1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Hepatol. Author manuscript; available in PMC 2016 July 11.

-, HHS Public Access
«

Published in final edited form as:
J Hepatol. 2016 July ; 65(1): 103-112. doi:10.1016/j.jhep.2016.03.001.

Hepatic oleate regulates liver stress response partially through
PGC-1a during high-carbohydrate feeding

Xueging LiulT, Maggie S. Burhans?T, Matthew T. Flowers?, and James M. Ntambil.2"
1Department of Biochemistry, University of Wisconsin-Madison, 433 Babcock Drive, Madison, WI
53706, USA

2Department of Nutritional Sciences, University of Wisconsin-Madison, 433 Babcock Drive,
Madison, WI 53706, USA

Abstract

Background & Aims—High-carbohydrate diets contribute to the development of liver stress
and fatty liver disease. While saturated fatty acids are known to induce liver stress, the role of
monounsaturated fatty acids (MUFA), synthesized by the stearoyl-CoA desaturase (SCD) family
of enzymes, in regulation of liver function during lipogenic dietary conditions remains largely
unknown. The major products of SCD-catalyzed reactions are oleate (18:1n-9) and palmitoleate
(16:1n-7).

Methods—We generated mouse models with restricted exogenous MUFA supply and reduced
endogenous MUFA synthesis, in which SCD1 global knockout (GKO) or liver-specific knockout
(LKO) mice were fed a lipogenic high-sucrose very low-fat (HSVLF) or high-carbohydrate (HC)
diet. In a gain-of-function context, we introduced liver-specific expression of either human SCD5,
which synthesizes 18:1n-9, or mouse Scd3, which synthesizes 16:1n-7, into SCD1 GKO mice and
fed the HSVLF diet.

Results—Lipogenic high-carbohydrate diets induced hepatic endoplasmic reticulum (ER)
stress and inflammation in SCD1 GKO and LKO mice. Dietary supplementation with 18:1n-9, but
not 18:0, prevented the HSVLF diet-induced hepatic ER stress and inflammation in SCD1 LKO
mice, while hepatic SCD5, but not Scd3, expression reduced the ER stress and inflammation in
GKO mice. Additional experiments revealed liver-specific deletion of the transcriptional
coactivator PGC-1a reduced hepatic inflammatory and ER stress response gene expression in
SCD1 LKO mice.

“Corresponding author. Address: Department of Biochemistry, University of Wisconsin-Madison, 433 Babcock Drive, Madison, WI
3706, USA. Tel.: +1 6082399074. ntambi@biochem.wisc.edu (J.M. Ntambi).
These authors contributed equally as joint first authors.

Conflict of interest
The authors of this study declare that they do not have any financial disclosures or conflicts of interest with respect to this manuscript.

Authors’ contributions
X.L., M.S.B., M.T.F. and J.M.N. were involved in study design and data interpretation. X.L., M.S.B., and M.T.F. conducted
experiments and data analysis. X.L., M.S.B. and J.M.N. wrote the manuscript.

Supplementary data
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.jhep.2016.03.001.


http://dx.doi.org/10.1016/j.jhep.2016.03.001

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal. Page 2

Conclusions—Our results demonstrate an indispensable role of hepatic oleate in protection
against lipogenic diet-induced hepatic injury, and PGC-1a potentiates the ER stress response
under conditions of restricted dietary oleate coupled to reduced capacity of endogenous hepatic
oleate synthesis.

Lay summary
Susceptibility to metabolic dysfunction is influenced by genetic and environmental factors. In this
study we show that modulation of two genes regulates the liver response, including ER stress and
inflammation, to a high-carbohydrate low-fat diet. We reveal that hepatic availability of oleate, a
monounsaturated fatty acid, is important for maintenance of liver health.

Keywords
ER stress; Inflammation; Oleate; PGC-1a; Stearoyl-CoA desaturase

Introduction

The prevalence of obesity and associated metabolic diseases is a global epidemic. The
etiology of these disorders is multifactorial and the nutritional environment is one such
contributing factor [1]. High-carbohydrate diets, especially those rich in sugars, promote
lipid synthesis through induction of the de novo lipogenesis program, which is associated
with unfavorable metabolic conditions such as hyperlipidemia and nonalcoholic fatty liver
disease [2]. Fatty acids and lipids are commonly implicated in mediating inflammation and
endoplasmic reticulum (ER) stress [3-6] resulting in metabolic disturbances such as insulin
resistance (IR) and nonalcoholic fatty liver disease (NAFLD) [7], and genetic and high-fat
diet fed mouse models of obesity have been shown to develop ER stress [8]. Additionally,
the transcriptional coactivator peroxisome proliferator-activated receptor gamma, coactivator
1 alpha (Ppagrela, PGC-1a), which is a master regulator of mitochondrial biogenesis and
lipid metabolism, has been linked to mediating ER stress in skeletal muscle in response to
exercise [9]. However, its interplay with various fatty acid species in regulation of ER stress
in response to other stimuli has not been reported.

Major tissue lipids such as triglycerides (TG), cholesterol esters (CE), phospholipids (PL),
wax esters and nonesterified free fatty acids (FFA) possess essential biological functions
including maintenance of membrane integrity, cellular signaling regulation, and energy
storage, among others. Synthesis of these lipids requires saturated fatty acids (SFA) and
unsaturated fatty acids, with monounsaturated fatty acids (MUFA) being particularly
essential [10,11]. MUFA are synthesized endogenously from SFA by the stearoyl-CoA
desaturase (SCD) family of enzymes, and the major products of SCD-catalyzed reactions are
oleate (18:1n-9) and palmitoleate (16:1n-7). There are four known isoforms of SCD in mice
(SCD1-4) and two known isoforms in humans (SCD1 and 5). Despite high dietary
abundance of 18:1n-9, the expression of the ubiquitously expressed isoform SCD1 is highly
regulated by developmental, dietary, hormonal, and environmental factors. Because of the
involvement of MUFA in the regulation of diverse processes including signal transduction,
cell differentiation and neuronal development, SCD1 is regarded as an important enzyme in
the regulation of normal and patho-physiological processes [12-14].
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While SFA are known to induce lipotoxicity, insulin resistance, liver stress and inflammation
[15,16], the specific role of hepatic MUFA in regulation of liver function has not been
thoroughly studied. We previously demonstrated that hepatic stress and inflammation are
highly induced in SCD1 global knockout mice (GKO) fed a lipogenic high-sucrose very
low-fat (HSVLF) diet despite dramatic protection against hepatic steatosis and adiposity
induced by this high-carbohydrate diet [17]. To investigate the role specifically of hepatic
MUFA in protection against high-carbohydrate diet-induced liver stress and inflammation,
we utilized a model in which SCD1 liver knockout mice (LKO) were fed the HSVLF diet
such that the exogenous MUFA supply and the endogenous capacity to induce MUFA
synthesis were restricted. We demonstrate that liver-specific SCD1 deficiency is sufficient to
induce hepatic ER stress and inflammation despite protection against diet-induced hepatic
steatosis [18]. Mechanistically, using liver-specific transgenic desaturase mice in the SCD1
GKO background we demonstrate differential effects of endogenously synthesized hepatic
oleate and palmitoleate, two MUFA species, in regulation of lipogenic diet-induced stress
and inflammation. We also reveal a role for PGC-1a in mediating hepatic ER stress under
high-carbohydrate feeding. Taken together, these results reveal that hepatic oleate, either
through exogenous dietary supply or endogenous de novo synthesis, is essential in the
prevention or resolution of hepatic stress and inflammation induced by a lipogenic diet.

Materials and methods

Animals and diets

All mice were of the C57BL/6 background. ScadZ'°¥19% (Lox) mice and Sca7io¥/1ox; Albumin
Cre/+ (SCD1 LKO) mice were generated previously [18]. For studies on the de novo
synthesis of oleate and palmitoleate, two liver-specific transgenic lines were generated by
cloning either the human SCD5 or mouse Scd3 cDNA sequence into the pLiv.LE6 vector
construct (a gift from John Taylor, Gladstone Institute). The SCD5and Scd3transgenes
were crossed into the SCD1 GKO (Scd1™/~) background to produce GKO liver-specific
SCD5 (GLS5) and Scd3 (GLS3) transgenic mice, as previously described [19]. To study the
role of PGC-1a in SCD1 LKO mice, we crossed Ppargcld®/1o% mice (a gift from Dr. Bruce
Spiegelman) with Sca71%/19X mice to generate Ppargc1d®*/*; Scd1'*¥/* mice, which were
then bred to generate Ppargc1d®¥/1X; Scgi11oX/10% mice. We then bred in the Cre recombinase
allele, driven by the albumin promoter, to generate Ppargclad®/1o%: Sca71ox/10x: Albumin
Cre/+ mice, in which both PGC-1a and SCD1 are deleted only from the liver (double liver
knockout mice, DLKO).

Statistical analysis

Data are expressed as mean + SEM. Statistical analysis with three or more groups was done
using one-way ANOVA with Tukey’s post hoc test, and the difference between two groups
was tested by two-tailed, unpaired Student’s #test. Significance was considered when p
<0.05.

For detailed experimental methods, please see the supplementary material.

J Hepatol. Author manuscript; available in PMC 2016 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal. Page 4

Results

Hepatic MUFA levels are reduced in SCD1 LKO mice fed a high-sucrose very low-fat diet

Lox and SCD1 LKO mice were fed a standard chow diet or a lipogenic, HSVLF diet for 10
days to study the role of hepatic MUFA on liver function, including stress and inflammation
in the context of a highly lipogenic dietary regimen. Among chow-fed Lox and SCD1 LKO
mice there were no differences in the fatty acid composition of liver or plasma fatty acids
(Fig. 1A-D). In HSVLF-fed mice however, the levels of oleate and palmitoleate, the major
products of the SCD1 reaction, were lower in hepatic TG, FFA and CE fractions in SCD1
LKO as compared to Lox mice (Fig. LA-C). Palmitate and stearate levels were not different
in TG and FFA (Fig. 1A, B) but were significantly higher in the CE fraction in SCD1 LKO
mice (Fig. 1C), likely due to a switch to SFA as substrates for cholesterol esterification to
reduce the accumulation of free cholesterol. In plasma FFA, nonesterified oleate was
significantly reduced in SCD1 LKO mice but there were no differences in SFA (Fig. 1D).
Plasma albumin levels exhibited no genotypic difference (Supplementary Fig. 1), suggesting
that any reductions in plasma fatty acids were not due to differences in fatty acid transport
capacity. Overall, these data confirm that HSVLF-fed SCD1 LKO mice provide a model in
which to study restricted hepatic MUFA availability, with dietary and endogenous supplies
of MUFA to the liver significantly reduced in the absence of changes in SFA levels.

HSVLF-fed SCD1 LKO mice maintain normal MUFA levels in adipose tissue

We next analyzed epididymal white adipose tissue TG fatty acids. There were no significant
genotypic differences in either MUFA or SFA under chow or HSVLF dietary conditions
(Fig. 2A). Additionally, hepatic SCD1 deficiency did not alter ScaZ mRNA or SCD1 protein
levels in this tissue during HSVLF dietary feeding (Fig. 2B, C). The relative mRNA levels of
other lipogenic genes such as Srebfl, Acacaand Fasnwere also unchanged (Fig. 2B),
suggesting that de novo fatty acid synthesis in adipose tissue of SCD1 LKO mice was not
altered. Chow-fed Lox and SCD1 LKO mice also did not show differences in white adipose
tissue lipogenic gene expression (data not shown). Thus, alterations in tissue fatty acid levels
due to liver-specific SCD1 deficiency during a lipogenic diet are not extended to white
adipose, and despite intact SCD1 expression in extrahepatic tissues, liver MUFA
composition was not normalized.

SCD1 LKO mice fed HSVLF exhibit liver injury and inflammation

We previously reported that SCD1 GKO mice develop liver dysfunction with stress and
inflammation when fed the lipogenic HSVLF diet for 10 days [17]. However, whether these
phenotypes are specifically due to impaired hepatic MUFA synthesis is unknown. To address
this issue, we assessed markers of stress and inflammation in HSVLF-fed SCD1 LKO mice.
Plasma alanine aminotransferase (ALT) activity, a marker for liver damage, was increased
nearly 20-fold in SCD1 LKO mice relative to Lox but was not altered in chow-fed SCD1
LKO mice (Fig. 3A). Necrotic foci were also evident in liver sections of SCD1 LKO mice
but not in Lox or chow-fed SCD1 LKO mice (Fig. 3B). In parallel with liver damage,
HSVLF-fed SCD1 LKO mice had significantly higher expression levels of proinflammatory
genes including 7nfa, Icam1and Ccl2 (Mcpl) as compared to Lox mice (Fig. 3C).
Additionally, hepatic expression of the macrophage markers £mr1 and Cad68 were
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approximately ~3 and ~12 fold higher, respectively, in SCD1 LKO mice (Fig. 3D). Liver
inflammation in SCD1 LKO mice was consistent with a higher ratio of wet to dry liver
weight, indicative of hepatic edema and liver inflammation (Fig. 3E). In a separate group of
male mice we fed a high-sucrose high-carbohydrate (HC) diet (12% fat), more typical of
diets consumed by humans, for 10 days and assessed the impact on gene expression markers
of liver inflammation (Fig. 3F). Hepatic expression of Cc/2, lcam1and Cd68 were
significantly higher in LKO mice compared to Lox and a trend towards upregulated
expression of 7nfa (p<0.1) was detected.

Despite the presence of hepatic inflammation, systemic insulin sensitivity was not impaired
but rather enhanced in HSVLF-fed SCD1 LKO mice (Supplementary Fig. 2) based on an
insulin tolerance test. Also, 10 day HSVLF feeding did not induce inflammation in
epididymal white adipose tissue, as Cc/2 expression and adipose tissue histology revealed no
signs of inflammation in SCD1 LKO compared to Lox mice (Supplementary Fig. 3).

We also questioned whether the dramatic induction of the diet-induced liver inflammation in
10 day HSVLF-fed SCD1 LKO mice would be blunted upon longer-term feeding, during
which feedback and compensatory response could readily occur. After 10 weeks of HSVLF
feeding, plasma ALT activity remained significantly increased (Fig. 3G) and hepatic necrotic
foci were evident (Fig. 3H) in SCD1 LKO but not Lox mice. However, the ALT activity in
SCD1 LKO was approximately 50% of that in the short-term HSVLF-fed mice, suggesting
that peripheral supply of fatty acids to the liver or resolution of the stress and inflammation
through adaptation under the context of long-term feeding partially blunted the hepatic stress
response. Taken together, these studies indicate that hepatic SCD1 is required for the
maintenance of normal liver function under high-carbohydrate feeding when exogenous
MUFA are restricted.

Dietary oleate supplementation rescues liver injury and inflammation in SCD1 LKO mice

We then fed Lox and SCD1 LKO mice the HSVLF diet supplemented with either oleate or
stearate, at a level we have previously shown to be absorbed [20], for 10 days to determine
specifically whether decreased hepatic oleate was responsible for the HSVLF-induced liver
injury. Oleate supplementation significantly increased hepatic TG and FFA oleate levels in
SCD1 LKO mice (Supplementary Fig. 4). Dietary supplementation with oleate prevented the
onset of HSVLF-induced liver inflammation, elevated plasma ALT activity, and
development of liver necrotic foci in SCD1 LKO mice (Fig. 3A-D). In contrast, dietary
supplementation of stearate did not prevent HSVVLF-induced liver dysfunction and
inflammation (Fig. 3). These results indicate that under lipogenic dietary conditions it is
decreased hepatic MUFA, and not general hepatic fatty acid limitation, that leads to liver
injury and inflammation.

Hepatic ER stress, but not mitochondrial stress, is induced in SCD1 LKO mice fed a
lipogenic high-carbohydrate diet

ER and mitochondria are regarded as major cellular stress response mediators [21-23]. We
questioned whether these organelles exhibited stress coincident with the HSVLF diet-
induced hepatic inflammation. We assessed markers of the unfolded protein response (UPR),
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which is induced when ER proteins do not properly fold and initiates specific signaling
cascades that ultimately lead to a reduction in the level of misfolded proteins [4]. Upon
activation of the UPR, protein kinase RNA-like ER kinase (PERK) phosphorylates
eukaryotic translation-initiation factor a (elF2a), which results in reduced general protein
synthesis. Immunoblot analysis revealed that hepatic P-elF2a was increased in HSVLF-fed
SCD1 LKO mice (Fig. 4A). An increased level of spliced X-box binding protein-1 (X6pI)
MRNA, which encodes for an active and potent transcription factor that cooperates with
activating transcription factor 6 o (ATF6a) to increase expression of stress-responsive genes,
indicates activation of the IRE1a pathway [4]. The relative mRNA level of spliced XbpZ, but
not total, was significantly elevated by HSVLF feeding in SCD1 LKO mice (Fig. 4B).
Transcriptional regulation of C/EBP homologous protein (Ddit3, also known as Chop)
occurs by these transcription factors and was increased nearly 5-fold in HSVLF-fed SCD1
LKO mice relative to Lox (Fig. 4C). Other genes indicative of ER stress and UPR including
Hspa5 (Grp78), Asns, Atf3, PP1r15a (Gadd34), and Hsp90b1 (Grp94) were also induced in
SCD1 LKO mice (Fig. 4C, D). Despite the substantial ER stress induced by HSVLF in
SCD1 LKO mice, dietary oleate supplementation completely normalized several key ER
stress markers in SCD1 LKO mice (Fig. 4A, C), whereas stearate supplementation did not
rescue ER stress genes (Fig. 4C). We also assessed hepatic expression of several ER stress
genes after feeding Lox and LKO mice the lipogenic high-sucrose HC diet for 10 days.
Expression of Atf3, Asnsand Ddit3were all significantly upregulated in LKO mice while
expression of other ER stress genes, including PpIri5aand spliced Xbp-1, were increased
but the effect was attenuated and did not reach significance (Fig. 4E). These data suggest
that the reduced capacity to specifically increase hepatic MUFA synthesis during lipogenic,
dietary conditions leads to the development of hepatic ER stress in SCD1 LKO mice.

We also examined the integrity and function of hepatic mitochondria of HSVLF-fed SCD1
LKO mice. There were no differences in mitochondrial membrane potential, membrane
fluidity or dehydrogenase activity in SCD1 LKO mice compared to Lox (Fig. 4F).
Furthermore, mitochondrial ultrastructure showed comparable morphology between SCD1
LKO and Lox mice (Fig. 4G). To determine if altered composition of membrane
phospholipids may explain the stress phenotype, we measured total phosphatidylcholine
(PC) and total phosphatidylethanolamine (PE), two major membrane phospholipids in
hepatic microsomes and mitochondria. There were no differences between LKO and Lox
HSVLF-fed mice in either phospholipid or in the PC/PE ratio in microsomes and
mitochondria (Supplementary Fig. 5). Mitochondrial reactive oxygen species (ROS) were
measured to determine if they contributed to the development of liver ER stress and
inflammation in LKO mice. The production of ROS in liver mitochondria were significantly
reduced in HSVLF-fed LKO mice compared to Lox counterparts (Supplementary Fig. 6).
Collectively, these data indicate that limited hepatic MUFA is associated with disruption of
ER function without damage to mitochondria.

HSVLF-induced liver stress and inflammation is reduced by de novo hepatic oleate, but
not palmitoleate, synthesis in SCD1 GKO mice

Next, we questioned whether increased local hepatic de novo oleate or palmitoleate
synthesis, the major products of the SCD1-catalyzed reaction, in GKO mice would prevent
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HSVLF-induced liver stress and inflammation. We generated two liver-specific transgenic
mouse models: one expressing human SCD5 (synthesizes oleate) and one expressing mouse
Scd3 (synthesizes palmitoleate) and crossed these transgenes into the SCD1 GKO
background to generate ScaZ™~; SCD5transgenic (Tg) mice (GLS5) and Scal™~; Scd3Tg
mice (GLS3) [19]. In mice, under lipogenic dietary conditions Scd is the predominant
isoform expressed in liver; Scd3expression is largely limited to skin and the Harderian and
preputial glands [24-26].

The use of liver-specific transgenic desaturase mouse models fed the HSVLF diet allowed us
to assess the effects specifically of local, liver-derived MUFA on hepatic function. We
measured oleate and palmitoleate levels in the major hepatic lipid classes, including TG, CE,
and PL (Fig. 5A-C). Although MUFA were not restored to WT levels, 18:1n-9 and 16:1n-7
were increased significantly in GLS5 and GLS3, respectively, relative to GKO mice in TG
and PL fractions. In the CE class 18:1n-9 was elevated in GLS5 mice, but 16:1n-7 was not
significantly increased in GLS3 compared to GKO mice. The low body weight and adiposity
phenotypes of HSVLF-fed GKO mice were completely restored to WT levels in GLS5 mice
but not GLS3 mice (Supplementary Table 1). Total liver weight was significantly greater in
GKO, GLS5 and GLS3 mice compared to WT (Fig. 5D) but liver TG analysis indicated that
the increased weight was not explained by lipid accumulation (Supplementary Table 1). As
previously reported, GKO mice are protected from high-fat and high-carbohydrate diet-
induced hepatic lipid accumulation and did not accumulate liver TG in the current study.
Liver TG were modestly increased in GLS5 mice relative to GKO but not changed in GLS3
mice (Supplementary Table 1).

Consistent with HSVLF-fed SCD1 LKO mice, plasma ALT activity was significantly
elevated in GKO mice relative to WT but significantly reduced in GLS5 mice (Fig. 5E). ALT
activity was also reduced in GLS3 mice but the reduction was not significantly different
from the GKO group and remained significantly higher than WT (Fig. 5E). We then assessed
expression of hepatic inflammation genes. 7nfa, Emri, Icam1 and Cd68 were generally
upregulated in GKO and GLS3 mice (Fig. 5F, H) but normalized to WT levels in GLS5 mice
(Fig. 5F). Expression of ER stress genes showed a similar pattern with At£3, Asns, Hspa,
and Ddijt3significantly increased in GKO and GLS3 mice but normalized in GLS5 mice to
WT levels (Fig. 5G, I). These results suggest that de novo synthesized oleate can resolve
hepatic ER stress and inflammatory pathways when exogenous dietary MUFA are limiting
but palmitoleate has little effect. The GLS5 transgenic model further confirms the stearate-
and oleate supplementation feeding study results (Figs. 3 and 4) in the SCD1 LKO model
and clearly demonstrates a role for hepatic oleate availability in preventing the development
of lipogenic diet-induced liver inflammation and ER stress.

Liver-specific deletion of PGC-1a reduces expression of inflammation and ER stress
response genes in SCD1 LKO mice

Our past work revealed that both liver-specific and global SCD1 deficiency induces
upregulation of hepatic Ppargcla (PGC-1a) expression under HSVLF dietary conditions
[17,18]. In HSVLF-fed male mice, hepatic Ppargclaexpression is reduced in GLS5 mice
but not significantly lowered in GLS3 mice (Fig. 6A). This suggests that oleate negatively
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influences PGC-1a expression but palmitoleate has less of an effect. To determine if
PGC-1a mediates the liver ER stress response in SCD1 LKO mice, we generated double
liver knockout mice deficient in both ScdZ and Ppargcla expression in liver (DLKO) (Fig.
6B, C). We then fed Lox, PGC-1a LKO, SCD1 LKO and DLKO mice the HSVLF diet for a
period of 14 days and measured markers of ER stress and inflammation. Plasma ALT was
elevated in DLKO mice to the same level as SCD1 LKO mice and was significantly higher
in both compared to Lox (Fig. 6D). The effect of hepatic PGC-1a deletion in SCD1 LKO
mice on expression of inflammation genes in the liver was generally modest. The expression
of 7Tnfa, Emrland /cam1 were partially restored in DLKO mice, to a level not significantly
different from Lox (Fig. 6E). The expression of Cad68remained elevated in DLKO compared
to Lox (Fig. 6E).

The deletion of PGC-1a in SCD1 LKO mice had a dramatic impact on the expression of
hepatic ER stress response genes, where the increased expression observed in SCD1 LKO
was broadly blunted in DLKO mice. Specifically, the spliced isoform of Xbp1, Ddit3,
Hspab, Atf3, Asns, Hsp90b1, and Ppplrisaexpression were significantly reduced in DLKO
mice compared to SCD1 LKO mice and not significantly different from Lox (Fig. 6F, G).
Although ER stress was alleviated in DLKO mice, the decreased body weight elicited by
HSVLF feeding in male and female LKO mice was not affected by deletion of PGC-1a in
DLKO mice (Supplementary Tables 2, 3). These data suggest that the increase in PGC-1a
expression during SCD1 deficiency may at least partially mediate the HSVLF-induced
hepatic ER stress and inflammation but not the decreased body weight, thus decoupling the
ER stress from metabolic phenotypes of SCD1 LKO mice.

Discussion

Consumption of high-carbohydrate diets, especially those high in sugar, contributes to the
development of hepatic steatosis in part through stimulation of hepatic de novo lipogenesis.
The major products of de novo lipogenesis include SFA and MUFA, which serve as
substrates for the synthesis of cellular lipids critical for liver homeostasis. We utilized
several mouse models to manipulate hepatic MUFA content, including SCD1 LKO mice fed
HSVLF and HC diets and liver transgenic human SCD5 or mouse Scd3 mice, which allowed
us to restrict and restore MUFA supply and de novo synthesis selectively in liver. We reveal
that oleate, the major MUFA species, is both necessary and sufficient to prevent hepatic
dysfunction, ER stress and inflammation during high-carbohydrate feeding. We further
identified PGC-1a as a potential mediator of the liver ER stress response in SCD1-deficient
mice.

SCD1 LKO mice exhibit a high level of hepatic stress and inflammation. Liver injury is
likely initiated from hepatocytes as the reduction in SCD1 expression in LKO mice were
generated by use of the albumin promoter. However, damaged hepatocytes provoke the stress
response in proinflammatory cells, which results in hepatic inflammatory infiltration. Thus,
liver injury in LKO mice is likely derived from both parenchymal and non-parenchymal
cells. The causal relationship between reduced hepatic MUFA and liver stress during
lipogenic dietary conditions was demonstrated through fatty acid supplementation to the
HSVLF diet in which the addition of oleate completely reversed the liver stress and
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inflammation in SCD1 LKO mice, while supplementation of stearate did not have an effect.
Indeed, SFA are generally considered to exert lipotoxic effects that stimulate inflammatory
and ER stress responses [4-7]. In this study, dietary stearate supplementation did not
exacerbate the hepatic stress in LKO mice, which may be explained by the already
heightened level of stress induced by the high-carbohydrate diet in SCD1 LKO mice.

The indispensable role of hepatic MUFA in maintaining liver homeostasis was further
demonstrated in the SCD1 LKO model, as other major extrahepatic SCD1-expressing
tissues, such as adipose, did not rescue liver dysfunction even with intact SCD1 expression.
Our data show that white adipose tissue TG oleate concentrations were not altered in
HSVLF-fed LKO mice, suggesting that adipose tissue was not able to compensate the
limited MUFA availability in liver. As adipose tissue is a major tissue contributing to the
circulating FFA pool, its inability to rescue hepatic MUFA restriction was further revealed
by the finding that nonesterified oleate in circulating FFA fraction was significantly reduced
in LKO mice. Together these data indicate that during high-carbohydrate feeding, sufficient
hepatic MUFA availability, either through exogenous dietary supply or through local
endogenous synthesis, is required for normal hepatic function, and the reduction of MUFA
in this tissue is not compensated by SCD1 activity in extrahepatic tissues.

To confirm the role and specificity of hepatic MUFA in liver function, we employed a gain-
of-function strategy by generating two transgenic mouse models with liver-specific
transgenic expression of human SCD5and mouse Sca3in global SCD1 deficient mice.
These models exhibit elevated A9-desaturase activity selectively in the liver, and generate
oleate and palmitoleate, respectively [19]. These transgenic models allowed us to
differentiate the liver protective actions of oleate and palmitoleate, the two major products of
SCD-catalyzed reactions. We found that oleate, but not palmitoleate, specifically plays a role
in maintenance of hepatic function, such that hepatic oleate is both necessary and sufficient
to prevent high-carbohydrate-induced liver stress. This is in accordance with a report in
C2C12 myotubes that oleate rescues the detrimental effects of palmitate, which includes
increases in diacylglycerol, activation of the NF-xB pathway and subsequent inflammation
and insulin resistance [27].

PGC-1a is a transcriptional coactivator that exerts regulation over a number of metabolic
pathways in several tissues and is particularly important in mediating the metabolic switch
from the fed to fasted state [28]. PGC-1a has also been shown to be essential for the
adaptive response to exercise in skeletal muscle, where it coactivates ATF6a to induce
upregulation of ER stress genes and the UPR program [9]. Upregulation of hepatic PGC-1a
and ER stress genes is observed in SCD1-deficient mice upon high-carbohydrate feeding,
and we questioned whether PGC-1a mediates the connection between hepatic oleate and
hepatic ER stress. Indeed, as demonstrated in this study, SCD1 LKO mice lacking PGC-1a
exhibit dramatically reduced expression of ER stress related genes. This suggests that
increased levels of hepatic oleate may prevent high-carbohydrate diet-induced ER stress
through downregulation of PGC-1a. Fatty acid mediated regulation of PGC-1a gene
expression was previously demonstrated in which treatment of cultured primary hepatocytes
with individual free fatty acid species revealed a significant upregulation of PGC-1a mRNA
expression upon stearate treatment but no induction with oleate [29]. Other work in primary
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human myocytes demonstrated that oleate, palmitate or TNF-a treatment can all individually
induce hypermethylation of the PGC-1a promoter, suggesting a possible mechanism through
which fatty acids can directly regulate expression of this transcriptional coactivator [30].
However, the mechanism through which oleate represses PGC-1a expression in SCD1-
deficient mice fed a high-carbohydrate diet remains unknown. In contrast to the effect on ER
stress markers, liver-specific deficiency of PGC-1a did not influence plasma ALT activity
and it only modestly influenced the expression of hepatic inflammation genes, thus
implicating other regulators or pathways involved in the HSVLF-induced liver injury and
inflammation phenotypes in SCD1-deficient mice.

Our previous work in both GKO and LKO mice demonstrated that hepatic SCD1 deficiency
attenuates the high-carbohydrate diet-induced adiposity, hepatic steatosis and stimulation of
the de novo lipogenesis program [17,18]. However, our current and previous work indicates
that the protection from high-carbohydrate diet-induced adiposity and liver steatosis co-
exists with liver ER stress and inflammation in these mice. This is surprising because ER
stress and inflammation are associated with and commonly implicated as causative factors in
development of metabolic disorders including increased adiposity and hepatic steatosis.
Thus, hepatic SCD1 might serve as a metabolic link between liver stress response and
hepatic steatosis, and lack of hepatic SCD1 may uncouple liver stress and inflammation
from development of other detrimental metabolic disturbances. Furthermore, despite hepatic
stress and inflammation, blood glucose levels do not become elevated in SCD1 LKO mice
[18]. In the current study, plasma glucose was significantly lower upon insulin injection.
While this may suggest improved peripheral insulin sensitivity, it might alternatively reflect
the block in the hepatic gluconeogenic program previously described in LKO mice [18].

In summary, this study clearly reveals that maintenance of hepatic oleate, either through
dietary sources or de novo synthesis, is indispensable in the maintenance of normal liver
function. The inability of palmitoleate to prevent liver ER stress and inflammation suggests
differential cellular roles for the SCD1 products oleate and palmitoleate in liver homeostasis.
Furthermore, we show that hepatic oleate levels influence PGC-1a expression and that
PGC-1a potentiates the ER stress response in liver. Future work will be needed to uncover
the molecular mechanism of how oleate regulates PGC-1a and the downstream pathways
that lead to ER stress under certain dietary conditions such as high-carbohydrate low-fat
diets.
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Fig. 1. Monounsaturated fatty acids are reduced in hepatic lipids and plasma FFA of LKO mice
Lox and LKO mice were fed a HSVLF diet for 10 days. Fatty acid composition of liver and

plasma lipids was determined by gas liquid chromatography (n = 6/group). (A) TG, (B) FFA
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and (C) CE fractions in liver tissue and (D) FFA in plasma were analyzed. Values are mean
+ SEM, *p <0.05 vs. Lox counterparts by Student’s two-tailed #test.
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Fig. 2. White adipose tissue (WAT) fatty acid composition and lipogenic gene expression is not
altered in LKO mice

Lox and LKO mice were fed HSVLF diet for 10 days. (A) Fatty acid analysis of the TG
fraction in epididymal WAT depot was conducted by gas liquid chromatography (n = 4-6/
group). (B) Deficiency of SCDL1 in liver does not influence relative fatty acid synthesis gene
expression including Srebfl, Acaca, Fasnand Scdl (n = 5-8/group). (C) Immunoblot
analysis of SCD1 protein in whole tissue lysate of the epididymal WAT depot. Values are
mean = SEM.
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Fig. 3. High-sucrose lipogenic diets induces hepatic inflammation in LKO mice
(A-E) Hepatic injury and inflammation were assessed in chow, 10-day HSVLF, 10-day

HSVLF + 18:1n-9 and 10-day HSVLF + 18:0-fed Lox and LKO mice. (A) Plasma ALT
activity (n = 3-6/group) and (B) necrotic foci in liver tissue sections, (C and D) Relative
hepatic expression levels of proinflammatory genes. (E) The ratio of wet to dry liver tissue
weight in HSVLF-fed Lox and LKO mice. (F) Lox and LKO mice were fed a lipogenic
high-carbohydrate (HC, 12% fat) diet for 10 days and relative hepatic expression of
proinflammatory genes was measured (n = 5-6/group). (G and H) Lox and LKO mice were
fed a chow or HSVLF diet for 10 weeks (n = 5-7/group); (G) plasma ALT activity and (H)
necrotic foci in liver tissue were assessed. Values are mean £ SEM, *p <0.05 vs. Lox
counterparts by Student’s two-tailed #test. (This figure appears in colour on the web.)
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Fig. 4. Hepatic ER stress is induced in LKO mice fed HSVLF diet
(A-D) Lox and LKO mice were fed a chow, HSVLF, HSVLF + 18:1n-9, or HSVLF + 18:0

diet for 10 days and ER stress was assessed. (A) Immunoblot analysis was used to determine
phosphorylated elF2a and total elF2a protein in whole liver tissue lysates. (B and C)
Relative mRNA expression levels were determined for ER stress response genes (n = 5-6/
group) including (B) total and spliced Xbp-1, (C) Ddit3, Hspab, Asnsand Atf3, (D)
Ppplribaand Hsp90bl. (E) Lox and LKO mice were fed a lipogenic high-carbohydrate
(HC, 12% fat) diet for 10 days and relative hepatic expression of ER stress genes was
measured (n = 5-6/group). (F) Mitochondria were isolated from fresh liver tissue of Lox and
LKO mice fed the HSVLF diet for 10 days (n = 4-6/group). The inner/outer mitochondria
membrane potential, mitochondrial membrane fluidity and activity of mitochondria
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dehydrogenase were assessed. (G) Electron microscopy of mitochondrial ultra-structure.
Values are mean + SEM, *p <0.05 vs. HSVLF-fed Lox mice by Student’s two-tailed #test.
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Fig. 5. Markers of hepatic stress and inflammation are normalized by hepatic SCD5 expression
WT, GKO, GLS5 and GLS3 female mice were fed HSVLF for 10 days (n = 6-10/group).

(A) Hepatic oleate (18:1n-9) and palmitoleate (16:1n-7) were measured in liver TG by gas
liquid chromatography. (B) Total liver tissue weight. (C) Plasma ALT activity. (D-G)
Relative expression levels of inflammation and ER stress-related genes were measured in
WT, GKO, GLS5 and GLS3. Values are mean £ SEM, *p <0.05 vs. WT, *p<0.05 vs. GKO;
one-way ANOVA analysis.
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Fig. 6. Hepatic PGC-1a deficiency reduces hepatic ER stress gene expression in SCD1 LKO mice
(A) WT, GKO, GLS5 and GLS3 mice were fed a HSVLF diet for 10 days and relative

hepatic expression of PGC-1a was measured (n = 4-6/group). (B and C) Lox, PGC-1a
LKO, SCD1 LKO or DLKO mice were fed a HSVLF diet for 14 days. Mice were 4 h fasted
prior to tissue collection (n = 12-14/group). Relative hepatic gene expression levels of (B)
Scdl and (C) Ppargela. (D) Plasma ALT activity after 14 days of HSVLF diet. (E) Hepatic
expression of inflammatory markers and (F and G) ER stress genes in mice as described in B
and C. Values are mean = SEM, *p <0.05 vs. Lox or vs. WT, #p<0.05 vs. GKO or SCD1
LKO; one-way ANOVA analysis.
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