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Hydrodynamic Delivery of mIL10 Gene Protects
Mice From High-fat Diet-induced Obesity and

Glucose Intolerance

Mingming Gao', Chunbo Zhang', Yongjie Ma', Le Bu', Linna Yan' and Dexi Liu'

"Department of Pharmaceutical and Biomedical Sciences, College of Pharmacy, University of Georgia, Athens, Georgia, USA

High-fat diet (HFD) induced obesity is associated with
low-grade inflammation, insulin resistance (IR), and glu-
cose intolerance. The objective of this study is to assess
the effect of interleukin 10 (IL10), an anti-inflammatory
cytokine, on blocking HFD-induced obesity and obesity-
associated metabolic disorders by hydrodynamic delivery
of IL10-containing plasmid. Animals fed a regular chow
or HFD received two injections (one on day 1 and the
other on day 31) of plasmids containing green fluores-
cence protein (GFP) or mouse IL10 (mIL10) gene. Blood
concentration of mIL10 reached ~200ng/ml on day 7
in animals receiving mIL10 plasmid DNA. The transfec-
tion efficiency of liver cells was the same in animals fed a
regular chow or HFD. No difference was seen in animals
on regular chow when injected with plasmids contain-
ing either gfp or mIL10 gene. Overexpression of mIL10
prevented weight gain of animals on HFD. Intraperito-
neal glucose tolerance test (IPGTT) and insulin tolerance
tests (ITT) showed that mIL10 maintained insulin sen-
sitivity and prevented glucose intolerance. The mecha-
nistic study reveals that mIL10 suppressed macrophage
infiltration and reduced the development of crown-
like structures in adipose tissue (AT). Collectively, these
results suggest that maintaining a higher level of IL10
through gene transfer could be an effective strategy in
preventing diet-induced obesity.

Received 27 November 2012; accepted 12 May 2013, advance online
publication 18 June 2013. doi:10.1038/mt.2013.125

INTRODUCTION

The incidence of obesity has increased drastically in recent
decades.! According to the Centers for Disease Control, more than
65% adults in the United States are overweight, ~50% of whom are
clinically obese (body mass index: >30kg/m?).> Obesity increases
the risk of a number of health conditions including IR, hyperten-
sion, type 2 diabetes, fatty liver disease, atherosclerosis, degenera-
tive disorders, airway disease, and some cancers.® This cluster of
pathologies has also started to emerge in children at young age,*
a phenomenon that was inconceivable only a few decades ago.

There are currently a few drugs available in clinic for the preven-
tion or treatment of obesity-associated diseases.” The safety issues
and side effects are still outstanding concerns with most of these
drugs.® Therefore, there is an urgent need for new approaches to
address obesity and obesity-associated complications.

Although extensive studies have been conducted, the exact
underlying mechanism for pathogenesis of obesity and obesity-
associated metabolic syndrome remains controversial.*” Recent
studies showed that chronic inflammation played critical roles in
the development of obesity, especially in its complications includ-
ing fatty liver and glucose intolerance.** Chronic inflammation
is usually associated with an imbalance between proinflamma-
tory and anti-inflammatory cytokines. Interleukin 10 (IL10) is
an anti-inflammatory cytokine that attenuates the inflammatory
processes induced by tumor necrosis factor-o. (TNFo), IL6, and
IL1 while upregulating the release of IL-1 receptor antagonist.'®!!
IL10 is negatively correlated with body mass index, percentage
fat mass, and fasting glucose levels.'> Low levels of IL10 are asso-
ciated with obesity, metabolic syndrome and type 2 diabetes.
For example, Manigrasso et al. showed that android obesity was
associated with a concomitant reduction of IL10."* Scarpelli et
al. reported that variants of the IL10 promoter gene are associ-
ated with obesity and IR in Italian subjects.’* Blither et al. also
demonstrated a significant decrease in IL10 in parallel with the
impairment of glucose tolerance.'? Recently, Hong et al. showed
that IL10 protein administration can prevent diet-induced IR
in mouse skeletal muscle.”” An alternative and more promising
approach in achieving beneficial effects from IL10 is to overex-
press it using gene delivery.

In this study, we investigated the effects of hydrodynamic deliv-
ery of mouse IL10 (mIL10) gene on energy homeostasis in mice
fed a high-fat diet (HFD). First, we confirmed that hydrodynamic
injection with mIL10 gene increased blood mIL10 level in mice
fed a regular chow or HFD with similar efficiency. Next, we evalu-
ated the effects of mIL10 overexpression on animals by perform-
ing body composition analysis, glucose and insulin tolerance tests
(ITT), quantitative PCR, and histochemistry of different organs.
Our data suggest that hydrodynamic transfer of mILI0 gene can
be regarded as a potential clinical strategy for prevention of obesity
and its related diseases.
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RESULTS

Efficiency of hydrodynamic gene delivery is not
affected by the feeding diet and genes delivered

To confirm that animals fed a different diet are equally sensitive
to hydrodynamic gene delivery, we performed hydrodynamic
injection with plasmids containing either mIL10 or green fluo-
rescent protein (gfp) gene in mice fed a regular chow or HFD.
Hydrodynamic injection did not cause apparent morphological
changes in the mouse liver, and control mice injected with gfp
gene showed strong signals of green fluorescence (Figure 1a).
Both aspartate aminotransferase and alanine aminotransferase
levels were in normal range 7 days after injection (Figure 1b,c),
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confirming that gfp and mIL10 gene expression did not cause
liver damage. The mRNA level of mIL10 was ~100-fold higher
than that of control animals injected with gfp (Figure 1d). As
expected, mice injected with mIL10 gene showed a significantly
higher level of blood mIL10 compared with control (Figure 1le).
These results demonstrate that diet does not affect the deliv-
ery efficiency of hydrodynamic procedure and sufficient level
of mIL10 gene expression was achieved in the liver resulting in
elevated protein levels of mIL10 in the blood (Figure 1d,e). Time
course (Supplementary Figure S1) shows that circulating mIL10
level in blood reaches peak level (~500ng/ml) 2 days after hydro-
dynamic injection, declines with time, and reaches a steady level
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Figure 1 Impact of diet on hydrodynamic gene delivery efficiency. Animals fed a regular chow or high-fat diet (HFD) were hydrodynamically
injected with plasmids containing either green fluorescent protein (gfp) or mouse interleukin 10 (m/L10) gene and killed 7 days later. (a) Representative
images of hematoxylin and eosin (H&E) staining and green fluorescence of the mouse livers. (b) Blood concentration of aspartate aminotransferase.
(c) Blood concentration of alanine aminotransferase. (d) mRNA level of mIL10 in mouse liver. (e) Blood concentration of mIL10. Values in (b-e)
represent average + SD (n=5). **P < 0.01 compared with chow-fed gfp-injected mice, #P < 0.01 compared with HFD-fed gfp-injected mice.
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(~50ng/ml) in 15 days which stays at the same level until the end
of experiment on day 34.

mlIL10 gene transfer blocked HFD-induced weight
gain without significant impact on lean mass and
average food intake

Two plasmid injections were performed on animals when fed a
specific diet, one on day 1 and the other on day 31. Compared
with control animals injected with gfp gene, mice injected with
mIL10 gene showed circulating mIL10 concentration at ~50 ng/
ml at the end of 7-week experiment (Figure 2a), confirming that
two injections were enough to maintain effective blood concen-
trations of mIL10. Hydrodynamic gene transfer of mILI0 gene
completely blocked HFD-induced body weight gain (Figure 2b).
Animals fed a HFD for 7 weeks showed an ~36% increase in body
weight when gfp gene was injected while only ~10% was seen in
those injected with mIL10 gene (Figure 2b). The body compo-
sition analysis showed that injection of the mILI10 gene had no
significant impact on lean mass, confirming that the difference
in body weight gain was primarily due to an increase in fat mass
(Figure 2c). Although mice injected with mIL10 gene showed a
slightly lower accumulative food intake (Figure 2d, insert) com-
pared with control mice, both groups had a similar average food
intake over 7 weeks of HED feeding (Figure 2d). The calculated
caloric intake of animals fed a regular chow or HFD injected with
gfp or mIL10 gene was 14.6+1.5, 12.9+1.7, and 11.7+2.7 kcal/
mouse/day, respectively.
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Injection of miIL10 gene blocked hypertrophy in
adipocytes

To investigate the impact of mIL10 gene expression on morpho-
logical change in AT, we conducted tissue section and hematoxy-
lin and eosin (H&E) staining. Compared with control mice fed a
regular chow, mice fed a HFD and injected with gfp gene showed
hypertrophic adipocytes in epididymal white AT (EWAT) and
inguinal WAT, and also had more fat accumulation in brown AT
as evidenced by the increased amount of vacuoles in H&E stain-
ing (Figure 3a). Injection of the mIL10 gene blocked adipocyte
hypertrophy in these tissues (Figure 3a). In mice injected with
the gfp gene, 7-week HFD feeding increased the size of adipocyte
by ~4.8- and 5.9-fold in EWAT and inguinal WAT, respectively
(Figure 3b,c). Again, mIL10 gene injection completely blocked
the enlargement of the adipocytes (Figure 3b,c).

Injection of mIL10 gene prevented ectopic fat
accumulation in liver

Because obesity and hypertrophy in adipocytes may cause ectopic
fat accumulation in the liver, we dissected the liver and performed
a histochemical examination. Neither HFD consumption nor
mIL10 gene injection caused an apparent change in liver appear-
ance (Figure 4a). In mice injected with the gfp gene, HFD con-
sumption caused a large amount of fat accumulation in the liver,
as evidenced by vacuoles in H&E staining and red dots in Oil-red
O staining (Figure 4a). Injection of mIL10 gene prevented HFD-
induced ectopic fat accumulation in the liver. Hepatic triglyceride
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Figure 2 Effect of hydrodynamic delivery of mouse interleukin 10 (m/L10) gene on body weight, body composition, and food intake. (a) Blood
concentration of mIL10 in mice at the end of 7-week feeding with a selected diet. (b) Body weight gain over 7-week feeding period. Arrows indicate
the time of hydrodynamic injection of mIL10 plasmids. (c) Body composition. (d) Food intake. Insert in d represents accumulative food intake per
mouse. Values represent average + SD (n =5). #P < 0.01 compared with HFD-fed gfp-injected mice, **P < 0.01 compared with chow-fed gfp-injected

mice. GFP, green fluorescent protein; HFD, high-fat diet.

1854

www.moleculartherapy.org vol. 21 no. 10 oct. 2013



© The American Society of Gene & Cell Therapy

Hydrodynamic Delivery of mIL10 Gene

HFD HFD + mIL10

EWAT

IWAT

BAT

o
o

a4 a4 g
o = N W

e
—_ =
g%
E2 9]
Tx
2o 8]
[T}
58 1
© = .
g§g ¢
(9 5 o
£ 4]
3] #H
2 J
1.
0.
Chow HFD HFD
+miL10

C 5
14 4
13 - -
12 -
NE 11 4
o 104
g2 o]
ERS
2o 87
“6%‘ 7 4
$2
<3
2 57
S 4]
31 #
2
1. M |
0 -
Chow HFD HFD
+miL10

Figure 3 Hydrodynamic delivery of mouse interleukin 10 (m/L10) gene prevented hypertrophy in adipocytes. (a) Representative images from
hematoxylin and eosin staining of EWAT, IWAT, and BAT. Arrows indicate crown-like structures. (b) Average size of adipocytes in EWAT. (c) Average
size of adipocytes in IWAT. Values in b and c represent average + SD of total number of adipocytes seen in five tissue slices (50 adipocytes per slice).
**P < 0.01 compared with chow-fed gfp-injected mice, #P < 0.01 compared with HFD-fed gfp-injected mice. BAT, brown adipose tissue; EWAT,
epididymal white adipose tissue; GFP, green fluorescent protein; HFD, high-fat diet; IWAT, inguinal white adipose tissue.

determination showed similar results (Figure 4b), further con-
firming the mIL10 effect on blocking hepatic accumulation of fat.
Blood aspartate aminotransferase and alanine aminotransferase
levels suggest that neither HFD feeding nor mIL10 gene transfer
caused liver damage(Figure 4c,d).

Injection of mIL10 gene maintained glucose
homeostasis

Because obesity and ectopic fat accumulation are usually asso-
ciated with glucose intolerance, we conducted intraperitoneal
glucose tolerance test (IPGTT) and ITT to evaluate glucose
homeostasis. HFD feeding for 7 weeks caused glucose intoler-
ance in mice injected with gfp gene, as evidenced by elevated
blood glucose during IPGTT (Figure 5a); mILI0 gene injection
significantly attenuated glucose excursion and maintained glucose
tolerance (Figure 5a). Area under the curve calculation showed
similar results (Figure 5b). Next, we performed ITT to estimate
IR. Results of ITT showed HFD feeding caused severe IR in mice
injected with the gfp gene (Figure 5¢). Injection of the mIL10 gene
maintained insulin sensitivity in mice fed a HFD (Figure 5c¢).
Calculation of homeostasis model assessment-IR (HOMA-IR),
which reflects the degree of IR, showed similar results (Figure 5d).

Molecular Therapy vol. 21 no. 10 oct. 2013

Injection of mIL10 gene prevented hyperinsulinemia
without significant influence in the pancreatic islet

To further confirm HFD-induced IR in mice fed a HFD, we mea-
sured blood insulin level. Consistent with above results, HFD
feeding induced hyperinsulinemia in mice injected with gfp but
not with the mIL10 gene (Figure 6a). To investigate the influence
of mIL10 gene injection in the islet, we performed histochemical
examination including H&E staining and immunohistochem-
istry (IHC) staining against insulin. H&E staining showed that
neither HFD feeding nor mILI0 gene injection caused hyper-
trophy in islet (Figure 6b). Islet size measurements showed
similar results (Figure 6¢). Next, we detected insulin levels in
islets using IHC staining and found there is no difference in islet
insulin content in animals with or without mIL10 gene delivery
(Figure 6d).

Injection of miIL10 gene prevented HFD-induced
GLUT4 decrease in ATs

HFD-induced obesity and adipocyte hypertrophy are usually
associated with a GLUT4 decrease in AT. To assess HFD-induced
GLUT4 change, we conducted IHC staining using ATs including
EWAT, inguinal WAT, and brown AT. In mice injected with the
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Figure 4 Hydrodynamic delivery of mouse interleukin 10 (mIL10) gene blocked ectopic fat accumulation in liver. (a) Representative images of liver
from hematoxylin and eosin (H&E) and Oil-red O staining. (b) Liver triglyceride level. (c) Blood concentration of aspartate aminotransferase and (d) blood
concentration of alanine aminotransferase in mice at the end of 7-week feeding period. Values in (b—d) represent average + SD (n=5). **P<0.01 compared
with chow-fed gfp-injected mice, #P < 0.01 compared with HFD-fed gfp-injected mice. GFP, green fluorescent protein; HFD, high-fat diet; TG, triglyceride.
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Figure 5 Hydrodynamic delivery of mouse interleukin 10 (m/L70) gene maintained glucose tolerance in mice fed a HFD. (a) Profiles of blood
glucose concentration as function of time upon intraperitoneal injection of glucose. (b) Area under the curve of IPGTT. (c) Profiles of glucose concen-
tration (percentage of initial value) as a function of time upon intraperitoneal injection of insulin. (d) Results of HOMA-IR analysis for insulin resistance.
Values represent average = SD (n=5). **P < 0.01 compared with chow-fed gfp-injected mice, #P < 0.01 compared with HFD-fed gfp-injected mice. GFP,
green fluorescent protein; HFD, high-fat diet; HOMA-IR, homeostasis model assessment-insulin resistance; IPGTT, intraperitoneal glucose tolerance test.

1856 www.moleculartherapy.org vol. 21 no. 10 oct. 2013



© The American Society of Gene & Cell Therapy

a b
6 Chow
*k
5 4
= 44
£
()]
S
< 31
2
£ o4 d
1-
£
. 2
Chow HFD HFD £
+miIL10
¢ 45
20{ ®
&E‘ 354 @ ' i:z
o 301 ° 8
2 »
x 251
5 201 @
el 8 8
g 3
< 104 g
54
0
Chow HFD HFD
+miIL10

Hydrodynamic Delivery of mIL10 Gene

HFD HFD + mIL10

HFD HFD + miIL10

Figure 6 Hydrodynamic delivery of mouse interleukin 10 (mIL10) gene prevented hyperinsulinemia without significant influences in islets.
(a) Blood insulin levels. (b) Representative images from the hematoxylin and eosin (H&E) staining of the pancreas. Arrows indicate islets. (c) Average
size of the islet. (d) Representative images of immunohistochemistry staining against insulin in islets. Values in a represent average + SD (n = 5).
**P < 0.01 compared with chow-fed gfp-injected mice, #P < 0.01 compared with HFD-fed gfp-injected mice. DAPI, 4’,6-diamidino-2-phenylindole;

GFP, green fluorescent protein; HFD, high-fat diet.

gfp gene, 7-week HFD feeding markedly decreased GLUT4 in all
three types of ATs (Figure 7a). Two injections of mIL10 gene pre-
vented HFD-induced GLUT4 decrease. Data from western blot
analysis (Figure 7b) show that 7-week HFD feeding decreased
GLUT4 level by ~32% in EWAT and by ~18% in brown AT but not
in muscle, and hydrodynamic transfer of mIL10 gene prevented
the decrease. Quantitative PCR analysis at mRNA level reveals the
same trend in WAT (Figure 7c).

Injection of mIL10 gene suppressed macrophage
infiltration and blocked development of crown-like
structures in AT

To investigate the impact of mILIO gene delivery on the
development of crown-like structure in EWAT, we conducted
THC staining against f4/80, which is a molecular marker for
macrophages. HFD feeding for 7 weeks greatly increased the
amount of crown-like structures in EWAT of mice injected
with gfp but not mIL10 gene (Figure 8a). Quantitative analy-
sis showed similar results (Figure 8b). Quantification of F4/80
positive macrophages reveals the average level at ~4.1, 43.7, and
5.8 macrophages per mm? for chow-fed mice, HFD-fed control
mice, and HFD-fed mIL10-treated mice, respectively. We also
examined macrophage infiltration by assessing the mRNA level
of macrophage marker genes. Results in Figure 8c,d clearly
show that in mice injected with the gfp gene, HFD feeding

Molecular Therapy vol. 21 no. 10 oct. 2013

markedly increased the expression of f4/80 and cd68 by ~4.4-
and 13.6-fold, respectively. Injection of the mIL10 gene blocked
elevation of these genes. Similar conclusion was obtained with
analysis of additional marker genes for macrophages (cd11b,
cd163), dendritic cells (cdllc, cd86, cd205) and T regulatory
cells (cd25, ¢d39, cd152, foxp3; Supplementary Figure S2).

Injection of mIL10 gene modulated gene expression
in WAT and suppressed HFD-induced elevations of
proinflammatory cytokines

The hypertrophy of WAT and infiltration of macrophages were
associated with significant increase in mRNA levels of leptin,
mcpl, tnfo., interferon-y (ifny), il1B, and il6, and injection of the
mIL10 gene completely blocked these increases (Supplementary
Figure S3a,b). In contrast, 7-week HFD feeding slightly but sig-
nificantly reduced the transcription of glut4 (Figure 7c) and adipo-
nectin (Supplementary Figure S3a) while injection of the mIL10
gene prevented this reduction. The mRNA level of caspase 1 gene
was elevated in HFD-fed control animals and mILI0 expression
blocked the elevation (Supplementary Figure S3c). In addition,
we determined circulating levels of a set of proinflammatory
cytokines including TNFo., IFNY, IL1B, and IL6 (Supplementary
Figure S4). HFD-fed control animals showed higher levels of pro-
inflammatory cytokines and injection of the mIL10 gene blocked
the elevation.
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Figure 7 Hydrodyamic delivery of mouse interleukin 10 (mIL70) gene maintained GLUT4 level in adipose tissues. (a) Representative images of
immunohistochemistry staining against GLUT4 in BAT, EWAT, and IWAT. (b) GLUT4 protein levels in BAT, EWAT, and muscle of mice. Tissue samples
were collected at the end of the 7-week feeding period, homogenized, loaded at ~50 pg protein per lane, and separated by a 12% SDS-PAGE. The
antibody against GLUT4 (#ab654; Abcam) was diluted at 1:1,000 for this determination. (c) Relative mRNA levels of glut4 in EWAT. Values in ¢ repre-
sent average + SD (n = 3). **P < 0.01 compared with chow-fed gfp-injected mice, #P < 0.01 compared with HFD-fed gfp-injected mice. BAT, brown
adipose tissue; EWAT, epididymal white adipose tissue; GFP, green fluorescent protein; HFD, high-fat diet; IWAT, inguinal white adipose tissue.

DISCUSSION
In this study, we demonstrated that hydrodynamic delivery of
the mIL10 gene protected mice from HFD-induced obesity and
glucose intolerance (Figures 2 and 5). Injection of the mILI0
gene blocked hypertrophy in adipocytes and also prevented ecto-
pic fat accumulation in the liver (Figures 3 and 4). The elevated
expression of mIL10 by hydrodynamic gene delivery maintained
GLUT4 gene expression in AT and blocked IR (Figures 6 and 7).
Mechanistic studies showed that mIL10 gene injection suppressed
macrophage infiltration, reduced the development of crown-like
structures in AT and blocked the elevations of circulating proin-
flammatory cytokines (Figure 8 and Supplementary Figure S4).
Obesity is characterized by low-grade inflammation whose
molecular origin is unknown. As a typical anti-inflammatory
cytokine, IL10 is important in modulating inflammation and
regulating metabolic homeostasis. Previous studies have shown
that IL10 is involved in the development of obesity and glucose
intolerance, and exogenous administration of IL10 protein alle-
viated diet-induced IR in mouse skeletal muscle.'”” A more recent
study by Ogura et al. reported that adeno-associated virus-
mediated delivery of IL10 gene generated beneficial effect on
obesity-associated glomerulopathy in Zucker fatty (Zucker-fa/
fa) rats, and that the slightly elevated IL10 markedly decreased
blood concentrations of triglyceride, cholesterol as well as

1858

glycosylated hemoglobin.!* Consistent with these studies, our
data showed that transfer of the mIL10 gene into mice fed a HFD
exerted beneficial effects in metabolic homeostasis. These results
suggest that a high IL10 level in blood is capable of exerting ben-
eficial effects on metabolic homeostasis through suppressing the
HFD-induced chronic inflammation. While the preventive effect
of IL10 on HFD-induced obesity is clear, additional studies are
needed to examine the therapeutic activity of IL10 for treatment
of obesity.

Ectopic fat accumulation in the liver is a typical feature of
diet-induced obesity. Previous studies have shown that reduc-
tion in IL10 expression is involved in this process. Using IL10
knock-out mice, den Boer et al. demonstrated endogenous IL10
protected mice against HFD-induced hepatic steatosis.”” Studies
by Cintra et al. and Morari et al. showed that IL10 is a protective
factor against hepatic inflammation and IR, and its expression is
partially controlled by proliferator-activated receptor gamma
coactivator-10.'*"” Hashem et al. proposed that the ratio of IL10
to TNF-a should be considered as a predictive biomarker for non-
alcoholic fatty liver disease.*® A more recent study by Gotoh et al.
demonstrated that spleen-derived IL10 may help to protect mice
against the development of non-alcoholic fatty pancreas disease.”'
In line with these studies, our data clearly show that mIL10 gene
delivery prevents HFD-induced ectopic lipid accumulation in the
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Figure 8 Hydrodynamic delivery of mouse interleukin 10 (mIL70) gene suppressed macrophage infiltration and blocked the development of
crown-like structures in adipose tissue. (a) Representative images of immunohistochemistry staining against f4/80 in EWAT. Asterisks (*) indicate
crown-like structures. (b) Quantification of crown-like structures in EWAT. (c) Relative mRNA level of f4/80. (d) Relative mRNA level of cd68. Values in
(b—d) represent average + SD (n = 5). **P < 0.01 compared with chow-fed gfp-injected mice, #P < 0.01 compared with HFD-fed gfp-injected mice.
EWAT, epididymal white adipose tissue; GFP, green fluorescent protein; HFD, high-fat diet.

liver as evidenced by H&E staining, Oil-red O staining, and liver
triglyceride determination (Figure 4).

Ectopic fat accumulation and chronic inflammation play
a critical role in development of IR. Central and peripheral
IR increases gluconeogenesis and decreases blood glucose
absorption, leading to glucose intolerance. Many studies have
shown that low capacity of IL10 production is tightly associ-
ated with IR and glucose intolerance.’*'*** Cintra et al. showed
that knockdown of IL10 by a neutralizing anti-IL10 antibody
or an antisense oligonucleotide increased hepatic expression
of the inflammatory cytokines and decreased insulin signal-
ing in mouse liver."® Moreover, Hong et al. reported that exog-
enous IL10 protein administration alleviated diet-induced IR
in mouse skeletal muscle.”” Consistent with these studies, our
results show that mIL10 overexpression maintained mRNA and
protein levels of GLUT4 in the ATs (Figure 7), blocked IR, and
prevented glucose intolerance in HFD-fed mice (Figure 5), and
these effects were independent of the function of IL10 in pan-
creas since no apparent change was observed in pancreatic tis-
sue (Figure 6).

Obesity and hypertrophy of adipocytes are associated with
an increase in apoptosis of adipocyte and cell death. Murano et
al. showed that dead adipocytes, detected as crown-like struc-
tures, were prevalent in visceral fat depots of genetically modified
obese mice.”® Another typical feature of obesity is macrophage
infiltration to WAT. Although still controversial, the infiltrated
macrophages seem to function as a scavenger to remove dead

Molecular Therapy vol. 21 no. 10 oct. 2013

adipocytes. Unfortunately, fatty acids released from these adipo-
cytes can activate toll-like receptor 4 in macrophages and initiate
transcription of multiple proinflammatory cytokines, leading to
chronic inflammation.* Recent studies by Henao-Mejia et al. and
Stienstra et al. showed that initiation of inflammation plays criti-
cal roles in the pathogenesis of obesity and its associated diseases
including fatty liver and IR.**® Their studies clearly show that
blocking the cascade of inflammation causes mice to be resis-
tant to diet-induced obesity and fatty liver. Moreover, Shi et al.
reported that mice lacking toll-like receptor 4 are substantially
protected against systemic lipid infusion-induced IR and partially
protected against diet-induced IR.** Consistent with these stud-
ies, our data showed that overexpression of mIL10 suppressed
macrophage infiltration and reduced development of crown-
like structures in AT (Figure 8), and led to multiple beneficial
consequences in metabolic homeostasis (Figures 2,4 and 5). We
believe that the beneficial effects of mIL10 overexpression are at
least partially mediated by its function in suppressing inflamma-
tion. Evidently, some other pathways may also be involved and
additional studies are still needed to further elucidate the under-
lying mechanism in detail.

In summary, in this study, we demonstrate that overexpres-
sion of mIL10 using hydrodynamic gene delivery can protect mice
from HFD-induced fat accumulation and glucose intolerance.
Our data suggest that transfer of IL10 gene could be an effective
approach in preventing HFD-induced obesity, an urgent health
problem that affects about 35% Americans.
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MATERIALS AND METHODS

Materials. The pLIVE plasmid vector was purchased from Mirus Bio
(Madison, WI). The mouse IL10 gene was cloned from complementary
DNA sequences of mice and inserted into the multiple cloning sites of the
PLIVE vector using restriction enzyme digestion. The constructed plasmid
was confirmed by DNA sequencing. Plasmid containing GFP gene was
constructed and confirmed by using similar procedures. These plasmids
were prepared by the method of cesium chloride-ethidium bromide gradi-
ent centrifugation and kept in saline at —80 °C until use. The purity of the
plasmid preparations was examined by absorbency at 260 and 280 nm and
1% agarose gel electrophoresis.

Animals and treatments. The HFD used in this study was purchased from
Bio-Serv (Frenchtown, NJ; #F3282) in which 60% of total calories are from
fat, 20% from carbohydrates and 20% from proteins. Male C57BL/6 mice
(~27g) purchased from Charles River Laboratories (Wilmington, MA) were
housed under standard condition with a 12-hour light-dark cycle. The use
of animals was compliant with relevant policies, and the animal protocol
was approved by the Institutional Animal Care and Use Committee of the
University of Georgia (protocol number, A2011 07-Y2-A3). The procedure
for hydrodynamic gene delivery in mice has previously been reported.””*
Briefly, a large volume of saline solution (equivalent to 9% body weight)
containing plasmid DNA was injected into a mouse tail vein within 5-8 sec-
onds. In the expression-confirming experiment, mice were divided into four
groups (n = 5 for each group), including two chow-feeding groups and two
HFD-feeding groups. For each diet, one group of mice was hydrodynami-
cally injected with plasmid containing gfp gene and the other with mILI10
gene driven by albumin promoter in a pLIVE plasmid vector. Mice were
killed 7 days after injection. Blood samples were collected for determining
blood levels of aspartate aminotransferase, alanine aminotransferase, and
mIL10. Liver samples were collected for histochemical examination and
mIL10 expression analysis. In experiment designed to assess the effect of
mIL10 gene transfer on animal growth, mice were divided into three groups
(n =5 for each group). Group one was fed with a regular chow and hydro-
dynamically injected with gfp gene. The other two groups of animal were
fed a HFD, and one group was hydrodynamically injected with gfp and the
other with mIL10 gene containing plasmids. Hydrodynamic gene delivery
was performed on day 1 and day 31 when animals were fed with a selected
diet. Body weight and food intake were measured weekly. Body composi-
tion analysis using EchoMRI-100 (Echo Medical Systems, Houston, TX)
was conducted at the end of the experiment.

Protein determinations of IL10, TNFe, IFNy, IL1B, and IL6. Blood levels
of mIL10, TNFo, IFNY, IL1f, and IL6 were determined using ELISA kits
from eBioscience (San Diego, CA). For mIL10 determination, blood sam-
ples were collected at predetermined time-point and at the end of 7-week
feeding with a selected diet. For TNFoi, IFNYy, IL1f, and IL6 determina-
tions, all of the blood samples were collected at the end of 7-week feeding.
Serum was prepared from blood by centrifugation at 4,000 rpm for 5 min-
utes, and kept frozen at —80 °C until use. ELISA was conducted using a kit
following a protocol provided by the manufacturer.

Gene expression analysis and western blot. We purified total mRNA
from the liver and ATs using a TRIZOL reagent purchased from Invitrogen
(Carlsbad, CA). Reverse transcription-PCR was performed using a
Superscript RT III enzyme kit (#11752-050) from Invitrogen. Quantitative
analysis of mMRNA was conducted by using SYBR Green as detection reagent
and the AAC method for data analysis.”> GAPDH mRNA was utilized as
an internal reference and primer sequences are listed in Supplementary
Table S1. Melting curve analysis of all real-time PCR product was con-
ducted and showed a single DNA duplex. For western blot, tissue samples
were homogenized and loaded at ~50 pg total proteins per lane, and sepa-
rated on a 12% SDS-PAGE. GLUT4 antibody (#ab654; Abcam, Cambridge,
MA) was diluted at 1:1,000, and the protein bands were quantified using
Bio-Rad Quantity One 1-D analysis software (BIO-RAD, Hercules, CA).

1860

© The American Society of Gene & Cell Therapy

Evaluation of glucose homeostasis. IPGTT and ITT were performed in
the last week of animal growth experiment. Mice were fasted for 8 hours
before IPGTT and intraperitoneally injected with glucose in saline (2 g/
kg). Blood was collected at predetermined time-points (0, 30, 60, and 120
minutes) after glucose injection and was determined using glucose test
strips and glucose meters. For I'TT, mice were fasted for 8 hours and intra-
peritoneally injected with insulin (Humulin: 0.5U/kg) purchased from
Eli Lilly (Indianapolis, IN). Blood glucose level was determined using the
same method as above at 0, 30, 60, and 120 minutes after insulin injec-
tion. Insulin concentration in blood was determined using a commercial
kit (#10-1113-01; Mercodia Developing Diagnostics, Winston Salem, NC).
We calculated HOMA-IR using the following formula: HOMA-IR = (fast-
ing insulin (ng/ml) x fasting plasma glucose (mg/dl)/405).*

Oil-red O staining. Animals were killed at desirable times and organs
were immediately collected and frozen in liquid nitrogen. The frozen sec-
tions were made at 8 um thickness and fixed in 10% neutral buffered for-
malin for 30 minutes and washed with phosphate-buffered saline. Tissue
slices were rinsed with 60% isopropanol for 5 minutes before being
stained with freshly prepared Oil-red O working solution (Electron
Microscopy Sciences, Hatfield, PA) for 30 minutes. The sections were
rinsed with 60% isopropanol again for 5 minutes before being counter-
stained with hemotoxylin for 1 minute and examined under an optical
microscope (ECLIPSE Ti; Nikon, Melville, NY).

Liver triglyceride determination. Liver triglyceride level was measured
following a previously reported method.”’ In brief; frozen liver samples
(200-400 mg per sample) were homogenized in a mixture solution of chlo-
roform and methanol (2:1) and incubated overnight at 4 °C. The samples
were centrifuged at 12,000 rpm for 20 minutes at 4 °C. Supernatants were
dried, re-dissolved in 5% Triton-X100 and triglyceride concentration was
determined following the instruction of the commercial kit (#TR22203;
Thermo-Scientific, Pittsburgh, PA).

Immunofluorescence histochemical study. Tissue samples embedded in
paraffin were cut at 6 um thickness and dried. The sections were immersed
in 10 mmol/I citrate buffer (pH 6.0) and processed in a thermostatic water
bath for antigen retrieval. These sections were blocked in 10% normal
serum and 1% bovine serum albumin in Tris-buffered saline for 2 hours
before incubation with primary antibodies. The following primary anti-
bodies were used: antibody for insulin (#4590; Cell Signaling, Boston, MA),
antibody for GLUT4 (#ab654; Abcam), and antibody for F4/80 (#M4150;
Spring Biosciences, Pleasanton, CA). A secondary antibody conjugated
with fluorescent dye (#4412; Cell Signaling) was employed for detection.

H&E staining. Tissues were fixed in 10% neutral buffered formalin and
dehydrated against gradients of ethanol before embedded into paraffin.
Tissue sections were cut at 6 um thickness and dried at 37 °C for 1 hour
before incubation in xylene, followed by a standard H&E staining using
a commercial kit (#3500; BBC Biochemical, Atlanta, GA). Size measure-
ment of adipocytes was carried out using NIS-Elements imaging platform
purchased from Nikon Instruments (Melville, NY).

Statistics. The data are expressed as means * SD for each group and sta-
tistical significance was analyzed using analysis of variance. A value of P <
0.05 was considered significant.

SUPPLEMENTARY MATERIAL

Figure S1. Time course of mIL10 gene expression.

Figure S2. Effect of mIL10 gene expression on expression of marker
genes in white adipose tissue.

Figure $3. Effect of hydrodynamic delivery of mIL10 gene on expres-
sion of selected genes in white adipose tissue.

Figure $4. Effect of mIL10 expression on blood concentration of
proinflammatory cytokines.

Table $1. PCR primer sequences.
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