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Induction of adipose and hepatic SWELL1 expression is required for maintaining
systemic insulin-sensitivity in obesity
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ABSTRACT
Obesity is associated with a loss of insulin-sensitivity and systemic dysglycemia, resulting in Type 2
diabetes, however the molecular mechanisms underlying this association are unclear. Through
adipocyte patch-clamp studies, we recently showed that SWELL1 is required for the Volume-
Regulated Anion Current (VRAC) in adipocytes and that SWELL1-mediated VRAC is activated by
both mechanical and pathophysiological adipocyte expansion. We also demonstrated that
adipocyte SWELL1 is required for maintaining insulin signaling and glucose homeostasis,
particularly in the setting of obesity. Here we show that SWELL1 protein expression is induced in
subcutaneous fat, visceral fat and liver in the setting of obesity. Long- term AAV/rec2-shRNA
mediated SWELL1 knock-down in both fat and liver are associated with increased weight gain,
increased adiposity and exacerbated insulin resistance in mice raised on a high-fat diet. These data
further support the notion that SWELL1 induction occurs in insulin- sensitive tissues (liver and
adipose) in the setting of over-nutrition and contributes to improved systemic glycemia by
supporting enhanced insulin-sensitivity.
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Introduction

Obesity is amajorworld-wide public health problem, pre-
disposing to high cholesterol, diabetes and hypertension,
and inflicting healthcare costs over 100 billion dollars in
theU.S. alone. It is characterizedby a tremendous increase
in adipose tissue that is in large part due to massive volu-
metric expansion of the constituent adipocytes1,2. This
adipocyte expansion has been long associated with meta-
bolic disease and insulin resistance,1,3-6 though the under-
lying mechanisms remain unclear. Taken together, this
literature suggests that, in the setting of obesity, adipocyte
expansionmay activate anundiscovered volume-sensitive
molecule thatmodulates adipocyte growth and intracellu-
lar signaling. We recently discovered that SWELL1
(LRRC8a)7,8 is a required component of a volume-sensi-
tive ion channel/signalingmolecule that is activated in the
setting of adipocyte hypertrophy and regulates adipocyte
size, insulin signaling and systemic glycaemia via a novel
SWELL1-PI3K-AKT2-GLUT4signaling axis.9

Adipocyte-specific SWELL1 ablation disrupts insu-
lin-PI3K-AKT2 signaling, inducing insulin resistance
and glucose intolerance in vivo.9 These data suggest
that SWELL1 is a positive regulator of insulin signaling
and glucose homeostasis, particularly in the setting of
obesity. However, our previous studies did not exam-
ine whether increased VRAC observed in the setting
of obesity is also associated with increased SWELL1
protein expression. In this study, we asked if SWELL1
protein expression may be induced in adipose tissue
and liver in the setting of obesity, and if this induction
is important for maintaining systemic insulin-sensitiv-
ity, since SWELL1 is a broadly expressed membrane
protein, and insulin-PI3K-AKT2 signaling ubiquitous
among insulin-sensitive tissues.

Results and discussion

To examine the effect of over-nutrition on SWELL1
expression in adipose tissue depots and in liver we
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performed intravenous injection of a novel adeno-
associated virus serotype (AAV/rec2)10 expressing
either a scrambled short-hairpin RNA (shSCR) or an
shRNA-directed to SWELL1 (shSWELL1), both
co-expressing an mCherry reporter.9 We examined
three groups of mice (n D 9–10 each): 1. AAV/rec2-
shSCR injected on regular diet; 2. AAV/rec2-shSCR
injected on a high-fat diet (HFD) and; 3. AAV/rec2-
shSWELL1 on HFD. After 17 weeks of either regular
diet or HFD, we observe, qualitatively, robust
AAV/rec2-mediated shRNA expression based on
mCherry reporter expression fluorescence imaging of
inguinal white adipose tissue (iWAT), epididymal adi-
pose tissue (eWAT) and liver (Fig. 1A). HFD induced
SWELL1 protein expression 2.7-fold in iWAT, 1.5-
fold in eWAT and 1.4-fold in liver compared to regu-
lar diet fed mice, and this HFD induced SWELL1
expression is fully suppressed in iWAT, eWAT and
liver upon shRNA-mediated SWELL1 knock-down, as
quantified by Western blot analysis (Fig. 1B and C).
Interestingly, in contrast to our previous data from
adipose-targeted SWELL1 KO mice,9 the combination
of adipose and liver SWELL1 knock-down results in
increased weight gain (Fig. 2A) when raised on a
HFD, with no significant differences in food con-
sumption (Fig. 2B). This increased body weight arises
from increased adiposity (Fig. 2C and D) as assessed
by NMR, with no significant effect on lean mass
(Fig. 2E) after 6 weeks on HFD. This difference is
likely due to the combined partial disruption of insulin
signaling, and consequently, impaired glucose uptake

and increased gluconeogenesis in adipose tissue and
liver, respectively; resulting in lipid spillover into
either un-transduced adipose tissue or ectopic lipid
deposition in other tissues (liver, skeletal muscle) via
de novo lipogenesis. As expected AAV/rec2-shSCR
injected mice on HFD (6 weeks) exhibit impaired glu-
cose tolerance (Fig. 3A) and insulin-sensitivity
(Fig. 3B) compared to AAV/rec2-shSCR injected mice
on a regular diet. However, these effects of HFD are
exacerbated in AAV/rec2-shSWELL1 injected mice,
indicating impaired insulin signaling and systemic
glycaemia upon combined liver and adipose tissue
SWELL1 knock-down in the setting of obesity.

Here we show that SWELL1 protein expression is
induced in the setting of obesity in two insulin-sensi-
tive tissues, adipose (iWAT, eWAT) and liver; and
shRNA-mediated SWELL1 knock-down in these tis-
sues exacerbates glucose tolerance and insulin sensi-
tivity in this context. These data are consistent with a
model in which SWELL1 induction supports insulin
signaling and insulin sensitivity of tissues during feed-
ing and potentiates cellular glucose uptake and energy
storage during times of plenty.9 Moreover, this model
predicts that relative SWELL1 deficiency will predis-
pose to insulin resistance, glucose intolerance and
Type 2 diabetes. Consistent with this notion, Inoue
et al. (2010)11 have previously shown that adipocyte
VRAC current is significantly reduced nearly three-
fold in the murine diabetic KKAy model compared to
either C57BL/6 mice or the non-diabetic KK parental
strain. These findings suggest that reduced VRAC,

Figure 1. SWELL1 protein expression is induced in adipose and liver in the setting of obesity. (A) Qualitative mCherry reporter fluores-
cence 17 weeks post AAV/rec2-mCherry injection (Scale bar: 100 mM). (B) Western blot showing SWELL1 expression in iWAT, eWAT and
liver in regular-diet and HFD fed mice; (C) Quantification of B (n D 3 each group). Error Bar: Mean § SEM. �p < 0.05; ��p < 0.01;
���p < 0.001.
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putatively due to reduced SWELL1 expression, may
contribute to impaired insulin signaling and periph-
eral insulin resistance that occurs in Type 2 diabetes.
Furthermore, restoring SWELL1 expression levels in
insulin-sensitive tissues in the setting of diabetes may
provide a novel therapeutic strategy to improve insu-
lin sensitivity and systemic glycemia.

Methods

Animals

The Institutional Animal Care and Use Committee of
the University of Iowa approved all experimental

procedures involving animals. Only male mice were
used in all studies. The investigators were blinded to
allocation during experiments and outcome assess-
ment for certain experiments: 1. Nuclear Magnetic
Resonance Imaging; 2; glucose tolerance testing; 3.
Insulin tolerance testing. All C57BL/6 mice involved
in the study were purchased from Charles River Labs.
All the mice were housed in a temperature, humidity,
and light controlled room and allowed free access to
water and food. High fat diet was used to induce obe-
sity in mice. Mice were fed at libitum with 60% kcal%
high-fat Diet (Research Diets) for 18 weeks starting at
the age of »8 weeks. The weights were recorded

Figure 2. Body weight, food consumption and body composition in AAV/rec2-shSCR and AAVrec2-shSWELL1 mice on regular-diet and
HFD. (A) Weekly body weights; (B) Weekly food consumption; (C) Percent body fat; (D) Total fat mass; (E) Total lean mass. n D 10 for
shSCR Regular & HFD, n D 9 shSWELL1 HFD group. Error Bar: Mean § SEM. �p < 0.05; ��p < 0.01, ����p < 0.0001.

Figure 3. Glucose-tolerance and insulin-tolerance is impaired upon shRNA-mediated SWELL1 KD in obese mice. (A) Glucose-tolerance
test; (B) Insulin-tolerance test. Error Bar: Mean § SEM. n D 10 shSCR Regular & HFD, n D 9 shSWELL1 HFD group. �p < 0.05;
���p< 0.001; ����p < 0.0001, 2-way Anova.
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weekly after initiation of HFD. Daily food consump-
tion was calculated weekly by monitoring the total
food consumption, measured as mean food consump-
tion for 4 to 5 mice caged together.

Adeno-associated viruses preparation
and injection

The AAV serotype rec2 with hLRRC8A-shRNA
and mCherry reporter (AAVrec2-mCherry-U6-
hLRRC8a-shRNA, 2.1 £ 1013 vector genomes (vg/
ml) were produced by Dr. Lei Cao’s Laboratory as
previously described.10 Scrambled non-targeting
shRNA was used as a control (AAVrec2-mCherry-
Scramble, 3.8 £ 1013 vg/ml). Mice were anesthe-
tized by isofluorane (1–4%), and placed in a prone
position. Virus diluted in sterile PBS: 1 £ 1011 vg/
100 ml was injected into the retro-orbital vein
plexus using a 0.3 cc, 31G insulin syringe.

Immunoblotting

For adipose and liver Western blot, the fat pads and
liver were harvested and then minced and homoge-
nized in cold RIPA buffer (150 mM NaCl, 20 mM
HEPES, 1% NP-40, 5 mM EDTA, PH 7.4) with added
proteinase/phosphatase inhibitors (Roche). Lysates
were then further lysed with 2 rounds of 10–20 sec-
onds sonication, and centrifuged at 14,000 x g for
15 min at 4�C.

Supernatant was collected, and protein concentra-
tion determined using a DC protein assay kit (Bio-
rad). For immunoblotting, equal amounts of protein
(20 mg) were boiled with SDS loading buffer, electro-
phoretically separated in 10% SDS-PAGE gel (Bio-
Rad) under reducing conditions and transferred to
PVDF membranes (Bio-Rad). Membranes were
blocked with 5% BSA in TBST buffer (0.2M Tris,
1.37M NaCl, 0.2% Tween20, pH 7.4) at room temper-
ature for one hour, then incubated with primary anti-
body either at room temperature for 2 hours or 4�C
overnight. Membranes were then incubated with cor-
responding secondary antibody (Bio-Rad, Goat-anti-
rabbit #170-6515, 1:10000 dilutions) at room tempera-
ture for one hour. The signals were visualized by
chemiluminescence (Pierce) and imaged using a
ChemiDoc XRSC imaging system (Bio-rad). Protein
band intensities were analyzed using Image J software
(National Institute of Health). The primary antibodies
used in current study include anti-b-Actin (#8457

from Cell Signaling, at 1:1000 dilutions) and anti-
SWELL1 (at 1:3000 dilutions) which is a rabbit poly-
clonal antibody that we generated against the peptide
QRTKSRIEQGIVDRSE.

Metabolic phenotyping

The investigators were blinded to allocation during
experiments and outcome assessment for all metabolic
phenotyping. For glucose tolerance tests (GTT), mice
were fasted for 6 hours. Glucose levels in tail blood
were measured with a standard glucometer at the indi-
cated times after an intraperitoneal (IP) injection of
D-glucose (1g/kg BW for lean mice and AAV virus
injected obese mice; 0.75g/kg BW for HFD mice). For
insulin tolerance test (ITT), mice were fasted for
4 hours and blood glucose levels were measured at the
above indicated times after an IP injection of insulin
(HumulinR, 1U/kg BW for lean mice and AAV virus
injected obese mice; 1.25U/kg BW for HFD mice).
Mouse body composition (fat and lean mass, and
water content) was measured by Nuclear Magnetic
Resonance (NMR).9

Statistics

Statistical tests used are indicated in the figure legends.
All statistical tests were performed using GraphPad
Prism version 6.02 for Windows (GraphPad Soft-
ware). Student’s t-test was used for single compari-
sons, based on the data matching a normal
distribution. 2-Way ANOVA was used for GTT and
ITT analysis. Data are expressed as mean § s.e.m.
Unless specified, �p < 0.05, ��p < 0.01, ���p < 0.001,
and not significant (NS) p > 0.05.
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