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ABSTRACT
Dyslipidemias are occurring earlier in different countries due to the increase of obesity, bad eating
habits, and sedentary lifestyle. Rosuvastatin reduces serum cholesterol; however, several studies
associated statin exposure with male reproduction impairment. Ascorbic acid (AA) is an antiox-
idant substance that plays a protective role in the male reproductive system. Male rats were
randomly divided into 6 experimental groups (n = 10), which received saline solution 0.9%, 3 or
10 mg/kg/day of rosuvastatin, 150 mg/day of AA or 3 or 10 mg/kg/day of rosuvastatin associated
with 150 mg/day of AA from post-natal day (PND) 23 until PND 53. On PND 100, males were
mated with non-treated female rats to obtain the female pups. The day of vaginal opening and
the first estrus were assessed in the offspring. Two sets of females were euthanized on the first
estrus after PND 42 and PND 75 to evaluate the histology of reproductive organs and hormone
levels. A third set was used for sexual behavior and fertility test around PND 75. Female offspring
from males exposed or co-exposed to the higher dose of statin exhibited a lower number of
corpora lutea during puberty. On sexual maturity, the experimental group from males that were
exposed to 3 mg displayed lower uterine luminal epithelium area. Paternal exposure to rosuvas-
tatin at pre-puberty diminished uterine luminal epithelium in female offspring suggesting epige-
netic changes were initiated by statin. Ascorbic acid co-administered to pre-pubertal males was
able to ameliorate the reproductive damage in rat female offspring in adulthood.
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Introduction

The incidence of dyslipidemias have increased in
the pediatric population as a consequence of aug-
mented prevalence of obesity (Jiménez and Ferre
2011) and this disorder was defined as dysfunction
of lipid profile that includes increased levels of
LDL-cholesterol and VLDL-cholesterol, augmen-
ted triglycerides content or reduced HDL-choles-
terol concentrations in blood (Jiménez and Ferre
2011; Kwiterovich 2008a, 2008b).

Previous studies reported that pediatric dyslipi-
demias may be linked to genetic factors such as
familial hypercholesterolemia (Cook and Kavey
2011; Ross 2016) or associated with environmental
factors such as inappropriate lifestyle, lack of phy-
sical exercises and bad eating habits (Izar, Fonseca,
and Fonseca 2011; Ross 2016). American Academy

of Pediatrics and The National Heart, Lung and
Blood Institute recommended lipid-lowering drugs
to treat dyslipidemias in children aged 8 to
10 years when diet and physical exercises were
not sufficient to lower LDL-cholesterol (Joyce
et al. 2016). However, Araujo and Pacce (2016)
proposed to treat dyslipidemias in children with
statins from 8 to 12 years.

Among the lipid-lowering drugs, statins are
considered effective due to their efficient reduction
of total cholesterol in the blood (Endres 2006;
Istvan 2003; Tandon et al. 2005). Statins decrease
cholesterol concentrations by inhibiting the
enzyme 3-hydroxy-3-methylglutharyl coenzyme A
reductase (HMG-CoA reductase) (Istvan and
Deisenhofer 2001; Jiménez and Ferre 2011) and
preventing the conversion of HMG-CoA to
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mevalonate, thus reducing intermediate isopre-
noids and cholesterol formation (Adam and
Laufs 2008; Istvan 2003). The incidence rate of
statin prescription to treat hypercholesterolemia
in the pediatric population represents 63% of all
pharmacotherapies (Liberman, Berger, and Lewis
2009); however, there are no apparent available
data specifically for rosuvastatin prescription.

Rosuvastatin is the most recent statin available
in the market used for lipid-lowering treatment
and shows superior inhibitory effects on choles-
terol biosynthesis in relation to the other statins
(Holdgate, Ward, and McTaggart 2003; McTaggart
2003; Olsson, McTaggart, and Raza 2002). Statins
are recommended to be administered as a daily
dose during the evening, although rosuvastatin
may be used any time of the day due to its long
half-life (Martin, Mitchell, and Schneck 2002). In
addition, the long half-life of rosuvastatin enables
administration on alternate days; however, this
regimen is not as effective as daily dosing of rosu-
vastatin (Dulay et al. 2009).

In contrast, previous studies demonstrated that
rosuvastatin was capable of (1) reducing serum tes-
tosterone concentrations in men and rats (Hsieh and
Huang 2016; Leite et al. 2014) (2) interfering with
male reproductive development in rats (Leite et al.
2017a, 2014) and diminishing rat sperm quality on
sexual maturity (Leite et al. 2017b).

Several chemical agents, termed endocrine dis-
ruptors, may interfere with puberty timing and
acquisition of reproductive capability when
humans or animals are exposed to them during
critical periods, such as puberty (Stoker et al. 2000;
Weatherly and Gosse, 2017), and further, these
compounds may produce reproductive impair-
ment in adulthood (Ena et al, 2017; Louis et al.
2017; Perobelli et al. 2012, 2013).

Several studies used different substances that
may prevent oxidative stress or reduce impairment
attributed drug treatment (Corsetti et al. 2011;
Mukhopadhyay et al. 2013; Pandir, Kara, and
Kara 2014; Sooriyaarachchi, Narendran, and
Gailer 2012). Various medications are important
to treat diseases; however adverse effects occur
during the period of treatment (Pandir, Kara,
and Kara 2014; Sooriyaarachchi, Narendran, and
Gailer 2012). Ascorbic acid (AA) is a necessary
vitamin for many biological functions including

α-tocopherol recycling and collagen biosynthesis
(Fernandes et al. 2011a, 2011b; Sönmez, Turk,
and Yuce 2005), in addition to being essential for
sperm integrity, fertility and diminishing testicular
oxidative stress (Agarwal et al 2005; Eskenazi et al.
2005; Fernandes et al. 2011a, 2011b; Shrilatha and
Muralidhara 2007). Ascorbic acid was able to pre-
vent reproductive damage during puberty and
adulthood in male rats exposed to rosuvastatin
during pre-puberty (Leite et al. 2017b, 2017a).
Further, AA is an important substance for pre-
venting oxidative stress that leads to sperm DNA
damage (Agarwal et al 2005), which might be
transmitted to the offspring. Various investigators
found that paternal exposure to a toxic compound
may affect not only the reproductive capability of
the exposed animals but also may compromise
reproduction of their male or female offspring
(Favareto, De Toledo, and Kempinas 2011;
Schagdarsurengin and Steger 2016; Silva et al.
2016; Zhao et al. 2015).

Considering the utilization of lipid-lowering
medications for children and adolescents to (1)
decrease total cholesterol levels, and (2) prevent
cardiovascular diseases and reproductive damage
observed in rats following statin exposure, the
present study aimed to examine the reproductive
parameters in female offspring obtained from
rosuvastatin-exposed rats and assess the role of
paternal supplementation with AA on female off-
spring reproductive capacity and fertility.

Material and methods

Animal experimental protocol

Male and female nonpathogenic free Wistar rats
(45 days of age) were obtained from Central
Biotherium of São Paulo State University (UNESP),
Botucatu/SP and maintained in the Small Mammal
Biotherium of the Morphology Department at the
UNESP Biosciences Institute, Botucatu during the
experiment. Rats were housed in polypropylene
cages (43 cm × 30 cm × 15 cm) with lab grade pine
shavings as bedding. Animals were maintained
under controlled temperature (23 ± 1°C) and light-
ing conditions (12:12hr photoperiod). The health
status of the animals was monitored throughout
the experiment. Standard rodent chow (Purina

874 G. A. A. LEITE ET AL.



Labina, Agribrands do Brasil Ltda, Paulínia/SP,
Brazil) and filtered tap water were provided ad
libitum.

During adulthood, two nulliparous female rats
(75 days of age) were mated with one male
(90 days of age) during the dark phase of the lighting
cycle and day of sperm detection in the vaginal
smear of female rats in estrus was considered gesta-
tional day 0 (GD 0). Pregnant and lactating female
rats were maintained in individual cages. After the
birth of pups, their number per litter was culled to 8
on postnatal day (PND) 4 to balance male and
female pups (4 each per litter). Litters with fewer
than 8 pups were not included in the experimental
protocol and were posteriorly euthanized.

Experimental design

Male pups were randomly distributed into 6 experi-
mental groups on PND 23 (n = 10 per group, with
one pup per litter for each group). The experimental
groups received vehicle (saline solution 0.9%), 3 or
10 mg/kg/day of rosuvastatin diluted in saline solu-
tion 0.9%, supplementation with 150 mg/day of
ascorbic acid (AA), 3 mg/kg/day of rosuvastatin
associated with 150 mg/day AA or 10 mg/kg/day
rosuvastatin in association with 150 mg/day AA.
Ascorbic acid and rosuvastatin were purchased
from a commercial pharmacy (Farmácia Botica
Oficinal, Botucatu/Brazil). The drugs were adminis-
tered orally by gavage since PND 23 until PND 53,
following male pubertal assay of 31 days recom-
mended by the Environmental Protection Agency
(EPA) (Stoker et al. 2000).

The available doses of rosuvastatin utilized by
humans to reduce total cholesterol and LDL-choles-
terol are between 5 and 40 mg/day (Vaughan and
Gotto Jr 2004). Previously Reagan-Shaw, Nihal, and
Ahmad (2008) proposed a conversion of animal
doses to human equivalent doses (HED) based
upon body surface area, using the following formula:
HED (mg/Kg) = animal dose (mg/Kg) multiplied by
animal Km/human Km. Therefore, the formula
employed for obtaining the animal equivalent doses
(AED) is AED (mg/Kg) = human dose (mg/Kg)
multiplied by human Km/animal Km.

In this study exposure was simulated during
childhood and adolescence, thus according to
Reagan-Shaw, Nihal, and Ahmad (2008), child

weight was considered as 20 kg, body surface
area equal to 0.8 m2 and child Km equal to 25.
For rats, the investigation considers weight as
0.15 kg and Km equal 6. In previous experiments
from our lab it was found that the mean of body
weight is 0.1 kg during the period of treatment
(mean from post-natal day 23 to 53), thus the
approximate rat Km in this condition is Km = 4.
Further, the human doses of 10 and 40 mg of
rosuvastatin were selected, and consequently,
when applied to the formula, the approximate
doses of 3 and 10 mg of statin for the rats were
obtained. The doses of AA supplementation were
based upon previous studies (Fernandes et al.
2011a, 2011b).

Rats were maintained until PND 100 when were
mated with nulliparous female rats to obtain their
female offspring (generation F1). After the birth of
pups, litters were reduced to 8 on postnatal day
(PND) 4 to balance male and female pups (4 each
per litter).

Female offspring were evaluated in relation to
puberty onset, ovarian and uterine histopathol-
ogy and hormonal concentrations at the first
estrus after PND 42 (one female per litter).
Another female per litter was maintained until
sexual maturity when sexual behavior test and
reproductive performance and fertility test were
assessed. The remaining rats were evaluated in
relation to estrous cyclicity and then, euthanized
on the first estrus after PND 75 to obtain final
body weight, reproductive (ovaries, oviducts and
uterus) and vital organ weights (pituitary, thyr-
oid, liver, adrenals, kidneys, and brain), hormo-
nal concentrations (progesterone, follicle
stimulating hormone (FSH) and luteinizing
(LH), ovarian and uterine histopathology and
histomorphometric assessment in ovaries and
uterus (one female per litter). This experimental
design is illustrated in Figure 1.

Animals were monitored in relation to the indi-
cations of distress, such as ingestion of food and
water and presence of bristling hair during the
whole experiment. The experimental protocol fol-
lowed the Ethical Principles in Animal Research of
the Brazil College of Animal Experimentation and
was approved by the Bioscience Institute/UNESP
Ethics Committee for Animal Experimentation
(protocol number 589-CEUA).
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External physical sign of puberty onset

Since PND 30, all female pups were assessed daily for
complete vaginal opening from 8:00 to 10:00 a.m.
After vaginal opening, rats were weighed and eval-
uated in relation to the day of the first estrus through
vaginal fluid cells content from 8:00 to 10:00 a.m., as
previously described (Marcondes et al. 2002). Ten µl
saline 0.9% solution was inserted into the vagina and
subsequently aspirated. Vaginal fluids were placed
into slides and posteriorly analyzed under a light
microscope (Zeiss, Axiostar Plus, Oberkochen,
Germany) at x200 magnification. The estrus phase
was characterized by the abundance of cornified
vaginal epithelial cells.

Estrous cyclicity

On PND 60, one female per litter was examined daily
until PND 75 in relation to the estrous cyclicity,
using cells collected from vaginal fluid (as described
above for the first estrus) to determine the estrous
cycle phase. The presence and composition of the
vaginal cells were utilized to characterize each phase:
proestrus, predominance of nucleated epithelial
cells; estrus: abundance of cornified epithelial cells;
metaestrus, presence of nucleated and cornified
epithelial cells and leukocytes; diestrus, predomi-
nance of leukocytes, followed by abundant vaginal
mucus (Marcondes, Bianchi, and Tanno 2002). Data
obtained during the 15 days of analysis were used to
estimate the total length of each phase of the cycle in
days (proestrus, estrus, metaestrus, and diestrus), the
estrous cycle length, and the number of cycles during
the assessed period.

Euthanasia of the females, body weight, and
organ weights

Female offspring was weighed on the first estrus
immediately after PND 42 or PND 75 (one female
per litter in each period) and euthanized following
narcosis by CO2 asphyxiation and thereafter, blood
was collected from inferior vena cava soon after
confirmation of estrus, between 9:00 and
11:30 a.m. Reproductive organs, such as ovaries,
oviducts, and uterus with fluid were collected and
weighed. Vital organs that play an important role
for toxicological parameters, such as kidneys, adre-
nals, liver, thyroid, pituitary, and brain were
extracted and weighed.

Serum hormonal concentrations

Serum was obtained by centrifugation (2000g,
20 min, 4ºC) in a refrigerated device and was
frozen at –20ºC until the moment of hormonal
measurements. Progesterone, follicle stimulating
hormone (FSH) and luteinizing (LH) were deter-
mined by double-antibody radioimmunoassay.
Plasma LH and FSH concentrations were deter-
mined using specific kits provided by the National
Hormone and Peptide Program (Harbor-UCLA,
USA). The primary antibodies for LH and FSH
were anti-rat LH-S10 and FSH-S11 and the refer-
ences were LH-RP3 and FSH-RP2, respectively.
The lower limit of detection (LOD) for LH was
0.04 ng/ml and for FSH, 0.2 ng/ml. The intra-assay
coefficients of variation were 3.4% for LH and
3.0% for FSH. Serum concentrations of progester-
one were determined using specific kits provided

Figure 1. Description of the experimental design.
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by MP Biomedicals (Orangeburgh, NY, USA). The
intra-assay coefficient of variation was 3.6% and
the lower LOD 0.02 ng/ml. All samples were mea-
sured in the same assay to avoid the inter-assay
errors.

Histological procedures

Uterus and left ovary were collected and fixed in
Bouin’s fluid, embedded in Paraplast® and sec-
tioned in 4 µm (transversal sections of the ovary
and middle region of the uterus). Sections were
stained with hematoxylin and eosin (HE) to assess
ovarian and uterine morphology under light
microscopy. The evaluation was performed in a
blind assay and images obtained using scanned
slides and the software Pannoramic Viewer in a
personal computer.

Ovarian and uterine cross-sections were ran-
domly selected in three non-serial sections per
animal obtained with a distance of 50 µm
among them. Ovarian follicles were counted and
classified based on the different stages of follicu-
lar development and morphology, and the num-
ber of granulosa cell layers (Borgeest et al. 2002;
Talsness et al. 2005).

Ovarian follicles were classified, as follows: pri-
mordial and primary follicles (enumerated
together), only a cuboidal or squamous granulosa
cell layer; preantral follicles, presence of 2–4 gran-
ulosa cell layers without an antral space; antral
follicles, presence of three or more granulosa cell
layer and a defined antral space; and atretic folli-
cles, characterized by the presence of pyknotic
granulosa cells, disorganized granulosa cell layer,
degenerating oocyte and/or detachment of base-
ment membrane (Borgeest et al. 2002; Talsness
et al. 2005). Uterine morphological evaluation
aimed to assess the histological appearance of
each region of the organ: perimetrium, myome-
trium, and endometrium (endometrial stroma,
uterine glands, and luminal uterine epithelium).

Histomorphometric analyses

The area of the left ovary was measured using
scanned slides and the software Pannoramic
Viewer in a personal computer to obtain the num-
ber of ovarian follicles and corpora lutea per area

of the ovary (mm2). In addition, the area of all
acidophilic corpora lutea in the left ovary from
adult female rats were measured using the software
Pannoramic Viewer, and thereafter, the mean area
of corpora lutea was obtained per animal. In the
uterus, morphometric analyses were performed to
measure the area of perimetrium, myometrium,
endometrial stroma, luminal uterine epithelium,
and total and luminal area of the organ. Further,
the number of uterine glands was also quantified.

Evaluation of female sexual behavior

On the first estrus after PND 75, one female rat
per litter was used for the mating tests. The rats
were maintained on an inverted 12hr light–dark
cycle, with food and water ad libitum. For evalua-
tion of female sexual behavior, sexually experi-
enced males were allowed 15 mounts on the
female. Results were expressed as the lordosis quo-
tient (LQ, number of lordosis/15 mounts x 100).
All females were used only once during the sexual
behavior test.

Fertility and reproductive performance

This analysis was carried following natural mating.
In the case of rats that ejaculated during the eva-
luation of sexual behavior, couples stayed together
for an additional 4 hr enabling a greater number of
ejaculations.

Every morning, males were separated from the
females, and vaginal smears of each female were
examined for the presence of sperm. The day when
sperm was found in the vaginal smear was consid-
ered day 0 of gestation (GD 0). On the 20th day of
gestation (GD 20), females were weighed and then,
euthanized following narcosis by CO2 asphyxiation
and decapitation. After collection of uterus and ovar-
ies, the gravid uterus was weighed and the following
parameters were quantified: corpora lutea, implanta-
tion sites, reabsorptions, and live fetuses. Fetal and
placental weights were also determined.

Based upon these results, the following were deter-
mined: gestation rate = number of pregnant females/
number of inseminated females x 100; fertility poten-
tial (efficiency of implantation) = implantation sites/
corpora lutea x 100; rate of post-implantation
loss = number of implantations – number of live
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fetuses/number of implantations x 100; sex
ratio = number of male fetuses/number of female
fetuses x 100.

Statistical analysis

The results from different parameters were com-
pared and analyzed among the experimental
groups using two-way ANOVA, followed by
Bonferroni’s test. Differences were considered sta-
tistically significant when p ≤ 0.05. Statistical ana-
lyses were performed on GraphPad Prism
(version 5.00).

Results

The description of main results of female offspring
from male rats exposed to the different experimen-
tal treatments is shown in Figure 2.

Puberty onset and hormonal concentrations

The age of vaginal opening and the first estrus on
female offspring were similar among the experi-
mental groups (Figure 3). Further, on PND 42
there was an increase in LH concentrations in
female offspring from males exposed to both
doses of rosuvastatin in association with AA com-
pared to controls (Figure 4). The augmentation in
LH levels was 133.75% higher in the group 3 mg
+ AA and rose 95.66% in the group 10 mg + AA,
compared to control (control: 3.23 ± 0.34; 3 mg:
5.11 ± 0.76; 10 mg: 3.54 ± 0.60; AA: 3.10 ± 0.47;
3 mg + AA: 7.55 ± 0.46; 10 mg ± AA: 6.32 ± 0.67)
(Figure 4). FSH and progesterone concentrations
did not exhibit significant differences among the
groups on PND 42 (Figure 4). During sexual
maturity, hormonal concentrations of FSH, LH,
and progesterone were similar among the experi-
mental groups (Figure 5).

Histopathology, ovarian follicle and corpora
lutea quantification and uterine morphometries

Ovarian histopathological assessment on the first
estrus after PND 42 showed a lower number of
corpora lutea per area of the organ in female off-
spring from males exposed to the higher dose of

rosuvastatin alone (reduction of 49.55%) or in
association with AA (diminution of 44.33%) com-
pared to controls (control: 0.88 ± 0.06; 3 mg:
0.82 ± 0.08; 10 mg: 0.44 ± 0.05; AA: 0.73 ± 0.08;
3 mg + AA: 0.74 ± 0.06; 10 mg ± AA: 0.49 ± 0.08)
(Figures 6 and 7). In contrast, follicle quantifica-
tion per area of the ovary was similar among the
groups at the same period (Figure 6).

There was an augmentation of 25.1% in the area
of corpora lutea on sexual maturity, with no
marked differences in number of these endocrine
structures in the female offspring from males
exposed to the association of rosuvastatin and
AA compared to controls (control: 0.49 ± 0.03;
3 mg: 0.44 ± 0.03; 10 mg: 0.43 ± 0.04; AA:
0.39 ± 0.03; 3 mg + AA: 0.41 ± 0.02; 10 mg
± AA: 0.61 ± 0.04) (Figures 7 and 8). The number

Figure 2. Description of the main results of female offspring
from male rats exposed to the different experimental treat-
ments. No differences between the groups are indicated by
the symbol of equal (=) and no evaluation performed in one
of the periods is shown as a dash (-) in the table.
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of follicles per area of ovary did not exhibit sig-
nificant differences among the experimental
groups (Figure 8).

Uterine morphometry on PND 42 showed a
similar number of endometrial glands and no sta-
tistical differences for total and luminal areas of
the organ among the experimental groups
(Figure 9). Perimetrium, myometrium, endome-
trial stroma, and luminal uterine epithelial area
were similar among the groups (Figure 9). In addi-
tion, uterine tissue exhibited similar morphology
among the experimental groups (Figure 10).

Uterine luminal epithelial area was 37.17%
lower at sexual maturity in the offspring from
males treated with the lower dose of rosuvastatin
compared to controls (control: 0.19 ± 0.02; 3 mg:
0.12 ± 0.01; 10 mg: 0.18 ± 0.02; AA: 0.19 ± 0.01;
3 mg + AA: 0.17 ± 0.02; 10 mg ± AA: 0.19 ± 0.02)
(Figures 10 and 11). Total and luminal areas of the
organ and perimetrium, myometrium, and endo-
metrial stroma areas displayed no marked differ-
ences among the experimental groups (Figure 11).
Further, the number of uterine glands was similar
among the groups (Figure 11).

Estrous cycle, sexual behavior testing, and
reproductive performance

Estrous cycle assessment showed similar length and
number of cycles during the evaluated period, as well
as, comparable duration of each phase of the cycle
among the groups (Table 1). In addition, sexual
behavior testing and reproductive performance and

Figure 3. Age of vaginal opening and first estrus in the rat
female offspring. Values expressed as mean ± standard error of
mean (SEM). Two-way ANOVA followed by Bonferroni’s test.
p < 0.05.

Figure 4. Serum hormonal concentrations (ng/ml) in rat female offspring at 42 days of age. Values expressed as mean ± SEM. Two-
way ANOVA followed by Bonferroni’s test. *p < 0.05. Different letters indicate statistically significant differences among the groups.
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Figure 5. Serum hormonal concentrations (ng/ml) in rat female offspring at 75 days of age. Values expressed as mean ± SEM. Two-
way ANOVA followed by Bonferroni’s test. p < 0.05.

Figure 6. Follicle and corpora lutea quantification in the pubertal ovary of rat female offspring from experimental groups at 42 days
of age. Values expressed as mean ± SEM. Two-way ANOVA followed by Bonferroni’s test. *p < 0.05. Different letters indicate
statistically significant differences among the groups.
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fertility exhibited no marked differences among
groups (Figure 12 and Table 2).

Body weight and organ weights

Final body weight exhibited no marked differences
among experimental groups on the first estrus after
PND 42 and PND 75 (Tables 3 and 4). Reproductive
and vital organ weights did not show significant

differences among the groups on the first estrus
after PND 42 (Tables 3 and 5). In contrast, ovarian
weight was augmented 27.49% at adulthood in the
female offspring from males co-exposed to 10 mg
rosuvastatin and AA, in comparison to other groups
(Table 4). The remaining reproductive and vital
organ weights did not display significant differences
among the groups on PND 75 (Tables 4 and 6).

Discussion

The study is based upon the utilization of low-
ering-lipid medications by children and adoles-
cents that require this drug to improve their lipid
profile by reducing total cholesterol and triglycer-
ides levels or to prevent cardiovascular disease
risk. The use of AA proved to be useful to alleviate
reproductive impairment in males produced by
rosuvastatin exposure during prepuberty (Leite
et al. 2017b, 2017a). Although this investigation
was performed using non-obese juvenile Wistar
rats, this experiment simulates human exposure,
since an increased prevalence of atherosclerosis in
children and adolescents was noted (Ross 2016;
Wiegman et al. 2015) and in addition, more people
are deriving benefits from the pleiotropic effects of
statins (Ludman et al. 2009; Tandon et al. 2005).

Considering the apparent lack of information
regarding the reproductive effects for female off-
spring from males exposed to lowering-lipid
drugs, the present study aimed to assess the repro-
ductive development of female offspring derived
from male rats exposed to rosuvastatin during
prepuberty. Further, the possible protective role
of paternal supplementation with AA for female
offspring reproductive development was
determined.

Puberty onset is the beginning of cyclical events
that direct the anatomy and function of the female
reproductive system (Andersson et al. 2013).
Increased FSH levels secreted by the pituitary
leads to the start of ovarian maturation, which is
accompanied by augmented levels of estrogens
(Andersson et al. 2013; Guerra et al. 2017).
Further, the age of vaginal opening and the first
estrus occurrence was considered as an important
external sign of puberty installation and is signifi-
cantly correlated with augmented estrogen levels
(U.S. Environmental Protection Agency 1996). In

Figure 7. Photomicrography of ovarian sections in the female
offspring from experimental groups on postnatal day (PND) 42
and 75. Observe the acidophilic corpora lutea (asterisks) in lower
number in the ovaries of female offspring frommales exposed and
co-exposed to the dose of 10 mg of rosuvastatin. Note the
presence of larger corpora lutea (arrows) in the ovary of female
offspring from the co-exposed group to the higher dose of statin.
Hematoxylin and Eosin (HE). Scale bar = 1000 µm.
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this study, the age of puberty onset was similar
among groups, although the offspring from males
exposed to the higher dose of rosuvastatin alone or
in association with AA were found to delay ovarian
maturation.

Estrogen concentrations increase with follicular
growth, which is stimulated by FSH synthetized by
anterior pituitary (Andersson et al. 2013; Shaikh
1971). Augmented estrogen levels stimulate LH
surge and subsequently, ovulation and luteinization
occur and corpora lutea secrete progesterone
(Andersson et al. 2013). In this study, during the
pubertal period FSH and progesterone levels did not
exhibit differences among the groups; however, LH
levels were elevated in offspring from co-exposed

groups, indicating that the interaction of these sub-
stances was able to interfere genetically (Leite et al.
2017b) or maybe epigenetically with paternal sperm
and consequently increase LH levels in pubertal
female offspring. Additional studies are necessary to
clarify the molecular mechanisms involved in these
findings. At adulthood, FSH, LH, and progesterone
measurements exhibited similar levels among the
groups.

Rat ovarian maturation is a result of a cascade of
neuroendocrine events that include establishment of
pulsatile LH levels and elevated prolactin and GH
concentrations at thirty days of age approximately,
thus culminating in puberty installation in female
rats (Andrews and Ojeda 1981; Westwood 2008).

Figure 8. Follicle and corpora lutea quantification and corpora lutea area in the adult ovary of rat female offspring from
experimental groups at 75 days of age. Values expressed as mean ± SEM. Two-way ANOVA followed by Bonferroni’s test.
*p < 0.05. Different letters indicate statistically significant differences among the groups.
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The number of corpora lutea increases with age in
prepubertal female rats and is considered as a para-
meter for interpretation of ovarian development and
maturation (Picut et al. 2014a, 2014b). Further, it is
known that during puberty the rate of necrotic ova in
the medulla decreases (Picut et al. 2014a, 2014b).
Pubertal female rats frommales exposed to the higher
dose of statin alone or in association with AA showed
a lower number of corpora lutea, suggesting delayed
ovarian maturation in these groups, although
these groups did not exhibit delayed puberty
installation.

During the pubertal period, elevated LH con-
centrations in estrus in the offspring from male
rats co-exposed to the higher dose of statin may be
a consequence of lower ovulatory rate in pubertal
females suggesting ovarian hypofunction.
Diminished number of ovulated oocytes leads to
lower number of corpora lutea and reduced effi-
ciency of negative feedback to inhibit LH release,
thus producing higher basal LH levels. This defi-
ciency appears to occur only at the pubertal per-
iod, because LH levels and corpora lutea number
become similar among the groups at adulthood.

Figure 9. Morphometries in the pubertal uterus of female rat offspring from the experimental groups at 42 days of age. Values
expressed as mean ± SEM. Two-way ANOVA followed by Bonferroni’s test. p < 0.05.
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During the pubertal period, uterus demonstrates a
higher luminal uterine epithelium, a columnar epithe-
lium, in addition to a common degeneration in lumi-
nal epithelial cells and the presence of leukocyte
infiltration on endometrial stroma (Picut et al.
2014b). Pubertal uterine tissues showed a similar

morphological aspect among the experimental groups
in this study. Further, uterine morphometries dis-
played no marked differences in relation to the area
of each region of the organ.

Hormonally mediated effects on the female repro-
ductive system may occur in different ways, such as

Figure 10. Photomicrography of uterine sections in the female offspring from experimental groups on PND 42 and 75. Observe the
lower uterine luminal epithelium height (arrows) in the uterus of female offspring from males exposed to the dose of 3 mg of
rosuvastatin. Hematoxylin and Eosin (HE). Scale bar = 1000 µm or 50 µm.
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disrupting estrous cycle, organ weights changes and
histopathological alterations (Andersson et al. 2013).
Uterine epithelium is a tissue highly responsive to
estradiol concentrations, since augmented estradiol
concentrations leads to increased height of the epithe-
lium and thicker endometrial stroma (Uslu et al. 2013)
and lower estradiol concentrations results in epithelial
atrophy (Andersson et al. 2013). In this investigation,
female offspring from male rats exposed to the lower

dose of statin exhibited a lower columnar uterine
epithelium and diminished area of the luminal epithe-
lial uterine compartment. Although estradiol concen-
trations were not measured due to lack of reliable kits
for radioimmunoassay, it is conceivable that histo-
pathological finding correlated with a possible reduc-
tion in estradiol concentrations in this group.

Previous in vitro studies reported that theca-
interstitial cells exposed to simvastatin, another

Figure 11. Morphometries in the adult uterus of female rat offspring from the experimental groups at 75 days of age. Values
expressed as mean ± SEM. Two-way ANOVA followed by Bonferroni’s test. *p < 0.05. Different letters indicate statistically significant
differences among the groups.
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statin, exhibited decreased isoprenylation and
expression of CYP17A1, thus leading to dimin-
ished androgen production (Ortega et al. 2012,
2014). In view of lower concentration of andro-
gens that are synthesized by theca-interstitial cells
due to statin exposure, granulosa cells may be
producing low estrogen levels because they are
receiving lower amounts of substrates to be aro-
matized to estradiol.

In the adult rat ovary all stages of follicles at all
phases of estrous cycles as well as corpora lutea are
present; however, corpus luteum shows different
morphologies depending upon the phase of the
estrous cycle (Westwood 2008). During the estrus
phase, the number of follicles and corpora lutea per
area of the ovary was similar among the groups. On
the other hand, female offspring from the group co-
exposed to 10 mg of rosuvastatin showed increased
area of corpora lutea without elevation in serum pro-
gesterone concentrations and in number of these
endocrine structures. Indeed, progesterone secretion
by corpora lutea in estrus is basal and corpora lutea
only show their ability to secrete progesterone in
metaestrus, when progesterone surge occurs. In addi-
tion, elevated corpora lutea area may be associated
with increased prolactin levels in females.

Final body weight evaluation provides substan-
tial information regarding the health status of the
animals (Clegg, Perreault, and Klinefelter 2001).
Further, reproductive organ weights provide infor-
mation regarding the reproductive system (Clegg,
Perreault, and Klinefelter 2001) and vital organ
weights may indicate a general systemic health
condition of the animals. Data demonstrated that
there was a rise in ovarian weight in female off-
spring from males co-exposed to 10 mg of statin
and AA. This result is reinforced by larger corpora
lutea area exhibited in this experimental group.
Body weight and remaining organ weights were
similar among the groups.

Interference with the reproductive function of
female rat is often expressed as a disturbance in
length of estrous cycle or histopathological
changes in reproductive organs (Westwood
2008); thus, estrous cycle monitoring provides
information regarding female reproductive status.
Data showed no marked changes in estrous cycle
dynamics in female offspring from male rats
exposed to rosuvastatin and/or AA.Ta
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The lordotic posture is the main sign of
female rat receptivity (Pfaff and Sakuma 1979;
Veening, Coolen, and Gerrits 2013), which is
only performed under adequate hormonal con-
ditions (Pfaff and Sakuma 1979; Veening,
Coolen, and Gerrits 2013). Further, lordosis is
a graded response and may be performed in
different intensities depending upon female hor-
monal status, environmental conditions or male
rat sexual behavior (Pattij et al. 2005; Veening,
Coolen, and Gerrits 2013). Lordosis quotient did
not exhibit significant differences among the
experimental groups in this study, thus indicat-
ing that paternal exposure to rosuvastatin or
even AA did not appear to alter sexual behavior
in female offspring.

Epidemiological data regarding post-implan-
tation loss rates in non-treated lab rodents is
approximately 10% or lower (Jauniaux, Poston,
and Burton 2006). In this study, reproductive
performance did not exhibit marked differences
among the groups and post-implantation loss
rate was approximately 10% or less thus sug-
gesting that paternal treatments with statin
and AA did not appear to affect these
parameters.

Previous studies suggested epigenetic changes
were attributed to statin exposure (Bustan and
Jawad 2017; Leite et al. 2018). Bustan and
Jawad (2017) associated paternal or maternal
exposure to atorvastatin or rosuvastatin with
alterations in fertility in their offspring. In

addition, Leite et al. 2018 indicated that pre-
pubertal male rats exposed to rosuvastatin
showed impairment to the reproductive system
in the male offspring.

Ascorbate, an intracellular form of ascorbic acid,
regulates DNA demethylation and histone demethy-
lation (Young, Zuchner, and Wang 2015), thus pre-
senting an important epigenetic role. Leite et al.
(2018) found that paternal supplementation with
AA ameliorated the reproductive damage in the
male offspring attributed to rosuvastatin, probably
due to AA action on inhibition of genetic and epi-
genetic changes in paternal spermatozoa.

This constitutes a novel report regarding the
reproductive effects for female offspring from
male rats exposed to statins and/or supplemented
with AA. There are few studies concerning statin
exposure and reproductive effects or even report-
ing intergenerational reproductive effects affecting
female offspring. Data suggest epigenetic effects in
addition to increased paternal sperm DNA frag-
mentation associated with rosuvastatin exposure
as previously reported (Leite et al. 2017b).
Further studies are necessary to elucidate the
molecular mechanisms involved in the promotion
of female reproductive damage mediated by pater-
nal sperm changes.

Conclusions

In summary, female offspring from males exposed
to the lower dose of statin showed lower columnar

Figure 12. Lordosis quotient in the female rat offspring from the experimental groups on PND 75. Values expressed as median and
interquartile intervals. Two-way ANOVA followed by Bonferroni’s test. p < 0.05.
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uterine epithelium, indicative of reduced estradiol
concentrations. Data suggest important genetic
and/or epigenetic alterations in paternal sperm
mediated by statin exposure. Ascorbic acid, when

administered to males, is capable of protecting
paternal sperm thus reducing the reproductive
impairment on female offspring from males
exposed to statin.

Table 2. Reproductive performance and fertility test in the female offspring from experimental groups after sexual behavior testing
on PND 75.

Experimental Groups (n = 9 or 10)

Control 3 mg 10 mg AA 3 mg + AA 10 mg + AA

Gestational rate (%) 75% 100% 88.88% 100% 90% 80%
1Fertility test (%) 100 (90.80 – 100) 96.67 (27.23 – 100) 93.54 (88.08 – 98.61) 93.30 (87.98 – 100) 100 (75.15 – 100) 93.33 (88.24 – 100)
1Post-implantation
loss (%)

3.12 (0 – 8.60) 0.0 (0 – 7.14) 5.88 (0 – 8.01) 7.69 (0 – 13.33) 11.76 (0 – 14.84) 0 (0 – 10.00)

1Sex ratio (M:F) 1.00 (0.67 – 1.87) 1.40 (0.40 – 2.83) 1.54 (1.19 – 2.00) 1.43 (0.66 – 2.00) 1.17 (0.40 – 1.50) 1.33 (1.00 – 1.75)
2Body weight
(GD20)

374.70 ± 13.39 353.70 ± 14.70 359.30 ± 12.28 348.10 ± 9.87 340.00 ± 16.91 340.30 ± 20.01

2Gravid uterus 64.40 ± 3.58 57.15 ± 8.67 62.64 ± 4.82 61.94 ± 1.24 50.13 ± 9.51 56.41 ± 7.46
2Male fetus weight 2.87 ± 0.10 2.83 ± 0.16 2.96 ± 0.06 3.05 ± 0.08 3.21 ± 0.07 2.97 ± 0.17
2Female fetus
weight

2.56 ± 0.14 2.69 ± 0.13 2.85 ± 0.11 2.89 ± 0.06 3.01 ± 0.05 2.87 ± 0.15

2Placenta weight
from male fetus

0.57 ± 0.02 0.53 ± 0.02 0.55 ± 0.01 0.53 ± 0.01 0.53 ± 0.02 0.51 ± 0.02

2Placenta weight
from female fetus

0.54 ± 0.01 0.49 ± 0.02 0.52 ± 0.03 0.52 ± 0.02 0.55 ± 0.04 0.49 ± 0.02

Values expressed as median and interquartile intervals1 or mean ± SEM2, p > 0.05. Two-way ANOVA followed by Bonferroni’s test.

Table 3. Body weight and reproductive organ weights in the female offspring from experimental groups on first estrus after PND 42.
Experimental Groups (n = 10)

Control 3 mg 10 mg AA 3 mg + AA 10 mg + AA

Body weight (g) 142.50 ± 4.71 142.20 ± 4.57 139.70 ± 4.36 143.40 ± 3.42 141.60 ± 3.14 143.00 ± 3.72
Ovaries (mg/100g BW) 43.26 ± 3.13 46.21 ± 5.36 40.10 ± 2.02 39.32 ± 2.96 43.24 ± 3.07 40.67 ± 2.24
Oviducts (mg/100g BW) 18.49 ± 1.16 17.76 ± 1.20 16.83 ± 0.83 17.36 ± 1.15 17.35 ± 1.00 16.21 ± 1.03
Uterus (mg/100g BW) 212.20 ± 18.76 200.80 ± 19.49 226.10 ± 15.91 212.30 ± 31.31 199.50 ± 7.43 191.60 ± 13.70

Values expressed as mean ± SEM, p > 0.05. Two-way ANOVA followed by Bonferroni’s test. BW = body weight.

Table 4. Body weight and reproductive organ weights in the female offspring from experimental groups on first estrus after PND 75.
Experimental Groups (n = 10)

Control 3 mg 10 mg AA 3 mg + AA 10 mg + AA

Body weight (g) 247.30 ± 7.94 a 248.40 ± 7.87 a 245.80 ± 3.65 a 231.60 ± 4.89 a 241.30 ± 4.29 a 239.00 ± 6.85 a

Ovaries (mg/100g BW) 35.54 ± 1.49 a 35.06 ± 1.84 a 36.23 ± 2.34 a 36.94 ± 2.16 a 37.08 ± 2.61 a 45.31 ± 2.61 b

Oviducts (mg/100g BW) 11.67 ± 0.32 a 11.60 ± 0.76 a 11.06 ± 0.50 a 12.43 ± 0.46 a 12.61 ± 0.89 a 13.97 ± 0.99 a

Uterus (mg/100g BW) 143.80 ± 6.05 a 139.10 ± 8.75 a 151.00 ± 6.23 a 150.50 ± 6.48 a 153.10 ± 8.62 a 167.00 ± 13.05 a

Values expressed as mean ± SEM, p < 0.05. Two-way ANOVA followed by Bonferroni’s test. Different letters indicate statistically significant differences
among the groups. BW = body weight.

Table 5. Vital organ weights in the female offspring from experimental groups on first estrus after PND 42.
Experimental Groups (n = 10)

Control 3 mg 10 mg AA 3 mg + AA 10 mg + AA

Pituitary (mg/100g BW) 4.39 ± 0.24 5.07 ± 0.41 5.06 ± 0.20 4.93 ± 0.36 4.73 ± 0.28 4.29 ± 0.30
Thyroid (mg/100g BW) 7.53 ± 0.50 7.59 ± 0.34 8.18 ± 0.51 7.79 ± 0.68 7.72 ± 0.60 7.81 ± 0.48
Liver (g/100g BW) 7.79 ± 0.31 7.82 ± 0.33 7.20 ± 0.25 7.52 ± 0.20 7.49 ± 0.17 7.33 ± 0.29
Adrenal (mg/100g BW) 17.80 ± 0.52 17.70 ± 1.16 17.17 ± 1.00 15.78 ± 1.29 16.49 ± 1.23 17.19 ± 1.28
Kidney (g/100g BW) 535.10 ± 14.87 508.20 ± 14.06 525.90 ± 15.05 513.80 ± 12.08 517.90 ± 12.50 522.20 ± 14.49
Brain (g/100g BW) 1.15 ± 0.04 1.17 ± 0.03 1.19 ± 0.04 1.19 ± 0.03 1.21 ± 0.03 1.17 ± 0.02

Values expressed as mean ± SEM, p > 0.05. Two-way ANOVA followed by Bonferroni’s test. BW = Body weight.
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