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Abstract

Stearoyl-CoA desaturase-1 is an endoplasmic reticulum (ER)-membrane resident protein that 

inserts a double bond into saturated fatty acids, converting them into their monounsaturated 

counterparts. Previous studies have demonstrated an important role for SCD1 in modulating 

tissue and systemic health. Specifically, lack of hepatic or cutaneous SCD1 results in significant 

reductions in tissue esterified lipids. While the intestine is an important site of lipid esterification 

and assimilation into the body, the regulation of intestinal SCD1 or its impact on lipid composition 

in the intestine and other tissues has not been investigated. Here we report that unlike other 

lipogenic enzymes, SCD1 is enriched in the distal small intestine and in the colon of chow-fed 

mice and is robustly upregulated by acute feeding of a high-sucrose diet. We generated a mouse 

model lacking SCD1 specifically in the intestine (iKO mice). These mice have significant 

reductions not only in intestinal lipids, but also in plasma triacylglycerols, diacylglycerols, 

cholesterol esters, and free cholesterol. Additionally, hepatic accumulation of diacylglycerols 

is significantly reduced in iKO mice. Comprehensive targeted lipidomic profiling revealed a 

consistent reduction in the myristoleic (14:1) to myristic (14:0) acid ratios in intestine, liver, and 

plasma of iKO mice. Consistent with the reduction of the monounsaturated fatty acid myristoleic 

acid in hepatic lipids of chow fed iKO mice, hepatic expression of Pgc-1α, Sirt1, and related 

fatty acid oxidation genes were reduced in chow-fed iKO mice. Further, lack of intestinal SCD1 
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reduced expression of de novo lipogenic genes in distal intestine of chow-fed mice and in the 

livers of mice fed a lipogenic high-sucrose diet. Taken together, these studies reveal a novel pattern 

of expression of SCD1 in the intestine. They also demonstrate that intestinal SCD1 modulates 

lipid content and composition of not only intestinal tissues, but also that of plasma and liver. 

Further, these data point to intestinal SCD1 as a modulator of gut-liver crosstalk, potentially 

through the production of novel signaling lipids such as myristoleic acid. These data have 

important implications to understanding how intestinal SCD1 may modulate risk for post-prandial 

lipemia, hepatic steatosis, and related pathologies.
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1. Introduction

Stearoyl-CoA desaturase 1 (SCD1) is an endoplasmic reticulum (ER)-membrane bound 

protein that plays a key regulatory role in lipid metabolism (1–3). SCD1 catalyzes the 

desaturation of dietary and de novo synthesized saturated fatty acids (SFAs), ranging 

from 12–18 carbons long, resulting in the formation of the respective Δ9 unsaturated 

monounsaturated fatty acid (MUFA) counterparts. Specific cellular SFAs and MUFAs can 

also be elongated to give rise to fatty acids that are reflective of cellular SCD1 activity, as in 

the case of cis-vaccenic acid (18:1n7), which is generated by elongation of 16:1n7, which is 

solely a product of SCD activity (4–8) (Figure 1A). The MUFA products of SCD1 are key 

substrates for the synthesis of lipid species such as triacylglycerols (TAG), cholesterol esters 

(CE), phospholipids (PL), wax esters, and diacylglycerols (DAG). Due to this critical role in 

lipid metabolism, SCD1 has been implicated in the development of metabolic diseases such 

as diabetes, fatty liver disease, and obesity (9–13).

SCD1 is ubiquitously expressed, and both whole-body knockouts and several tissue specific 

knockout models have been studied to determine the tissue specific contributions of SCD1 

to whole body lipid metabolism. Previous studies using animals globally deficient in SCD1 

(Scd1−/−) established that whole body SCD1 deficiency protects mice against diet-induced 

adiposity and insulin resistance (10,14–18). Liver-specific SCD1 deletion protected mice 

from carbohydrate-induced obesity and hepatic steatosis (15); these mice also had reduced 

liver and plasma triacylglycerols when fed a lipogenic high-sucrose diet, which robustly 
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induces hepatic SCD1 in wildtype mice (15). These data suggested that hepatic SCD1 

expression may play a key role in modulating liver responses to high-glycemic index diets 

(15). Since whole body deletion of SCD1 causes distinct cutaneous changes, including 

alopecia and dermatitis (17,19), mice lacking SCD1 only in the skin were generated (18). 

Interestingly, skin-specific deletion of SCD1 recapitulated the whole-body phenotype of 

resistance to high-fat diet-induced obesity and insulin resistance. Concomitantly, lack of skin 

SCD1 also resulted in a large build-up of unesterified lipids, including free cholesterol and 

free fatty acids. Conversely, esterified lipids including cholesterol esters, triacylglycerols, 

and wax diesters were markedly reduced in skin of these mice (18). These marked changes 

occurred despite an abundance of oleic acid in the diet and systemically through synthesis 

in the liver and adipose (18,20,21), suggesting that local desaturation of SFAs in the 

skin plays an important role in maintaining the cutaneous lipid barrier. Collectively, these 

prior studies have indicated that tissue SCD1 function plays crucial and divergent roles in 

lipid esterification and lipid homeostasis and that endogenously synthesized MUFAs play 

essential and distinct roles in regulating tissue lipid balance.

The intestine is an important regulatory and signaling organ that plays a key role 

in the digestion, absorption, and secretion of lipids (22–24). Importantly, esterification 

of free cholesterol and free fatty acids absorbed from the intestinal lumen by 

ER-membrane resident proteins, including MGAT (monoacyglycerol:acyltransferase), 

ACAT (acyl:CoA:cholesterol acyltransferase) and DGAT (diacylglycerol:acyltransferase) is 

essential for efficient lipid assimilation into chylomicrons (25–32). Indeed, genetic and 

pharmacological inhibition of these enzymes is associated with reduced plasma lipid levels, 

which may directly lower risk for atherosclerosis, stroke, and type II diabetes (33–35). 

While SCD1 deficiency has been shown to reduce lipid esterification in the skin epithelium 

and in the liver, a role for intestinal SCD1 in modulating systemic lipid levels has not been 

investigated. Here, we report our novel findings regarding the distribution and regulation of 

intestinal SCD1 in the mouse and its role in regulating intestinal and systemic lipid balance 

in response to varying nutritional inputs.

2. Methods

2.1 Animal diet studies

Wild-type C57BL/6J mice (Jackson Laboratories) were individually housed and maintained 

on a chow diet prior to the start of the study. Both males and females were studied, and data 

were segregated by sex. For chow diet studies, males were used except in Figure 2, where 

both male and female data are reported. For sucrose studies, males were used in Figure 1 and 

females were used in all other figures; Supplementary Figure 2 shows both male and female 

data. For sucrose-refeeding studies, mice were fasted for 24 hours with ad libitum access to 

water and refed a lipogenic high-sucrose, very low fat, high-glycemic index diet containing 

49% sucrose and 1% corn oil by weight (TD.03045, Envigo, Indianapolis, IN) for 18 

hours prior to euthanasia. All mice were euthanized in the post-prandial state by isoflurane 

anaesthesia followed by cardiac exsanguination between 9 and 11 a.m. Liver, epididymal 

adipose tissue (eWAT), intestinal mucosal scrapings, and plasma were collected. Prior to 

collection, intestines were washed with ice-cold PBS, and the small intestine (stomach to 

Burchat et al. Page 3

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2024 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the cecum) and colon were collected, after carefully dissecting away any connective tissue 

and fat surrounding the intestines. The small intestine was divided into three equal parts, 

denoted as proximal, middle, and distal intestine. Mucosal scrapings were collected from all 

intestine segments. All tissues and plasma were snap-frozen in liquid nitrogen and stored at 

−80° C or fixed in formalin for immunohistochemistry (IHC) measurements. For all in vivo 
procedures, every effort was made to minimize discomfort and suffering, in accordance with 

the protocols approved by the Animal Care and Use Committee of Rutgers University, New 

Brunswick, New Jersey under protocol No. 201900077.

2.2 Intestinal deletion of SCD1

Mice carrying flanking LoxP sequences surrounding exon 3 of the Scd1 gene (Scd1fl/fl; 

fl/fl) were provided by Dr. James Ntambi at the University of Wisconsin-Madison. The 

generation of these mice has been previously described (15). To generate intestine-specific 

Scd1 knockout mice, Scd1fl/fl mice were crossed with mice expressing Cre recombinase 

under the Villin 1 promoter (Vil-Cre 1000; #021504; The Jackson Laboratory, Bar Harbor, 

ME). Mice were maintained on a 12-hour light/dark cycle with ad libitum access to water 

and standard chow diet.

2.3 Immunohistochemistry

The small intestine was flushed with ice-cold PBS, cut longitudinally to expose the lumen, 

and rolled in a ‘Swiss-roll’ prior to fixation in 10% formalin for 24 hours followed by 

paraffin embedding. Tissues were blocked in 10% normal goat serum for 1 hour at room 

temperature and incubated in SCD1 primary antibody (C12H5, Cell Signaling Technology, 

Danvers, MA, United States) at a concentration of 1:100. Tissues were then incubated in 

anti-rabbit biotinylated secondary antibody followed by ABC reagent for 30 minutes each 

using VECTASTAIN Rabbit Elite kit (PK-6101). Negative controls were incubated in 10% 

normal goat serum during the blocking and primary antibody incubation step, and then with 

anti-rabbit biotinylated secondary antibody and ABC reagent. Tissues were then incubated 

in 3,3′-diaminobenzidine (DAB) for visualization. Tissues were dehydrated by immersion 

in a graded ethanol series and stained with hematoxylin before mounting with non-aqueous 

mounting media. Images of sections were analyzed using OlyVIA imaging software.

2.4 Carmine Red Gut Transit Time Assay

Individually housed mice were fasted overnight and then placed in cages with water and 

chow diet. Mice were orally gavaged with 300 μL of Carmine red solution (6% w/v in 0.5% 

hemicellulose). Feces were collected every 30 minutes and streaked across a white paper 

towel to monitor for the appearance of red dye.

2.5 Gene expression analyses

RNA was isolated using QIAzol Lysis Reagent and the Qiagen RNeasy kit (Qiagen, Hilden, 

Germany). Superscript III first-strand synthesis system (Invitrogen, Carlsbad, CA, United 

States) was used to synthesize cDNA from 1 μg of RNA. Quantitative real-time PCR (qRT-

PCR) was performed on a QuantStudio 3 Real-Time PCR System (Applied Biosystems, 

Foster City, CA, United States) with gene-specific primers (Table 1). Data were normalized 
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to the expression of RNA18SN5, and quantification was carried out using the 2−ΔΔCt method 

(36).

2.6 Protein Analyses

Whole cell lysates were prepared and lysate protein concentrations were determined by 

Bradford assay, as previously described (18). Equal amounts of protein were separated by 

SDS-PAGE and transferred to PVDF membranes. Total protein staining was performed 

using Ponceau stain to confirm uniform protein loading and transfer. Membranes were 

blocked in 5% BSA in Tris-buffered saline (TBS, 150 mM NaCl, 50 mM Tris-HCl, pH 

7.4) with 0.1% Tween 20 overnight at 4°C with rocking. The membranes were incubated 

overnight at 4°C with primary antibody. Primary antibodies were as follows: SCD1 (Cell 

Signaling Technology, Danvers, MA, United States), GAPDH (Cell Signaling Technology) 

and β-actin (Millipore Sigma, Burlington, MA, United States). Membranes were incubated 

with HRP- or Alexa-fluor conjugated secondary antibodies, and signal was detected using 

enhanced chemiluminescence or fluorescence imaging, respectively, on an Azure c600 

imaging system (Azure Biosystems, Dublin, CA, United States).

2.7 Lipid Analyses

Hepatic, plasma, and intestinal lipids were extracted by a modified Folch method and 

separated by thin-layer chromatography, as previously described (37,38). Briefly, lipids 

were extracted by homogenization in chloroform:methanol (2:1), and phase separated by 

addition of acidified saline followed by centrifugation. The lower organic phase was dried 

and reconstituted in chloroform:methanol (2:1), spotted onto Silica Gel 60 chromatography 

plates (Sigma-Aldrich, St.Louis, MO), and developed in heptane:isopropyl ether:acetic acid 

(60:40:3) until the solvent front reached 1 cm from the top of the plate. TLC plates were 

sprayed with 0.2% (w/v) 2’,7’-dichorofluorescein (Sigma-Aldrich) in ethanol, and bands 

were visualized under UV light (321 nm). Bands corresponding to phospholipid (PL), 

monoacylglycerol, diacylglycerol (DAG), free fatty acid (FFA), triacylglycerol (TAG), and 

cholesterol ester (CE) were identified using known standards, scraped, and collected for 

further analysis. Lipids were methylated in 14% BF3 in MeOH (Sigma-Aldrich), heated to 

100° C and extracted in hexane. The lipid fraction was dried, reconstituted in hexane, and 

loaded onto the Gas Chromatography and Mass Spectrometry system (Agilent Technologies, 

Santa Clara, CA, United States) using an autosampler. MassHunter Data Acquisition 

software and MassHunter Quantitative Analysis software was utilized for peak analyses. 

Peak identity was confirmed by National Institute of Standards and Technology (NIST) 

library search. Area under the curve values were generated by MassHunter and converted to 

concentration using standard curves generated for each acyl chain. Plasma free cholesterol 

was measured using the Wako Free Cholesterol E Microtiter kit, as per manufacturer’s 

instructions (FUJIFILM Healthcare, Lexington, MA).

2.8 Fecal Fat Measurement

Fecal fat was measured as previously described (39). Briefly, feces were collected for 24 

hours from individually housed mice. Feces were dried overnight at 60°C and weighed. 

0.5 g (dry weight) was dissolved in water overnight and lipid-extracted as described above. 
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The extracted lipids were placed in pre-weighed glass tubes and dried completely under a 

nitrogen stream. Tubes were weighed again to determine mass of recovered lipid.

2.9 Statistical Analyses

Data are expressed as mean ± SEM for biological replicates with comparisons carried out 

using student’s t-test for two-group comparisons or one-way ANOVA followed by post-hoc 

analysis using a multiple comparison procedure with Bonferroni/Dunn post-hoc comparison 

in Graph Pad Prism (version 8.2.0 for Windows, GraphPad Software, La Jolla, CA). p values 

less than 0.05 were considered statistically significant.

3. Results

3.1 Intestinal SCD1 is enriched in the distal small intestine and upregulated by sucrose 
feeding

To understand the potential role and regulation of SCD1 in the intestine, we first determined 

its pattern of expression along the length of the intestine. Under chow-fed conditions, 

Scd1 gene expression was highest in the distal small intestine, corresponding to the ileum, 

with lower levels of expression in the proximal and mid-small intestine, corresponding to 

duodenum and jejunum, respectively (Figure 1A). Mice were then refed a high-sucrose, 

very-low fat, high-glycemic index diet which has been previously shown to induce hepatic 

SCD1 expression (15). Following sucrose feeding, Scd1 expression was greatly increased 

in all intestinal segments (Figure 1B). The greatest relative expression was observed in the 

ileum (Figure 1B). In addition to the small intestine, robust Scd1 gene expression was also 

observed in the colon in chow-fed mice (Figure 1A). Additionally, colonic expression was 

significantly increased upon sucrose refeeding (Figure 1B). Relative expression of SCD1 

protein was confirmed to be highest in the ileum and colon in chow-fed mice (Figure 

1C) and in sucrose refed mice (Figs. 1D–E). Protein levels of SCD1 in fasted mice were 

undetectable by Western blot (not shown) or IHC (Figure 1E; Supplementary Figure 1). 

However, intestinal and colonic SCD1 protein was robustly upregulated by sucrose feeding 

(Figure 1E). Colon sections were not fixed for IHC analyses. These results demonstrate that 

intestinal SCD1 is regulated in both a spatial and nutritional manner, suggesting a potential 

regulatory role for this protein in intestinal and potentially in systemic lipid metabolism.

3.2 Deletion of intestinal SCD1 does not alter intestinal fat absorption, motility, or body 
composition

Given these observations of intestinal SCD1 expression and regulation, we sought to 

determine a potential role for intestinal SCD1 in regulating intestinal and systemic lipid 

homeostasis. We therefore generated an intestine-specific SCD1 knockout mouse (iKO) by 

introducing Cre recombinase under the control of the intestine-specific Villin promoter into 

Scd1fl/fl mice that carry two LoxP sites flanking exon 3 of the Scd1 gene (Figure 2A). 

To verify knockdown of intestinal Scd1, we measured gene expression along the length 

of the intestine in chow-fed mice (Figure 2B). Scd1 gene expression was significantly 

reduced in all intestine segments; residual Scd1 expression is likely due to presence of non-

epithelial cells that express Scd1. We also confirmed deficiency of intestinal SCD1 protein 

by Western blot and found that iKO mice had an 85–90% reduction in proximal, middle, 
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and distal intestine and colon (Figure 2C). Additionally, to confirm that the knockdown 

of SCD1 was specific to the intestine, we measured Scd1 gene expression in liver, brown 

adipose tissue (BAT), epididymal white adipose tissue (eWAT), inguinal white adipose tissue 

(iWAT), gastrocnemius muscle, heart and kidney (Figure 2D) and protein expression in liver 

and eWAT (Figure 2E). SCD1 expression was unchanged in any of these tissues of iKO 

mice. At 16–20 weeks of age, male and female fl/fl and iKO mice were weighed, and 

body composition was measured by MRI. No significant differences were observed in any 

measurements between genotypes (Figure 2F–H).

To determine if deletion of SCD1 altered intestinal development and morphology, we 

measured small intestine and colon lengths (Figure 3A and B). The small intestine was 

measured from the pyloric sphincter to the cecum, and the colon was measured from 

the cecum to the rectum. A small but significant increase in small intestine and colon 

lengths was observed in iKO mice (Figures 3 A,B). Histological examination by H&E 

staining revealed intact villi and crypts in iKO mice without obvious pathological alterations 

(Figure 3C). Systematic measurement of villus and crypt characteristics revealed a slight but 

significant decrease in villus widths and crypt depths in iKO mice, without any changes in 

villus lengths (Figures 3D–F). To determine if the deficiency of intestinal SCD1 impacts 

fat absorption, fecal fat content was measured (Figure 3G). There were no significant 

differences in fecal fat content between the fl/fl and iKO mice. Further, gut motility was 

measured using a Carmine Red dye that is impermeable to the intestinal membrane. No 

significant differences in gut transit time were observed between the two genotypes (Fig 

3H). Thus, the slight 10% increase in intestine lengths and similar reductions in villus 

widths and crypt depths did not impact measures of lipid absorption or gut transit time in 

iKO animals.

Taken together, these data indicate that SCD1 expression in the intestine is specifically and 

significantly ablated in the iKO model, without gross changes in intestinal function or body 

composition.

3.3 Deletion of intestinal SCD1 downregulates expression of other intestinal lipogenic 
genes

We have previously shown that hepatic SCD1 mediates the induction of lipogenic genes in 

response to pro-lipogenic diets (41). To determine if intestinal SCD1 may play a similar 

role in modulating lipogenic gene expression in the intestine, expression of several lipogenic 

genes was measured by qRT-PCR along the length of the intestine in mice maintained on a 

chow diet or subjected to an acute high-sucrose diet. There were no genotypic differences 

in body weights or food intake during sucrose refeeding studies (Supplementary Figure 

2). Under chow-fed conditions, the only significant changes observed in lipogenic gene 

expression in iKO mice occurred in the distal portion of the small intestine. Expression of 

fatty acid synthase (Fas), acetyl-coenzyme A carboxylase, diacylglycerol O-acyltransferase 

1 (Dgat1), and diacylglycerol O-acyltransferase 2 (Dgat2) were all significantly reduced in 

chow-fed iKO mice compared to their fl/fl counterparts in the distal small intestine (Figure 

4C). Acute sucrose feeding significantly induced lipogenic gene expression in all segments 

of the small intestine and colon (Figures 4A–D). Interestingly, in sucrose-fed iKO mice, 

Burchat et al. Page 7

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2024 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression of sterol regulatory element binding transcription factor 1 (Srebp-1c) and target 

lipogenic genes in the distal small intestine was paradoxically increased in iKO mice (Figure 

4C). These data indicate that lack of SCD1 in the intestine does not prevent the induction 

of these genes in response to sucrose feeding. Unlike in the small intestine, expression of 

Fas and Acc in the colon was significantly reduced in iKO mice, relative to fl/fl counterparts 

(Figure 4D). Expression of Srebp1c was also reduced in the colon of iKO mice, although 

this was not statistically significant. Mgat2 expression in the colon was unchanged, while 

Dgat1 was increased in the colon of iKO mice, as in the distal small intestine. Overall, these 

data indicate that under chow-fed conditions, lack of intestinal SCD1 may downregulate the 

expression of other lipogenic genes, many of which have been shown to regulate intestinal 

and systemic metabolism (28,29,31). However, upon refeeding a high-sucrose diet, which 

robustly induces both intestinal (Figure 1) and hepatic SCD1 (15), the lack of intestinal 

SCD1 does not prevent induction of intestinal lipogenic genes.

3.4 Intestinal SCD1 deletion downregulates hepatic lipogenic gene expression

To determine if the deletion of intestinal SCD1 impacted lipogenic gene expression in 

the liver, a key lipogenic organ, we measured hepatic lipogenic gene expression. Under 

chow-fed conditions, there were no significant differences in any of the lipogenic genes 

measured in livers of fl/fl vs. iKO mice (Figure 4E). As expected, sucrose feeding robustly 

induced lipogenic genes in livers of fl/fl mice (Figure 4E). Interestingly, hepatic Scd1 was 

significantly lower in iKO livers, relative to fl/fl livers. Consistent with reduced expression 

of hepatic Scd1, other hepatic lipogenic genes, including Srebp1c, Acc, and Fas were also 

significantly lower in sucrose-fed iKO mice. The lower hepatic Scd1 gene expression in 

iKO mice following sucrose feeding, was also apparent in reduced hepatic SCD1 protein 

levels in these mice (Figure 4F). These data indicate that the absence of intestinal SCD1 

reduces hepatic expression of SCD1 and lipogenic genes, in response to a pro-lipogenic 

diet, although the mechanisms mediating this communication between the intestine and liver 

following sucrose feeding are not yet known.

3.5 Intestinal SCD1 alters lipid content and composition of the small intestine

To determine if intestinal SCD1 deletion alters tissue lipid metabolism, we carried out 

in-depth targeted lipidomic analyses of intestinal segments from fl/fl vs. iKO mice after both 

dietary paradigms.

3.5.1 Proximal small intestine: The proximal intestine has relatively low SCD1 

expression but is the major site of lipid digestion and absorption. Triacylglycerols were 

significantly reduced by 47% in chow-fed iKO mice (Figure 5A). In addition, DAGs, FFAs 

and MAGs were also reduced by 30% each (Figure 5C, D and F), although these did 

not reach statistical significance due to inherent variability in lipid content between mice. 

After refeeding a high-sucrose diet, no significant genotypic differences were observed in 

proximal intestine total lipid content. Interestingly, we observed that while the content of 

most lipids was similar in chow-fed and sucrose-refed mice, sucrose feeding increased FFA 

levels by over 15-fold while reducing levels of TAG by 5-fold, relative to chow-fed animals 

(Figure 5D). While these changes could be attributable to acute increases in rates of de novo 
lipogenesis following this refeeding paradigm, expression of Fas and Acc were not elevated 
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in the proximal intestine upon sucrose refeeding (Figure 4A). However, these increases 

in FFA upon acute feeding of a high-glycemic diet warrant further investigations into the 

potential effects of longer-term consumption of these diets.

We analyzed acyl chain composition of each of the lipid classes (Supplementary Tables 

1). These analyses revealed a significant reduction in myristoleic acid (14:1) in TAGs, 

FFAs, PLs and DAGs in proximal intestine of chow-fed iKO mice. Concomitantly, levels 

of stearate (18:0), a substrate of SCD1, were increased in the CE fraction, while levels of 

oleic acid (18:1n9) were reduced in the DAG and MAG fractions of chow-fed iKO mice. 

Upon refeeding a high-sucrose diet, no genotypic differences in acyl chain composition were 

noted.

We calculated desaturation ratios as a measure of desaturase activity in the proximal 

intestine. To do this, content of monounsaturated fatty acids ranging from 14–18 carbons 

was divided by content of their respective saturated precursors. Four desaturation ratios, 

14:1n5/14:0, 16:1n7/16:0, 18:1n7/18:0, and 18:1n9/18:0, as well as a total desaturation ratio 

were calculated for each fraction. Under chow-fed conditions, the total desaturation ratio 

was significantly reduced in TAG and CE fractions of iKO mice in the proximal intestine, 

as a result of relative reductions in the 16:1 and 18:1n7 ratios (Figure 5G). In addition, 

the PL-16:1 ratio and PL-18:1n9 ratio were reduced in chow-fed iKO mice. After sucrose 

refeeding, although total lipid content was not different between fl/fl and iKO mice, the 

total desaturation index was significantly reduced in PL from iKO mice, due to significant 

reductions in 16:1, 18:1n7, and 18:1n9 ratios (Figure 5H).

3.5.2 Mid-small intestine: In the middle segments of the small intestine, we did not 

observe any significant changes between the fl/fl and iKO mice in total TAG, CE, FFA, 

PL, DAG, or MAG content in either the chow or sucrose-refed conditions (Figure 6A–F; 

Supplementary Tables 2). Despite this, myristoleic acid content was significantly reduced 

in DAG from chow-fed iKO mice, relative to fl/fl counterparts (Supplementary Table 2C). 

However, desaturation ratios were not significantly different between genotypes under either 

dietary condition in the middle segments of the small intestine, except for a slight increase in 

the CE-18:n9 ratio in sucrose-fed iKO mice (Figures 6G and H).

3.5.3 Distal small intestine: SCD1 had the highest expression in the distal intestine, 

so we hypothesized that lipidomic changes would be most apparent in this tissue (Figure 

7; Supplementary Tables 3). We observed a remarkable 80% reduction in the TAG content 

in chow-fed iKO distal intestines (Figure 7A). CE content was also significantly reduced 

by almost 30% in iKO mice (Figure 7B). Further, there was a 20% reduction in DAG 

content, but this was not statistically significant (Figure 7C). MAG, FFA, and PL were not 

changed in iKO mice (Figure 7D–F). The large reduction in TAG levels, along with smaller 

reductions in other esterified lipids, suggests a reduction in lipid esterification in the distal 

intestine of iKO mice. In addition, we observed significant reductions in the TAG-18:1n7 

and TAG-18:1n9 ratios, as well as the FFA-14:1 ratio in distal intestine of iKO mice (Figure 

7G).
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Upon refeeding a sucrose diet, we observed a remarkable doubling of FFA in the distal 

intestine of iKO mice, relative to fl/fl controls (Figure 7D). This was only observed in iKO 

mice, unlike for proximal intestine, where sucrose feeding increased FFA levels in all mice 

(Figure 5D). This relative increase in FFA in distal intestine of sucrose-fed iKO mice was 

driven by a significant increases in 15 of the measured fatty acid species (Supplementary 

Table 3D). Concomitantly, TAG content was significantly reduced by almost 50% in distal 

intestine of sucrose-refed iKO mice (Figure 7A; Supplementary Table 3A), suggesting a 

potential inability to esterify FFA to TAG in iKO intestines. In addition, the TAG-16:1, 

TAG-18:1n9, and TAG-total desaturation ratios were significantly reduced in iKO mice 

(Figure 7H). Interestingly, the 18:1n7 ratio,18:1n9 ratio, and total desaturation ratios were 

all significantly increased in the FFA fraction, indicating reduced incorporation of these 

lipids into the TAG fraction. Total CE, MAG, DAG, and PL content were not significantly 

altered (Figure 7B, C, E and F). However, many of the acyl chains comprising the DAG 

fraction were significantly increased in iKO mice (Supplementary Table 3C). Consequently, 

the DAG-16:1, DAG-18:1n7, DAG-18:1n9, and DAG-total desaturation ratios were all 

significantly increased in distal DAGs of iKO mice, following sucrose refeeding (Figure 

7H).

3.5.4 Colon: No significant differences were observed between genotypes in the colon 

under chow-fed conditions, although TAGs were non-significantly reduced by over 30% 

(Figure 8A–F). Interestingly, upon sucrose refeeding, there was a significant decrease in 

the DAG content in colon of iKO mice (Figure 8C). Also of note, we observed a 15% 

increase in colon PL in iKO mice (Figure 8E). Although this increase was not statistically 

significant, it was the only change in total PL content observed throughout the length of the 

intestine. Indeed, PL content and composition remains remarkably static upon manipulation 

of SCD1 in multiple other tissues (15,18). This non-significant increase in PL content was 

rendered more interesting by the observation that the PL-16:1, PL-18:1n7, PL-18:1n9, and 

PL-total desaturation ratios were all significantly reduced in colon of sucrose-fed iKO mice 

(Figure 8H). The relative 15% increase in colon PL of sucrose-fed iKO mice was driven by 

increases in levels of 18:2n6 and other longer-chained SFAs and polyunsaturated fatty acids 

(Supplementary Table 4E). Acyl chain analyses revealed relatively few other changes in the 

colon of iKO mice (Supplementary Tables 4).

3.5.6 Intestine lipids summary: Taken as a whole, our lipidomics analyses indicate 

significant reductions in unsaturated lipids and desaturation ratios in iKO mice, particularly 

in the distal small intestine, where expression of SCD1 is high. They identify myristoleic 

acid and the 14:1/14:0 ratio as a novel variable impacted by tissue SCD1 genotype. They 

also indicate that despite the relatively high colonic expression of SCD1, deletion of SCD1 

does not modulate colonic lipid composition to the same extent as in the distal small 

intestine.

3.6 Deletion of intestinal SCD1 decreases plasma TAG and cholesterol and alters the 
hepatic lipidome through reductions in myristoleic acid

We next sought to determine if intestinal SCD1 deletion would alter lipid content and 

composition beyond that of the intestine, implicating a role for intestinal SCD1 in regulating 
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systemic lipid balance. Accordingly, plasma and hepatic lipid content and composition 

were quantified. Plasma lipid analyses in chow-fed iKO mice revealed many significant 

reductions in lipid fractions (Figure 9; Supplementary Tables 5). Plasma TAGs were reduced 

by a remarkable 43% in iKO mice (Figure 9A). In addition, plasma CE levels were reduced 

by 17% (Figure 9B), plasma PL were reduced by 23% (Figure 9E), and plasma DAGs were 

reduced by 31% (Figure 9C). Plasma cholesterol was also significantly reduced in chow-fed 

iKO mice, relative to fl/fl controls (Figure 9F). In addition to changes in total lipid content, 

significant changes in desaturation ratios (Figure 9G) were observed in the DAG fraction, 

where the 14:1 ratio was reduced by a remarkable 90% in iKO mice and the DAG-18:1n7 

ratio was also significantly reduced. This resulted in a 33% reduction in the DAG-total 

desaturation ratio in plasma of iKO mice (Figure 9G).

In chow-fed iKO mice, hepatic lipid quantification revealed a significant 20% reduction 

in DAGs (Figure 10C). Concomitantly, the DAG-14:1 content (Supplementary Table 5C) 

was reduced by over 3-fold and the DAG-14:1/14:0 ratio was greatly reduced in livers of 

chow-fed iKO mice (Figure 10F). Indeed, despite a lack of other significant changes in total 

lipid content in any fraction besides DAG, the 14:1 ratio was remarkably and consistently 

reduced in the TAG (75%), PL (41%), and CE (83%) fractions. The 14:1 ratio was also 

reduced in the FFA fraction (41%), although this was not statistically significant. These data 

indicate that deletion of SCD1 in the intestine consistently reduces hepatic 14:1/14:0 ratios 

across most lipid fractions.

Thus, beyond impacting intestinal lipid content, deletion of SCD1 in the intestine induced 

significant reductions in plasma lipid content in chow-fed mice. Further, the analyses 

of hepatic and plasma lipids indicate consistent reductions in the 14:1/14:0 ratio as a 

consequence of deletion of intestinal SCD1. To our knowledge, such consistent changes in 

14:1 levels have not been previously reported in any dietary or genetic model, making these 

findings highly significant.

While these changes in hepatic and plasma lipid content were evident in chow-fed iKO 

mice, upon sucrose refeeding, plasma lipid content was largely similar between genotypes 

with only a few differences. Notably, the PL-16:1 and PL-18:1n7 ratios were significantly 

reduced in plasma of sucrose-fed iKO mice (Figure 9H). The significance of these changes 

is not clear. Similarly, hepatic lipid analyses in sucrose-fed mice revealed not many 

significantly different changes, except for an increase in the PL-14:1 ratio and a slight 

decrease in the PL-16:1 ratio, PL-18:1n9 ratio, and PL-total desaturation ratios, as well 

as a reduction in the TAG-total desaturation ratio in iKO mice (Figure 10G). These data 

indicate that in the context of an acute high-sucrose diet, hepatic and plasma MUFA content 

may largely be dependent on changes in SCD1 expression in extra-intestinal tissues such as 

liver or adipose, rather than on intestinal SCD1 levels. We also note that the high-sucrose 

diet used in these studies was very low in fat content and was notably lacking in myristate 

(Supplementary Table 7), which may further explain the lack of changes in 14:1 levels in 

iKO mice fed this diet. Whether hepatic and plasma lipids would be differentially affected 

by longer-term feeding of high-glycemic index diets in iKO mice is not yet known.
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3.7 Reduced hepatic myristoleate levels are associated with decreased expression of 
Pgc1α-Sirt1 and their target genes in livers of iKO mice

Recent studies have indicated that hepatic MUFAs directly activate signaling through the 

NAD-dependent protein deacetylase Sirtuin-1 (SIRT1)- Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α) axis in the liver (42). These effects were 

demonstrated for both 16:1 and 18:1, but any effects of other MUFAs on SIRT1 activation 

were not reported (42). Given our observations of consistently reduced 14:1 levels in all 

but the FFA fraction of hepatic lipids in chow-fed iKO mice (Figure 10F), we asked the 

question of whether hepatic expression of Sirt1, Pgc-1α, and their classical target genes 

associated with fatty acid oxidation would be altered in livers of iKO mice. Interestingly, 

expression of both Pgc-1α and Sirt1, as well as peroxisome proliferator activated receptor-

alpha (Pparα), medium-chain acyl-CoA dehydrogenase (Mcad), long-chain acyl-CoA 

dehydrogenase (Lcad), fatty acid translocase (Cd36), and carnitine palmitoyltransferase-1 

(Cpt-1) were all significantly reduced in livers of chow-fed iKO mice, relative to fl/fl 

counterparts (Figure 11A). Given prior reports on the role of hepatic MUFAs in modulating 

signaling through the SIRT1-PGC1α, axis, it is tempting to speculate that these reductions in 

fatty acid oxidation gene expression may be a consequence of reduced levels of myristoleic 

acid in livers of mice lacking intestinal SCD1. Consistent with this hypothesis, sucrose-fed 

iKO mice, that show no modulation of hepatic 14:1 levels (Figure 10G), also did not have 

any significant changes in hepatic expression of Sirt1, Pgc-1α, and fatty acid oxidation 

genes (Figure 11B).

4. Discussion

We report here for the first time the spatial and nutritional regulation of SCD1 in the 

intestine. Similar to a lipogenic organ such as the liver, intestinal SCD1 is acutely 

upregulated in response to a high-glycemic sucrose-enriched diet. Interestingly, both basal 

expression and diet-induced upregulation of SCD1 is most apparent in the distal regions of 

the small intestine and in the colon. Comprehensive targeted lipidomic analyses also reveal 

that deletion of SCD1 in the intestine significantly alters lipid content and desaturation ratios 

not only within the intestine, but also in plasma and liver. These changes are particularly 

evident in the post-prandial state of chow-fed mice, when dietary fat is present, and less 

so in mice refed a high-sucrose diet, when hepatic lipid production dominates. These 

differences speak to the relative importance of intestinal SCD1 in modulating the lipidomic 

response to various nutritional challenges. Further, the greatest reductions in lipid content 

were observed in the distal intestines of chow-fed iKO mice, corresponding with the higher 

expression of SCD1 in this region of the intestine.

Many other proteins that regulate lipid metabolism, including Fatty Acid Synthase (FAS), 

DGAT, MGAT, and Fatty Acid Binding Protein (FABP), are highly enriched in the proximal 

small intestine, where the bulk of lipid digestion and absorption occurs (24,27,43–48). In 

contrast, SCD1 is most highly expressed in the distal small intestine. The greater expression 

of SCD1 in the ileum is suggestive of potential roles for SCD1 in cell types that may be 

enriched in these regions of the small intestine. Enteroendocrine cells such as L-cells are 

known to be concentrated in the ileum (49–51) and are known to respond to intestinal fatty 
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acids of dietary and microbial origin by releasing various compounds that have paracrine 

and endocrine effects (52,53). While these cells constitute less than 1% of intestinal 

cells, they represent an important endocrine “organ” and produce over twenty hormones 

(51,54,55). One of the best studied among these is the incretin hormone GLP-1, secreted by 

L-cells largely resident in the ileum, which has been shown to regulate diverse processes, 

including glucose and lipid metabolism, inflammation, and appetite (54,56). Interestingly, 

one of the most potent stimuli for secretion of the incretin glucagon-like peptide-1 (GLP-1) 

from L-cells is oleic acid (57–59), a product of SCD1. While stimulation of L-cells by oleate 

has been examined in vitro, any potential role for SCD activity or MUFAs endogenously 

synthesized within L-cells has not been explored.

SCD1 expression is increased in several tumor types and correlates with tumor growth and 

malignancy, notably in colorectal cancers (12,13,60). Concomitantly, high-glycemic diets 

have been reported to increase incidence of colorectal tumors. Conversely, adherence to 

a low-glycemic diet is associated with reduced incidence of colorectal cancers (61–64). 

Interestingly, we observed that SCD1 is acutely stimulated by a high-glycemic sucrose 

diet in both the small intestine and colon. These data warrant further investigation into a 

potential role for intestinal SCD1 and its nutritional regulation in modulating risk for GI 

cancers. Prevalence of colorectal tumors is also associated with the presence of higher levels 

of inflammation in the colon. A recent report indicated that intestinal SCD1 deficiency 

combined with long-term dietary oleate restriction, increased intestinal ileal inflammatory 

gene expression (65). We did not observe any induction of pro-inflammatory genes in ileum 

of mice fed the sucrose diet, which was also severely restricted in oleate (Burchat and 

Sampath, unpublished), possibly due to the short duration of sucrose feeding in this study. 

However, metabolic stress induced by consuming a longer term high-glycemic diet may 

clarify a role for SCD1 in modulating intestinal inflammation and consequently, risk for GI 

tumors.

A novel and significant finding revealed by our comprehensive lipidomics analyses was that 

of consistent reductions in levels of myristoleic acid and the 14:1/14:0 ratio in iKO mice. 

Indeed, this ratio was reduced across lipid species in the livers of iKO mice (Figure 10F) and 

greatly reduced in the plasma DAG of iKO animals (Figure 9F). Given the lack of changes 

in SCD1 expression in livers of chow-fed iKO mice (Figure 2D, E), we hypothesize that the 

reductions in both plasma and hepatic 14:1 levels are a result of decreased desaturation of 

14:0 in the enterocytes of iKO mice. Myristoleic acid is an understudied fatty acid with very 

little known regarding its production or biological activity. Lipid analyses of the same batch 

of chow and high-sucrose diets used for these studies indicate that the chow diet contains 

almost 17 mg myristate (14:0) per 100 g of diet but virtually no myristoleate. The high-

sucrose diet, conversely, contains only trace amounts of either fatty acid (Supplementary 

Table 7). Thus, myristoleate in the intestines, liver, and plasma are likely directly generated 

by SCD1 in the enterocyte, explaining its consistent reduction in iKO mice fed a chow 

diet and lack of apparent changes in sucrose-fed iKO animals. A recent report indicated 

that gut-derived myristoleic acid may mediate crosstalk between the intestine and brown 

adipose tissue (66). Whether similar interorgan crosstalk between the gut and other tissues, 

such as the liver, may be mediated by myristoleic acid is not yet known. In this regard, 

it is intriguing that hepatic expression of Sirt1-Pgc1α and fatty acid oxidation genes was 
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downregulated in livers of mice lacking intestinal SCD1 when they were fed a chow, but not 

a high-sucrose diet. These changes are directly correlated to alterations or lack thereof in 

plasma and hepatic 14:1 levels. Therefore, it is tempting to speculate that intestinally-derived 

myristoleate may play a role in mediating such gut-liver crosstalk, and studies to further test 

this hypothesis are ongoing.

Atherosclerosis is still a leading cause of death globally. Post-prandial lipemia is a key risk 

factor for atherosclerosis and heart disease (67–75). We observed that deletion of intestinal 

SCD1 significantly lowered plasma lipids in the post-prandial state, including reductions in 

plasma TAGs and cholesterol. These results suggest that modulation of intestinal SCD1 

may be of therapeutic benefit in the management of postprandial lipemia. Additional 

investigations aimed at determining effects of intestinal SCD1 inhibition in management 

of postprandial lipemia in the context of Western dietary patterns is therefore warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Expression of the lipogenic enzyme SCD1 is enriched in the mouse distal 

small intestine and colon.

• Disruptions to intestinal SCD1 decrease intestinal lipids and expression of 

intestinal lipogenic genes.

• Plasma triacylglycerols, diacylglycerols, cholesterol esters and free 

cholesterol are decreased in mice lacking intestinal SCD1.

• Disruptions to intestinal SCD1 lead to decreased hepatic myristoleic acid 

content, along with decreased activation of the SIRT1-PGC-1α axis.
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Figure 1. Intestinal SCD1 is induced by feeding a high-sucrose diet and is enriched in distal small 
intestine.
(A) Generation of MUFA products by cellular SCD1 activity; SCD1 products are in red, 

and elongation products are in gray. (B-C) Scd1 expression in chow-fed or fasted and 

sucrose-refed animals in proximal, middle, and distal small intestine and colon; n=5–8. 

Averages ± SEM, bars with different letters are significantly different from each other. (D,E) 

SCD1 protein expression in the proximal, middle, and distal intestine and colon of chow-fed 

and sucrose-fed mice. Each lane contains protein pooled from 3 animals; *, p<0.05 vs. 

proximal (F) Immunohistochemical staining for SCD1 in intestines; images representative of 

three animals each; scale bar represents 25 μM. SCD1, Stearoyl-CoA Desaturase 1, β-Actin, 

Beta-Actin, GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 2. SCD1 is specifically depleted in intestines of iKO mice.
(A) Model for the generation of an intestinal SCD1 knockout model. (B, C) Intestinal SCD1 

gene and protein expression is significantly reduced in small intestine and colon of chow 

fed mice. (D,E) SCD1 gene and protein expression is not changed in non-intestinal tissues. 

(F-H) Body weights and body composition are not genotypically different in chow-fed mice. 

Averages ± SEM. *p<0.05 vs fl/fl. n= 6–8 for gene expression and body composition, and 

protein pooled from 3 animals per lane for protein blots. SCD1, Stearoyl-CoA Desaturase 1, 

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 3. Intestinal structure is slightly altered, but gut motility and fat absorption are intact in 
iKO mice.
(A,B) Lengths of small intestine and colon were slightly increased in iKO mice; n=8–12. 

(C) H&E staining of Swiss-rolled intestine segments do not show any apparent pathological 

changes in iKO mice. Images are representative of 3 chow-fed mice, and images were taken 

throughout length of intestine; scale bar represents 25 μM. (D-F) Villus lengths were not 

alterd, but villus widths and crypt depths were slightly reduced in iKO mice; data represent 

50–60 villi counted from 3 chow-fed mice. (G,H) Fecal fat content and gut transit time were 

not altered in chow-fed iKO mice; n=5–6. Averages ± SEM. *p<0.05 vs fl.
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Figure 4. Intestinal and hepatic lipogenic gene expression is altered by intestinal SCD1 
deficiency.
(A-E) Expression of lipogenic genes was measured by qRT-PCR in small intestine, colon, 

and liver of fl/fl and iKO mice fed a chow or sucrose diet; n=6–9. The dotted line represents 

a relative expression of 1.0. (F) SCD1 protein expression is reduced in livers of sucrose-fed 

iKO mice; n=4. Averages ± SEM. *p<0.05 vs. fl/fl; #p<0.05 vs. chow.
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Figure 5. Lipidomic changes in proximal intestine of iKO mice.
(A-F) Total content of triacylglycerols (TAG), cholesterol esters (CE), diacylglycerols 

(DAG), free fatty acids (FFA), and phospholipids (PL), and monoacylglycerols was 

determined by TLC-GC-MS using mucosal scrapings from proximal small intestines. (G, 

H) Desaturation ratios for 14–18 carbon chain lipid species were calculated for each lipid 

fraction from chow-fed and sucrose-fed mice. Red text denotes desaturation ratios that 

were significantly reduced, and blue text denotes desaturation ratios that were significantly 

increased in iKO mice, relative to diet-matched fl/fl controls. n=6. Averages ± SEM. 

*p<0.05 vs fl/fl.
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Figure 6. Lipidomic changes in in middle intestine of iKO mice.
(A-F) Total content of triacylglycerols (TAG), cholesterol esters (CE), diacylglycerols 

(DAG), free fatty acids (FFA), and phospholipids (PL), and monoacylglycerols was 

determined by TLC-GC-MS using mucosal scrapings from mid-small intestines. (G, H) 

Desaturation ratios for 14–18 carbon chain lipid species were calculated for each lipid 

fraction from chow-fed and sucrose-fed mice. Blue text denotes desaturation ratio that was 

significantly increased in iKO mice, relative to diet-matched fl/fl controls. n=6. Averages ± 

SEM. *p<0.05 vs fl/fl.
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Figure 7. Lipidomic changes in distal intestine of iKO mice.
(A-F) Total content of triacylglycerols (TAG), cholesterol esters (CE), diacylglycerols 

(DAG), free fatty acids (FFA), and phospholipids (PL), and monoacylglycerols was 

determined by TLC-GC-MS using mucosal scrapings from distal small intestines. (G, H) 

Desaturation ratios for 14–18 carbon chain lipid species were calculated for each lipid 

fraction from chow-fed and sucrose-fed mice. Red text denotes desaturation ratios that 

were significantly reduced, and blue text denotes desaturation ratios that were significantly 

increased in iKO mice, relative to diet-matched fl/fl controls. n=6. Averages ± SEM. 

*p<0.05 vs fl/fl.
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Figure 8. Lipidomic changes in colon of iKO mice.
(A-F) Total content of triacylglycerols (TAG), cholesterol esters (CE), diacylglycerols 

(DAG), free fatty acids (FFA), and phospholipids (PL), and monoacylglycerols was 

determined by TLC-GC-MS using mucosal scrapings from colon. (G, H) Desaturation ratios 

for 14–18 carbon chain lipid species were calculated for each lipid fraction from chow-fed 

and sucrose-fed mice. Red text denotes desaturation ratios that were significantly reduced, 

and blue text denotes desaturation ratios that were significantly increased in iKO mice, 

relative to diet-matched fl/fl controls. n=6. Averages ± SEM. *p<0.05 vs fl/fl.
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Figure 9. Plasma lipids are reduced in chow-fed iKO mice.
(A-E) Total content of plasma triacylglycerols (TAG), cholesterol esters (CE), 

diacylglycerols (DAG), free fatty acids (FFA), and phospholipids (PL) were determined 

by TLC-GC-MS. (F) Plasma free cholesterol was colorimetrically determined. (G, H) 

Desaturation ratios for 14–18 carbon chain lipid species were calculated for each lipid 

fraction from chow-fed and sucrose-fed mice. Red text denotes desaturation ratios that 

were significantly reduced, and blue text denotes desaturation ratios that were significantly 

increased in iKO mice, relative to diet-matched fl/fl controls. n=6. Averages ± SEM. 

*p<0.05 vs fl/fl.
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Figure 10. Lipidomic changes in livers of iKO mice.
(A-E) Total content of hepatic triacylglycerols (TAG), cholesterol esters (CE), 

diacylglycerols (DAG), free fatty acids (FFA), and phospholipids (PL) were determined 

by TLC-GC-MS. (G, H) Desaturation ratios for 14–18 carbon chain lipid species were 

calculated for each lipid fraction from chow-fed and sucrose-fed mice. Red text denotes 

desaturation ratios that were significantly reduced, and blue text denotes desaturation ratios 

that were significantly increased in iKO mice, relative to diet-matched fl/fl controls. n=6. 

Averages ± SEM. *p<0.05 vs fl/fl.
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Figure 11. Hepatic expression of Pgc1α-Sirt1 and their target genes is reduced in chow-fed iKO 
mice.
(A,B) Gene expression of Pgc1α-Sirt1 and target genes in chow-fed and sucrose-fed mice. 

n=7–8. Averages ± SEM. *p<0.05 vs fl/fl
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Table 1.

Sequences for gene-specific primers.

Gene Name Forward Primer (5’ → 3’) Reverse Primer (3’ → 5’)

18s rRNA TCACCATCATGCAGAACCCA CCTGGCTGTACTTCCCATCCT

Scd1 CCTCTGGAGCCACAGAACTT GCCATGGTGTTGGCAATGAT

Srebp1c GCTCCTGTGCTACTTTGCCT CAGCTGAAGACACAAAACCCA

Fas TTCCGAGATTCCATCCTACGC AAAGGTGCTCTCGTCTGTGC

Acc AGGAGCTGTCTATTCGGGGT CTGTCCAGCCAGCCAGTATC

Mgat1 AATCATTGTCCTCGGAGGTG TGGGTCAAGGCCATCTTAAC

Mgat2 AAGTTCAACGTCCCTGAGGA AAGTCCCCCTAATCCCACAC

Dgat1 CTGGATTGTGGGCCGATTCT ATACATGAGCACAGCCACCG

Dgat2 GCCTGCAGTGTCATCCTCAT TGGGCGTGTTCCAGTCAAAT
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