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Abstract

Objective—To determine the effects of maternal undernutrition (MUN) on the reproductive axis 

of aging offspring.

Design—Animal (rat) study.

Setting—Research Laboratory.

Animals—Female Sprague-Dawley rats.

Intervention(s)—Food restriction during the second half of pregnancy in rats.

Main Outcome Measures—Circulating gonadotropins, Anti-Mullerian Hormone (AMH), 

ovarian morphology, estrous cyclicity and gene expression studies in the hypothalamus and ovary 

in 1 day old (P1) and aging adult offspring.

Results—Offspring of MUN dams had low birth weight (LBW) and by adult age developed 

obesity. 80% of adult LBW offspring had disruption of estrous cycle by 8 months of age with the 

majority of animals in persistent estrous. Ovarian morphology was consistent with acyclicity with 

ovaries exhibiting large cystic structures and reduced corpora lutea. There was an elevation in 

circulating testosterone (T), increased ovarian expression of enzymes involved in androgen 

synthesis, an increase in plasma Leuteinizing (LH/)/Follicle Stimulating hormone (FSH) levels, 

reduced estradiol (E2) levels and no changes in AMH in adult LBW offspring compared to control 

offspring. Hypothalamic expression of leptin receptor (OBRb), estrogen receptor-α (ER-α) and 

Gonadotropin Releasing hormone (GnRH) protein were altered in an age-dependent manner with 

increased ObRb, ER-α expression in P1 LBW hypothalami and a reversal of this expression 

pattern in adult LBW hypothalami.
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Conclusion—Our data indicates that the maternal nutritional environment programs 

reproductive potential of the offspring through alteration of the hypothalamic-pituitary-gonadal 

axis. The premature reproductive senescence in LBW offspring could be secondary to 

development of obesity and hyperleptinemia in these animals in adult life.
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Reproductive aging; maternal undernutrition; hypothalamus; ovary; leptin; obesity; low birth 
weight; fetal programming

Introduction

The incidence of obesity and type 2 diabetes has dramatically increased not only in adults 

but also in children and adolescents (1,2,3). This increase has significant consequences as 

obesity is known to impair reproductive function (4). During the last decade the onset of 

puberty has been noted to advance and this is likely secondary to increasing incidence of 

childhood obesity and early accumulation of body fat which is thought to sequester 

sufficient estradiol in body fat to initiate secondary sexual development (5). Thus in obese 

adolescent girls, excess body fat may cause early onset of reproductive function followed by 

later reproductive impairment. The underlying mechanism of obesity related reproductive 

dysfunction may involve adipose tissue derived adipokines, namely leptin and adiponectin, 

which are known to influence reproductive maturation and function (6,7,8). The ability of 

leptin to restore fertility to mice that are genetically deficient in leptin and to accelerate the 

onset of puberty in normal mice (9,10,11) suggests that leptin may be a key signal triggering 

the onset of sexual maturation. Adiponectin is known to improve insulin sensitivity; its 

overexpression impairs reproductive function (12).

Obesity is also associated with insulin resistance and hyperinsulinemia (13). Recent 

evidence shows that hyperinsulinemia plays a critical role in the reproductive dysfunction in 

patients with polycystic ovary syndrome (PCOS) (13). Insulin has direct stimulatory effects 

at the ovarian level to simulate androgen synthesis and secretion by increasing P450c17 

enzyme activity (14) and stimulating the expression of 3β-Hydroxy steroid dehydrogenase 

(HSD) in human luteinized granulosa cells (15). In addition, insulin increases pituitary 

gonadotrope sensitivity to GnRH (16), and inhibits hepatic sex hormone biding globulin 

synthesis (17), thereby increasing the levels of free circulating steroids.

An adverse intrauterine environment such as caloric or protein restriction or reduction of 

uterine blood flow induce fetal growth restriction which predisposes to the development of 

metabolic syndrome later in life (18). Severe starvation is known to impair reproductive 

function in adult animals (19,20,21) and stress hormones secreted in excess during 

starvation alter the activity of hypothalamic-pituitary-gonadal (HPG) axis (22). In addition, 

maternal under- or overnutrition will also influence offspring reproductive function in a 

species dependant manner (23). In humans this dysfunction manifests itself early in the 

adolescence period with advancement of pubertal onset (24), and is considered a prelude to 

development of hyperinsulinemia (25), elevated plasma dehydroepiandrosterone sulfate, 

reduced plasma concentration of sex hormone binding globulin (26), reduced ovulation rate 
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(27) and polycystic ovary syndrome (25). There are scant studies on birth weight and 

fertility in adulthood in humans although one study reported that high or low birth weight 

was associated with prolonged time to conceive (28).

Most studies in rodents have pointed to maternal undernutrition causing a delay in onset of 

puberty (29,30), although one group reported advancement of pubertal onset (19). Reduced 

reproductive success of female offspring of mice with food restriction during pregnancy has 

been reported (31). Previous studies have attributed the reproductive dysfunction in low 

birth weight (LBW) offspring to hyperleptinemia, and leptin resistance associated with 

obesity in these offspring in adulthood (6). Our group has developed an animal model for 

gestational programming in which rat dams are food restricted by 50% in the second half of 

gestation. Offspring of these dams are growth restricted at birth and develop obesity, glucose 

intolerance, and lipid abnormalities in adulthood (32,33). These offspring at birth have 

reduced circulating leptin and hypothalamic leptin signaling, and paradoxical upregulation 

of adipogenic signaling pathway (34,35). At 3 weeks of life the LBW offspring develop 

hyperleptinemia and an increase in adipose tissue levels of leptin (33). In the course of 

phenotypic characterization of these LBW offspring as adults we found that that the female 

offspring failed to exhibit the typical estrous cyclicity of control offspring. This study 

characterizes the defects in the reproductive axis of LBW female offspring. Since leptin has 

a key influence on the reproductive axis and LBW offspring develop hyperleptinemia prior 

to onset of reproductive dysfunction, we hypothesized that the reproductive dysfunction of 

adult LBW offspring is secondary to the hyperleptinemia associated with obesity.

Material and Methods

Animals

The study was approved by the Animal Use and Care Committee at Los Angeles Biomedical 

Research Institute at the Harbor-UCLA Medical Center. We used a well-characterized 

animal model of fetal programming developed by our group (32) in which first-time-

pregnant Sprague-Dawley rats (Charles River Laboratories, Hollister, CA) were housed 

under constant temperature and humidity with a 12h/12h light-dark cycle. On day 10 of 

gestation, rats were provided either an ad libitum diet (Control group) of standard laboratory 

chow (Lab Diet 5001, Brentwood, MO: protein 23%, fat 4.5%, metabolizable energy 3030 

kcal/kg), or 50% food restricted diet (MUN group) determined by quantification of normal 

intake in the controls. At day 1 after birth, 4 females and 4 males per litter were cross-

fostered to ad libitum fed control dams. At posnatal age 21 all offspring were weaned to an 

ad libitum diet and housed in individual cages. The data reported is derived from offspring 

from 6 different litters.

Estrous cycle Monitoring

Starting at 8 months of age LBW and control offspring were assessed for their reproductive 

cycles. Vaginal cytology was determined by daily examination of vaginal smears and also 

by measurement of the electrical impedance of vaginal epithelium which is known to vary 

during the different stages of the estrous cycle using the EC40 estrous cycle monitor (Fine 

Sciences Tools, Foster City, CA) (36). Daily smears and impedance were determined daily 
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over a 2 month period. There was 100% agreement between the smear cytology and 

impedance methods in determining the phase of the cycle.

Tissue Harvest

At P1 and 10 months of life female offspring were sacrificed by decapitation for the 

neonates and by pentobarbital oversdose (200mg/kg, i.p) for adult animals. The hypothalmi 

and half of ovaries from both P1 and 10 month old offspring were snap frozen for future 

extraction of RNA and protein. Some of the ovaries were fixed in 4% paraformaldehyde for 

histology analysis.

Histology

Ovaries were fixed in Bouin’s fixative (Sigma), washed in PBS and paraffin embedded and 

10 micron sectioned for staining with hematoxylin and eosin. Every 10th section of the 

ovary was examined under light microscopic examination at 20x magnification to determine 

the relative quantity of corpora lutea, small, medium and large follicles. Three fields were 

examined per slide in a blinded fashion by the same examiner (E.R).

Plasma Hormones

Plasma hormone levels were determined by commercial rat specific RIA or ELISA kits as 

follows: estradiol (DSL-4400, Diagnostic Systems laboratories, Salem, NH), LH(076-65102, 

MP Biomedical LLC, Belgium), FSH (29-AELUTHUoE01, Alpco Diagnostics, Windham, 

NH), and Anti-Mullerian hormone (CK-E11351, Eastbiopharm, Zhejiang, China). For P1 

samples plasma from 4 animals were pooled for each reading.

Real Time RT-PCR

Total RNA was extracted from P1 and 10 months old rat ovary tissues of control and MUN 

groups using Trizol (Invitrogen, Grand Island, NY). The quantity and quality of the isolated 

RNAs was determined using ND-1000 Spectrophotometer (NanoDrop Technologies, 

Wilmington, DE) and 2μg of total RNA was reverse transcribed using random primer with 

the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA) 

according to the manufacturer’s guidelines. Quantitative RT-PCR was carried out using 

SYBR green PCR master mix and reactions were incubated for 10 min at 95°C followed by 

40 cycles of 15 seconds at 95°C and 1 min at 60°C and level of mRNAs expression was 

determined using Applied Biosystems StepOnePlus Real-Time PCR Detection System with 

18S used for normalization. All reactions were run in triplicate and relative expression was 

analyzed with the comparative cycle threshold method (2−ΔΔCT) according to the 

manufacturer (Applied Biosystems).

Western Blot Analysis

Protein was extracted in RIPA lysis buffer and protein levels were determined by BCA 

solution (Pierce, Rockford, IL). For P1 animals protein extracted from 4 animals derived 

from different litters were pooled for each reading. 50ug of protein was mixed with SDS 

buffer and separated on a 10% polyacrylamide gel and transferred electrophoretically to 

pure nitrocellulose membrane (BIO-RAD, Hercules, CA). Non specific binding was blocked 
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with 5% non-fat dry milk in Tris-buffered saline (TBS) with 0.1% Tween 20. The 

membrane was then incubated with the appropriate antibody from Santa Cruz Laboratories 

(Santa Cruz, CA) (GnRh (10/6.7KD, SC-32292), Leptin receptor ObRb (120KD, SC-1832), 

ER-α (66KD, SC-787) in 5% milk in TBS overnight at 4 C. Anti-rabbit or anti-mouse IgG 

secondary antibody labeled with horse radish peroxidase (BIO-RAD (Hercules, CA) 1;2000 

in 5% milk was then added on the membrane and incubated at room temperature. 

SuperSignal West Pico Chemiluminescent Substrate (Piecre, Rockford, IL) was then used to 

detect the targeted protein. The band density was analyzed by Alpha DigiDoc Gel 

documentation and Image analysis system (Alpho Innotech Corporation, San Leandro, CA). 

Data was normalized to β-actin and expressed as fold change.

Statistics

Data was analyzed using the NCSS statistical software (NCSS LLC, Kaysville, UT) by 

Student’s t-test. Normal distribution was determined by histogram plots, Kurtosis and 

Omnibus. Significance was established at P<0.05.

Results

MUN dams gave birth to pups that had lower body weights (LBW) and decreased plasma 

leptin levels at 1 day of life (P1). When nursed by ad libitum fed dams, LBW offspring 

demonstrated rapid catch-up growth at 3 week, resulting in increased weight, percent body 

fat, and plasma leptin levels in the presence of insulin resistance in adults (37,38).

Table 1 shows the plasma hormone levels. In the P1 offspring, there was a significant 

increase in plasma LH, a decrease in estradiol and no change in FSH levels in LBW 

offspring as compared with controls. In the adult female offspring during diestrus, there was 

persistent increase in LH and lower estradiol levels as compared to controls in the same 

phase of the cycle. Furthermore, LBW adult females showed increased FSH and testosterone 

levels though no difference in Anti-Mullerian hormone levels as compared to adult control 

females.

Estrous cyclicity was significantly disrupted in the adult LBW offspring as shown in Fig. 1. 

As demonstrated in this figure, 100% of the control offspring exhibited normal estrous 

cyclicity as compared to 20% of the LBW offspring. Specifically 80% of the LBW offspring 

were in persistent estrous, which is the hallmark of reproductive aging in rodents, and 20% 

in persistent diestrus as compared to none of the controls, indicating that by 8 months of age 

the majority of LBW offspring had entered the first phase of reproductive senescence in 

contrast to none of the controls.

Hypothalamic protein expression of GnRH, ER-α and leptin receptor (ObRb) in P1 and 

adult offspring are shown in Fig. 2. As demonstrated in the top panel there was a significant 

decrease in GnRH protein, an increase in leptin and estrogen receptor protein levels in P1 

LBW offspring as compared to controls. By 10 months of age, there was an increase in 

GnRH, a decrease in leptin and estrogen receptor protein expression in the LBW offspring 

as compared with controls.
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Ovarian expression of leptin and estrogen receptor in P1 and adult offspring are 

demonstrated in Fig. 3. As shown in the top panel there was an increase in the ovarian 

expression of leptin receptor and a decrease in estrogen receptor in P1 LBW offspring. In 

the adult offspring the expression of leptin receptor protein was significantly lower whereas 

the estrogen receptor expression was higher in the LBW ovaries as compared to controls.

The mRNA expression of ovarian steroidogenic enzymes and gonadotropin receptors in the 

ovaries are shown in Supplemental Fig. 1. In P1 offspring there was a decrease in the 

expression of HSD3B1 and HSD3B2 expression in LBW ovaries as compared with the 

controls, though no differences in the mRNA expression of CYP11A1, HSD-17β1, 

HSD-17β2, CYP19A1, LH and FSH receptors. In the adult offspring, there was a decrease in 

the expression of CYP11A1, HSD-3β1, CYP19A1, LH receptors and no changes in 

HSD-3β2, HSD-17β1, HSD-17β2, and FSH receptor mRNA levels in the LBW offspring as 

compared to controls.

Ovarian morphology was also examined in the adult offspring by histology. Representative 

H and E stained section is shown in Supplemental Fig. 2. In contrast to LBW ovaries which 

showed a disruption of normal follicular structures, control ovaries had normal ovarian 

morphology with follicles of different sizes and copora lutea (Supplemental Fig 2a). The 

number of ovarian follicles in different phases of the estrous cycle is shown in Supplemental 

Fig. 2b. In control ovaries small follicles were the most abundant followed by corpora lutea 

and medium and extra large follicles. In LBW offspring in persistent estrous which 

constituted the majority of animals, there was a significant reduction in the number of 

corpora lutea and small follicles and a significant increase in the number of large cystic 

structures indicative of anovulation.

Discussion

The results of this study show that maternal undernutrition has profound effects on the 

reproductive potential of the offspring and that growth restricted newborns undergo 

premature reproductive senescence as adults due to programming effects of maternal under-

nutrition on the HPG axis. LBW offspring by 8 months of life had disruption of estrous 

cyclicity remaining mostly in persistent estrous and some in diestrous state, which is 

equivalent to peri-menopause in humans. Ovarian morphology was consistent with this 

acyclicity with ovaries demonstrating large cystic structures and a marked reduction of 

corpora lutea consistent with anovulation. In LBW offspring in persistent diestrus, which is 

one of the phases of reproductive aging, (39,40) there was significantly greater numbers of 

corpora lutea and number of large antral follicles.

Ovarian reserve testing showed no differences in AMH levels in these offspring compared 

with controls, however plasma FSH were higher in the LBW offspring. Ovarian 

steroidogenic enzyme expression was altered in LBW offspring in an age-dependant 

manner, with a relative increase in the expression of enzymes involved in androgen 

synthesis in adult LBW ovaries. This finding was consistent with elevated circulating levels 

of testosterone (T) levels in the adult LBW offspring. There were no changes in the 

expression of gonadotropin receptors in P1 LBW ovaries but in the adult offspring a 
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reduction of ovarian LH receptors was detected. We also determined the ovarian expression 

of leptin and estrogen receptor-alpha (ER-α) and found that in P1 LBW offspring there was 

an increase in ObRb receptor and an increase in ER-α protein expression with a complete 

reversal of this pattern in the adult ovaries. Hypothalamic expression of ObRb, ER-α protein 

and GnRH protein in LBW offspring were also altered in an age-specific manner with 

reduced GNRH protein and increased OBRb, ER-α in P1 LBW hypothalami and a reversal 

of this expression pattern in the adult LBW offspring.

Adipose-tissue derived factors are well known to impact health and disease (7) and fertility 

(8). Since leptin plays a vital role in nutritional signaling to the brain and in regulation of 

reproduction (41), we hypothesized that the changes in the HPG axis in LBW offspring are 

leptin-mediated. Previous studies from our laboratory (33) and others (42) have 

demonstrated that LBW offspring have low circulating leptin at birth and elevated leptin 

levels in adult life (33). Leptin exerts its most significant reproductive effects through the 

hypothalamus (43). Leptin is known to stimulate GnRH secretion in vitro from arcuate 

nucleus explants (44), and immortalized GnRH secreting neuronal cell line (45). It is also 

well established that leptin down regulates its own receptor expression in the hypothalmus 

(46). Evidence for this negative feedback axis between circulating leptin and leptin receptor 

expression come from our data showing that lower circulating leptin In P1 LBW offspring 

was associated with elevated hypothalamic ObRb protein, and the reverse pattern in adult 

LBW offspring. The pattern of changes in hypothalamic ObRb expression LBW offspring 

were in line with known effects of leptin to stimulate GnRH secretion (47,45), namely in P1 

LBW offspring which had lower circulating leptin hypothalamic GnRH was lower whereas 

in adult LBW offspring with higher circulating leptin, hypothalamic GnRH was higher. 

Hypothalamic GnRH levels correlated with circulating gondaotropins in the adult LBW 

offspring. However, in P1 LBW offspring despite lower hypothalmic GnRH, circulating LH 

levels were higher, indicating a GnRH-independent mechanism for stimulation of LH 

secretion. The elevated LH levels in LBW offspring detected as early as day one of life and 

persisting into adult life is reminiscent of women with PCOS with elevated LH levels (48). 

Prior studies have demonstrated that leptin stimulates LH secretion (49,50), and therefore 

the hyperleptinemia in adult LBW offspring could account for the elevated LH levels at least 

in the adult LBW offspring. In line with elevated plasma LH which would be expected to 

stimulate ovarian androgen synthesis adult LBW offspring also had elevated circulating T 

levels. These offspring had lower estradiol levels which could be secondary to decreased 

ovarian expression of the aromatase (CYP19A1) enzyme or direct effect of leptin on ovarian 

steroidogenesis. The effect of leptin on ovarian steroidogenesis is conflicting with both 

negative effects (51,52) and positive effects (53) reported depending on the animal model 

and species. Whether the suppression of CYP19A1 and HSD-3β2 are due to elevated leptin 

in the LBW offspring cannot be determined from our study. Besides leptin insulin also plays 

a crucial role in signaling the nutritional status to the hypothalamus (54). Adult LBW 

offspring have hyperinsulinemia (32) and some of the changes in the HPG axis could have 

been due to the hyperinsluinemia.

The LBW ovarian morphology with large cystic structures and absence of corpora lutea 

indicates anovulation further supports a PCOS-like syndrome in the MUN offspring. 

Reduction of ovulation rates in LBW offspring has been demonstrated in a number of 
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species. Protein restriction during pregnancy in rats resulted in cycle disruption; a reduction 

is estradiol and progesterone levels and reduced fertility rates (55). Bernal et al (29) also 

showed reduced number of primordial and secondary follicles in LBW offspring (similar to 

our LBW offspring in persistent estrous and diestrous) which was proposed to be secondary 

to increased oxidative stress and decreased ability to repair the oxidative damage (29). The 

same group reported reduced progesterone levels in these offspring in adult life (30) 

consistent with oligovulation. Maternal undernutrition also reduced ovulation rates (56), and 

increased the number of small follicles in the ovary and a reduction in corpora lutea (57) in 

sheep. Reduced ovulation rate has also been reported in adolescent girls born small for 

gestational age (27). Potential mechanisms for reduced number of small follicles may be the 

hyperandrogenic and hypoestrogenic ovarian environment in the MUN offspring; androgens 

are known to induce follicular atresia (58,59) and estrogen is essential for folliculogenesis to 

regulate granulosa cell growth and differentiation (59). Alternatively, this effect on ovarian 

morphology could be secondary to the direct effects of excess leptin on ovarian 

folliculogenesis (60), or due to leptin’s effect to alter the sensitivity of the ovary to 

gonadotropins (61).

Despite many similarities in reproductive aging mechanisms between rats and humans, there 

are few differences worth noting. In postmenopausal women LH and FSH are elevated (62) 

whereas in rats, LH levels are relatively normal, despite changes in estradiol (62). In 

addition, follicles have been reported in anetrous rat ovaries unlike postmenopausal human 

ovaries (62,63). This indicates that the exhaustion of ovarian follicles is not a limiting factor 

in rodent reproductive aging. Because of these differences in ovarian morphology markers 

of ovarian reserve in women such as AMH which shows an age-dependent decline (64) are 

not applicable in rodents (65). This is supported by our data showing no differences in AMH 

levels in aging LBW offspring compared to controls. In contrast elevated FSH levels are 

detected in aging female rats which transition from normal estrous cyclicity to an 

anovulatory state in persistent estrous (66) as in our LBW adult female offspring.

In summary, our data indicates that maternal nutritional environment programs reproductive 

potential of the offspring through alteration of the HPG axis. The changes in the HPG axis in 

these offspring are manifested as early as day one of life and are potentially secondary to the 

known reproductive effects of leptin which are low in the LBW offspring at birth and 

elevated with onset of obesity in adult life or due to epigenetic mechanisms. The adult LBW 

offspring exhibit an anovulatory state, and remain in a persistent estrous phase of the cycle 

which is the reproductive hallmark of rodent aging. This model of reproductive aging should 

provide fertile ground for design of interventions to block the effects of in utero 

undernutrition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reproductive Cycle of 10 Month old Females
Percentage of females showing normal and abnormal (persistent estrus and persistent 

diestrus) reproductive cycle from control (■) and LBW (□) groups. *P<0.001 vs. control; 

N=24 animals from 6 litters.
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Figure 2. Hypothalamic Protein Expression
Hypothalamic protein expression of GnRH, leptin receptor (ObRb) and estrogen receptor-α 

(ER-α) in 1 day old (upper pane) and in 10 month old (lower panel) control (■) and LBW 

(□) females. Values are expressed as fold change (mean ± SE) relative to control set at 1. 

*P<0.01 vs. control; N=6 per group (For P1 each N was derived from pooling of protein 

from 4 animals).
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Figure 3. Ovarian Protein Expression
Ovarian protein expression of leptin receptor (ObRb) and estrogen receptor (E2a) in 1 day 

old (upper panel) and in 10 month old (lower panel) control (■) and LBW (□) females. 

Values are expressed as fold change (mean ± SE) relative to control set at 1. *P<0.01 vs. 

control; N=6 per group.
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Table 1

Plasma hormone levels in 1 Day (P1) offspring and 10 month old adult offspring.

P1 Offspring Control LBW

Estradiol (pg/ml) 17.3 ± 2.1 11.3 ± 1.8*

FSH (ng/ml) 6.0 ± 0.5 6.7 ± 0.7

LH (ng/ml) 0.27 ± 0.02 0.58 ± 0.08*

AMH (ng/ml) 2.33 ± 0.157 2.57 ± 0.14

10 Month Offspring Control LBW

Estradiol (pg/ml) 58.3 ± 8.9 19.9 ± 4.9*

Testosterone (ng/ml) 0.30 ± 0.07 0.57 ± 0.08*

FSH (ng/ml) 4.6 ± 0.4 7.8 ± 0.9*

LH (ng/ml) 0.23 ± 0.02 0.47 ± 0.08

AMH (ng/ml) 2.73 ± 0.08 2.92 ± 0.07

*
Values are mean ± SE N=12 for all hormones in P1 offspring except AMH (N=8 Controls; N=5 LBW). N=10 for all hormones in 10 month old 

offspring except AMH (N=18 Controls; N=19 LBW).
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