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Abstract

Background—Adenosine monophosphate-activated protein kinase (AMPK) is stimulated in

embryos during diabetic pregnancy by maternal hyperglycaemia-induced embryo oxidative stress.

Stimulation of AMPK disrupts embryo gene expression and causes neural tube defects.

Metformin, which may be taken during early pregnancy, has been reported to stimulate AMPK

activity. Thus, the benefits of improved glycaemic control could be offset by stimulated embryo

AMPK activity. Here, we investigated whether metformin can stimulate AMPK activity in mouse

embryos and can adversely affect embryo gene expression and neural tube defects.

Methods—Pregnant nondiabetic mice were administered metformin beginning on the first day of

pregnancy. Activation of maternal and embryo AMPK [phospho-AMPK α (Thr172) relative to

total AMPK], expression of Pax3, a gene required for neural tube closure, and neural tube defects

were studied. Mouse embryonic stem cells were used as a cell culture model of embryonic

neuroepithelium to study metformin effects on AMPK and Pax3 expression.

Results—Metformin had no effect on AMPK in embryos or maternal skeletal muscle but

increased activated AMPK in maternal liver. Metformin did not inhibit Pax3 expression or

increase neural tube defects. However, metformin increased activated AMPK and inhibited Pax3

expression by mouse embryonic stem cells. Mate1/Slc47a1 and Oct3/Slc22a, which encode

metformin transporters, were expressed at barely detectable levels by embryos.

Conclusions—Although metformin can have effects associated with diabetic embryopathy in

vitro, the lack of effects on mouse embryos in vivo may be due to lack of metformin transporters

and indicates that the benefits of metformin on glycaemic control are not counteracted by

stimulation of embryo AMPK activity and consequent embryopathy.
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Introduction

The biguanide metformin is commonly used to treat insulin resistance, type 2 diabetes and

polycystic ovary syndrome (PCOS) [1,2]. Metformin is a Pregnancy Category B drug, and

women treated with metformin prior to pregnancy often continue its use during pregnancy.

Nevertheless, use of metformin during early pregnancy remains controversial, and it is not

clear whether metformin prevents gestational diabetes and other obstetric complications,

improves fertility and improves live birth rates [1,3–8].

The main effect of metformin is to decrease hepatic glucose production, although it also

increases insulin-stimulated glucose uptake by muscle and lowers plasma tri-glycerides and

free fatty acids [2,9]. Metformin has been shown to stimulate adenosine monophosphate-

activated protein kinase (AMPK) activity in skeletal muscle and liver by indirectly

stimulating phosphorylation (Thr172) of the catalytic α subunit [9,10]. However, the precise

mechanism of metformin action is unknown, as the glucose-lowering effects of metformin

are maintained in mice lacking hepatic AMPK [11], and AMPK-independent effects of

metformin, such as inhibition of mitochondrial complex I, modulation of several levels of

the incretin, glucagon-like peptide-1, axis and stimulation of novel/conventional protein

kinase C enzymes, have been reported [2,12,13].

We recently showed that embryo AMPK activity is stimulated in a mouse model of diabetic

pregnancy [14]. Stimulation of AMPK resulted from hypoxic and oxidative stress caused by

maternal hyperglycaemia. Stimulation of AMPK inhibited expression of Pax3, a gene that is

essential for neural tube closure, and induced neural tube defects (NTD). The effects of

oxidative stress and hyperglycaemia were blocked by the AMPK inhibitor, compound C,

indicating that activation of AMPK mediates the embryopathic effect of maternal diabetes

[14].

Whether AMPK is stimulated in embryos when metformin is administered during pregnancy

has not been reported. However, if metformin can stimulate embryo AMPK activity, even

when hyperglycaemia-induced oxidative stress has been suppressed, the adverse effects on

embryonic development could counteract the beneficial effects on maternal glycaemic

control. Here, we administered metformin to pregnant nondiabetic mice and tested whether

metformin stimulates AMPK activity, inhibits Pax3 expression and increases NTD. We also

used a cell culture model of embryonic neuroepithelium, murine embryonic stem cell

(mESC)-derived neuronal progenitors, in which effects of adding high concentrations of

metformin directly to cells on AMPK activation and Pax3 expression can be directly tested.

Materials and methods

Animal procedures

ICR mice (Taconic, Germantown, NY, USA) were employed. Animal procedures for

mating, stimulating AMPK activity with 5-aminoimidazole-4-carboxamide-1-beta-4-

ribofuranoside (AICAR, Sigma, St. Louis, MO, USA) and recovering embryos were as

previously described [14]. AICAR [50 mg/kg dissolved in phosphate-buffered saline (PBS)]

was administered subcutaneously at noon on embryonic day (E) 7.5, with PBS administered
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as a control, as described [14]. Metformin (Sigma), dissolved in water, was administered at

40 mg/kg by gavage at 9:00, 12:00 and 15:00 hours, beginning on E 0.5 until the day of

sacrifice. Mice used for recovery of maternal gastrocnemius muscle and liver and embryos

were sacrificed on E 7.5, and tissues were frozen in liquid nitrogen and saved for assay of

activated AMPK or mRNA encoding of the metformin transporters, Mate1/Slc47a1 and

Oct3/Slc22. Mice were sacrificed on E 8.5 for recovery of embryos for assay of Pax3

mRNA or on E 10.5 to score for NTD as described [14]. E 7.5 is the day on which maternal

hyperglycaemia or stimulation of AMPK causes decreased Pax3 expression, E 8.5 is the day

that Pax3 expression begins and NTD are apparent by E 10.5 [14,15]. Maternal blood

glucose was sampled from the tail vein and was measured using a Glucometer Elite (Bayer,

Tanytown, NY, USA). All procedures using animals were approved by the Institutional

Animal Care and Use Committee of the Joslin Diabetes Center.

Embryonic stem cell culture

Murine embryonic stem cells (D3 from ATCC, Manassas, VA, USA) were cultured on

gelatin-coated 60-mm culture dishes as described [14]. Nestin-positive neuronal progenitors

were induced by forming embryoid bodies and selection in media containing fibronectin

(Becton Dickenson, Franklin Lakes, NJ, USA), insulin, selenium and transferrin (Sigma, St.

Louis, MO, USA), as described [14,16,17]. Metformin (1 mmol/L in PBS) or AICAR (1

mmol/L in PBS) was added to cultures for 1 h for assay of activated AMPK or from days 1

to 3 during selection of neuronal progenitors to study effects on induction of Pax3

expression.

Real-time RT-PCR

Total RNA from individual culture dishes or pooled embryos from individual pregnancies

was extracted using Ultraspec reagent (Biotecx Laboratories, Houston, TX, USA). About

200 ng RNA was reverse transcribed (RT) and assayed for Pax3 mRNA using a FAM-

labelled probe and primers as reported [18] or for Mate1/Slc47a1 and Oct3/Slc22 mRNA

using primer and probe sets from Life Technologies, by real-time RT-PCR, and expressed

relative to rRNA as described [18].

Activated AMPK assays

Phosphorylated AMPK (activated), AMPK [phospho-AMPK α (Thr172)] and total AMPK

were assayed by immunoblot as described [14,19] using 50 μg protein from pooled embryos

from individual pregnancies, tissues from individual pregnant mice or cells from individual

60-mm culture dishes. Total AMPK was detected using an antibody against the α 1 and α 2

isoforms of the catalytic subunit (α-pan) that was obtained from EMD Millipore (Billerica,

MA, USA), and phospho-AMPK α (Thr172) was detected using an antibody against

Thr172-AMPK obtained from Cell Signaling Technology (Danvers, MA, USA). Bound

antibodies were detected with anti-rabbit IgG (horseradish peroxidase coupled) from GE

Healthcare Biosciences (Piscataway, NJ, USA). Band intensities of autoradiographs exposed

in a linear range were measured using Adobe Photoshop. Activated AMPK was expressed as

the intensity of phospho-AMPK α (Thr172) bands relative to the intensity of total AMPK

bands.
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Statistical analyses

Numbers of animals or embryonic stem cell culture dishes used are indicated in the figure

legends. Data were analysed by one-way analysis of variance followed by Newman–Keuls

post-test using GraphPad Prism software v. 4.0 (La Jolla, CA, USA). Data are presented as

the mean ± standard error of the mean. p <0.05 was determined to be statistically significant.

Results

Activation of maternal liver AMPK is not associated with activation of embryo AMPK

Although metformin is normally administered to diabetic or insulin-resistant women,

nondiabetic mice were used in this study. Because maternal hyperglycaemia-induced

oxidative stress stimulates AMPK activity [14], in order to test the hypothesis that

metformin stimulates AMPK activity independent of hyperglycaemia and oxidative stress, it

is necessary to use a model in which AMPK is not already stimulated. Furthermore, if there

were any differences between embryos from diabetic, metformin-treated pregnancies and

embryos of nondiabetic pregnancies, it would not be possible to distinguish between effects

of inadequate control of maternal hyperglycaemia and effects of metformin.

Pregnant dams were treated with three daily doses of 40 mg/kg of metformin, beginning on

E 0.5 of pregnancy. Previous studies have shown that a single daily dose of 120 mg/kg

stimulates hepatic AMPK activity in rats [20], and dividing the daily dose into three

treatments should more closely resemble human administration. The AMPK-activating

agent, AICAR, was administered at 50 mg/kg subcutaneously at noon on E 7.5, as a control

for the effects of maternal hyperglycaemia on embryo AMPK activity, Pax3 expression and

NTD [14]. There were no significant effects of PBS, AICAR or metformin on maternal

blood glucose levels (Table 1), indicating that any embryonic effects were due to the action

of the drug, rather than indirectly due to changes in maternal glycaemia. Embryos and

maternal tissues from all treatment groups were obtained on E 7.5, 90 min after AICAR or

metformin administration, for assay of activated AMPK [phospho-AMPK α (Thr172)

relative to total AMPK]. There were no differences in litter sizes from PBS-treated (11.67 ±

0.42 embryos/litter), AICAR-treated (12.17 ± 0.31 embryos/litter) or metformin-treated

(12.50 ± 0.22 embryos/litter) pregnancies. As expected, AICAR and metformin increased

activated AMPK in maternal liver, but only AICAR increased activated AMPK in maternal

skeletal muscle (Figure 1A–C). Although AICAR increased activated AMPK, as observed

previously [14], metformin did not increase activated AMPK in embryos (Figure 1A, D).

AMPK-associated embryopathy is not induced by metformin administered to pregnant
mice

To investigate whether metformin could elicit effects on embryo gene expression and

malformation that occur when AMPK is stimulated, embryos were obtained on E 8.5 to

assay expression of Pax3 by RT-PCR or on E 10.5 to score NTD. AICAR administered to

mothers on E 7.5 inhibited Pax3 expression in embryos by more than twofold, but there was

no effect of metformin administered beginning on E 0.5 on Pax3 expression (Figure 2A).

AICAR increased NTD by more than fourfold, but there was no significant effect of

metformin on NTD (Figure 2B).
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Metformin stimulates AMPK and inhibits Pax3 expression by mESC

The preceding experiments indicated that metformin administration that was sufficient to

increase activated AMPK in maternal liver could not increase activated AMPK in the

embryo. This suggests that either the concentration of metformin delivered to the embryo

was not sufficient to stimulate AMPK (because of the pharmacokinetics of metformin

absorption and renal excretion in the mouse or lack of transporters to deliver metformin

from maternal circulation to the embryo) or metformin does not stimulate AMPK in embryo

cells. To test whether metformin could stimulate AMPK activity when directly applied to

embryo cells, a cell culture model was employed. mESC can be induced to differentiate into

neurons [16], and neuronal progenitors derived from mESC exhibit a gene expression profile

similar to that of neuroepithelium, including expression of Pax3 [14,17,21,22]. We

previously showed that AICAR stimulates AMPK activity and inhibits differentiation-

induced expression of Pax3 by mESC-derived neuronal progenitors [14]. To test whether

metformin can activate AMPK by mESC, cultures were treated with 1 mmol/L metformin

for 1 h, conditions that stimulate AMPK by rat hepatocytes [10]. As shown in Figure 3A and

B, metformin, as well as AICAR, stimulated AMPK activity by mESC by at least twofold.

To test whether metformin can inhibit Pax3 expression by mESC, cultures were treated for 2

days during the induction of neural progenitors and Pax3 expression. As shown in Figure

3C, metformin, as well as AICAR, significantly inhibited Pax3 expression by differentiating

mESC.

Lack of metformin transporter expression by E 7.5 embryos

The lack of a metformin effect on the embryo in vivo despite an effect on mESC in vitro

indicates that the concentration entering embryo cells was insufficient. The dose of

metformin that we used (120 mg/kg daily) stimulates liver AMPK activity in rats [20] and in

the mice used in our study. This dose is almost four times higher than the maximum

recommended dose for a woman (assuming a pre-pregnancy weight of approximately 77 kg)

of 2550 mg. It is possible that higher doses, which are up to 5.5-fold higher than were used

here, that stimulate AMPK activity in skeletal muscle as well as in liver [10] could have

stimulated AMPK in embryos, but as these doses are approximately 15-fold higher than

doses that would be administered to women, they are not likely to occur in a clinical setting.

Metformin is not metabolized, but it is eliminated by renal excretion [23]. Therefore, even

recognizing differences in metformin pharmacokinetics between rodents and humans

[23,24], which are primarily due to differential rates of intestinal absorption and renal

clearance, it is likely that mice in our study were exposed to metformin at least as high as

humans taking the maximum recommended dose. However, mESC would be constantly

exposed to metformin in culture media, as it could be neither metabolized nor excreted.

Because the dose of metformin was sufficient to stimulate liver AMPK activity, we

considered that metformin may not be transported to the embryo. Metformin is freely

transported across the placenta [25,26], and the rat placenta expresses the metformin

transporters, Mate1/Slc47a1 and Oct3/Slc22, at least as of E 12, with increasing expression

as gestation progresses, and first-trimester human placentas express metformin transporters

[27]. On the other hand, it has recently been reported that metformin transport is

bidirectional in term rat placenta and may even be transported against a concentration
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gradient from the foetal to maternal compartments [28]. However, the placenta has not yet

formed in E 7.5 embryos, and the only tissues between maternal circulation and the embryo

are the trophoblast layers of the deciduum and the yolk sac. Therefore, if metformin is

transported to the embryo, metformin transporters would need to be expressed by the yolk

sac and the embryo.

To investigate expression of metformin transporters by E 7.5 embryos, Mate1/Slc47a1 and

Oct3/Slc22 mRNAs were assayed using whole yolk sac-enclosed embryos by RT-PCR.

Maternal liver was used as a positive control. As shown in Figure 4A, Mate1/Slc47a1

mRNA barely reached detectable levels in embryos and was approximately 200-fold less

than that expressed by livers. We find it interesting that Mate1/Slc47a1 mRNA expression

by mESC was higher than that by embryos, although this did not reach statistical

significance, and it was significantly less than expression by livers. Oct3/Slc22 was barely

detectable in embryos, although expression by maternal livers was also very low (i.e. CT

was >33 during a 40-cycle reaction). There were no significant differences in Oct3/Slc22

mRNA between liver, embryo and mESC samples.

Discussion

The US Diabetes Prevention Program has supported the administration of metformin to

prevent type 2 diabetes in subjects with impaired glucose tolerance, and metformin is the

drug of first choice for the treatment of type 2 diabetes [2,29,30]. Furthermore, there are

recent suggestions that metformin may aid in the treatment or prevention of cancer in

individuals who are obese or have type 2 diabetes [2,31]. Thus, metformin currently has

widespread use, and its use may further increase in the future, including by women of

childbearing age.

As a Pregnancy Category B drug, ‘Animal reproduction studies have failed to demonstrate a

risk to the fetus, and there are no adequate and well-controlled studies in pregnant women

OR animal studies have shown an adverse effect, but adequate and well-controlled studies in

pregnant women have failed to demonstrate a risk to the fetus in any trimester’. Therefore,

experiments such as the ones reported here are necessary to determine whether there is risk

for metformin administration during early pregnancy.

Recent literature analysis found no evidence for teratogenic effects of metformin in animal

models [32], although an earlier study showed that culture of yolk sac-enclosed neurulating

mouse embryos with therapeutic concentrations of metformin only caused a delay in neural

tube closure in about 10% of embryos [33]. However, reports of in vivo administration of

metformin to pregnant animals during organogenesis are limited. With regard to human

studies, evaluation of the risk of metformin during early pregnancy is complicated because

subjects taking metformin are already at high risk for obstetric complications. Indeed,

metformin improves hyperglycaemia, which is known to be teratogenic, associated with

PCOS, and hyperinsulinemia, which increases risk for early pregnancy loss [8]. Moreover,

women with PCOS may fail to ovulate and conceive altogether without metformin [7].

Some studies have observed an increase in live birth rate of metformin-treated pregnancies

[4], although other studies have failed to see such effect [7]. One study found no increased
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risk for congenital malformations in the offspring of women with PCOS treated with

metformin in the first trimester [34], although the study may not have been sufficiently

powered to observe an effect.

None of the previous studies using animal models investigated whether metformin, at doses

that would stimulate AMPK activity in maternal tissues, could stimulate AMPK activity in

embryos. This study was undertaken because we had shown that AMPK activity is

stimulated in embryos during murine diabetic pregnancy and that increased AMPK activity

inhibits expression of Pax3 and causes NTD [14]. Although recent evidence indicates that

stimulation of AMPK may not be the main mechanism by which metformin improves

glycaemic control [2], if metformin does stimulate AMPK activity in embryos, this could

counteract its beneficial effects on maternal glycaemic control.

As reported here, metformin did not increase activated AMPK in embryos and did not elicit

the adverse effects on Pax3 expression or NTD that occur upon AMPK activation during

diabetic pregnancy, despite activation of maternal liver AMPK. However, metformin did

increase activated AMPK and inhibited Pax3 expression in mESC-derived neural

progenitors in vitro. This demonstrated that metformin can stimulate AMPK in embryonic

cells and can elicit a downstream effect under some conditions.

The lack of effect of metformin on the embryo maybe due to insufficient expression of

metformin transporters, especially Mate1/Slc47a1, compared with metformin-responsive

maternal liver. However, the expression of Mate1/Slc47a1 by mESC, which was not

statistically significantly different from that by E 7.5 embryos, was sufficient for activation

of AMPK and inhibition of Pax3 expression. We also detected Mate1/Slc47a1 mRNA in

four additional independently isolated mESC lines, and expression ranged from being

fivefold higher than embryos to being the same as that of maternal liver (data not shown),

although we did not test these lines for metformin responsiveness. These differences

between Mate1/Slc47a1 expression by embryonic cells in culture and by the intact embryo

could be due to adaptation to the culture environment, or it could be due to a difference

between cells derived from the inner cell mass (which are homogeneous) and the

distribution of metformin transporters in whole embryos that included the yolk sac.

In summary, we found no evidence for activation of AMPK signalling in embryos by

metformin administered to pregnant mice, and subsequent embryopathic effects, although

metformin added directly to a cell culture model of neuroepithelium had an effect. The lack

of metformin responsiveness by embryos may be explained by insufficient expression of

metformin transporters during neurulation. However, our studies focused specifically on

activation of AMPK and its downstream effects during neural tube formation. Additional

studies are necessary to determine whether metformin is safe and has no adverse effects on

overall embryo or foetal development or long-term effects on the health and metabolic

control of the offspring. Thus, our experiments do not resolve the issue of whether

metformin should be a Category B drug and did not provide evidence that metformin has

adverse effects during early embryonic development.
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Figure 1.
(A) Representative immunoblots of phospho-adenosine monophosphate-activated protein

kinase (AMPK) α (Thr172) (P-AMPK) and total AMPK using protein extracted from

maternal liver, maternal gastrocnemius muscle or embryos following administration of

phosphate-buffered saline (PBS) (P), 50 mg/kg 5-aminoimidazole-4-carboxamide-1-beta-4-

ribofuranoside (AICAR) (A) given at noon on E 7.5 or 40 mg/kg metformin (M) given three

times/day from E 0.5 to 7.5. Embryos or maternal tissues were recovered for assay of

activated AMPK 90 min after PBS or AICAR injections. (B) Quantitation of P-AMPK/total

AMPK of liver of pregnant mice on E 7.5 treated as in panel (A). n = 6 for each treatment

group. ***p <0.001 versus PBS; *p <0.05 versus PBS, AICAR. (C) Quantitation of PO4-

AMPK/total AMPK of gastrocnemius muscle of pregnant mice on E 7.5 treated as in panel

(A). n = 5 for each treatment group. ***p <0.001 versus PBS, metformin. (D) Quantitation

of P-AMPK/total AMPK of E 7.5 embryos of mice treated as in panel (A). n = 6 for each

treatment group. Band intensity is expressed as arbitrary units (AU) relative to PBS. ***p

<0.001 versus PBS, metformin
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Figure 2.
(A) Real-time RT-PCR analysis of Pax3 mRNA from E 8.5 embryos of mice treated with

phosphate-buffered saline (PBS) or 5-aminoimidazole-4-carboxamide-1-beta-4-

ribofuranoside (AICAR) on E 7.5 or metformin from E 0.5 to 8.5. Pax3 mRNA was

normalized to rRNA and expressed relative to Pax3 mRNA of embryos from PBS-treated

pregnancies. ***p <0.001 versus PBS, metformin. (B) Neural tube defects (NTD) of E 10.5

embryos of mice treated with PBS or AICAR on E 7.5 or metformin from E 0.5 to 10.5.

NTD are expressed as the per cent of embryos in each litter with an NTD. ***p <0.001

versus PBS, metformin. n = 9 replicate litters for each treatment
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Figure 3.
(A) Representative immunoblot of phospho-adenosine monophosphate-activated protein

kinase (P-AMPK) and total AMPK using protein extracted from murine embryonic stem

cells (mESC) that were untreated or treated for 1 h with 1 mmol/L AICAR (A) or 1 mmol/L

metformin (M) compared with time 0 (t0). (B) Quantitation of P-AMPK/total AMPK of

three replicate culture dishes of mESC that were treated as in panel (A). Band intensity is

expressed as arbitrary units (AU) relative to time 0. *p <0.05 versus t0. (C) Real-time RT-

PCR of Pax3 in undifferentiated (UD) mESC, differentiating neuronal progenitors derived

from mESC (D), differentiating neuronal progenitors treated with AICAR for 48 h (D +

AICAR) or differentiating neuronal progenitors treated with metformin for 48 h (D +

metformin). Pax3 mRNA was normalized to rRNA and expressed relative to that of

differentiating neuronal progenitors. ***p <0.001 versus UD; *p <0.001 versus D. n = 4

replicate tissue culture dishes for each treatment
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Figure 4.
(A) Real-time RT-PCR of Mate1/Slc47a1 mRNA from maternal livers, E 7.5 embryos and

murine embryonic stem cells (mESC). Mate1/Slc47a1 mRNA was normalized to rRNA and

expressed relative to Mate1/Slc47a1 mRNA of liver samples. **p <0.01 versus liver. (B)

Real-time RT-PCR of Oct3/Slc22 mRNA from maternal livers, E 7.5 embryos and mESC.

Oct3/Slc22 mRNA was normalized to rRNA and expressed relative to Oct3/Slc22 mRNA of

liver samples. n = 4 livers or pooled embryos from four replicate litters
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Table 1

Blood glucose levels (mmol/L) at 0, 1 and 3 h after AICAR or metformin administration

Time post-treatment (h) PBS (n = 9) AICAR (n = 6) Metformin (n = 9)

0 7.73 ± 0.23 8.57 ± 0.18 8.02 ± 0.2

1 8.82 ± 0.4 6.96 ± 0.64 9.02 ± 0.35

3 8.3 ± 0.31 7.20 ± 0.92 8.23 ± 0.17

AICAR, 5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranoside; PBS, phosphate-buffered saline.
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