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Abstract

Inflammation and metabolic disorder are common pathophysiological conditions, which play a vital role in the development of obesity and type
2 diabetes. The purpose of this study was to explore the effects of caspase recruitment domain (CARD) 9 in the high fat diet (HFD)-treated mice
and attempt to find a molecular therapeutic target for obesity development and treatment. Sixteen male CARD9�/� and corresponding male WT
mice were fed with normal diet or high fat diet, respectively, for 12 weeks. Glucose tolerance, insulin resistance, oxygen consumption and heat
production of the mice were detected. The CARD9/MAPK pathway-related gene and protein were determined in insulin-responsive organs using
Western blotting and quantitative PCR. The results showed that HFD-induced insulin resistance and impairment of glucose tolerance were more
severe in WT mice than that in the CARD9�/� mice. CARD9 absence significantly modified O2 consumption, CO2 production and heat produc-
tion. CARD9�/� mice displayed the lower expression of p38 MAPK, JNK and ERK when compared to the WT mice in both HFD- and ND-treated
groups. HFD induced the increase of p38 MAPK, JNK and ERK in WT mice but not in the CARD9�/� mice. The results indicated that CARD9
absence could be a vital protective factor in diet-induced obesity via the CARD9/MAPK pathway, which may provide new insights into the devel-
opment of gene knockout to improving diet-induced obesity and metabolism disorder.
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Introduction

Caspase recruitment domain (CARD) 9 is an important adapter pro-
tein that was originally recognized through a database search for
CARD-containing proteins, which is widely expressed in plentiful tis-
sues including liver, spleen, bone marrow, brain, lung and peripheral
blood [1], particularly in the macrophages, neutrophil granulocytes
and dendritic cells [2]. CARD9 is closely associated with immune
responses, immune cell activation [3, 4] and inflammatory response
[5]. CARD9 utilizes B-Cell lymphoma 10 (BCL10) and MALT1 to medi-
ate Dectin-1 signalling for the activation of nuclear factor-k-gene
binding (NF-jB), p38 mitogen-activated protein kinase (p38 MAPK),

and c-Jun N-terminal kinase (JNK) [2, 3]. Previous studies have
demonstrated that overexpression of CARD9 strongly activates the
kinases p38 and JNK, both of which are pivotal in immune responses
and the production of pro-inflammatory cytokines [3, 4, 6]. Moreover,
it has reported that CARD9 is associated with a member of Ras family
of small guanosine triphosphatases (H-Ras) and phosphorylated Ras-
guanine-nucleotide-releasing factor 1(Ras-GRF1), leading to the acti-
vation of extracellular signal-regulated kinase (ERK) pathway [7].

Stimulation of dendritic cells in CARD9�/� mice with the cell wall
component zymosan or whole C. albicans cells results in a decrease
in the release of inflammatory cytokines [8] including interleukin (IL)-
2, IL-6, IL-10 and tumour necrosis factor-a (TNF-a) [3, 5]. Recently,
studies have focused on defining the precise molecular mechanism of
CARD9 signalling and exploring its role in the development of non-
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infectious disease including cardiovascular diseases [9, 10]. Obesity
and type 2 diabetes (T2D) have become the leading health problem in
the world. Low-grade systemic inflammation and immune disorders
are linked to the development of these complications [11, 12]. It is
reported that obese patients skewed towards pro-inflammatory sub-
sets [13]. Obesity originated from high fat diet (HFD) has been linked
to a pro-inflammatory state, which in turn leads to the development
of metabolic syndrome. Because of the vital role of CARD9 in inflam-
matory response, several studies have reported that CARD9/MAPK
signalling pathway plays an important role in diet-induced myocardial
dysfunction [14, 15]. However, whether or not there is a link between
CARD9 signalling and obesity-associated metabolic disorder is
unknown. We attempt to explore the function of CARD9/MAPK path-
way in diet-induced insulin resistance, glucose tolerance impairment,
insulin-responsive organs and brown adipose inflammation. In this
study, CARD9�/� and C57BL/6 mice were fed with HFD to establish
obese animal model to evaluate the impact of CARD9 on diet-induced
inflammation and metabolic disorders, and to explore the potential
mechanism of CARD9 in mediating energy metabolism.

Materials and methods

Mice

The CARD9�/� mice were kindly provided by Professor Xin Lin (Depart-

ment of Molecular and Cellular Oncology, University of Texas, Houston,

TX, USA). The background of the mice is C57BL/6. Sixteen six-week-old

male CARD9�/� mice were randomly divided into two groups: CARD9�/�-
normal diet (ND) group and CARD9�/�-HFD group, which were fed with

HD or HFD, respectively. HFD (Shanghai Laboratory Animal Centre,

Shanghai, China) is a mixture of 18.9% protein, 44.6% carbohydrate

and 36.5% kcal/g fat and was known to induce obesity and diabetes.
Similarly, sixteen six-week-old male wide-type (WT) C57BL/6 mice were

purchased from Laboratory Animal Centre of Fudan University. The mice

were randomly divided into two groups (WT-ND group and WT-HFD

group) and given ND or HFD, respectively. All the mice were housed in
standard cages with a constant temperature range of 22 � 2°C, 60%
relative humidity and an artificial 12-hr light/dark cycle. The study con-

forms to the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publication No. 85-

23, revised 1996), and the protocols were approved by the Institutional

Animal Care and Use Committee at Fudan University.

Glucose tolerance and insulin sensitivity
determination

At week 8 and 12, glucose tolerance test (GTT) and insulin tolerance

test (ITT) were performed to observe the energy metabolism. The mice

were fasted 6 hr and intraperitoneally injected dextrose (2 mg/g b.w.)
for GTT. Blood samples were collected from caudalis vena, and blood

glucose was measured with a Contour Blood Glucose Meter (Bayer,

Ezreal, NJ, USA) at baseline, 30-, 60-, 90- and 120 min after the dex-

trose injection. Insulin levels were determined using ultra-sensitive
mouse insulin ELISA kit (R&D Systems, Minnesota, MN, USA)

according to the manufacturer’s instruction. In addition, insulin sensitiv-
ity was measured by ITT. The method is as follows: after 4.5 hr fasting,

insulin (0.5 U/kg b.w.) was administered intraperitoneally, and blood

glucose measurement was conducted in the same way as GTT after

insulin injection. The homeostasis model assessment-estimated insulin
resistance (HOMA-IR) was calculated based on 1 mg of insulin as

equivalent to 24 IU, using the formula HOMA-IR = [fasting insulin con-

centration (mU/l) 9 fasting glucose concentration mmol/l)]/22.5 [16].

Metabolic cage

Oxygen consumption, carbon dioxide production and heat production

were measured by metabolic cage. The mice were isolated in a semi-

sealed cage, and the inner air was aspirated at a constant volume/min.

VO2, VCO2, respiration exchange ratio(RER), and heat production were
measured simultaneously using a computer-controlled analyzers (TSE-

System, Bad Homburg, Germany). Each mouse was measured individu-

ally in a resting state at 22°C in the presence of food and water [17].

Measurements were undertaken for a period of 24 hr (from 9:19 a.m.
to 9:19 a.m. the next day), including a 12 hr light cycle and a 12 hr

dark cycle. Data were normalized to body weight.

Tissue and blood collection

After 12 weeks of HFD and ND treatment, the CARD9�/� and WT mice

were killedand blood samples were collected, which were then subjected
to the centrifugation (4°C) at 1006 9 g for 15 min. Supernatant was

collected and stored at �80°C immediately. The spleen, liver, white adi-

pose tissue (WAT: epididymal adipose, inguinal adipose, perinephric adi-

pose) and brown adipose tissue (BAT) were harvested, and the tissue
weights were measured. Liver, WAT and BAT were immediately frozen

at �80°C, and parts of the tissues were fixed in 4% paraformaldehyde

for pathological examination.

Histological analyses

Liver, WAT and BAT were fixed in 4% paraformaldehyde, embedded in

paraffin, cut into 4 lm-thick tissue sections, and stained with haema-

toxylin & eosin (H&E). Microscopic examination was implemented, and

photographs were taken under light microscope (Nikon Eclipse TE2000-U;
Nikon, Tokyo, Japan). From each section, ten random areas were exam-

ined at a magnification of 9400 for liver and BAT, and 9200 for WAT. The

slides were graded independently in a masked fashion by two observers.

Inflammatory cytokine determination in serum

The expressions of IL-6 and TNF-a in serum were determined using
ELISA kits. The tests were performed strictly according to the manufac-

turer’s instructions.

Quantitative real-time PCR analysis

Quantitative real-time PCR was used to determine the mRNA expres-
sion. Total RNA from liver and WAT were isolated with trizol (Thermo
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Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol. One ug of total RNA was applied for cDNA synthesis, and

cDNA was reversely transcribed using Revertid™ First Strand cDNA

Synthesis Kit (Takara Bio Company, Sigma, Japan). Primers were

designed according to the primer design principles. The mRNA expres-
sions for glyceraldehyde phosphate dehydrogenase (GAPDH), IL-6, TNF-

a, JNK, ERK1/2, MAPK-p38, and NF-jB were determined using invento-

ried primer and probe assays on an ABI 7500 Real-Time PCR System
(Applied Biosystems, Waltham, MA, USA), and using SuperReal PreMix

Plus (SYBR Green) fluorescence (Tiangen biotech, Beijing, China). The

universal two-step RT-PCR cycling conditions were performed in a total

volume of 25 ll. The 2�MMCT method [17] was used to normalize tran-
scription to GAPDH mRNA, and the relative mRNA expression was cal-

culated.

Western blot analysis

Protein levels were determined by Western blot. Liver and BAT were

homogenized with M-PER mammalian protein extraction reagent
(Thermo Scientific, Waltham, MA, USA) on ice. Equal quantities of pro-

tein, respective of tissue quantities, were separated by 10% sodium

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Fol-

lowing transfer to immobilon-P polyvinylidene difluoride (PVDF) mem-
brane and blocking with 5% nonfat milk or 5% BSA, the blot was

incubated with different primary antibodies (Cell Signalling Technology,

Danvers, MA, USA): uncoupling protein 1 (UCP1)(1:1000), p-JNK

(1:1000), JNK (1:1000), p38 (1:1000), p-p38 (1:1000), NF-jB (USA,

1:1000), p-NF-jB (Cell 1:1000), ERK1/2(1:1000), p-ERK1/2(1:2000) at
4°C overnight, and then incubated with secondary HRP-conjugated anti-

body (1:5000; Kangchen Biotech, Shanghai, China) for 2 hr at room

temperature. After incubation with the secondary antibody, the mem-

branes were detected with enhanced chemiluminescence followed by
exposure to X-ray film. The protein bands on the X-ray film were

scanned, and band density was calculated by software Quantity one

4.6.2 (Bio-Rad Software Inc., Hercules, CA, USA). b-actin and GAPDH
were used as loading control reference, respectively.

Statistical analysis

Data are expressed as means � standard deviation (S.D.). SPSS 19.0

IBM statistical software was used for the analysis. One-way analysis of

variance (ANOVA) was used to compare the difference among the four

groups. The P value <0.05 was considered statistically significant.

Results

Body weight, food intake and organ weight
measurements

Figure 1A illustrated that baseline body weight was no significant sta-
tistical difference among the four groups, and the body weight of the

Fig. 1 Changes in body weight (b.w.), food intake and the ratio of organ/b.w in the CARD9�/� and WT mice after ND and HFD feeding. Weekly

changes of b.w. (A), b.w. at the end of 12 weeks feeding (B), Weekly food intake (C),Average food intake during the entire experiment (D), The
ratios of organ/b.w. in liver, WAT, BAT and spleen (E). *P < 0.05, **P < 0.01, HFD vs. ND; #P < 0.05, ##P < 0.01, CARD9�/� vs. WT.
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mice was gradually increased with time. As shown in Figure 1B, HFD
induced the increase of body weight both in WT and CARD9�/� mice,
but there is no statistical difference between ND-treated and HFD-
treated CARD9�/� mice. Similarly, there was no difference in food
intake between ND and HFD groups in both CARD9�/� and WT mice.
The food intake of CARD9�/� mice was significantly lower than that
in WT mice when fed with ND or HFD (P < 0.05; Fig. 1C and D). The
ratios of liver, spleen, WAT and BAT weights to body weight were also
analysed. As displayed in Figure 1E, there was no statistical differ-
ence of the liver weight/b.w. and spleen weight/b.w. among the four
groups. The ratio of BAT/b.w. was higher in the ND-treated WT mice
than that in the HFD-treated WT mice. The ratio of WAT/b.w. in the
WT mice fed with HFD was higher than that in the mice fed with ND
(P < 0.05). However, there was no difference of WAT/b.w between
the HFD- and ND-CARD9�/� mice.

Effect of CARD9 on glucose homeostasis and
insulin sensitivity

To determine if there was an effect of CARD9 on diet-induced glucose
homeostasis and insulin sensitivity, IPGTT and ITT were measured at
week 8 and 12, respectively (Fig. 2). As shown in Figure 2A, HFD
feeding induced the impairment of the glucose tolerance in C57BL/C
mice but not in CARD9�/� mice when compared with corresponding
ND-fed mice. Meanwhile, WT-HFD displayed more severe impairment
of the glucose tolerance (Fig. 2A). Figure 2B showed the glucose tol-
erance at week 12. The results indicated that the baseline glucose has
a significant increase in HFD-fed groups, which suggested that the
effect was more significant at week 12 than that at week 8 (Fig. 2B).
IPITT results showed that HFD feeding impaired insulin utilization
especially in C57BL/C mice. HFD-fed mice demonstrated rapidly

Fig. 2 Glucose homeostasis and insulin sensitivity in the CARD9�/� and WT mice at week 8 and 12. IPGTT at week 8 (A) and week 12 (B), IPITT at

week 8 (C) and week 12 (D), Fasting blood glucose level (E), Fasting blood insulin level (F), HOMA-IR index (G). *P < 0.05, **P < 0.01, HFD vs.

ND; #P < 0.05, ##P < 0.01, CARD9�/� vs. WT.
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elevations in glucose levels at all time points. However, there is no
significant difference between HFD-fed CARD9�/� mice and ND-fed
CARD9�/� mice at week 8 (Fig. 2C). Intriguing, the insulin sensitivity
became worse at week 12 in HFD-fed CARD9�/� mice when com-
pared with ND-fed CARD9�/� mice (Fig. 2D). In addition, fasting
blood insulin and fasting blood glucose levels in serum were
increased in HFD-fed mice compared to ND-fed mice (P < 0.05;
Fig. 2E and F). The HFD-fed CARD9�/� mice displayed significant
increase in fasting blood insulin level when compared to the ND-fed
CARD9�/� mice, but not in WT mice (Fig. 2E). HOMA-IR index, an
indicator of insulin sensitivity [18], was significantly higher in the
HFD-fed mice than that in the ND-fed mice (P < 0.05; Fig. 2G). Fur-
thermore, compared to the WT mice, CARD9�/� mice had lower
HOMA-IR.

Oxygen consumption and heat production
measurement

The energy homeostasis was determined in WT and CARD9�/� mice
(Fig. 3). As shown in Figure 3, VO2 (Fig. 3A), VCO2 (Fig. 3B), heat
production (Fig. 3C) and RER (Fig. 3D) are higher in WT-HFD group
than that in WT-ND group, but it was contrary in the CARD9�/� mice.
That means that the HFD-fed CARD9�/� mice showed lower VO2,
VCO2, heat production and RER when compared to the ND-fed
CARD9�/� mice. Interestingly, CARD9�/�-ND mice showed signifi-
cantly higher VO2, VCO2, heat production and RER when compared to
WT-ND mice (P < 0.05). However, CARD9�/�-HFD group showed
significantly lower VO2, VCO2, heat production and RER compared to
WT-HFD mice (P < 0.05). As shown in Figure 3D, compared to the
ND-treated group, HFD caused a decrease of RER in CARD9�/� mice.
Moreover, there was a lower RER in CARD9�/�-HFD group compared
to the WT-HFD group.

Peripheral inflammation in serum

Serous IL-6 and TNF-a were detected in mice. Figure 4A and B illus-
trated that the levels of IL-6 in HFD-fed mice were significantly higher
compared to that of ND-fed mice (P < 0.05). In addition, compared
to the WT mice, CARD9 deficiency significantly decreased the levels
of IL-6 in both HFD and ND group. Similarly, HFD induced the
increase of TNF-a in both CARD9�/� and WT mice. There is a signifi-
cant difference of TNF-a between CARD9�/�-ND and WT-ND mice
(P < 0.05), but there is no statistical difference between CARD9�/�-
HFD and WT-HFD mice although there is a decrease of TNF-a in
CARD9�/�-HFD mice compare to the WT-HFD mice.

Histological analyses

Histological analyses were used to observe the morphology of liver,
WAT and BAT in the WT and CARD9�/� mice (Fig. 5). As shown in
Figure 5, the mean diameter of the adipocytes of WAT and BAT was
larger in the HFD-fed mice when compared to the ND-fed mice.

Furthermore, the results (Fig. 5D and E) showed that the adipocyte
size of WAT and BAT was smaller in CARD9�/� mice when compared
to the WT mice (P < 0.05). Compared to the ND-fed mice, there was
significant inflammatory cell infiltration, vacuolation and extensive
hepatocyte swelling in the mice fed with HFD, whereas CARD9 knock-
out may ameliorate the cell swell.

The mRNA expression of CARD9/MAPK pathway
in liver and WAT

To assess the alterations of liver- and adipose-related gene expres-
sion in HFD-induced inflammation between WT and CARD9�/� mice,
the mRNA expression of IL-6, TNF-a, JNK, ERK1/2, p38 and NF-jB in
liver (Fig. 6A) and WAT (Fig. 6B) were measured by quantitative PCR.
As shown in Figure 6A, compared to the WT mice, the CARD9�/�

mice displayed lower expression of IL-6, TNF-a, JNK, ERK1/2 and NF-
jB in both ND-fed group and HFD-fed group (P < 0.05). HFD feeding
induced the increase of IL-6, TNF-a, JNK, ERK1/2 and NF-jB
although some have no statistical significance, whereas CARD9 defi-
ciency reduced the elevation of these genes expression especially in
IL-6, TNF-a, JNK, ERK and NF-jB. In addition, in CARD9�/� mice,
HFD feeding induced the increase of IL-6, TNF-a and NF-jB when
compared with the corresponding ND group (P < 0.05); however,
HFD treatment did not induce the statistical increase in JNK, ERK1/2
and p38 expression in CARD9�/� mice.

Similarly, the mRNA expressions of the genes were detected in
WAT (Fig. 6B). The results indicated that the expressions of IL-6,
TNF-a, p38 and NF-jB were higher in the HFD-fed group when com-
pared to the ND-fed group in both CARD9-/- mice and WT mice
(P < 0.05). Moreover, CARD9�/� mice had a lower expression of IL-
6, TNF-a and p38 when compared to the WT mice both in HFD- and
ND-fed groups (P < 0.05). Figure 6B also showed that the mRNA
expression of NF-jB in CARD9�/�-HFD group is remarkably higher
than that in CARD9�/�-ND group. In contrast, the mRNA expression
of JNK and ERK did not show statistical difference among the four
groups in WAT.

The protein expression of CARD9/MAPK pathway

Figure 7 lists the protein expression of p38, JNK, ERK1/2 and NF-jB
in liver. Meanwhile, the protein expression of UCP-1 was determined
in BAT. The CARD9�/� mice exhibited a significantly lower expression
of NF-jB (Fig. 7A), p38 (Fig. 7B), JNK (Fig. 7C) and ERK1/2 (Fig. 7D)
when compared to the WT mice (P < 0.05). HFD induced the signifi-
cant elevations of p38 and JNK in WT mice but not in CARD9�/�

mice, which suggested that HFD-induced p38 and JNK activation was
diminished in the absence of CARD9. However, HFD induced the
increase of ERK1/2 in both WT mice and CARD9�/� mice. There are
no significant changes in NF-jB between HFD-fed and ND-fed
groups.

UCP1 is largely responsible for the uncoupling of respiration from
ATP synthesis, which is specifically expressed in BAT. In this study,
CARD9�/� mice displayed a higher expression of UCP-1 in BAT than
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that in the WT mice (P < 0.05). HFD caused the reduction in UCP-1
expression both in WT mice and in CARD9�/� mice, but CARD9 defi-
ciency could inhibit HFD-induced reduction in UCP-1 (Fig. 7E).

Discussion

In this study, we demonstrated that the CARD9-associated NF-jB and
MAPKs signalling pathway played an important role in diet-induced
inflammatory response, metabolic disorders, insulin resistance and
glucose tolerance impairment. CARD9 knockout may ameliorate the
metabolic disorders and inflammatory response in insulin susceptible
organs in mice after 8–12 weeks of HFD feeding.

Obesity is a major clinical risk factor for T2D and cardiovascular
diseases. Previous studies have explored the association between
inflammatory response [19], immune injury [20] and T2D. Energy
disorder, insulin resistance and inflammation are the major events of
diet-induced injury, which are the major risk factors in the develop-
ment of T2D. Therefore, it is critical to find effective therapies to pre-
vent diet-induced health outcome [21]. Although a general consensus
concerning the role of CARD9 expression in infectious diseases has
been reached [3, 22, 23], its role in diet-induced inflammation and
metabolic disorders is still less obvious.

In this study, body weight, WAT weight/b.w and food intake are
lower in HFD-CARD9�/� mice than that in HFD-WT mice, suggesting
that CARD9 knockout reduced the excessive fat accumulation. Along
with the higher VCO2, VO2, RER, and heat production in ND-CARD9�/

� mice when compared to ND-WT mice, suggesting that CARD9 defi-
ciency increased the energy metabolism and could diminish the fat
accumulation under normal circumstances. After fed with HFD, WT
mice displayed a significant increase of VCO2, VO2, RER and heat
when compared with the ND group, but CARD9�/� mice displayed a
contrary result. This very strange result might be due to the more
severe metabolic disorders in WT mice than that in CARD9�/� mice
after fed with HFD, which is consistent with common clinical outcome
that patients with severe metabolic disorders displayed a high release

of heat, but there is a low release of heat in the early slight metabolic
disorders. In contrast, in this study, HFD-WT mice and HFD-CARD9�/

� mice might represent the severe and slight metabolic disorders,
respectively. Arimura et al. [24] reported that high protein diet-fed db
mice showed significantly higher water intake, urinary volume and
glucose levels than the low protein diet-fed db mice, which supported
our results. In addition, clinical study found that the late stages of
metabolic disease (such as diabetic kidney disease and nonalcoholic
fatty liver disease) appeared the production of more heat, increase of
metabolism, and eventually the weight loss [25, 26]. In this study, the
deterioration of glucose metabolism and insulin sensitivity resulting
from HFD in WT mice but not in CARD9�/� mice was further demon-
strated by glucose tolerance impairment, insulin resistance, increased
blood glucose and constant insulin levels, which is consistent with
previous report in CARD9�/� mice [14].

HFD can increase the infiltration of liver fat cell in early and middle
stage of pregnancy, especially in ApoE�/� mice model [27]. Our
results were in accordance with previous studies that chronic HFD
administration in rats would cause vacuolization and infiltration of
inflammatory cells in the liver [28, 29]. It was found that CARD9
resulted in pathological immune cell activation, causing inflammatory
or other diseases [30]. In this study, fat droplet deposition, vacuolar
cells and inflammatory cells infiltration in liver tissues were observed
in HFD-treated groups, and CARD9 deficiency plays an obviously pro-
tective effect on liver damage. Moreover, the significant pathologic
findings mainly the increased diameter of the adipocytes in WAT and
BAT in HFD-WT mice compared to HFD-CARD9�/� mice indicated
that CARD9 knockout could ameliorate the adipocytes inflammation
and fat accumulation. Along with above glucose metabolism, insulin
sensitivity and energy metabolism could explain the essential function
of CARD9 in diet-induced injury.

To observe the difference of systemic inflammatory response
induced by HFD in WT and CARD9�/� mice, serous inflammatory
cytokines IL-6 and TNF-a were determined. In ND-fed group, CARD9
knockout significantly showed the reduction in IL-6 and TNF-a. Simi-
larly, in HFD-fed group, CARD9 knockout showed the reduction in

Fig. 4 Systemic inflammation in the

CARD9�/� and WT mice after ND and

HFD feeding. IL-6 (A), TNF-a (B).
*P < 0.05, **P < 0.01, HFD vs. ND;
#P < 0.05, ##P < 0.01, CARD9�/� vs. WT.

Fig. 3 Energy homeostasis in the CARD9�/� and WT mice after ND and HFD feeding. O2 consumption (A), CO2 consumption (B), Heat production
(C), Respiratory exchange ratio (D). Left panel: the trends of above four indicators with time, Right panel: the bar graph of above four indicators in

the four groups, respectively. *P < 0.05, **P < 0.01, HFD vs. ND; #P < 0.05, ##P < 0.01, CARD9�/� vs. WT.
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IL-6 and TNF-a although the reduction in TNF-a has no statistical dif-
ference between HFD-WT mice and HFD-CARD9�/� mice, suggesting
that CARD9 knockout inhibited the systemic inflammation induced by

HFD. Interestingly, the consistent results also showed that the levels
of TNF-a, IL-6 were dramatically decreased in insulin susceptive
organs liver and WAT of CARD9 knockout mice.
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Fig. 5 Representative histological images of liver, white adipose fat (WAT) and brown adipose fat (BAT) stained with haematoxylin and eosin (H&E).

BAT (A), original magnification, 9400, scale bar = 100 lm; WAT (B), original magnification, 9200, scale bar = 100 lm; Liver (C), original magnifi-
cation, 9400, scale bar = 100 lm. Adipocyte area was calculated from 100 adipocytes of BAT (D) and WAT (E) in each mouse.*P < 0.05,

**P < 0.01, HFD vs. ND; #P < 0.05, ##P < 0.01, CARD9�/� vs. WT.
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Fig. 6mRNA expressions of IL-6, TNF-a, p38, ERK1/2, JNK and NF-jB in the CARD9�/� and WT mice after ND and HFD feeding. The expression in

liver (A), WAT (B). *P < 0.05, **P < 0.01, HFD vs. ND; #P < 0.05, ##P < 0.01, CARD9�/� vs. WT.
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The major objective of this study was to assess whether observed
effects of CARD9 on metabolic disorders correlate with its effects on
MAPKs pathway. CARD9 is selectively involved in the activation of
NF-jB and MAPKs, which are required for the production of pro-
inflammatory cytokines in innate immune responses to intracellular
pathogens [4, 31–33]. ERK1 and ERK2, also called p44 and p42 MAP
kinases, are members of the MAPK family of proteins found in all
eukaryotes. NF-jB and MAPKs signalling pathways play pivotal roles
in regulating inflammatory, immune and apoptotic responses [34].
T2DM and its complications are widely believed to result from unbri-
dled inflammatory pathways in insulin-responsive tissues including
the liver, adipose tissue, skeletal muscle and vasculature [35–
37].The present study collected WAT and liver to determine the

changes of CARD9/MAPKs-related mRNA and protein expression.
The results suggested that CARD9 absence is associated with the
lower expression of p38, JNK and ERK1/2 in ND-fed groups. Com-
pared to the ND feeding, HFD feeding induced the significant eleva-
tions of p38 and JNK in WT mice but not in CARD9�/� mice.
Similarly, the enhancement of p38, JNK and ERK1/2 induced by HFD
is lower in CARD9�/� mice than that in WT mice. The results sug-
gested that HFD induced the activation of MAPKs signalling pathway
which was diminished in the absence of CARD9. Thus, it is likely that
the principal effect of CARD9 knockout on ameliorating metabolic
disorder and inflammation of WAT and liver is mediated by down-
regulation of the p38 MAPK signalling pathway-mediated inflamma-
tion. This interpretation is supported by a recent finding that obesity
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Fig. 7 Protein expression of inflammation
and MAPK signalling pathways in the liver

of the CARD9�/� and WT mice after ND

and HFD feeding, along with the UCP-1

expression in BAT. Western blotting for
phosphorylated NF-jB (P-NF-jB)/total NF-
jB (A). Western blotting of signalling

molecules involved in MAPK pathway [P-
p38/p38, (B); P-JNK/JNK, (C); P-ERK/ERK,
(D)]. Western blotting of UCP-1 (E).
*P < 0.05, **P < 0.01, HFD vs. ND;
#P < 0.05, ##P < 0.01, CARD9�/� vs. WT.
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activated p38 MAPK pathway through the up-regulation of Bcl10/
CARD9 complex [15].

The activation of NF-jB and other transcription factors further
induce the expression of various cytokines and chemokines and
inflammatory responses. It is known that NF-jB is important in the
process of insulin resistance [38] and T2D [39]. It has been shown
that CARD9-deficient cells are defective in zymosan-induced NF-jB
activation [3]. Meanwhile, another study also indicated that fungi-
induced NF-jB activation through a Dectin-2-CARD9 signalling cas-
cade [40]. In the present study, compared to the WT mice, CARD9�/�

mice displayed the lower expression of NF-jB in both HFD- and ND-
fed groups. Together with the lower levels of inflammatory cytokines
IL-6 and TNF-a in serum, liver and WAT, our findings showed that the
WT mice suffered a more severe injury than the CARD9�/� mice after
fed with HFD. The results indicated that CARD9 deficiency very likely
alleviates the HFD-induced inflammation and metabolic disorders
through inactivating the MAPKs and NF-jB signalling pathways. One
recent study also strongly suggested NF-jB and P38 MAPK mole-
cules are activated by the up-regulated expression of CARD9 although
this study was conducted in severe acute pancreatitis [41].

The final aspect of our study demonstrated that the effect of
CARD9 deficiency to enhance the expression of UCP-1 in BAT also
occurred in HFD-fed mice when compared with the WT mice. Specifi-
cally expressed within BAT, UCP1 is largely responsible for the
uncoupling of respiration from ATP synthesis, resulting in dissipation
of energy as heat [42]. In this study, UCP1 protein was up-regulated
in BAT of CARD9�/� mice when compared to the WT mice. These
results suggested that CARD9 deficiency might mediate energy meta-
bolism and contribute to the maintenance of energy balance, which is
likely associated with the enhancement of UCP-1 in BAT. Nowadays,

there is no relative study that found the association between CARD9
and UCP1. Thus, the mechanisms underlying CARD9 mediated UCP1
expression needs further exploration.

In conclusion, our results suggested that CARD9 could have a
new functional role in mediating energy metabolism, insulin resis-
tance and inflammatory response in diet-induced inflammation and
metabolic disorders, which is likely independent of the innate immu-
nity. Thus, the CARD9 knockout-related inhibition of NF-jB and P38
MAPK activity is likely to be a useful approach in alleviating the
inflammatory response in diet-induced metabolic disorders. The pre-
sent study suggested that CARD9 knockout may potentially amelio-
rate diet-induced inflammation, insulin resistance, metabolic
disorders and T2D either by inhibiting the NF-jB and MAPKs sig-
nalling pathway or by improving insulin action and enhancing the
energy metabolism.
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