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The D-galactose (D-gal)-induced animal model, which is established by consecutive subcutaneous D-gal
injections for approximately 6 weeks, has been frequently used for aging research. This animal model
has been shown to accelerate aging of the brain, kidneys, liver, and blood cells. However, aging of the
female reproductive organs in this animal model has not been reported. The aim of this study was to
investigate changes in the ovary in the D-gal-induced aging mouse model. First, we evaluated anti-Mülle-
rian hormone (AMH) as a marker of ovarian aging in blood plasma. We speculated there would be lower
AMH levels in D-gal-treated mice because ovarian aging would be induced by D-gal, as reported for other
tissues. However, the results showed that AMH levels in D-gal-treated mice were approximately four-fold
higher than control mice. Abnormally high AMH levels are detected in ovarian cancer and polycystic
ovary syndrome (PCOS) patients. Therefore, we examined PCOS-related markers in this mouse model.
Total testosterone levels were high and abnormal estrous cycles were induced in D-gal-treated mice.
These changes, including AMH levels, in D-gal-treated mice were inhibited by aminoguanidine treatment,
an advanced glycation end product reducer. In addition, ovarian cysts were observed in some D-gal-trea-
ted mice. These results indicate that with respect to female reproduction, D-gal-treated mice are suitable
for PCOS studies, rather than aging studies.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The D-galactose (D-gal)-induced aging mouse model is estab-
lished by consecutive subcutaneous D-gal injections for approxi-
mately 6 weeks [1]. This animal model shows accelerated aging
in the brain, ear, kidney, liver, and blood cells [2–5]. The aged phe-
notype in this model may be caused by excessive formation of
reactive oxygen species (ROS) and accumulation of advanced gly-
cation end products (AGEs) due to the administered D-gal [1,6,7].
ROS damage and AGEs accumulation are well known among the
many causes of aging [8]. Therefore, this animal model has been
frequently used for aging studies and anti-aging screenings [4–
6,9]. However, aging of the female reproductive organs in this ani-
mal model has not been reported.

Many studies of reproductive aging in females have focused on
age-related changes in hormone production around menopause.
Anti-Müllerian hormone (AMH) is produced by follicular granulosa
cells and AMH levels reflect the size of the ovarian follicle pool
ll rights reserved.
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[10]. Because decreases in AMH are detected long before meno-
pause (at approximately 35 years of age in humans [11]), serum
AMH is a very useful early marker for ovarian aging [12,13]. There-
fore, we first investigated serum AMH levels in D-gal-treated mice
to confirm ovarian aging. However, the results were contrary to our
expectations. Plasma AMH levels in D-gal-treated mice were signif-
icantly higher than controls. It is known that elevated AMH levels
are related to polycystic ovary syndrome (PCOS) [14,15] and ovar-
ian cancer [16]. Because we could not find any tumor-like lesions
in the ovarian tissue sections of D-gal treated mice, we investigated
the predictive markers of PCOS.

In the present study, to confirm the PCOS-like phenotypes in D-
gal-treated mice, we measured the levels of AMH and testosterone
in blood plasma, monitored estrous cycles, and examined ovarian
morphology.
2. Materials and methods

2.1. Animals and treatment

ICR female mice, aged 7–8 weeks, were used. Mice were given
free access to water and a normal diet, and were housed on a
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Fig. 1. Plasma levels of AMH. (A) Five mice (#1–5) in each group were examined. The three groups were treated with 100 mg/kg or 500 mg/kg D-gal or vehicle only (control).
(B) The average of each group. Values shown are the mean ± S.E.M. from five mice per group.

Fig. 2. Plasma levels of AMH (A, B) and testosterone (C, D) in the three groups. Five mice (#1–5) in each group were examined. Panels (B) and (D) show the average of each
group (from Panels A and B). Data represent the mean ± S.E.M. from five mice per group. Values with different superscripts are significantly different (P < 0.05).
Aminoguanidine (AG), D-galactose 1000 mg/kg (D-gal 1000).
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12 h light–dark cycle at 24 ± 1 �C and 50% humidity. Mice were
randomly divided into three groups, containing five mice each.
After a 1-week adaptation period, mice from each group were in-
jected subcutaneously daily with 100, 500, or 1000 mg/kg D-gal
or vehicle (0.9% saline) as a control for approximately 6 or 7 weeks.
One D-gal treated group of mice was constantly given 0.1% amino-
guanidine (AG), an AGE blocking agent, in their drinking water. All
animal studies were conducted in compliance with the Guidelines
for the Care and Use of Research Animals established by Dankook
University’s Animal studies Committee.

For blood plasma preparation, whole blood was obtained from
incising the tail vein with a sharp surgical blade and was centri-
fuged at 1500g for 15 min at room temperature. The plasma was
aliquoted and frozen at �80 �C until use.
2.2. AMH and testosterone assays

AMH measurements in blood plasma were performed using an
enzyme-linked immunosorbent assay (ELISA) kit (USCN Life Sci-
ence, China) according to the manufacturer’s instructions. Testos-
terone was assayed using a total testosterone assay kit
(Demeditec Diagnostics GmbH, Germany) per the manufacturer’s
instructions.
2.3. Vaginal smears

Estrous cycles were monitored by vaginal smear at 6 weeks
after D-gal treatment for 10 consecutive days. Vaginal cells were
collected between 9:00 AM and 11:00 AM daily from vaginal la-
vage. The different phases of the estrous cycle were determined
according to the predominant cell type present in the vaginal
smears as detected by microscopic examination [17].
2.4. Ovarian morphology

All mice were sacrificed by cervical dislocation after 6–7 weeks
of D-gal treatment. Ovaries were dissected and placed in Bouin’s
fixative for 24 h at room temperature, and stored in 70% ethanol
at 4 �C until use. Fixed ovaries were embedded in paraffin and 5-
lm-thick sections were mounted on slides. They were stained with
Harris’s hematoxylin and eosin (HE).



Fig. 3. Estrous cycles in D-gal-treated mice. Most control mice displayed a normal 4
or 5-day cycle. Most D-gal 1000-treated mice showed abnormal estrous cycles. The
abnormal estrous cycles tended to return to normal upon treatment of aminogua-
nidine (AG).
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2.5. Statistical analyses

Statistical differences between groups were analyzed using a
one-way analysis of variance (ANOVA). Data are shown as the
mean ± standard error of the mean (SEM) and significance was de-
fined as P < 0.05.
3. Results

3.1. Plasma AMH and testosterone levels

First, we used mice treated with two different dosages of D-gal
(100 or 500 mg/kg). AMH levels in blood plasma were investigated
(Fig. 1A). The estimated AMH levels are averages for the five mice
in each group (Fig. 1B). Although there is some variation in AMH
levels among individual mice, the levels tend to increase according
to D-gal dosage. Based on these results, we fixed the D-gal concen-
tration at 1000 mg/kg and included another AG and D-gal-treated
group. AMH and testosterone levels in the blood plasma of D-gal-
Fig. 4. Morphology of control and D-gal-treated ovaries. (A) Most D-gal treated-mice sho
were investigated. Two D-gal-treated mice had cystic ovaries (arrow) (C) and two mice
treated mice were higher than control mice, and these increases
were reversed by AG treatment (Fig. 2A and B).

3.2. Estrous cycle disruption

Most normal mice had normal, four or five-day estrous cycles,
whereas only one of five D-gal-treated mice showed normal cycles
(Fig. 3). The irregular estrous cycle was recovered to some extent
upon AG treatment.

3.3. Ovarian morphology of D-gal treated mice

The ovaries in the control mice were normal, with follicles in
different stages and corpora lutea (Fig. 4A). However, the ovaries
in D-gal-treated mice showed typical PCOS-like changes with many
small follicles (B) and ovarian cysts (C). These specific phenotypes
were observed in 4 out of 12 D-gal-treated mice.

4. Discussion

The D-gal-induced aging model has been commonly used for
aging research because it results in accelerated aging that is similar
to that observed as a result of normal aging processes [1,8]. It is
known that excessive formation of ROS and accumulation of AGEs
by the Maillard reaction as a result of D-gal administration acceler-
ates aging in this animal model [1,3,4,7]. To date, several animal
studies have shown age-related changes in brain, kidney, liver,
and blood cell function with D-gal treatment. However, female
reproductive organ aging in this animal model has not been re-
ported. Anti-Müllerian hormone (AMH) is a useful marker for ovar-
ian reserve in aging females [11,13]. The level of AMH in blood
plasma declines in humans at approximately 35 years of age and
is undetectable after spontaneous menopause in women [12]. In
addition, AMH levels decline over the course of aging in mice
[18]. To address whether ovarian aging is induced in D-gal-treated
mice, we investigated AMH levels in blood plasma. The levels of
AMH were significantly higher than in normal control mice. We
tested other predictive markers of PCOS, as high levels of AMH
are known to be a PCOS marker [15,16,19].

In this study, we found high blood plasma AMH and testoster-
one levels in D-gal treated-mice compared to control mice. These
increases were reversed upon AG treatment, and may be caused
by AGEs from additional D-gal. Additionally, we found irregular es-
trous cycles and ovarian cysts in the D-gal-treated mice. We sug-
gest that the D-gal-treated mouse model is similar to PCOS,
rather than aging, in terms of female reproduction.

PCOS affects 5–10% of women of reproductive age and is one of
the most common endocrine disorders. It is characterized by
wed normal phenotypes similar to control mice. Ovaries from 10 D-gal treated mice
had large numbers of follicles (B).
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excessive androgen levels, polycystic ovaries, and oligo/anovula-
tion [20]. The causes of PCOS are not known, but Type 2 diabetes
is strongly associated with PCOS. Recent studies have shown that
AMH is a good surrogate marker for PCOS [15,16,20]. During ovar-
ian folliculogenesis, AMH is expressed in pre- and small-antral fol-
licles and may participate in regulating terminal follicular
development by reducing follicle sensitivity to follicle stimulating
hormone (FSH) [21]. Therefore, abnormally high AMH levels inhibit
normal maturation of ovarian follicles and increase the numbers of
pre-antral follicles [22]. The exceptionally large number of follicles
in ovaries of D-gal-treated mice may be due to high AMH levels
(Fig. 3B). In this regard, high levels of AMH in PCOS patients may
involve formation of ovarian cysts and oligo/anovulation.

At present, the widely used animal models for PCOS have been
developed by prenatally or postnatally exposing mice to various
androgens or estrogens [23–26]. In addition, ob/ob and db/db mice,
which are common models of obesity and diabetes, exhibit some
PCOS-specific phenotypes [26]. However, these animal models,
which are induced by exposure to sex hormones or are genetically
mutated, may not be suitable for the study of PCOS, because these
conditions may not commonly occur in pre-PCOS women. Recent
studies have examined the connection between PCOS and in-
creased AGEs in the body. Serum AGE levels were increased in wo-
men with PCOS [27] and AGEs and its receptor (RAGE) were highly
expressed in granulosa cells of the PCOS ovary [28]. In our study,
PCOS phenotypes induced by the accumulation of AGEs may be
caused by repeated exposure to D-gal, although we did not directly
examine AGEs in blood or ovarian tissue of D-gal-treated mice.
Therefore, D-gal-treated mice may be a more useful animal model
for PCOS research than previous models.

Acknowledgments

This study was supported by grants 2010 from the Institute of
Bio-Science and Technology (IBST) of Dankook University, Republic
of Korea.

References

[1] X. Song, M. Bao, D. Li, Y.M. Li, Advanced glycation in D-galactose-induced
mouse aging model, Mech. Ageing Dev. 108 (1999) 239–257.

[2] M. Lei, X. Hua, M. Xiao, J. Ding, Q. Han, G. Hu, Impairments of astrocytes are
involved in the D-galactose-induced brain aging, Biochem. Biophys. Res.
Commun. 369 (2008) 1082–1087.

[3] X. Cui, P. Zuo, Q. Zhang, X. Li, Y. Hu, J. Long, L. Packer, J. Liu, Chronic systemic D-
galactose exposure induces memory loss, neurodegeneration, and oxidative
damage in mice: protective effects of R-alpha-lipoic acid, J. Neurosci. Res. 84
(2006) 647–654.

[4] A. Liu, Y. Ma, Z. Zhu, Protective effect of selenoarginine against oxidative stress
in D-galactose-induced aging mice, Biosci. Biotechnol. Biochem. 73 (2009)
1461–1464.

[5] H.L. Chen, C.H. Wang, Y.W. Kuo, C.H. Tsai, Antioxidative and hepatoprotective
effects of fructo-oligosaccharide in D-galactose-treated Balb/cJ mice, Br. J. Nutr.
105 (2011) 805–809.

[6] G.X. Mao, H.B. Deng, L.G. Yuan, D.D. Li, Y.Y. Li, Z. Wang, Protective role of
salidroside against aging in a mouse model induced by D-galactose, Biomed.
Environ. Sci. 23 (2010) 161–166.
[7] N. Lin, H. Zhang, Q. Su, Advanced glycation end-products induce injury to
pancreatic beta cells through oxidative stress, Diabetes Metab. 38 (2012) 250–
257.

[8] R.D. Semba, E.J. Nicklett, L. Ferrucci, Does accumulation of advanced end
products contribute to the aging phenotype?, J Gerontol. A Biol. Sci. Med. Sci.
65 (2010) 963–975.

[9] A. Kumar, A. Prakash, S. Dogra, Centella asiatica attenuates D-galactose-
induced cognitive impairment, oxidative and mitochondrial dysfunction in
mice, Int. J. Alzheimers Dis. 2011 (2011) 1–9.

[10] E. Feyereisen, D.H. Méndez Lozano, J. Taieb, L. Hesters, R. Frydman, R. Fanchin,
Anti-Müllerian hormone: clinical insights into a promising biomarker of
ovarian follicular status, Reprod. Biomed. Online 12 (2006) 695–703.

[11] D.B. Seifer, V.L. Baker, B. Leader, Age-specific serum anti-Müllerian hormone
values for 17, 120 women presenting to fertility centers within the United
States, Fertil. Steril. 95 (2011) 747–750.

[12] J.A. Visser, F.H. de Jong, J.S. Laven, A.P. Themmen, Anti-Müllerian hormone: a
new marker for ovarian function, Reproduction 131 (2006) 1–9.

[13] N. Soto, G. Iñiguez, P. López, G. Larenas, V. Mujica, R.A. Rey, E. Codner, Anti-
Müllerian hormone and inhibin B levels as markers of premature ovarian aging
and transition to menopause in type 1 diabetes mellitus, Hum. Reprod. 24
(2009) 2838–2844.

[14] P. Pigny, E. Merlen, Y. Robert, C. Cortet-Rudelli, C. Decanter, S. Jonard, D.
Dewailly, Elevated serum level of anti-Müllerian hormone in patients with
polycystic ovary syndrome: relationship to the ovarian follicle excess and to
the follicular arrest, J. Clin. Endocrinol. Metab. 88 (2003) 5957–5962.

[15] M.C. Chu, E. Carmina, J. Wang, R.A. Lobo, Müllerian-inhibiting substance
reflects ovarian findings in women with polycystic ovary syndrome better
than does inhibin B, Fertil. Steril. 84 (2005) 1685–1688.

[16] I. Geerts, I. Vergote, P. Neven, J. Billen, The role of inhibins B and anti-Müllerian
hormone for diagnosis and follow-up of granulosa cell tumors, Int. J. Gynecol.
Cancer 19 (2009) 847–855.

[17] J.F. Nelson, L.S. Felicio, P.K. Randall, C. Sims, C.E. Finch, A longitudinal study of
estrous cyclicity in aging C57BL/6J mice: I, cycle frequency, length and vaginal
cytology, Biol. Reprod. 27 (1982) 327–339.

[18] M.E. Kevenaar, M.F. Meerasahib, P. Kramerm, B.M. van de Lang-born, F.H. de
jong, N.P. Groome, A.P. Themmen, J.A. Visser, Serum anti-Müllerian hormone
levels reflect the size of the primordial follicle pool in mice, Endocrinology 147
(2006) 3228–3234.

[19] D.A. Dumesic, V. Padmanabhan, D.H. Abbott, Polycystic ovary syndrome and
oocyte developmental competence, Obstet. Gynecol. Surv. 63 (2008) 39–48.

[20] S. Parco, C. Novelli, T. Princi, Serum anti-Müllerian hormone as a predictive
marker of polycystic ovarian syndrome, Int. J. Gen. Med. 4 (2011) 759–763.

[21] L. Pellatt, S. Rice, A. Heshri, R. Galea, M. Brown, E.R. Simpson, H.D. Mason, Anti-
Müllerian hormone reduces follicle sensitivity to follicle-stimulating hormone
in human granulosa cells, Fertil. Steril. 96 (2011) 1246–1251.

[22] Y. Li, L.N. Wei, X.Y. Liang, Follicle-stimulating hormone suppressed excessive
production of anti-Müllerian hormone caused by abnormally enhanced
promoter activity in polycystic ovary syndrome granulosa cells, Fertil. Steril.
95 (2011) 2354–2358.

[23] A.V. Roland, C.S. Nunemaker, S.R. Keller, S.M. Moenter, Prenatal androgen
exposure programs metabolic dysfunction in female mice, J. Endocrinol. 207
(2010) 213–223.

[24] J.Q. Zhu, L. Zhu, X.W. Liang, F.Q. Xing, H. Schatten, Q.Y. Sun, Demethylation of
LHR in dehydroepiandrosterone-induced mouse model of polycystic ovary
syndrome, Mol. Hum. Reprod. 16 (2010) 260–266.

[25] J.C. Chapman, S.H. Min, S.M. Freeh, S.D. Michael, The estrogen-injected female
mouse: new insight into the etiology of PCOS, Reprod. Biol. Endocrinol. 7
(2009) 47.

[26] K.A. Walters, C.M. Allan, D.J. Handelsman, Rodent models for human polycystic
ovary syndrome, Biol. Reprod. 86 (2012) 1–12.

[27] E. Diamanti-Kandarakis, C. Piperi, A. Kalofoutis, G. Creatsas, Increased levels of
serum advanced glycation end-products in women with polycystic ovary
syndrome, Clin. Endocrinol. 62 (2005) 37–43.

[28] E. Diamanti-Kandarakis, C. Piperi, E. Patsouris, P. Korkolopoulou, D. Panidis, L.
Papavassiliou, A.J. Duleba, Immunohistochemical localization of advanced
glycation end-products (AGEs) and their receptor (RAGE) in polycystic and
normal ovaries, Histochem. Cell Biol. 127 (2007) 581–589.


	Polycystic ovary syndrome (PCOS)-like phenotypes in the d-galactose-induced  aging mouse model
	1 Introduction
	2 Materials and methods
	2.1 Animals and treatment
	2.2 AMH and testosterone assays
	2.3 Vaginal smears
	2.4 Ovarian morphology
	2.5 Statistical analyses

	3 Results
	3.1 Plasma AMH and testosterone levels
	3.2 Estrous cycle disruption
	3.3 Ovarian morphology of d-gal treated mice

	4 Discussion
	Acknowledgments
	References


