats, whereas uterine 346 

collagen deposition was significantly decreased in hCG-treated rats compared to control rats (Fig. 6C). 347 

4. Discussion 348 

     Suppression of GR signaling in association with disturbed mitochondrial function and inflammation 349 

in the ovary and uterus caused by hyperandrogenism and insulin resistance has never to our 350 

knowledge been investigated in vivo. Consistent with previous studies [20, 22, 46-48], we found that 351 

concomitant treatment with hCG and insulin mimicking the main pathologies of PCOS causes 352 

pronounced morphological and cellular alterations in the ovary and uterus such as the formation of 353 
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ovarian cystic follicles and multiple cystic glands filled with large amounts of secretory fluid as well as 354 

increased luminal epithelial cell layers. In addition to morphological analyses, we report the following 355 

main findings. (1) Compared to controls, PCOS-like rats exhibited decreased protein expression of the 356 

two GR isoforms and increased Fkbp51 mRNA expression in both the ovary and the uterus. (2) Co-357 

treatment with hCG and insulin resulted in an opposite regulatory pattern of Hsd11b1 of Hsd11b2 358 

mRNAs in the two tissues, which is likely due to different effects of hCG and insulin. (3) Decreased 359 

expression of the respiratory protein complexes parallels the increased expression of key genes 360 

responsible for mitochondrial fusion, fission, and biogenesis in both tissues. (4) Increased expression 361 

of NFκB signaling proteins and Tnfaip3, as well as decreased expression of Il1b, Il6, and Mmp2 362 

mRNAs was similar in the PCOS-like ovary and uterus, while the opposite regulation of Tnfa, Ccl2, 363 

Ccl5, and Mmp3 mRNA expression was observed in the two tissues under the same conditions. (5) 364 

The increase in collagen deposition was similar in the two tissues under conditions of 365 

hyperandrogenism and insulin resistance. 366 

     In this study, we observed similar regulatory patterns of GR protein isoform expression in both the 367 

ovary and uterus after stimulation with hCG and insulin. While elevated E3 ubiquitin ligases, the key 368 

component of the ubiquitin-proteasome system for multiple protein stabilization, are critical for the 369 

development of insulin resistance [63], Lim and colleagues have reported that increased AR 370 

ubiquitination – which results in inhibition of AR transcriptional activity and decreases its stability – is 371 

involved in the follicular growth arrest seen in the 5α-dihydrotestosterone-induced PCOS-like rat ovary 372 

[64]. In addition, alterations in protein ubiquitination has also been reported to have a negative effect 373 

on GR expression and activity in vivo [65], and uterine GR knockout studies have shown that GR 374 

positively regulates embryo implantation and decidualization [14]. We therefore speculate that down-375 

regulation of GR protein levels is due to increased GR ubiquitination under conditions of 376 

hyperandrogenism and insulin resistance and that this results in negative consequences such as 377 

increased NFκB-regulated inflammation in the ovary and uterus. Because deciphering the molecular 378 

mechanisms of hyperandrogenism and insulin resistance in vivo is essential to understanding the 379 

possible etiologies and therapeutic approaches for PCOS, further investigations are needed to better 380 

understand how GR signaling directly contributes to the development of ovarian and uterine 381 

dysfunction in PCOS patients. 382 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 March 2019                   doi:10.20944/preprints201903.0271.v1

http://dx.doi.org/10.20944/preprints201903.0271.v1


Hu et al./p14 
 

     This study further demonstrates the association between two Hsd11b mRNAs and 383 

hyperandrogenism and insulin resistance in the rat ovary and uterus. We showed that concomitant 384 

treatment with hCG and insulin decreased Hsd11b1 mRNA expression and increased Hsd11b2 mRNA 385 

expression in the ovary. In stark contrast to the ovary, the same treatment increased Hsd11b1 mRNA 386 

expression but did not change Hsd11b2 mRNA expression in the uterus. Given the opposing roles of 387 

Hsd11b1 and Hsd11b2 in the regulation of local active cortisol (corticosterone in rodents) 388 

concentrations [34], it is tempting to speculate from these observations that, in contrast to the uterus, 389 

the activation of 11-dehydrocorticosterone to corticosterone is decreased in the ovary under conditions 390 

of hyperandrogenism and insulin resistance. However, this outcome is quite different to what is seen in 391 

the human data. In hyperandrogenic PCOS patients, elevated Hsd11b1 mRNA levels in granulosa 392 

cells are closely linked to ovarian insulin resistance, whereas lower Hsd11b2 mRNA and protein levels 393 

contribute to endometrial insulin resistance [23, 24]. Despite the presence of similar, different, or even 394 

opposite regulation and localization of the two 11βHSD isoforms in the ovarian and endometrial cells 395 

[10, 11, 34], evidence for their physiological roles in the ovary and uterus is lacking. Additionally, there 396 

are differences in the regulation of ovarian hormone receptors such as AR between PCOS patients 397 

and PCOS-like animal models [66]. Although abnormal cortisol metabolism has been shown in some 398 

PCOS patients [29, 30], GR can be activated by estrogens in addition to glucocorticoids in the uterus 399 

[11]. However, because our findings are from observing only a single time point, the possibility that 400 

aberrant regulation of the two Hsd11b isoform mRNAs depends on local endocrine environments in 401 

the ovary and uterus during the progression of hyperandrogenism and insulin resistance remains 402 

entirely speculative.  403 

     Mitochondria are essential not only for generation of ATP by aerobic respiration, but also for 404 

steroidogenesis through mitochondrial cholesterol transport and metabolism [67]. Although the precise 405 

mechanism underlying mitochondria-regulated ovarian and uterine cell function is uncertain, impaired 406 

mitochondrial function is seen in PCOS patients and PCOS-like animals [26, 39-45]. We found that 407 

rats co-treated with hCG and insulin had reduced levels of OXPHOS-related proteins (NADH 408 

dehydrogenase, cytochrome c oxidase, and ATP synthase) in the ovary and uterus. This observation 409 

indicates that the mitochondrial respiratory capacity was affected by hyperandrogenism and insulin 410 

resistance, thus suggesting that these conditions cause the mitochondria-mediated metabolic defects 411 

seen in the two tissues. Unexpectedly, in parallel to the GR down-regulation, the same animals 412 
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exhibited increased expression of genes involved in mitochondrial fusion (Opa1), fission (Drp1), and 413 

biogenesis (Pgc1a) in both tissues. In addition, we also showed that expression of the mitophagic 414 

genes Parkin and Rheb was decreased in the ovary, whereas the same gene expression was 415 

increased in the uterus. Healthy mitochondrial function is dependent on the fusion-fission cycle, while 416 

damaged and unwanted mitochondria are removed by mitophagy [56]. Based on qRT-PCR and 417 

Western blot analyses using the ovarian and uterine homogenates, we cannot rule out the possibility 418 

that different mechanisms are responsible for RNA turnover and translational control of protein 419 

turnover and abundance in the ovary and uterus in response to the hormonal milieu [20, 40]. However, 420 

it is worth noting that the decrease in mitochondrial respiratory capacity might stimulate the 421 

mitochondrial fusion-fission cycle and biogenesis through a complementary or adaptive effect during 422 

the progression of hyperandrogenism and insulin resistance.  423 

     Although GR acts as both an enhancer and inhibitor for controlling a large number of transcriptional 424 

pathways, diverse mechanistic models have been proposed for the specific effects of GR repression 425 

on NFκB activity in vitro [54, 57]. We highlight how the conditions of hyperandrogenism and insulin 426 

resistance suppressed GR protein expression and activated NFκB signaling in the ovary and uterus. 427 

Numerous clinical studies have reported that androgen excess, hyperinsulinemia, and systemic 428 

inflammation often co-exist in PCOS patients [72]. Notably, PCOS patients display significant 429 

activation of NFκB signaling in association with elevated inflammation in ovarian granulosa cells and 430 

endometrial cells [68-70]. Despite the overlapping and distinct cytokine and chemokine gene 431 

expression between the ovary and uterus, PCOS-like rats showed aberrant regulation of Mmp2 and 432 

Mmp3 mRNAs leading to increased collagen deposition in both tissues. In line with our findings, 433 

Henmi and colleagues have reported that elevated ovarian Mmp2 protein expression modulates 434 

collagen synthesis in dehydroepiandrosterone-induced PCOS-like rats [71]. Taken together, the 435 

present study suggests that the GR–NFκB signaling axis probably plays a contributing role in 436 

triggering chronic inflammation ultimately resulting in ovarian and uterine dysfunction under the 437 

conditions of hyperandrogenism and insulin resistance. Our understanding of the molecular 438 

mechanism and biological function of GR has increased. However, why and when the suppression of 439 

GR signaling induced ovarian and uterine dysfunctions in PCOS warrants further investigation. 440 

     Collectively, our data reinforce the importance of PCOS-related hyperandrogenism and insulin 441 

resistance for aberrant GR signaling in association with changes in mitochondrial function and 442 
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homeostasis as well as NFκB-regulated inflammation in the rat ovary and uterus. Of note, the opposite 443 

regulation between OXPHOS proteins and genes that act as the key regulators for mitochondrial 444 

fusion, fission, and biogenesis in PCOS-like rats suggests that such compensatory or adaptive 445 

mechanisms probably help protect ovarian and uterine cells against hyperandrogenism and insulin 446 

resistance-induced damage. Given the fact that no means exist to predict or prevent the onset and 447 

lifelong consequences of PCOS in humans [66], the identification of the relationships between 448 

different molecular mechanisms and PCOS phenotypes, including elucidation of the regulation of GR 449 

signaling under conditions of hyperandrogenism and insulin resistance, will provide insights into how 450 

ovarian and uterine cells respond and adapt to the pathological conditions of PCOS. 451 

452 
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Figure Legend 684 

Figure 1. Ovarian defects and impaired GR, Fkbp5, and Hsd11b expression in rats treated 685 

chronically with hCG and/or insulin.  (A) Representative photographs of ovaries and images of H&E 686 

staining in the ovary. The stars indicate the ovarian cystic follicles. Scale bar, 200 μm. (B)  687 

Representative photomicrographs of immunohistochemical staining for ovarian GR in control rats. PF, 688 

primary follicle; AnF, antral follicle; CL, corpus luteum; ApF, apoptotic follicle. Scale bar, 100 μm. (C) 689 

Regulation of GR protein expression in the ovary. Protein levels were analyzed by Western blotting (n 690 

= 9/group). (D and E) Regulation of Fkbp5 and Hsd11b gene expression in the ovary. mRNA levels 691 

were determined by qRT-PCR (n = 6/group). In all plots, data are presented as means ± SEM. * p < 692 

0.05, ** p < 0.01. 693 

Figure 2. Alteration of ovarian mitochondrial OXPHOS protein expression and key 694 

mitochondrial-related gene expression in rats treated chronically with hCG and/or insulin. (A) 695 

Regulation of OXPHOS protein expression in the ovary. Protein levels were analyzed by Western 696 

blotting (n = 9/group). (B) Regulation of genes that are related to mitochondrial fusion and fission, 697 

transcriptional activation, and mitophagy in the ovary. mRNA levels were determined by qRT-PCR (n = 698 

6/group). In all plots, data are presented as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. 699 

Figure 3. Impaired ovarian NF-κB signaling mediated inflammation and collagen production in 700 

rats treated chronically with hCG and/or insulin. (A) Regulation of NF-κB signaling-related protein 701 

expression in the ovary. Protein levels were analyzed by Western blotting (n = 9/group). (B) 702 

Regulation of inflammatory gene expression in the ovary. mRNA levels were determined by qRT-PCR 703 

(n = 6/group). In all plots, data are presented as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. 704 

(C) Collagen production in the ovary. Representative images of Masson's trichrome staining in ovaries 705 

collected from rats treated with hCG and insulin. Aniline blue indicates collagen staining. PF, primary 706 

follicle; ApF, apoptotic follicle; CL, corpus luteum; GC, granulosa cells; TC, theca cells; IntC, interstitial 707 

cells. Scale bar, 100 μm. 708 

Figure 4. Uterine defects and impaired GR, Fkbp5, and Hsd11b expression in rats treated 709 

chronically with hCG and/or insulin.  (A) Representative photographs of uteri and images of H&E 710 

staining in the uterus. Scale bar, 200 μm. (B)  Representative photomicrographs of 711 

immunohistochemical staining for uterine GR in control rats. Arrows indicate the uterine blood vessels. 712 

Le, luminal epithelial cells; G, glands; Ge, glandular epithelial cells; Str, stromal cells; M, myometrium. 713 
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Scale bar, 100 μm. (C) Regulation of GR protein expression in the uterus. Protein levels were 714 

analyzed by Western blotting (n = 8 or 9/group). (D and E) Regulation of Fkbp5 and Hsd11b gene 715 

expression in the uterus. mRNA levels were determined by qRT-PCR (n = 8/group). In all plots, data 716 

are presented as means ± SEM. * p < 0.05, ** p < 0.01. 717 

Figure 5. Alteration of uterine mitochondrial OXPHOS protein expression and key 718 

mitochondrial-related gene expression in rats treated chronically with hCG and/or insulin. (A) 719 

Regulation of OXPHOS protein expression in the uterus. Protein levels were analyzed by Western 720 

blotting (n = 8 or 9/group). (B) Regulation of genes that are related to mitochondrial fusion and fission, 721 

transcriptional activation, and mitophagy in the uterus. mRNA levels were determined by qRT-PCR (n 722 

= 8/group). In all plots, data are presented as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. 723 

Figure 6. Impaired uterine NF-κB signaling mediated inflammation and collagen production in 724 

rats treated chronically with hCG and/or insulin. (A) Regulation of NF-κB signaling-related protein 725 

expression in the uterus. Protein levels were analyzed by Western blotting (n = 8 or 9/group). (B) 726 

Regulation of inflammation-related gene expression in the uterus. mRNA levels were determined by 727 

qRT-PCR (n = 8/group). In all plots, data are presented as means ± SEM. * p < 0.05, ** p < 0.01, *** p 728 

< 0.001. (C) Collagen production in the uterus. Representative images of Masson's trichrome staining 729 

in ovaries collected from rats treated with hCG and insulin. Aniline blue indicates collagen staining. Ge, 730 

glandular epithelial cells; Str, stromal cells; M, myometrium. Scale bar, 100 μm. 731 
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      Table 1. The species, catalog number, method, dilution and source of antibodies 

Antibody Species Code kDa Method Dilution Source 

GR Rabbit 3660 94/91 WB 

IHC 

1:1000 

1:100 

Cell Signaling Technology  

(Danver, MA) 

Total OXPHOS Mouse 110413 I   20 

II  30 

III 48 

IV 40 

V  55 

WB 1:500  Abcam (Cambridge, UK) 

IKKβ Rabbit 8943 87 WB 1:1000 Cell Signaling Technology 

IκBα Mouse 4814 39 WB 1:1000 Cell Signaling Technology 

p-NF-κB p65 Rabbit 3033 65 WB 1:500 Cell Signaling Technology 

NF-κB p65 Rabbit 8242 65 WB 1:1000 Cell Signaling Technology 

 
GR, glucocorticoid receptor; Total OXPHOS, total oxidative phosphorylation; IKKβ, IkappaB 
kinase β; IκBα, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor 
alpha; p-NF-κB, phosphorylation of nuclear factor kappa-light-chain-enhancer of activated B 
cells; WB, Western blot; IHC, immunohistochemistry. 
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            Table 2. Primer sequences used for qRT-PCR measurement 

Fkbp51(Fkbp5), FK506 binding protein 5; Hsd11b, 11β-hydroxysteroid dehydrogenase; Mfn1, 
mitofusin 1; Opa1, optic atrophy 1, a dynamin-like GTPase; Drp1, dynamin related protein 1; 
Tfam, mitochondrial transcription factor A; Pgc1a, peroxisome proliferative activated receptor 
gamma coactivator 1 alpha; Nrf1, nuclear respiratory factor 1; Pink1, PTEN-induced putative 
kinase 1; Rheb, Ras homolog mTORC1 binding; Atp13a, ATPase cation transporting 13A2; 
Tnfa, tumor necrosis factor alpha; Tnfaip3, tumor necrosis factor alpha induced protein 3; 

Gene  Primer Sequence (5’-3’) Product Size (bp) 

Fkbp51 (Fkbp5) Forward TTTTGGAGAAGCGGGGAAAC 174 Reverse CCTCCCTTGAAGTACACCGT 

Fkbp52 (Fkbp4) Forward GCTGCCATCGAAAGCTGTAA 102 Reverse GTCAAAGTCATTCACGGCCA 

Hsd11b1 Forward GTGGACTGGACATGCTCATTC 212 Reverse AGCAATCAGAGGTTGGGTCA 

Hsd11b2 Forward CTGGCCACTGTGTTGGATTTG 122 Reverse TCCAGAACACGGCTGATATCCT 

Mfn1 Forward GGAGATACAGGGCTACAGAAAC 104 Reverse AGCTCTTGCCACTACTTGTC 

Opa1 Forward GTGTCAACGCATGTGATCGA 295 Reverse GGATGACCCTCAAGCTGTCT 

Drp1 Forward GTGAGCCCGTGGATGATAAA 132 Reverse AAATCCTAGCACCACCACATAG 

Tfam Forward ACAAAGAAGCTGTGAGCAAGTA 99 Reverse GTGCTTTCTTCTTTAGGCGTTTC 

Pgc1a Forward GTGGATGAAGACGGATTGCC 219 Reverse GGTGTGGTTTGCATGGTTCT 

Nrf1 Forward GGAAACTCAGAGCCACATTAGA 109 Reverse GCGCCAAACACCTTAAAGAC 

Parkin Forward CTCAGACAAGGACACATCAGTAG 110 Reverse TACATTGGAAGACCAAGACAGG 

Pink1 Forward CAATGCCGCTGTGTATGAAG 108 Reverse GCTCCCTTTGAGACGACAT 

Rheb Forward ACGATCCAACCATAGAAAACACA 97 Reverse TATTCATCCTGCCCTGCTGT 

Atp13a Forward AGAGGGTCACTGCAAACAAC 98 Reverse GGTCCCTTCAATCCACACATAC 

Tnfa Forward ACCACGCTCTTCTGTCTACT 115 Reverse ATGATCTGAGTGTGAGGGTCT 

Tnfaip3 Forward GGAGACAGACACTCGGAATTT 121 Reverse CAAGTTGTCCCATTCGTCATTC 

Il1b Forward ACCTGTCCTGTGTGATGAAAG 131 Reverse CTCCACTTTGGTCTTGACTTCT 

Il6 Forward GCCTTCTTGGGACTGATGTT 95 Reverse GGTCTGTTGTGGGTGGTATC 

Ccl2 Forward GATGCAGTTAATGCCCCACT 168 Reverse TTCCTTATTGGGGTCAGCAC 

Ccl5 Forward CCAACCTTGCAGTCGTCTTT 75 Reverse CTTGAACCCACTTCTTCTCTGG 

Csf2 Forward ACAGTTTCTCAGCACCCACC 109 Reverse TCCAGAGCACGCATGTCATT 

Mmp2 Forward GCTGATACTGACACTGGTACTG 99 Reverse GATCTGAGCAATGCCATCAAAG 

Mmp3 Forward AGATGCTGGCATGGAGGTTC 114 Reverse AAGGTACTGAAGCCACCGAC 

Gapdh Forward TCTCTGCTCCTCCCTGTTCTA 121 Reverse GGTAACCAGGCGTCCGATAC 
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Il1b, interleukin 1 beta; Ccl2, C-C motif chemokine ligand 2; Csf2, colony stimulating factor 
2; Mmp2, matrix metallopeptidase 2; Gapdh, glyceraldehyde-3-phosphate dehydrogenase. 
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Figure 6 
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