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Abstract Stearoyl-coenzyme A desaturase 1 (SCD1) catalyzes the rate-limiting step of de novo lipo-

genesis and modulates lipid homeostasis. Although numerous SCD1 inhibitors were tested for treating

metabolic disorders both in preclinical and clinic studies, the tissue-specific roles of SCD1 in modulating

obesity-associated metabolic disorders and determining the pharmacological effect of chemical SCD1 in-

hibition remain unclear. Here a novel role for intestinal SCD1 in obesity-associated metabolic disorders

was uncovered. Intestinal SCD1 was found to be induced during obesity progression both in humans and
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Oxidative stress;

Steatosis;

Metabolic disorders
mice. Intestine-specific, but not liver-specific, SCD1 deficiency reduced obesity and hepatic steatosis.

A939572, an SCD1-specific inhibitor, ameliorated obesity and hepatic steatosis dependent on intestinal,

but not hepatic, SCD1. Mechanistically, intestinal SCD1 deficiency impeded obesity-induced oxidative

stress through its novel function of inducing metallothionein 1 in intestinal epithelial cells. These results

suggest that intestinal SCD1 could be a viable target that underlies the pharmacological effect of chemical

SCD1 inhibition in the treatment of obesity-associated metabolic disorders.

Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia

Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Obesity and the associated metabolic disorders are globally wide-
spread chronic diseases that impair human health and increase
economic burden1,2. The accumulation of excessive amounts of
body fat drives multiple metabolic abnormalities and diseases,
including insulin resistance, diabetes, cardiovascular disease,
metabolic dysfunction-associated steatotic liver disease, and can-
cer3. Numerous medications were developed for obesity treatment
by exploiting different mechanisms, among which the discovery
and development of glucagon-like peptide 1 receptor (GLP-1R)
agonist-based drugs that have been considered a transformative
breakthrough in the field, and are now recognized promising
medications for the treatment of obesity4-6. Despite the wide-
spread use of GLP-1R agonist-based drugs, an increased risk for
gastrointestinal side effects is of a major concern for the safety
profile of GLP-1R agonists7,8. Thus, developing novel pharma-
cotherapies with suitable tolerability and safety for the treatment
of obesity remains an ongoing challenge.

Obesity usually occurs accompanied with systemic oxidative
stress, including elevated levels of reactive oxygen species (ROS)
and deteriorated capability of antioxidant protection9,10. Oxidative
stress is usually an expected result of obesity in humans or long-
term chronic high-fat diet (HFD) feeding in mice11,12. Chronic
HFD feeding-induced oxidative stress is also thought to causally
contribute to weight gain and facilitate the development of insulin
resistance since elevated oxidative stress can cause an increase in
preadipocyte proliferation, adipocyte differentiation and the size of
mature adipocytes, and suppress insulin signaling through phos-
phorylation of insulin receptor substrate13. Pharmacologically,
N-acetylcysteine (NAC), an antioxidant listed as an essential drug
by the World Health Organization, has shown therapeutic potential
in treating obesity-associated complications by decreasing the
intracellular antioxidant levels of adipocytes, leading to reduced
inflammation and oxidative damage14. However, until now, the role
of endogenous signaling transduction in modulating obesity-
associated oxidative stress is still largely unknown.

Stearoyl-coenzyme A desaturase 1 (SCD1) is a key rate-
limiting enzyme involved in lipid metabolism15, with mouse
SCD1 being homologous to human SCD16. SCD1 catalyzes the
formation of a cis double bond between carbons 9 and 10 of
saturated fatty acids, resulting in the formation of the respective
D9 unsaturated monounsaturated fatty acid (MUFA) counterparts,
primarily oleic acid (18:1) and palmitoleic acid (16:1), which are
two key substrates for important lipids such as phospholipids,
triglycerides, cholesteryl esters, and wax esters17,18. Global SCD1
deficient mice (Scd1�/�) are resistant to HFD-induced obesity,
accompanied by increased energy expenditure, with the phenotype
partially recapitulated in skin-specific Scd1-null mice19,20. Liver-
specific Scd1-null mice were reported to be protected from high-
carbohydrate, but not high-fat, diet-induced adiposity and hepat-
ic steatosis due to reduced production of oleic acid21. In addition,
intestine-specific Scd1-null mice were demonstrated to be more
susceptible to inflammation and tumorigenesis in the intestine due
to a deficiency of oleic acid22. Notably, adipose-specific Scd1-null
mice, liver-specific Scd1-null mice, and mice deficient in both
adipose and liver SCD1 were not protected from HFD-induced
obesity, despite reduced levels of MUFA, the products of SCD1
metabolism, being found in both subcutaneous and epididymal
white adipose tissue23. However, until now, whether intestinal
SCD1 contributes to the obesity-resistant phenotype remains un-
clear, and there are still no studies that examine the pharmaco-
logical contribution of tissue-specific SCD1, to metabolic
disorders. Notably, efforts have been made to develop inhibitors
targeting liver SCD1 for the treatment of metabolic disorders, such
as MK-8245 for diabetes and aramchol for metabolic dysfunction-
associated steatohepatitis24,25. Paradoxically, preclinical studies
show that SCD1 expressed in the liver fails to modulate the
obesity21,23, which questions whether it is reasonable to target
hepatic SCD1 for treating obesity-associated metabolic disorders.
Studying how tissue-specific SCD1 determines the progression of
HFD-induced obesity, and the anti-obesity effect produced by
chemical SCD1 inhibition would be of great importance to help
guide drug discovery targeting SCD1.

In the present study, intestinal Scd1 mRNA was induced both
in human and mice during obesity and intestine-specific Scd1
deletion ameliorated HFD-induced obesity and hepatic steatosis,
at least partially through inducing metallothionein 1 (MT1) to
protect the intestine from oxidative stress. Notably, pharmaco-
logical inhibition of SCD1 by A939572 improved HFD-induced
obesity and hepatic steatosis dependent on the presence of intes-
tinal, but not hepatic, SCD1, highlighting intestinal SCD1 as a
potential target for treating obesity.
2. Materials and methods

2.1. Mouse studies

Scd1-floxed (Scd1fl/fl)21 mice, Alb-cre, Villin-cre and Villin-ERT2-
cremicewere previously described26,27. Alb-cre Scd1fl/fl (Scd1DHep)
mice and Villin-cre Scd1fl/fl (Scd1DIE) mice were generated by
breeding Scd1fl/fl mice with Alb-cre mice and Villin-cre mice,
respectively. For temporal intestine-specific disruption, villin-
ERT2-cre Scd1fl/fl (Scd1DIE,ERT2) mice were generated by breeding
Scd1fl/fl mice with villin-ERT2-cre mice. To activate the ERT2-cre,
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the mice were first injected intraperitoneally with 50 mg/kg (body
weight) tamoxifen (dissolved in corn oil, Sigma, St. Louis, MO,
USA) for three consecutive days, which were followed by admin-
istration of 50 mg/kg (body weight) tamoxifen by intraperitoneal
injection once weekly until the end of the study. HFD (60 kcal%
from fat) was purchased from Bio-Serv (Cat#S3282, Flemington,
NJ, USA).Male 7- to 8-week-old littermates were fed a chow diet or
HFD for the indicated times to induce obesity and hepatic steatosis.
For the lipid absorption study, 1-week HFD fed Scd1fl/fl and Scd1DIE

micewere fasted for 16 h, followed by 500mg/kg tyloxapol (Sigma,
St. Louis, MO, USA) administration via intravenous injection.
Thirtyminutes later, themicewere orally dosedwith 10mL/kg corn
oil (Sigma), and bloodwas collected at 0, 1, 2, 4 and 6 h after corn oil
treatment. For the fecal pellet collection, each mouse was trans-
ferred to a separate container for 6 h and feces collected starting
right after the dosage of corn oil that lasted until the end of the
experiment. Fresh feces were dried and dissolved in isopropanol for
non-esterified fatty acid (NEFA) measurement. At the end of the
experiment, themicewere euthanized to collect ileum tissues, while
these ileum tissues were homogenized in 50 mmol/L tris buffer
containing 1%TritonX-100 for triglyceride (TG)measurement. For
the NAC treatment experiment, male Scd1fl/fl and Scd1DIE mice at
7- to 8-weeks oldwere fed aHFDandmaintained onvehicle or 2 g/L
NAC (Sigma, St. Louis, MO, USA) in the drinking water for 12
weeks. For the SCD1 inhibitor studies, A939572 (Med Chem Ex-
press, Monmouth Junction, NJ, USA) was suspended in saline with
0.5% sodium carboxymethyl cellulose, 2.5% Tween 80 and 2.5%
DMSO, while 7- to 8-week-old male mice were administered con-
trol vehicle or 10 mg/kg (body weight) A939572 by gavage once
daily while maintained on a HFD for indicated time. Mice were
housed in a temperature-controlled room at 20e24 �Cwith average
humidity of 40% under a standard 12-h light/12-h dark cycle with
water and food provided ad libitum. All mouse studies were
approved by the National Cancer Institute Animal Care and Use
Committee and conducted in accordance with the Institute of Lab-
oratory Animal Resources guidelines.

2.2. Human cohort

Mucosal biopsy samples of the distal ileum were taken from in-
dividuals during routine colonoscopy. The sexes and ages were at
similar levels in the overweight group (body mass index
(BMI) � 23; n Z 19) and control group (BMI <23; n Z 5) ac-
cording to World Health Organization standard for overweight in
Asian population28, with clinical variables listed in Supporting
Information Table S1. All individuals met the following inclusion
criteria: (1) no diabetic ketoacidosis or hyperglycemic hyper-
osmolar state; (2) decompensated cirrhosis; (3) decompensated
cirrhosis; (4) stage 3e5 chronic kidney disease; (5) inflammatory
bowel disease; (6) no cancer; (7) no pulmonary tuberculosis and
acquired immunodeficiency syndrome; (8) no alcoholism; (9) no
antibiotics (including rifaximin), probiotics, prebiotics, proton
pump inhibitors, and laxatives taking during the last 3 months and
(10) no disease as judged by clinicians as unsuitable for biopsy.
Normal liver tissues were collected from hepatic hematoma pa-
tients during surgery. All individuals with cancer and viral hepa-
titis type B were excluded, with clinical variables listed in
Supporting Information Table S2. The study was approved by the
Ethics Committee of Third Hospital, Peking University with
protocol number LM2024507, and all individuals were given
written informed consent before participating in the study.
2.3. Quantitative real-time PCR

Total RNA was extracted from liver or intestine tissues by using
TRIzol (Invitrogen, Waltham, MA, USA). cDNA was synthesized
from 1 mg of total RNA using qScript cDNA SuperMix (Quan-
tabio, Beverly, MA, USA). Analysis was performed by using the
ABI PRISM 7900 Sequence Detection System (Applied Bio-
systems, Bedford, MA, USA). The relative amount of each mRNA
was calculated by normalizing to their corresponding Actb or
Gapdh mRNAs, with the results expressed as fold change values
relative to the control group. Real-time PCR primer sequences are
listed in Supporting Information Table S3.
2.4. Metabolic assays

For the glucose-tolerance test, mice were dosed with glucose
(2 g/kg) in saline via intraperitoneal injection after a 16-h fasting.
For the insulin-tolerance test, the mice were fasted for 6 h and
injected intraperitoneally with insulin (Eli Lilly, Indianapolis, IN,
USA; 0.9 U/kg) in saline. For both glucose-tolerance test and
insulin-tolerance test, blood glucose in the tail vein was measured
at 0, 15, 30, 60, 90 and 120 min after injection by using a gluc-
ometer (Bayer, Washington D.C., USA).
2.5. Histological analysis

Formalin-fixed paraffin-embedded liver and intestine sections
were stained by hematoxylin and eosin (H&E). Optimal cutting
temperature compound-embedded frozen liver sections were
stained with oil red O by following standard protocols and sub-
jected to microscopic examination.
2.6. Lipid analysis

Serum and hepatic triglyceride, cholesterol and non-esterified
fatty acid levels were measured by using assay kits from Wako
Diagnostics (Wako Chemicals, Richmond, VA, USA) according to
the manufacturer’s instructions.
2.7. Serum aminotransferase assay

Alanine transaminase (ALT) and aspartate transferase (AST)
levels were assessed in a 96-well microplate using commercial
assay kits (Catachem, Oxford, MS, USA) and monitored at
340 nm by a kinetic reading with 30 s interval for 15 min by using
a microplate reader (BioAssay Systems).
2.8. Oxidative stress assay

The levels of lipid peroxidation in mouse ileum tissues and serum
were measured using the thiobarbituric acid reactive substances
assay kit (Cayman Chemical, Ann Arbor, MI, USA) following the
manufacturer’s protocol. The total glutathione (GSH) levels in
mouse ileum tissues and serum were measured using the gluta-
thione assay kit from Sigma in accordance with the manufacturer’s
instructions. The ROS levels in MC38 cells and mouse primary
intestinal epithelial cells were determined by using the dichlor-
odihydrofluorescein diacetate assay kit (Abcam, Cambridge, UK).



The role of intestinal SCD1 in obesity 895
2.9. Indirect calorimetry

Indirect calorimetry was performed on 4-week HFD-fed mice
using a 12-chamber Environment Controlled CLAMS (Columbus
Instruments, Columbus, OH, USA) with one mouse in each
chamber as previously described27. Mice were tested every 13 min
for 3 days at 22 �C and 1 day at 30 �C. The temperature was
changed on Day 4. Food and water were provided ad libitum
during testing. 24 h average parameters were analyzed from data
collected on Day 3 for 22 �C and Day 4 for 30 �C (excluding the
first hour after temperature changes).

2.10. RNA-seq library preparation and data analysis

Total RNA was extracted from mouse jejunum and ileum using
RNeasy Plus Mini Kit (Qiagen, Germantown, MD, USA) according
to the manufacturer’s instructions. RNA-seq libraries were prepared
using Illumina TruSeq Stranded mRNA Library Prep (Illumina, San
Diego, CA, USA). Samples were pooled and sequenced on a HiSeq
4000 (Illumina, San Diego, CA, USA) using a paired-end protocol.
For RNA-seq data analysis, reads of the samples were trimmed for
adaptors and low-quality bases using Trimmomatic 0.36 software
before alignment with the mouse reference genome (mm10) and the
annotated transcripts using STAR 2.5.1. The mapping statistics
were calculated using Picard 1.84 software. Library complexity was
measured in terms of unique fragments in the mapped reads using
Picard’s MarkDuplicate utility. The gene expression quantification
analysis was performed for all samples using STAR/RSEM 1.2.22
tools. Differential gene expression was assessed with DESeq2 using
the parameters adjusted P value of 0.05 and log2 fold change of 1
(for 2-fold differentially expressed genes). The RNA-Seq data were
deposited in NCBI’s Gene expression Omnibus with GEO Series
accession number GSE272268.

2.11. Mass spectrometry-based analysis

Total fatty acids were analyzed after acid hydrolysis and quanti-
fied by using an Agilent 8890 gas chromatograph (8890 GC
system) coupled with a 5977B GC/mass-selective detector (MSD)
(Agilent Technologies, Santa Clara, CA, USA) as previously
described27. In brief, 50 mL of serum were mixed with 400 mL
acetonitrile and 400 mL CH2Cl2 containing 20 mmol/L of myristic-
d27 acid as internal standard (Sigma), and centrifuged at
18,000�g for 10 min. The supernatant (750 mL) was transferred to
a new tube and dried under vacuum. The dried samples were
resuspended in 300 mL of hydrogen chlorideemethanol solution
(Sigma) and transferred to a glass bottle. After 60-min incubation
at 100 �C, 300 mL hexane was added to extract the formed fatty
acid esters and 100 mL supernatant was used for injection. For
liver or intestine tissues, 20 mg samples were used and processed
similarly as the serum samples, except that after extraction with
hexane followed by as centrifugation, 500 mL supernatant was
transferred to a new tube and dried under a stream of nitrogen and
resuspended with 200 mL hexane for injection. Fatty acid stan-
dards were purchased from Sigma. The GCeMS chromatography
was performed on a Supelco SP-2560 fused silica capillary col-
umn (100 m � 0.250 mm, 0.20 mm; SigmaeAldrich, St. Louis,
MO, USA), with GCeMS chromatographic and detection pa-
rameters as follows: initial oven temperature at 100 �C for 3 min,
increasing to 200 �C at 3 �C/min holding for 3 min, then finally
increasing to 240 �C at 3 �C/min with 6 min hold time for total
59 min run time. The front inlet temperature was 200 �C operating
in splitless mode. Helium was used as the carrier gas at a constant
flow of 1.65 mL/min. Samples and standards were injected onto
the GC column at 1 mL. MSD transfer line, ion source and
interface temperatures were 240, 230 and 280 �C, respectively.
The MSD operated in EI scan mode at 70 eV. Extracted ions from
the scan data were used for the quantitative analyses, as previously
described27. The data were acquired and processed using Agilent
MassHunter WorkStation Quantitative analyses version 10.1
software (Agilent Technologies, Santa Clara, CA, USA).

Serum, liver and intestinal bile acid metabolites were analyzed
by using LCeMS/MS as previously described27. In brief, 25 mL
serum or about 20 mg liver or intestine tissues were homogenized
in 500 mL acetonitrile containing 1 mmol/L ursodeoxycholic acid-
d4 (Sigma) as internal standard and centrifuged at 14,000 rpm
(Beckman Coulter Microfuge 20 Centrifuge, Beckman Coulter,
Brea, CA, USA) for 10 min. The supernatant (150 mL) was
transferred to a new tube and dried using a speed vacuum. The
dried samples were suspended in 200 mL 30% methanol
(methanol:water Z 3:7, v/v) and vortexed for 30 s. After centri-
fuged at 12,000 rpm (Beckman Coulter Microfuge 20 Centrifuge,
Beckman Coulter, Brea, CA, USA) for 10 min, the supernatant
was transferred to a vial for LCeMS/MS injection. Bile acids
were detected by a Waters Acquity I-Class UPLC/Synapt-G2Si
QTOFMS system, as previously described27.

2.12. Intestinal epithelial cells isolation and treatment

Primary intestinal epithelial cells were isolated from 1-week HFD
treated Scd1fl/fl and Scd1DIE mice as previously reported29,30,
seeded on collagen I-coated 12-well plates, and cultured with
Dulbecco’s modified Eagle’s medium/F12 containing 10% fetal
bovine serum, 1% antibiotics (GeminiBio, West Sacramento, CA,
USA), 1% insulin-transferrin-sodium (ThermoFisher, Pittsburg,
KS, USA), 500 ng/mL of R-spondin 1 (PeproTech, Cranbury, NJ,
USA), 100 ng/mL of noggin (PeproTech, Cranbury, NJ, USA),
50 ng/mL of epidermal growth factor (PeproTech) and 10 mmol/L
Y27632 (Selleck Chem, Houston, TX, USA). The primary intes-
tinal epithelial cells were treated with scramble shRNA or Mt1-
shRNA, or recombinant Mt1 plasmid or matched control empty
vector plasmid (FLAG-HA-pcDNA 3.1, Addgene plasmid # 52535,
RRID: Addgene_52535), and collected 48 h post-treatment.

2.13. Western blot

Tissues were lysed with RIPA lysis buffer in the presence of
protease inhibitors, followed by protein concentrations determi-
nation by the BCA protein assay kit (Pierce Chemical, Rockford,
IL, USA). The samples were subjected to SDS-polyacrylamide gel
electrophoresis, and transferred to polyvinylidene fluoride mem-
branes, followed by incubation overnight at 4 �C with antibodies
against SCD1 (Cell Signaling Technology, Danvers, MA, USA),
b-actin (ACTB, Abclonal, Woburn, MA, USA), and MT1 (LSBio,
Shirley, MA, USA). Proteins were visualized using the
SuperSignalTM West Dura Extended Duration Substrate
(ThermoFisher) with an image analyzer (Alpha Innotech Corp.,
San Leandro, CA, USA).

2.14. Statistics and reproducibility

Statistical analysis was performed by using Prism version 9.3.1
(GraphPad software). Experimental values are presented as the
mean � standard error of mean (SEM). A two-tailed Student’s
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t-test was used for two-group comparisons. One-way ANOVA
followed by Tukey’s multiple-comparisons test or two-way
ANOVA followed by Tukey’s multiple-comparisons test was
employed to determine the statistical significance among multiple
groups as described in the Figure legends. Correlation was
assessed by using non-parametric Spearman’s test. P values were
calculated with 95% confidence intervals, and statistically sig-
nificant differences were considered at P < 0.05.

3. Results

3.1. Intestinal SCD in human and SCD1 in mouse is induced by
obesity

To investigate the potential association between intestinal human
SCD (homologous to mouse SCD1 ) and obesity, SCD mRNA
expression in human was quantified in distal ileum biopsies from
individuals with or without obesity. Higher levels of SCD mRNA
were observed in overweight individuals relative to lean controls
(Fig. 1A). The SCD mRNA levels in the ileum were positively
correlated with BMI (Fig. 1B). Consistent with the human data
from the ileum, ileum Scd1 mRNAwas significantly induced in 3-
week HFD-fed mice as well as in 10-week HFD-fed mice (Fig. 1C
and D). No significant difference was observed in the liver SCD
mRNA between the overweight individuals and the lean controls
(Supporting Information Fig. S1A), while the liver SCD mRNA
levels also did not significantly correlate with BMI in humans
(Fig. S1B). In line with the human data, the liver Scd1 mRNAwas
not significantly changed in 3-week and 10-week HFD-fed mice
(Fig. S1C and S1D). These data demonstrate that obesity induces
the expression of intestinal, but not the hepatic, SCD1.

3.2. Intestinal Scd1 deficiency improves obesity and fatty liver

To explore the role of intestinal SCD1 in obesity-associated
metabolic disorders, an intestine-specific Scd1-disrupted mouse
line (Scd1DIE) was generated. Scd1 mRNA and SCD1 protein
levels were largely reduced in the intestines of Scd1DIE mice
compared to Scd1fl/fl mice, with no change in Scd1 mRNA levels
in the liver (Supporting Information Fig. S2AeS2F). H&E
staining of the small intestine revealed a similar morphology be-
tween Scd1fl/fl mice and Scd1DIE mice (Fig. S2G), indicating no
significant histological damage caused by intestinal Scd1
disruption.
Figure 1 SCD1 was induced in the small intestines of humans and mi

individuals with obesity (n Z 19) or without obesity (n Z 5). (B) Correlati

Scd1 mRNA levels in the ileum of C57BL/6N mice fed a chow diet or hig

presented as the mean � SEM of biologically independent samples, analy

Spearman’s test (B). *P < 0.05, **P < 0.01, overweight versus control o
Scd1DIE mice displayed less body weights, liver weights and
liver indexes compared to Scd1fl/fl mice under HFD feeding
(Fig. 2AeC). Glucose tolerance test (GTT) and insulin tolerance
test (ITT) indicated that intestinal Scd1 disruption substantially
improved glucose tolerance and insulin sensitivity (Fig. 2DeG).
Serum ALT and AST levels, serum and hepatic total cholesterol
(TC) levels, and hepatic TG levels were markedly lower in
Scd1DIE mice, with no significant difference in serum triglyceride
levels and hepatic NEFA levels between Scd1fl/fl mice and Scd1DIE

mice (Fig. 2HeN). Reduced hepatic lipid droplets in Scd1DIE mice
was revealed by H&E and oil red O staining (Fig. 2O and P). As
TG could be formed from lipogenesis and consumed through
glycolysis and gluconeogenesis, amelioration of these HFD-
induced adverse metabolic phenotypes was correlated with
reduced mRNA levels of the lipogenesis-related gene Srebp1c,
and increased mRNA expression of genes involved in glycolysis
and gluconeogenesis in the livers of Scd1DIE mice compared with
Scd1fl/fl mice, with no significant difference observed in mRNAs
encoding fatty acid b-oxidation enzymes between the two geno-
types (Supporting Information Fig. S3AeS3D). Scd1DIE mice
exhibited enhanced energy expenditure and higher oxygen con-
sumption at both 22 �C and 30 �C compared to Scd1fl/fl mice. The
respiratory exchange ratio was also increased in Scd1DIE mice,
which indicates increased glucose utilization probably due to
increased muscle insulin sensitivity, with no changes in total ac-
tivity (Fig. S2HeS2L). Increased Ucp1 mRNA levels were found
in the subcutaneous white adipose tissue of Scd1DIE mice
(Fig. S2M), indicating enhanced thermogenesis in these mice. To
further explore if the improved phenotype sustains under longer
HFD treatment, Scd1fl/fl and Scd1DIE mice were subjected to
extended HFD feeding for 15 weeks. Scd1DIE mice exhibited
lower body weights and liver weights, and less hepatic lipid
accumulation compared to Scd1fl/fl mice after 15 weeks of HFD
feeding (Supporting Information Fig. S4AeS4Q). These data
demonstrate that intestinal Scd1 disruption maintains an anti-
obesity phenotype in mice fed a HFD for an extended duration.
Furthermore, intestinal SCD1 deficiency improved obesity-
associated metabolic disorders even under an 18-month chow
diet feeding during long-term aging, as indicated by decreased
body weights and improved insulin sensitivity, glucose tolerance
and hepatic lipid profiles (Supporting Information Fig. S5AeS5Q),
suggesting that intestinal SCD1 deficiency could protect mice from
aging-accompanied obesity. These data demonstrate that intestinal
SCD1 expression contributes to obesity progression during HFD
feeding.
ce with obesity. (A) mRNA levels of SCD in the ileum biopsies from

on of SCD mRNA levels with body mass index (BMI); n Z 24. (C, D)

h-fat diet (HFD) for 3 weeks (C) or 10 weeks (D); n Z 6. All data are

zed by a two-tailed student’s t-test (A, C and D) or a non-parametric

r HFD versus chow.



Figure 2 Scd1DIE mice displayed less obesity and hepatic steatosis under high-fat diet challenge. Scd1fl/fl and Scd1DIE mice were fed a chow

diet or high-fat diet for 10 weeks; n Z 8 for Scd1fl/fl group and n Z 7 for Scd1DIE group. (A) Body weight curves. (B) Liver weights. (C) Liver

index. (D, E) Glucose tolerance test (GTT) (D) and quantitation of area under the curve (E). (F, G) Insulin tolerance test (ITT) (F) and quantitation

of area under the curve (G). (H) Serum alanine aminotransferase (ALT). (I) Serum aspartate aminotransferase (AST). (J) Serum total cholesterol

(TC). (K) Serum triglyceride (TG). (L) Liver TC. (M) Liver TG. (N) Liver non-esterified fatty acid (NEFA). (O, P) Representative hematoxylin

and eosin staining (O) and oil red O staining (P) of liver sections (nZ 3 mice per group, three images per mouse per staining). Scale bar, 100 mm.

All data are presented as the mean � SEM of biologically independent samples, analyzed by a two-tailed student’s t-test (B, C, E, G, HeN) or

two-way ANOVA followed by Tukey’s multiple comparisons test (A, D, F). *P < 0.05, **P < 0.01, ***P < 0.001, Scd1DIE versus Scd1fl/fl.
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Since SCD1 is well-known to be expressed in hepatocytes, the
possibility that hepatocyte SCD1 influences obesity-associated
metabolic disorders was explored. To answer this question,
hepatocyte-specific Scd1 knockout (Scd1DHep) mice were gener-
ated by breeding the Scd1fl/fl with the Alb-cre mice. However, no
notable change in body weights, liver weights, liver indexes,
glucose and insulin tolerance, serum and hepatic biochemical
parameters or hepatic lipid accumulation was found in Scd1DHep

mice compared to that in Scd1fl/fl mice (Supporting Information
Fig. S6). These data suggest a minor role for hepatocyte SCD1 in
modulating obesity-associated metabolic disorders during the
challenge of HFD feeding.

3.3. Intestinal Scd1 disruption induces MT1 expression

Given that the main physiological role of SCD1 is to catalyze the
desaturation of endogenous and exogenous saturated fatty acids to
form the respective monounsaturated fatty acids, fatty acid
composition in the intestine and serum of Scd1fl/fl and Scd1DIE mice
after 4-week or 10-week HFD feeding was analyzed. Unexpectedly,
no notable change in fatty acid levels, including the substrates
(C16:0 and C18:0) and products (C16:1 and C18:1) of SCD1, was
found in either the intestine or the serum of Scd1DIE mice under
short- or long-term HFD treatment (Supporting Information Fig.
S7AeS7D), while decreased levels of C16:1 and C18:1 were
observed in the liver of Scd1DIE mice fed a HFD for 10 weeks
compared to Scd1fl/fl mice (Fig. S7E). These data indicate that the
effect of intestinal SCD1 in de novo lipogenesis may not be a key
causal factor that contributes to the metabolic phenotype. To further
explore the effects of intestinal SCD1 deficiency on lipid absorption,
serum TG and fecal NEFA levels were measured in Scd1fl/fl and
Scd1DIE mice challenged with corn oil. There was no significant
difference in both the serum TG and fecal NEFA levels between the
two genotypes (Fig. S7F and S7G), indicating that lipid absorption
was not changed when SCD1 is knocked out in the intestine.
Furthermore, TG levels in the intestine were unchanged between the
Scd1fl/fl and Scd1DIE mice (Fig. S7H), suggesting no change in TG
synthesis in the intestine upon loss of intestinal SCD1.



Figure 3 Intestinal Scd1 disruption increased Mt1 expression. (A, B) RNA-seq analysis of Scd1fl/fl and Scd1DIE mice fed a high-fat diet (HFD)

for 4 or 10 weeks. The volcano plot (A), and Venn plot (B) of the RNA-seq data from the intestines of Scd1fl/fl and Scd1DIE mice fed a HFD for 4

weeks or 10 weeks. (CeE) mRNA levels of Mt1 (C, D) and MT1 protein levels (E) in the jejunum of Scd1fl/fl and Scd1DIE mice fed a HFD for 4

weeks or 10 weeks; (F) mRNA levels of Mt1 in the jejunum of Scd1fl/fl and Scd1DIE mice fed with chow diet for 18 months; nZ 8 for 4-week and

10-week HFD fed Scd1fl/fl group, n Z 7 for 4-week and 10-week HFD fed Scd1DIE group, n Z 5 for 18-month chow fed Scd1fl/fl and Scd1DIE

groups. (G) mRNA levels of Mt1 in the primary intestinal epithelial cells isolated from Scd1fl/fl and Scd1DIE mice fed a HFD for 2 weeks; n Z 3.
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Increased bile acids were found in the circulation in skin
epidermis-specific Scd1-null mice and in both the serum and the liver
of intestine-specific Scd1-null mice. Among the changed bile acids,
lithocholic acid, deoxycholic acid, chenodeoxycholic acid, cholic
acid and tauroursodeoxycholic acid, which function as Takeda G
protein-coupled receptor 5 (TGR5) activators, were suggested to
contribute to the protective phenotype from HFD-induced obesity in
thesemice31,32. To explorewhether the obesity-resistant phenotype is
also due to bile acidmetabolite levels that were changed by intestinal
Scd1 disruption, serum, liver and ileum bile acid levels were then
measured in 10-week HFD-fed Scd1fl/fl and Scd1DIE mice. While no
statistical difference was observed in bile acid levels in the ileum
between Scd1fl/fl and Scd1DIE mice (Supporting Information
Fig. S8A), deoxycholic acid, hyodeoxycholic acid, lithocholic acid
and taurolithocholic acid in the serum, and taurocholic acid, cheno-
deoxycholic acid, taurodeoxycholic acid, tauroursodeoxycholic acid
and taurolithocholic acid in the liver were significantly decreased in
10-week HFD-treated Scd1DIE mice compared to Scd1fl/fl mice (Fig.
S8B and S8C). The total bile acids in the serum, liver and ileum, and
the mRNA levels of bile acid synthesis and transport-related genes in
the liver, as wells as genes related to bile acid uptake in the ileum,
were not significantly changed between Scd1fl/fl and Scd1DIE mice
(Fig. S8DeS8H). These data suggest that the improved obesity
phenotype in the Scd1DIE mice in this study may not be meditated by
bile acid changes and TGR5 activation.

Given that changes in metabolic profiles of both fatty acids and
bile acids might not contribute to the observed obesity-resistant
phenotype of Scd1DIE mice, RNA-seq analysis was employed to
explore the potential mechanisms underlying improved metabolic
syndrome mediated by intestinal Scd1 disruption. RNA-seq analysis
was carried out on RNAs from the jejunum of Scd1fl/fl and Scd1DIE

mice fed a HFD for 4 weeks and 10 weeks. The differentially-
expressed gene profiles between the two genotypes across the two
experiments were analyzed using Volcano plots and overlapped
using Venn diagram (Fig. 3A and B). In particular,Mt1 mRNAwas
consistently increased by intestine-specific SCD1 deficiency, while
Scd1 mRNA was, as expected, decreased by intestinal Scd1
disruption (Fig. 3A and B). Similar data were found in the RNA-seq
analysis by using ileum samples from 3-week and 15-week HFD fed
Scd1fl/fl and Scd1DIE mice, as Mt1 mRNA was increased and Scd1
decreased by intestinal SCD1 deficiency under both feeding condi-
tions (Supporting Information Fig. S9A and S9B), indicating that
both the jejunum and ileum shared similar patterns of Mt1 mRNA
induction. Induction of Mt1 mRNA was further confirmed by real-
time quantitative polymerase chain reaction in Scd1DIE mice fed
chow or a 4-week or 10-week HFD or a 3-week or 15-week HFD
(Fig. 3C, D and F, Fig. S9C and S9D), and the increase in MT1
protein was further confirmed by western blot analysis of intestine
tissue from Scd1fl/fl and Scd1DIE mice after 4-week or 10-week HFD
feeding (Fig. 3E). Primary intestinal epithelial cells isolated from
HFD-fed Scd1DIE mice also displayed higher Mt1 mRNA levels
compared to that of Scd1fl/fl mice (Fig. 3G). These data demonstrate
that intestinal Scd1 disruption mainly causes the increased Mt1
mRNA, primarily in epithelial cells.
(H, I) Malondialdehyde (MDA) levels (H) and glutathione (GSH) levels (I)

MDA levels (J) and GSH levels (K) in the serum of Scd1fl/fl and Scd1DIE m

(M) in the ileum of Scd1fl/fl and Scd1DIE mice fed a HFD for 10 weeks. (N

Scd1DIE mice fed a HFD for 10 weeks. All data are presented as the mean

student’s t-test (C, D, FeO). *P < 0.05, **P < 0.01, ***P < 0.001, Scd
3.4. Intestinal Scd1 disruption restricts HFD-induced oxidative
stress by inducing MT1 expression

MT1 is involved in regulating oxidative stress by quenching
ROS33, suggesting that intestinal SCD1 deficiency may reduce
obesity by decreasing obesity-induced oxidative stress. Since
increased oxidative stress was previously shown to be involved
in obesity12, intestinal oxidative stress was examined in HFD-
fed mice. Increased oxidative stress, as reflected by elevated
malondialdehyde (MDA) and decreased GSH levels, was found
in the ileum of C57BL/6N mice fed a HFD for 3 weeks or 10
weeks as compared to mice fed a chow diet (Fig. S9EeS9H). In
line with the hypothesis that intestinal SCD1 may reduce
oxidative stress, 3-week or 10-week HFD-fed Scd1DIE mice
exhibited markedly lower MDA and higher GSH levels in the
ileum as well as in the serum compared to that of Scd1fl/fl mice
(Fig. 3HeO). To further determine if decreased oxidative stress
contributes to the decreased obesity induced by HFD in Scd1DIE

mice, NAC, an oxidative stress inhibitor, was used to treat
Scd1fl/fl and Scd1DIE mice fed a HFD. While intestinal Scd1
disruption or NAC treatment decreased body weight and liver
weight, improved insulin resistance, lowered serum ALT, AST
and cholesterol levels, reduced hepatic lipid accumulation, and
improved oxidative stress markers in the serum and ileum, these
parameters were not further improved in Scd1DIE mice treated
with NAC compared to those in Scd1DIE mice treated with
vehicle (Fig. 4AeU), indicating that intestinal SCD1 deficiency
protects mice from HFD-induced obesity at least partially
through improving oxidative stress.

To further examine whether intestinal SCD1 deficiency-
induced MT1 contributes to its effect in restricting oxidative
stress, intestine-derived immortalized MC38 cells were treated
with recombinant lentivirus carrying mouse Mt1 shRNA to silence
MT1 followed by palmitic acid challenge. Palmitic acid treatment
significantly increased the levels of oxidative stress and reduced
theMt1 mRNA expression, whileMt1 shRNA-caused reduction of
Mt1 expression was found to increase the oxidative stress both in
the presence and absence of palmitic acid treatment (Fig. 5AeD),
indicating a role for MT1 in preventing oxidative stress in intes-
tinal cells. To further examine whether MT1 induction contributes
to the anti-oxidant role of intestinal SCD1 disruption, primary
intestinal epithelial cells were isolated from 1-week HFD-fed
Scd1fl/fl and Scd1DIE mice. Higher Mt1 mRNA levels accompa-
nied by lower oxidative stress were found in intestinal epithelial
cells from Scd1DIE mice compared to those in Scd1fl/fl mice-
derived cells, while the reduction of oxidative stress in the intes-
tinal epithelial cells derived from Scd1DIE mice was compromised
when Mt1 was silenced by lentivirus Mt1 shRNA (Fig. 5EeH).
Furthermore, mouse Mt1 overexpression was found to decrease
oxidative stress both in the presence and absence of palmitic acid
treatment in primary intestinal epithelial cells (Fig. 5IeL). These
data suggest that intestinal SCD1 disruption restricts intestinal
oxidative stress at least partially by inducing the expression of
MT1.
in the ileum of Scd1fl/fl and Scd1DIE mice fed a HFD for 4 weeks. (J, K)

ice fed a HFD for 4 weeks. (L, M) MDA levels (L) and GSH levels

, O) MDA levels (N) and GSH levels (O) in the serum of Scd1fl/fl and

� SEM of biologically independent samples, analyzed by a two-tailed

1DIE versus Scd1fl/fl. TBARS, thiobarbituric acid reactive substances.



Figure 4 Intestinal Scd1 disruption decreased obesity and fatty liver through reducing oxidative stress. Scd1fl/fl and Scd1DIE mice were fed a

high-fat diet and treated with vehicle or N-acetylcysteine (NAC) water (2 g/L) for 15 weeks, n Z 6. (A) Body weight curve. (B) Liver weight. (C)

Liver index. (D, E) Glucose tolerance test (GTT) (D) and quantitation of area under the curve (E). (F, G) Insulin tolerance test (ITT) (F) and

quantitation of area under the curve (G). (H) Serum alanine aminotransferase (ALT). (I) Serum aspartate aminotransferase (AST). (J) Serum total

cholesterol (TC). (K) Serum triglyceride (TG). (L) Serum non-esterified fatty acid (NEFA). (M) Liver TC. (N) Liver TG. (O) Liver NEFA. (P, Q)

Representative hematoxylin and eosin staining (P) and oil red O staining (Q) of liver sections (n Z 3 mice per group, three images per mouse per

staining). Scale bar, 100 mm. (ReU) Malondialdehyde (MDA) and glutathione (GSH) levels in the ileum (R, S) and the serum (T, U) of Scd1fl/fl

and Scd1DIE mice fed a high-fat diet and treated with vehicle or NAC water. All data are presented as the mean � SEM of biologically inde-

pendent samples, analyzed using one-way ANOVA followed by Tukey’s multiple comparisons test (B, C, E, G, O, ReU) or two-way ANOVA

followed by Tukey’s multiple comparisons test (A, D, F). (A, D, F) *P < 0.05, **P < 0.01, ***P < 0.001, Scd1fl/fl þ NAC versus

Scd1fl/fl þ vehicle; #P < 0.05, ##P < 0.01, ###P < 0.001, Scd1DIE þ vehicle versus Scd1fl/fl þ vehicle. (B, C, E, G, O, ReU) *P < 0.05,

**P < 0.01, ***P < 0.001 versus the Control. TBARS, thiobarbituric acid reactive substances.

900 Yangliu Xia et al.
3.5. A939572 attenuates hepatic steatosis depending on the
presence of intestinal SCD1

To further explore if the anti-obesity effect of chemical SCD1 in-
hibition on HFD-induced metabolic syndrome is dependent on the
presence of intestinal SCD1 activity, A939572, a specific SCD1
inhibitor, was used to treat the Scd1fl/fl and Scd1DIE mice fed a HFD
for 12 weeks. Intestinal Scd1 disruption or A939572 treatment
decreased body weight and liver weight, improved insulin resis-
tance, lowered serum ALT, ASTand cholesterol levels, and reduced



Figure 5 Intestinal SCD1 loss-induced Mt1 upregulation contributed to the reduction of intestinal oxidative stress. (AeD) Mt1 mRNA (A),

reactive oxygen species (ROS) level (B), malondialdehyde (MDA) level (C) and glutathione (GSH) level (D) in MC38 cells treated with BSA

control vehicle (V), BSA-conjugated 0.2 mmol/L palmitic acid (PA), scramble shRNA (shCtrl) or Mt1-shRNA (shMt1) as indicated. Cells were

pretreated with scramble shRNA or Mt1-shRNA for 24 h and then treated with V or PA for another 24 h; n Z 3. (EeH) Mt1 mRNA (E), ROS

levels (F), MDA levels (G) and GSH levels (H) in primary intestinal epithelial cells from Scd1fl/fl and Scd1DIE mice treated with shCtrl or shMt1

for 48h; n Z 3. (IeL) Mt1 mRNA (I), ROS level (J), MDA level (K) and GSH level (L) in primary intestinal epithelial cells from Scd1fl/fl and

Scd1DIE mice treated with BSA control vehicle (V), BSA-conjugated 0.2 mmol/L PA, control plasmid (Ctrl) or Mt1-overexpression plasmid

(MT1) as indicated. Cells were pretreated with control plasmid or Mt1-overexpression plasmid for 48 h and then treated with Vor PA for another

24 h; n Z 3. All data are presented as the mean � SEM of biologically independent samples, analyzed using one-way ANOVA followed by

Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001 versus the Control. TBARS, thiobarbituric acid reactive substances.

TBARS, thiobarbituric acid reactive substances.
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hepatic lipid accumulation (Fig. 6AeQ). However, Scd1DIE mice
treated with A939572 did not show further improvement in any of
the metabolic parameters examined compared to those in Scd1DIE

mice treated with vehicle (Fig. 6AeQ), indicating that the effect of
A939572 on HFD-induced metabolic syndrome was mainly
dependent on the intact expression of intestinal SCD1. Increased
MT1 and decreased oxidative stress were found in A939572-
treated Scd1fl/fl mice, but no further increase of Mt1 mRNA, or
decrease of various markers of oxidative stress was observed in
A939572-treated Scd1DIE mice compared to Scd1DIE mice after
vehicle treatment (Fig. 6ReV), further supporting the view that
decreased obesity in intestinal SCD1 knockout mice is at least
partially due to reduced oxidative stress caused by MT1 induction.

A939572 was next employed to treat the HFD-fed Scd1fl/fl and
Scd1DHep mice to examine whether A939572 reduced obesity and
associated fatty liver depends on the presence of hepatic SCD1. The
improvedobesity and fatty liver inA939572-treatedScd1fl/flmicewere
not different in Scd1DHep mice after A939572 treatment (Fig. 7AeQ),
indicating that A939572 decreased HFD-induced obesity and hepatic
steatosis in a hepatocyte SCD1-independent manner.



Figure 6 Chemical SCD1 inhibition improved high-fat diet-induced obesity and hepatic steatosis depending on the presence of intestinal

SCD1. (A) Body weight curve. (B) Liver weight. (C) Liver index. (D, E) Glucose tolerance test (GTT) (D) and quantitation of area under the curve

(E). (F, G) Insulin tolerance test (ITT) (F) and quantitation of area under the curve (G). (H) Serum alanine aminotransferase (ALT). (I) Serum

aspartate aminotransferase (AST). (J) Serum total cholesterol (TC). (K) Serum triglyceride (TG). (L) Serum non-esterified fatty acid (NEFA). (M)

Liver TC. (N) Liver TG. (O) Liver NEFA. (P, Q) Representative hematoxylin and eosin staining (P) and oil red O staining (Q) of liver sections

(n Z 3 mice per group, three images per mouse per staining). Scale bar, 100 mm. (ReV) Mt1 mRNA (R), malondialdehyde (MDA) and

glutathione (GSH) levels in the ileum (S, T) and the serum (U, V) of Scd1fl/fl and Scd1DIE mice fed a high-fat diet for 12 weeks. nZ 5 for Scd1fl/fl

with vehicle group, n Z 8 for Scd1fl/fl with A939572 group, n Z 6 for Scd1DIE with vehicle group, and n Z 5 for Scd1DIE with A939572 group.

All data are presented as the mean � SEM of biologically independent samples, analyzed using one-way ANOVA followed by Tukey’s multiple

comparisons test (B, C, E, GeO, ReV) or two-way ANOVA followed by Tukey’s multiple comparisons test (A, D, F). (A, D, F) *P < 0.05,

**P < 0.01, Scd1fl/fl þ A939572 versus Scd1fl/fl þ vehicle; #P < 0.05, ##P < 0.01, ###P < 0.001, Scd1DIE þ vehicle versus Scd1fl/fl þ vehicle. (B,

C, E, GeO, ReV) *P < 0.05, **P < 0.01, ***P < 0.001 versus the Control. TBARS, thiobarbituric acid reactive substances.
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Figure 7 Improvement of hepatic steatosis induced by high-fat diet was independent of hepatic SCD1 inhibition. Scd1fl/fl and Scd1DHep mice

were administered vehicle or A939572 while maintained on high-fat diet for 12 weeks. (A) Body weight curves. (B) Liver weights. (C) Liver

index. (D) Glucose tolerance test (GTT). (E) GTT area under the curve. (F) Insulin tolerance test (ITT). (G) ITT area under the curve. (H) Serum

alanine aminotransferase (ALT). (I) Serum aspartate aminotransferase (AST). (J) Serum total cholesterol (TC). (K) Serum triglyceride (TG). (L)

Serum non-esterified fatty acid (NEFA). (M) Hepatic TC. (N) Hepatic TG. (O) Hepatic NEFA. (P, Q) Representative hematoxylin and eosin

staining (P) and oil red O staining (Q) of liver sections (nZ 3 mice per group, three images per mouse per staining). Scale bar, 100 mm. nZ 5 for

Scd1fl/fl with vehicle group and Scd1fl/fl with A939572 group, respectively, n Z 10 for Scd1DHep with vehicle group, and n Z 8 for Scd1DHep with

A939572 group. All data are presented as the mean � SEM of biologically independent samples, analyzed using one-way ANOVA followed by

Tukey’s multiple comparisons test (B, C, E, G, O) or two-way ANOVA followed by Tukey’s multiple comparisons test (A, D, F). (A, D, F)

*/**/***P < 0.05/0.01/0.001, Scd1fl/fl þ A939572 versus Scd1fl/fl þ vehicle; #/##P < 0.05/0.01, Scd1DHep þ vehicle versus Scd1fl/fl þ vehicle. (B,

C, E, G, O) *P < 0.05, **P < 0.01, ***P < 0.001 versus the Control.
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To further assess whether A939572-induced MT1 expression is
a causal factor or a result of the A939572-caused anti-obesity
phenotype, HFD-fed C57BL/6N mice treated with A939572 for 3
weeks were analyzed and Mt1 mRNA was increased along with
GSH levels concomitant with decreased MDA levels in the ileum,
when the mouse body weights were not significantly changed by
A939572 treatment (Supporting Information Fig. S10AeS10F).
These data suggest that chemical SCD1 inhibition could induce
MT1 expression at the early stage as an initial causal factor that
likely contributes to its anti-obesity effect.

3.6. Intestinal SCD1 disruption improves obesity and fatty liver
in a therapeutic manner

To further investigate if established obesity could be improved by
intestinal SCD1 disruption, Villin-ERT2-cre Scd1fl/fl (Scd1DIE,ERT2)



Figure 8 Intestine-specific inducible Scd1 disruption ameliorated high-fat diet (HFD)-induced obesity and hepatic steatosis. Scd1fl/fl and

Scd1DIE,ERT2 mice were first fed a high-fat diet (HFD) for 12 weeks and then injected weekly with tamoxifen while maintained on a HFD for

another 12 weeks. (A) Experimental scheme. (B) final body weights. (C) Liver weights. (D) Liver index. (E) Glucose tolerance test (GTT). (F)

GTT area under the curve. (G) Insulin tolerance test (ITT). (H) ITT area under the curve. (I) Serum alanine aminotransferase (ALT). (J) Serum

aspartate aminotransferase (AST). (K) Serum total cholesterol (TC). (L) Serum triglyceride (TG). (M) Serum non-esterified fatty acid (NEFA).

(N) Hepatic TC. (O) Hepatic TG. (P) Hepatic NEFA. n Z 6. (Q, R) Representative hematoxylin and eosin staining (Q) and oil red O staining

(R) of liver sections (n Z 3 mice per group, three images per mouse per staining). Scale bar, 100 mm. (S, T) Scd1(S) and Mt1 (T) mRNA in the

ileum of Scd1fl/fl and Scd1DIE, ERT2 mice (n Z 6). All data are presented as the mean � SEM of biologically independent samples, analyzed using

one-way ANOVA followed by Tukey’s multiple comparisons test, except that for E and G, two-way ANOVA followed by Tukey’s multiple

comparisons test was used. *P < 0.05, **P < 0.01, ***P < 0.001, Scd1DIE,ERT2 versus Scd1fl/fl.
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mice were generated by crossing the Scd1fl/fl with the Villin-ERT2-
cre mice to achieve temporal, intestine-specific Scd1 disruption in
the presence of tamoxifen. Decreased Scd1 mRNA levels were
found in the intestines of Scd1DIE,ERT2 mice compared to Scd1fl/fl

mice after tamoxifen treatment (Fig. 8S). Scd1DIE,ERT2 mice were
subjected to HFD feeding for 12 weeks to establish obesity and then
treated with tamoxifen to activate the Cre recombinase while being
maintained on HFD for another 12 weeks (Fig. 8A). Scd1DIE,ERT2

mice showed lower body weights and liver weights, and improved
glucose tolerance and insulin sensitivity compared to Scd1fl/fl mice
(Fig. 8BeH). Serum ALT and AST, hepatic and serum cholesterol
levels, and hepatic triglyceride levels were markedly decreased in
Scd1DIE,ERT2 mice, accompanied by increased expression of Mt1
mRNA in the ileum of Scd1DIE mice (Fig. 8IeP, Q, R, and T),
suggesting that intestinal SCD1 deficiency could therapeutically
ameliorate metabolic disorders in mice with established obesity.
4. Discussion

In the present study, intestine-specific disruption of Scd1 in
Scd1DIE mice was found to protect against HFD-induced obesity,
insulin resistance and hepatic steatosis. Mechanistically, defi-
ciency of intestinal SCD1 results in increased MT1 levels, leading
to decreased oxidative stress. Pharmacological inhibition of SCD1
by A939572 also exerts anti-obesity effects depending on the
presence of intestinal, but not hepatic, SCD1, suggesting intestine
SCD1 activity, but not hepatic SCD1, as a promising pharmaco-
logical target for the treatment of obesity and associated metabolic
disease.

Previous work showed that global SCD1-deficient mice were
protected from HFD-induced obesity due to increased energy
expenditure19. While SCD1 protein is known to be highly
expressed in both liver and adipose tissues, hepatocyte-specific
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SCD1 knockout, adipocyte-specific SCD1 knockout, or both he-
patocyte SCD1 and adipocyte SCD1 double-knockout mice failed
to replicate the obesity-resistant effect of global SCD1 knockout
mice during HFD feeding21,23. In line with these previous
studies21,23, there was no significant improvement in metabolic
phenotypes in mice with liver-specific SCD1 deficiency during
HFD feeding as revealed in the present study, indicating that
SCD1 deficiency in an extrahepatic tissue is required to achieve
the resistance to HFD-induced weight gain and hepatic steatosis.
Interestingly, in the present study, while intestine is not the tissue
with the highest expression of SCD1 among all organs, SCD1 is
markedly induced upon HFD feeding in mice or obesity challenge
in humans, and intestine-specific Scd1 disruption recapitulated the
obesity-resistant metabolic phenotype observed in global SCD1
deficiency in mice. The mechanism for this increase in SCD1 by a
HFD is not known. In a previous publication, hepatic SCD1 ac-
tivity index was reported to negatively correlate with liver fat in an
obese human population but not in leaner participants34, indicating
that hepatic SCD1 activity may modulate liver fat content in
humans. However, in the present study, no significant change of
liver SCD mRNA level was found in overweight humans
compared to normal controls, and hepatic SCD1 deficiency in
mice failed to modulate both obesity and fatty liver. Hepatic SCD1
activity index is correlated with liver content only in obese in-
dividuals with a BMI>27 in the former study34, and the difference
between hepatic SCD1 activity index estimated from fatty acid
pattern in serum very low density lipoprotein-TGs in the former
study and hepatic SCD1 expression evaluated by mRNA levels in
the present study may explain the discrepancy.

Given the key role of SCD1 in catalyzing the transformation of
SFA to MUFA, the fatty acid profile, including the main SCD1
substrates (C16:0 and C18:0) and their corresponding products
(C16:1 and C18:1), as well as other enriched fatty acids that could
be generated from SCD1 enzyme products, was first examined in
the intestine of HFD-fed Scd1fl/fl and Scd1DIE mice in the present
study. However, unexpectedly, no notable change in intestinal
fatty acid levels was observed in Scd1DIE mice compared to
Scd1fl/fl mice. The intestine of HFD-fed mice is likely over-
whelmed with HFD-enriched fatty acids, which could potentially
mask the differences of any de novo fatty acid metabolites
generated by intestinal SCD1. It was reported that enhanced
inflammation and tumorigenesis was observed in mice with in-
testinal SCD1 deficiency only when an oleic acid-deficient diet
was used but not when oleic acid-enriched chow diet was
employed22, which supported the view that dietary fatty acids
could compensate for the absence of SCD1 activity in the intes-
tine, thus masking the effects of loss or inhibition of SCD1.
However, intestine tissue typically transports lipids instead of
storing them. The intestine-derived lipids are usually packaged
into triglyceride-rich lipoproteins that then enter the circulation
where they are taken up by the liver and other tissues35. Indeed,
decreased levels of unsaturated fatty acids were detected in the
liver of HFD-fed Scd1DIE mice. While the present study indicates
that a intestinal SCD1 deficiency does not significantly change
intestinal de novo lipogenesis and thus likely has a minor role in
the observed phenotype, it is still not clear whether the reduced
levels of unsaturated fatty acids in the livers of HFD-fed Scd1DIE

mice are a result or a causal factor in reducing obesity in HFD-fed
Scd1DIE mice.

A previous study in mice with skin-specific disruption of Scd1,
and a more recent study using intestine-specific Scd1 knockout
mice demonstrated increased bile acid levels in the serum, which
are responsible for antagonizing TGR5 in brown adipose tissue,
contributing to the lean phenotype in conditional Scd1-null
mice31,32. Additionally, a shift in bile acid composition towards
more conjugated bile acids, especially taurine conjugated bile
acids, was previously shown in mice with Scd1 knockout in the
skin or intestine31,32. In the present study, all tested bile acids,
including primary and secondary bile acids, as well as unconju-
gated and conjugated bile acids, tended to decrease in the serum of
10-week HFD fed Scd1DIE mice, with significantly lower levels in
several secondary bile acids. However, no notable changes in gene
expression related to bile acid synthesis and transport were found
in the liver and no changes in bile acid reabsorption were noted in
the intestine, suggesting no significant difference in enterohepatic
circulation of bile acids between the two genotypes. The
discrepancy between the previous reports and the present findings
regarding bile acid changes in mice after loss of SCD1 in the
intestine may be due to different background of mice, as well as
different feeding regimens that were used. Furthermore, changes
in the composition of the gut microbiota were found in the in-
testinal Scd1 knockout mice, with several alterations in microbe
species being associated with the change in plasma bile acids32.
Thus, further investigation is needed to determine whether the
differences in bile acid metabolites between the Scd1fl/fl and
Scd1DIE mice observed result from variations in gut bacteria and
whether these changes in bile acids are responsible for the
observed metabolic phenotypes.

Expression of the antioxidant gene Mt1 was consistently found
to be increased in the intestine of Scd1DIE mice under chow,
4-week or 10-week HFD treatment compared to Scd1fl/fl mice.
Thus the role of oxidative stress and MT1, other than the enzyme
activity of SCD1, was suspected to contribute to the anti-obesity
phenotype in Scd1DIE mice. Previously, oxidative stress was re-
ported to be positively correlated with obesity due to enhanced
production of ROS from excess adiposity12. Oxidative stress is
induced in circulation and tissues, including liver and intestine, in
mice and rats by HFD feeding36,37. MT1, which belongs to the
metallothionein family, was demonstrated to be a stress protein
that prevents oxidative damage by quenching ROS through
oxidation of Cys residues33. With increased expression level of
Mt1 mRNA detected in the intestine, decreased oxidative stress
was observed in the intestine of Scd1DIE mice under HFD treat-
ment compared to the Scd1fl/fl mice. The increase in intestinal Mt1
mRNA was observed in Scd1DIE mice after short-term HFD
feeding prior to the occurrence of the anti-obesity phenotype or
even in chow-fed Scd1DIE mice, indicating that enhanced MT1
expression along with improved oxidative stress could be a causal
factor of the improved phenotype. Mice lacking both MT1 and
MT2 were found to become obese after HFD feeding or long-term
aging on chow diet with adipocyte enlargement and altered leptin
signaling38,39, while the inducer of MT1, zinc (Zn), was reported
to be lower in the serum in obese individuals40 and supplemen-
tation of Zn was found to decrease obesity in mice41. Since SCD1
protein possesses binding sites for Zn in its structure42, the
question arises whether the upregulated MT1 in mice with intes-
tinal Scd1 deficiency is due to increased Zn level that results from
decreased Zn binding by SCD1. This issue warrants further
investigation.

In the present study, intestinal SCD1 knockout reduced intes-
tinal oxidative stress, thereby reducing systematic oxidative stress
accompanied by induced MT1 expression both at the early and
late stages of HFD feeding, while the anti-oxidant NAC feeding
abolished the anti-obesity phenotype of intestine-specific Scd1-
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null mice. These results may shed light on the underlying mech-
anism of the preventive role of MT1 against HFD-induced obesity
in mice and suggest the importance of analyzing intestine-specific
MT1 deficiency to fully understand the specific role of MT1 in
metabolic disorders. Interestingly, with the current study revealing
a novel role for the intestinal SCD1-MT1 signaling axis in
modulating obesity progression at least partially by regulating
intestine-derived oxidative stress, a previous study showed that the
oxidative stress occurs more highly in the intestine compared to
other tissues when sleep was deprived43, the extent to which the
small intestine among all organs, with its large surface area
exposed to the challenge of excess nutrients prior to systemic
absorption, contributes to obesity induction needs to be further
explored. Accumulated ROS in white adipose tissues in obese
mice was reported to result in dysregulation of adipocytokines,
thus contributing to metabolic disorders12, and oxidative stress
was also shown to activate SREBP1C to increase lipogenesis44. In
the present study, intestinal SCD1 deficiency was found to reduce
intestinal oxidative stress, leading to a reduction of systematic
oxidative stress as revealed by reduced levels of oxidative markers
in the serum of Scd1DIE mice. However, whether intestine restricts
the oxidative stress to control obesity through decreasing oxidative
stress in adipose tissue or liver and regulating adipocytokines or
lipogenesis, warrants further studies.

Abnormal expression and activity of SCD1 was reported to be
associated with an increased risk of various metabolic diseases16,45-
50, while the biggest challenge in SCD1 inhibitor development is
the mechanism-based adverse effects such as dry skin and dry eye
resulting from the systemic distribution of SCD1 inhibitors, thus
limiting their effectiveness and therapeutic use51. Great efforts
have been invested into the discovery of SCD1 inhibitors52, espe-
cially approaches toward liver-targeted inhibitors accomplished
using antisense oligonucleotides or utilizing liver-specific organic
anion transporting polypeptides, which have been shown to reverse
severe insulin resistance and hepatic steatosis while reducing
mechanism-based toxicity in animal models53,54. However, it was
noted that hepatic SCD1 deficiency actually fails to contribute to
any obesity-associated metabolic disorders both in the present
study and early publications21,23, which is against the rational of
current drug discovery strategy that targets hepatic SCD1 for
treating metabolic disorders. More straightforward, A939572, a
selective SCD1 inhibitor55, was found to improve obesity depen-
dent on intestinal SCD1 but not hepatic SCD1, in the present study.
Whether the metabolically beneficial effect of SCD1 inhibition
caused by other chemical SCD1 inhibitors is also dependent on
intestinal SCD1 still requires further studies, the current study at
least sheds light on the importance of intestinal SCD1 in main-
taining metabolic homeostasis with A939572 as an exemplified
chemical SCD1 inhibitor. These findings imply that intestine-
restricted SCD1 inhibition could be another promising strategy to
treat metabolic disorders, which helps minimize the adverse effects
of systemic exposure. More importantly, the current study suggests
that future drug discovery targeting SCD1 for treating metabolic
disorders should consider the tissue-specific role of SCD1.

5. Conclusions

In conclusion, this study reveals a potential mechanism underlying
the protective role of intestinal SCD1 in obesity associated with
regulation of Mt1 and oxidative stress. Genetic reduction or
pharmacological inhibition of intestinal SCD1 protects mice from
HFD-induced obesity, highlighting intestinal SCD1 as a potential
target to treat metabolic disorders. These results may help guide
the development of SCD1-targeting drugs for the treatment of
obesity-associated metabolic disorders.
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