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Ghrelin receptor regulates HFCS-induced adipose inflammation
and insulin resistance
X Ma1,2,8, L Lin2,3,8, J Yue2,4, G Pradhan2, G Qin1, LJ Minze5, H Wu6, D Sheikh-Hamad6, CW Smith2 and Y Sun2,7

BACKGROUND AND OBJECTIVES: High fructose corn syrup (HFCS) is the most commonly used sweetener in the United States.
Some studies show that HFCS consumption correlates with obesity and insulin resistance, while other studies are in disagreement.
Owing to conflicting and insufficient scientific evidence, the safety of HFCS consumption remains controversial.
SUBJECTS/METHODS: We investigated the metabolic consequences of mice fed a (a) regular diet, (b) ‘Western’ high-fat diet or (c)
regular diet supplemented with 8% HFCS in drinking water (to mimic soft drinks) for 10 months. Adipose tissue macrophages
(ATMs) have emerged as a major pathogenic factor for obesity and insulin resistance. ATMs consist of proinflammatory F4/
80þCD11cþ macrophages and anti-inflammatory F4/80þCD11c� macrophages. In this study, we assessed the effects of HFCS on
ATMs in intra-abdominal fat.
RESULTS: We found that HFCS feeding in mice induced more severe adipose inflammation and insulin resistance than even the
higher-calorie-containing ‘Western’ high-fat diet, and these HFCS-induced deleterious effects were independent of calorie intake or
body fat content. We showed that similar to ‘Western’ high-fat diet, HFCS triggered a robust increase of both proinflammatory ATMs
and anti-inflammatory ATMs in intra-abdominal fat. Remarkably, however, the anti-inflammatory ATMs were much less abundant in
HFCS-fed mice than in high-fat-fed mice. Furthermore, we showed that deletion of the ghrelin receptor (growth hormone
secretagogue receptor, GHS-R) ameliorates HFCS-induced adipose inflammation and insulin resistance. HFCS-fed GHS-R-null mice
exhibit decreased proinflammatory ATMs in intra-abdominal fat, reduced adipose inflammation and attenuated liver steatosis.
CONCLUSION: Our studies demonstrate that HFCS has detrimental effects on metabolism, suggesting that dietary guidelines on
HFCS consumption for Americans may need to be revisited. GHS-R deletion mitigates the effects of HFCS on adipose inflammation
and insulin resistance, suggesting that GHS-R antagonists may represent a novel therapy for insulin resistance.
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INTRODUCTION
Obesity has become an epidemic in the United States; obesity-
associated type 2 diabetes and metabolic syndrome are rising at
an alarming rate.1 Since the 1970s, high fructose corn syrup (HFCS)
has become ubiquitous in food supplies in the United States,
substantially replacing sucrose (table sugar). HFCS-55 (55%
fructose and 45% glucose) is the most commonly used form of
HFCS in soft drinks. Studies have suggested that increased
consumption of HFCS- or fructose-containing drink is linked to
obesity and/or insulin resistance.2–7 It was reported that fructose-
sweetened beverages (but not glucose-sweetened beverages)
increase visceral adiposity and insulin resistance in humans.6

A study comparing the short-term metabolic and endocrine
effects of beverages sweetened with glucose, fructose, HFCS and
sucrose found that fructose-containing beverages increase
postprandial triglycerides more than glucose-sweetened
beverages.7 This result suggests that fructose, regardless of the
form in which the sweetener is used, promotes obesity in humans.
However, other reports support a conclusion that calories from

HFCS are no different from those of sucrose.8,9 It is important to
note that most of the studies were carried out using ‘normal’
dietary fructose, while very few studies utilized HFCS. One report
in rats showed that 8% HFCS-55 in drinking water promoted
weight gain and increased abdominal fat; however, adipose
inflammation and insulin sensitivity were not examined.10 Also,
most published studies are based on short-term treatment, and
the amounts of fructose or HFCS used were hugely variable, which
may have contributed to the variable outcomes.6,7,11,12 Since the
scientific evidence on whether HFCS is involved in the
pathogenesis of obesity and insulin resistance is inconclusive,
HFCS continues to be used as the primary sweetener in our food
supplies.

Ghrelin is the only known circulating orexigenic hormone.
Ghrelin signaling has increasingly been recognized as a key
regulator of obesity, insulin resistance and diabetes;13,14

intriguingly, recent evidence shows that many of these
regulatory functions appear to be independent of ghrelin’s
effect on food intake.15–18 Growth hormone secretagogue
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receptor (GHS-R) is considered a biologically relevant receptor for
ghrelin.13,14 While dietary glucose suppresses postprandial ghrelin
secretion, dietary fructose and fat have much less suppressive
effects on postprandial ghrelin secretion.19,20 High-fat diet
promotes a state of chronic low-grade inflammation in adipose
tissues, which leads to insulin resistance.21–23 Adipose tissue
macrophages (ATMs) have been shown to have important roles in
obesity, adipose inflammation and insulin resistance.24–26 ATMs
release inflammatory cytokines, which impair adipocyte function
by inhibiting insulin action. Diet-induced obesity has been shown
to be associated with a phenotypic switch from anti-inflammatory
ATMs (F4/80þCD11c� ) to proinflammatory ATMs (F4/80þCD11cþ ),
perpetuating an inflammatory state.24,25 ATMs are specialized
macrophages; their functional characteristics are dependent on
the surrounding microenvironment of adipocytes.27 Both ghrelin
and GHS-R are expressed in lymphocytes and macrophages,28–30

but it is unknown whether ghrelin/GHS-R signaling affects ATMs.
Ghrelin has been shown to have anti-inflammatory effect in T cells
and macrophages,28–33 but it is unknown whether the effect of
ghrelin is mediated through GHS-R. We and others have shown
that ghrelin induces GH release, food intake and abdominal
obesity via GHS-R-dependent mechanisms;14,34 however, it
regulates thermogenesis, sleep, osteoblast growth and liver
glucose output by mechanisms independent of GHS-R.35–38

Thus, it is important to investigate the direct effect of GHS-R in
ATMs to fully understand the roles of ghrelin and GHS-R in adipose
inflammation.

In this study, we compared the long-term metabolic effects of
(10 months) regular diet (RD), ‘Western’ high-fat/high sucrose diet
(HFD) and RD supplemented with ‘soft drink’ of 8% HFCS-55
(HFCS) in mice. We found that among the three feeding regimens,
HFCS-fed mice exhibited the most severe insulin resistance. The
HFCS has deleterious effects on insulin sensitivity, which were
disproportionate to caloric intake or total body fat content. Our
flow cytometry studies suggest that similar to HFD, HFCS induces
robust increases of both proinflammatory ATMs (F4/80þCD11cþ )
and anti-inflammatory ATMs (F4/80þCD11c� ) in intra-abdominal
fat. However, anti-inflammatory ATMs were much less abundant in
HFCS-fed mice than in HFD-fed mice. Moreover, our data suggest
that GHS-R ablation (Ghsr� /� mice) attenuated HFCS-induced
insulin resistance by reducing macrophage-mediated adipose
inflammation and liver steatosis. Overall, our findings indicate that
HFCS consumption has detrimental effects on insulin sensitivity,
and ablation of GHS-R attenuates HFCS-induced adipose inflam-
mation and insulin resistance.

MATERIALS AND METHODS
Animals
The generation of Ghsr� /� mice has been described previously,14 and all
mice were on a pure C57BL/6J background. Age-matched congenic male
wild-type (WT) and Ghsr� /� mice were given ad libitum either an RD (RD
2920X: 6.5% fat, 60% carbohydrates, 19.1% protein calories; TD.2920X is an
irradiated form of rodent diet 2020X; Harlan Teklad, Madison, WI, USA), a
high-fat/high sucrose ‘Western’ diet (HFD: 42% fat, 42.7% carbohydrates,
15.2% protein calories; TD.88137; Harlan Teklad) or an RD with 8% HFCS-55
that were similar to previously published results in rats10 (Formula 55,
v v� 1 dissolved in water; Nature’s Flavors, Orange, CA, USA). All our
experiments were approved by the IACUC committee of Baylor College of
Medicine.

Metabolic parameters and quantitative real-time PCR
Body composition, indirect calorimetry, glucose tolerance test (GTT), insulin
tolerance test (ITT) and real-time reverse transcription-polymerase
chain reaction of the adipose tissues were performed as described
previously.18,35 Regular water replaced the HFCS-containing water during
the fasting period before and during both GTTs and ITTs. A homeostasis
model assessment of insulin resistance (HOMA-IR) was also used to

evaluate insulin resistance, calculated with the following formula: fasting
insulin (mU ml� 1)� fasting plasma glucose (mmol l� 1)/22.5.

Adipose tissue fractionation, macrophage isolation and flow
cytometry analysis
Mouse epididymal adipose tissues were fractionated into adipocytes and
stromal vascular fraction as described.39 Macrophages from the adipose
tissues were isolated by magnetic beads, as described.40 Stromal vascular
fraction cells from epididymal adipose tissues (1� 106 in a volume of
100ml of phosphate-buffered saline) were used for flow cytometry analysis
as described.21,22

Isolation of peritoneal macrophages and gene knockdown in
macrophage cell culture
Mice were anesthetized and 5 ml of PBS containing 3% fetal calf serum was
injected into the peritoneal cavity. After shaking gently for 2–3 min,
peritoneal liquid was collected. Cells were spun down at 500 g for 5 min at
4 1C. The murine macrophage RAW264.7 cells were obtained from ATCC
(TIB-71, Manassas, VA, USA), and cultured as described.41 The small
interfering RNAs (siRNAs) were purchased from Sigma (St Louis, MO, USA):
sense strand of siGHS-R, 50-CCACAAACAGACAGUGAAGUU-30 ; sense strand
of scrambled RNA, 50-CAACAACGAAGCGACAUAAUC-30 . GHS-R siRNA was
transfected into RAW246.7 cells by Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s instruction. Briefly,
one million RAW264.7 cells were seeded in a 10 cm dish for 12 h. Two
hours before transfection, the medium was changed. Ten nanomolar siRNA
solution was mixed well with Lipofectamine 2000 reagent and kept at
room temperature for 5 min. Then, siRNA mixture was added to the cell
dish. After 12 h, cells were harvested for gene expression analysis.

Assessment of hepatic steatosis and statistical analyses
Hepatic steatosis was assessed using hematoxylin and eosin staining of
paraffin sections and Oil-Red-O staining of frozen sections, according to
routine immunohistochemistry protocols. We used repeated measures
analysis of variance and two-tailed Student’s t-test to determine statistical
significance between genotypes or treatments.

RESULTS
Effect of HFCS on energy homeostasis and insulin sensitivity
To evaluate the long-term effects of HFCS on energy homeostasis
and metabolism, 2-month-old WT mice with similar body weights
were randomly assigned to three groups and fed with RD, HFD or
HFCS, respectively, for 10 months. The body weight of HFCS-fed
mice was higher than that of RD-fed mice, but lower than that of
HFD-fed mice (Figure 1a). HFCS-fed mice have similar fat and lean
masses compared with RD-fed mice, but significantly lower fat
mass than HFD-fed mice (Figure 1b). Total caloric intake of HFCS-
fed mice was slightly higher than RD-fed mice, but much lower
than HFD-fed mice (Figure 1c).

Indirect calorimetry analysis showed that the locomotor activity
of HFCS-fed mice was similar to that of RD-fed mice, while
HFD-fed mice showed reduced activity (Figure 1d). Interestingly,
compared with RD- and HFD-fed mice, HFCS-fed mice had
increased energy expenditure during the dark cycle, but not
during the light cycle (Figure 1e). No significant differences were
observed for resting metabolic rate among the three groups of
mice (Figure 1f).

To determine whether HFCS-induced weight gain was linked to
insulin sensitivity, ITTs and GTTs were performed. During ITTs,
both HFD- and HFCS-fed mice demonstrated significantly reduced
insulin responsiveness when compared with RD-fed mice
(Figure 1g). During GTTs, HFCS-fed mice had lower glucose
clearance rate compared with RD-fed mice (Figure 1h); remarkably,
two- and four-fold higher plasma insulin levels were detected in
HFCS-fed mice compared with HFD- and RD-fed mice, respectively
(Figure 1i). In agreement with ITTs, HOMA-IR suggested that HFCS
feeding is associated with severe insulin resistance: RD (6.47±0.23),
HFD (19.04±2.30) and HFCS (32.7±14.72) (*Po0.05, HFCS or
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HFD vs RD). These data indicate that HFCS feeding causes more
severe insulin resistance than even the higher-calorie HFD feeding.

Effect of HFCS on adipose inflammation
Diet-induced obesity impairs insulin action in many tissues,
including skeletal muscle, liver and adipose tissues.42 Insulin
receptor substrate 1 is a marker of insulin signaling, and glucose
transporters (glucose transporter type 2 or 4 (Glut2 or Glut4)) are
key mediators of glucose uptake in the tissues. Compared with RD
feeding, HFCS feeding significantly reduced insulin receptor
substrate 1 and Glut4 levels in epididymal white adipose tissue
(WAT), but not in the muscle or liver (Figures 2a–c). This suggests
that WAT has an important role in HFCS-induced insulin
resistance; we thus primarily focused our studies on adipose
tissues. We weighed epididymal fat depots from mice fed with
three different diets. Compared with RD feeding, HFD feeding

increased the ratio of epididymal fat:body weight, but HFCS
feeding did not change the ratio significantly (Figure 2d).

Adipose tissue inflammation has an important role in insulin
resistance; proinflammatory macrophage infiltration and
proinflammatory cytokine release are the key mediators of
inflammation in adipose tissues.21–24 Using flow cytometry
analysis, we found significant increase in total ATMs
(F4/80þCD11cþ and F4/80þCD11c� ) in both HFD- and HFCS-
fed mice compared with RD-fed mice (Figure 2e). Although
proinflammatory F4/80þCD11cþ ATMs were increased to the
same degree after HFD and HFCS feeding, there were much less
anti-inflammatory F4/80þCD11c�ATMs in HFCS-fed mice com-
pared with HFD-fed mice (Figure 2f). This suggests that HFCS
consumption promotes a more severe proinflammatory state in
WAT, which is more pronounced than even the higher-calorie
HFD feeding, and is consistent with the more severe insulin
resistance observed in HFCS-fed mice.
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Figure 1. The effects of different diets on metabolic parameters in WT mice. The WT mice were randomly assigned to one of three diets
starting from 2 months of age: RD, HFD or regular chow with 8% HFCS in the drinking water. (a and b) Body weight and body composition
analysis of the mice at 10 months of age. (c) Weekly caloric intake of the mice collected between 5 and 6 months of age. Calorie intake was
calculated from both solid diet and HFCS drink. CLAMS was carried out when mice were 7 months old (after 5 months on respective diets).
(d) Locomotor activity of the mice. (e and f ) Average 24-h energy expenditure (EE) and resting metabolic rate (RMR) adjusted by lean mass.
ITTs and GTTs were carried out at 8 months of age. (g) Glucose levels during ITT. (h and i) Glucose and insulin levels during GTT. n¼ 8–10 in
each group; *Po0.05, **Po0.001, RD vs HFCS or HFD; #Po0.05, ##Po0.001, HFCS vs HFD, respectively.
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Ablation of GHS-R attenuates HFCS-induced insulin resistance
Dietary fructose attenuates the suppression of postprandial
ghrelin.19 Indeed, our data showed that HFCS-fed mice had
higher total ghrelin levels than that of RD- and HFD-fed mice
(Figure 3a), which suggests that HFCS feeding may activate
ghrelin signaling. Ghrelin stimulates appetite and promotes
adiposity through its receptor GHS-R.14,43 To further determine
whether GHS-R mediates the effect of HFCS, age-matched
congenic WT and Ghsr� /� mice were fed either RD or HFCS for
10 months, starting at 2 months of age. RD-fed Ghsr� /� mice had
lower body fat compared with RD-fed WT mice, whereas HFCS-fed
mice demonstrated no change in weight or body fat between the
two genotypes (Figures 3b and c). HFCS-fed mice showed higher
total calories intake compared with RD-fed mice, but no difference
between genotypes feeding the same diet (Figure 3d).

To evaluate the effect of GHS-R on insulin action under HFCS
feeding, we performed ITTs and GTTs on the mice. ITTs showed no
significant difference between RD-fed WT and Ghsr� /� mice.
Interestingly, HFCS-fed Ghsr� /� mice had reduced glucose
excursion during ITTs when compared with HFCS-fed WT mice,
suggesting improved insulin sensitivity (Figure 3e). During GTTs,
no difference was seen in glucose levels between HFCS-fed WT
and Ghsr� /� mice. Remarkably, plasma insulin levels were
significantly lower in HFCS-fed Ghsr� /� mice compared with
HFCS-fed WT mice (Figure 3f), indicating that ablation of GHS-R
mitigates HFCS-induced insulin resistance.

GHS-R ablation reduces adipose tissue inflammation
To investigate the effects of GHS-R ablation on HFCS-induced
adipose inflammation, the mRNA expressions of proinflammatory
cytokines (tumor necrosis factor-a (TNF-a), interelukin-1b (IL-1b)
and IL-6), macrophage chemoattractant protein-1 (MCP-1) and
macrophage marker F4/80 were evaluated in epididymal WAT. The
expression levels of TNF-a, IL-1b, IL-6 and MCP-1 were significantly
increased in WAT of HFCS-fed WT mice compared with RD-fed WT

mice (Figures 4a–d). Similarly, HFCS-fed Ghsr� /� mice had lower
expression levels of TNF-a, IL-1b, IL-6, MCP-1 and F4/80 in WAT.
These results suggest that GHS-R is critical for HFCS-induced
adipose inflammation (Figures 4a–e).

GHS-R is expressed in macrophages;28–30 however, its
expression in ATMs has not been examined. To decipher
whether the effects of GHS-R on adipose inflammation are
mediated by adipocytes or ATMs, we isolated mature adipocytes
and ATMs from epididymal fat of WT mice. The semiquantitative
PCR results showed that GHS-R is expressed both in mature
adipocytes and in ATMs (Figure 4f). Our flow cytometry studies
further revealed that total ATMs were decreased in Ghsr� /� mice
when compared with WT mice under RD feeding, but there was
no difference under HFCS feeding (Figure 4g). However, Ghsr� /�

mice showed reduced proinflammatory F4/80þCD11cþ ATMs
under both RD and HFCS feeding, while the number of anti-
inflammatory F4/80þCD11c� ATMs was only reduced under RD
feeding but not under HFCS feeding (Figures 4h and i). Our results
show decreased ratio of proinflammatory F4/80þCD11cþ vs anti-
inflammatory F4/80þCD11c� in HFCS-fed Ghsr� /� mice, which
supports reduced adipose inflammation.

Knockdown GHS-R suppresses inflammatory gene expression in
macrophages
As GHS-R is expressed in adipocytes, macrophages, ATMs and
other tissues, the inflammatory phenotype observed in adipose
tissue of Ghsr� /� mice may be due to the effects of GHS-R on
adipocytes and/or macrophages, or could be indirect. To assess
the effect of GHS-R on macrophages, we isolated peritoneal
macrophages from HFCS-fed Ghsr� /� and WT mice. The
expression of F4/80 in peritoneal macrophages of Ghsr� /� mice
was lower, suggesting that GHS-R ablation may reduce the total
number of macrophages (Figure 5a). The expressions of MCP-1,
proinflammatory cytokines (TNF-a and IL-1b) and proinflammatory
macrophage marker CD11c in peritoneal macrophages were also
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F4/80þCD11cþ and (i) anti-inflammatory F4/80þCD11c� ATMs in the epididymal fat of 12-month-old RD- and HFCS-fed WT and Ghsr� /� mice.
n¼ 5 in each group; *Po0.05, **Po0.001, Ghsr� /� vs WT mice under RD or HFCS; #Po0.05, ##Po0.001, RD vs HFCS in WT mice, respectively.
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significantly decreased in Ghsr� /� mice (Figure 5a). To further
elucidate whether GHS-R has direct effect on macrophages, we
studied lipopolysaccharide-induced inflammatory responses in a
mouse macrophage cell line, RAW264.7 cells.30 Both GHS-R and
ghrelin mRNAs were expressed in RAW264.7 cells (Figure 5b).
GHS-R knockdown in RAW264.7 cells using GHS-R siRNA
(knockdown efficiency was about 70%; Figure 5c) decreased the
expressions of MCP-1, proinflammatory macrophage marker
(CD11c) and inflammatory cytokines (TNF-a, IL-1b and IL-6) when
compared with scrambled RNA-treated cells (Figure 5d). F4/80
expression was not changed, indicating that knockdown in
RAW264.7 cells did not alter macrophage characteristics.
The data collectively suggest that GHS-R may directly regulate
proinflammatory cytokine expression in macrophages and
promote macrophage-mediated adipose inflammation.

Knockdown GHS-R attenuates HFCS-induced liver steatosis
Adipose inflammation leads to liver steatosis.44 It was reported
that fructose elicits harmful metabolic effects in the liver, including
fatty liver and inflammation.45–47 Therefore, we performed
morphological and histological analyses on the livers. Livers of
HFCS-fed WT mice appeared pale, while livers of Ghsr� /� mice
assumed normal-reddish appearance (Figure 6a). Hematoxylin and
eosin and Oil Red-O staining further supported that HFCS feeding
significantly increased lipid content in the liver and caused liver
steatosis; the livers of HFCS-fed Ghsr� /� mice showed markedly
reduced lipid accumulation and steatosis (Figure 6b). The data
support that HFCS consumption induces liver steatosis, and GHS-R
ablation attenuates it.

DISCUSSION
Our results showed that HFCS feeding modestly increases body
weight, total calorie intake and nighttime energy expenditure

when compared with RD-fed mice, but showed no difference in
body composition or activity (Figures 1a–f). Importantly, calorie
intake of HFCS-fed mice was much lower than the calorie intake of
HFD-fed mice (Figure 1c). Our data suggest that HFCS does not
have significant effects on obesity (body fat), which is in
agreement with the study of HFCS in lean women.9 Although
fructose does not stimulate insulin secretion in the short-term
feeding,48 long-term fructose feeding has been shown to induce
compensatory hyperinsulinemia.21–23 In agreement, our ITT and
GTT studies showed that HFCS consumption promotes severe
whole-body insulin resistance (Figures 1g–i). HFCS-fed mice had
glucose clearance similar to that of HFD-fed mice during GTT, but
worse glucose clearance than RD-fed mice (Figure 1h). Remark-
ably, HFCS feeding was associated with significantly higher insulin
than HFD feeding (Figure 1i). This indicates that HFCS is an even
more potent inducer of insulin resistance than higher-calorie HFD,
and that the detrimental effects of HFCS on insulin sensitivity are
not simply because of the extra calories associated with HFCS.
Thus, HFCS has distinctive properties, and calories from HFCS are
even more harmful than those from HFD.

We have previously reported that ghrelin signaling regulates
glucose-induced insulin secretion and insulin sensitivity.18 HFCS-fed
mice revealed very pronounced insulin resistance (Figures 1g–i).
The insulin resistance may be contributed by several key metabolic
tissues, such as skeletal muscle, liver and WAT. Compared with RD
feeding, HFCS feeding significantly reduced the expression of
insulin signaling regulator insulin receptor substrate 1 and glucose
transporter Glut4 in intra-abdominal adipose tissue, but not in the
muscle or liver (Figures 2a–c). The data suggest that the HFCS-
induced insulin impairment is probably mediated by adipose
tissues. Interestingly, the ratio of epididymal fat:body weight of
HFCS-fed mice was no different from that of RD-fed mice, while
HFD feeding increased this ratio significantly (Figure 2d). The data
are consistent with the body composition data (Figure 1b),
suggesting that HFCS is less obesogenic than HFD.
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Figure 5. HFCS-fed Ghsr� /� mice have reduced inflammation in peritoneal macrophages, and GHS-R knockdown in macrophage RAW264.7
cells reduces inflammatory cytokine expression. (a) mRNA expression of F4/80, MCP-1, CD11c and proinflammatory cytokines (TNF-a and
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Infiltration of macrophages into adipose tissues has been
recognized as an important mechanism of insulin resistance.24,25,49

We found equal elevation of proinflammatory F4/80þCD11þ

macrophages in epididymal fat of HFCS- and HFD-fed mice than
RD-fed mice; however, the increase of anti-inflammatory
F4/80þCD11c� macrophages was less prominent in HFCS-fed
mice than in HFD-fed mice (Figures 2e and f). The data suggest
that HFCS inflicts even more severe adipose inflammation than
higher-calorie-containing HFD, which is in line with the robust
insulin resistance exhibited by HFCS-fed mice (Figure 1i).

Both dietary fructose and glucose attenuate postprandial
ghrelin secretion, but the suppression of postprandial ghrelin is
much less pronounced after consuming fructose, as compared
with glucose.19 Indeed, we detected higher total ghrelin with
HFCS feeding than with RD or HFD feeding (Figure 3a), implying
that HFCS may regulate ghrelin signaling differently from either
RD or HFD diets. We and others have shown that ghrelin has GHS-
R-dependent and -independent functions.35,36,38 To elucidate the
role(s) of GHS-R in HFCS-induced obesity and insulin resistance,
we studied the metabolic effects of RD and HFCS in WT and
Ghsr� /� mice. Our data showed that ablation of GHS-R does not
change body weight, body composition or caloric intake of HFCS-
fed mice (Figures 3b–d). Interestingly, though, our functional
studies showed that ablation of GHS-R improved whole-body
insulin sensitivity under HFCS diet, and the effect was most
pronounced after 90 min of insulin injection during ITT (Figures 3e
and f). As there is no difference in body weight, body composition
or food intake between HFCS-fed WT and Ghsr� /� mice, our data
indicate that the effects of GHS-R on HFCS-induced insulin
resistance is independent of orexigenic signaling.

HFCS induced higher TNF-a, IL-1b and IL-6 expression levels in
adipose tissues, and the expression of these cytokines was
suppressed in epididymal fat of HFCS-fed Ghsr� /� mice
(Figures 4a–c), indicating that GHS-R deletion decreases

HFCS-induced adipose inflammation. Moreover, we detected
decreased MCP-1 and F4/80 in adipose tissue of HFCS-fed Ghsr� /�

mice (Figures 4d and e), suggesting that GHS-R ablation probably
attenuates HFCS-induced adipose inflammation by reducing
ATMs. Thus, ablation of GHS-R reduces proinflammatory macro-
phage infiltration into adipose tissue, which may contribute to the
improved adipose inflammation and whole-body insulin sensitivity
exhibited in HFCS-fed Ghsr� /� mice.

The current study showed that GHS-R is expressed both in
mature adipocytes and in adipose macrophages (Figure 4f).
Macrophage infiltration into WAT has been shown to increase the
secretion of proinflammatory cytokines and contributes to insulin
resistance.24,25,49 Our flow cytometry data showed that HFCS
increased both types of ATMs, but GHS-R ablation selectively
attenuates proinflammatory F4/80þCD11cþ ATMs while having
no effects on anti-inflammatory F4/80þCD11c� ATMs
(Figures 4h and i). The ATM profiles of Ghsr� /� mice
(Figures 4g–i) as well as the reduced adipose inflammation
revealed in HFCS-fed Ghsr� /� mice (Figures 4a–e) are consistent
with the insulin-sensitive phenotype exhibited by the null mice
(Figures 3e and f). Taken together, the data suggest that ablation
of GHS-R reduces HFCS-induced adipose tissue inflammation by
reducing the infiltration of proinflammatory F4/80þCD11cþ

macrophages. We believe that the effects of GHS-R in adipose
tissue inflammation are primarily mediated through macrophages.
However, we cannot totally exclude the involvement of
adipocytes.

In HFCS-fed mice, GHS-R ablation reduces peritoneal macro-
phages as well as proinflammatory cytokine expression
(Figure 5a). We showed that GHS-R is expressed both in mature
adipocytes and in ATMs (Figure 4f). GHS-R may regulate the
functions of adipose tissues by directly affecting adipocytes
and/or macrophages. To determine whether GHS-R has direct
effects on macrophages, we studied RAW264.7 cells. Both ghrelin
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Figure 6. Ablation of GHS-R attenuates HFCS-induced hepatic steatosis. (a) Pictures of the livers. (b) Hematoxylin and eosin staining and Oil-
Red-O staining of the liver tissue of 12-month old RD- and HFCS-fed WT and Ghsr� /� mice. (c) Model proposed for the role of GHS-R in HFCS-
mediated adipose inflammation and insulin resistance. In the WT mice, HFCS promotes proinflammatory F4/80þCD11cþ ATM infiltration,
leading to adipose inflammation and liver steatosis, and thus resulting in insulin resistance. In the GHS-R null mice, GHS-R ablation decreases
the ratio of proinflammatory F4/80þCD11cþ vs anti-inflammatory F4/80þCD11c�ATMs, leading to decreased adipose inflammation and
reduced liver steatosis, and thus improving insulin sensitivity.
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and GHS-R were expressed in these cells (Figure 5b), and
knockdown of GHS-R with siRNA suppressed the expression of
proinflammatory cytokines (Figures 5c and d). The data suggest
that the effect of GHS-R in ATMs is mediated, at least in part,
through direct effect(s) of GHS-R in macrophages.

The liver is an important organ for regulating blood glucose
through glycogenesis, glycogenolysis and gluconeogenesis.
Fructose is primarily metabolized in the liver.50 It has been
reported that fructose is a more potent stimulator of de novo
hepatic lipogenesis than is glucose.51 It is also known that HFCS
induces liver steatosis, which has a causative role in insulin
resistance.45–47 Indeed, HFCS-fed mice exhibited significantly
increased lipid content in the liver, which probably also
contribute to the abnormality of insulin sensitivity (Figures 6a
and b). Interestingly, GHS-R ablation attenuated HFCS-induced
liver steatosis (Figures 6a and b). However, the effect of GHS-R in
the liver is probably indirect, because we and others have not
been able to detect appreciable GHS-R1a expression in the
liver.38,52,53

Collectively, our findings show that: (1) HFCS promotes
proinflammatory F4/80þCD11cþ macrophage infiltration in
adipose tissues, leading to adipose inflammation and liver
steatosis, which results in insulin resistance; (2) GHS-R ablation
decreases the ratio of proinflammatory F4/80þCD11cþvs
anti-inflammatory F4/80þCD11c� ATMs, leading to decreased
adipose inflammation and reduced liver steatosis, thus improving
insulin sensitivity (Figure 6c). Our data indicate that GHS-R has
proinflammatory effects in ATMs, which is opposite from ghrelin’s
anti-inflammatory effect in ATMs. Thus, the functions of ghrelin
and GHS-R in the immune system are complex; it is important to
distinguish the effects of ghrelin and GHS-R in macrophages/
ATMs.

In conclusion, our studies demonstrate for the first time that
HFCS has a detrimental effect on adipose inflammation and insulin
sensitivity, even more severe than higher-calorie-containing HFD.
HFCS preferentially promotes proinflammatory macrophage
recruitment into intra-abdominal fat, induces adipose inflamma-
tion and has additional deleterious effects on insulin sensitivity.
This challenges the argument that ‘calories are calories’, and
demonstrates that the metabolic perturbations caused by HFCS
are above and beyond the extra calories associated with HFCS
consumption. Immunometabolism is an emerging field of
investigation in both immunology and metabolism.54 Our new
findings suggest that HFCS may regulate metabolism by
immunometabolism, but may not by obesity per se. GHS-R
ablation attenuates HFCS-induced adipose inflammation and
insulin resistance, suggesting that GHS-R is an important
regulator mediating HFCS-induced adipose inflammation and
insulin resistance. GHS-R may thus represent a novel mechanism
linking nutrient sensing to immunometabolism. GHS-R
antagonists may have the potential to be a new therapeutic
option for treating insulin resistance by selectively targeting
proinflammatory macrophages in adipose tissues, and thus
attenuating diet-induced insulin resistance.
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