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Kelle H. Moley?

Department of Obstetrics and Gynecology, Washington University School of Medicine, St. Louis, Missouri

ABSTRACT

Embryo implantation in the uterus depends on decidualization
of the endometrial stromal cells (ESCs), and glucose utilization
via the pentose phosphate pathway is critical in this process. We
hypothesized that the amino sugar glucosamine may block the
pentose phosphate pathway via inhibition of the rate-limiting
enzyme glucose-6-phosphate dehydrogenase in ESCs and there-
fore impair decidualization and embryo implantation, thus
preventing pregnancy. Both human primary and immortalized
ESCs were decidualized in vitro in the presence of 0, 2.5, or 5
mM glucosamine for 9 days. Viability assays demonstrated that
glucosamine was well tolerated by human ESCs. Exposure of
human ESCs to glucosamine resulted in significant decreases in
the activity and expression of glucose-6-phosphate dehydroge-
nase and in the mRNA expression of the decidual markers
prolactin, somatostatin, interleukin-15, and left-right determi-
nation factor 2. In mouse ESCs, expression of the decidual
marker Prp decreased upon addition of glucosamine. In
comparison with control mice, glucosamine-treated mice
showed weak artificial deciduoma formation along the stimu-
lated uterine horn. In a complementary in vivo experiment, a 60-
day-release glucosamine (15, 150, or 1500 pg) or placebo pellet
was implanted in a single uterine horn of mice. Mice with a
glucosamine pellet delivered fewer live pups per litter than those
with a control pellet, and pup number returned to normal after
the end of the pellet-active period. In conclusion, glucosamine is
a nonhormonal inhibitor of decidualization of both human and
mouse ESCs and of pregnancy in mice. Our data indicate the
potential for development of glucosamine as a novel, reversible,
nonhormonal contraceptive.

decidualization, glucosamine, human endometrial stromal cells,
pentose phosphate pathway

INTRODUCTION

Unintended pregnancy is a significant global health care
problem; in the United States alone, more than three million
women between the ages of 15 and 44 experience an
unintended or unplanned pregnancy each year [1]. The
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consensus is that limited contraceptive choices play a critical
role in the persistence of these high rates. In a survey
conducted in 2004, 40% of women reported being dissatisfied
with their current contraceptive method, and many of the
perceived side effects were thought to be due to hormones
contained in the contraceptives [2]. The most commonly used
contraceptive method in the United States is the oral
contraceptive pill, which requires daily compliance and has
annual failure rates with typical use estimated at 9% for the
general population, 13% for teenagers, and 30% or higher for
some high-risk subgroups [3]. In contrast, long-acting
reversible contraceptive methods, including intrauterine devic-
es (IUDs) and subdermal implants, are not user-dependent and
have very low failure rates (less than 1%), which rival those of
sterilization [3]. Currently, the only long-acting nonhormonal
contraceptive method available is the copper IUD. Additional
nonhormonal long-acting contraceptive methods are needed
not only to improve compliance, but also for patients unable to
tolerate hormonal methods because of other health issues such
as clotting disorders or cancer [4, 5].

One mechanism of action by which a contraceptive might
work is to prevent the endometrium from becoming receptive
to implantation of an embryo. The endometrium is a steroid
hormone-dependent tissue that responds to cyclical changes in
estrogen and progesterone (P,) during the menstrual cycle [6].
The proliferative stage of the menstrual cycle is associated with
follicular growth and increased estrogen secretion leading to
endometrial proliferation. This proliferation ceases after
ovulation when P, begins to rise. The P,-dominant luteal
phase is characterized by decidualization, a process of
endometrial stromal cell (ESC) differentiation typified by
changes in the cytoskeleton and glucose metabolism, as well as
the up-regulation of prolactin, insulin-like growth factors, and
insulin-like growth factor-binding proteins [7, 8]. As a result of
these cellular changes, the human endometrium becomes
receptive to embryonic implantation 7—10 days after ovulation,
a period commonly referred to as the window of implantation.
Because differentiation of the ESCs into decidual cells is
required for successful embryo implantation and establishment
of pregnancy [9], decidualization is a candidate target for the
development of new contraceptives.

Previously, our laboratory has shown that decidualization of
primary human ESCs is accompanied by significant increases
in expression of the ubiquitous facilitative glucose transporter
GLUT]I, glucose uptake, and glucose utilization via the pentose
phosphate pathway [9, 10]. Inhibition of this pathway with
dehydroepiandrosterone (DHEA), a known noncompetitive
inhibitor of the rate-limiting enzyme of the pentose phosphate
pathway, glucose 6-phosphate dehydrogenase (G6PDH),
blocked decidualization both in vitro and in vivo [9]. Although
DHEA is an endogenous hormone synthesized by the adrenal
glands, it may not be ideal for use as a contraceptive. First, it is
not known whether DHEA is safe for long-term use; as a sex
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hormone precursor, DHEA may cause higher than normal
levels of androgens and estrogens in the body, and theoretically
might increase the risk of hormone-sensitive cancers. Second,
high DHEA serum levels are observed in women with
polycystic ovary syndrome (PCOS) [11], and rat studies have
confirmed that administration of DHEA leads to anovulation
and a PCOS-like phenotype [12]. Because of these adverse
effects of DHEA, we aimed to determine whether a
nonhormonal inhibitor of the pentose phosphate pathway, that
is, glucosamine (GIcN), also has an inhibitory effect on
decidualization and can prevent pregnancy.

Glucosamine is an amino monosaccharide that is an
essential component of glycosaminoglycans, the large carbo-
hydrate chains incorporated into connective tissue, skin,
tendons, ligaments, and cartilage [13]. It is readily synthesized
in the body from glucose and is widely used as an oral
supplement to relieve arthritic complaints [14]. Exogenous
GIcN is actively transported from extracellular space into cells
by GLUTI, 2, and 4, and is phosphorylated into GIcN-6-
phosphate by tissue hexokinases [15, 16]. Once inside the cell,
GlcN-6-phosphate acts as a competitive inhibitor of G6PDH
[17, 18]. In this study, we demonstrate that GlcN has a
significant inhibitory effect on the pentose phosphate pathway
in, and hence decidualization of, human ESCs. The process of
decidualization is also impaired in mice exposed to GIcN.
Furthermore, we show that intrauterine delivery of GIcN
reversibly reduces the birth rate in mice. This work suggests
the possibility for a new, nonhormonal contraceptive mecha-
nism.

MATERIALS AND METHODS

Isolation of Human Primary ESCs and In Vitro
Decidualization

Endometrial tissue was obtained from human uteri removed during
hysterectomies conducted for benign indications. Informed consent was
obtained from each patient before surgery, and protocols were approved by
the Human Research Protection Office of Washington University. Tissue was
placed in normal saline and transported to the laboratory. Human ESCs were
isolated as previously described, with some modifications [9, 19]. Briefly,
endometrial tissue was minced and digested in Dulbecco Modified Eagle
Medium (DMEM):F12 (Invitrogen) containing 2 mg/ml collagenase (Invitro-
gen) and 15 units/ml deoxyribonuclease (Roche) for 30 min at 37°C with
agitation. The dispersed endometrial cells were separated by filtration through a
40-pm wire sieve (BD), plated, and cultured in media supplemented with 10%
heat-inactivated charcoal dextran-treated fetal bovine serum (HyClone) and 50
pg/ml penicillin/streptomycin  (Cambrex Bio Science). The same culture
conditions were used for human immortalized ESCs (telomerase-immortalized,
ESC-Ts). For hormonal stimulation, approximately 3 X 10° cells were plated
per well in six-well cell culture plates (Costar). After reaching 70%—-80%
confluency, cells were treated with 1 pM medroxyprogesterone-17-acetate
(Sigma) and 0.5 mM N©,2’-O-dibutyryladenosine cAMP sodium salt (Sigma)
for 3-9 days to induce decidualization [9]. Control samples received no
hormone supplementation.

Animal Care and Use

All mouse studies were approved by the Animal Studies Committee at
Washington University School of Medicine and conformed to the Guide for the
Care and Use of Laboratory Animals published by the National Institutes of
Health. Female ICR (The Harlan Laboratories) mice 8—10 wk of age were used
for the isolation of primary ESCs. Female ICR mice 12 wk of age were used for
in vivo deciduoma induction studies. Female ICR mice 9 wk of age were used
for the pellet implantation surgeries.

Isolation of Murine Primary ESCs and In Vitro
Decidualization

Murine ESCs were isolated and cultured as previously described [9]. The
isolated ESCs were plated in six-well culture plates at a density of 5 X 10° cells
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per well in DMEM:F12 without phenol red, supplemented with 2% heat-
inactivated charcoal dextran-treated fetal bovine serum and 50 pg/ml penicillin/
streptomycin. Cells were treated with 10 nM B-estradiol (E,) (Sigma) and 1 pM
P, (Sigma) for 72 h to induce decidualization. Control samples were treated
with 0.2% ethanol.

3-[4,5-Dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium
Bromide Assay

Human ESC-Ts were seeded in a 96-well culture plate at a density of 5 X
10° cells/well. After 3-9 days (specific to the experiment) of culture in the
presence or absence of GIcN, the media was replaced with 110 pl of media
containing 0.5 mg/ml MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide)-labeling reagent. After 4 h at 37°C, 100 pl of 10% SDS/0.01 M
HCI solubilization solution was added, cells were incubated for 4 h at 37°C, and
absorbance at 570 nm was measured. Viability of GlcN-treated cells is reported
relative to the viability of cells decidualized in the absence of GlcN. For
decidualizing cells, 5 X 10* human ESC-Ts were seeded per well in a 24-well
culture plate. After 3-9 days of in vitro decidualization with or without GIcN,
MTT assay was performed by the aforementioned methods with 500 pl of MTT
and 500 pl of 10% SDS/0.01 M HCI solution.

RNA Extraction and Quantitative Real-Time PCR

Cells were lysed with Trizol Reagent (Invitrogen), and total RNA was
extracted according to the vendor’s specifications. One microgram of total
RNA was reverse transcribed by using the Quantitect Reverse Transcription kit
(QIAGEN). Decidualization was monitored by determination of PRL, SMST,
IL-15, and LEFTY2 mRNA levels for human cell studies and Prp mRNA levels
for murine cell studies by Quantitative RT-PCR using the 7500 Fast Real-Time
PCR System (Applied Biosystems). Each reaction was performed in triplicate
and consisted of 25 ng of cDNA, 1X Fast SYBR Green master mix (Applied
Biosystems), and 300 nM gene-specific primers. The fold change in gene
expression was calculated using the comparative cycle threshold method with
the housekeeping gene, ribosomal protein 36B4, as the internal control in
human cell studies and B-actin as the internal control in murine cell studies. The
sequences of primers used for quantitative PCR are shown in Supplemental
Table S1 (all the Supplemental Data are available online at www.biolreprod.
org).

Metabolite Microanalytic Assays

Cells were seeded in six-well culture plates and decidualized in the presence
or absence of GIcN as described above. After 9 days of treatment, cells were
harvested using cell dissociation solution (Sigma). Microanalytic assays
designed to measure G6PDH activity were performed as previously described
[20]. Three independent replicates were performed.

Western Blot Analysis

Western blot analysis was performed as previously described [10]. The
rabbit anti-G6PDH antibody (Bethyl Laboratories) and mouse anti-ACTIN
(Millipore) were used at 1:1000 and 1:3000 dilutions, respectively, in 5% milk
and Tris-buffered saline with Tween 20 (10 mM Tris, 100 mM NaCl, 0.05%
Tween 20, pH 7.5). Secondary antibody was horseradish peroxidase-linked
goat anti-rabbit or goat anti-mouse antibody (1:10000; Santa Cruz Biotech-
nology, Inc.). Secondary antibody was visualized using enhanced chemilumi-
nescence reagent (Amersham). Signal intensities were quantified by the
program ImageJ (National Institutes of Health), and the values were normalized
to ACTIN for loading variation.

Artificially Induced Deciduoma

The protocol for the induction of deciduoma has been described previously
[9]. Briefly, female ICR mice 12 wk of age were ovariectomized and allowed 2
wk for recovery. They were then injected with three daily subcutaneous
injections of 100 ng E, in 100 pl of sunflower seed oil (Sigma), followed by 2
days of no injection and then 3 days of subcutaneous injections of 10 ng of E,
together with 1 mg of P,. At 2 h after the last of the above sensitization
injections, the right uterine horn received an intraluminal injection of 100 pl of
sunflower seed oil. Mice continued to receive 1 mg of P, for 4 days. For the
GIcN treatment, mice received two daily intraperitoneal injections of 25 pg of
GleN in 100 pl PBS starting on the day the E,/P, injection were begun,
followed by intraluminal injection of GlcN in 100 pl sunflower seed oil to the
right uterine horn and 4 days of intraperitoneal injections of GlcN in 100 pl
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FIG. 1.

Glucosamine does not induce significant apoptosis in human ESC-Ts. The MTT assay was used to determine cell viability and proliferation rates

in nondecidualized (A) and decidualizing (B) ESC-Ts. All values are represented relative to the viability of cells without GlcN exposure at Day 3 and are

the mean = SEM of triplicate cultures.

PBS. The whole uterus was dissected out, and the uterine horns were weighed
separately on the day after the last injection.

Pellet Implantation and Hysterectomy

Females (9-wk-old) were anesthetized with ketamine and xylene 1 day after
their pups were delivered. To mimic a single uterine model, a hysterectomy of
one uterine horn was performed according to standard surgical procedures. A
sustained-release GlcN-containing pellet or a placebo pellet was implanted into
the top of the remaining uterine horn. Pellets measuring 1.5 mm in diameter
that release 15, 150, or 1500 pg of GIcN over 60 days were obtained from
Innovative Research of America. Although it is difficult to compare dosages
administered by oral versus intrauterine routes, standard oral dosing for GIcN to
treat osteoarthritis is approximately 20 mg/kg/day. By comparison, the maximal
dosage used in the present study was 1 mg/kg/day, delivered intrauterine.
Females recovered in an independent cage for 10 days and were then mated
with ICR males. The number of pups per litter was recorded until two litters
after the 60-day pellet release period. Previous study has shown that GIcN did
not affect mouse mating [21]. Because the gestation period for ICR mice ranges
from 19 to 21 days, pup number was counted as zero if no pup delivered within
the 60-day pellet-active and postpellet periods.

Statistical Analyses

Data are expressed as means = SEM of at least three separate experiments.
Differences between control and experimental values were compared by
Student ¢ test. ANOVA with a Bonferroni multiple comparison test was used
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when comparisons were made between multiple experimental groups (PRISM
program, GraphPad). Significance was defined as a P value of <0.05.

RESULTS
Glucosamine Is Not Toxic to Human ESCs

Although GIcN is a well-tolerated monosaccharide that is
naturally made from glucose and glutamine in the body [13], a
few studies have reported that large doses of GlcN induce cell
death in chondrocytes and several malignant cell lines [22-25].
To examine the effect of GIcN on viability of human ESCs,
human ESC-Ts [26] were cultured for 3, 6, or 9 days in the
presence of 0, 2.5, or 5 mM GIcN, and the MTT assay [27] was
used to determine cell viability and proliferation. As shown in
Figure 1A, GIcN attenuated ESC-Ts proliferation activity
during culture. On the other hand, the numbers of live cells
slightly increased during GlcN incubation, implying that GIcN
did not induce dramatic cell death or complete cell cycle arrest
(Fig. 1A). We next examined the effect of GIcN on viability of
decidualizing ESC-Ts. Cells were decidualized for 3, 6, or 9
days with or without GIcN. Consistent with previous findings
that decidualizing ESC-Ts demonstrate almost no proliferative
activity [9], we observed no evidence of proliferation during
the 9-day decidualization period. Relative to mock-treated
cells, decidualizing cells exposed to 2.5 or 5 mM GIcN had
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reduced viability by approximately 15%-20% by Day 3, but
the cells recovered by Day 9, suggesting that GIcN could be
tolerated by decidualizing ESC-Ts. We also used flow
cytometry to determine whether apoptosis was increased in
decidualizing ESC-Ts exposed to GIcN. No significant
apoptosis was observed in GlcN-treated cells (see Supplemen-
tal Materials and Methods and Fig. S1). Similar results were
observed from GlcN-treated human immortalized uterine
epithelial cells, in which GIcN was not toxic but attenuated
cell proliferation during 9 days of culture (Supplemental
Materials and Methods and Fig. S2).

Glucosamine Attenuates G6PDH Activity and Expression in
Human ESCs

We next sought to examine the effect of GlcN on activity of
G6PDH, the rate-limiting enzyme in the first step of the
pentose phosphate pathway [28], in decidualizing ESCs as has
been shown in vitro and in mouse oocytes [17, 29]. Human
ESC-Ts were cultured in decidualization media in the absence
or presence of GIcN. G6PDH activity was determined after 9
days of exposure. As shown in Figure 2A, G6PDH enzyme
activities in decidualized ESC-Ts were markedly higher than
those in nondecidualized cells. In contrast, GOPDH activity in
the cells exposed to 5 mM GlcN was reduced to 74% of the
level in cells cultured in decidualization media alone (Fig. 2A).
We also examined G6PDH expression in human ESC-Ts.
Intriguingly, in addition to the role it plays as a competitive
inhibitor of G6PDH, GlcN reduced G6PDH mRNA level to
68% and G6PDH protein level to about 80% of control levels
in cells (Fig. 2, B and C). These data indicate that GIcN
attenuates G6PDH both activity and expression; therefore, the
flux via the pentose phosphate metabolic pathway in human
ESC-Ts is attenuated.

Glucosamine Inhibits Decidualization of Human ESCs In
Vitro

Given the importance of the pentose phosphate pathway to
the process of decidualization [9], we wanted to determine
whether exposure to GIcN results in a functional change in
human ESC-Ts by impairing differentiation. Decidualization
was assessed by monitoring the levels of prolactin (PRL),
somatostatin (SMST), interleukin-15 (IL-15), and left-right
determination factor 2 (LEFTY2) mRNAs, all of which are
significantly induced during decidualization [7, 30-32]. PRL
has been used widely as phenotypic marker of decidualized
cells [33]. SMST, IL-15, and LEFTY?2 have the potential to
amplify and propagate the decidual process in an autocrine and
paracrine fashion [34, 35]. As shown in Figure 3, mRNA levels
for these decidual markers were markedly induced during in
vitro decidualization. However, these genes were induced to
much lower levels in cells exposed to GIcN during the
decidualization process. This reduced expression (up to 65%)
was evident by Day 3 for SMST and IL-15, Day 6 for PRL, and
Day 9 for LEFTY2 (Fig. 3, A-D).

To determine whether these results were specific to
telomerase-immortalized cells, we investigated the effect of
GIcN on decidualization of primary ESCs isolated from human
uteri after hysterectomies. Primary ESCs were cultured in
decidualization media, with or without GIcN, for 9 days (see
Materials and Methods for the details). Similar to our
observations with ESC-Ts, the mRNA expression levels of
decidual markers decreased in a GIcN dose-dependent manner
in primary ESCs (Fig. 3E). Taken together, these results
suggest that GIcN is able to inhibit the process of in vitro
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decidualization of both an immortalized cell line and primary
human cells.

Glucosamine Inhibits Decidualization of Murine ESCs Both
In Vitro and In Vivo

To further confirm the inhibitory effect of GIcN on
decidualization, ESCs were isolated from a gravid mouse
uterus at Day 4 postcoitus and cultured in decidualization
media for 3 days (see Materials and Methods for details).
Expression of Prp mRNA, a murine decidual marker, was
significantly lower in cells decidualized in the presence of
GlcN than in cells decidualized in the absence of GlcN (Fig.
4A). We next employed a previously described mouse model
of induced decidualization [9] to examine whether GIlcN has
similar effects in vivo. Ovariectomized ICR mice received a
regimen of E, and P, and then the right uterine horn of each
animal was mechanically stimulated. The unstimulated left
uterine horn served as an internal control. The decidual
response, as determined by robust deciduoma formation, was
observed consistently in the stimulated uterine horn in control
mice (Fig. 4B). By contrast, weak or no deciduoma formation
was observed in mice that had been maintained on GIcN (see
Materials and Methods for the details) throughout the hormone
and deciduoma induction period. We quantified the decidual
response by weighing the uterine horns. Those from GlcN-
treated mice weighed 5.5-fold less than those from the control
mice (Fig. 4C). In addition to the gross anatomies of the uteri,
histological examination revealed that stimulated uterine horns
from control mice exhibited a marked increase in the number of
decidualized cells and in the size of the stromal compartment.
In contrast, decidualization was not observed in the stimulated
horns from GlcN-treated mice, and the size of the stromal
compartment was similar to that of the unstimulated uterine
horn (Fig. 4D).

Intrauterine GlcN Decreases Birth Rate in Mice

Because differentiation of ESCs into decidual cells is one of
the key processes in uterine preparation for embryo implan-
tation, and proper implantation is essential for the continuation
of pregnancy, failure of decidualization results in prevention of
pregnancy [6, 36]. Thus, we anticipated that exposure of uteri
to GlcN would prevent successful pregnancy. To test this
hypothesis, we implanted time-release GIcN pellets into one
uterine horn of female mice; the other uterine horn was
removed to mimic the single reproductive tract found in
humans and to avoid the possibility that pups may implant in
the empty horn. In preliminary studies not shown, we had
determined that this occurs at a fairly equal rate in the
contralateral horn to the one containing a pellet regardless of
type of pellet. The mice with one horn containing one pellet
were mated, and the litter sizes were recorded both during the
60-day pellet-active period and in the postpellet period. After
hysterectomy and implantation of placebo pellets, litters were
approximately half the size that they were before surgery (5.6
* 0.66 and 12.7 £ 0.71 pups per litter, respectively), as
expected. The litters delivered during the 60-day pellet-active
period and the postpellet period were of similar sizes (Fig. 5).
Taken together, these results suggest that hysterectomy and
placebo pellet implantation do not interfere with fertility. In
contrast, mice that received GIcN pellets delivered significantly
fewer live pups per litter over a 60-day pellet active period than
those that received placebo pellets (15 pg GIcN, 2.75 = 0.73
pups; 150 pg GIcN, 2.13 = 0.85 pups; 1500 pg GIcN, 0.25 =
0.25 pups; placebo, 5.61 = 0.66 pups) (Fig. 5). The gross
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morphological appearance of the pups from placebo- and
GlcN-treated mice were normal after birth. Meanwhile, the
GIcN levels in the blood were measured by using a D-GIcN
assay kit (Megazyme), which has a lower limit of detection in
the pg/ml range. The serum GIcN levels were similar to the
background among placebo and the three different GIcN
dosages groups (data not shown), suggesting that the reduction
of litter size seen is not due to systemic whole-body GIcN
circulation, but rather due to a local intrauterine GIcN effect.
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After the 60-day pellet release period, there was no statistically
significant difference in the litter sizes delivered by GlcN and
placebo pellet-implanted mice, except at the highest dosage of
GlcN, suggesting reversal of the effects once the pellets were
spent. We conclude that, at moderate levels of local GIcN
exposure, the GIcN effect did not persist beyond the 60-day
release period, and there were no long-term fertility sequelae.
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Glucosamine inhibits decidualization of human ESC-Ts in vitro. Decidualization of human ESC-Ts was induced in vitro, and differentiation was
assessed by monitoring the mRNA expression levels of decidual markers. Glucosamine treatment decreased the expression levels of PRL (A), SMST (B), IL-
15 (C), and LEFTY2 (D) starting as early as Day 3 and continuing through Day 9. E) Human primary ESCs were isolated from hysterectomy samples and
decidualized in the absence or presence of GlcN. Expression levels of decidual markers were assessed on Day 9. Values are a mean of at least three

independent experiments = SEM. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the decidualized samples.

Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 23 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

Article 16



GLUCOSAMINE EFFECTS ON ESC DECIDUALIZATION

1.5+ 1
c ) 1
S *k
(]
» ——
o
a 1.0
x
(0]
&
< 051
© L
Jo)
14
OC I L] ] L)
e P decid + decid +
non-decid  decidualized , 5\ W\ GIcN 5 mM GIcN
600+ *
S Il Control  —
£ [ GlcN
n
& 4004
€
=
o
e
o 2004
£
g
) ,__I__\
o — ——
Unstimulated horn Deciduoma
FIG. 4.

B

GlcN

Control

D

Unstimulated horn Deciduoma

Control

&« 9

L o i L - Cmw i

GIcN

Decidualization is inhibited both in vitro and in vivo by GIcN in mice. A) Primary cultures of ESCs isolated from mice were decidualized with E,
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DISCUSSION

Here we provide evidence that intrauterine administration of
GlcN reversibly impairs fertility in mice. Additionally, we
show that GIcN, an inhibitor of the pentose phosphate pathway,
blocks decidualization of both human and murine endometrial
cells. Given that GlcN is a natural metabolite that is safely and
widely used in the treatment of osteoarthritis and joint disease
[14, 37], these results suggest that GIcN has the potential to be
formulated as a nonhormonal contraceptive utilizing a novel
metabolic mechanism.

Although our data clearly exclude the possibilities that GlcN
inhibited decidualization due to toxicity for human ESCs (Fig.
1) and murine primary ESCs (Supplemental Fig. S3), there are
four possible mechanisms to explain the physiologic effects of
GIcN on decidualization of ESCs. First, the intermediate
metabolite GIcN-6-phosphate could be directly blocking the
pentose phosphate pathway via competitive inhibition of
G6PDH. This mechanism has previously been described in
postimplantation embryos [38] and is consistent with our
earlier finding that DHEA, a noncompetitive inhibitor of
G6PDH, also inhibits decidualization. In support of this
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mechanism, we observed decreases of both G6PDH catalytic
activity (Fig. 2A) and expression levels (Fig. 2, B and C) in
ESC-Ts exposed to GIcN. Prior evidence that the pentose
phosphate pathway may play a role in decidualization and
embryo implantation exists in both humans and mice. For
example, human females heterozygous for GOPDH deficiency
are known to have an increased risk of spontaneous abortions
[39], and G6PDH-null mice have a 7-fold higher rate of fetal
resorptions than their wild-type counterparts [39, 40]. These
results suggest that activity of GOPDH affects female fertility,
perhaps via a uterine event. Data also exist to suggest that GIcN
itself inhibits G6PDH [29, 38], but the hypothesis that GlcN
administered in vivo has uterine-specific reproductive conse-
quences had not been tested.

A second possible explanation for the inhibition of
decidualization by GIcN is that excess GIlcN-6-phosphate
could be converted to N-acetyl-GIlcN-6-phosphate and be used
for protein glycosylation and other posttranslational modifica-
tions of proteins involved in decidualization [41]. Third,
extensive stromal cell proliferation is one of the hallmark
events of decidualization in rodents. We observed that GIcN
attenuated cell proliferation of human ESCs (Fig. 1A), human
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FIG. 5. Glucosamine decreases litter size in ICR mice. Placebo or GlcN pellets were implanted into one uterine horn of each 9-wk-old ICR female

mouse; the other uterine horn was removed. Pups per litter of mice with placebo (n=9), 15 ug GlcN (n=4), 150 ug GlcN (n=4), and 1500 pg GlcN (n=
4) pellet implantations were recorded. Values are the mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

uterine epithelial cells (Supplemental Fig. S2) and murine
ESCs (Supplemental Fig. S3) during in vitro culture in this
study. Previous study has also shown that GIcN inhibited
retinal pigment epithelium proliferation in a dose-dependent
manner without affecting cell viability [42]. It is possible that
the negative effect of GIcN on cell proliferation led to impaired
decidualization in mice because the size of the stromal
compartment was similar to that of the unstimulated uterine
horn in the GlcN-treated mice (Fig. 4B). Fourth, GlcN could
cause reduction in the surface levels of transforming growth
factor (TGF)-B receptor and thus the ability of ESCs to bind
TGF-B as has been demonstrated in human retinal pigment
epithelial cells [43]. TGF-f is a multifunctional cytokine that
regulates growth, differentiation, and apoptosis of various cell
types and can induce decidualization of ESCs in vitro [44].
Which mechanism, or combination of mechanisms, is respon-
sible for the effects of GIcN on decidualization remains to be
determined.

Several studies have shown that deficient decidualization
results in early embryonic lethality and infertility. For example,
death effector domain-containing protein (Dedd) deficiency
female mice are infertile owing to unsuccessful decidualization
with reduced polyploidy [45]. Deletion of the IL-11 receptor
alpha chain or sphingosine kinases shpkl and sphk2 also cause
defective decidualization, leading to early embryonic lethality
[46, 47]. Thus, proper decidualization is essential for successful
pregnancy. Because our ESC data clearly demonstrated that
GIcN inhibits decidualization both in vitro and in vivo, we
propose that the reduction in litter sizes we observed upon
intrauterine administration of GIcN in mice was mainly due to
inhibition of decidualization and implantation. Although this
idea is consistent with our previous finding that knockdown of
G6PDH or inhibition of the pentose phosphate pathway with
DHEA or 6-aminonicotinamide blocks decidualization in vivo
[9], we cannot rule out the possibility that GIcN affected other
aspects of fertility because there is a long period between the
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time of fertilization and fetus delivery. For example, exposure
of cumulus-oocyte complexes to 2.5 mM GlcN during in vitro
maturation (IVM) inhibits oocyte developmental competence,
potentially through up-regulation of hexosamine activation and
inhibition of pentose phosphate [29]. Murine and bovine
blastocyst developments are impaired by GIcN exposure during
embryo culture or IVM [48, 49]. Increase of the rate of
resorbed implantations has also been reported by injecting
intraperitoneally 20 or 400 mg/kg GlcN into 8-wk-old female
mice 3—6 days before and 1 day after mating [21]. Furthermore,
administration of a high dose (~1600-2000 mg/kg) of GIcN on
Day 7.5 of pregnancy in mice increased the incidence of neural
tube defects through inhibition of pax-3, a gene required for
neural tube closure, expression [38]. As shown in Figure 5, the
litter sizes of the mice implanted with pellets releasing 1500 pg
of GlcN were not fully recovered during the postpellet period,
suggesting that a high dose of GIcN triggers another
mechanism by which fertility is reduced. Such uncertainty
about the mechanism of action of contraceptives is not unusual,
however, as there is still some ambiguity about the contribu-
tions of pre- and postfertilization mechanisms to the efficacy of
copper and hormonal TUDs [50]. In addition, the finding that
some pups delivered instead of none suggests that decidualiza-
tion might be most impaired in the region immediately adjacent
to the GIcN pellet implantation site and that the further away
that implantation occurs, the better the outcome. Thus, the
efficacy of a GlcN-containing IUD needs to be tested in a
single uterine horn model, preferably a nonhuman primate.
Given the widespread use of GIcN to treat joint pain, it is
important to assess whether oral consumption of this common
supplement affects fertility. The LD, of oral GIcN is about 8
g/kg (body weight) for rats, mice, and rabbits [13], far above
the 20 mg/kg regularly taken by patients. One study of 54
women has reported no adverse fetal effects following the use
of GIcN during pregnancy [51]. Studies in rats have also shown
no adverse side effects of oral GIcN doses of 2.7 g/kg for 12
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mo [52]. Moreover, prior mouse studies by our group have
shown that mice fed a therapeutic GlcN-supplemented diet
(0.01%) had normal litter sizes (Data not shown). Thus, it is
unlikely that oral administration of GlcN will reduce fertility.

Our intrauterine pellet implantation experiments were
designed to mimic how GIcN might be used in human IUDs;
their success at reducing litter sizes indicates that this route
takes advantage of local, rather than systemic, effects of GIcN.
Importantly, this local inhibition is reversible because the litter
sizes from the GIcN pellet-implanted mice returned to control
levels following the pellet’s active period. Our findings support
the potential use of GIcN as a metabolically acting nonhor-
monal contraceptive. With no systemic effects at moderate
dosage and a reversible, localized mechanism of action, future
research into the development of a GlcN-containing, reversible
contraceptive IUD is warranted.
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