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Abstract
Aims/hypothesis Despite the strong correlation between non-
alcoholic fatty liver disease and insulin resistance, hepatic
steatosis is associated with greater whole-body insulin sensi-
tivity in several models. We previously reported that the inhi-
bition of hepatic glucose production (HGP) protects against
the development of obesity and diabetes despite severe
steatosis, thanks to the secretion of specific hepatokines such
as fibroblast growth factor 21 (FGF21) and angiopoietin-
related growth factor. In this work, we focused on adipose
tissue to assess whether liver metabolic fluxes might, by in-
terorgan communication, control insulin signalling in lean
animals.
Methods Insulin signalling was studied in the adipose tissue
of mice lacking the catalytic subunit of glucose 6-phospha-
tase, the key enzyme in endogenous glucose production, in the

liver (L-G6pc−/− mice). Morphological and metabolic chang-
es in the adipose tissues were characterised by histological
analyses, gene expression and protein content.
Results Mice lacking HGP exhibited improved insulin sensi-
tivity of the phosphoinositide 3-kinase/Akt pathway in the
subcutaneous adipose tissue associated with a browning of
adipocytes. The suppression of HGP increased FGF21 levels
in lean animals, and increased FGF21 was responsible for the
metabolic changes in the subcutaneous adipose tissue but not
for its greater insulin sensitivity. The latter might be linked to
an increase in the ratio of monounsaturated to saturated fatty
acids released by the liver.
Conclusions Our work provides evidence that HGP controls
subcutaneous adipose tissue browning and insulin sensitivity
through two pathways: the release of beneficial hepatokines
and changes in hepatic fatty acids profile.
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protein
EpiWAT Epididymal white adipose tissue
FGF21 Fibroblast growth factor 21
HGP Hepatic glucose production
MUFA Monounsaturated fatty acid
PI3K Phosphoinositide 3-kinase
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SWAT Subcutaneous white adipose tissue
UCP1 Uncoupling protein 1
WT Wild-type

Introduction

Type 2 diabetes, which affects hundreds of millions of peo-
ple worldwide, is characterised by a deregulation of hepatic
glucose production (HGP), altered insulin secretion capacity
and insulin resistance. Peripheral insulin resistance is mainly
due to impaired insulin signalling in the muscles and adi-
pose tissue [1]. Type 2 diabetes and more particularly insulin
resistance are often diagnosed with related pathologies such
as obesity and non-alcoholic fatty liver disease. The hepatic
accumulation of triacylglycerol, which is a hallmark of non-
alcoholic fatty liver disease, has been proposed as a causal
factor leading to hepatic insulin resistance and to a further
decrease in insulin sensitivity of the peripheral tissues. It is
noteworthy that specific mechanisms, for example related to
hepatokines, can dissociate hepatic steatosis from insulin re-
sistance. For example, fetuin A (a hepatokine associated
with steatosis and deleterious glucose control) is decreased
in insulin-sensitive steatosis of liver-specific PTEN (phos-
phatase and tensin homolog) knockout mice [2].
Conversely, the increased production of fibroblast growth
factor 21 (FGF21) is associated with insulin-sensitive
steatosis [2–4]. Similarly, changes in lipid metabolism in
the liver are sometimes associated with peripheral insulin
sensitivity [5, 6]. However, the mechanisms linking hepatic
metabolism and the insulin-signalling pathway in peripheral
tissues still need to be deciphered.

We recently showed that diverting the metabolic flux from
gluconeogenesis into lipogenesis improves glucose control.
Mice lacking the catalytic subunit of liver glucose
6-phosphatase (L-G6pc−/− mice), the key enzyme of gluco-
neogenesis, exhibit hepatic steatosis associated with dramatic
protection against diet-induced obesity and diabetes [7]. This
protection is correlated with increased plasma FGF21 and
angiopoietin-related growth factor concentrations [7]. To fur-
ther document the relationship between HGP, FGF21 and in-
sulin signalling, we focused on adipose tissue metabolism in
L-G6pc−/− mice. We report here that HGP suppression im-
proved the insulin-signalling cascade in parallel to a white to
brown conversion specifically in the subcutaneous white adi-
pose tissue (SWAT). The increased secretion of FGF21 in
L-G6pc−/− mice controlled the browning of the SWAT
but surprisingly did not account for the enhanced insu-
lin signalling. The latter seems to be related to an in-
creased synthesis and release of monounsaturated fatty
acids (MUFAs) in the liver of L-G6pc−/− mice linked to
an increase in carbohydrate-responsive element-binding
protein (ChREBP) transcriptional activity.

Methods

Animals We used adult male L-G6pc−/−, I-G6pc−/−,
L-G6pc−/−.Fgf21−/− [7–9] and wild-type (WT) (C57Bl/6J;
Charles Rivers Laboratories, L’Arbresle, France) mice for
the present studies. All mice were housed in the animal facility
of Lyon 1 University (Animaleries Lyon Est Conventionnelle
and Specific Pathogen Free) in controlled temperature (22°C)
conditions, with a 12 h light/12 h dark cycle. Mice had free
access to water and standard rodent chow diet (A04; Safe,
Augy, France). All procedures were performed in accordance
with the principles and guidelines established by the European
Convention for the Protection of Laboratory Animals. The
regional animal care committee (CE2A-55, Lyon-1
University, France) approved all the experiments. Mice were
killed in the middle of the dark period by cervical dislocation
after injection of insulin (0.38 U/kg body weight) or saline
(154 mmol/l NaCl).

Histological analyses Tissues were fixed and analysed as
previously described [10]. Paraffin-embedded sections were
incubated with anti-uncoupling protein 1 (UCP1) as previous-
ly described [10].

Immunoprecipitation assay and phosphoinositide
3-kinase activity Phosphoinositide 3-kinase (PI3K) activity
associated with IRS1 or IRS2 (both from Santa Cruz
Biotechnology, Heidelberg, Germany) was measured in ly-
sates from tissues as previously described [11].

Western blotting Separation and blotting of 40μg samples of
whole-tissue extracts were performed as previously described
[12]. The source, characteristics and dilutions of the antibod-
ies used are described in electronic supplementary material
[ESM] Table 1.

Adipocyte cultureMice were killed in the middle of the dark
period by cervical dislocation. Adipocytes were prepared from
subcutaneous or epididymal fat pads as previously described
[13]. Aliquots of 400 μl of adipocytes cell suspension were
incubated for 30 min with 100 nmol/l insulin (Sigma-Aldrich,
Saint-Quentin Fallavier, France) and then for 30 s with
2-[U-14C]deoxy-D-glucose (0.1 mmol/l, 0.02 MBq/ml-Perkin
Elmer, Courtabeuf, France) as previously described [13].
Glucose uptake was expressed as dpm per μg of protein.

Gene expression analyses Total RNA was isolated from
tissues with TRIzol reagent (Invitrogen, Cergy Pontoise,
France). Reverse transcription and real-time PCR were per-
formed as previously described [14]. The mouse ribosomal
protein mL19 transcript (Rpl19) was used as a reference.
The sequences of the specific primers used are available
on request.
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FGF21measurementBloodwas withdrawn from the subman-
dibular vein and collected in EDTA. FGF21 was assayed using
ELISA kits from BioVendor (Abcys, Courtaboeuf, France).

Fatty acid composition Tissue lipid content and fatty acid
composition were determined as previously described [15].

Measurement of ceramide levels Ceramide levels in the
SWAT were measured using the diacylglycerol kinase enzy-
matic method as previously described [16].

Statistical analyses Results are reported as mean±SEM.
Data were analysed with two-sample Student’s t tests or
Kruskal–Wallis tests. Values were considered significant at
p<0.05.

Results

Deletion of HGP improves insulin signalling in the subcu-
taneous adipose tissue To further document the relationship
between HGP, FGF21 and insulin signalling, we studied
insulin-signalling pathways in muscle, epididymal white adi-
pose tissues (EpiWAT) and SWAT from L-G6pc−/− and WT
mice.We focused on the PI3K/Akt pathway, a keymediator of
the effects of insulin on glucose metabolism.

L-G6pc−/−mice rapidly become hypoglycaemic under con-
ditions of fasting [14] or insulin injection [7]. To avoid
hypoglycaemia in L-G6pc−/− mice, we used low doses of in-
sulin injected in the fed state (0.38 U/kg bodyweight). In these
experimental conditions, insulin injection led to the same in-
crease in PI3K activity and Akt phosphorylation levels in the
EpiWAT (Fig. 1a, b) and gastrocnemius muscle (see [ESM]
Fig. 1) of L-G6pc−/− mice as of WT mice. In parallel, insulin
induced Akt phosphorylation only in the SWAT of L-G6pc−/−

mice, demonstrating enhanced insulin signalling in the SWAT
of L-G6pc−/− compared with WT mice (Fig. 1d, e). In accor-
dance with enhanced insulin signalling in the white adipose
tissue of L-G6pc−/− mice, 2-deoxyglucose uptake by adipo-
cytes from the L-G6pc−/− EpiWAT (Fig 1c) and SWAT
(Fig 1f) was more strongly induced by insulin than was uptake
by theWTadipocytes. The contents of the insulin receptor, the
p85 regulatory subunit of the PI3K heterodimer and Akt were
identical in the EpiWAT (Fig. 1g) and SWAT (Fig. 1h) of
L-G6pc−/− and WT mice.

In summary, the suppression of HGP promoted a higher
activation of the PI3K/Akt pathway in response to insulin
specifically in the SWAT, and an enhanced insulin-induced
glucose uptake in the SWAT and EpiWAT. These results sug-
gest the existence of crosstalk between the liver and the pe-
riphery, leading to modifications of insulin signalling.

Deletion of HPG induces modifications in adipose tissue
metabolism Despite having a normal body weight [8], the
L-G6pc−/− mice displayed a slight increase in SWAT mass
(Fig. 2a) but no change in EpiWAT mass compared with
WT mice (Fig. 2b). The levels of the peroxisome
proliferator-activated receptor gamma (PPARγ) and key
PPARγ target genes – including genes implicated in adipo-
genesis (Cd36), glucose metabolism (Glut4 [also known as
Slc2a4]) and adipokines (adiponectin, Adipoq) – were in-
creased in the SWAT of L-G6pc−/− mice compared with WT
mice (Fig. 2c, e) but unchanged in the EpiWAT of L-G6pc−/−

mice (Fig. 2d, f). Thus, suppression of HGP seems to mimic
PPARγ activation, leading to changes in the expression of
metabolic genes specifically in the SWAT.

Compared with WT SWAT, L-G6pc−/− SWAT exhibited
smaller, multilocular adipocytes, typical of brown adipose tis-
sue (BAT) (Fig. 3a, b). Accordingly, UCP1 was induced in the
SWAT of L-G6pc−/− mice (Fig. 3c). Although UCP1 levels
were low in WT SWAT, UCP1 was preferentially produced
in the small adipocyte population in L-G6pc−/− mice
(Fig. 3d, e). Finally, the expression of BAT-selective genes
such as Cidea, Acox1 and Ucp1 was increased twofold in
the L-G6pc−/− SWAT compared with WT mice (Fig. 3f).
Thus, the small adipocyte population of the L-G6pc−/−

SWAT, which exhibited metabolic similarities to BAT, could
be considered to be beige adipocytes. In agreement with the
results on gene expression, EpiWAT morphology was not
modified in L-G6pc−/− comparedwithWTmice (ESMFig. 2).

Increase in FGF21 plasma levels induced by HGP sup-
pression specifically controls browning in L-G6pc−/−

SWAT FGF21 is a liver-secreted factor that is involved in
the control of energy metabolism. It has been linked to im-
proved insulin sensitivity and to the regulation of several met-
abolic functions in adipose tissue. In adaptive thermogenesis,
FGF21 regulates the browning of adipose tissue in an
autocrine/paracrine manner [17]. We have previously demon-
strated that suppression of HGP induced FGF21 production in
the liver and FGF21 release in the plasma of L-G6pc−/− mice
fed a high-fat, high-sucrose diet [7]. The plasma concentration
of FGF21, concomitantly with the content of FGF21 in the
liver and SWAT, was increased in lean L-G6pc−/− compared
with WT mice (Fig. 4a–c). In cultured adipocytes, FGF21
exerts a synergistic action with insulin on Akt phosphoryla-
tion, but no molecular mechanism has been described [18].
Interestingly, the overproduction of FGF21 decreases cer-
amide concentration, and ceramide, in turn, counteracts insu-
lin signalling by the activation of protein phosphatase 2A,
favouring Akt dephosphorylation [19]. Ceramide content
was consistently decreased in the L-G6pc−/− SWATcompared
with the WT SWAT (Fig. 4d).

In light of the above results, we assessed whether knocking
down Fgf21 [20] in L-G6pc−/− mice would abolish the

Diabetologia (2016) 59:2645–2653 2647



changes in the metabolism and insulin signalling in the SWAT.
L-G6pc−/−.Fgf21−/− double knockout mice did not express
Fgf21 (Fig. 4b, c). The SWAT of L-G6pc−/−.Fgf21−/− mice
did not exhibit the small adipocytes typical of BAT
(Fig. 4e). The content of UCP1 and Pparg in the SWAT of
L-G6pc−/−.Fgf21−/−mice was restored to the level seen inWT
mice and was much lower than that in L-G6pc−/− mice
(Fig. 4f, g). In parallel, the ceramide content of the SWAT in
L-G6pc−/−.Fgf21−/−mice was also restored to the level seen in
WTmice (Fig. 4d). However, the suppression of Fgf21 had no
effect on the enhanced Akt phosphorylation induced by insu-
lin in the L-G6pc−/− SWAT (Fig. 4h). In summary, Fgf21
overexpression in L-G6pc−/− mice was responsible for the
morphological and metabolic changes but surprisingly not
for the enhanced insulin signalling in the SWAT.

Increased intestinal gluconeogenesis induced by HGP sup-
pression is not involved in the enhanced insulin signalling
in SWAT We showed that suppression of HGP leads to the
induction of intestinal gluconeogenesis [14]. The induction of
gluconeogenesis improves whole-body insulin sensitivity
through the production of a portal glucose signal, which targets
hypothalamic nuclei [21].Gluconeogenesismight thus be respon-
sible for the enhanced insulin signalling in SWAT, a hypothesis
that we tested using mice with a double knockout ofG6pc in the
liver and intestine (L-G6pc−/−.I-G6pc−/−). However, insulin sim-
ilarly induced Akt phosphorylation in the SWAT of L-G6pc−/−

mice (3.4±0.9-fold induction by insulin) and in the SWAT of
L-G6pc−/−.I-G6pc−/− mice (2.0±0.3-fold induction by insulin).

Suppression of HGP increases the oleate/palmitate ratio in
the liver We previously demonstrated that the specific inacti-
vation of glucose 6-phosphatase in the liver leads to steatosis
[8, 22], due to the transcriptional activation of ChREBP [7].
The suppression of HGP in lean mice also led to an increase in
hepatic glucose 6-phosphate content (Fig. 5a) and Chrebp
mRNA levels (Fig. 5b) with no changes in sterol regulatory
element-binding protein (Srebp1c) levels (Fig. 5c). In accor-
dance with an induction of ChREBP transcriptional activity,
the expression of key glycolytic and lipogenic genes was in-
duced in the liver of lean L-G6pc−/− compared with WT mice
(Fig. 5c). Interestingly, the expression of Scd1 and Elovl6,
which are involved in the last step of de novo fatty acid syn-
thesis and control the fatty acid composition of the liver, were
also increased in the liver of L-G6pc−/− mice.

Fatty acid analysis revealed an increase in MUFA and a
decrease in saturated fatty acid (SFA) content of the livers of
L-G6pc−/−mice (Fig. 5d). More precisely, a specific increase in
oleate (C18:1 n-9) and a parallel decrease in palmitate (C16:0)
were observed, leading to a higher ratio of oleate to palmitate in
the liver of L-G6pc−/−mice compared with WT mice (Fig. 5e).
An increase in hepatic concentration of MUFAs (such as ole-
ate) induced by the overproduction of ChREBP protects
against SFA-mediated insulin resistance in primary hepatocytes
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Fig. 1 PI3K/Akt signalling in the WAT of WT and L-G6pc−/− mice.
Quantification of IRS1-associated PI3K activity (i.e. amount of PI3P
produced; absorbance, λ= 632.8 nm) in the EpiWAT (a) and SWAT (c),
and quantification of pS473-Akt/Akt protein in the EpiWAT (b) and
SWAT (d) after insulin injection. Representative experiments are shown
in each panel. Insulin-induced 2-deoxyglucose uptake by adipocytes from
the WT and L-G6pc−/− EpiWAT (e) and SWAT (f). Representative

western blots showing the content of insulin receptor (IR), p85, Akt and
actin in the EpiWAT (g) and SWAT (h) from WT and L-G6pc−/− mice.
White bars, WT mice; light grey bars, WT mice stimulated with insulin;
black bars, L-G6pc−/− mice; dark grey bars, L-G6pc−/− mice stimulated
with insulin. PI3P, phosphatidylinositol 3-phosphate. Data are mean
± SEM of five mice per group. Significant differences from the values
obtained in non-insulin-injected mice, *p< 0.05, **p< 0.01
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[3]. As expected, the fatty acid composition of the plasma
(Fig. 5g), the EpiWAT (Fig. 5h) and SWAT (Fig. 5i) mirrored
the fatty acid composition of the liver, with a decrease in SFA
and an increase in MUFA concentrations. High concentrations
of circulating palmitate have deleterious effect on insulin sig-
nalling by inhibiting Akt phosphorylation in muscle and adi-
pose tissue [19, 23]. The increase in the oleate/palmitate ratio
could thus account for the enhanced insulin signalling in the
SWATof L-G6pc−/−mice. In accordance with the latter hypoth-
esis, the same induction of liver Scd1 mRNA (Fig. 5f) and the
same increase in the oleate/palmitate ratio were measured in the
liver (Fig 5e), plasma (Fig. 5g) and WAT (Fig. 5h, i) of
L-G6pc−/−.Fgf21−/− mice, which still exhibited an improved
insulin signalling in the SWAT (Fig. 4h).

Discussion

Hepatic steatosis is widely accepted as a deregulation associ-
ated with obesity and type 2 diabetes. However, recent studies
have demonstrated that triacylglycerol accumulation in the
liver can be associated with improved insulin sensitivity, due
to better glucose control in the peripheral tissues [2, 3, 6, 24,

25]. To further document the mechanisms involved in this
interorgan communication, we studied whether liver metabo-
lism might control insulin signalling in the peripheral tissues.
In this study, we focused on adipose tissue and report that the
suppression of HGP, which is associated with severe steatosis,
has beneficial effects on both insulin signalling and metabo-
lism in the white adipose tissue by two independent
mechanisms.

The suppression of HGP specifically induced the expan-
sion and browning of the SWAT. Anatomically distinct adi-
pose tissues differ substantially in their contributions to energy
balance and nutrient homeostasis. The expansion of SWAT is
associated with improved insulin sensitivity and physiological
variables in obese mice [26] and can be protective against
metabolic complications deriving from being fed a high-fat
diet [26, 27]. The metabolic benefit associated with SWAT
expansion results from its capacity to contribute to thermogen-
esis through a white to brown conversion induced in response
to cold exposure [28], β3-adrenergic receptor agonist treat-
ment [29], PPARγ agonist administration [30] or exposure
to FGF21, irisin or cardiac natriuretic peptides [17, 31, 32].
Interestingly, de novo adipogenesis stimulated by cold expo-
sure leads to different anatomical changes depending on the
adipose tissue: a widespread browning of SWAT and a de-
crease in the EpiWAT mass [33], consistent with the results
obtained in L-G6pc−/− mice. This differential effect might be
due to a subset of transcription factors specifically produced in
SWATand controlling the expression of genes involved in the
beige phenotype [34, 35].

We previously showed that the absence of HGP efficiently
protects mice from the development of hyperglycaemia and obe-
sity induced by a high-fat, high-sucrose diet, via the induction of
adaptive thermogenesis in WAT, BAT and skeletal muscle [7].
These beneficial effects are mediated by interorgan communica-
tion induced by the release of two key hepatic regulators of
peripheral metabolism: FGF21 and angiopoietin-related growth
factor (AGF) [7]. In this study, the suppression of HGP in lean
mice also increased FGF21 levels. In lean L-G6pc−/− mice,
FGF21 induced a white to brown conversion in the SWAT, in-
cluding an overproduction of UCP1 as a key endpoint. UCP1
levels were restored to normal in L-G6pc−/−.Fgf21−/− double
knockout mice, which firmly indicates a causal role for FGF21
in the browning of SWAT in the L-G6pc−/−mice. Until recently,
it was difficult to prove a role for beige adipocytes in controlling
energy expenditure because of the supposedly dominant role
played by BAT. However, recent studies highlight the potential
importance of beige adipocytes in energy balance [35, 36]. The
decrease in HGP induced by the deletion of Pepck (also known
as Pck1) specifically in the liver is also associated with hepatic
steatosis and a compensatory increase in extrahepatic gluconeo-
genesis [37]. However, unlike in L-G6pc−/−mice, the decrease in
HGP in L-Pck1−/− mice is associated with a parallel decrease in
glucose utilisation in the peripheral tissues [37]. In L-Pck1−/−
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mice, the decrease in HGP does not induce an increase in
either hepatic levels of glucose 6-phosphate or of its tran-
scriptional target ChREBP or Fgf21 expression [37]. This
absence of increased plasma FGF21 levels may explain the
opposite effects on peripheral tissue metabolism seen in the
two models.

The main finding of this study is the demonstration that
HGP controls insulin signalling in the SWAT. The induction
of insulin signalling in the adipose tissue may play a quanti-
tative role in the improvement of whole-body insulin sensitiv-
ity. Indeed, the specific deletion of PTEN in the adipose tissue
induces Akt phosphorylation, leading to improved glucose
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blots are shown on the top. White
bars, WT mice; black bars,
L-G6pc−/− mice; dark grey bars,
L-G6pc−/− mice stimulated with
insulin; light grey bars,
L-G6pc−/−.Fgf21−/− mice; striped
bars, L-G6pc−/−.Fgf21−/− mice
stimulated with insulin. Data are
mean ± SEM of five mice per
group. **p< 0.01 vs WT mice,
‡‡p< 0.01 vs L-G6pc−/− mice,
††p< 0.01 vs non-insulin-injected
mice
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Fig. 3 Browning in the L-G6pc−/−

subcutaneous adipose tissue.
Histological section of SWAT from
WT (a, d) and L-G6pc−/− (b, e)
mice after HPS (haematoxylin
phloxine saffron) staining (a, b) or
UCP1 staining (d, e). Scale bars,
50 μm. (c) Representative western
blots showing the content of UCP1
in the SWAT. (f) Relative mRNA
expression of brown adipocyte
markers in the SWAT;Pgc1a is also
known as Ppargc1a. White bars,
WT mice; black bars, L-G6pc−/−

mice. Data are mean±SEM of six
mice per group. **p<0.01 vs WT
values
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tolerance and insulin sensitivity [38]. Conversely, decreased
Ser473 Akt phosphorylation specifically in the adipose tissue
decreases GLUT4 export, disrupts glucose uptake in the adi-
pose tissue and induces whole-body glucose intolerance [39].
GLUT4 is the major insulin-regulated glucose transporter and
one of the main components of the insulin-signalling pathway
[40]. In addition to its role in the regulation of glucose han-
dling, GLUT4 expressed in the adipose tissue has recently
been shown to be involved in the regulation of whole-body
metabolism. The adipose tissue of mice overexpressing Glut4
produces a high level of fatty acyl hydroxy fatty acids, which
are a novel class of endogenous lipids with anti-diabetic ef-
fects [41]. Thus, the increase in Glut4 expression and Akt
phosphorylation in the L-G6pc−/− SWAT might favour fatty

acyl hydroxy fatty acid production. The increase in insulin
signalling in the SWAT of L-G6pc−/− mice thus potentially
goes beyond a better glucose uptake by the SWAT to induce
the production of beneficial lipid species.

Several candidate factors may link the absence of HGP to
insulin signalling in the SWAT. FGF21, secreted by liver, has
been proposed as a regulator of insulin signalling in adipose
tissue by acting in synergy with insulin on Akt phosphoryla-
tion [42]. However, the suppression of Fgf21 in L-G6pc−/−

mice had no effect on insulin signalling in the SWAT, demon-
strating that the metabolic changes induced by FGF21 do not
control the insulin-signalling pathway. Intestinal gluconeo-
genesis improves whole-body insulin sensitivity and is in-
duced in L-G6pc−/− mice [14, 21]. However, the additional
suppression of gluconeogenesis in the latter had no effect on
insulin signalling in the SWAT. An increased proportion of
MUFAs in triacylglycerol is associated with a reduced risk
of type 2 diabetes [43, 44]. Similarly, an increased ratio of
MUFA to SFA in the liver is reflected in the plasma and is
associated with insulin sensitivity even under conditions of
extensive hepatic steatosis [3, 45, 46]. While the SFA palmi-
tate alters the insulin signalling in the heart, adipose tissue and
muscle (for a review, see [47]), the MUFA oleate exhibit pro-
tective effects against palmitate toxicity including an increase
in insulin-induced Akt phosphorylation [48]. The beneficial
effects of oleate have always been demonstrated in the context
of specific diets. However, our study suggests that changes in
liver metabolism might promote the same beneficial effects.
Indeed, the suppression of HGP oriented the metabolic flux of
glucose 6-phosphate toward the glycogenic and lipogenic
pathways, which led to an increased MUFA/SFA ratio. In
addition to the production of beneficial hepatokines, HGP
suppression alters fatty acid metabolism in the liver, which
could be responsible for the enhanced insulin-signalling path-
way in the peripheral tissues. Interestingly, the control of
white adipose tissue metabolism, particularly lipolysis, is also
a key regulator of insulin sensitivity in the liver. Indeed, WAT-
induced lipolysis controls the suppression of HGP by insulin
through the regulation of hepatic acetyl-CoA levels [49]. The
bidirectional dialogue between the liver andWATmetabolism
could thus be a key element in the regulation of whole-body
insulin sensitivity.

In conclusion, our results suggest that the reorientation of
glucose 6-phosphate flux toward the glycolytic/lipogenic
pathway may have beneficial effects on peripheral tissues
through two distinct mechanisms regulating energy expendi-
ture via FGF21 and insulin signalling via the MUFA/SFA
ratio. It is of note that all mouse models exhibiting a dissoci-
ation between hepatic steatosis and insulin resistance are
characterised by an increase in hepatic FGF21 levels and
MUFA/SFA ratio, and are never associated with an increase
in HGP [2, 3, 6]. The latter observation reinforces the key role
of increased HGP in the appearance of fasting hyperglycaemia
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Fig. 5 Liver lipogenesis and fatty acids profile in L-G6pc−/− mice. (a)
Hepatic glucose 6-phosphate (G6P) levels. (b) Relative Chrebp mRNA
levels in the liver. (c) Relative mRNA levels of the genes of the glycolyt-
ic/lipogenic pathways in the liver. (d) SFA and MUFA levels in the liver,
expressed as a percentage of the total liver fatty acids. (e) Hepatic C18:1/
C16:0 ratio in WT, L-G6pc−/− and L-G6pc−/−.Fgf21−/− mice. (f) Relative
mRNA levels of Scd1 in the liver. C18:1/C16:0 ratio in the plasma (g),
EpiWAT (h) and SWAT (i) of WT, L-G6pc−/− and L-G6pc−/−.Fgf21−/−

mice. White bars, WT mice; black bars, L-G6pc−/− mice; grey bars,
L-G6pc−/−.Fgf21−/− mice. Data are mean± SEM of five mice per group.
**p< 0.01 vs WT
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associated with type 2 diabetes [7, 50]. Our data thus highlight
that the control of HGP, beyond hyperglycaemia, could be
crucial in the management of the metabolic syndrome by the
induction of energy expenditure and insulin signalling in the
periphery.
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