THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 31, pp. 22565-22575, August 2, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Mice Lacking C1q Are Protected from High Fat Diet-induced
Hepatic Insulin Resistance and Impaired Glucose

Homeostasis™

Received for publication, March 1,2013, and in revised form, June 13,2013 Published, JBC Papers in Press, June 20,2013, DOI 10.1074/jbc.M113.465674

Antoinette D. Hillian*, Megan R. McMullen*, Becky M. Sebastian®, Sanjoy Rowchowdhury*, Sangeeta R. Kashyap®,
Philip R. Schauer”, John P. Kirwan*l, Ariel E. Feldstein**, and Laura E. Nagy*!
From the *Department of Pathobiology, Lerner Research Institute, the §Department of Endocrinology, Diabetes, and Metabolism,

the "Bariatric Metabolic Institute, and the HDepartment of Gastroenterology and Hepatology, Cleveland Clinic, Cleveland, Ohio
44195 and the **Department of Pediatrics, University of California San Diego, La Jolla, California 92093

Background: Complement is implicated in obesity and insulin resistance; however, the specific complement activation

pathway involved is not known.

Results: Clq in the classical pathway is required for activation of complement in response to high fat diets.
Conclusion: Clq is an important contributor to high fat diet-induced insulin resistance.
Significance: C1q may be an important therapeutic target for treating the derangements in metabolism associated with obesity.

Complement activation is implicated in the development of
obesity and insulin resistance, and loss of signaling by the ana-
phylatoxin C3a prevents obesity-induced insulin resistance in
mice. Here we have identified Clq in the classical pathway as
required for activation of complement in response to high fat
diets. After 8 weeks of high fat diet, wild-type mice became obese
and developed glucose intolerance. This was associated with
increased apoptotic cell death and accumulation of complement
activation products (C3b/iC3b/C3c) in liver and adipose tissue.
Previous studies have shown that high fat diet-induced apopto-
sis is dependent on Bid; here we report that Bid-mediated apo-
ptosis was required for complement activation in adipose and
liver. Although Clga deficiency had no effect on high fat diet-
induced apoptosis, accumulation of complement activation
products and the metabolic complications of high fat diet-in-
duced obesity were dependent on Clq. When wild-type mice
were fed a high fat diet for only 3 days, hepatic insulin resistance
was associated with the accumulation of C3b/iC3b/C3c in the
liver. Mice deficient in C3a receptor were protected against this
early high fat diet-induced hepatic insulin resistance, whereas
mice deficient in the negative complement regulator CD55/DAF
were more sensitive to the high fat diet. CIga™~'~ mice were also
protected from high fat diet-induced hepatic insulin resistance
and complement activation. Evidence of complement activation
was also detected in adipose tissue of obese women compared
with lean women. Together, these studies reveal an important
role for Clq in the classical pathway of complement activation
in the development of high fat diet-induced insulin resistance.
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Obesity is a strong risk factor for the development of meta-
bolic syndrome; collectively, metabolic syndrome is character-
ized by an increased risk for chronic disease, including insulin
resistance and type 2 diabetes, dyslipidemia, and cardiovascular
disease as well as non-alcoholic liver disease (nonalcoholic fatty
liver disease/non-alcoholic steatohepatitis) (1). The innate
immune system is critical to the development of obesity-in-
duced metabolic syndrome, including the development of insu-
lin resistance (2). Obesity, insulin resistance, and type 2 diabe-
tes are associated with an inflammatory response in adipose
tissue, characterized by macrophage accumulation and the pro-
duction of inflammatory mediators, that contributes to the
development of peripheral insulin resistance (3—6). More
recent data suggest that innate immunity and resident macro-
phages are also involved in the development of hepatic insulin
resistance. For example, Lanthier et al. (4) identified Kupffer
cells, the resident macrophage in the liver, as critical to the
development of hepatic insulin resistance in response to high
fat diets.

Although it is clear that innate immune responses and resi-
dent tissue macrophages are critical to the development of
insulin resistance in both adipose tissue and liver, the mecha-
nisms for the activation of resident macrophages and the innate
immune response are not completely understood. The role of
TLR4 in activation of tissue macrophages in models of obesity
has been well explored. For example, free fatty acids interact
with TLR4 to activate hepatic macrophages (7), and cholesterol
may interfere with signaling processes regulating TLR signaling
and innate immune function (7, 8). TLR4 signaling can also be
activated in response to increased endotoxin/lipopolysaccha-
ride (LPS) in the circulation, the result of impaired barrier func-
tion in the intestine in response to high fat diets and/or obesity
9).

Complement is another component of the innate immune
system that may contribute to the activation of resident tissue
macrophages and chronic inflammation in obesity. The com-
plement cascade is a phylogenetically ancient part of the
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immune system critical to an organism’s ability to ward off
infection (10). Activation of the complement pathway can
occur via the classical, lectin, or alternative pathway, all three
pathways culminate in the activation of C3. These pathways
leading to C3 cleavage are “triggered enzyme cascades,” analo-
gous to the regulated activation of the coagulation pathway
(11). The cleavage products C3a and C5a, termed the anaphy-
latoxins, are important regulators of the inflammatory
response. C3a and C5a stimulate the production of cytokines in
anumber of cell types (12, 13), either alone or in the presence of
other inflammatory mediators, such as LPS (13). C5a also has
chemoattractant properties, recruiting neutrophils to the site
of infection/injury by regulating the expression of chemokines
and adhesion molecules (14, 15).

Although complement is classically associated with the pro-
tection from invading organisms, a growing body of evidence
implicates complement in chronic inflammatory diseases, such
as alcoholic (16-18) and non-alcoholic liver disease (19). A
recent study identified C3a receptor as a key determinant of
insulin resistance and adipose tissue inflammation in diet-in-
duced obesity in mice (20), and complement activation prod-
ucts are detected in the liver of patients with non-alcoholic
steatohepatitis (19).

Although these studies indicate a role of complement in the
innate immune response to high fat diets and obesity, the spe-
cific pathways of complement activation in response to high fat
diets/obesity have not been investigated. Recent data in models
of alcoholic liver disease have implicated Clq in the classical
pathway as a critical mediator of both adipose and liver inflam-
mation in response to alcohol exposure (16, 17, 21). The classi-
cal pathway of complement is activated upon the binding of
Clq, the recognition subunit of first component (C1) in the
classical pathway of activation, to immune complexes. The
interaction of C1q with cell surface markers on apoptotic cells,
including phosphatidylserine (22), surface blebs (23), or nucleic
acids on the cell surface (24), is an important mechanism for the
activation of the classical pathway as well as clearance of apo-
ptotic cells (25). Because adipocyte death via Bid-dependent
apoptotic pathways is an important link between high fat diet-
induced obesity and insulin resistance (26), here we tested the
hypothesis that Bid-mediated apoptosis would contribute to
the activation of C1q in response to high fat diet-induced obe-
sity and that C1q and complement are critical contributors in
the development of adipose tissue inflammation and impaired
glucose tolerance/insulin sensitivity in response to high fat
diet-induced obesity.

MATERIALS AND METHODS

Animals and Care—5- 8-week-old male mice of each of the
following genotypes were used in the described studies. Wild-
type mice (C57BL/6]) were purchased from Jackson Laboratory
(Bar Harbor, ME). C3aR™’'~ mice were generated on a mixed
genetic background by R. Wetsel (27) and back-crossed into the
C57BL/6 background by M. E. Medof (Case Western Reserve
University, Cleveland, OH). CD55 ~/~ mice (also known as
Daf1~'") were generated by M. E. Medof (28). Clga '~ (29)
mice were provided by M. Carroll (Harvard Medical School,
Boston, MA). C57BL/6 Bid '~ mice were provided by Dr. Xiao-
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Ming Yin (University of Pittsburgh) (30). Animals were housed
in pairs in standard microisolator cages and maintained on a
12-h/12-h light/dark cycle. All animals received humane care,
and all procedures were approved by the Cleveland Clinic Insti-
tutional Animal Care and Use Committee.

C57BL/6 and the different strains of complement deficient
mice used in the 8-week-diet studies were fed a high fat diet
(D12331; 58% of calories from fat, 25% of calories from maltose
dextrins/sucrose) or a micronutrient-matched low fat diet
(D12329; 11% of calories from fat, 72% of calories from maltose
dextrins/sucrose) (Research Diets, Brunswick, NJ). Mice were
weighed weekly, and food intake per cage was measured twice
weekly. C57BL/6 and Bid~'~ were fed a high fat diet or low fat
diet exactly as described previously (26). Mice used in 3-day diet
studies were fed the high fat diet or standard Purina laboratory
chow. Mice and food were weighed at the beginning and end of
the 3-day protocol. All mice were fasted for 6 h prior to eutha-
nasia. Portions of liver or epididymal adipose were flash frozen
in liquid nitrogen and stored at —80 °C until Western blot anal-
ysis, preserved in RNAlater (Qiagen, Valencia, CA), and stored
at —20 °Cuntil RNA isolation or fixed in 10% formalin or frozen
in optimal cutting temperature compound (OCT)? (Sakura
Finetek U.S.A,, Inc., Torrance, CA) for histology.

Portal Insulin Injections—Mice were anesthetized, blood was
collected, and then mice were injected with insulin (16634 or
19278; Sigma-Aldrich) via the portal vein (1 pg/g of body
weight) or an equal volume of 0.09% saline. Liver and epididy-
mal adipose were harvested 2 min after injection. Tissues were
immediately frozen in liquid nitrogen.

Clodronate Injections—Mice were injected with clodronate-
containing liposomes (purchased from ClodronateLiposome-
s.org; 5 mg/ml) or an equal volume of PBS-containing lipo-
somes via tail vein (200 ul/mouse) 24 h prior to beginning the
high fat diet for 3 days.

Western Blot Analysis and Quantitative Real-time PCR—
Frozen liver or epididymal adipose was homogenized in radio-
immune precipitation assay lysis buffer, and lysates were used
for Western blot analysis as described previously (21). RNA was
isolated from liver and adipose, cDNA was prepared, and quan-
titative RT-PCR was carried out as described previously (21).

Metabolic Analyses—Fasting blood glucose was measured
from a tail nick using the OneTouch Ultra Blood Glucose Meter
and test strips (Lifescan, Milpitas, CA) prior to administration
of anesthetic, if applicable. Glucose tolerance tests were per-
formed on fasted mice after 7 weeks of high fat diet feeding. For
glucose tolerance tests, mice received 20% D-glucose solution (2
mg/kg of body weight) or an equal volume of saline by intra-
peritoneal injection; blood glucose was measured at base line
and at 15, 30, 60, and 120 min. Fasting insulin was measured
in plasma samples using a commercially available ELISA kit
(Mercodia, Uppsala, Sweden). HOMA-IR was calculated
using the formula, (fasting glucose (mg/dl) X fasting insulin
(ng/ml))/405.

2 The abbreviations used are: OCT, optimal cutting temperature compound;
HOMA-IR, homeostatic model assessment-insulin resistance; ALT, alanine
transaminase; C3b, C3b/iC3b/C3c.
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TABLE 1

Metabolic characteristics of wild-type and C1qa™
Values represent means = S.E., n = 10-12. HFD, high fat diet; LFD, low fat diet.

/
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~ mice on low fat and high fat diets for 8 weeks

C57BL/6] LFD C57BL/6] HFD Clga™'~ LFD Clga™'~ HFD
Initial body weight (g) 20.0 = 0.2° 19.9 + 0.4 21.3 £ 0.7 20.8 * 0.6"
Final body weight (g) 25.4 % 0.5¢ 33.8 = 0.8 28.6 + 0.9° 34.3 + 1.3
Epididymal adipose (g)/body weight (g) 1.8 £0.2¢ 4.9 0.3 2.0 = 0.3° 3.6 = 0.5°

@b Values with different superscript letters are significantly different from each other, p < 0.05.

Plasma ALT and Liver Triglycerides—Plasma samples were
assayed for ALT using commercially available enzymatic assay
kits (Diagnostic Chemicals, Ltd., Oxford, CT) according to the
manufacturer’s instructions. Total liver triglycerides were
measured using the Triglyceride Reagent Kit from Pointe Sci-
entific Inc. (Lincoln Park, MI) according to the manufacturer’s
instructions.

Immunohistochemistry—For C3b/iC3b/C3c (C3b), tumor
necrosis factor-a (TNFa), and TUNEL staining in liver, frozen
sections were mounted on glass slides, fixed with 4% parafor-
maldehyde, and washed three times in PBS. For C3b and
TUNEL staining in epididymal adipose, paraffin-embedded tis-
sue was deparaffinized, and then slides were processed for
staining. Sections were blocked with 2% bovine serum albumin
(diluted in PBS) or 10% normal goat serum containing 0.1%
sodium azide and 0.1% Triton-X-100 for 1 h, followed by over-
night incubation with a 1:50 dilution of primary antibody
against TNFa (R&D Systems, Minneapolis, MN) or C3b pri-
mary antibody (HM1065, Hycult Biotech, Plymouth Meeting,
PA) at 4°C. The C3b antibody recognized a neoepitope
revealed only after cleavage of C3. Sections were washed in PBS,
incubated with the fluorochrome-conjugated secondary anti-
body (Alexa Fluor 488 conjugates goat anti-rabbit IgG, 1:250
diluted in blocking buffer) for 2 h in the dark at room temper-
ature, washed again in PBS, and mounted with VECTASHIELD
with DAPI containing anti-fade reagent (Vector Laboratories,
Inc., Burlingame, CA). Fluorescent images were acquired using
a LEICA confocal microscope. No specificimmunostaining was
seen in sections incubated without primary antibody. TUNEL
was visualized using the ApopTag Plus In Situ Apoptosis Detec-
tion kit (S7165 for rhodamine staining in adipose and S7111 for
fluoroscein staining in liver; Millipore, Billerica, MA) following
the manufacturer’s instructions.

Omental Adipose Tissue from Obese and Lean Women—Hu-
man omental fat samples were obtained, as previously
described, from women undergoing elective abdominal surgery
(31). This study was approved by the Institutional Review Board
at the Cleveland Clinic. Samples were taken from the omental
fat depot adjacent to the greater curvature of the stomach and
were immediately placed in saline prior to lysis. Tissues were
lysed in 20 mm Tris, 1% Np-40, 137 mm NaCl, 1 mm CaCl,, 1 mm
MgCl,, 10% (v/v) glycerol, 1 mm DTT, 1 mm PMSF, 2 mm
Na;VO, and immediately stored at —80 °C. For Western anal-
ysis, 25 ug of total protein was loaded onto an 8% SDS-poly-
acrylamide gel and transferred to PVDF membranes via a semi-
dry transfer technique. Membranes were blocked with 3%
bovine serum albumin, fraction V in Tris-buffered saline with
0.1% Tween 20 (TBST) and incubated overnight with a goat
polyclonal antibody against human C3 (1:1000 in TBST) from
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MP Biomedicals (catalog no. 55033). The C3 cleavage product,
C3d, identified based on apparent molecular weight, was
detected using chemiluminescence, and images were captured
with an Eastman Kodak Co. Image Station 4000R. Membranes
were reprobed overnight with a mouse monoclonal antibody
against human HSC70 (1:16,000 in TBST) from Santa Cruz
Biotechnology, Inc. (catalog no. sc-7298) and analyzed as above.
Plasma from a control subject was incubated with or without
zymosan (2 mg/ml) for 30 min at 36 °C and used as a positive
control in the Western blot analysis.

Statistical Analysis—Values shown in all figures represent
means = S.E. Data were analyzed by analysis of variance using
the general linear model procedure (SAS, Carey, IN). Data were
log-transformed, as needed, to obtain a normal distribution.
Follow-up comparisons were made by least square means test-
ing. Values labeled with different lowercase letters (see Figs.
1-3,5, and 6 and Tables 1 and 3) are significantly different from
one another (p < 0.05).

RESULTS

Mice Deficient in Clq Become Obese on High Fat Diets but
Are Protected from Activation of Complement in Adipose Tissue
and Expression of Inflammatory Cytokines—Complement has
been implicated in the development of insulin resistance
because C3a receptor-deficient mice are protected from the
metabolic effects of high fat diets in adipose tissue (20). How-
ever, the pathway of complement activation in response to high
fat diet-induced obesity has not yet been identified. The classi-
cal pathway has been implicated in both alcoholic liver disease
(17, 21) and non-alcoholic liver disease (19). Therefore, to
establish if this pathway contributes to the metabolic effects of
high fat diet-induced obesity, wild-type mice and mice deficient
in Clqa, a required element in the classical pathway of comple-
ment activation, were fed the high fat or low fat diets for 8
weeks. Initial body weights were similar among all groups; after
8 weeks, mice fed the high fat diet had greater final bodyweight
compared with mice on the low fat diet (Table 1). Weight gain
in response to high fat diet feeding was equivalent in wild-type
and Clga~’~ mice (Table 1). Epididymal adipose weight, rela-
tive to total body weight, was increased in both wild-type and
Clga™'~ mice after high fat diet compared with mice on the
low fat diet; there was no effect of genotype on this response
(Table 1).

High fat diets increased epididymal adipocyte size in both
wild-type and C1ga™ '~ mice (Fig. 14) as well as increasing the
number of TUNEL-positive nuclei (Fig. 1B). High fat diets were
also associated with evidence of complement activation in adi-
pose tissue. Accumulation of C3b, a cleavage product of C3, was
increased in the adipose of wild-type mice after 8 weeks of high
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TABLE 2

Demographics of lean and obese women

Values are means * S.E., n = 8 for lean and 16 for obese. BMI, body mass index; ND,
not determined.

Lean women Obese women

Age 39+7 46+ 3
BMI 22.3*09 46.1 = 1.4
Fasting blood glucose 81.3 £33 121.9 = 12.4
Triglycerides ND 177.6 = 21.5
Cholesterol ND 203.9 £ 9.1
LDL ND 104.9 = 8.8
HDL ND 522 *29

fat diet feeding (Fig. 1C). In contrast, there was no evidence of
complement activation in the adipose of Clga '~ mice, sug-
gesting a critical role for the classical pathway in complement
activation in adipose tissue. Similarly, the relative expression of
TNFa and monocyte chemotactic protein-1 (MCP-1) mRNA,
indicators of adipose inflammation, were increased in the epi-
didymal adipose of wild-type but not C1ga ™/~ mice on the high
fat diet (Fig. 1D).

Complement Activation in Adipose Tissue in Obese Insulin-
resistant Women—Because high fat diet-induced obesity acti-
vated complement in adipose tissue of mice, we hypothesized
that complement would also be activated in adipose tissue from
obese insulin-resistant humans. C3d, another C3 cleavage
product, was assessed by Western blotting in omental adipose
tissue obtained from lean and obese women while undergoing
elective abdominal surgery (Table 2). The relative quantity of
immunoreactive C3d was increased in the omental adipose
from obese insulin-resistant women compared with lean con-
trols (Fig. 1E). Taken together, these data indicate that adipose
inflammation is associated with complement activation in both
mouse models of obesity and in obese insulin-resistant women.

Clgqa Deficiency Prevents Altered Glucose Homeostasis after 8
Weeks of High Fat Diet—Because C1q-dependent complement
activation was associated with adipose inflammation following
high fat diet feeding, we hypothesized that Ciga would also
mediate impaired glucose homeostasis after feeding high fat
diets. Following 8 weeks of high fat diet feeding, fasting blood
glucose, fasting plasma insulin, and HOMA-IR (an indicator of
insulin resistance) were increased in wild-type mice compared
with mice on the low fat diet (Fig. 2, A—C), whereas Clga '~
mice were resistant to these effects of high fat diets. Clga™ '~
mice exhibited a lower blood glucose excursion compared with
wild-type mice after high fat diet feeding in a glucose tolerance
test (Fig. 2D).

Clq Deficiency Prevents Hepatic Steatosis and C3b Deposi-
tion after 8 Weeks of High Fat Diet—High fat feeding for 8 weeks
to C57BL/6 mice resulted in a phenotype typical of high fat
diet-induced steatosis, including increased TUNEL-positive
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FIGURE 2. C1qga deficiency prevents altered glucose homeostasis after 8
weeks of high fat diet. C57BL/6J and C1ga™’~ mice were allowed free access
to a high fat diet (HFD) or low fat diet (LFD) for 8 weeks. Mice were fasted for
6 h prior to blood collection and euthanasia. A, fasting blood glucose was
measured from a tail nick using a standard glucometer. B, fasting insulin was
measured in plasma samples using a commercially available ELISA kit. C,
HOMA-IR was calculated using the formula, (fasting glucose (mg/dl) X fasting
insulin (ng/ml))/405. D, for glucose tolerance tests, mice received 20% D-glu-
cose solution (2 mg/kg of bodyweight) by intraperitoneal injection. Blood
glucose was measured at base line and at 15, 30, 60, and 120 min. For all
graphs, values represent means = S.E. (error bars). A-C, results labeled with
different lowercase letters are significantly different from one another (p <
0.05),n = 4-6.D, % p < 0.05 compared with C1ga~’~ mice.

nuclei in the liver (Fig. 3A) as well as increases in hepatic trig-
lycerides (Fig. 3B), circulating ALT concentrations (Fig. 3C),
and expression of inflammatory cytokines (Fig. 3E). Comple-
ment activation products are evident in the liver of obese
patients with non-alcoholic steatohepatitis; importantly, com-
plement activation correlates with disease severity (19). Wild-
type mice fed high fat diets for 8 weeks also exhibit evidence of
complement activation, evidenced by increased accumulation
of C3b (Fig. 3D); C3b accumulation was not observed in
Clga™'~ mice (Fig. 3A). Clga deficiency did not prevent high
fat diet-induced increases in TUNEL-positive nuclei in the liver
but did protect mice from hepatic steatosis, inflammatory cyto-
kine expression, and also partially reduced plasma ALT con-
centrations compared with wild-type mice (Fig. 3).

FIGURE 1. C1qa deficiency prevents C3b deposition and inflammation in epididymal adipose after 8 weeks of high fat diet; obesity is associated with

complement activation in human adipose tissue. C57BL/6) and C1ga™’/

~ mice were allowed free access to a high fat diet (HFD) or low fat diet (LFD) for 8

weeks. A, paraffin-embedded sections of epididymal adipose tissue were stained with hematoxylin and eosin (H&E). Images are representative of 4-6

mice/group and are shown at X 20. B, TUNEL-positive nuclei (red) were detected in adipose tissue from wild-type and C1ga™

’~ mice. Nuclei were labeled with

DAPI (blue). TUNEL-positive nuclei were counted and expressed as a percentage of DAPI-positive nuclei. C, immunoreactive C3b was visualized by immuno-
histochemistry in paraffin-embedded sections from epididymal adipose and semiquantified. Images are shown at X40 magnification. Band C, values represent
means = S.E. (error bars). Results labeled with different lowercase letters are significantly different from one another (p < 0.05), n = 4-6 mice. D, relative
expression of TNFa and MCP-1 mRNA was measured by RT-PCR in epididymal adipose and normalized to 18 S. Values represent means = S.E. Results labeled
with different lowercase letters are significantly different from one another (p < 0.05), n = 10-12 mice. E, relative protein expression of C3d was assessed in the
omental adipose of lean and obese women by Western blotting and normalized to HSC70. Values represent means *+ S.E. Results labeled with different
lowercase letters are significantly different from one another (p < 0.05), n = 8 for lean and 16 for obese females.
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FIGURE 3. C1ga™’~ mice are protected from 8-week high fat diet-induced hepatic C3b deposition and hepatic steatosis. C57BL/6J and C1qa ™

’~ mice

were allowed free access to a high fat diet (HFD) or the low fat diet (LFD) for 8 weeks. A, TUNEL-positive nuclei (green) were detected in liver from wild-type and
Clga~’~ mice. Nuclei were labeled with DAPI (blue). TUNEL-positive nuclei were counted and expressed as a percentage of DAPI-positive nuclei. B, hepatic
triglycerides were measured by a biochemical assay. C, plasma ALT was assayed using commercially available enzymatic assay kit. D, immunoreactive C3b was
visualized by immunohistochemistry in OCT-frozen liver sections. Total fluorescence was determined using Image Pro software. Images are shown at X40
magnification E, relative expression of TNFa and MCP-1 mRNA was measured by gRT-PCR in liver and normalized to 18 S. Values represent means = S.E. (error
bars) Results labeled with different lowercase letters are significantly different from one another (p < 0.05), n = 4-8.%,p < 0.05 compared with C1ga’/~ mice.

Complement Activation in Adipose and Liver Occurs in
Response to Bid-dependent Apoptosis—High fat diets and obe-
sity are linked with increased apoptosis in adipose tissue and
liver (26). Our group has previously found that adipocyte apo-
ptosis is dependent on Bid, a proapoptotic protein that links the
extrinsic and intrinsic cell death pathways, and that Bid '~
mice are protected from high fat diet-induced insulin resistance
and hepatic steatosis (26). Because one important mechanism
for the activation of the classical complement pathway is via the
binding of Clq to apoptotic cells, we hypothesized that Clq
provides the link between apoptosis and complement activa-
tion. If this hypothesis were true, then complement activation
in response to high fat diet-induced obesity should be reduced
in Bid~'~ mice. Indeed, C3b deposition in both adipose and
liver of was not detected in Bid '~ mice after high fat diet
feeding (Fig. 4). Taken together, these data suggest that high fat
diet-induced obesity is associated with a C1q-dependent acti-
vation of complement in both adipose and liver and that com-
plement activation is downstream of high fat diet-induced apo-
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ptosis and then contributes to multiple aspects of the metabolic
syndrome.

Three-day High Fat Diet Feeding Results in Hepatic Insulin
Resistance in Wild-type Mice—Inflammatory mediators con-
tribute to hepatic insulin resistance induced by short term high
fat diet feeding (4) as well as impaired glucose homeostasis that
develops after long term feeding. The development of hepatic
insulin resistance is considered pivotal in the eventual progres-
sion of systemic insulin resistance and type 2 diabetes (5).
Because complement was activated after long term high fat diet
feeding in both adipose and liver, we investigated whether com-
plement was also involved in the early hepatic responses to high
fat diets. Even short courses of high fat diet feeding result in
hepatic steatosis and insulin resistance (32). Wild-type mice
were fed a high fat diet or a standard laboratory chow diet for 3
days. Total weight gain was equal in high fat- and chow-fed
mice (Table 3). High fat diet feeding for 3 days slightly increased
hepatic triglycerides in both genotypes (Table 3). The short
exposure to high fat diets had no effect on plasma ALT, but
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FIGURE 4. Bid~’~ mice are protected from activation of complement in
response to high fat diet feeding. C57BL/6 and Bid "/~ mice were provided
with high fat diet, and immunoreactive C3b was visualized by immunohisto-
chemistry in paraffin-embedded sections from epididymal adipose (A) and
liver (B). Minimal C3b staining was observed in mice fed low fat diets (data not
shown). Images were semiquantified (C) as described under “Materials and
Methods.” Images are shown at X40 magnification. Values represent
means * S.E. (error bars), n = 4-6.*, p < 0.05 compared with Bid /™ mice.

ALT concentrations were slightly higher in Clga /'~ mice
compared with wild type on both the chow and high fat diets
(Table 3). Complement activation in the liver, assessed by the
accumulation of the C3 degradation product C3b, was
increased in wild-type mice after 3 days of high fat diet with a
predominately sinusoidal deposition (Fig. 5A4). To assess insulin
sensitivity, mice were injected with insulin or vehicle (saline)
via the portal vein. Following challenge with insulin, phospho-
rylated AKT increased in adipose (Fig. 5B) and liver (Fig. 5C) of
chow-fed mice. Feeding of high fat diets for 3 days decreased
insulin stimulation of phospho-AKT in liver but not adipose
tissue of wild-type mice, indicating a rapid development of
hepatic insulin resistance prior to insulin resistance in adipose
tissue (Fig. 5, B and C). Consistent with previous reports (4),
early hepatic insulin resistance was mediated via activation of
hepatic macrophages. Depletion of hepatic macrophages with
clodronate prevented the high fat diet-induced complement

AUGUST 2,2013+VOLUME 288 +NUMBER 31

C1q and High Fat Diet-induced Insulin Resistance

activation (Fig. 5E) as well as the loss of hepatic insulin sensi-
tivity, evidenced by a normal insulin-stimulated phosphoryla-
tion of Akt in clodronate-treated mice, after high fat diet feed-
ing for 3 days (Fig. 5D).

Complement Activation Contributes to the Early Effects of
High Fat Diet-induced Hepatic Insulin Resistance—Mamane et
al. (20) reported that C3aR is required for impaired insulin sen-
sitivity after high fat diet-induced obesity. Here we tested
whether C3aR was also required for the development of hepatic
insulin resistance after 3 days of high fat diet feeding. Although
high fat diet reduced insulin-stimulated phospho-AKT in the
liver of wild-type mice, C3aR™'~ mice were protected from this
loss of insulin sensitivity (Fig. 64). CD55/DAF is a negative
regulator of complement, and thus CD55/DAF deficiency
would be hypothesized to exacerbate the effects of complement
activation in the development of short term high fat diet-in-
duced hepatic insulin resistance. In order to test this hypothe-
sis, insulin sensitivity was measured in wild-type and CD55/
DAF '~ mice after only 2 days of high fat diet. Whereas wild-type
mice were still insulin-sensitive after only 2 days of high fat diet
feeding, mice deficient in CD55/DAF already exhibited decreased
phospho-AKT after challenge with insulin (Fig. 6B). Taken
together, these data suggest that complement activation contrib-
utes to hepatic insulin resistance induced by short term high fat
diet.

Clga Is Required for Hepatic C3b Deposition after a 3-Day
High Fat Diet—Because C1q-dependent activation of comple-
ment was critical for the metabolic effects of high fat diet-in-
duced obesity, we next investigated whether CIga also medi-
ated the early hepatic response to high fat diets. In contrast to
wild-type mice (Figs. 5C and 6C), mice deficient in Clga '~
maintained insulin-stimulated phosphorylation of AKT in the
liver after high fat diet feeding for 3 days (Fig. 6C). Consistent
with this protective effect on insulin sensitivity, hepatic C3b
deposition was not increased in Clga~'~ mice after 3 days of
high fat diet feeding (Fig. 6D). Finally, both Clga '~ and
C3aR~'~ mice express less TNFa after high fat diet feeding
compared with wild type mice (Fig. 6E). Taken together, these
data indicate a critical role for Clq-dependent complement
activation in the development of early hepatic insulin resistance
in response to high fat diet feeding.

DISCUSSION

Although it is well appreciated that the innate immune sys-
tem is critical to the development of insulin resistance and the
complications of obesity, very little is known about the role of
complement, a key effector in the innate immune response, in
high fat diet/obesity-induced insulin resistance metabolic syn-
drome. Here we provide evidence of complement activation in
adipose tissue in mouse models of high fat diet-induced obesity
as well as in the omental adipose tissue of obese women. Impor-
tantly, mice deficient in C1ga, a key component in complement
activation via the classical pathway, were protected from high
fat diet-induced adipose inflammation and systemic glucose
intolerance. Even short term feeding of high fat diets, prior to
the onset of obesity, increased complement activation in the
liver. Early complement activation in the liver was CIga-depen-
dent and was required for the development of hepatic insulin
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TABLE 3

Metabolic characteristics of wild-type and C1ga—’~ mice on chow or high fat diets for 3 days
Values represent means * S.E.,, n = 10-12. HFD, high fat diet.

/

C57BL/6] chow C57BL/6] HFD Clga™'~ chow Clga™'~ HFD
Weight gain (3 days) 1.7 £ 0.2¢ 1.7 £0.3% 2.7 + 0.6 2.7 = 0.5°
Hepatic triglycerides (mg/g) 17.9 £ 0.7 27.2 £ 2.0° 21.5 = 2.1 31.5 = 3.4
Plasma ALT (units/liter) 14.7 = 0.5% 19.5 + 2.2¢ 23.3 = 2.4 25.7 = 3.1°
@b Values with different superscript letters are significantly different from each other, p < 0.05.
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FIGURE 5. Three-day high fat diet induces hepatic insulin resistance and complement activation. Male C57BL/6J mice were allowed free access to a high fat diet
(HFD; 58% of calories from fat) or standard laboratory chow (Chow) for 3 days. A, immunoreactive C3b was visualized by immunohistochemistry in OCT-frozen liver
sections. The total number of fluorescent foci per field was determined using Image Pro. B-D, to assess insulin sensitivity, mice were injected with insulin (/) or an equal
volume of saline (S) via the portal vein. Relative quantity of phospho-AKT was assessed in adipose (B) and liver (Cand D) by Western blotting and normalized to HSC70.
D and E, Kupffer cells were depleted in C57BL/6J mice by injection with clodronate- or PBS-containing liposomes via tail vein 24 h prior to starting a 3-day high fat (HFD)
diet. Expression of F4/80 mRNA was reduced to less than 16% of saline-treated mice (data not shown). £, immunoreactive C3b was visualized by immunohistochemistry in
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resistance. Taken together, these data suggest that the classical Previous correlative studies have implicated complement in
pathway is a key effector of the metabolic abnormalities associ- the development of diabetes and metabolic syndrome. For
ated with high fat diets and obesity. example, increased plasma C3a is associated with obesity and
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D, immunoreactive C3b was visualized by immunohistochemistry in OCT-frozen liver sections. The total number of fluorescent foci per field was determined
using Image Pro. Images are representative of 3—-4 mice/group and are shown at 40X magnification. Values labeled with different lowercase letters are
significantly different from each other (p < 0.05). E, immunoreactive TNFa was visualized by immunohistochemistry of OCT-frozen liver sections. Represent-
ative images are shown at X40 magnification.

type 2 diabetes (33, 34). Indeed, serum C3 is a more robust detected locally in adipose tissue in response to meals, associ-
marker of insulin resistance than other markers, such as C-re- ated with increased storage of triglycerides (41).

active protein and leukocyte count (35). Complement is also More recent mechanistic studies have identified an impor-
activated in plasma of type 1 diabetics (36). Complement acti- tantrole for C3aR and C5aR in mediating adipose inflammation
vation is implicated in the micro- and macrovascular compli- and insulin resistance in mouse and rat models of high fat diet-
cations in diabetics, associated with cardiovascular disease and  induced obesity (20, 42). Here, making use of Clga '~ -defi-
renal disease (37, 38). Interestingly, genome-wide association cient mice, we have identified the classical pathway of comple-
studies between single nucleotide polymorphisms (SNPs) and ment activation as required for activation of complement in
expression of genes in metabolically active tissues, including both mouse and human obesity. In adipose tissue, C1q-depen-
liver and adipose tissue, have identified the complement cas- dent complement activation was evident after 8 weeks of high
cade as an important candidate pathway in type 2 diabetes (39).  fat diet feeding (Fig. 1) but not after 3 days (data not shown).
CR1, C4A/B, and C5 genes were highly significant in this anal- Complement proteins C1q and C3b act as opsonins to facilitate
ysis (39). The most well studied aspect of the relationship the clearance of apoptotic cell bodies (25, 43, 43). High fat diet-
between adipose tissue and complement stems from the iden- induced obesity is associated with apoptosis in both adipose
tification of C3a,,,Arg, a C3 degradation product that does not  and liver. Apoptosis may be due to toxic effects of lipids and/or
interact with the C3a receptor, as acylation-stimulating pro-  due to the overexpansion of adipocyte size (44, 45). The current
tein, a peptide involved in triglyceride homeostasis (40). Adi- data are consistent with the involvement of Clq in the clear-
pose tissue also produces C3, factor B, and factor D, essential ance of apoptotic cells within the inflamed adipose tissue; when
components for the alternative pathway of activation, as wellas  apoptosis in adipose is prevented by Bid deficiency, comple-
properdin (40). C3a,.Arg/acylation-stimulating protein is ment was not activated, and inflammation was reduced. This
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role may be similar to the critical link between apoptosis in
adipose of alcohol-fed mice and complement activation via Clq
(21) and neuronal apoptosis and C1q activation in some murine
models of Alzheimer disease (46). Alternatively, C1q may be
binding to oxidized phospholipids in the inflamed adipose tis-
sue (47).

Hepatic insulin resistance occurs early in response to high fat
diets, prior to systemic glucose intolerance (48-50) and is
mediated, at least in part, via increased expression of inflamma-
tory mediators, such as TNFa. Inflammatory cytokines induce
insulin resistance through phosphorylation of negative regula-
tory sites in the insulin signaling cascade (2, 51, 52). Expression
of inflammatory cytokines in the liver is mediated via the acti-
vation of Kupffer cells, the resident macrophage in the liver, in
anumber of acute and chronic inflammatory conditions (9, 18).
Kupffer cells also contribute to the development of hepatic
insulin resistance, even after short term feeding of high fat diets
(Fig. 4) (9,50, 53). The mechanisms for Kupffer cell activation in
response to the early phases of high fat diet feeding are not yet
understood. Activation of TLR4 by LPS and/or fatty acids has
been implicated in Kupffer cell activation during high fat diet
feeding (9). Oxidized LDL can also activate Kupffer cells during
high fat diet feeding to LDL receptor-deficient mice (54). Here
we find that high fat diets increased complement activation in
the liver within 3 days of feeding; this activation was dependent
on Clq. Evidence of complement activation in the liver of both
male and female patients with non-alcoholic steatohepatitis
also suggests the involvement of the classical pathway in obese
humans (19). Because Kupffer cells express both C3aR and
C5aR receptors (13), our data suggest that complement activa-
tion in the liver contributes to activation of Kupffer cells and
expression of inflammatory cytokines in the liver during high
fat diet feeding and obesity.

Importantly, Clq-dependent complement activation was
also required for the development of the early phase of hepatic
insulin resistance, evidenced by impaired phosphorylation of
Akt in response to a challenge with insulin. After longer term
feeding of high fat diets and the development of obesity, sys-
temic glucose intolerance was also found to be dependent on
Clq. Previous work in mouse and rat models of high fat diet-
induced obesity have demonstrated a critical role for C3aR and
C5aR in the impairment of glucose homeostasis (20, 42). Taken
together with the current data, these studies identify C1q-me-
diated activation of complement as an essential component in
the development of both early hepatic insulin resistance and
later systemic glucose intolerance. Evidence of complement
activation in both adipose and liver suggest that complement is
involved in multiple aspects of the tissue pathophysiology lead-
ing to insulin resistance and may be an important therapeutic
target for preventing and/or reducing the derangements in
metabolism associated with obesity.
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