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Metformin is used by women during pregnancy to manage
diabetes and crosses the placenta, yet its effects on the fe-
tus are unclear.We show that the liver is a site ofmetformin
action in fetal sheep and macaques, given relatively abun-
dant OCT1 transporter expression and hepatic uptake fol-
lowing metformin infusion into fetal sheep. To determine
the effects of metformin action, we performed studies in
primary hepatocytes from fetal sheep, fetal macaques, and
juvenile macaques. Metformin increases AMP-activated
protein kinase (AMPK) signaling, decreasesmammalian tar-
get of rapamycin (mTOR) signaling, and decreases glucose
production in fetal and juvenile hepatocytes. Metformin
also decreases oxygen consumption in fetal hepatocytes.
Unique to fetal hepatocytes, metformin activates stress
pathways (e.g., increased PGC1A gene expression, NRF-2
protein abundance, and phosphorylation of eIF2a and CREB
proteins) alongside perturbations in hepatokine expression
(e.g., increased growth/differentiation factor 15 [GDF15]
and fibroblast growth factor 21 [FGF21] expression and
decreased insulin-like growth factor 2 [IGF2] expression).
Similarly, in liver tissue from sheep fetuses infused with
metformin in vivo, AMPK phosphorylation, NRF-2 protein,
and PGC1A expression are increased. These results dem-
onstrate disruption of signaling and metabolism, induc-
tion of stress, and alterations in hepatokine expression in
associationwithmetformin exposure in fetal hepatocytes.

Metformin is a prevalent oral agent therapy for type 2 dia-
betes in adults, whose use by women during pregnancy has

recently increased (1,2). Importantly, metformin crosses
the placenta and equilibrates in fetal circulation (3,4). Fetal
exposure to metformin has been considered safe (1,5);
however, several studies report reduced birth weight, with
an increased associated risk of adverse metabolic outcomes
in offspring exposed to metformin (6–13). Specifically,
meta-analyses and the Metformin in Women with Type 2
Diabetes study (NCT01353391) identified that neonates
exposed to metformin in utero had lower birth weights
and higher occurrence of small for gestational age birth
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weight (7,13). Furthermore, fetuses exposed to metformin
from normal-weight mothers are born smaller (10). The as-
sociation between maternal metformin use and birth weight
perturbance extends into childhood, with a paradoxical in-
crease in body weight, adiposity, and metabolic dysfunction
observed preadolescence (7–9,11,14). Studies in mice also
demonstrate decreased fetal growth and increased adiposity
in metformin-exposed offspring (15,16). Collectively, these
studies identify previously unrecognized growth and meta-
bolic effects in association with maternal metformin use,
emphasizing a critical need for studies to examine the fetal
origins of this phenomenon.

Metformin’s mechanism of action as a glycemic agent for
treating diabetes is mediated, in part, by reductions in he-
patic glucose production (17). Organic cation transporter
(OCT) 1 is the major transporter for hepatic metformin up-
take (18,19). Metformin’s mechanisms of action in the adult
liver include activation of 50 AMP-activated protein kinase
(AMPK) (20), suppression of mitochondrial complex I and
ATP production (21,22), decreased hepatic energy state (23),
inhibition of cAMP signaling (24), and decreased mitochon-
drial:cytosolic redox state (25). Little is known about metfor-
min’s effects on fetal cells and tissues. Fetal exposure to
metformin at adult doses may have different outcomes, since
the fetal liver is metabolically immature with lower antioxi-
dant defenses (26,27). Specifically, hepatic gluconeogenesis
is not active until birth because the fetus has a continuous
supply of glucose from the mother (28). However, suppres-
sion of gluconeogenic substrate flux by metformin may have
broader impacts on central carbon metabolism and anabolic
pathways (29). Further, fetal sheep with growth restriction
have an early activation of hepatic glucose production (30),
yet the combined effects of metformin exposure and growth
restriction in the setting of premature gluconeogenesis are
not known.

In this study, we first evaluated whether the liver is a
potential site of metformin action in the fetus. Next, we
tested the effects of metformin in primary hepatocytes
from unexposed fetal sheep and fetal macaques, with
comparisons to juvenile hepatocytes, to explore mecha-
nisms related to fetal growth and metabolism. Finally, we
examined the effects in vivo in liver tissue from fetal
sheep following fetal infusions of metformin.

RESEARCH DESIGN AND METHODS

Animal Cohorts for Tissue and Cell Studies
Pregnant Columbia-Rambouillet sheep were studied at the
University of Colorado, and rhesus and Japanese macaques
were studied at the Oregon National Primate Research Center,
both accredited by the American Association for the Accredita-
tion of Laboratory Animal Care International. Experiments
were conducted following the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines (31). For spatial tis-
sue expression, samples were obtained from fetal sheep (n = 2
with 12 tissues) at 0.9 gestation (day 132 of gestation) and
from fetal rhesus macaque (n = 8 with 7 tissues) at 0.65

gestation (day 130 of gestation) (32,33). Primary hepatocytes
(described below), preadipocytes, and myocytes were obtained
from four other normal fetal sheep. Adipose andmuscle tissue
precursor cells were isolated from perirenal adipose and biceps
femoris tissue, respectively, and collected in growth media
in passages 2–4 using established protocols (34,35). For com-
parisons between fetal and juvenile liver tissue, samples were
used from Japanese macaque fetuses at 0.65 gestation
(n = 4) and preadolescent rhesus macaque juveniles at 1 or
3 years of age (n = 8) (36,37). Primary hepatocytes were iso-
lated from fetal sheep (n = 9), fetal rhesus macaques (n = 6)
(nonhuman primate [NHP]), and juvenile Japanese macaques
NHPs (n = 4) as described (30,32,36). Studies were performed
in different sets of hepatocytes as stated in the figure legends.

Metformin Fetal Infusion
Surgeries were performed in pregnant sheep (0.9 gestation,
n = 4) to place fetal infusion and sampling catheters as
described (30,38). Metformin (Sigma no. D1590959)
was prepared fresh in saline and infused with 0.2-micron
syringe filtering continuously for 48–96 h into a fetal ve-
nous (lower inferior vena cava) catheter at 0.5–4.0 mg/h or
0.14–0.58 mg/h/kg adjusted for fetal weight. Fetal arterial
(descending aorta) blood samples were obtained before and
at the end of the infusion, followed by necropsy and collec-
tion of liver, perirenal adipose tissue, and biceps femoris
skeletal muscle tissue. Metformin plasma concentrations
and tissue content was quantitated with ultraviolet high-
performance liquid chromatography using liquid-liquid
extraction and internal standards (39). Plasma glucose
and lactate and blood oxygen content were measured (38).
Measurements in liver tissue samples were compared with
samples obtained from age-matched normal fetuses from
other studies (38).

Primary Hepatocytes and Metformin Treatment
Fetal sheep hepatocytes were isolated within 1 h of tissue
collection. Fetal and juvenile NHP hepatocytes were iso-
lated within 24 h after overnight shipment of a piece of
liver tissue perfused with Viaspan solution. We used our
established protocols to isolate viable hepatocytes (30,36).
Briefly, a piece of the right lobe was perfused with collage-
nase digestion solution. Dissociated cells were filtered
and spun to pellet hepatocytes. Fetal sheep and NHP
hepatocytes were plated in DMEM with 1.1 mmol/L
glucose and other nutrients representing fetal concentra-
tions as described (30). Postnatal hepatocytes were plated
in William’s E media (11 mmol/L glucose, 2 mmol/L gluta-
mine, 0.23 mmol/L pyruvate, 1× penicillin-streptomycin)
with 10 nmol/L insulin, 100 mmol/L dexamethasone, and
10% FBS. After attachment, cells were incubated overnight
in serum-free media plus 0.2% BSA. The next day, hepato-
cytes were treated with 0, 250, and 1,000 mmol/L metfor-
min (Sigma no. D150959, prepared in PBS) for 24 h in
duplicate wells in serum-free media as described below.
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Western Blot Analysis
Samples were lysed using whole cell lysis buffer, and West-
ern blotting was performed (30). Antibodies used and their
dilutions are provided in Supplementary Table 1. Protein ex-
pression was visualized using IR-Dye IgG secondary anti-
body (LI-COR) and quantified using Image Studio (LI-COR).
Protein loading was verified using Total Protein Stain
(LI-COR). Results are expressed as a ratio of phosphorylated
to total protein (or Total Protein Stain).

RNA Isolation and Real-Time PCR
RNA was isolated from tissue and cell samples and used for
quantitative reverse transcription PCR using previously de-
scribed methods (30,32). A listing of the genes measured is
provided (Supplementary Table 2). Results were normal-
ized to ribosomal protein S15 (RPS15) mRNA expression.
Transporter expression is shown relative to expression in
the fetal liver and on a log scale to accommodate the range.
All results in hepatocytes are expressed relative to the
mean of the basal condition.

RNA Sequencing
RNA from fetal sheep hepatocytes incubated with 0 or
1,000 mmol/L metformin was used for RNA sequencing at
the University of Colorado Cancer Center’s Genomics and
Microarray Core with library preparation, sequencing, and
customized pipeline analysis as described (37) Sequences
were mapped to the Ovis Aries genome (Oar_v3.1) using
gSNAP. Sequences of<40 base pairs were eliminated. Genes
were filtered and excluded if the mean fragments per kilo-
base of transcript per million mapped reads was <5 in both
basal and metformin groups and if the difference (delta) in
mean values between groups was<5; 6,032 genes met these
criteria. Genes were declared differentially expressed when a
false discovery rate–adjusted q was <0.05 and the absolute
linear fold-change was >1.5. Functional annotation of the
differentially expressed genes (DEGs) was performed us-
ing Database for Annotation, Visualization, and Integra-
tion Discovery (DAVID, version 6.8; https://david.ncifcrf
.gov/) to identify Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway term enrichment and in Ingenuity Path-
way Analysis (IPA; Qiagen) to identify canonical pathways
and putative upstream regulators.

Glucose Production
Hepatocytes were treated in glucose production assay me-
dia with 2 mmol/L sodium pyruvate and 20 mmol/L so-
dium lactate under basal and stimulated conditions using
500 nmol/L dexamethasone and 100 mmol/L db-cAMP
for 24 h (30). Results are expressed as milligrams of glu-
cose produced per milligram of protein.

Oxygen Consumption
A mitochondrial stress test assay was performed using the
Seahorse XF96 Analyzer according to manufacturer’s rec-
ommendations. Three hours prior to the experiment, hepa-
tocytes were incubated with 0, 250, and 1,000 mmol/L

metformin in DMEM representing fetal substrates (30,38)
with 5mmol/L glucose, 2mmol/L lactate, 2mmol/L glutamine,
1 mmol/L pyruvate, and 1× nonessential amino acids. Oxygen
concentration was measured basally and following 2 mmol/L
oligomycin, 1 mmol/L carbonyl cyanide 4-(trifluoromethoxy)-
phenylhydrazone, and 5 mmol/L Rotenone with 10 mmol/L
Antimycin A injections. Oxygen consumption rates were nor-
malized to cellular density per well determined using sulfo-
rhodamine B (40).

Thiobarbituric Acid-Reactive Substances
Thiobarbituric acid-reactive substances (TBARS) were mea-
sured in protein lysates obtained from fetal sheep hepato-
cyte glucose production assay (32).

Statistical Analyses
Data were analyzed as a one-way ANOVA (GraphPad Prism
version 7) with adjustments for unequal variance (Fried-
man test) when appropriate. Posttest comparisons for 250
and 1,000 mmol/L metformin compared with basal were
performed using Fisher least significant difference test. For
glucose production and oxygen consumption, differences
between groups are denoted with different letters. Samples
from pre– and post–metformin infusion were analyzed by
paired t test. Means ± SE are shown. Significance was con-
sidered when P # 0.05.

Data and Resource Availability
RNA-sequencing (RNA-seq) data are available within Na-
tional Center for Biotechnology Information’s Gene Expres-
sion Omnibus (GSE224387, https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE224387). Other data generated
or analyzed during this study are included in the published
article (and its Supplementary Material).

RESULTS

Metformin Transporter Expression
The major transporters for metformin uptake are encoded
by OCT1, OCT2, and OCT3 genes (18,19). In fetal sheep tis-
sues, OCT1 was expressed at relatively higher levels in the
liver and kidney (>25-fold) compared with other tissues
(Fig. 1A). Expression of OCT2 was highest in the kidney, fol-
lowed by skeletal muscle and liver. OCT3 expression was
higher across nearly all tissues examined compared with the
liver. In primary cells from fetal sheep, OCT1 expression was
nearly 500-fold higher in hepatocytes compared with preadi-
pocytes and myocytes. OCT2 expression was below the limit
of detection, and OCT3 expression was similar between the
cell types (within 10-fold relative magnitude) (Fig. 1B). Simi-
lar results were seen in NHP fetal tissues, with OCT1 being
highest in liver tissue and OCT2 and OCT3 being more
broadly expressed across tissues (Fig. 1C). While OCT1 ex-
pression in fetal hepatic tissue was lower compared with ju-
venile hepatic tissue, the relative magnitude was similar (Fig.
1D). Multidrug and toxin extrusion protein (MATE) 1 and 2
are additional transporters involved in metformin release
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and excretion. In fetal sheep tissue, expression of MATE1
and MATE2 was higher in liver and kidney compared with
other tissues (Supplementary Fig. 1A). In fetal NHP tissues,
MATE2 was highest in the kidney and MATE1 was high in
the kidney and liver (Supplementary Fig. 1B). To assess, rela-
tive expression among the transporters, the average crossing

point value for fetal liver tissue expression for each trans-
porter is shown in Supplementary Table 3.

Metformin Uptake in Fetal Tissue
Metformin infusion at 0.14–0.58 mg/h/kg for 48–96 h in
fetal sheep produced metformin plasma concentrations
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Figure 1—Expression of metformin transporters and metformin uptake in fetal tissue. OCT1, OCT2, and OCT3 gene expression in fetal
sheep tissue (tissues from two fetuses) (A) and primary cells (from four fetuses) (B). OCT1, OCT2, and OCT3 gene expression in fetal pri-
mate (rhesus macaque) tissue (from eight fetuses) (C).OCT1 expression in fetal (n = 4, Japanese macaque) compared with juvenile primate
(n = 8, Japanese macaque) liver tissue (D). Results for each transporter are shown relative to expression in the liver or hepatocyte and on a
log scale. Metformin plasma concentrations (mean and individual values) in fetal sheep following metformin infusion (n = 4) (E). Relation-
ship between metformin concentration in plasma and liver following metformin infusion in fetal sheep (F). Relative metformin content in fe-
tal sheep tissue following metformin infusion (G). Means ± SE are shown.
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from �5 to 120 mmol/L (Fig. 1E), achieving clinically rele-
vant concentrations (17,41). In liver tissue from both
right and left liver lobes, metformin content ranged from
�0.002 to 0.2 mmol/mg and paralleled plasma metformin
concentrations (Fig. 1F). Metformin content in muscle
and adipose tissues was at �10% of metformin content
relative to the liver (Fig. 1G).

AMPK and mTOR Signaling in Metformin-Exposed
Fetal Hepatocytes
In primary hepatocytes, 250- and 1,000-mmol/L metformin
doses were used to test metformin exposure representing
metformin accumulation in liver tissue (19,42,43). Metfor-
min exposure increased phosphorylation of AMPK in both
fetal sheep and NHP hepatocytes (Fig. 2A and B). Metformin
exposure decreased phosphorylation of mTOR in hepato-
cytes from fetal NHP, but not fetal sheep. Despite these in-
consistencies, metformin decreased phosphorylation of S6,
a target of mTOR complex 1 in both fetal sheep and NHP
hepatocytes. Similar experiments were performed in juvenile
NHP hepatocytes, and metformin robustly increased AMPK
phosphorylation and decreased mTOR and S6 phosphoryla-
tion (Fig. 2C).

Metformin Lowered Glucose Production and Oxygen
Consumption in Fetal Hepatocytes
Expression of the major gluconeogenic genes phosphoenol-
pyruvate carboxykinase 1 (PCK1) and glucose-6-phosphatase,
catalytic subunit (G6PC) were �150- and 50-fold higher in
juvenile compared with fetal NHP liver tissue (Fig. 3A). De-
spite lower gluconeogenic gene expression in fetal liver tis-
sue, isolated fetal sheep and NHP hepatocytes produced
glucose in vitro with production rates �10-fold higher in
NHP compared with sheep fetal hepatocytes (Fig. 3B and C).
Metformin dose-dependently suppressed glucose production
(Fig. 3B and C). Metformin also decreased glucose production
rates under stimulated conditions in the presence of dexa-
methasone and cAMP (Supplementary Fig. 3). Expression of
G6PC dose-dependently decreased with metformin under
basal and stimulated conditions in fetal sheep hepatocytes
(Fig. 3B) and with 250mmol/Lmetformin in fetal NHP hepa-
tocytes (Fig. 3C). Metformin did not suppress PCK1 expres-
sion in either fetal sheep or NHP hepatocytes at 250 mmol/L
and actually increased PCK1 with the 1,000-mmol/L dose in
fetal sheep hepatocytes (Supplementary Fig. 3). In juvenile
NHP hepatocytes, metformin robustly suppressed glucose
production rates and G6PC, but not PCK1, expression (Fig.
3D and Supplementary Fig. 3).

A mitochondrial stress test was performed to measure
oxygen consumption in fetal NHP hepatocytes (Fig. 3E).
Metformin dose-dependently decreased basal and maximal
mitochondrial respiration in fetal NHP hepatocytes (Fig.
3F). Metformin also dose-dependently decreased ATP pro-
duction. In fetal sheep hepatocytes, oxygen consumption
was not measured; however, metformin treatment de-
creased carnitine palmitoyltransferase 1A (CPT1A) expres-
sion, consistent with a suppressive effect on substrate

oxidation (Supplementary Fig. 4A). Metformin treatment
was not accompanied by increased lactate dehydrogenase-A
(LDHA) expression or TBARS (Supplementary Fig. 4B–D).

Global Transcriptomics in Fetal Hepatocytes Exposed
to Metformin
To determine putative mechanisms of action and other
pathways affected in fetal sheep hepatocytes, we used unbi-
ased RNA-seq in hepatocytes exposed to maximal doses of
metformin (1,000 mmol/L) (44). Volcano plot analysis
showed 989 upregulated and 954 downregulated genes (Fig.
4A and Supplementary Table 4). KEGG pathway analysis re-
vealed that the top pathway term enriched in these DEGs
was “metabolic pathways” (Fig. 4B). The 225 DEGs associ-
ated with this term are involved in mitochondrial function,
NAD1 binding, dehydrogenase activity, pyrimidine metabo-
lism, and peroxisome function (Fig. 4B and Supplementary
Table 5). Other KEGG terms associated with metformin-
regulated DEGs include complement cascades, DNA replica-
tion, fatty acid degradation/metabolism, cell cycle, cancer me-
tabolism, and MAPK, ErbB, and FOXO signaling pathways
(Fig. 4B). Canonical pathway analysis of DEGs showed enrich-
ment of pathways related to oxidative stress (Supplementary
Table 6), FXR/RXR activation, acute phase response signaling,
coagulation, ERK5 signaling, aryl hydrocarbon signaling, inhi-
bition of RXR function, MSP-RON signaling, prolactin signal-
ing, and SAPK/JNK signaling (Fig. 4C). We next looked at the
predicted upstream regulators in our DEGs. Factors related to
the regulation of metabolism and oxidative stress are indi-
cated (Fig. 4D).

Metformin Induced Stress Response in Fetal
Hepatocytes
In fetal NHP and sheep hepatocytes, metformin treatment
increased protein abundance of nuclear factor erythroid
2–related factor (NRF-2), an oxidative stress-regulated tran-
scription factor (Fig. 5A and C). In juvenile NHP hepatocytes,
there was no difference in NRF-2 protein abundance as mea-
sured by the sum of the doublet protein bands at �90 kDa,
yet a visible shift in abundance of the higher molecular
weight band was detected (Fig. 5B). Metformin exposure
robustly increased phosphorylation of eukaryotic initiation
factor 2a (eIF2a), a stress-related protein, in fetal NHP hepa-
tocytes (Fig. 5A), but this effect was not found in juvenile
NHP hepatocytes (Fig. 5B). In fetal NHP hepatocytes, met-
formin exposure increased phosphorylation of cAMP re-
sponse element-binding protein (CREB) protein (Fig. 5A). In
juvenile NHP hepatocytes, metformin exposure decreased to-
tal protein abundance of CREB (Fig. 5B) with no change in
phosphorylated protein abundance (Supplementary Fig. 5).
Further, in fetal sheep and NHP hepatocytes, metformin
exposure either increased or did not change peroxisome
proliferator-activated receptor g coactivator 1-a (PGC1A) ex-
pression; yet, in juvenile hepatocytes, metformin robustly
suppressed expression (Fig. 5D). This stress pathway activa-
tion with metformin treatment occurred without differences
in expression of apoptosis genes or cellularity measures in
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fetal sheep and macaque hepatocytes (Supplementary Fig.
6A–C). Interestingly, metformin dose-dependently decreased
cellularity measures in juvenile hepatocytes (Supplementary
Fig. 6D).

Hepatokine Profile in Metformin-Exposed Hepatocytes
We also identified putative growth factors and cytokines reg-
ulated by metformin exposure (Fig. 6A). Among the DEGs in
fetal sheep hepatocytes, we identified eight downregulated
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and five upregulated genes encoding hepatokines (Fig. 6B).
In fetal NHP hepatocytes, we confirmed that metformin ex-
posure increased growth/differentiation factor 15 (GDF15)
and fibroblast growth factor 21 (FGF21) and decreased

insulin-like growth factor 2 (IGF2) expression (Fig. 6C). In
contrast, in juvenile NHP hepatocytes, metformin increased
GDF15 expression but had no effect on FGF21 and increased
insulin-like growth factor 2 (IGF2) expression (Fig. 6C).
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Figure 3—Glucose production and oxygen consumption in metformin-exposed fetal and juvenile hepatocytes. Expression of major glu-
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Hepatic Signaling and Metabolic Effects in Fetal Sheep
Infused With Metformin

In the fetal sheep liver samples obtained following fetal in-
fusion of metformin (MetF) (see Fig. 1E), protein phosphor-
ylation of AMPK tended to be higher (P = 0.06) and
abundance of NRF-2 was higher compared with samples
from fetuses not receiving metformin (Fig. 7A and B). Gene
expression of P53 and PGC1A were both higher, consistent
with results in fetal hepatocytes (Fig. 7C). Unexpectedly, ex-
pression of G6PC and CPT1A was increased in MetF fetuses.
There was no change in PCK1 or LDHA expression. In addi-
tion, there was no difference in expression of hepatokines
and cytokines or mTOR and S6 phosphorylation (Supp-
lementary Fig. 7). Phosphorylation of eIF2a and CREB was
not detected. Fetal arterial glucose, lactate, and oxygen con-
centrations were not different in MetF fetuses following
metformin infusion (Fig. 7D).

DISCUSSION

We show that metformin exposure in primary fetal sheep and
macaque hepatocytes and in vivo fetal infusion of metformin
in fetal sheep is associated with disruption of signaling and
metabolic pathways. In fetal hepatocytes, metformin activates
AMPK, inhibits mTOR, and suppresses glucose production
and oxygen consumption, all effects that are observed in juve-
niles and well described in adults (17). Distinctly, in fetal hep-
atocytes, we identify an effect of metformin on the induction
of metabolic stress pathways and synthesis of secreted
growth factors and hepatokines. Furthermore, infusion of
metformin in fetal sheep increases AMPK phosphorylation,
NRF-2 protein abundance, and PGC1A expression support-
ing signaling and stress activation in vivo. Identification of
these signaling and metabolic responses fills critical gaps in
our understanding of putative mechanisms (Fig. 8) for re-
duced fetal growth during intrauterine metformin exposure.
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Hepatic expression of uptake transporter OCT1 and he-
patic uptake of metformin are required for metformin’s effi-
cacy in adults with diabetes (18,19). We show that expression
ofOCT1was relatively similar between fetal and juvenile liver
tissue, and that fetal hepatic uptake of metformin is observed
in vivo, providing evidence that the fetal liver is a target for
metformin activity. Other transporters such as OCT2, OCT3,
MATE1, and MATE2 also regulate metformin transport (41).
Expression of OCT2 and OCT3 is abundant in fetal adipose
andmuscle tissue, andOCT3 is abundant in preadipocyte and
myocyte precursor cell populations. However, the metformin
transport capacity of these receptors is not clear (17,18,41),
consistent with the low metformin content we observe in fe-
tal muscle and adipose tissue following metformin infusion.
Fetal accumulation of metformin after maternal administra-
tion in blood and placenta, liver, and kidney with detectable
expression of several transporters has been shown in mice
(45). Our results extend these transporter expression meas-
urements across a broader set of fetal tissues in two large ani-
mal models and confirm in vivo fetal hepatic metformin
uptake in the sheepmodel.

We identify a novel effect of metformin exposure onmeta-
bolic and oxidative stress pathways in fetal hepatocytes using
unbiased transcriptomics. We confirm higher NRF-2 protein
abundance in fetal hepatocytes exposed to metformin and
liver tissue from fetuses infused with metformin, consistent
with predicted NRF-2 activation by RNA-seq. We show in-
creased phosphorylated eIF2a, a readout of the integrated
stress response.We also find increased expression of the tran-
scriptional coactivator PGC1A and phosphorylation of CREB
protein with metformin in fetal hepatocytes. This agrees with
studies showing that phosphorylation of CREB by cAMP and
stress signaling induces PGC1A expression (24,41). While
higher PGC1A is expected to activate hepatic glucose produc-
tion (20), we observe decreased glucose production and G6PC
expression in hepatocytes exposed to metformin. Further-
more, in liver tissue from metformin-exposed fetuses, both
PGC1A and G6PC expression is increased. These differences
may be attributable to metformin’s effects on redox and en-
ergy state that regulate glucose production, independent of
gluconeogenic gene regulation (17,23,25). Taken together,
these in vitro and in vivo results demonstrate upregulation of
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PGC1A expression and NRF2 protein, supporting that these
stress signals and AMPK activation initiate metformin-
induced metabolic effects.

Our results show that metformin reduces glucose produc-
tion, mitochondrial oxygen consumption, and ATP produc-
tion in fetal hepatocytes. However, glucose production, fatty
acid oxidation, and antioxidant defense pathways are devel-
opmentally immature in the fetus, and perturbations may
produce more oxidative stress in fetal compared with postna-
tal tissues (26–28). In support, we show higher NRF2 protein
abundance, PGC1A gene expression, and phosphorylation of
CREB and eIF2a proteins in fetal compared with juvenile
hepatocytes exposed to metformin. In juvenile hepatocytes,
decreased expression of PGC1A and abundance of total CREB
protein is consistent with studies in adults showing that met-
formin inhibits cAMP (24). Since glucose production is in-
creased in fetuses with growth restriction (30), and reduced
fetal growth is expected during intrauterine metformin expo-
sure, the consequences of suppressing glucose production
and associated alterations in carbon flux could be detrimental
and warrant further investigation.

The liver secretes growth factors and hepatokines in re-
sponse to nutrients and stress (46,47). We identify a direct
metformin effect on hepatokines and growth factors in-
cluding increased GDF15, FGF21, and IGFBP1 and de-
creased IGF1 and IGF2. GDF15 had the highest induction
in our RNA-seq data and is increased in adults taking met-
formin and mediates metformin-associated weight loss
(48). FGF21 is increased by nutrient stress via eIF2a-ATF4
pathway and regulates metabolism in peripheral tissues
(47). Both IGF1 and IGF2 are established growth factors
(49), and IGFBP1 antagonizes IGF action (30). Given the
roles of these hepatokines in meditating nutrient utilization
in peripheral tissues, we speculate that metformin may re-
strict fetal growth via altered expression and secretion of
these factors. This aligns with lower metformin transporter
expression and metformin uptake in extrahepatic tis-
sues. Mechanistically, stress activation by metformin
may underlie altered hepatokine expression and explain
why stress-sensitive hepatokines, like FGF21 and IGF2,
are regulated bymetformin in fetal but not postnatal hepato-
cytes. Comparison of our in vitro and in vivo studies suggests
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that hepatokine expression may increase acutely, as observed
with 24-h exposure in hepatocytes, yet compensatory mecha-
nisms may reduce hepatokine expression following in vivo
metformin exposure for 48–96 h.

We used a fetal infusion of metformin to test for direct
fetal effects. A limitation of this model is that it does not
recapitulate metformin exposure in human pregnancies
whereby the mother, placenta, and fetus are exposed. Con-
versely, fetal infusion allows for the direct evaluation of
metformin’s effects in the fetus independent of potential
confounding effects on maternal and placental metabo-
lism. We have performed pilot experiments with maternal
metformin administration in pregnant sheep and did not
detect metformin in the fetal blood (S.R.W., unpublished
observations). Thus, metformin may not cross the sheep
placenta, in contrast to other species (3,4,45,50–53). This
likely reflects structural differences within the sheep pla-
centa, including increased interhemal distance between the
maternal and fetal blood exchange interface that prevents
the transfer of metformin frommother to fetus (54).

Our in vivo doses of metformin achieved fetal concentra-
tions (average 43 mmol/L) expected following metformin
administration in pregnant women (17,41). We recognize
that our in vitro doses are higher but represent expected
metformin concentrations in liver tissue (25,44,48,55).
However, circulating metformin is taken up by the liver and
not metabolized into other metabolites (19,56). Metformin
can accumulate in hepatic tissue (19,42,43) and expose hepa-
tocytes to levels higher than observed in plasma (19). As such,
metformin exposure in the fetus may expose hepatocytes
within the liver to concentrations that are higher than those
in plasma. Further, we used doses in vitro studies to ensure
signaling pathways are maximally activated and functional

efforts are observed. Importantly, metformin did not decrease
cellularity measures or induce apoptosis gene expression,
supporting the absence of cytoxicity with these doses in fe-
tal hepatocytes, which have been used in other studies in
primary hepatocytes (44). Interestingly, metformin dose-
dependently decreased cellularity measures in juvenile but
not fetal hepatocytes (Supplementary Fig. 6), highlighting
another developmental difference in the hepatocyte’s response
to metformin. This may be attributable to metformin’s differ-
ential effects on the inhibition of mTOR signaling and cell
growth, which were robust in juvenile macaque hepatocytes
with a lesser response in fetal macaque hepatocytes and were
not observed in fetal sheep hepatocytes or liver tissue of
metformin-infused fetus. Further, in vivo hepatic effects rep-
resent the combinatorial effects of metformin exposure plus
systemic fetal nutrient and hormone concentrations concur-
rently affected by metformin. Additional studies are needed to
test whether prolonged metformin exposure at therapeutic
doses in vivo produces sustainedmetabolic stress and dysregu-
lation of hepatokine expression in the fetal liver, in addition to
effects on glucose production and growth pathways.

Overall, this study shows that metformin exposure is as-
sociated with disrupted signaling and metabolism in fetal
hepatocytes in sheep and macaques. These data demon-
strate the urgent need for functional studies on the conse-
quences of intrauterine metformin exposure in the fetus
that may be mediated by direct effects in the fetal liver.
Such studies are critical to inform clinical practice regard-
ing the fetal growth and offspring metabolic effects that re-
sult frommaternal metformin use during pregnancy.
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