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Abstract
Nonalcoholic fatty liver disease (NAFLD) is defined by a set of hepatic condi-
tions ranging from steatosis to steatohepatitis (NASH), characterized by in-
flammation and fibrosis, eventually predisposing to hepatocellular carcinoma 
(HCC). Together with fatty acids (FAs) originated from adipose lipolysis and 
hepatic lipogenesis, intestinal- derived FAs are major contributors of steato-
sis. However, the role of mono- unsaturated FAs (MUFAs) in NAFLD devel-
opment is still debated. We previously established the intestinal capacity to 
produce MUFAs, but its consequences in hepatic functions are still unknown. 
Here, we aimed to determine the role of the intestinal MUFA- synthetizing 
enzyme stearoyl- CoA desaturase 1 (SCD1) in NAFLD. We used intestinal- 
specific Scd1- KO (iScd1−/−) mice and studied hepatic dysfunction in differ-
ent models of steatosis, NASH, and HCC. Intestinal- specific Scd1 deletion 
decreased hepatic MUFA proportion. Compared with controls, iScd1−/− mice 
displayed increased hepatic triglyceride accumulation and derangement in 
cholesterol homeostasis when fed a MUFA- deprived diet. Then, on Western 
diet feeding, iScd1−/− mice triggered inflammation and fibrosis compared with 
their wild- type littermates. Finally, intestinal- Scd1 deletion predisposed mice 
to liver cancer. Conclusions: Collectively, these results highlight the major im-
portance of intestinal MUFA metabolism in maintaining hepatic functions and 
show that gut- derived MUFAs are protective from NASH and HCC.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) has reached 
epidemic proportions worldwide.[1] Widely considered 
as the hepatic manifestation of metabolic syndrome,[2] 
NAFLD encompasses several pathologies ranging from 
benign and reversible simple steatosis to more severe 
steatohepatitis (NASH), which can further degenerate 
into cirrhosis and more rarely evolves into hepatocellu-
lar carcinoma (HCC). The classical pattern of NAFLD 
progression is a two- step model: hepatic steatosis is 
the first stage and sensitizes the liver to second signals 
triggering inflammation and hepatic damages import-
ant for steatohepatitis development. However, new in-
sights in the comprehension of these diseases have led 
to a re- assessment of NAFLD progression that gave 
raise to a “multiple parallel hit” model.[3] Because ste-
atosis is a common feature of NAFLD, lipid metabo-
lism has been deeply studied in this pathology, giving 
particular attention to the hepatic de novo lipogenesis 
and the fatty acid (FA) processing pathways, as these 
processes furnish about 25% of the hepatic FAs that 
accumulate in steatotic liver.[4]

Stearoyl- CoA desaturase 1 (SCD1) is a 37- kDa 
protein anchored in the endoplasmic reticulum, which 
catalyzes the introduction of a double bound into satu-
rated FAs to produce monounsaturated FAs (MUFAs). 
More precisely, SCD1 produces oleic and palmitoleic 
acids from stearic and palmitic acids, respectively. 
The biological roles of SCD1 have been deciphered by 
the generation of mice deleted for Scd1.[5] SCD1 is a 
major regulator of energy metabolism: total body Scd1 
knockout mice (SCD1- KO) are lean, hypermetabolic, 
and protected from diet- induced[5] and genetic- driven[6] 
obesity, thus suggesting a deleterious role for SCD1 in 
a context of metabolic diseases. However, SCD1- KO 
mice, despite an anti- atherogenic metabolic profile, dis-
play more atherosclerosis and higher circulating inflam-
matory markers[7] and are more susceptible to triggers 
NASH when fed a methionine/choline- deficient diet,[8] 
emphasizing a potent beneficial role of this enzyme. 
SCD1 also plays an important role in skin, as SCD1- KO 
mice present a defect in skin permeability coupled with 
heat leak.[9] This skin defect explains a large part of 
the phenotype observed in SCD1- KO mice. Indeed, 
hepatic- specific Scd1 deletion does not recapitulate 
the phenotype displayed by the total body deletion, as 
liver KO mice are not protected from steatosis induced 
by a high- fat diet.[10] Thus, we cannot exclude that the 
MUFAs produced from other organs could be important 
in NAFLD, especially because this kind of interorgan 
MUFA communication has been already described in 
liver and adipose tissue.[11]

The intestine is one of the organs most closely 
intertwined with the liver, and it is now clearly es-
tablished that gut defects may lead to NAFLD de-
velopment (extensively reviewed in Marra and 

Svegliati- Baroni[12]). Growing evidence shows that 
dysregulation of sugar metabolism[13,14] and lipid 
synthesis[15] in the gut affects systemic energy ho-
meostasis, including the liver.[13,14] However, to date, 
the role of intestinal MUFA production has not been 
evaluated. We previously generated mice deficient 
for Scd1 specifically in the intestinal epithelium, and 
showed that these mice were more prone to trigger 
inflammation and cancer in the gut,[16] but we had not 
explored the hepatic phenotype.

Here, we aimed to study the hepatic consequences 
of the intestinal Scd1 deletion. We challenged intesti-
nal Scd1- KO (iScd1−/−) mice with different models of 
NAFLD and HCC, and then assessed several markers 
of hepatic dysfunctions and lipid metabolism. Reduction 
in gut- derived MUFAs via intestinal Scd1 deletion de-
regulated hepatic lipid and cholesterol metabolism and 
rendered mice susceptible to develop liver inflamma-
tion, fibrosis, and cancer.

METHODS

Generation of mouse models and 
experimental settings

Scd1fl/fl mice have already been described else-
where,[10] and we previously generated iScd1−/− mice by 
crossing the Scd1fl/fl line with mice expressing the Cre 
recombinase under the promoter of the villin.[16] Mice 
fed control (CTRL) or oleic acid– deficient (OAD) diet 
were sacrificed at 3 months old. OAD feeding ranged 
from 1 month old to the end of the experiment. Mice 
fed the chow or cholesterol (2%) enriched chow diet 
were sacrificed at 3 months old. They were fed the two 
diets 1 week before their sacrifice. Mice fed chow or 
Western diets (WD) were sacrificed at 6 months old. 
WD feeding ranged from 2 months old to the end of the 
experiment. For the HCC model, 2- week- old pups were 
intraperitoneally injected with 25 mg/kg of diethylnitro-
samine (DEN) and were sacrificed after 1 year. All mice 
used in the experiments were males with a C57BL/6 
background. All mice were sacrificed random fed at ZT 
3. Mice were kept in a pathogen- free facility, at 21 ± 2°C 
with a 12- h light/dark cycle and had free access to food 
and water.

Dietary regimens

Chow diet (Global diet 2018) was purchased from 
Teklad. Control diet (CT; D15013003B) and oleic acid 
deficient diet (OAD; D15013004), purchased from 
Research Diet, are isocaloric and contain 5% of fat. 
The percentage of oleic acid is 1% for OAD and 24% for 
CT. The composition and the FA profile of these diets 
are provided in Tables S1 and S2, respectively.
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The WD (D12079B) contains 21% wt of fat and 0.2% 
wt of cholesterol and was from Research Diet. The re-
sults regarding the chow and Western part are sepa-
rated in Figure 4 because the “chow” and “Western” 
parts were conducted separately.

Blood and organ sampling

Blood was collected by cardiac puncture in heparin- 
coated capillaries. Plasma was prepared by centrifu-
gation (1500 g, 10 min) and kept at −80°C until use. 
Following euthanasia, tissues were removed, dissected 
(for small intestine sections, the mucosa was scrapped 
on ice), snap- frozen in liquid nitrogen, and stored at 
−80°C until use. For tumors count experiments, mac-
roscopic analyzes were performed before freezing the 
liver.

Gene- expression studies

Total RNA was extracted with a Qiazol reagent. 
For real- time quantitative polymerase chain reac-
tion (qPCR), total RNA samples (2 μg) were treated 
with DNAse (Thermo Fisher Scientific) and reverse- 
transcribed using a High- Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific). Primers 
for SYBR Green assays are presented in Table S3. 
Amplifications were performed on a QuantStudio5 
System (Thermo Fisher Scientific). The quantitative 
PCR data were normalized (ΔΔCT method) by TATA- 
box binding protein (Tbp) messenger RNA (mRNA) 
levels.

Histology

Tissue samples were fixed in 4% formalin for 24 h, de-
hydrated, and paraffin- embedded. Liver sections were 
stained with hematoxylin and eosin (H&E) following 
standard protocols. Steatosis score was calculated ac-
cording to Kleiner et al.[17] For immunohistochemistry, 
sections were subjected to antigen retrieval by boil-
ing the slides in sodium citrate pH 6 (Sigma Aldrich) 
for 15 min and then permeabilized in phosphate- 
buffered saline (PBS) with 0.25% TritonX- 100 for 5 min. 
Subsequently, after 10- min incubation at room temper-
ature in protein- blocking solution (Dako), sections were 
incubated at 4°C for 24 h with the anti- F4/80 antibody 
(#70076; Cell Signaling Technology). Sections were 
washed in PBS for 15 min and incubated for 25 min 
at room temperature with the Dako real EnVision de-
tection system (Peroxidase/DAB+) according to the 
manufacturer's instructions. For hepatic fibrosis evalu-
ation, 4- μm- thick sections were stained with Direct 
Red 80 and Fast Green FCF (Sigma- Aldrich). Image 

processing was performed using ImageJ (National 
Institutes of Health) software.

Lipidomic analysis

FAs were extracted from frozen tissues using a modi-
fied Bligh and Dyer extraction method. Samples 
were lysed in a water ethylene glycol tetraacetic 
acid (5 mm)/methanol mix (1:2 vol/vol). Methanol 
and dichloromethane were added to reach the fol-
lowing ratios of MeOH/water/CH2Cl2: 2.5/2.0/2.5. 
Glyceryltrinonadecanoate was added as an internal 
standard. The dried lipid extract was transmethyl-
ated with 1 ml of BF3 in methanol (1:20, vol/vol) for 
60 min at 100°C, evaporated to dryness, and the 
fatty acid methyl esters (FAMEs) were extracted with 
hexane/water (3:1). The organic phase was evapo-
rated to dryness and dissolved in 50 μl ethyl acetate. 
One microliter of FAME was analyzed by gas- liquid 
chromatography on a 5890 Hewlett- Packard system 
using a Famewax fused- silica capillary column (30 m, 
0.32 mm i.d., 0.25- mm film thickness; Restek). Oven 
temperature was programmed from 110ºC to 220°C 
at a rate of 2°C/min, and the carrier gas was hydro-
gen (0.5 bar). The injector and the detector were at 
225ºC and 245°C, respectively. Neutral lipids were 
extracted from liver or intestine frozen tissues using 
a Bligh and Dyer extraction method. The dried lipid 
extracts were re- suspended in isopropanol, and tri-
glyceride (TG) and cholesterol were measured with a 
colorimetric kit (Sentinel Diagnostic), according to the 
manufacturer's instructions.

In vitro liver X receptor activity assay

The capacity of the OAD- fed iScd1+/+ and iScd1−/− 
plasma to modulate liver X receptor (LXR) transcrip-
tional activity in vitro using the UAS DBDGAL4- LBDLXRa 
and UAS DBDGAL4- LBDLXRb systems has been adapted 
from Fouache et al.[18] Briefly, HeLa cells were seeded 
on a 96- well plaque at 12,500– 15,000 cells per well in 
Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% fetal calf serum. The day after, cells 
were transfected (JetPrime, Polyplus transfection). All 
plasmids were prepared at a final concentration of 
100 ng/μl: GAL4- responsive MH100(UAS)x4- tk- LUC 
reporter together with DBDGAL4- LBDLXRα or DBDGAL4- 
LBDLXRβ, corresponding to the ligand- binding domain 
(LBD) of human LXRs inserted into pCMX- GAL4 vector. 
On day 3, cells were washed with PBS 1 time. DMEM 
supplemented with 10% of plasma from OAD- fed 
iScd1+/+ or iScd1−/− mice was then added 24 h after in-
duction. Luciferase activity was assayed using a Micro 
LumatPlus LB96V Microplate Luminometer (Berthold 
Technologies) and normalized by protein content.
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Statistical analysis

Data are presented as mean ± SEM. Differential effects 
were analyzed by Student's t tests or by analysis of 
variance followed by Student's t tests in case of more 
than two experimental conditions. A p value < 0.05 was 
considered significant.

RESULTS

Intestinal deletion of Scd1 affects hepatic 
FA metabolism

Given the major importance of the gut in systemic 
energy homeostasis, we wanted to explore whether 
intestinal Scd1 deletion would impact extra- intestinal 
organs. We previously showed that intestinal epithelial 
deletion of Scd1 decreases MUFA content in small in-
testine and colon.[16] As the liver is tightly connected 
to the gut, notably via the portal and lymphatic circula-
tions, we first explored whether modulation of intestinal 
endogenously produced MUFAs would affect hepatic 
FA profile. To do so, we assayed the hepatic FA profile 
in iScd1+/+ and iScd1−/− mice fed a regular diet. Gas 
chromatography of saponified hepatic lipid extracts re-
vealed a decrease of both oleic (C18:1 n- 9) and pal-
mitoleic (C16:1 n- 7) acid proportions in iScd1−/− versus 
iScd1+/+ mice (Figure 1A). We also computed the delta 
9 desaturase activity and observed a decrease of this 
parameter in iScd1−/− mice versus their wild- type litter-
mates (Figure 1B). These modulations occurred in the 
absence of any compensation of hepatic Scd1 expres-
sion, suggesting a direct effect of gut- produced MUFAs 
on hepatic FA profile (Figure 1C). Moreover, we meas-
ured hepatic somatic index, TG, and cholesterol levels 
in the liver and circulating transaminases levels (ala-
nine aminotransferase [ALT] and aspartate aminotrans-
ferase [AST]). Intestinal deletion of Scd1 does not alter 
these variables (Figure 1D– G). Thus, in a basal condi-
tion, intestinal MUFA synthesis modulates hepatic FA 
profile without consequences on other NAFLD- linked 
parameters.

Dietary MUFA deficiency triggers TG and 
cholesterol accumulation in iScd1−/− mice

In our previous study, we showed that oleic acid con-
tained in regular diet could blunt the consequences 
of the intestinal Scd1 deletion.[16] To unveil a potent 
phenotype linked with NAFLD, we fed iScd1−/− mice 
and their wild- type littermates an oleate deficient diet 
(OAD) for 8 weeks. The OAD fat content is almost 
exclusively made of TGs esterified with saturated 
FA, and such a diet has been shown to trigger he-
patic de novo lipogenesis and steatosis.[19] Following 

OAD diet feeding, intestinal Scd1 deletion did not 
affect liver somatic index (Figure 2A) nor triglyc-
eridemia (Figure 2B), but increased cholesterolemia 
(Figure 2B), hepatic TG (Figure 2C), and cholesterol 
(Figure 2C) content. To determine whether hepatic TG 
accumulation would be a consequence of increased 
lipid absorption, we performed an oral gavage with 
TGs and observed a nonsignificant trend toward a 
higher absorption in iScd1−/− versus iScd1+/+ mice 
(Figure 2D). As steatosis can predispose to a more 
severe phenotype, we measured circulating levels of 
transaminases (ALT and AST [Figure 2E]) and the ex-
pression of several genes related with inflammation 
(tumor necrosis factor alpha [Tnfa] and F4/80) and 
fibrosis (alpha smooth muscle actin [Asma] and colla-
gen 1a1 [Col1a1]) (Figure 2F). Here, the more marked 
hepatic TG accumulation in the iScd1−/− mice is not 
associated with increased transaminases nor mark-
ers of inflammation or fibrosis levels.

OAD- induced steatosis in iScd1−/− 
mice is linked with dysregulation of 
cholesterol metabolism

Cholesterol is a master mediator of NAFLD and par-
ticularly the development of NASH.[20] Moreover, total 
body Scd1- KO mice fed a MUFA- deprived diet display 
hypercholesterolemia and high hepatic cholesterol 
levels.[21,22] Saturated FA- rich diets, like the OAD diet, 
have been shown to affect hepatic cholesterogen-
esis.[23] Thus, we next wanted to determine the origins 
of cholesterol metabolism dysregulation in iScd1−/− 
mice fed the OAD diet. First, we wondered whether 
hepatic cholesterol accumulation in iScd1−/− mice 
could result from increased hepatic de novo synthesis 
driven by the sterol regulatory element binding pro-
tein 2 (SREBP2) pathway. Therefore, we assayed the 
expression of Hmgcr (3- hydroxy 3- methylglutaryl- CoA 
reductase), Fdps (farnesyl diphosphate synthase) and 
Mvd (mevalonate diphosphate decarboxylase) genes, 
which are under the control of the SREBP2 transcrip-
tion factor and encode enzymes of the mevalonate 
pathway. Intestinal Scd1 deletion did not raised their 
expression (Figure 3A). Thus, we assumed that he-
patic cholesterol accumulation is not due to an in-
creased de novo synthesis. In our previous report,[16] 
we showed iScd1−/− mice fed the OAD diet display 
higher intestinal proliferation, a process that requires 
cholesterol.[24] To determine whether cholesterol me-
tabolism could be disturbed in the intestine, we meas-
ured ileal mucosa cholesterol content and observed 
an increased cholesterol level in iScd1−/− versus wild- 
type mice (Figure 3B). Such accumulation could result 
from an increased intestinal cholesterol absorption, 
which is driven through NPC1 like intracellular choles-
terol transporter 1 (NPC1L1) and is facilitated by bile 
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acids. We therefore measured the intestinal expres-
sion of Npc1l1 (Figure 3C) as well as farnesoid X re-
ceptor target genes in the intestine (Fgf15 [fibroblast 
growth factor 15]) and in the liver (Shp [small heterodi-
mer partner]) (Figure 3D), which are proxy for entero-
hepatic dysregulation of bile acids metabolism. None 
of these genes displayed an increased expression in 
iScd1−/− mice (Figure 3C,D), suggesting that intestinal 
cholesterol absorption is not elevated in iScd1−/− mice. 
Therefore, we focused on cholesterol excretion. As 
both intestine and liver are involved in this process, 
via trans- intestinal cholesterol efflux[25] and biliary[26] 
pathways, respectively, we measured the expression 
of genes encoding for cholesterol transporters. In 
both ileal mucosa and liver, intestinal Scd1 deletion 
decreases the expression of ATP- binding cassette 
g5 (Abcg5) and Abcg8 (Figure 3E,F). These results 
suggest that cholesterol accumulation in the intestine, 
in the liver, and in the blood are the consequence of 
a defect of cholesterol excretion from the body. The 
major transcriptional player that regulates cholesterol 
efflux via both biliary and intestinal pathways is the 

LXR. The increased systemic cholesterol content as 
well as the reduced expression of Abcg5 and Abcg8 
in both intestine and liver suggest a lower LXR activ-
ity in iScd1−/− mice versus iScd1+/+ mice. This hypoth-
esis is strengthened by the hepatic regulation of LXR 
target genes involved in lipogenesis (acetyl- CoA car-
boxylase alpha [Acaca], fatty acids synthase [Fasn], 
fatty acids elongase 6 [Elovl6], and Scd1), whose ex-
pression is reduced in iScd1−/− mice versus wild- type 
animals (Figure 3G). Our results are supported by the 
fact that the whole- body Scd1- KO mice fed an oleate- 
deprived diet displayed a similar regulation of these 
LXR target genes (Figure S1). Thus, we hypothesized 
that following dietary oleate deficiency, intestinal Scd1 
deletion would hamper the generation of a circulat-
ing LXR- activating signal that would affect both the 
intestine and the liver. We assayed LXRα and LXRβ 
activity in HeLa cells with a luciferase reporter assay. 
Cells were cultured with the plasma of mice from both 
genotypes fed the OAD diet. Plasma from iScd1−/− 
mice was less potent to trigger LXRα activity than 
the one from their wild- type littermates (Figure 3H). 

F I G U R E  1  Intestinal stearoyl- CoA desaturase 1 (Scd1) deletion drives hepatic fatty acids profile dysregulation. (A) Hepatic saturated 
and mono- unsaturated fatty acids proportions were analyzed by gas chromatography– mass spectrometry of saponified hepatic lipid 
extracts. (B) Delta- 9 desaturase activity is the ratio of mono- unsaturated/saturated fatty acids. Data are presented as the mean of the molar 
percentage measured in liver of iScd1+/+ and iScd1−/− mice. (C) Hepatic Scd1 messenger RNA (mRNA) levels quantified by quantitative 
polymerase chain reaction (qPCR) of iScd1+/+ and iScd1−/− mice. (D– G) Liver weight (D), liver triglycerides content (E), liver cholesterol 
content (F), and transaminases (alanine aminotransferase [ALT] and aspartate aminotransferase [AST]) levels (G) were measured in 
iScd1+/+ (n = 5) and iScd1−/− (n = 6) mice. Data are presented as the mean ± SEM. *Significant difference between the two genotypes.
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We observed no differences regarding LXRβ activity 
(Figure 3H). Collectively, these results suggest a lower 
intestinal and hepatic cholesterol excretion that could 
be driven by a lower LXR activity in iScd1−/− mice 
compared with their wild- type littermates when fed the 
OAD diet. To confirm the implication of intestinal SCD1 
as a key player of general cholesterol metabolism, we 
fed iScd1+/+ and iScd1−/− mice chow and cholesterol 
enriched (2%) diets during a week. This diet has been 
shown to induce LXR activity and target genes in both 
liver and intestine.[27,28] Then, we measured plasma 
cholesterol (Figure 3I) and observed that iScd1−/− mice 
display a higher hypercholesterolemia compared with 
wild- type mice fed with the same cholesterol- rich diet 
(Figure 3H). This result confirms that iScd1−/− mice are 
not able to cope with excess cholesterol.

High- fat, high- cholesterol diet triggers 
inflammation and fibrosis in iScd1−/− mice

To study the hepatic consequences of intestinal Scd1 
deletion on a long- term high- cholesterol dietary supply, 
we fed iScd1−/− and iScd1+/+ mice with chow and high- 
fat/high- cholesterol Western diets (WD) for 4 months. 
We followed body weight gain. Although both genotypes 
display equal food intake, iScd1−/− gained more weight 
compared with their wild- type littermates when fed with 
WD (Figure S2A). No difference occurred following chow 
feeding (Figure 4A). Liver weight was not affected by the 
genotype in both chow diet and WD feeding (Figure 4A). 
We also performed an oral glucose tolerance test and 
observed that intestinal deletion of Scd1 impaired glu-
cose handling when mice were fed the WD (Figure S2B). 

F I G U R E  2  Dietary oleate deficiency reveals the role of intestinal Scd1 in the regulation of hepatic neutral lipids content. (A– D) 
Liver weight (A), plasma (B), hepatic triglyceride and cholesterol levels (C), and circulating triglycerides (D) after a 200- μL hydrogenated 
palm oil bolus in fasted iScd1+/+ (n = 5) and iScd1−/− (n = 6) mice after 8 weeks of an oleic acid– deficient (OAD) diet feeding. (E) Plasma 
transaminases (ALT and AST) levels were measured in iScd1+/+ (n = 5) and iScd1−/− (n = 6) mice fed an OAD diet during 8 weeks. (F) 
Hepatic Tnfa, F4/80, Col1a1, and Asma mRNA levels quantified by quantitative PCR of iScd1+/+ (n = 5) and iScd1−/− (n = 6) mice fed the 
OAD diet during 8 weeks. Data are presented as the mean ± SEM. *Significant difference between the two genotypes. Asma, alpha smooth 
muscle actin; Col1a1, collagen 1a1; Tnfα, tumor necrosis factor α.

F I G U R E  3  Intestinal Scd1 deletion impacts systemic cholesterol homeostasis. (A) Hepatic Hmgcr, Mvd, and Fdps mRNA levels 
quantified by quantitative PCR of iScd1+/+ (n = 5) and iScd1−/− (n = 6) mice fed OAD diet during 8 weeks. (B) Ileal cholesterol content 
assayed in mucosal lipid extracts of iScd1+/+ (n = 5) and iScd1−/− (n = 6) mice fed the OAD diet during 8 weeks. (C– G) Ileal Npc1l1 (C), ileal 
Fgf15 and hepatic Shp (D), ileal Abcg5 and Abcg8 (E), hepatic Abcg5 and Abcg8 (F), and hepatic Acaca, Fasn, Elovl6 and Scd1 mRNA 
levels (G) quantified by quantitative PCR of iScd1+/+ (n = 5) and iScd1−/− (n = 6) mice fed the OAD diet during 8 weeks. (H) In vitro LXR alpha 
and beta activity assay in response to plasma from iScd1+/+ and iScd1−/− mice fed the OAD diet (n = 6 plasma/group). Data are presented 
as the mean ± SEM. *Significant difference between the two genotypes. (I) Plasma cholesterol levels measured in iScd1+/+ and iScd1−/− 
mice fed chow or cholesterol- enriched (2% cholesterol) chow diets during 1 week (n = 6 mice /group). aSignificant difference between the 
two genotypes for a given diet. bSignificant difference between the two genotypes for a given genotype. Abcg5, ATP- binding cassette g5; 
Abcg8, ATP- binding cassette g8; Acaca, acetyl- CoA carboxylase alpha; Elovl6, fatty acids elongase 6; Fasn, fatty acids synthase; Fdps, 
farnesyl diphosphate synthase; Fgf15, fibroblast growth factor 15; Hmgcr, 3- hydroxy 3- methylglutaryl- CoA reductase; Lxr, liver X receptor; 
Mvd, mevalonate diphosphate decarboxylase; Npc1l1, NPC1 like intracellular cholesterol transporter 1; Shp, small heterodimer partner.
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We next measured plasma content of transaminases 
and cholesterol, and hepatic levels of cholesterol and 
triglycerides (Figure 4B). Intestinal deletion of Scd1 re-
sults in significantly elevated ALT, plasma cholesterol, 
liver cholesterol, and liver TG levels, and tended to in-
crease AST in WD fed mice. Hepatic neutral lipids accu-
mulation was histologically confirmed by H&E staining 
and steatosis scoring (Figure 4D). In mice fed with the 
chow diet, no difference was observed between the 
two genotypes (Figure 4B,D). As hepatic neutral lipids 
were affected by intestinal Scd1 deletion, we also de-
termined hepatic FA profile. Strikingly, in WD- fed mice, 
oleate levels were elevated and palmitoleate proportion 
tended to be increased in iScd1−/− versus iScd1+/+ mice 
(Figure S2C). These modulations are concomitant to 
a trend toward the overexpression of Scd1 in the liver 
(Figure S2D). It is interesting to note that, in contrast, 
the expression of Acaca and Fasn, two other LXR target 
genes involved in de novo lipogenesis, are decreased in 
iScd1−/− versus iScd1+/+ mice (Figure S2E). To further 
explore the potent hepatic dysfunction highlighted by 
the elevation of ALT and hepatic cholesterol levels, we 
next measured the expression of gene markers of in-
flammation (chemokine ligand 2 [Ccl2], Tnfa, and Cd68) 
and fibrosis (Asma, Col1a1, Col4a1, matrix metallopepti-
dase 2 [Mmp2], Mmp9, Mmp13, and metallopeptidase 
inhibitor [Timp1]) (Figure 4C). Hepatic levels of Ccl2, 
Tnfa, Cd68, Col1a1, Col4a1, Mmp2, Mmp13, and Timp1 
were more elevated in iScd1−/− mice than in their wild- 
type littermates both under WD. Again, no difference 
was observed between mice of both genotype fed the 
chow diet (Figure 4C). To confirm the inflammatory and 
fibrotic phenotype in livers of iScd1−/− mice fed the WD, 
we counted hepatic crown- like structure (hCLS) after 
F4/80 immunohistochemical staining and evaluated 
collagen fibers deposition with sirius red (Figure 4D). 
When challenged with the WD, iScd1−/− mice displayed 
higher hCLS number and hepatic collagen deposition 
compared with iScd1+/+ mice (Figure 4D). No changes 
in hCLS were detectable following chow diet feeding, 
whatever the genotype. Intestinal Scd1 deletion did not 
affect collagen deposition in the liver when mice were 
fed the chow diet. However, these data suggest that in-
testinal SCD1 protects from inflammation and fibrosis 
induced by high- fat and high- cholesterol diet.

Intestinal deletion of Scd1 favors cancer 
progression in a chemical model of HCC

Cholesterol in NASH[29] is one of the factors that predis-
poses to HCC onset. Because intestinal Scd1 deletion 
triggers dysregulation of cholesterol metabolism to-
gether with inflammation and fibrosis, we hypothesized 
that iScd1−/− mice would be more prone to cancer de-
velopment compared with their wild- type littermates. 
This hypothesis was strengthened by the fact that 
total- body SCD1- KO mice fed a fat- free diet displayed 
high hepatic cholesterol content and mRNA cancer 
markers such as cyclin- dependent kinase 1 (Cdk1), 
Myc proto- oncogene (Myc), Src proto- oncogene (Src), 
Marker of proliferation Ki67 (Ki67), Adam metallopepti-
dase 10 (Adam10), and phosphate and tensin homolog 
(Pten) (Figure S3A). Even if at the steady state there 
is trend— although not significant— in the difference 
of cyclin D1 (Ccnd1) and cyclin E1 (Ccne1) expression 
(Figure S3B) between the genotypes, one cannot ex-
clude that the absence of intestinal Scd1 could drive 
the proliferation capacity of the hepatocytes under spe-
cific regenerative stimulus. To test this hypothesis, we 
injected 14- day- old pups of both genotype with diethyl-
nitrosamine, a chemical carcinogen able to induce liver 
tumor. We did not add extra stimuli like dietary depri-
vation of oleic acid or cholesterol supply. The hepatic 
MUFA profile is already altered in iScd1−/− mice fed the 
chow diet (Figure 1A), so this modulation would be suf-
ficient to predispose to cancer progression, given the 
long duration of HCC progression in this model. At 1 
year old, body and liver weights were respectively de-
creased and increased in iScd1−/− mice compared with 
their wild- type littermates (Figure 5A,B). Lower body 
weight and higher liver weight are markers of cancer 
progression. Although we did not observe difference in 
tumor number between the two genotypes (Figure 5C), 
iScd1−/− mice showed an increased tumor progression 
(Figure 5D), bigger tumors (Figure 5E), and more me-
tastasis in the lungs (Figure 5F) compared with their 
wild- type littermates. However, we did not observe 
any modulation of proliferation genes (Ccnd1, Ccne1, 
and Myc) in tumors or adjacent tissue (Figure S3C,D). 
Collectively, these data suggest that the disturbances 
of the hepatic FA profile induced by intestinal Scd1 

F I G U R E  4  High- fat high- cholesterol diet triggers nonalcoholic steatohepatitis in iScd1−/− mice. (A) Body weight evolution and liver 
weight at sacrifice of iScd1+/+ and iScd1−/− mice fed chow (n = 6 animals/group) or Western diet (n = 9 animals/group) for 16 weeks. (B) 
Plasma ALT, AST, and cholesterol levels quantified by colorimetric test of iScd1+/+ and iScd1−/− mice fed chow (n = 6 animals/group) or 
Western diet (n = 9 animals/group). Hepatic cholesterol and triglycerides quantified by gas chromatography coupled with an FID detector 
of iScd1+/+ and iScd1−/− mice fed chow (n = 6 animals/group) or Western diet (n = 9 animals/group). (C) Hepatic Ccl2, Tnfa, Cd68, Asma, 
Col1a1, Col4a1, Mmp2, Mmp9, Mmp13, and Timp1 mRNA levels quantified by quantitative PCR of iScd1+/+ and iScd1−/− mice fed chow 
(n = 6 animals/group) or Western diet (n = 9 animals/group). (D) Representative hematoxylin and eosin (H&E; scale bar: 200 μm), F4/80 
(scale bar: 100μm), and sirius red (scale bar: 200 μm) staining sections of liver and respective quantification of steatosis, hepatic crown like 
structure (hCLS, highlighted with yellow arrow), and sirius red positive area from mice of both genotypes fed chow (n = 6 animals/group) 
or Western diet (n = 9 animals/group). Data are presented as the mean ± SEM. *Significant difference between the two genotypes. Ccl2, 
chemokine ligand 2; Col1a1, collagen 1a1; Col4a1, collagen 4a1; Mmp, matrix metallopeptidase 2; Timp1, metallopeptidase inhibitor. 
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deletion are sufficient to favor tumor progression in a 
DEN- induced HCC model, despite no dietary depriva-
tion of oleic acid and no supply of cholesterol.

DISCUSSION

FAs play a major role in hepatic metabolic functions. 
Indeed, it has been shown that all FA families (n- 6, 
n- 3, and mono- unsaturated and saturated FAs) con-
trol numerous aspects of hepatic homeostasis,[30] like 
lipogenesis[23] and FA oxidation.[31] It has already been 
shown that MUFAs displayed beneficial effects in liver: 
their accumulation during steatosis is dissociated from 
inflammation or insulin resistance.[32,33] Moreover, in 
a NASH model induced by dietary choline/methionine 
deficiency, Scd1 deletion in the whole organism fa-
vored hepatic damages despite a reduced steatosis.[8] 
Patients with NASH are characterized by altered hepatic 

and circulating MUFA species that significantly corre-
late with the progression of the disease.[34] Collectively, 
these data highlight the important roles of MUFAs in 
preserving hepatic functions. Hepatic MUFAs derive 
by several pathways, including adipose tissue lipoly-
sis, hepatic lipogenesis, and intestinal absorption of 
dietary supplies.[4] The intestinal source is of peculiar 
importance, especially given the increasing prevalence 
of obesity and obesity- related diseases that are driven 
primarily by a modulation of quantity and quality of in-
gested food. Indeed, the intestine plays a major role in 
controlling nutrients intake, via notably regulating lipid 
absorption, modification, trafficking, and excretion. 
Although the intestine is not considered as a lipogenic 
organ per se, in the enterocytes, dietary- derived free 
FAs are elongated, desaturated, and esterified to form 
triglycerides, phospholipids, and cholesterol esters. 
Only few studies have documented the role of intestinal 
lipogenesis in the intestine itself. De novo lipogenesis 

F I G U R E  5  Intestinal deletion of Scd1 favors tumor progression in a chemically induced model of hepatocellular carcinoma. (A,B) 
Body (A) and liver (B) weight of iScd1+/+ (n = 9) and iScd1−/− (n = 13) male mice injected with diethylnitrosamine. (C– F) Number of hepatic 
tumors (C), percentage of tumor tissue in the liver (D), size of the biggest hepatic tumor (E), and member of lung metastasis (F) of iScd1+/+ 
(n = 9) and iScd1−/− (n = 13) male mice injected with diethylnitrosamine (n = 9– 13 animals/group). Data are presented as the mean ± SEM. 
*Significant difference between the two genotypes.
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is of importance in maintaining some of its functions 
including intestinal permeability.[15] Indeed, intestinal 
deletion of the FA synthase leads to a disruption in in-
testinal mucus layer, an increase of intestinal perme-
ability and inflammation.[15] However, extra- intestinal 
consequences of the gut lipogenesis and FA handling 
have not been explored yet.

We previously showed that intestinal Scd1 dele-
tion drives intestinal inflammation and tumorigenesis. 
Here, we wanted to explore the extra- intestinal effects 
of Scd1 deletion in the gut, focusing primarily on the 
liver, as this organ is tightly connected to the intestine. 
We first showed that intestinal Scd1 deletion decreased 
hepatic MUFA levels (Figure 1A) without compensation 
of hepatic Scd1 expression (Figure 1C), suggesting, at 
basal state, a direct contribution of gut- derived MUFAs 
on hepatic MUFA content. We then challenged these 
mice with an oleic acid– deprived diet, and lipid analy-
sis revealed an increased hepatic content of TGs and 
cholesterol without apparent signs of hepatic damage 
compared with their wild- type littermates (Figure 2). 
Following acute TG bolus challenge, iScd1−/− mice tend 
to absorb more TG than iScd1+/+ mice (Figure 2D). This 
could contribute to the hepatic TG accumulation during 
to the chronic exposition of animals to OAD (Figure 2C) 
or WD (Figure 4B). When fed an OAD, global Scd1 KO 
mice display hypercholesterolemia and hepatic cho-
lesterol accumulation.[21,22] As cholesterol is a major 
driver of NAFLD progression, we focused on this mol-
ecule. Our transcriptomic data suggest that systemic 
cholesterol dysregulation observed in iScd1−/− mice fed 
the OAD diet could be a consequence of a defect of 
trans- intestinal and biliary cholesterol excretion linked 
with a defect of LXR activation (Figure 3). We there-
fore studied the long- term effects of a cholesterol- rich 
diet and fed mice a WD containing 0.2% cholesterol 
for 4 months. Compared with their wild- type litter-
mates, iScd1−/− mice developed hepatic inflammation 
and fibrosis associated with hepatic cholesterol accu-
mulation and hypercholesterolemia (Figure 4). Here, 
inflammation and fibrosis occurred concomitantly with 
an increase of hepatic oleate proportion and a trend 
toward hepatic Scd1 overexpression (Figure S2C,D) 
that can be interpreted as an attempt to provide liver 
with MUFAs when gut MUFA production is deleted. 
However, literature suggests that this could be a pro-
tective mechanism[32,33]; the origin and the precise role 
of hepatic MUFA accumulation in this model requires 
further investigation.

SCD1 has already been linked with cholesterol. 
When fed a high- carbohydrate low- fat (and therefore 
low in MUFA) diet, total body Scd1- KO mice developed 
hypercholesterolemia (more than a 100% increase, 
depending the sex) and hepatic cholesterol accumula-
tion,[21,22] although hepatocyte- specific Scd1- KO mice 
display only a 50% increase of cholesterolemia when 
fed the same diet.[10] This difference suggests that 

extrahepatic SCD1 activity could contribute to modu-
late cholesterolemia. The role of cholesterol in NASH 
development has been documented extensively (re-
viewed in Ioannou[29]). Cholesterol accumulation in 
the liver disturbs hepatocyte homeostasis as well as 
Kupffer cells[35] and hepatic stellate cells,[36] whose ac-
tivation triggers inflammation and fibrosis, respectively. 
Intestinal deletion of Scd1 triggered hypercholester-
olemia in mice fed the OAD and the cholesterol- rich 
diets. In OAD- fed and WD- fed KO animals, we also ob-
served hepatic cholesterol accumulation (Figures 2C 
and 4B). The concomitant dysregulation of cholesterol 
homeostasis in our model could be the hit triggering 
inflammation and fibrosis in iScd1−/− mice fed the high- 
fat high- cholesterol WD (Figure 4). In this study, we 
showed that intestinal Scd1 deletion was decreasing 
LXR transcriptional activity in both the intestine and 
the liver in different NAFLD models (Figures 2– 4). In 
the literature, LXR activity up- regulation by MUFAs has 
been already suggested in liver[37] and neutrophils.[38] 
Here, without providing a formal demonstration that 
LXR activity is increased by SCD1 enzymatic function, 
we highlight a strong link that suggests such a regula-
tion. Moreover, despite an accumulation of cholesterol 
(Figures 2C and 3B) and potentially of oxysterols, the 
induction of LXR transcriptional activity appears to re-
quire intestinal SCD1 and de novo MUFA generation.

Finally, we also focused on the implication of the 
intestinal Scd1 deletion on HCC development. It is 
well recognized that NASH predisposes to HCC: after 
hepatitis C virus infection and alcohol- associated liver 
diseases, it is the third most common cause of HCC 
and its importance is rising in the United States.[39] 
Hepatic FA profile is deeply modulated in mice[40] and 
patients[41] displaying HCC. Specifically, MUFA species 
proportion increases with HCC[40,41]; however, whether 
this dysregulation is a hit triggering HCC or is a com-
pensatory mechanism potentially rescuing the pheno-
type has not yet been defined. As the intestinal Scd1 
deletion without particularly regimen was sufficient to 
decrease hepatic MUFA proportion (Figure 1A), we in-
jected both wild- type and KO chow- fed mice with DEN, 
a carcinogen triggering hepatic damage and leading 
to hepatic cancer lesions. After 1 year, iScd1−/− mice 
displayed higher HCC progression, bigger tumors, and 
more metastasis in the lungs compared with their wild- 
type littermates (Figure 5). However, we did not observe 
modulation of genes involved in cellular proliferation 
between genotypes in both tumors and adjacent tissue 
(Figure S3C,D). In our opinion, the cancerous lesions 
are too advanced to draw any conclusions about a po-
tential mechanism leading to the more severe pheno-
type observed in iScd1−/− mice. These data suggest 
that intestinal- derived MUFAs are sufficient to affect 
hepatic FA profile and to sensitize the liver to cancer 
progression. This result spread the light of the impor-
tance of gut- derived, and thus dietary MUFA supply, in 
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the prevention of HCC. Adherence to the Mediterranean 
diet, of which olive oil and thus oleic acid is a universal 
component, has been shown to decrease cancer inci-
dence (reviewed in Lopez- Miranda et al.[42]). Although 
its effect has not been described specifically on HCC, 
the effect of MUFA- rich diet toward HCC development 
is worth testing in several animal models.

Collectively, these results highlight that the intestine- 
derived MUFAs are of importance in the whole- body 
lipid homeostasis. Specifically, delta- 9 desaturation im-
pairment in this organ leads to systemic and hepatic 
dysregulation of FA and cholesterol metabolism with 
increased susceptibility to severe liver diseases like 
NASH and HCC.
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