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Abstract
Background: Borderline Hypertensive Rat (BHR) is the offspring of female spontaneously hypertensive
rats (SHR) and male Wistar-Kyoto (WKY) rats, that were used in studies of hypertension and
cardiovascular disease. We found that the fertility rate of BHR decreased and the pregnancy rate was
60% (15/25) when BHR was prepared as a pregnant animal model of preeclampsia. We found that there
was no study on the reproductive system of female BHR. The purpose of this study was to explore the
reproductive phenotype of female BHR. The vaginal smears were performed to detect and evaluate the
phases of the estrous cycle. According to the estrous cycle, BHR were divided into two groups: normal
group and polycystic ovary syndrome (PCOS) group. The HE staining was used to observed the
morphology of ovary and uterus, and serum sex hormone concentrations were measured.

Result: The results showed that there were 46 female BHR, 21 of them (45.7%) were found with PCOS. In
PCOS group, the weight of ovary was increased, the estrous cycle was irregular, the cell layer of cystic
follicles membrane was thickened, the endometrium was thickened, and the levels of serum testosterone,
estrogen , luteinizing hormone (LH), LH / FSH (Follicle Stimulating Hormone) were increased. Polycystic
ovaries were found in female BHR with PCOS. And the estrous cycle and sex hormone level of female
BHR with PCOS were consistent with the characteristics of PCOS.

Conclusions: PCOS occurred in some female BHR, the pathophysiological changes were including the
estrous cycle, the morphology of ovary and uterus , and the sex hormone levels.

Background
Borderline Hypertensive Rat (BHR) is the �rst offspring of female spontaneously hypertensive rats (SHR)
and male Wistar-Kyoto (WKY) rats[1]. The SHR and WKY were the inbred parent strains, the sympathetic
nervous system of BHR was sensitive to the environmental pressure, and it has a signi�cant impact on its
hypertension and cardiovascular system[1, 2]. The BHR was an ideal and widely used animal model of
hypertension, which was induced by environmental stress[3]. Because of the in�uence of sex hormone on
hypertension[4], male BHR, as an animal model of environmental hypertension, was used to study the
environmental genetic factors of hypertension[3, 4], which played an important role in mediating the
effects of environmental stress on hypertension and cardiovascular[1, 5]. Until now, we have not found
any research on the reproductive system of BHR.

We found that the reproductive function of BHR was decreased or even lost, when we used BHR as a
preeclampsia animal model. The Hematoxylin-Eosic (HE) staining of ovarian morphology showed that
there were no mature follicles in ovaries of BHR with infertility. On the contrary, there were multiple and
enlarged polycystic follicles in ovaries. A combination of maternal hypertension gene and paternal
normal blood pressure gene was inherited by BHR[1]. We hypothesized that the impact of the genetic of
BHR �rst-degree relatives led to their polycystic ovary syndrome (PCOS) like changes. The reproductive
phenotype of the BHR was described in this study.
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Results

Estrous cycle in BHR
In this study, there were 46 female BHR. According to the Estrous cycle, the BHR were divided into normal
group and PCOS group. There were 25 rats in the normal group and 21 in the PCOS group. The incidence
of PCOS in BHR was 45.7%. Figure 1 is showing the estrous cycle of female BHR in two groups, which
was representative. In the normal group, the estrus cycle was proestrus, estrus, metestrus, and diestrus.
The estrus cycle of the normal group lasted for 4–5 days and regularly (Fig. 1a). In the PCOS group, the
estrus cycle was irregular, there was no obvious the phase of proestrus and metestrus, the phase of
diestrus was prolonged. And after the estrus period, it was directly the diestrus, the diestrus lasted for a
period of time, and then changed to estrous. In the PCOS group, some BHR even lasted for diestrus,
without other stages of oestrus cycle (Fig. 1b).

Body Phenotype In Bhr
Table 1 is showing the characteristics of body phenotype in two groups. Compared with normal group,
PCOS group had higher value of body length, body weight, BMI (Body Mass Index, g/cm2), clitoral length,
anogenital distance, different shape of uterus, ovarian weight (P < 0.01). There was no difference in
uterine weight between 2 groups (P = 0.07). Figure 2a is showing the comparison of body weight between
two groups of BHR from 21 to 84 days after birth. Compared with normal group, PCOS group had higher
value of weight gain from 21 to 84 days after birth (P < 0.05). Figure 2b is showing the comparison of
ovarian weight between two groups, and each ovary in PCOS group was heavier than that in normal
group (P < 0.05). Figure 2c is showing the comparison of clitoral length between two groups, and
compared with the normal group, the clitoris length in group PCOS was longer (P < 0.05).
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Table 1
Compared of body phenotype in the two groups.

Phonotype Normal group

(n = 20)

  PCOS group

(n = 21)

T/Z P

Body length (cm) 18.5 (18.3, 18.7)   19.3 (19.0, 19.9) 4.457 0.000

Body weight (g) 164.0 (158.4, 167.1)   190.7 (184.4, 196.8) 5.79 0.000

BMI (g/cm2) 4.9 (0.3)   5.1 (0.3) 3.173 0.003

Clitoral length (cm) 0.5 (0.5, 0.6)   0.7 (0.7, 0.8) 5.673 0.000

Anogenital distance (cm) 1.2 (1.0, 1.2)   1.4 (1.3, 1.5) 4.783 0.000

Different shape of uterus (cm) 0.5 (0.4,0.5)   0.1 (0.0, 0.2) 5.891 0.000

Uterine weight (mg/cm) 141.3 (10.7)   137.1 (13.5) 1.787 0.074

Ovarian weight (mg/each) 104.8 (100.0, 110.0)   130.3 (126.4, 139.0) 7.897 0.000

Note: The measurement data with normal distributed are shown as non-normal distributed
measurement data are shown as median (P25, P75). P < 0.05 was considered to be statistically
signi�cant. Body Mass Index (BMI).

Ovarian And Uterine Morphology In Bhr
In the normal group, they had mature follicles in ovaries (Fig. 3a and Fig. 3c). In the PCOS group, multiple
follicles appeared in ovaries, and cystic follicles have cystoid appearance and increased volume (Fig. 3b
and Fig. 3d). In the follicle of the normal group, the boundary between the inner and outer of membrane
cell layer was obvious, and granulosa cells were arranged orderly (Fig. 3e). In PCOS group, the membrane
cell layer of the enlarged polycystic follicle was proliferative and thickened, and the boundary between the
inner membrane and the outer membrane was not obvious, and the granulosa cells was reduced, and the
apoptotic granulosa cells appeared in the follicle cavity (Fig. 3f). In the normal group, the epithelial layer
of endometrium was composed with a simple layer of columnar epithelial, which were arranged in order
(Fig. 3g). In the PCOS group, the epithelial layer was disorganized and thickened (Fig. 3h).

Sex Hormone In Bhr
In the female BHR, the concentration of serum testosterone in normal group was 1.4 ± 0.8 ng/ml, and in
the PCOS group was 3.2 ± 0.4 ng/ml (Fig. 4a). Compared to the normal group of BHR, the concentration
of serum testosterone was more than 2-fold in the PCOS group (Fig. 4a). In normal group and PCOS
group the concentration of serum estrone was 39.3 (26.4, 42.9) pg/ml and 48.3 (40.0, 56.2) pg/ml
(Fig. 4b). In normal group and PCOS group the concentration of LH was 283.1 (236.9, 361.5) pg/ml and
235.6 (135.0, 268.8) pg/ml (Fig. 4c), and LH/FSH was 33.9 ± 3.4 and 52.9 ± 3.8 (Fig. 4d). Although FSH in
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PCOS group was decreased compared with that in normal group, the difference was not statistically
signi�cant (Fig. 4e). There was no difference in progesterone between them (Fig. 4f).

Fatty Tissue In Bhr
Compared with the normal group, the gonadal fatty cells and the peritoneal fatty cells were larger in the
PCOS group (Fig. 5).

Discussion
Polycystic ovary syndrome is an endocrine and metabolic disorder that is common in women of
reproductive age, and the incidence is 8–13%[6]. Polycystic ovary syndrome leads to low fertility at
reproductive age in women and is often associated with insulin resistance and obesity, metabolic
syndrome, type 2 diabetes, gestational diabetes, and increased susceptibility to cardiovascular
disease[7–10]. High concentrations of androgen secretion in the ovary was the pathophysiological basis
of PCOS, which led to hyperandrogenemia and its related to hyperandrogenic symptoms .[11, 12]. In our
study, the incidence of PCOS in BHR was 45.7%. Female BHR not only have hypertension, that the
reproductive phenotype of BHR with PCOS was similar to that of PCOS animal model. The symptoms
similar to those of PCOS include polycystic ovarian changes, hyperandrogenemia and high LH / FSH,
weight gain and increase of gonadal fatty cells and peritoneal fatty cells.

The menstrual cycle of PCOS patients was sparse or amenorrhea[13]. There were more than 12 small
follicles in one or both ovaries with a diameter of 2-9mm[14]. The estrous cycle of rats was similar to that
of women, was also regulated by Hypothalamus-Pituitary ovary-Gonad axis[15, 16]. The basic
characteristic of PCOS models of rodent animal was that the estrous cycle was irregular, and multiple
cystic follicles in the ovary[17]. The estrous cycle of BHR was shown that the ovaries were anovulatory,
and normal and PCOS BHR could be distinguished before HE staining of ovarian pathology by estrous
cycle. We found that the estrous cycle of BHR with PCOS was irregular, and the diestrus stage was
prolonged, or even other stages of oestrus cycle were absent, which persisted in the diestrus stage. The
estrous cycle of BHR with PCOS was similar to that of androgen and letrozole induced PCOS animal
model[15, 18].

This study was observed with Hematoxylin and Eosin staining, that Contrary to mature follicles, they were
replaced by multiple, enlarged cystic follicles and atretic follicles in BHR with PCOS. The ovarian
morphology of BHR with PCOS was consistent with the clinical feature of human PCOS patients[14], and
the ovarian phenotype for animal models[15, 18, 19]. The theca cells of the enlarged cystic follicle in the
ovaries of BHR with PCOS was thickened, and the granules decreased. This phenomenon was consistent
with the results of animal models induced by androgen induced PCOS animal model in rats or mice[19].
About 33% of the testosterone was produced by the theca cells of ovaries[20]. The thickened theca cells
was associated with hyperandrogenemia and high LH level, which led to PCOS[21]. Granulosa cell
reduction was associated with low level of FSH, and the follicular growth could be inhibited by low level
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of FSH and hyperandrogenemia, which lead to increased atresia follicles [12]. The endometrium of BHR
with PCOS was thickened, which was consistent with PCOS animal model[22].

The increase of serum testosterone, estrone, LH and LH / FSH in BHR with PCOS was also consistent
with the characteristics of PCOS animal model[19, 23]. The animal models of PCOS established by
letrozole showed an increase in serum testosterone, LH and LH/FSH [15, 24]. The changes of serum sex
hormone in these animal models were consistent with the BHR with PCOS. The female offspring of sheep
and rhesus monkeys showed the consistent clinical characteristics of PCOS, and the change of sex
hormone level was similar to that of the BHR with PCOS, when the sheep and rhesus monkeys were
exposed to excessive androgen during pregnancy[25, 26].

Hypertension was associated with hyperandrogenemia, and the patients with PCOS has a high
prevalence risk of hypertension[27]. The relationship between hypertension and PCOS was not clear.
Hypertension was a symptom of PCOS patients, or hypertension was a risk factor of PCOS? The systolic
blood pressure and the diastolic blood pressure of BHR was 137.97 ± 7.12 mmHg and 95.01 ± 6.43
mmHg, respectively[28]. The systolic blood pressure and the diastolic blood pressure of SHR was 183.63 
± 7.02 mmHg and 127.06 ± 7.38 mmHg[28]. We found that the reproductive phenotype of some BHR was
similar to that of animal model of PCOS, but it did not happen in female SHR.

The BHR inherited the genetic gene of hypertension, and it was often used as an animal model of chronic
stress induced hypertension[3, 5]. The BHR was the offspring of female SHR and male WKY, with
hypertension genetically[1]. The hypothalamus pituitary adrenal axis of BHR was sensitive to
environmental pressure[29]. Women with PCOS usually had high blood pressure in their mothers and
normal blood pressure in their fathers[30], which was similar to the family spectrum of BHR. The female
BHR might become a new naturally animal model of PCOS, its reproductive phenotype was similar to
other animal models of PCOS, and its maternal hypertension family spectrum was similar to human
being.

This study found that the performance of animal models resembling PCOS in some female BHR was
spontaneous. However, other PCOS animal models were prepared by exposure to excessive androgen,
which were not consistent with the onset of human PCOS. In this study, the incidence of PCOS in female
BHR was 45.7%, which was lower. We hypothesized that BHR is sensitive to environmental stress, and
whether environmental stress has a role in inducing higher PCOS in female BHR. And the metabolic
changes of female BHR with PCOS are the direction of our future research.

In summary, this study described the reproductive related physical performance of female BHR, Some
female BHR suffered from a PCOS like condition, that was necessary to consider the impact of PCOS on
low fertility and experimental results in the female BHR.

Conclusions
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The physical reproduction was similar to PCOS animal model in some female BHR, the changes were
including the weight agin, the estrous cycle, the morphology of ovarian and uterine, and the sex hormone
levels.

Methods

Experimental animals
All procedures and methods that have been used in this study were performed according to the National
Institute of Health guidelines on the care and use of animals. The experimental protocol was approved by
the Ethics Committee of Hebei General hospital Ethics Committee, China (approval number 201806).
Forty-six BHR were used in this study. Clean grade of female SHR and male WKY were purchased from
Beijing Vital River Laboratory Animal Technology Co. Ltd (SCXK 2016-0006, Jing, China). Eight female
SHR, 9–10 weeks old, weighing 153.6–159.0 g. Four male WKY, 10–12 weeks old, weighing 224.2-226.4
g. The rats were housed in the clinical research center of Hebei General Hospital (SYXK 2015-0065, Ji,
China). The ratio of female SHR to male WKY was 4:2, they were housed in a suitable environment with a
temperature(22–24℃) and relative humidity (45%-55%), and the room was in a 12-h light/12-h dark
cycle. The rats were fed with common diet and drank tap water. In order to make the rats adapt to the
environment, they were fed for about one week before mating. The female SHR and male WKY mated in
2:1, and fed in separate cages after having vaginal suppository. The experimental animals were the BHR
of the offspring of female SHR and male WKY.

Main Reagents
The reagents of Rapid Gram Stain and HE Stain were purchased from Zhuhai BASO Company (419041,
715073). Rat Testosterone ELISA (Enzyme linked immunosorbent assay) Kit was purchased from Wuhan
CUSABIO Company (CSB-O5100r). Rat Estrone ELISA Kit and Rat Progesterone ELISA Kit were purchased
from Wuhan EIAab Company (E2070Ge, E0459Ge). Rat Luteinizing Hormone ELISA Kit and Rat Follicle
Stimulating Hormone ELISA Kit were purchased from Wuhan Cloud-Clone Corpx (CEA441Ra, CEA830Ra).

Vaginal Smears
The estrous cycle of BHR was determined by rapid Gram staining on vaginal smear of rats from 11 weeks
old to the end of the experiment. The morphology of vaginal exfoliated cells of rats was observed under
the microscope. In the stage of proestrus, nucleated cells and keratinocytes could be observed, mainly in
nucleated cells. During estrus, only keratinocytes can be observed. There were keratinocytes and
leukocytes in the stage of metestrus, and the number of keratinocytes were more than leukocytes. In the
stage of diestrus, three kinds of cells could be observed, and a large number of leukocytes could be
observed under the microscope. According to the estrous cycle, the 46 BHR were divided into two groups:
normal group and PCOS group.
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Histological Examination
The rats ovaries and uterus were excised after anesthesia using pentobarbital (25 mg/kg) in the stage of
diestrus at 12–14 weeks old. The morphology of ovary and uterus of BHR were observed. The tissues of
ovary and uterus were �xed by Formalin solution for 24–48 hours, dehydrated by gradient alcohol,
cleared in xylene, dipped and embedded in wax. The thickness of the sections were 4 µm, HE staining
was carried out, image of it was obtained with DPTO digital optical microscope systems (Olympus,
Japan).

Hormone Measurements
The concentration of serum testosterone, estrone, progesterone, LH and FSH was measured by rat ELISA
kit according to the instructions. The range of testosterone, estrone, progesterone, LH and FSH measured
by ELISA was: 0.13–25.6 ng/ml, 15.6–1000 pg/ml, 0.156-10 ng/ml, 98.77–8000 pg/ml, 2.47–200 ng/ml.
The optical density value of each hole was measured at 450 nm using the 80416-kbhl automatic enzyme
labeling detector (VersaMax, United States), the standard curve was drawn by ELISA analyzed software
(SOFTmax PRO 4.3 LS) according to the concentration of serum samples.

Statistical analysis
All data were analyzed by SPSS Version 17.0. The data were test for normality using Kolmogorov
Smirnov. The data with normal distributed were compared using independent sample T test between two
groups, and homogeneity of variance was tested using Leven, t value and P value were used, if the
variance was homogeneous. Non-normal distributed data were tested using Mann Whitney U test. All
statistical tests were two-tailed, and P < 0.05 was considered to be statistically signi�cant.

Abbreviations
BHR: Borderline Hypertensive Rat; SHR: Spontaneously Hypertensive Rats; WKY: Wistar-Kyoto; PCOS:
Polycystic Ovary Syndrome; LH: Luteinizing Hormone; FSH: Follicle Stimulating Hormone; HE:
Hematoxylin-Eosic; BMI: Body Mass Index.
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Figures

Figure 1

Estrous cycle stage classi�cation of female BHR at 77–92 d of age. a: Estrous cycle of the normal BHR.
b: Estrous cycle of the female BHR with PCOS. P, proestrus; E, estrus; M, metestrus; D, diestrus.
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Figure 2

Phenotypic differences between two groups of BHR. a: Body weight between two groups from 3 to 12
weeks after birth. b: Ovarian weight between two groups. c: Clitoral length between two groups.

Figure 3

The ovarian morphology and the uterine morphology of two groups by HE staining. The magni�cation is
4× in image a to b, and 10× in image c to d, and 40× in image e to h. a and c: The ovary from a normal
BHR showing healthy growing follicles (black arrows). b and d: The ovary from a BHR with PCOS
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showing enlarged cystic follicles (black arrow). e: Normal membrane cell layer (black double-side arrow)
and granulosa cell layer (black arrows). f: Enlarged cyst-like follicle, the boundary of membrane cell layer
is not clear and widened (black double-side arrow), the granules decreased and the apoptotic granulosa
cells appeared (black arrow). g: Uterine from a normal BHR, the epithelial layer of endometrium is
composed with a simple layer of columnar epithelial with uniform size and arrangement (black arrow). h:
Uterine from a BHR with PCOS is the epithelial layer was arranged in disorder, and thickened (black
arrow).

Figure 4

The sex hormone concentrations of female BHR. a-f, showing testosterone, estrone, progesterone, LH,
LH/FSH of BHR from normal group and PCOS group. LH: Luteinizing Hormone; FSH: Follicle Stimulating
Hormone. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5

Peritoneal fatty tissue and gonadal fatty tissue in BHR. a: HE-stained of peritoneal fatty tissue in normal
group. b: HE-stained of gonadal fatty tissue in normal group. c: HE-stained of peritoneal fatty tissue in
PCOS group. d: HE-stained of gonadal fatty tissue in PCOS group.


