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Abstract

Stearoyl-CoA desaturase 1 (SCD1), a lipogenic enzyme that adds a double bond at the delta 9 

position of stearate (C18: 0) and palmitate (C16: 0), has been proven to be important in the 

development of obesity. Mice with skin-specific deficiency of SCD1 (SKO) display increased 

whole-body energy expenditure, which is protective against adiposity from a high-fat diet because 

it improves glucose clearance, insulin sensitivity, and hepatic steatosis. Of note, these mice also 

display elevated levels of the “pro- inflammatory” plasma interleukin-6 (IL-6). In whole skin of 

SKO mice, IL-6 mRNA levels are increased, and protein expression is evident in hair follicle cells 

and in keratinocytes. Recently, the well-known role of IL-6 in causing white adipose tissue 

lipolysis has been linked to indirectly activating the gluconeogenic enzyme pyruvate carboxylase 1 

in the liver, thereby increasing hepatic glucose production. In this study, we suggest that skin-

derived IL-6 leads to white adipose tissue lipolysis, which contributes to the lean phenotype of 

SKO mice without the incidence of meta- inflammation that is associated with IL-6 signaling.

Introduction

Stearoyl-CoA desaturase-1 (SCD) is an endoplasmic reticulum enzyme that controls the 

addition of a double bond at the delta-9 position of saturated fatty acids (SFA) to make 

monounsaturated fatty acids (MUFA) (1). SCD1 favors palmitate (16:0) and stearate (18:0) 
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as substrates to produce palmitoleate (16:1n7) and oleate (18:1n9), respectively (1). SCD1-

derived MUFAs are integral to health because palmitoleate and oleate are incorporated into 

such key lipids as phospholipids, triglycerides, cholesterol esters, and wax esters (1). 

Interestingly, deletion of SCD1 in mice leads to decreased risk for developing metabolic 

diseases: SCD1−/− mice are lean, insulin sensitive, glucose tolerant, and resistant to 

developing fatty liver (2).

However, conversion of SFAs into MUFAs also has a protective anti-inflammatory role 

because it decreases the pool of SFA available for binding toll-like receptor 4 (TLR4) (3). 

Signaling through TLR4 leads to production of cytokines such as interleukin-1 (IL- 1), 

interleukin-6 (IL-6), and tumor necrosis factor alpha (TNFα) (4). Cytokine production is 

especially of interest with SCD1-deficient mice because many reports suggest that SCD1 

inhibition promotes inflammation (5), which is in agreement with accumulating levels of 

SFAs when SCD1 is inhibited. Because SCD1 is a potential therapeutic target for combating 

metabolic disease (6), SCD1-mediated cytokine production must be better understood before 

any clinical development can take place.

In this study, we focus on skin-specific SCD1 deficiency because these mice recapitulate the 

metabolic advantages of global SCD1 deficiency while keeping SCD1 expression intact in 

all other tissues (7). As a result, SKO mice have fewer negative side effects compared to 

global SCD1-deficient mice (GKO), such as hypercholesterolemia, cholestasis, and 

hypoglycemia (8).

Several mechanisms have been proposed to explain the hypermetabolic phenotypes of SKO 

mice, such as heat/water loss or adipose browning due to significantly reduced fur and 

sebaceous lipid coverage on SKO skins (9). However, when SKO mice were housed under 

thermoneutral conditions at 33°C, SKO mice were still hyperphagic in comparison to WT 

counterparts and were still resistant to weight gain (10). This surprising SKO mouse 

phenotype emphasizes that additional mechanisms within skin exist and are critical to the 

regulation of whole-body energy homeostasis.

In order to identify a potential skin-derived factor produced by SKO mice, we revisited our 

previously published dataset of genes altered in SKO skin (10). In this report, transcripts of 

several cytokines including Il1, Il18, Il5, IL-6, and Il8 were significantly elevated (10). We 

hypothesized that IL-6 may be a mediator regulating organ crosstalk in SKO mice for two 

main reasons: 1) overexpression of IL-6 in skin leads to the development of alopecia with 

age, a phenotype shared with SKO mice (11) and 2) IL-6 overexpression has been shown to 

decrease whole-body adiposity, which is yet another similarity with SKO mice (12).

IL-6 is best known for its role in maturing naïve B cells into antibody-producing cells, a 

fundamental process in acquired immunity (13). However, IL-6 function varies depending 

on cell type and is widely regarded as a multifunctional cytokine (14). Furthermore, IL-6 is 

expressed by a variety of cell types outside of the immune system, including (but not limited 

to) adipocytes, hepatocytes, and keratinocytes (15). In white adipocytes, IL-6 expression 

leads to lipolysis through activation of the JAK-Stat signaling pathway and a resulting 

inability to accumulate lipids in fat pads (16). In hepatocytes, activity of gluconeogenic 
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enzymes and inflammation are suppressed; in keratinocytes, IL-6 promotes proliferation (15, 

17).

The effects of IL-6 signaling also vary depending on which IL-6 receptor is activated. The 

IL-6 receptor has no independent signaling properties and instead relies on 

heterodimerization with another membrane protein, gp130, which is expressed almost 

ubiquitously (18). Gp130 has no affinity for free IL-6 and only binds to the IL-6:IL-6R 

receptor complex (18). IL-6 receptors are either membrane-bound or soluble; membrane-

bound IL-6 receptor expression is limited to liver, leukocytes, and some epithelial barrier 

cells (18). However, tissues without membrane bound IL-6 receptor are still responsive to 

the IL-6:IL-6R complex because gp130 can bind to either the membrane-bound or free 

version of the IL-6R (18). As a result, IL-6 signaling can occur in a variety of tissues. In this 

study, we suggest that IL-6 mediates white adipose tissue lipolysis, which leads to decreased 

adiposity—thereby suggesting that IL-6 has a positive role in the context of skin-specific 

SCD1 deficiency.

Materials and Methods

Animals and Diets

Generation and maintenance of Scd1f/f and SKO mouse lines have been described 

previously (7). Mice were maintained on a 12-hour light/dark cycle with free access to water 

and a high-fat diet (Research Diets D12492) for 8, 9, or 10 weeks. Breeder mice were 

maintained with similar conditions but fed breeder chow diet (Purina 5015). All animals 

were sacrificed by isoflurane overdose without fasting; tissues and plasma were quickly 

removed, snap-frozen in liquid nitrogen, and stored at −80°C. Skin tissue was harvested 

whole and included both the dermis and epidermis. All animal procedures were approved by 

the Animal Care Research Committee of the Universityof Wisconsin-Madison.

Quantitative real-time PCR

Total skin RNA was extracted using TRI reagent, which was then treated with Turbo DNase 

(Ambion) and followed by reverse transcription into cDNA using a High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems). Relative mRNA expression levels were 

quantified by cDNA amplification with gene-specific forward and reverse primers and 

Power SYBR Green PCR Master Mix on an ABI 7500 Fast RT PCR system. Data were 

normalized to cyclophilin using the ΔΔCt method. Primer sequences are available upon 

request.

Immunohistochemistry

Fresh skin tissue was frozen in OCT compound and cut into 10-micron sections and stained 

with either IL-6 (ab6672) or F4–80 (ab6640) at a 1:250 dilution. Images were obtained using 

a Nikon Intensilight Fluorescence Microscope. Sectioning and staining of tissue was 

performed at the UWCCC Experimental Pathology Laboratory.
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Detection of cytokines

Blood was collected from mice via cardiac puncture. Serum was prepared within 30 minutes 

and frozen at −80°C until use. The cytokine content of each sample was measured by 

multiplex assay, according to manufacturer’s instructions (MILLIPLEX MAP Mouse 

Cytokine/Chemokine Magnetic Bead Panel, Merck Millipore, Massachusetts, USA). 

Standard curves were generated using the specific standards supplied by the manufacturer. 

Samples were analyzed on a MAGPIX® system (Millipore) using the MILLIPLEX® 

Analyst 5.1 software. The customized cytokine panel included IL-1alpha, IL-1beta, IL-4, 

IL-6, IL-10, IFN-gamma, GM-CSF, KC(IL-8), TNF- alpha, FGF-21, Leptin, Adiponectin.

Ex vivo lipolysis assay in adipose tissue explants.

Epididymal fat pads were surgically removed from male mice and washed with ice-cold 

PBS. Fat pads (100 mg, n = 4/mouse) were preincubated for 1 h in 140 μl of DMEM (Life 

Technologies) containing 2% fatty acid-free serum albumin (Sigma-Aldrich). Subsequently, 

fat pads were incubated in 250 μl of KRH buffer (125 mM NaCl, 5 mM KCl, 1.8 mM 

CaCl2, 2.6 mM MgSO4, 5 mM HEPES, pH 7.2) plus 2% BSA (fatty acid free) for 2h at 

37°C. Free glycerol content was quantified for each sample in the medium using the Free 

Glycerol Determination Kit (Wako Diagnostics). Glycerol release from each sample was 

normalized to the weight of each fat pad.

Pyruvate Tolerance Test

After 9 hours of fasting, 8-week-old mice on a HFD for 7 or 8 weeks were injected 

intraperitoneally with sterile sodium pyruvate (2g/kg). Levels of blood glucose were 

measured at 15, 30, 60, 90, and 120 minutes using blood collected from the tail vein. An 

automatic glucose monitor was used to record blood glucose readings (OneTouch; 

LifeScan).

Pyruvate Carboxylase Activity Assay

Pyruvate carboxylase activity was measured by a coupled spectrophotometric assay as 

described previously (19). Oxaloacetate formed by the action of pyruvate carboxylase in the 

presence of excess citrate synthase (Sigma) reacts with acetyl-CoA to yield citrate and to 

liberate free CoA. This free CoA stoichiometrically reduces added 5,5- dithiobis(z-

nitrobenzoic acid) (DTNB, Sigma) to yield a colored product.

Statistics

Data are expressed as mean +/− S.E. with comparisons carried out using a two-sided 

Student’s t-test using the program GraphPad Prism. p values <0.05 were considered 

significant.

Results

Proinflammatory M1 macrophages and IL-6 are increased in SKO skin.

We have previously reported that SCD1 is involved in the regulation of inflammation and 

stress in macrophages, white adipocytes, and endothelial cells (5). In the current study, we 
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further analyzed the expression of macrophage markers cd68, cd11b, cd11c, mgl1, and il-6 
in skin. Cd11c is a marker of proinflammatory M1 macrophages whereas mgl1 is a marker 

of anti-inflammatory M2 macrophages. We found that M1 (CD11c) but not M2 (MGL1) 

macrophages were elevated in SKO skin (Figure 1a). M1 macrophages are known to secrete 

IL-6; in agreement, levels of IL-6 mRNA are also significantly increased (Figure 1a), which 

also validated our previously published microarray data (10). Cd68 and cd11b are markers 

for total macrophages: both are unchanged. To assess protein expression of macrophages, we 

stained frozen skin sections for F4–80, a routinely used marker of macrophage infiltration 

(19). We found increased staining localized around the hair follicles of SKO mice (Figure 

1b). We followed up with IL-6 staining and found that IL-6 expression was also localized 

around hair follicles (Figure 1c). Interestingly, IL-6 expression also colocalized with 

keratinocyte hyperproliferation along the epidermis (Figure 1c).

Levels of both plasma IL-6 and white adipose tissue lipolysis are increased in SKO mice.

IL-6 as a cytokine is present in plasma under conditions of acute and chronic inflammation 

(20). Because IL-6 is clearly elevated within the whole skin of SKO mice, we measured 

levels of IL-6 in the blood using Luminex bead-based multiplex assay, which involved 

measurements of a panel of cytokines, including IL-1α, IL-1β, IL-4, IL-6, IL-10, IFNγ, 

IL-8, TNF, FGF21, leptin, and adiponectin. As expected, levels of IL-6 were dramatically 

increased —25-fold—in SKO mice (Figure 2a). Because IL-6 is a well- known lipolytic 

agent of adipose tissue (16), we measured levels of glycerol release in the explants of 

epididymal white adipose tissue (eWAT). SKO mice displayed significantly higher levels of 

eWAT lipolysis as indicated by increased levels of free glycerol in the ex vivo lipolysis assay 

of eWAT fat pads (Figure 2b).

Hepatic gluconeogenesis is elevated in SKO mice.

White adipose tissue-derived free fatty acids (FFA) have recently been shown to play a role 

in the activation of hepatic gluconeogenesis (21). We hypothesized that in SKO mice, the 

increased release of FFA from adipose tissue by circulating IL-6 will activate the hepatic 

glucose production program. To investigate, we injected SKO mice with pyruvate, which is a 

well-established gluconeogenic substrate (22). At the time of injection, SKO mice were on a 

HFD for 7 or 8 weeks: in both groups, concentrations of blood glucose increased 

dramatically at the 30-minute mark (Figure 3a and b). The additional week of HFD feeding 

correlated with increased levels of glucose production in both SCD1f/f and SKO mice. The 

combination of data for both cohorts of mice demonstrate a sharp increase in hepatic glucose 

production at the 30-minute mark (Figure 3c). Interestingly, SKO mice were also able to 

rapidly clear blood glucose after 30 minutes, which agrees well with work previously 

published from our lab outlining enhanced glucose tolerance of SKO mice (7). Hepatic β-

oxidation of free fatty acids sourced from eWAT generates acetyl CoA, which is known to 

activate a key gluconeogenic enzyme, pyruvate carboxylase 1 (PC1) (21). For this reason, 

we measured the activity of PC1 in livers from SKO mice: we found a significant increase in 

PC1 activity (Figure 4a and b).
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Discussion

Our previous work presented hallmarks of GKO and SKO mouse models, including both 

hypermetabolic phenotype and hypersensitivity to insulin signaling (2,7). Though these 

phenotypes might be beneficial to obesity, they pose a constant risk of hypoglycemia to lean 

individuals. The current study emphasizes a pivotal role of skin in regulating a crosstalk 

among distant metabolic organs by IL-6 and illustrates a novel strategic mechanism in these 

animals that promotes the hepatic gluconeogenesis program and maintains a status of 

euglycemia. We propose that skin-specific SCD1 deficiency leads to increased expression of 

IL-6 locally in the skin, which then contributes to decreased whole-body adiposity. We 

formulated this hypothesis based on the observation that IL-6 mRNA in skin is significantly 

elevated in a mouse model that, similar to IL-6 over- expressing mice, does not have the 

ability to expand white adipose tissue depots (11,12). We then supported the hypothesis that 

IL-6-mediated eWAT lipolysis occurs in SKO mice by confirming increased hepatic PC1 

activity and, as a result, increased gluconeogenesis.

IL-6 has been linked to a variety of health and disease states; there is no shortage of 

information supporting both positive (anti-inflammatory) and negative (proinflammatory) 

roles for IL-6 (15). However, there is evidence that cis-signaling through the membrane-

bound IL-6R is anti-inflammatory, whereas trans-signaling though the soluble IL-6R is 

proinflammatory (18). For example, cis-signaling in hepatocytes leads to decreased 

inflammation, but increased trans-signaling is ineffective (23). In muscle, IL-6 is known to 

enhance muscle efficiency and growth through a process that involves stimulating 

glycogenolysis and lipolysis (24). Muscle- derived IL-6 can also signal through the L cells 

of the small intestines to induce glucagon-like peptide 1 (GLP-1) secretion into plasma. 

GLP-1 can then travel to the pancreases and mediate β-cell expansion, which then leads to 

increased insulin secretion (25). More research needs to be done before IL-6 can be targeted 

to improve metabolic health. But a possible next step for SKO research would be to assess 

the levels of trans- and cis-signaling taking place in the skin, eWAT, and livers of SKO mice 

to determine whether IL-6 truly has an anti-inflammatory role.
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Highlights

1. IL-6 expression is significantly increased in the skin of skin-specific SCD1 

deficient (SKO) mice and is also dramatically elevated in blood.

2. White adipose tissue lipolysis, a well-known effect of IL-6, is evident in SKO 

mice.

3. White-adipose tissue derived hepatic acetyl-CoA is known to increase hepatic 

gluconeogenesis by activating pyruvate kinase; both PC1 activity and 

gluconeogenesis are increased in SKO mice.
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Figure 1. 
Proinflammatory M1 macrophages and IL-6 are increased in SKO skin. (a) Levels of M1 

macrophages and IL-6 are increased in whole skin of SKO mice. (b) Expression of F4–80 is 

localized around the hair follicles of SKO mice. (c) Expression of IL-6 is localized around 

both hair follicles and keratinocytes.
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Figure 2. 
Levels of both plasma IL-6 and white adipose tissue lipolysis are increased in SKO mice. (a) 

IL-6 is increased by 25-fold in plasma of SKO mice. (b) Epididymal white adipose tissue 

lipolysis is increased as measured by levels of glycerol released from stored triglycerides.
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Figure 3. 
Pyruvate tolerance test (percent change of basal glucose levels). (a) Hepatic glucose 

production is sharply increased at 30 minutes and is rapidly cleared in SKO mice at 7 weeks; 

(b) the same trend is seen at 8 weeks; (c) combined data from (a) and (b).
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Figure 4. 
Hepatic PC1 activity is increased. The activity of gluconeogenic enzyme pyruvate 

carboxylase 1 (PC1) is increased in the livers of SKO mice fed a HFD.
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