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Abstract

Aims/hypothesis Obesity and hepatic steatosis are risk factors for gestational diabetes mellitus (GDM), a common complication
of pregnancy. Adiponectin is a fat-derived hormone that improves hepatic steatosis and insulin sensitivity. Low levels of
circulating adiponectin are associated with GDM development. We hypothesised that adiponectin deficiency causes fatty liver
during pregnancy, contributing to the development of GDM.

Methods To determine the role of adiponectin in fatty liver development during pregnancy, we compared pregnant (third week of
pregnancy) adiponectin knockout (KO) mice (strain B6;129-Adipog™ “*/J) with wild-type mice and assessed several variables
of hepatic lipid metabolism and glucose homeostasis. The impact of adiponectin supplementation was measured by administer-
ing adenovirus-mediated full-length adiponectin at the end of the second week of pregnancy and comparing with green fluores-
cent protein control.

Results In the third week of pregnancy, fasted pregnant adiponectin KO mice were hyperglycaemic on a low-fat diet (9.2 mmol/l
vs 7.7 mmol/l in controls, p<0.05) and were glucose and pyruvate intolerant relative to wild-type mice. Pregnant adiponectin KO
mice developed hepatic steatosis and a threefold elevation in hepatic triacylglycerols (p<0.05) relative to wild-type mice.
Gestational weight gain and food consumption were similar in KO and wild-type mice. Adenoviral-mediated adiponectin
supplementation to pregnant adiponectin KO mice improved glucose tolerance, prevented fasting hyperglycaemia and attenuated
fatty liver development.

Conclusions/interpretation Adiponectin deficiency increased hepatic lipid accumulation during the period of pregnancy associ-
ated with increased fat utilisation. Consequently, adiponectin deficiency contributed to glucose intolerance, dysregulated gluco-
neogenesis and hyperglycaemia, all of which are characteristic of GDM. Increasing adiponectin in the last week of pregnancy
alleviated hepatic steatosis and restored normal glucose homeostasis during pregnancy.
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What is already known about this subject?
e Low levels of circulating adiponectin are associated with development of gestational diabetes, a common
complication of pregnancy
e Adiponectin is important for glucose homeostasis and increases fatty acid oxidation in the liver
e Mice lacking adiponectin develop more severe fatty liver in response to high-fat-diet feeding
What is the key question?
e Does a lack of adiponectin in pregnancy contribute to the development of hepatic steatosis in pregnancy and
induce gestational diabetes in mice?
What are the new findings?
e Lack of adiponectin results in hepatic steatosis in the third week of pregnancy, even in the absence of obesity, and
increasing adiponectin levels during pregnancy attenuates hepatic fat deposition
e Pregnant adiponectin knockout (KO) mice develop hyperglycaemia and impaired glucose tolerance, while
increasing circulating adiponectin in late gestation mitigates these features of gestational diabetes in adiponectin
KO mice
e  Pregnant adiponectin KO mice had elevated hepatic glucose output, relative to wild-type mice in late gestation,
which was suppressed when circulating adiponectin increased
How might this impact on clinical practice in the foreseeable future?
e  Our findings illustrate how adiponectin deficiency in pregnancy leads to development of hepatic steatosis,
dysregulation of hepatic gluconeogenesis, and hyperglycaemia; therefore, restoring adiponectin signalling may
provide a pathway to clinical intervention for gestational diabetes and hepatic steatosis in pregnancy
OCR Oxygen consumption rate and BMI [3, 4]. The prevalence of non-alcoholic fatty liver
PTT Pyruvate tolerance test disease (NAFLD) among women of childbearing age is esti-
PWAT Perirenal white adipose tissue mated to be 10% [5]; however, the link between NAFLD and
WT Wild-type the development of GDM remains to be determined.
Adiponectin is a hormone secreted by adipocytes and
controls the metabolism of glucose and lipids by decreasing
gluconeogenesis and stimulating glycolysis and fatty acid
oxidation [6]. The degree of adiponectin secretion is reduced
with elevated adiposity and even further following a diagnosis
Introduction

Gestational diabetes mellitus (GDM) is on the rise and
remains the most common complication of pregnancy [1].
Mothers with GDM are seven times more likely to develop
type 2 diabetes postpartum [1]. GDM also has implications for
the offspring, including a higher risk of delivery complica-
tions as well as obesity and type 2 diabetes later in life [1, 2].

Research is beginning to clarify mechanisms that lead to
the development of GDM. It is increasingly recognised that
hepatic fat and abdominal adiposity in early pregnancy predict
glucose intolerance in mid-pregnancy [3]. Prospective cohort
studies have shown that the presence of elevated visceral
adiposity together with sonographically detectable hepatic
fat predicts GDM, independent of maternal age, ethnicity
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of dysglycaemia [6]. Adiponectin knockout (KO) mice devel-
op more severe high-fat-diet-induced hepatic steatosis, when
compared with wild-type (WT) mice [7]. Increasing adiponec-
tin levels improves glucose tolerance, and suppresses hepatic
glucose production and steatosis [8, 9]. Low adiponectin
levels in the first week of pregnancy are an independent
predictor for the development of GDM in women [10]. In line
with its role in regulating insulin sensitivity, low adiponectin
levels are observed in women diagnosed with GDM, indepen-
dent of pre-pregnancy BMI or insulin sensitivity [11].
Interestingly, maternal plasma adiponectin correlates with
both the severity of NAFLD and the risk of developing
GDM [3]. Previously, we showed that GDM, characterised
by mid-gestational hyperglycaemia, excess gestational weight
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gain and low circulating adiponectin, was induced by a high-
fat-and-sucrose diet in rats [12]. Recently, Qiao et al showed
that pregnant adiponectin KO mice developed glucose intol-
erance and hyperlipidaemia [13], although hepatic steatosis
was not investigated.

Based on this, we hypothesised that adiponectin deficiency
caused fatty liver during pregnancy and contributed to the
development of GDM. Our objective was to determine how
adiponectin regulates glucose and lipid metabolism in the liver
during pregnancy.

Methods

Animal care All procedures performed were approved by
the Animal Welfare Committee of the University of
Manitoba, in adherence with the Canadian Council on
Animal Care and the Council for International
Organizations of Medical Sciences. Adiponectin KO
(B6;129-Adipog™'“"**/T) and WT (C57/BL6) mice were
purchased from The Jackson Laboratory (Bar Harbor,
ME, USA) to establish a breeding colony maintained by
the University of Manitoba Central Animal Care. Three-
week-old mice were placed on either a low-fat (LF) diet
(20% protein, 70% carbohydrate, 10% fat; 16.11 kl/g;
Research Diets, New Brunswick, NJ, USA) D12450B), a
control diet or a high-fat-and-sucrose (HFS) diet (20%
protein, 35% carbohydrate, 45% fat; 19.79 kJ/g;
Research Diets D12451). Mice were fed ad libitum for a
minimum of 6 weeks prior to breeding and throughout
pregnancy. Female adiponectin KO and WT mice were
mated with male mice of the same genotype. Four exper-
imental groups were generated: lean WT controls (LF
WT); a diet-induced obesity model of gestational diabetes
(HFS WT); lean adiponectin KO mice (LF KO); and
adiponectin KO mice with pre-existing obesity (HFS
KO). To determine the effect of adiponectin supplemen-
tation in pregnancy, replication-deficient adenovirus
containing full-length adiponectin (Ad-APN, 1 x 10'!
plaque-forming units [PFU]/ml) or green fluorescent
protein (GFP) (Ad-GFP, 1 x 10'"' PFU/ml) was adminis-
tered to pregnant mice at embryonic day (e)14.5 by tail-
vein injection (see ESM Methods [Adenoviral supplemen-
tation] for details). The food consumption and body
weight of female mice were monitored weekly throughout
gestation. GTTs and pyruvate tolerance tests (PTTs) were
performed as previously described [12, 14].

At the end of gestation (e18.5) mice were euthanised
with i.p. injection of an overdose of sodium pentobar-
bital and terminated with blood collection via cardiac
puncture. Some mice received an i.p. injection of insu-
lin (I mU/kg body weight) 10 min before being
euthanised for the assessment of gene expression

responses to insulin. In some studies, primary hepato-
cytes were isolated using the collagenase perfusion tech-
nique [15] (see ESM Methods [Primary hepatocyte
isolation] for details). Liver tissue and gonadal white
adipose tissue (GWAT) were collected at the time of
death. Detailed methods for histology (H&E and Oil
Red O staining) and immunofluorescence are available
in ESM Methods.

Circulating factors, gene expression and immunoblots Blood
collected by cardiac puncture was stored on ice and
serum was separated by centrifugation at 2000 g for
10 min at 4°C and stored at —80°C for further analysis.
Serum adiponectin and insulin concentrations were
determined by ELISA (ALPCO, Salem, NH, USA;
Mercodia, Uppsala, Sweden) according to the manufac-
turers’ instructions. Serum NEFA, cholesterol and f(3-
hydroxybutyrate (Cayman Chemical, Ann Arbor, MI,
USA) and triacylglycerols (WAKO Diagnostics,
Mountain View, CA, USA) were measured using color-
imetric assays. Liver tissue was processed for immuno-
blots as described previously [14], using antibodies from
Cell Signaling Technologies (Danvers, MA, USA) and
Abcam (Cambridge, MA, USA) (ESM Table 1). RNA
was isolated using the PureLink RNA Mini Kit accord-
ing to the manufacturer’s instructions (Ambion,
Carlsbad, CA). Primers were acquired from IDT
(Coralville, 1A, USA) (ESM Table 2). Amplification of
cDNA was performed using the CFX Real Time PCR
(BioRad, CA, USA) (further details are available in
ESM Methods [RNA isolation and qPCR]). Relative
gene expression was determined using the method
[14]. Data were normalised to the LF WT group and
presented as fold change.

Mitochondrial analysis Hepatocellular metabolism using
glucose was determined using Seahorse XF-24
Extracellular Flux analyzer and a Mito Stress Test kit
(Agilent, Santa Clara, CA, USA). For assessment of
oxygen consumption rate (OCR) during glucose metab-
olism, hepatocytes were plated into media containing
1 mmol/l pyruvate and 25 mmol/l glucose. Fatty acid
oxidation by hepatocytes was determined using an XF
Palmitate-BSA FAO Substrate (Agilent) in combination
with etomoxir (4 umol/l) and BSA control according to
manufacturer’s instructions. For assessment of fatty acid
metabolism, hepatocytes were plated into media contain-
ing 0.5 mmol/l carnitine, 2.5 mmol/l glucose and
0.175 mmol/l palmitate-BSA and data were normalised
to cellular protein.

Statistical analyses Data are presented as mean + SEM.
Differences in measurements performed among four groups
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Fig.1 (a) Serum total adiponectin in WT mice throughout gestation (n =
6 LF WT,n = SHFS WT ate7.5;n = 5 LF WT, n = 6 HFS WT at
el2.5;n = 5LF WT, n = 4 HFS WT at ¢18.5). (b) Body weight over
time, prior to breeding and during gestation (n = 13 LF WT,n = 15LF
KO, n = 12HFS WT, n = 14 HFS KO). (¢) Non-pregnant fasting blood
glucose prior to breeding (n = 12 LF WT, n = 10LF KO, n = 10 HFS
WT, n = 14 HFS KO) and pregnant fasting blood glucose ate18.5 (n = 9

of dams were analysed using two-way ANOVA to assess the
main effect for each source of variation between the genotype
and diet. An ANOVA with a repeated measures test was
performed when time was an additional variable. For analyses
using repeated measures or multiple comparisons, a
Bonferroni post hoc correction was performed. GraphPad
Prism 7 Software (La Jolla, CA, USA) was used for statistical
analyses. p<0.05 was regarded as statistically significant for
all analyses.

Results

Adiponectin deficiency does not affect gestational weight
gain Figure la shows the effect of the HFS diet on the
pattern of circulating adiponectin in pregnant WT mice.
Entering pregnancy in an overweight or obese state
increases the risk of developing GDM. Adiponectin
deficiency is not a significant determinant of body-
weight gain prior to mating and the HFS diet caused
similar gestational weight gain in WT and adiponectin
KO mice (Fig. 1b). Thus, adiponectin deficiency in
pregnancy did not appear to contribute to excess gesta-
tional weight gain or excess food consumption when
compared with WT control mice (ESM Table 3).
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LFWT,n = 9LF KO, n = 11 HFS WT, n = 9 HFS KO). (d, e) GTTs
performed at e16.5 on LF-fed mice (» = 8 LF WT, n = 8 LF KO) (d) and
HFS-fed mice (n = HFS WT, n = 9 HFS KO) (e). AUC calculation for
GTTs is shown in inset. (f) Fasting serum insulin ate18.5 (n = 9 LF WT,
n = 7LFKO,n = 8 HFS WT, n = 9 HFS KO). *p<0.05 LF vs HFS,
p<0.05 KO vs WT and *p<0.05 for NP vs PG (two-way ANOVA). NP,
non-pregnant, PG, pregnant

An important adaptation of pregnancy is the ability
of white adipose tissue to expand early in pregnancy.
HFS diet consumption (relative to LF diet) led to
increased GWAT mass and increased serum leptin in
both WT and adiponectin KO mice in the third week
of pregnancy (Table 1). Non-pregnant adiponectin KO
and WT mice showed similar visceral fat deposition
(Table 1). While HFS-diet feeding increased perirenal
white adipose tissue (PWAT) and GWAT mass, there
were no discernible genotype effects on fat pad mass
in pregnancy (Table 1). Interestingly, pregnant LF-diet
fed adiponectin KO mice had larger adipocytes (ESM
Fig. 1b), which may have implications for adipose
tissue function.

Adiponectin deficiency in pregnancy causes hyperglycaemia
and glucose intolerance Non-pregnant adiponectin KO
mice were not hyperglycaemic (Fig. 1c). During preg-
nancy, WT mice fed an HFS diet displayed fasting
hyperglycaemia relative to WT mice fed an LF diet.
Both LF- and HFS-fed pregnant adiponectin KO mice
fed an LF diet had higher fasted blood glucose levels
(9.2 mmol/l vs 7.7 mmol/l in controls) and HFS-fed
adiponectin KO mice in the third week of pregnancy
were also hyperglycaemic, relative to HFS-fed WT
control mice (Fig. 1c). In the last week of pregnancy,
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Table 1 Effect of adiponectin KO on hepatic steatosis development and visceral adiposity

Mouse Liver weight (g)* Steatosis score® GWAT (mg)° PWAT (mg)“1 Leptin (pg/ul)°
WT
LF
Non-pregnant 1.37 £ 0.05 544.6 + 269.4 438.6 £ 94.3
Pregnant, no injection 1.75 £ 0.11 0.60 + 0.22 1872 £21.5 135.5 + 28.4 11.6 £2.5
Pregnant, GFP injected 1.61 +£.075 1.3+£033 228.8 +41.1 196.8 +20.9
Pregnant, APN injected 1.83 £.076 0.6 + 0.40 190.3 £49.9 150.4 +39.0
HFS
Non-pregnant 1.81 + 0.08 2271.6 + 513.5% 3139.5 £ 564.1°*
Pregnant, no injection 1.52 +£0.13 2.33 +£0.42% 418.6 = 57.8* 185.5 £ 42.0 21.2 + 4.6%
Pregnant, GFP injected 1.86 £ 0.12 2.80 +0.20 1357.4 + 254 .8* 1129.2 £ 193.2%
Pregnant, APN injected 1.86 £ 0.24 1.00 + 0.00™ 1420.9 + 650.7* 970.5 £ 376.0%*
KO
LF
Non-pregnant 1.02 + 0.08 131.6 +21.3 1555 £194
Pregnant, not injected 1.69 + 0.14 1.65 +.0.26 291.1 £57.3 5664 + 191.4 163 £2.7
Pregnant, GFP injected 1.97 +0.08 1.80 £ 0.47 164.3 £ 18.0 6254 +£152.2
Pregnant, APN injected 1.93 + 0.07 1.00 + 0.70 146.4 £ 25.0
HFS
Non-pregnant 1.38 +0.117* 268.4 + 9727 405.8 + 187.8"
Pregnant, not injected 1.55 £ 0.06 246 £0.18 5664 + 1914 331.0 +91.7 258 £ 5.4%
Pregnant, GFP injected 1.84 £0.13 2.80 £ 0.20 6254 +£152.2 2344 + 4297
Pregnant, APN injected 1.82 +0.08 2.00 £ 0.45 562.5 + 13557 306.7 + 383"

Values represent mean = SEM
Tissues were collected at the time of death from pregnant mice at e18.5 and from non-pregnant mice following 9 weeks of diet

*Liver weight: n = 7LF WTNP;n = 9HFS WINP; n = 8LFKONP; n = 12HFSKONP;n = 9LF WTPG;n = 11 LFKOPG; n = 11 HFSWT
PG;n = 11HFSKOPG;n = 9LF WT GFP;n = 9LFKO GFP;n = 8 LF WT APN; n = 11 LF KO APN; n = 5 HFS WT GFP; n = 6 HFS KO GFP;
n = 6 HFS WT APN; n = 13 HFS KO APN

® Steatosis score: n = 10LFWT;n = 6 HFSWT;n = 13LFKO;n = 13HFSKO;n = 3LF WT GFP;n = SLFKO GFP;n = 5LF WT APN;n = 4
LF KO APN; n = 5 HFS WT GFP; n = 5 HFS KO GFP; n = 2 HFS WT APN; n = 5 HFS KO APN

‘GWAT:n = 7TLFWTNP;n = 9HFSWTNP;n = 7LFKONP;n = THFSKONP; n = 14LF WT PG; n = 14LFKOPG;n = 14 HFS WT PG; n
= 15HFSKOPG;n = 6 LFWTGFP;n = 9LFKO GFP;n = S8LF WT APN; n = 10 LFKO APN; n = 6 HFS WT GFP; n = THFSKO GFP;n = 5
HFS WT APN; n = 7 HFS KO APN

YPWAT:n = 7LEWTNP; n = SHFS WTNP; n = 5SLEFKONP; 2 = 8 HFSKONP; n = 14 LF WT PG; n = 14 LEKO PG; n = 14 HFS WT PG; n
= 11 HFSKOPG;n = 8LF WT GFP;n = 8 LFKO GFP;n = SLF WT APN;n = 10 LF KO APN; n = 5 HFS WT GFP; n = 7THFS KO GFP; n = 4
HFS WT APN; n = 9 HFS KO APN

“Leptin:n = 5LF WT; n = 8 LFKO; n = 6 HFS WT; n = 7 HFS KO
#p<0.05 for LF vs HFS; T p<0.05 for WT vs KO; 1 p<0.05 for +GFP vs + APN (two-way ANOVA)
APN, adiponectin

GTTs showed that LF-fed adiponectin KO mice had
impaired glucose tolerance relative to WT mice (Fig.
1d) and HFS-fed adiponectin KO mice had more severe
impairments (Fig. le). Notably, we did not observe
differences in circulating insulin between adiponectin
KO and WT mice in late gestation (Fig. 1f).

Dysregulation of gluconeogenesis in pregnant adiponectin
KO mice To understand how adiponectin deficiency
during pregnancy worsened hyperglycaemia, a PTT

was used to evaluate hepatic glucose production.
While adiponectin deficiency had no impact on the
pyruvate tolerance in non-pregnant females (Fig. 2a),
pregnant adiponectin KO mice showed elevated glucose
production from pyruvate relative to WT controls, indi-
cating dysregulation of gluconeogenesis (Fig. 2b). To
evaluate the regulation of gluconeogenesis and glycoly-
sis, we measured mRNA expression of genes responsi-
ble for key steps in these pathways in pregnant mice
that were administered insulin. Due to the natural
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insulin resistance of late pregnancy, there was minimal
suppression of gluconeogenic genes in WT mice follow-
ing insulin administration (Fig. 2c). However, gluconeo-
genic genes such as those encoding PEPCK (Pckl and
Pck2) were upregulated in the livers of adiponectin KO
mice, most notably after insulin administration when
suppression of these genes would be expected. The
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expression of genes coding for glucose-6-phosphatase
(G6pc) and pyruvate carboxylase (Pcx) were similar in
all groups in pregnancy. Moreover, the mRNA expres-
sion of the hepatic isoform of pyruvate kinase (Pklr)
and glucokinase (Gck) was similar in the livers of preg-
nant adiponectin KO mice relative to WT mice. This
may indicate dysregulation of glycolytic flux, given that
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<« Fig. 2 (a) PTT performed prior to conception on LF-fed mice; inset
shows AUC (n = 5 LF WT, n = 7 LF KO). (b) PTT performed on
LF-fed pregnant mice (¢16.5); inset shows AUC (n = 8 LF WT,n = 6
LF KO). (¢) Relative fold change (AC,) of hepatic gene expression (log;o
scale) in el8.5 pregnant mice administered saline or insulin (1 mU/kg
body weight) 20 min prior to being euthanised: Pckl (n = 6 WT SAL n
=7WTINS,n = TKO SAL,n = 7TKOINS); Pck2 (n = 7TWT SALn
=8 WTINS,n = 7KO SAL,n = 6 KO INS); Gépc (n = 7TWT SALn
= 8WTINS,n = 7TKOSAL,n = SKOINS); Pkir(n = TWTSALn =
TWTINS,n = 6 KOSAL,n = 6 KOINS); Gek(n = 7TWTSALn =6
WTINS,n = 6 KOSAL,n = SKOINS); Pex (n = 8 WT SALn = 8
WTINS,n = 6 KOSAL,n = 7KO INS); Foxol (n = SWTSAL#n =6
WTINS, n = SKOSAL,n = 6 KOINS); Dgat! (n = 8 WTSALn = 8
WTINS,n = 7TKO SAL,n = 6 KO INS); Fasn (n = 7TWT SALn =7
WTINS,n = 6 KO SAL,n = 6 KOINS); Acaca(n = 7TWT SALn = 6
WTINS,n = 6 KOSAL,n = 6 KOINS); Bdhl (n = 8 WT SALn =7
WTINS, n = 6 KOSAL, n = 6 KO INS); Srebfl (n = SWTSALn =7
WTINS,n = 6 KOSAL,n = 6 KOINS); Cptla(n = 8WT SALn = 8
WTINS,n = 6 KOSAL, n = 7KO INS); and Gpam (n = 8 WT SAL n
= 8 WTINS, n = 7KO SAL, n = 7 KO INS). mRNA expression is
relative to geomean of Rnl8s, B2m, Rplp-1 and Hprtl and normalised to
LF WT SAL. (d) Hepatic protein expression in pregnant LF-fed mice,
showing p-FOXOI1 relative to total FOXO1 and tubulin, normalised to
WTSAL (n = 6 LF WTSAL,n = 6 LF WTINS,n = 6 LF KO SAL, n
= 5 LF KO INS). (e) Representative images of H&E-stained liver
sections from e18.5 pregnant adiponectin KO and WT mice.
Magnification x20. Scale bar, 50 um. (f) Hepatic triacylglycerol content
in LF- and HFS-fed adiponectin KO and WT mice at e18.5 (n = 6 LF
WT,n = 6 HFSWT,n = 7LFKO, n = 5 HFS KO). SAL, saline treated;
INS, insulin treated. p<0.05 for KO vs WT and $p<0.05 for SAL vs INS
(two-way ANOVA)

even in the presence of hyperglycaemia in adiponectin
KO mice, insulin did not increase their expression.
Forkhead box O1 (FOXO1) is a transcription factor
that regulates the expression of gluconeogenic genes
and adiponectin receptors [16, 17]. Foxol expression
was dramatically increased in adiponectin KO mice
following insulin administration (Fig. 2c). This was
accompanied by a decrease in the inhibitory phosphor-
ylation of FOXOI1 in adiponectin KO mice (Fig. 2d).

These findings could explain the increased Pckl/ and
Pck2 expression as well as the increased expression of
adiponectin receptors (ESM Fig. 2f). Collectively, these
results show that adiponectin KO mice have dysregulat-
ed hepatic glucose output, which may contribute to
hyperglycaemia and GDM in late gestation.

Fatty liver during pregnancy in adiponectin KO mice
Pregnant adiponectin KO mice developed histologically
detectable hepatic steatosis during pregnancy after LF as
well as HFS feeding (Fig. 2e). Hepatic fat deposition
was detectable using H&E (Fig. 2¢) and Oil Red O
staining in pregnant HFS-fed WT mice (ESM Fig. 3a).
HFS-diet feeding in the third week of pregnancy
increased the steatosis score relative to LF-diet feeding
in WT mice (Table 1). Relative to pregnant WT mice,
adiponectin KO mice developed a threefold elevation in
hepatic triacylglycerols (p<0.05) relative to WT mice
(Fig. 2f). This is consistent with the general upregula-
tion of lipogenic genes in pregnant adiponectin KO
mice, including those coding for diacylglycerol
transferase-1 (Dgatl), fatty acid synthase (Fasn),
acetyl-CoA carboxylase (Acaca) and the mitochondrial
isoform of glycerol-3-phosphate acyltransferase (Gpam)
(Fig. 2¢). Interestingly expression of the gene coding for
-hydroxybutyrate dehydrogenase (Bdhil) was also
increased (Fig. 2c), corresponding to elevated serum
[3-hydroxybutyrate in adiponectin KO mice (Table 2).

Adiponectin deficiency during pregnancy alters hepatocyte
lipid metabolism In late gestation, maternal metabolism
shifts to lipid utilisation [18]. Since adiponectin regu-
lates hepatic lipogenesis and fatty acid oxidation [19,
20], we investigated the impact of adiponectin deficien-
cy during pregnancy. We found that adiponectin KO
mice had higher rates of '*C-labelled acetate uptake

Table 2 Serum lipids in e18.5
WT and adiponectin KO mice fed
LF or HFS diet

Variable WT Adiponectin KO

LF HFS LF HFS
Cholesterol, mmol/I* 1.35+0.17 212 +0.34 2.14 £ 0.56 2.35 + 0.40
NEFA, nmol/I° 33.0+6.0 19.0 £ 3.0 16.0 + 3.0 23.0+5.0
Triacylglycerol, mmol/l° 1.15£0.12 1.26 £0.13 1.00 £ 0.09 0.75 + 0.07
B-Hydroxybutyrate, mmol/1¢ 67.0+9.1 934 +248 1674 £71.5 303.5 + 26.7

Values represent mean + SEM

*Cholesterol: n = 10 LF WT, n = 9 LFKO, n = 9 HFS WT, n = 7 HFS KO
"NEFA: n = 10 LF WT, n = 10 LFKO, n = 10 HFS WT, n = 10 HFS KO

¢ Triacylglycerol: n = 5LF WT,n = 6 LFKO, n = 6 HFS WT, n = 4 HFS KO

9 B-hydroxybutyrate: n = 6 LF WT, n = 6 LF KO, n = 6 HFS WT, n = 6 HFS KO
T p<0.05 for WT vs adiponectin KO mice (two-way ANOVA)
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Fig. 3 (a) "“C-labelled acetate uptake over time by primary hepatocytes
isolated from LF-fed adiponectin KO and WT mice prior to pregnancy
andatel85(m = 3LF WTNP,n = 3LFKONP,n = 3LFWTPG,n =
3 LF KO PQG). (b, ¢) Cellular triacylglycerol synthesis (b) (n = 2 LF WT
NP,n = 3LFKONP,n = 3LF WT PG, n = 5 LF KO PG) and secretion
into media (¢) over time (n = 3 LF WTNP,n = 4 LFKONP,n = 3 LF
WT PG, n = 4 LF KO PG) from '“C-labelled acetate by primary hepa-
tocytes from LF-fed non-pregnant and pregnant adiponectin KO and WT
mice. (d) Fatty acid uptake over time as measured by '*C-labelled oleate
incorporation into primary hepatocytes isolated from LF-fed non-

during pregnancy compared with WT control mice (Fig.
3a); this is associated with the development of NAFLD
[21]. Next, we aimed to determine the fate of acetate
within the cell. Pregnant adiponectin KO mice displayed
elevated cellular synthesis of triacylglycerol from
acetate, relative to WT mice, but this was not observed
prior to pregnancy (Fig. 3b). Secretion of triacylglycerol
into the media followed a similar pattern, with increased
triacylglycerol secretion observed from pregnant adipo-
nectin KO mice relative to WT mice and to non-
pregnant adiponectin KO mice (Fig. 3c). There were
no differences in fatty acid uptake in the form of oleate
when comparing hepatocytes isolated from adiponectin
KO and WT mice, either prior to or during pregnancy
(Fig. 3d). There were no genotype differences in the
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pregnant and pregnant adiponectin KO and WT mice (n = 5 LF WT
NP,n = 3LFKONP, n = 2 LF WT PG, n = 5 LF KO PG). (e, f)
Cellular triacylglycerol synthesis (e) (» = 5 LF WT NP, n = 3 LF KO
NP, n = 3LF WT PG, n = 5 LF KO PG) from '*C-labelled oleate and
secretion into media (f) (n = 4 LF WT NP, n = 3LFKONP,n = 3LF
WT PG, n = 5 LF KO PG) over time by primary hepatocytes isolated
from LF-fed non-pregnant and pregnant adiponectin KO and WT mice
sacrificed at e18.5. Tp<0.05 for WT vs KO and ¥p<0.05 for NP vs PG
(two-way ANOVA). NP, non-pregnant; PG, pregnant; TG,
triacylglycerol

cellular synthesis of triacylglycerols from oleate in
non-pregnant mice; however, in hepatocytes isolated in
pregnancy, triacylglycerol synthesis from oleate was
significantly higher in adiponectin KO mice (Fig. 3e).
Interestingly, secretion of 14C-labelled oleate triacylglyc-
erols into the media was similar in pregnant and non-
pregnant adiponectin KO and WT mice, relative to
hepatocytes from non-pregnant mice (Fig. 3f). Like
triacylglycerol synthesis, diacylglycerol synthesis from
oleate was increased in hepatocytes from non-pregnant
adiponectin KO females compared with non-pregnant
WT females (ESM Fig. 3c) and was unaltered in
pregnancy.

In non-pregnant female adiponectin KO mice, cellular
synthesis of cholesteryl esters from oleate but not
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acetate was significantly increased (ESM Fig. 3d).
Pregnant adiponectin KO mice, relative to WT mice,
showed increased synthesis of cholesteryl esters from
acetate (ESM Fig. 3d). There was a corresponding
increase in the secretion of cholesteryl esters synthesised
from acetate but not oleate in pregnant adiponectin KO
mice (ESM Fig. 3e).

Dysregulation of mitochondrial energy metabolism in preg-
nant adiponectin KO mice Primary hepatocytes from pregnant
adiponectin KO mice fed an LF diet showed reduced OCR
relative to WT control mice when using glucose as primary
energy source (Fig. 4a). While basal respiration was unaffect-
ed by adiponectin deficiency (Fig. 4b), significant impair-
ments in maximal respiration (Fig. 4c) and spare capacity
(Fig. 4e) were observed in hepatocytes from pregnant adipo-
nectin KO mice relative to WT control mice. ATP production
(Fig. 4d) and proton leak (Fig. 4f) were unaltered by adipo-
nectin deficiency.

To determine the effect of adiponectin deficiency on
fatty acid oxidation during pregnancy, OCR was exam-
ined in media containing BSA-palmitate as fatty acid
substrate and utilising etomoxir to inhibit mitochondrial
uptake of fatty acids. When using fatty acids as a
substrate (represented as Vehicle-ETOX in Fig. 5),
hepatocytes from pregnant adiponectin KO mice showed
marked impairments in basal (Fig. 5b) and maximal
(Fig. 5c) respiration, and their ability to produce ATP

Spare capacity
OCR (pmol min~! [mg protein]-')
S
.
Proton leak
CR (pmol min—! [mg protein]-1)

0 T T
WT KO

(e) and proton leak (f) by primary hepatocytes utilising glucose (n = 5 LF
WT, n = 5 LF KO). 'p<0.05 for WT vs KO (unpaired ¢ test). FCCP,
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone

was blunted dramatically (Fig. 5d). Impairments in OCR
attributed to fatty acid oxidation were more severe when
hepatocytes were treated with etomoxir. Collectively,
these findings suggest that primary hepatocytes from
pregnant adiponectin KO mice have an impaired capac-
ity to handle increased metabolic stress. This was not a
consequence of altered mitochondrial content since
citrate synthase was unchanged (Fig. 5f).

Increased adiponectin during pregnancy attenuates hepatic
steatosis An adenovirus containing full-length adiponectin
(Ad-APN) or GFP (Ad-GFP) as a control was adminis-
tered to mice (at el4.5 when GDM is initially apparent)
to reduce the potential for hyperglycaemia in the final
week of pregnancy. Increased circulating total and high-
molecular-weight adiponectin levels were observed
5 days post-injection in both LF- and HFS-fed adipo-
nectin KO mice, although these levels were significantly
lower than in WT mice (ESM Fig. 2e). Pregnant adipo-
nectin KO mice administered Ad-GFP as a control had
undetectable levels of adiponectin.

Ad-APN reduced hepatic lipid accumulation in both
WT and adiponectin KO mice fed an LF diet, and this
effect was more pronounced in mice that consumed an
HFS diet (Fig. 6a, Table 1). Ad-APN also reduced
hepatic triacylglycerols in pregnant HFS-fed mice (Fig.
6b). Ad-APN improved fasting blood glucose levels in
pregnant LF-fed adiponectin KO mice but did not
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utilising all substrates (+ Vehicle: BSA-palmitate 0.175 mmol/l) or all
substrates except fatty acids (+ ETOX: etomoxir 4 umol/l) and normal-
ised to cellular protein (n = 3 wells LF WT + Vehicle, n = 3 wells LF
WT + ETOX, n = 3 wells LF KO + Vehicle, n = 3 wells LF KO +
ETOX). (b—d) Basal respiration (» = 5 LF WT + Vehicle,n = SLFWT
+ ETOX, n = 4 LF KO + Vehicle, » = 4 LF KO + ETOX) (b),
maximal (FCCP uncoupled) respiration (» = 4 LF WT + Vehicle, n
=4LF WT + ETOX, n = 4 LF KO Vehicle, n = 4 LF KO + ETOX)
(¢), and oligomycin-sensitive OCR (ATP production) (» = 4 LF WT +
Vehicle, n = 4 LF WT + ETOX, n = 4 LF KO + Vehicle,n = 4 LF
KO + ETOX) (d) by primary hepatocytes when respiring utilising all

significantly reduce blood glucose levels in HFS-fed
adiponectin KO mice (Fig. 6¢). We also found that
Ad-APN improved glucose tolerance in pregnant LF-
fed adiponectin KO mice compared with GFP control
mice (ESM Fig. 2c), although it was not sufficient to
significantly improve the glucose tolerance of HFS-fed
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adiponectin KO mice (ESM Fig. 2d). Ad-APN, relative
to Ad-GFP, had no effect on glucose production from
pyruvate in LF-fed WT mice (Fig. 6d) but reduced
glucose output in adiponectin KO mice (Fig. 6e).
Consistent with reduced hepatic steatosis, administra-
tion of Ad-APN reduced the expression of several genes
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involved in hepatic lipogenesis that had been elevated in
adiponectin KO mice. The increased expression of
Dgatl and Fasn in pregnant adiponectin KO mice was
attenuated by Ad-APN (Fig. 6f). Adiponectin KO mice
administered Ad-GFP showed increased expression of
Srebfl relative to WT mice; the increase was reduced
by approximately half in the pregnant Ad-APN mice,
suggesting that adiponectin suppressed lipogenesis in
the liver via reduced Srebfl (Fig. 6f). Ad-APN
increased hepatic Adipog expression relative to Ad-
GFP control but the increase was not statistically signif-
icant (ESM Fig. 2g). Consistent with the inhibition of
hepatic glucose output, Ad-APN administration also
reduced the expression of Pckl and Pck2 in pregnant
adiponectin KO mice (Fig. 6f) when compared with
Ad-GFP administration. Taken together these results
suggest that increasing adiponectin during pregnancy
improves glucose tolerance via reduced hepatic lipid
accumulation and gluconeogenesis.

Discussion

The objective of this study was to determine whether
adiponectin deficiency contributes to the development
of fatty liver and hyperglycaemia in pregnancy.
Studies have shown low levels of circulating adiponec-
tin to be a risk factor for GDM [22] but whether hepat-
ic steatosis is involved is unknown. Prior to pregnancy,
female adiponectin KO mice were not hyperglycaemic
or glucose intolerant relative to WT controls but late in
gestation adiponectin KO mice had higher fasting blood
glucose levels than WT mice. This suggests that adipo-
nectin deficiency contributes to dysglycaemia in preg-
nancy, even in the absence of obesity. Our findings
are consistent with those of Qiao et al, who observed
glucose intolerance and hyperlipidaemia in late pregnan-
cy of adiponectin KO mice [13], although hepatic stea-
tosis and its contribution to dysglycaemia during preg-
nancy was not evaluated. Notably, we observed that the
impaired glucose homeostasis in adiponectin KO mice
corresponded with the development of hepatic steatosis
in pregnancy.

While there is evidence to implicate ectopic lipid deposi-
tion in the pathogenesis of type 2 diabetes and insulin resis-
tance [23], less is known about its contribution to GDM. One
study showed that circulating adiponectin level was inversely
correlated with increasing severity of NAFLD in pregnant
women [3]. Mice lacking adiponectin develop high-fat-diet-
induced NAFLD more readily than WT mice, as adiponectin
is known to regulate hepatic lipogenesis [24] and 3-oxidation
[25]. Hepatic steatosis can result from impaired lipid handling,
including increased lipid uptake, altered synthesis and

secretion of hepatic lipids or disrupted [3-oxidation.
Increased acetate uptake in adiponectin KO mice relative to
WT mice agrees with previous reports that individuals with
NAFLD had increased uptake of labelled acetate relative to a
healthy control group [21]. Consistent with lipid accumulation
in the liver, acetate incorporated into triacylglycerols was
increased in hepatocytes from pregnant adiponectin KO mice.

Despite increased hepatic triacylglycerol synthesis, adipo-
nectin KO mice had significantly less circulating triacylglyc-
erol when fed an HFS diet in the last week of pregnancy,
relative to WT mice. In the absence of hyperlipidaemia, newly
synthesised lipids appear to be stored. Oleate labelling exper-
iments showed elevated diacylglycerol in primary hepatocytes
of non-pregnant adiponectin KO mice, with a significant
reduction in late gestation that could be due to rapid conver-
sion of diacylglycerol to triacylglycerols in pregnant adipo-
nectin KO mice. Consistent with this, we observed increased
expression of lipogenic genes in livers of pregnant adiponec-
tin KO mice; these genes included Dgatl and Gpam, which
are linked to hepatic steatosis [26, 27]. Accumulation of triac-
ylglycerol and diacylglycerol can also impair (3-oxidation
[28]. The disruption of 3-oxidation leads to lipid peroxidation,
reactive oxygen species generation, inflammation and insulin
resistance [29]. We also observed impaired mitochondrial
respiration in primary hepatocytes from pregnant adiponectin
KO mice, especially during the oxidation of fatty acids.
Reduced spare capacity and maximal respiration imply limit-
ed metabolic flexibility of adiponectin KO mice during
pregnancy.

Increased lipogenesis and decreased fatty acid oxidation
can lead to the development of hepatic steatosis. In the
absence of adiponectin, increased lipogenesis via acetyl-
CoA carboxylase leads to increased malonyl CoA production,
which inhibits carnitine palmitoyl transferase-1 [30, 31].
Carnitine palmitoyl transferase-1 inhibition with etomoxir
did not reduce mitochondrial respiration in primary hepato-
cytes, suggesting that in late pregnancy, fatty acid oxidation
did not contribute significantly to hepatic respiration in adipo-
nectin KO mice. A limitation is that these metabolic observa-
tions were from hepatocyte cultures rather than the whole
animal. Nonetheless, we do show that in the absence of preg-
nancy hormones, the hepatocytes from adiponectin KO mice
display intrinsic alterations in lipid and mitochondrial
metabolism.

Women with GDM have elevated hepatic glucose
output relative to healthy women [30]. Adiponectin is
thought to suppress gluconeogenesis independent of
insulin [17]. Consistent with this, we showed that preg-
nant adiponectin KO mice showed higher rates of hepat-
ic glucose production from pyruvate compared with WT
mice. Similarly, Qiao and colleagues observed increased
hepatic glucose output at baseline, and impaired
suppression of gluconeogenesis by insulin in pregnant
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«Fig. 6 (a) Representative images of H&E-stained liver sections
(magnification x20) from WT and adiponectin KO mice supplemented
with adenovirus-mediated adiponectin or GFP. Scale bar, 50 um. Livers
were collected at e18.5. (b) Hepatic triacylglycerol content in LF- and
HFS-fed WT and adiponectin KO mice supplemented with adenovirus-
mediated adiponectin or GFP at e14.5 and sacrificed at €18.5 (n = 6 LF
WT GFP,n = 6 LF WT APN,n = 6 LF KO GFP,n = 9LF KO APN,
= 4 HFS WT GFP, n = 4 HFS WT APN, n = 4 HFS KO GFP,n = 6
HFS KO APN). (¢) Fasting blood glucose at e18.5 (» = 13 LF KO GFP,
n = 9LF KO APN, n = 6 HFS KO GFP, n = 6 HFS KO APN). (d, e)
PTT performed between e14.5 and 18.5 on LF-fed WT mice (» = 4 LF
WT GFP, n = 5 LF WT APN) (d) and adiponectin KO mice (n = 7 LF
KO GFP, n = 5 LF KO APN) (e) after supplementation with adenovirus-
mediated GFP or adiponectin. Inset shows AUC. (f) Relative fold change
(AC)) of hepatic gene expression (logq scale) of Gépc (n = 8 LF WT
GFP,n = 7LF WT APN,n = 8 LF KO GFP,n = 10 LF KO APN), Pcx
(n =8LFWTGFP,n =7LFWTAPN,n = §LFKO GFP,n = 10LF
KO APN), Pckl (n = 8 LF WT GFP,n = 6 LF WT APN,n = 8 LF KO
GFP,n = 11 LF KO APN), Pck2 (n = 8 LF WT GFP, n = 7LF WT
APN,n = 9 LF KO GFP,n = 11 LF KO APN), Fasn (n = 9 LF WT
GFP,n = 8 LF WT APN, n = 11 LF KO GFP, n = 12 LF KO APN),
Dgatl (n = 8LFWT GFP,n = 7LF WT APN,n = 9 LF KO GFP,n =
10 LF KO PN), Acaca (n = 8 LF WT GFP,n = 7LF WT APN,n = 10
LFKOGFP,n = 11 LFKO APN) and Srebfl (n = 9LF WT GFP,n = 8
LF WT APN, n = 10 LF KO GFP, n = 12 LF KO APN) from LF-fed
adiponectin KO and WT mice supplemented with adenovirus-mediated
adiponectin or GFP and sacrificed at e18.5 for tissue collection. Gene
expression is relative to geomean of Rnl8s, B2m, Rplp-1 and Hprtl and
normalised to LF WT GFP. #p<0.05 for LF vs HFS; "p<0.05 for WT vs
KO and "p<0.05 for GFP vs APN injection (two-way ANOVA). APN,
adiponectin

adiponectin KO mice [13]. We also showed that Pckl
and Pck2 were upregulated in livers of adiponectin KO
mice and their expression was not suppressed by insu-
lin. Elevated hepatic FOXO1 increases gluconeogenic
gene expression [31] while inhibition of FOXOI1
improves metabolic homeostasis and glucose control
[32]. In pregnant adiponectin KO mice, there was a
significant increase in Foxol gene expression in the
liver and insulin did not suppress Foxol expression.
Collectively, these findings show that adiponectin KO
mice develop hyperglycaemia, impaired glucose and
insulin tolerance, and excessive hepatic glucose output
in pregnancy that are characteristic of GDM.

Partial reconstitution of adiponectin in pregnancy
improved fasting hyperglycaemia and glucose tolerance
in LF-fed adiponectin KO mice but adiponectin was not
sufficiently increased to have a significant effect in
HFS-fed adiponectin KO mice. Increasing adiponectin
levels in mice inhibits hepatic gluconeogenesis [19,
33-35]. Consistent with this, administration of Ad-
APN reduced glucose production from pyruvate in preg-
nant adiponectin KO mice. Adiponectin could also
improve blood glucose through increased placental
lactogen expression, which stimulates pregnancy-
associated increase in beta cell mass [36]. In this study,

the adiponectin KO mice still had significantly less
circulating adiponectin than WT mice, following Ad-
APN administration.

A previous study showed that increased adiponectin
reduced markers of fatty liver in a mouse model of alco-
holic fatty liver and in ob/ob mice with NAFLD [9]. We
showed that partial reconstitution of adiponectin improved
hepatic fat deposition in WT and adiponectin KO mice.
Surprisingly, modest increases in serum adiponectin
levels in WT mice dramatically reduced hepatic steatosis.
The viral gene therapy we delivered hydrodynamically
through tail-vein injection has been shown to be targeted
to and primarily sequestered in the liver [37, 38]. The full-
length adiponectin used in our study binds with highest
specificity to adipoR2, the predominant adiponectin
receptor in the liver [39]. Given the marked improvements
in hepatic steatosis, it is possible that many of the effects
we observed were a consequence of paracrine adiponectin
signalling rather than systemic effects (ESM Fig. 4).

Studies using transgenic adiponectin overexpression in mice
showed reduced hepatic lipogenic gene expression [20]. We
found reduced Fasn and Acaca expression in adiponectin KO
mice and a fivefold reduction in SrebfI expression in pregnant
adiponectin KO mice administered Ad-APN, consistent with
previously reported suppression of SrebfI by adiponectin [24].
These findings suggest that reduction in hepatic lipogenesis
could be a consequence of adiponectin-induced changes in
lipogenic gene expression, which may be part of the mechanism
by which Ad-APN reduces hepatic steatosis.

Overall, we found that pregnant adiponectin KO mice
develop fasting hyperglycaemia and glucose intolerance char-
acteristic of GDM and readily develop hepatic steatosis asso-
ciated with dysregulated gluconeogenesis. Partial reconstitu-
tion of adiponectin in pregnancy reduced hepatic glucose
output and improved fasting blood glucose in adiponectin
KO mice. Further, partial reconstitution of adiponectin
suppressed lipogenic gene expression and dramatically
reduced hepatic lipid accumulation in pregnant WT and
adiponectin KO mice. Our findings implicate adiponectin
deficiency in the development of hepatic steatosis and diabe-
tes during pregnancy.
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