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A B S T R A C T

Mast cell (MC) deficiency in KitW-sh/W-sh mice and inhibition with disodium chromoglycate (DSCG) or ketotifen
reduced obesity and diabetes in mice on a high-cholesterol (1.25%) Western diet. Yet, Kit-independent MC-
deficient mice and mice treated with DSCG disproved MC function in obesity and diabetes when mice are fed a
high-fat diet (HFD) that contains no cholesterol. This study reproduced the obesity and diabetes inhibitory
activities of DSCG and ketotifen from mice on a Western diet. Yet, such inhibitory effects were diminished in
mice on the HFD. DSCG and ketotifen MC inhibitory activities were recovered from mice on the HFD supple-
mented with the same amount of cholesterol (1.25%) as that in the Western diet. DSCG and ketotifen effectively
blunted the high-cholesterol diet-induced elevations of blood histamine and adipose tissue MC degranulation.
Pearson's correlation test demonstrated significant and positive correlations between plasma histamine and total
cholesterol or low-density lipoprotein-cholesterol (LDL). In cultured bone marrow-derived MCs, plasma from
mice following a Western diet or a cholesterol-supplemented HFD, but not those from HFD-fed mice, induced MC
degranulation and the release of β-hexosaminidase, histamine, and serotonin. IgE, LDL, very low-density lipo-
protein, and high-density lipoprotein also induced MC activation, which can be inhibited by DSCG and ketotifen
depending on the doses and types of MC inhibitors and cholesterol, and also the MC granule molecules of
interest. DSCG or ketotifen lost their activities in inhibiting LDL-induced activation of MCs from LDL receptor-
deficient mice. These results indicate that dietary cholesterol critically influences the function of mouse MCs.

1. Introduction

We reported previously that genetic deficiency of mast cells (MCs)
in Kit-dependent KitW-sh/W-sh mice, or pharmacologic inhibition of MCs
in wild-type (WT) mice with the MC inhibitors disodium chromoglycate
(DSCG) and ketotifen, reduced high cholesterol (1.25%), Western diet-
induced body weight gain, and glucose tolerance, and increased insulin
sensitivity [1]. Several studies showed that these KitW-sh/W-sh mice not
only lack MCs but also show higher numbers of circulating neutrophils

and elevated splenic and bone marrow Gr-1hiCD11bhi mature granu-
locytes, Gr-1intCD11bint mitotic granulocyte progenitors, and MC pro-
genitor cells with reciprocal decreases of B and T cells, compared with
those from WT control mice [2,3]. Therefore, reduced obesity and
diabetes in KitW-sh/W-sh mice may associate with alterations of these
inflammatory cell contents rather than the lack of MCs. Consistent with
this hypothesis, Gutierrez et al. recently used Kit-independent Cpa3Cre/
+ mice and their WT controls, and demonstrated similar levels of body
weight gain, body adipose tissue content, and glucose tolerance when
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mice were fed a cholesterol-free, high-fat diet (HFD) [4]. The same
study also used DSCG to block MC activation, and found no effect of
DSCG on HFD-induced bodyweight gain [4]. Unlike the KitW-sh/W-sh

mice, Cpa3Cre/+ mice show complete deficiency of MCs and partial
basophil ablation, yet these mice have normal numbers of splenic and
bone marrow lymphocytes and myeloid cells [5,6]. Similar to the ob-
servations from the Cpa3Cre/+ mice, Chmelar et al. used another line of
Kit-independent, MC constitutive-deficient Mcpt5-Cre R-DTA+ mice,
and found that MC deficiency did not affect body weight gain, glucose
tolerance, and insulin sensitivity when mice were fed the same cho-
lesterol-free HFD [7]. In addition to MC-deficiency, Mcpt5-Cre R-DTA+

mice have comparable numbers of adipose tissue macrophages and T
cells with those from Mcpt5-Cre-negative R-DTA+ control mice [7].
Therefore, authors from these studies concluded that “Hematopoietic
Kit Deficiency, rather than Lack of Mast Cells, Protects Mice from
Obesity and Insulin Resistance” and “No Role for Mast Cells in Obesity-
Related Metabolic Dysregulation” [4,7].

Upon careful analysis and comparison between our study [1] and
those from Gutierrez et al. and Chmelar et al. [4,7], we noticed dietary
differences among these studies, in addition to the fact that we used Kit-
dependent MC-deficient KitW-sh/W-sh mice and Gutierrez et al. and
Chmelar et al. used Kit-independent Cpa3Cre/+ and Mcpt5-Cre R-DTA+

mice. In our study, we fed mice a high-cholesterol Western diet (Cat#
D12108C, Research Diets, Inc., New Brunswick, NJ), whereas all mice
in Gutierrez's and Chmelar's studies consumed a HFD with 60% kcal%
fat (Cat# D12942, Research Diets, Inc.) that contained no cholesterol
(Table 1). The dietary cholesterol content differences might have
yielded the conflicting obesity and diabetes phenotypes among these
different studies [1,4,7]. Several lines of unexplained observations
support this hypothesis. First, if reduced obesity and diabetes in KitW-sh/

W-sh mice from our prior study did not result from the loss of MCs but
from alterations in other immune cells [2,3], we cannot explain the
restored obesity and diabetes phenotypes in KitW-sh/W-sh-recipient mice
after adoptive transfer of donor MCs from WT mice [1]. Although we
detected only partial phenotype recovery in WT MC-reconstituted KitW-

sh/W-sh mice, this can be explained by the partial recovery of adipose
tissue MCs after donor MC engraftment [1]. Criticism of donor MC re-
constitution reports that it may show potential differences in both
numbers and anatomical distribution in recipient mice. Therefore,
donor MCs may never act the same as native endogenous MCs [4,8].
Second, we showed that MC inhibition with either DSCG or ketotifen
reduced obesity and insulin resistance in Western diet-fed WT mice [1].
Yet, using the same doses of DSCG, Gutierrez et al. did not show any
inhibitory activity of DSCG in HFD-induced body weight gain from WT
mice (Fig. 2R, ref. [4]). These two experiments used the same mice,
same mast cell inhibitor, and same dose, but yielded different conclu-
sions.

All these prior observations point to a possibility that dietary cho-
lesterol may have made the metabolic phenotype discrepancies among
these different studies [1,4,7]. In this study, we induced obesity and
insulin resistance in 6-week-old male WT mice with a cholesterol-free
HFD, a high-cholesterol (1.25%) Western diet, or the same HFD but
supplemented with 1.25% cholesterol (HFD+Cho, Cat# D08063002,
Research Diets, Inc.) (Table 1), while mice received the same doses of
DSCG and ketotifen as previously used by us and Gutierrez et al. [1,4].

2. Materials and methods

2.1. Mice and diets

Six-week-old male C57BL/6 mice (Cat# 000664, Jackson
Laboratory, Bar Harbor, ME) were randomly divided into 10 dietary
groups:

1) Chow (Research Diets, Inc., Cat# D12450B containing 3.85 kcal/g
and 10% of energy from fat) (n= 10);

2) High-fat diet (HFD) (Research Diets, Inc., Cat# D12492 containing
5.2 kcal/g and 60% of energy from fat without cholesterol)
(n= 15) with daily intraperitoneal (i.p.) injection of saline
(n= 15);

3) HFD with daily i.p. injection of disodium cromoglycate (DSCG)
(25mg/kg, Cat# C0399, Sigma-Aldrich, Saint Louis, MO) (n=15);

4) HFD with daily i.p. injection of ketotifen (20mg/kg, Cat# sc-
201094, Santa Cruz Biotechnology, Dallas, TX) (n= 15);

5) Western diet (Research Diets, Inc., Cat# D12108C containing
4.5 kcal/g, 40% of energy from fat and 1.25% cholesterol) (n= 15)
with daily i.p. injection of saline (n= 15);

6) Western diet with daily i.p. injection of DSCG (n= 15);
7) Western diet with daily i.p. injection of ketotifen (n=15);
8) HFD supplemented with cholesterol (HFD+Cho) (Research Diets,

Inc., Cat# D08063002 containing 5.2 kcal/g, 60% of energy from
fat and 1.25% cholesterol) with daily intraperitoneally injected by
saline (n=15);

9) HFD+Cho with daily i.p. injection of DSCG (25mg/kg) (n=15);
10) HFD+Cho with daily i.p. injection of ketotifen (20mg/kg)

(n= 15) for 16 weeks, respectively.

Equal amounts of non-modified cholesterol were added to both the
Western diet and HFD+Cho during manufacture (Table 1, Research
Diets, Inc.). Mice were housed in ventilated cages in a pathogen-free
barrier facility that was maintained at 22 ± 2 °C and with a 12-hour
light/12-hour dark cycle, and free to access autoclaved water and ir-
radiated food throughout the study. All animal procedures conformed
to the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health and were approved by the Harvard
Medical School Standing Committee on Animals (protocol #03759).
Their body weight was monitored weekly. After 16 weeks, mice were
euthanized by CO2,and the plasma, liver, and adipose tissue were col-
lected, including epididymal adipose tissue (EAT) from the epididymal
region depots from the testes, epididymides, and vasa deferentia re-
gions, subcutaneous adipose tissue (SAT) from the inguinal region

Table 1
Diet compositions.

Product code D12492
(HFD)

D12108C
(Western diet)

D08063002 (HFD+Cho)

g% kcal% g% kcal% g% kcal%

Protein 26 20 23 20 26 20
Carbohydrate 26 20 45 40 26 20
Fat 35 60 20 40 34 60
kcal/g 5.2 4.5 5.2

Ingredient g kcal g kcal g kcal

Casein, 80 mesh 200 800 200 800 200 800
L-cystine 3 12 3 12 3 12
Corn starch 0 0 212 848 0 0
Maltodextrin 10 125 500 71 284 125 500
Sucrose 68.8 275 113 452 68.8 275
Cellulose, BW200 50 0 50 0 50 0
Soybean oil 25 225 25 225 25 225
Lard 245 2205 155 1395 245 2205
Mineral Mix S10026 10 0 10 0 10 0
Dicalcium phosphate 13 0 13 0 13 0
Calcium carbonate 5.5 0 5.5 0 5.5 0
Potassium citrate·H2O 16.5 0 16.5 0 16.5 0
Vitamin Mix V10001 10 40 10 40 10 40
Choline bitartrate 2 0 2 0 2 0
Cholesterol 0 0 11.25 0 9.8 0
FD&C Yellow Dye #5 0 0 0.05 0 0.025 0
FD&C Red Dye #40 0 0 0.05 0 0.025 0
FD&C Blue Dye #1 0.05 0 0 0 0 0
Total 773.85 4057 897.35 4056 783.65 4057
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beneath the skin, and brown adipose tissues (BAT) from the inter-
scapular region around the neck and shoulders. Tissue was weighed on
ice.

2.2. Glucose tolerance test (GTT) and insulin tolerance test (ITT)

At 21-weeks-old, GTT and ITT were performed after overnight
fasting. In brief, mice were i.p. injected with D-glucose (1 g/kg body-
weight, Cat# G7021, Sigma-Aldrich) for GTT and with insulin (1.5 IU/
kg bodyweight, NDC 0169-1833-11, NOVOLIN, Wellington, FL) for ITT.
Blood glucose levels were measured from tail veins using a blood glu-
cose meter (Bayer Healthcare LLC, Mishawaka, IN) at 0, 15, 30, 45, 60,
90, and 120min after injection.

2.3. Plasma lipoprotein and adipose tissue lipid measurements

Plasma triglyceride, total cholesterol, and high-density lipoprotein
(HDL) cholesterol levels were determined by enzymatic methods using
the triglyceride (Cat# T7532, Pointe scientific, Canton, MI), total
cholesterol reagents (Cat# C7510, Pointe scientific), or HDL choles-
terol-precipitating reagent (Cat# H7511, Pointe scientific) according to
the manufacturer's protocols, as previously reported [9–12]. Plasma
low-density lipolipoprotein (LDL) cholesterol was calculated using the
Friedewald's formula: Plasma LDL cholesterol concentration (mg/
dL)= total cholesterol−HDL cholesterol− (triglycerides / 5) [13,14].
To quantify the triglyceride and total cholesterol levels in adipose
tissue, we homogenized each 100mg of adipose tissue in 1mL saline,
followed by two rounds of freezing and thawing. Tissue homogenate
was centrifuged at 5000g for 5min at 4 °C to separate the protein lysate
from the up-layer fat cake. We removed 5 μl of protein lysate to de-
termine the total adipose tissue protein concentration using a Pierce's
BCA protein assay kit according to the manufacturer's recommendation
(Cat# PI23223, Fisher Scientific). The remaining fat and tissue homo-
genate was mixed again. We measured the triglyceride and total cho-
lesterol levels in this homogenate using the same enzymatic lipid re-
agents as we used for the plasma samples and then normalized the
triglyceride and cholesterol levels to adipose tissue total protein con-
centrations as previously described [15,16].

Mouse serum lipoprotein concentrations were also determined using
size-exclusion chromatography. In brief, mouse serum lipoproteins
were fractionated by fast-performance liquid chromatography (FPLC;
Merck-HPLC System) using the Superose 6 HR 10/30 size-exclusion
chromatography column (GE Healthcare, Buckinghamshire, UK). The
column was first equilibrated with 10mM sodium phosphate buffer,
pH 7.4 containing 140mM NaCl; 400 μL of serum pool was then applied
to the column with a flow rate of 0.5 ml/min at room temperature, and
fractions of 0.5ml were collected and analyzed for cholesterol. For each
group of animals, serum pools were prepared from a combination of 5
mice and used for the FPLC-based lipoprotein profiling. Analyses of
lipids in the elution fractions were performed using the total cholesterol
enzymatic method (CHOD-PAP 1489232 kit, Roche Diagnostics), as we
reported previously [17].

2.4. Histology

Adipose tissue was fixed in 4% formalin, embedded in paraffin, and
serially sliced into 6 μm thickness. To detect degranulated MC, adipose
tissue paraffin sections were stained with toluidine blue (Cat# 89640,
Sigma-Aldrich) according to the standard protocols [1].

2.5. Cell culture

BMMCs were obtained by in vitro differentiation of bone marrow
cells taken from mouse femurs as described [1]. After 5 weeks, 1× 106

BMMCs per well were treated with 10 μg/mL, 100 μg/mL, and 1mg/mL
LDL (Cat# 360-10), very low-density lipoprotein (VLDL, Cat# 365-10)

or HDL (Cat# 361-12) (all from Lee Biosolutions, Inc., Maryland
Heights, MO), or plasma from mice fed a chow diet, HFD, Western diet,
or HFD+ cho for 24 h with and without 100 nM, 1 μM, 10 μM DSCG, or
ketotifen in 48-well plates based on prior reported doses [18,19]. All
experiments were performed with at least three individual BMMC cul-
tures.

2.6. Antigen-induced BMMC activation

Antigen-induced BMMC activation was performed by culturing
BMMCs (1×106 per well) with 50 μg/ml anti-DNP IgE (Cat# D8406,
Sigma-Aldrich) with and without DSCG or ketotifen for 24 h prior to
stimulation with 100 ng/ml antigen (DNP-HAS, Cat# A6661, Sigma-
Aldrich) for 1 h, followed by measuring the supernatant β-hex-
osaminidase, histamine, and serotonin levels.

2.7. Measurement of MC granule molecules histamine, serotonin, β-
hexosaminidase

MC activation releases the granule molecules histamine, serotonin,
and β-hexosaminidase, although a minor portion of β-hexosaminidase
may be found in the lysosomes [20–22]. To assess MC activation in
mice and cultured BMMCs, we measured these MC granule mediators in
both the BMMC culture supernatant and mouse plasma samples. His-
tamine (Cat# RE59221, IBL, Hamburg, Germany) and serotonin (Cat#
BA E-8900, LDN, Nordhorn, Germany) were assessed using the ELISA
kits according to manufacturer protocols. For plasma-treated BMMCs,
histamine and serotonin from the blank media with the same amount of
plasma were subtracted from those of BMMC supernatant measure-
ments. We measured the release of β-hexosaminidase from BMMCs
using a previously described method [23]. After different treatments,
cells were placed on ice and immediately centrifuged to pellet cells. The
supernatants were removed, and 0.5% Triton X-100 solution was then
added to the cell pellets. The enzymatic activities of β-hexosaminidase
in supernatants and the cell pellets were measured with 1.3 mg/ml p-
nitrophenyl-N-acetyl-β-D-glucosaminide (Cat# N9376, Sigma-Aldrich)
in 0.1M sodium citrate (pH 4.5, Cat# S4641, Sigma-Aldrich) for 60min
at 37 °C. The reaction was stopped by the addition of 0.2M glycine
(pH 10.7, Cat# G7126, Sigma-Aldrich). The release of the product 4-p-
nitrophenol was detected by absorbance at 405 nm. The percentage of
degranulation was calculated using the following formula: % De-
granulation=ODsupernatant / (ODsupernatant +ODTriton X-100)× 100. For
plasma-treated BMMCs, absorbance at 405 nm from the blank media
with the same amount of plasma were subtracted from those of BMMC
supernatant measurements. The percentage of degranulation was cal-
culated using the following formula: % Degranula-
tion= (ODsupernatant−ODblank) / (ODsupernatant−ODblank+ODTriton X-

100)× 100.

2.8. Statistical analyses

All data from mice and cell cultures were expressed as
means ± SEM. Pearson's correlation test was used to detect the cor-
relation between plasma histamine and triglyceride, cholesterol, or LDL
concentrations. One-way ANOVA with post-hoc Bonferroni test was
used for comparison among multiple groups. SPSS 22.0 was used for
analysis, and P < 0.05 was considered statistically significant.

3. Results

3.1. DSCG does not reduce cholesterol-free, HFD-induced obesity and
diabetes

Results from Gutierrez et al. showed that the MC inhibitor DSCG did
not affect body weight gain in WT mice fed a HFD that contains no
cholesterol [4]. To avoid any possible inter-laboratory error, we
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repeated these experiments and obtained the same results. When mice
consumed a HFD, DSCG-treated mice showed no difference from saline-
treated mice in body weight gain (Fig. 1A). Further, we also showed
that DSCG- and saline-treated mice did not differ significantly in glu-
cose tolerance (Fig. 1B), insulin sensitivity (Fig. 1C), EAT, SAT, BAT,
and liver tissue weight (Fig. 1D), total triglyceride and cholesterol le-
vels in plasma, EAT, SAT (Fig. 1E and F), and plasma levels of LDL
(Fig. 1G). In contrast, mice that received ketotifen showed improved
bodyweight gain (Fig. 1A), glucose tolerance (Fig. 1B), insulin sensi-
tivity (Fig. 1C), and reduction of plasma and adipose tissue triglyceride
and cholesterol (Fig. 1E–G).

3.2. DSCG and ketotifen reduce high cholesterol Western diet-induced
obesity and diabetes

Differing from the study by Gutierrez et al. [4], we reported pre-
viously that both DSCG and ketotifen effectively prevented mice from
obesity and diabetes and reduced disease progression in mice with pre-
established diseases when mice were on a high-cholesterol Western diet
[1]. To eliminate any possible inter-laboratory and reagent lot-to-lot
variations, we repeated our earlier studies by using the WT mice from
the Jackson Laboratory and the Western diet from Research Diets, Inc.,
and treated the mice with the exact same dose of DSCG and ketotifen, as
shown in Fig. 1. Consistent with our prior study, when mice consumed a
Western diet that contained 1.25% cholesterol, either DSCG or ketotifen

reduced bodyweight gain (Fig. 2A), glucose intolerance (Fig. 2B), in-
sulin insensitivity (Fig. 2C), EAT, SAT, BAT, and liver tissue weight
(Fig. 2D), triglyceride and total cholesterol levels in plasma, EAT, SAT
(Fig. 2E and F), and plasma LDL (Fig. 2G). These observations suggest
that the discrepant results from Gutierrez et al. [4] and our earlier study
[1] related to the different diets.

3.3. DSCG and ketotifen reduce cholesterol-supplied HFD-induced obesity
and diabetes

HFD contains no cholesterol, whereas a Western diet contains
1.25% cholesterol. We hypothesized that such a cholesterol difference
in diets accounted for the different results from HFD- (Fig. 1) and
Western diet-fed mice (Fig. 2). We also hypothesized that DSCG and
ketotifen both would show effective inhibitory activities in obesity and
diabetes in mice fed a HFD if we increased the cholesterol levels in the
HFD to the same levels as seen in a Western diet. To test this possibility,
we modified the HFD by adding the same amount of non-modified
cholesterol (1.25%) as in the Western diet without changing any other
components (Table 1). In mice fed this modified diet (HFD+Cho),
either DSCG or ketotifen reduced body weight gain (Fig. 3A), glucose
intolerance (Fig. 3B), insulin insensitivity (Fig. 3C), EAT, SAT, BAT, and
liver tissue weight (Fig. 3D), triglyceride and total cholesterol levels in
plasma, EAT, SAT (Fig. 3E and F), and plasma LDL (Fig. 3G). The results
from the mice fed a HFD, 1.25% cholesterol Western diet, and HFD

Fig. 1. Effect of HFD on DSCG- and ketotifen-mediated suppression of obesity and diabetes. Six-week-old male WT C57BL/6 mice consumed a chow diet and a
cholesterol-free high fat diet (HFD) for 16 weeks, with daily i.p. administration of saline, DSCG (25mg/kg/day) or ketotifen (20mg/kg/day). Bodyweight gain (A),
GTT (B) and ITT (C), EAT, SAT, BAT, and liver weight (D), plasma triglyceride levels, and EAT and SAT triglyceride levels (E), plasma total cholesterol levels, and EAT
and SAT total cholesterol levels (F), and plasma LDL levels from chow- and HFD-fed mice (G). Data are mean ± SEM, n=15 mice per group.
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supplemented with 1.25% cholesterol support the role of dietary cho-
lesterol in regulating MC functions during diet-induced obesity and
insulin resistance. Plasma FPLC analysis revealed similar observations.
In HFD-fed mice, DSCG and ketotifen did not affect plasma LDL levels,
although both inhibitors increased plasma HDL levels (Fig. 4A). In
contrast, in mice fed a Western diet or the modified HFD+Cho, both
DSCG and ketotifen reduced plasma LDL levels, although these in-
hibitors showed no effect on plasma HDL (Fig. 4B and C). Over the past
two years, our groups located in Boston, USA, and Hefei, China in-
dependently made the same observations, although the data from Hefei,
China, were not included.

3.4. The dietary differences affect MC activation differently

Data presented in Figs. 1 to 4 indicate that the dietary cholesterol
contents affected the inhibitory activities of both DSCG and ketotifen. It
is possible that the increased dietary cholesterol in both the Western
and HFD+Cho diets increased MC activation in mice fed these diets,
which may help contrast the inhibitory activities of DSCG and ketotifen.
We performed toluidine blue staining to count the numbers of de-
granulated MCs in EAT. Mice fed a Western diet or HFD+Cho diet
demonstrated many more degranulated MCs in EAT than those in mice
fed a HFD (Fig. 5A–D). In EAT from HFD-fed mice, DSCG showed
moderate activity likely because of the low levels of baseline MC acti-
vation, although ketotifen remained effective (Fig. 5A and D). In con-
trast, in EAT from Western diet- and HFD+Cho diet-fed mice, both

DSCG and ketotifen were effective (Fig. 5B–D). Measurement of plasma
histamine levels yielded a similar conclusion. Dietary cholesterol en-
hanced systemic MC activation as reflected by increased plasma hista-
mine levels. The inhibitory activities of DSCG and ketotifen in Western
diet- and HFD+Cho diet-fed mice were much more potent than those
in HFD-fed mice, likely because of increased baseline MC activations in
these mice (Fig. 5E).

Plasma cholesterol levels correlated with systemic MC activation.
Pearson's correlation test revealed significant and positive correlations
between plasma histamine and total cholesterol or LDL (Fig. 5F and G),
although plasma triglyceride levels showed no correlation with hista-
mine (Fig. 5H). This insignificance may be caused by the low level of
MC activation in HFD-fed mice (Fig. 5A and E) and our limited number
of mice in each group. Indeed, this association became stronger when
only the Western diet-fed and HFD+Cho diet-fed mice were used
(r=0.219, P=0.058).

3.5. The MC inhibitory activities of DSCG and ketotifen vary depending on
the experimental conditions

The activities of DSCG in blocking the development of obesity and
diabetes in mice fed a cholesterol-rich Western diet (Fig. 2) or a cho-
lesterol-supplemented HFD+Cho diet (Fig. 3), but not in those fed a
cholesterol-deficient HFD (Fig. 1), support a role of dietary cholesterol
in MC activation. To test this hypothesis, we treated mouse BMMCs
with plasma from mice fed varying diets, followed by measuring cell

Fig. 2. Effect of Western diet on DSCG- and ketotifen-mediated suppression of obesity and diabetes. Six-week-old male WT C57BL/6 mice consumed a chow diet and
a Western diet containing 1.25% cholesterol for 16 weeks, with daily i.p. administration of saline, DSCG (25mg/kg/day) or ketotifen (20mg/kg/day). Bodyweight
gain (A), GTT (B) and ITT (C), EAT, SAT, BAT, and liver weight (D), plasma triglyceride levels, and EAT and SAT triglyceride levels (E), plasma total cholesterol
levels, and EAT and SAT total cholesterol levels (F), and plasma LDL levels from chow- and Western diet-fed mice (G). Data are mean ± SEM, n= 15 mice per group.
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culture supernatant MC granule mediators β-hexosaminidase, hista-
mine, and serotonin as the readouts of MC activation [24]. Among all
these tested MC granule mediators, only plasma from mice fed a Wes-
tern diet or a HFD+Cho diet increased BMMC release of these med-
iators, compared with the BMMCs treated with plasma from chow diet-
fed mice. Under the same test conditions, however, plasma from HFD-

fed mice behaved the same as that from chow diet-fed mice in BMMC
activation (Fig. 6A–C).

Plasma LDL levels in chow diet-fed mice were around 45mg/dL
(450 μg/mL). These levels reached 700 μg/mL in HFD-fed mice
(Fig. 1G) and 1500 μg/mL in Western diet- and HFD+Cho diet-fed
mice (Figs. 2G and 3G). To test further the role of cholesterol in MC

Fig. 3. Effect of cholesterol supplemented HFD on DSCG- and ketotifen-mediated suppression of obesity and diabetes. Six-week-old male WT C57BL/6 mice con-
sumed a chow diet and HFD supplemented with 1.25% cholesterol (HFD+Cho) for 16 weeks, with daily i.p. administration of saline, DSCG (25mg/kg/day) or
ketotifen (20 mg/kg/day). Bodyweight gain (A), GTT (B) and ITT (C), EAT, SAT, BAT, and liver weight (D), plasma triglyceride levels, and EAT and SAT triglyceride
levels (E), plasma total cholesterol levels, and EAT and SAT total cholesterol levels (F), and plasma LDL levels from chow- and cholesterol supplemented HFD-fed
mice (G). Data are mean ± SEM, n= 15 mice per group.

Fig. 4. Distribution of cholesterol in lipoprotein fractions based on particle size using FPLC from chow- and HFD-fed mice (A), chow- and Western diet-fed mice (B),
and chow- and HFD+Cho diet-fed mice (C).
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activation, we exposed mouse BMMCs to graded amounts of commer-
cial non-modified LDL according to the levels in mouse plasma from 10
to 1000 μg/mL with and without DSCG or ketotifen. LDL dose depen-
dently induced the secretion of the MC granule β-hexosaminidase,
histamine, and serotonin. LDL at 1000 μg/mL showed the highest ac-
tivity in releasing all three tested granule mediators (Fig. 6D–F). Under
1000 μg/mL of LDL, both DSCG (100 nM) and ketotifen (100 nM) sig-
nificantly reduced the LDL-induced secretion of these MC granule
contents from WT BMMCs (Fig. 6G–I). In contrast, when BMMCs from
LDL receptor-deficient (Ldlr−/−) mice received the same stimuli, we
did not detect LDL-induced MC activation or modulation by DSCG or
ketotifen (Fig. 6J–L).

To compare the relative potency of MC activation by cholesterol and
a reference MC activator IgE, we treated mouse BMMCs with 50 μg/mL
of IgE as we have used previously [25], which was much higher than
what we detected in the plasma from Western diet-fed mice (~300 ng/
mL) [25,26]. DSCG and ketotifen from 0.1 to 10 μM displayed dose-
dependent inhibition of IgE-induced BMMC secretion of β-hex-
osaminidase and histamine (Fig. 7A). DSCG also showed dose-

dependent inhibition of IgE-induced MC release of serotonin. Yet, only
a low dose of ketotifen (0.1 μM) showed significant inhibition of IgE-
induced MC release of serotonin, likely because of the weak IgE activity
in release MC serotonin (Fig. 7A, right panel), about ten-fold weaker
than that of 1000 μg/mL LDL (Fig. 6F). Not only LDL (Fig. 6D–F), but
also VLDL and HDL dose-dependently (10–1000 μg/mL) induced BMMC
secretion of β-hexosaminidase, histamine, and serotonin (Fig. 7B), al-
though such activities of VLDL and HDL were weaker than those of LDL
(Fig. 6D–E). DSCG and ketotifen from 0.1 to 10 μM showed different
levels of inhibition of β-hexosaminidase, histamine, and serotonin se-
cretion from LDL-activated BMMCs, but negligible activities from
VLDL- and HDL-activated BMMCs (Fig. 7C–E). Therefore, the MC in-
hibitory activities of DSCG and ketotifen depended on not only the
inhibitor types and concentrations (DSCG and ketotifen), but also the
types and concentrations of MC stimuli (IgE, LDL, VLDL, and HDL) and
the types of MC granule molecules to be tested (β-hexosaminidase,
histamine, and serotonin).

Fig. 5. Effect of different diets with or without mast cell stabilizers on mast cell activation. Toluidine blue staining for MCs in EAT from HFD with or without DSCG or
ketotifen (A), western diet (WD) with or without DSCG or ketotifen (B), and HFD+Cho with or without DSCG or ketotifen (C) and activated (degranulated) MC
number quantification (D). Plasma histamine level from different groups of mice as indicated (E). Pearson's correlation tests between plasma histamine and cho-
lesterol (F), LDL (G), and triglyceride (H). Data are mean ± SEM, n=10–15 mice per group.
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4. Discussion

Published studies have consistently demonstrated increased MCs in
adipose tissue from obese humans and mice [1,27,28]. Such accumu-
lation of MCs in adipose tissue may not just serve as a signature of tissue
inflammation. MCs are known to interact with macrophages [1,29],
regulatory T cells (Tregs) [30,31], and group 2 innate lymphoid cells
(ILC2) [32], suggesting other potential MC effects through cross-inter-
actions with these immune cells when considering obesity and diabetes
[33–35]. We report here that mice that consumed a cholesterol-free
HFD demonstrated much weaker activity in local (adipose tissue) and
systemic MC activation than those that consumed a high-cholesterol
Western diet or a high cholesterol-supplemented HFD+Cho diet
(Fig. 5A–G). We demonstrated that the plasma from mice that con-
sumed a Western diet or the HFD+Cho diet was much more potent in

MC activation than the plasma from HFD-fed mice (Fig. 6A). Such
differences in dietary cholesterol intake may explain why MC-defi-
ciency or MC inhibition by DSCG did not affect HFD-induced obesity
and insulin resistance in some studies [4,7]. Low degree of MC acti-
vation may cause minimal contribution of MCs to HFD-induced obesity
and diabetes. Diet-induced obesity and diabetes in HFD-fed mice may
be MC-independent. In contrast, high cholesterol diet-fed mice showed
much high levels of MC activation. The high activity of plasma from
these mice in MC activation may affect the pathobiology of other im-
mune cells, such as macrophages, Tregs, and ILC2 [1,29–35]. Therefore,
MC function in these mice may become significant.

Adipose tissue is a major site for cholesterol storage. Over half of
total body cholesterol resides within the adipose tissues in obesity
[36–38]. In EAT and SAT from high cholesterol diet (Western or
HFD+Cho)-fed mice, we detected about 300–400mg of cholesterol

Fig. 6. Mast cell stabilizers inhibited LDL-induced MC activation. Release of β-hexosaminidase (A), histamine (B), and serotonin (C) from WT BMMCs treated with
plasma from mice fed with different diets. Release of β-hexosaminidase (D), histamine (E), and serotonin (F) from WT BMMCs treated with different doses of LDL.
Secretion of β-hexosaminidase, histamine and serotonin from WT (G–H) or Ldlr−/− (J–L) BMMCs after activation with LDL (1000 μg/mL) with and without DSCG
(100 nM) or ketotifen (100 nM). Data are mean ± SEM of four data sets. In vitro data were a representative of at least three independent experiments.
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per gram of tissue, whereas in the same tissue from HFD-fed mice, we
detected about 100mg cholesterol less (Figs. 1F, 2F, and 3F). Dietary
cholesterol also affects adipocyte cholesterol uptake [15,39]. Although
not tested in this study, adipocytes from high cholesterol diet (Western
or HFD+Cho)-fed mice may contain much more intracellular choles-
terol and become more potent in activating MCs than those from cho-
lesterol-free HFD-fed mice. In addition to this possibility, dietary cho-
lesterol may also aggravate adipose tissue macrophage accumulation in
obese mice [40] or directly activate MCs [41]. Here, we showed that
MCs produced similar amounts of β-hexosaminidase and serotonin in
response to 1000 μg/mL LDL, HDL, and VLDL, but the same dose of LDL
produced five-fold more serotonin than HDL and VLDL did (Figs. 6D–F
and 7B). IgE is one of the best-known endogenous MC activators
[42,43]. LDL at 1000 μg/mL produced similar levels of β-hex-
osaminidase from BMMCs to those treated with 50 μg/mL of IgE anti-
body (Figs. 6D and 7A), although IgE induced histamine production
from BMMCs twice as much as those from LDL (Figs. 6E and 7A).

However, 1000 μg/mL LDL produced nearly ten-fold levels of serotonin
than 50 μg/mL IgE did (Figs. 6F and 7A). In Western diet- and
HFD+Cho diet-fed mice, the plasma LDL levels reached about
1500 μg/mL (Figs. 2G and 3G), whereas plasma IgE levels reached
about 300 ng/mL after following a Western diet [25,26], more than
150-fold lower than what we used here. Together, our observations
from this study and those from earlier work indicate that, in high
cholesterol diet-fed mice, cholesterol may be the major MC activator.
Relative to the high plasma cholesterol, the IgE activity in MC activa-
tion may become negligible.

Both DSCG and ketotifen are MC inhibitors. From mice fed with all
three types of diets, ketotifen showed much stronger inhibitory activ-
ities than DSCG in bodyweight gain, glucose tolerance, insulin in-
sensitivity, and all other tested variables (Figs. 1–3). Yet, in cultured
BMMCs, both DSCG and ketotifen showed comparable inhibitory ac-
tivities on IgE- and LDL-induced releases of all tested MC mediators (β-
hexosaminidase, histamine, and serotonin) (Figs. 6G–I, 7A, and C).

Fig. 7. Mast cell stabilizers inhibited IgE- and cholesterol-induced MC activation. Measurement of MC granule mediators (β-hexosaminidase, histamine, and ser-
otonin) from WT BMMCs treated with 50 μg/mL of IgE (A), different doses of VLDL and HDL as indicated (B), 1000 μg/mL LDL (C), VLDL (D), and HDL (E) with and
without different doses (0.1, 1, and 10 μM) of DSCG or ketotifen. Data are mean ± SEM of four data points. All data were a representative of at least three
independent experiments.
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These observations suggest that ketotifen acts as more than just MC
inhibitor. It may target other components in HFD-fed mice (Fig. 1). For
example, ketotifen is a non-competitive histamine antagonist (H1-re-
ceptor) [44] and it may also target monocytes [45] and other untested
inflammatory cells.

The recent development of Kit-independent MC-deficient models
may advance the studies of MC pathobiology because these mice
showed no significant impact of most other immune cells [7], unlike the
Kit-dependent MC-deficient mice [2]. Based on our observations pre-
sented in this study, it appears that many studies from Kit-dependent
models may remain valid. It is possible that Kit-independent MC-defi-
cient Cpa3Cre/+ mice [4] and Mcpt5-Cre R-DTA+ mice [7] will be pro-
tected from cholesterol-rich, diet-induced obesity and diabetes, a hy-
pothesis that merits careful investigation using different diets described
in this study. Therefore, same experimental conditions remain essential
to fairly evaluate results from different experimental models [46]. To-
gether, this study revealed an essential role of dietary cholesterol in MC
activation. High cholesterol diet increases the cholesterol level in adi-
pose tissues, plasma, and possibly adipocytes and other cell types, and
turns them into potent MC activators that may obscure the activities
from other endogenous MC activators. Demonstrated MC activation is
required in order to evaluate MC functions in disease models.

Author contributions

X.Z., Q.H., X.W., Z.D., J.L. (Jie Li), and X.Y. performed all mouse
and cell culture experiments. M.J., J.M., and P.T.K. helped plasma
cholesterol FPLC analysis. P.L., J.L., and G.P.S. were involved in ex-
perimental design, data discussion, and manuscript preparation. The
authors declare no conflict of interest.

Transparency document

The Transparency document associated with this article can be
found, in online version.

Acknowledgments

The authors thank Ms. Chelsea Swallom for her editorial assistance.
This work is supported by grants from the National Natural Science
Foundation of China (31471320 and 31671485 to JL), the National
Institutes of Health [HL080472 to PL, HL123568, HL60942, and
AG058670 to GPS], and the RRM Foundations Charitable Fund to PL.
Dr. Xian Zhang is supported by the American Heart Association
Postdoctoral Fellowship # 18POST34050043.

Conflict of interest

None declared.

References

[1] J. Liu, A. Divoux, J. Sun, J. Zhang, K. Clement, J.N. Glickman, G.K. Sukhova,
P.J. Wolters, J. Du, C.Z. Gorgun, A. Doria, P. Libby, R.S. Blumberg, B.B. Kahn,
G.S. Hotamisligil, G.P. Shi, Genetic deficiency and pharmacological stabilization of
mast cells reduce diet-induced obesity and diabetes in mice, Nat. Med. 15 (2009)
940–945.

[2] P.A. Nigrovic, D.H. Gray, T. Jones, J. Hallgren, F.C. Kuo, B. Chaletzky, M. Gurish,
D. Mathis, C. Benoist, D.M. Lee, Genetic inversion in mast cell-deficient (Wsh) mice
interrupts corin and manifests as hematopoietic and cardiac aberrancy, Am. J.
Pathol. 173 (2008) 1693–1701.

[3] A. Michel, A. Schuler, P. Friedrich, F. Doner, T. Bopp, M. Radsak, M. Hoffmann,
M. Relle, U. Distler, J. Kuharev, S. Tenzer, T.B. Feyerabend, H.R. Rodewald,
H. Schild, E. Schmitt, M. Becker, M. Stassen, Mast cell-deficient Kit(W-sh) “Sash”
mutant mice display aberrant myelopoiesis leading to the accumulation of sple-
nocytes that act as myeloid-derived suppressor cells, J. Immunol. 190 (2013)
5534–5544.

[4] D.A. Gutierrez, S. Muralidhar, T.B. Feyerabend, S. Herzig, H.R. Rodewald,
Hematopoietic kit deficiency, rather than lack of mast cells, protects mice from
obesity and insulin resistance, Cell Metab. 21 (2015) 678–691.

[5] T.B. Feyerabend, D.A. Gutierrez, H.R. Rodewald, Of mouse models of mast cell
deficiency and metabolic syndrome, Cell Metab. 24 (2016) 1–2.

[6] T.B. Feyerabend, A. Weiser, A. Tietz, M. Stassen, N. Harris, M. Kopf,
P. Radermacher, P. Moller, C. Benoist, D. Mathis, H.J. Fehling, H.R. Rodewald, Cre-
mediated cell ablation contests mast cell contribution in models of antibody- and T
cell-mediated autoimmunity, Immunity 35 (2011) 832–844.

[7] J. Chmelar, A. Chatzigeorgiou, K.J. Chung, M. Prucnal, D. Voehringer, A. Roers,
T. Chavakis, No role for mast cells in obesity-related metabolic dysregulation, Front.
Immunol. 7 (2016) 524.

[8] H.R. Rodewald, T.B. Feyerabend, Widespread immunological functions of mast
cells: fact or fiction? Immunity 37 (2012) 13–24.

[9] Q. Cao, X. Cui, R. Wu, L. Zha, X. Wang, J.S. Parks, L. Yu, H. Shi, B. Xue, Myeloid
deletion of alpha1AMPK exacerbates atherosclerosis in LDL receptor knockout
(LDLRKO) mice, Diabetes 65 (2016) 1565–1576.

[10] W.S. Davidson, A. Heink, H. Sexmith, J.T. Melchior, S.M. Gordon, Z. Kuklenyik,
L. Woollett, J.R. Barr, J.I. Jones, C.A. Toth, A.S. Shah, The effects of apolipoprotein
B depletion on HDL subspecies composition and function, J. Lipid Res. 57 (2016)
674–686.

[11] J. Sun, K. Hartvigsen, M.Y. Chou, Y. Zhang, G.K. Sukhova, J. Zhang, M. Lopez-
Ilasaca, C.J. Diehl, N. Yakov, D. Harats, J. George, J.L. Witztum, P. Libby,
H. Ploegh, G.P. Shi, Deficiency of antigen-presenting cell invariant chain reduces
atherosclerosis in mice, Circulation 122 (2010) 808–820.

[12] C.L. Liu, M.M. Santos, C. Fernandes, M. Liao, K. Iamarene, J.Y. Zhang,
G.K. Sukhova, G.P. Shi, Toll-like receptor 7 deficiency protects apolipoprotein E-
deficient mice from diet-induced atherosclerosis, Sci. Rep. 7 (2017) 847.

[13] W.T. Friedewald, R.I. Levy, D.S. Fredrickson, Estimation of the concentration of
low-density lipoprotein cholesterol in plasma, without use of the preparative ul-
tracentrifuge, Clin. Chem. 18 (1972) 499–502.

[14] A.J. Tremblay, H. Morrissette, J.M. Gagne, J. Bergeron, C. Gagne, P. Couture,
Validation of the Friedewald formula for the determination of low-density lipo-
protein cholesterol compared with beta-quantification in a large population, Clin.
Biochem. 37 (2004) 785–790.

[15] S. Chung, H. Cuffe, S.M. Marshall, A.L. McDaniel, J.H. Ha, K. Kavanagh, C. Hong,
P. Tontonoz, R.E. Temel, J.S. Parks, Dietary cholesterol promotes adipocyte hy-
pertrophy and adipose tissue inflammation in visceral, but not in subcutaneous, fat
in monkeys, Arterioscler. Thromb. Vasc. Biol. 34 (2014) 1880–1887.

[16] Y. Li, S. Xu, M.M. Mihaylova, B. Zheng, X. Hou, B. Jiang, O. Park, Z. Luo, E. Lefai,
J.Y. Shyy, B. Gao, M. Wierzbicki, T.J. Verbeuren, R.J. Shaw, R.A. Cohen, M. Zang,
AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and
atherosclerosis in diet-induced insulin-resistant mice, Cell Metab. 13 (2011)
376–388.

[17] P.P. Laurila, J. Soronen, S. Kooijman, S. Forsstrom, M.R. Boon, I. Surakka,
E. Kaiharju, C.P. Coomans, S.A. Van Den Berg, A. Autio, A.P. Sarin, J. Kettunen,
E. Tikkanen, T. Manninen, J. Metso, R. Silvennoinen, K. Merikanto, M. Ruuth,
J. Perttila, A. Makela, A. Isomi, A.M. Tuomainen, A. Tikka, U.A. Ramadan,
I. Seppala, T. Lehtimaki, J. Eriksson, A. Havulinna, A. Jula, P.J. Karhunen,
V. Salomaa, M. Perola, C. Ehnholm, M. Lee-Rueckert, M. Van Eck, A. Roivainen,
M.R. Taskinen, L. Peltonen, E. Mervaala, A. Jalanko, E. Hohtola, V.M. Olkkonen,
S. Ripatti, P.T. Kovanen, P.C. Rensen, A. Suomalainen, M. Jauhiainen, USF1 defi-
ciency activates brown adipose tissue and improves cardiometabolic health, Sci.
Transl. Med. 8 (2016) 323ra313.

[18] T. Oka, J. Kalesnikoff, P. Starkl, M. Tsai, S.J. Galli, Evidence questioning cromolyn's
effectiveness and selectivity as a ‘mast cell stabilizer’ in mice, Lab. Investig. 92
(2012) 1472–1482.

[19] A.C. Spataro, H.B. Bosmann, Mechanism of action of disodium cromoglycate—mast
cell calcium ion influx after a histamine-releasing stimulus, Biochem. Pharmacol. 25
(1976) 505–510.

[20] J. Hallgren, M.F. Gurish, Granule maturation in mast cells: histamine in control,
Eur. J. Immunol. 44 (2014) 33–36.

[21] N. Fukuishi, S. Murakami, A. Ohno, N. Yamanaka, N. Matsui, K. Fukutsuji,
S. Yamada, K. Itoh, M. Akagi, Does beta-hexosaminidase function only as a de-
granulation indicator in mast cells? The primary role of beta-hexosaminidase in
mast cell granules, J. Immunol. 193 (2014) 1886–1894.

[22] N. Puri, P.A. Roche, Mast cells possess distinct secretory granule subsets whose
exocytosis is regulated by different SNARE isoforms, Proc. Natl. Acad. Sci. U. S. A.
105 (2008) 2580–2585.

[23] T. Oka, M. Hori, H. Ozaki, Microtubule disruption suppresses allergic response
through the inhibition of calcium influx in the mast cell degranulation pathway, J.
Immunol. 174 (2005) 4584–4589.

[24] T.C. Theoharides, K.D. Alysandratos, A. Angelidou, D.A. Delivanis,
N. Sismanopoulos, B. Zhang, S. Asadi, M. Vasiadi, Z. Weng, A. Miniati,
D. Kalogeromitros, Mast cells and inflammation, Biochim. Biophys. Acta 1822
(2012) 21–33.

[25] J. Wang, X. Cheng, M.X. Xiang, M. Alanne-Kinnunen, J.A. Wang, H. Chen, A. He,
X. Sun, Y. Lin, T.T. Tang, X. Tu, S. Sjoberg, G.K. Sukhova, Y.H. Liao, D.H. Conrad,
L. Yu, T. Kawakami, P.T. Kovanen, P. Libby, G.P. Shi, IgE stimulates human and
mouse arterial cell apoptosis and cytokine expression and promotes atherogenesis
in Apoe−/− mice, J. Clin. Invest. 121 (2011) 3564–3577.

[26] J. Wang, J.S. Lindholt, G.K. Sukhova, M.A. Shi, M. Xia, H. Chen, M. Xiang, A. He,
Y. Wang, N. Xiong, P. Libby, J.A. Wang, G.P. Shi, IgE actions on CD4+ T cells, mast
cells, and macrophages participate in the pathogenesis of experimental abdominal
aortic aneurysms, EMBO Mol. Med. 6 (2014) 952–969.

[27] A. Divoux, S. Moutel, C. Poitou, D. Lacasa, N. Veyrie, A. Aissat, M. Arock,
M. Guerre-Millo, K. Clement, Mast cells in human adipose tissue: link with morbid
obesity, inflammatory status, and diabetes, J. Clin. Endocrinol. Metab. 97 (2012)
E1677–E1685.

X. Zhang, et al. BBA - Molecular Basis of Disease 1865 (2019) 1690–1700

1699

http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0005
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0005
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0005
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0005
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0005
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0010
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0010
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0010
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0010
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0015
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0015
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0015
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0015
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0015
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0015
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0020
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0020
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0020
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0025
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0025
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0030
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0030
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0030
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0030
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0035
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0035
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0035
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0040
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0040
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0045
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0045
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0045
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0050
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0050
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0050
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0050
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0055
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0055
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0055
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0055
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0060
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0060
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0060
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0065
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0065
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0065
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0070
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0070
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0070
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0070
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0075
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0075
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0075
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0075
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0080
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0080
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0080
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0080
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0080
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0085
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0090
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0090
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0090
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0095
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0095
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0095
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0100
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0100
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0105
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0105
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0105
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0105
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0110
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0110
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0110
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0115
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0115
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0115
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0120
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0120
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0120
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0120
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0125
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0125
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0125
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0125
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0125
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0130
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0130
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0130
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0130
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0135
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0135
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0135
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0135


[28] M.M. Altintas, A. Azad, B. Nayer, G. Contreras, J. Zaias, C. Faul, J. Reiser, A. Nayer,
Mast cells, macrophages, and crown-like structures distinguish subcutaneous from
visceral fat in mice, J. Lipid Res. 52 (2011) 480–488.

[29] Y. Zhou, X. Yu, H. Chen, S. Sjoberg, J. Roux, L. Zhang, A.H. Ivoulsou, F. Bensaid,
C.L. Liu, J. Liu, J. Tordjman, K. Clement, C.H. Lee, G.S. Hotamisligil, P. Libby,
G.P. Shi, Leptin deficiency shifts mast cells toward anti-inflammatory actions and
protects mice from obesity and diabetes by polarizing M2 macrophages, Cell Metab.
22 (2015) 1045–1058.

[30] G. Gri, S. Piconese, B. Frossi, V. Manfroi, S. Merluzzi, C. Tripodo, A. Viola, S. Odom,
J. Rivera, M.P. Colombo, C.E. Pucillo, CD4+CD25+ regulatory T cells suppress
mast cell degranulation and allergic responses through OX40-OX40L interaction,
Immunity 29 (2008) 771–781.

[31] S. Piconese, G. Gri, C. Tripodo, S. Musio, A. Gorzanelli, B. Frossi, R. Pedotti,
C.E. Pucillo, M.P. Colombo, Mast cells counteract regulatory T-cell suppression
through interleukin-6 and OX40/OX40L axis toward Th17-cell differentiation,
Blood 114 (2009) 2639–2648.

[32] O.T. Burton, J. Medina Tamayo, A.J. Stranks, S. Miller, K.J. Koleoglou,
E.O. Weinberg, H.C. Oettgen, IgE promotes type 2 innate lymphoid cells in murine
food allergy, Clin. Exp. Allergy 48 (2018) 288–296.

[33] S.P. Weisberg, D. McCann, M. Desai, M. Rosenbaum, R.L. Leibel, A.W. Ferrante Jr.,
Obesity is associated with macrophage accumulation in adipose tissue, J. Clin.
Invest. 112 (2003) 1796–1808.

[34] M. Feuerer, L. Herrero, D. Cipolletta, A. Naaz, J. Wong, A. Nayer, J. Lee,
A.B. Goldfine, C. Benoist, S. Shoelson, D. Mathis, Lean, but not obese, fat is enriched
for a unique population of regulatory T cells that affect metabolic parameters, Nat.
Med. 15 (2009) 930–939.

[35] J.R. Brestoff, B.S. Kim, S.A. Saenz, R.R. Stine, L.A. Monticelli, G.F. Sonnenberg,
J.J. Thome, D.L. Farber, K. Lutfy, P. Seale, D. Artis, Group 2 innate lymphoid cells
promote beiging of white adipose tissue and limit obesity, Nature 519 (2015)

242–246.
[36] B.R. Krause, A.D. Hartman, Adipose tissue and cholesterol metabolism, J. Lipid Res.

25 (1984) 97–110.
[37] P.T. Kovanen, E.A. Nikkila, T.A. Miettinen, Regulation of cholesterol synthesis and

storage in fat cells, J. Lipid Res. 16 (1975) 211–223.
[38] P.H. Schreibman, R.B. Dell, Human adipocyte cholesterol. Concentration, locali-

zation, synthesis, and turnover, J. Clin. Invest. 55 (1975) 986–993.
[39] S. Chung, J.S. Parks, Dietary cholesterol effects on adipose tissue inflammation,

Curr. Opin. Lipidol. 27 (2016) 19–25.
[40] S. Subramanian, C.Y. Han, T. Chiba, T.S. McMillen, S.A. Wang, A. Haw 3rd,

E.A. Kirk, K.D. O'Brien, A. Chait, Dietary cholesterol worsens adipose tissue mac-
rophage accumulation and atherosclerosis in obese LDL receptor-deficient mice,
Arterioscler. Thromb. Vasc. Biol. 28 (2008) 685–691.

[41] T. Baumruker, R. Csonga, E. Pursch, A. Pfeffer, N. Urtz, S. Sutton, E. Bofill-Cardona,
M. Cooke, E. Prieschl, Activation of mast cells by incorporation of cholesterol into
rafts, Int. Immunol. 15 (2003) 1207–1218.

[42] S.J. Galli, M. Tsai, IgE and mast cells in allergic disease, Nat. Med. 18 (2012)
693–704.

[43] H.J. Bax, A.H. Keeble, H.J. Gould, Cytokinergic IgE action in mast cell activation,
Front. Immunol. 3 (2012) 229.

[44] S.M. Grant, K.L. Goa, A. Fitton, E.M. Sorkin, Ketotifen. A review of its pharmaco-
dynamic and pharmacokinetic properties, and therapeutic use in asthma and al-
lergic disorders, Drugs 40 (1990) 412–448.

[45] C.H. Hung, J.L. Suen, Y.M. Hua, W. Chiang, H.C. Chang, C.N. Chen, Y.J. Jong,
Suppressive effects of ketotifen on Th1- and Th2-related chemokines of monocytes,
Pediatr. Allergy Immunol. 18 (2007) 378–384.

[46] M.A. Brown, J.K. Hatfield, M.E. Walker, B.A. Sayed, A game of kit and mouse: the
kit is still in the bag, Immunity 36 (2012) 891–892 (author reply 893-894).

X. Zhang, et al. BBA - Molecular Basis of Disease 1865 (2019) 1690–1700

1700

http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0140
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0140
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0140
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0145
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0145
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0145
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0145
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0145
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0150
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0150
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0150
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0150
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0155
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0155
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0155
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0155
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0160
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0160
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0160
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0165
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0165
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0165
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0170
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0170
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0170
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0170
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0175
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0175
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0175
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0175
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0180
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0180
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0185
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0185
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0190
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0190
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0195
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0195
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0200
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0200
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0200
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0200
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0205
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0205
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0205
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0210
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0210
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0215
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0215
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0220
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0220
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0220
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0225
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0225
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0225
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0230
http://refhub.elsevier.com/S0925-4439(19)30117-6/rf0230

	Dietary cholesterol is essential to mast cell activation and associated obesity and diabetes in mice
	Introduction
	Materials and methods
	Mice and diets
	Glucose tolerance test (GTT) and insulin tolerance test (ITT)
	Plasma lipoprotein and adipose tissue lipid measurements
	Histology
	Cell culture
	Antigen-induced BMMC activation
	Measurement of MC granule molecules histamine, serotonin, β-hexosaminidase
	Statistical analyses

	Results
	DSCG does not reduce cholesterol-free, HFD-induced obesity and diabetes
	DSCG and ketotifen reduce high cholesterol Western diet-induced obesity and diabetes
	DSCG and ketotifen reduce cholesterol-supplied HFD-induced obesity and diabetes
	The dietary differences affect MC activation differently
	The MC inhibitory activities of DSCG and ketotifen vary depending on the experimental conditions

	Discussion
	Author contributions
	Transparency document
	Acknowledgments
	Conflict of interest
	References




