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Abstract
Mast cells (MCs) contribute to atherogenesis by releasing pro-inflammatory mediators to activate
vascular cells and other inflammatory cells. This study examined whether MC activation or
stabilization affects diet-induced atherosclerosis in low-density lipoprotein receptor-deficient
(Ldlr−/−) mice. When Ldlr−/− mice consumed an atherogenic diet for 3 or 6 months, MC activation
with compound 48/80 (C48/80) increased aortic arch intima and total lesion areas, and plasma
total cholesterol, LDL, and triglyceride levels, whereas MC stabilization with cromolyn reduced
these parameters. There were significant differences in arch intima and total lesion areas, and
plasma total cholesterol, LDL, and triglyceride levels between C48/80-treated and cromolyn-
treated mice. To examine a therapeutic application of cromolyn in atherosclerosis, we fed Ldlr−/−

mice an atherogenic diet for 3 months followed by giving mice cromolyn for additional 3 months.
Cromolyn did not affect aortic arch intima area, but significantly reduced lipid deposition in the
thoracic-abdominal aortas. In aortic arches, however, cromolyn treatment significantly reduced
lesion contents of Mac-3+ macrophages, CD4+ T cells, activated MCs, and lesion cell
proliferation. While plasma total cholesterol and LDL levels increased and high-density
lipoprotein (HDL) levels decreased from 3 months to 6 months of an atherogenic diet, cromolyn
treatment decreased significantly plasma total cholesterol, LDL, and triglyceride levels and
increased HDL levels above those of 3-month time point. These observations demonstrate that
MC stabilization reduces lesion inflammation, ameliorates plasma lipid profiles, and may serve as
a potential therapy for this cardiovascular disease.
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1. Introduction
Accumulating evidences suggest an essential role of mast cells (MCs) in the initiation and
progression of atherosclerosis. Since the original detection of MCs in human atherosclerotic
lesions [1, 2], possible mechanisms of MC participation in atherosclerosis have been
postulated from in vitro cell cultures and experimental models. After activation, MCs release
pro-inflammatory mediators, including cytokines, proteases, histamine, proteoglycans, and
chemokines, all which participate directly or indirectly in atherogenesis [3-6]. By releasing
cytokines, MCs induce endothelial cell (EC) expression of adhesion molecules to recruit
blood-borne leukocytes [7], or induce EC and vascular smooth muscle cell (VSMC)
expression of cathepsins [8] that consequently mediate arterial wall extracellular matrix
protein degradation [9, 10]. By releasing MC-specific chymases and tryptases, MCs promote
VSMC apoptosis [11-13] and EC apoptosis and desquamation [14] that enhance intima
formation and plaque vulnerability or rupture. MC chymase and tryptase also cleave high-
density lipoprotein (HDL) components (apolipoproteins A-1, A-2, and E) [15, 16] and
regulate nuclear receptor LXRα (liver × receptor α) activation [17], thereby reducing the
ability of HDL in cholesterol efflux from lipid-loaded cells [18, 19] and the expression of
lipid metabolizing genes ABCG1 (ATP-binding cassette transporter G1), ABCA1, and
SREBP-1 (sterol regulatory element-binding protein-1) [20, 21]. In atherosclerosis-prone
apolipoprotein E-deficient (Apoe−/−) mice, oral administration of a chymase inhibitor
reduced spontaneous thoracic atherosclerosis, prevented repetitive perivascular MC
activation-induced carotid atherosclerosis, including reduced lesion necrotic core sizes,
enhanced lesion collagen contents, and normalized the increased frequency and sizes of
intraplaque hemorrhages [22].

MC-deficient KitW-sh/W-sh mice provided important reagent in testing a direct participation
of MCs in atherosclerosis. At least three groups, including our own used both Apoe−/− mice
and another atherosclerosis-prone low-density lipoprotein receptor-deficient (Ldlr−/−) mice
and demonstrated that absence of MCs reduced atherosclerotic lesions in thoracic-abdominal
aorta, aortic arch, or aortic root, along with significant suppression of lesion inflammatory
cell accumulation and matrix remodeling [8, 23, 24]. Therefore, MC activation or
stabilization may affect the growth of atherosclerotic lesions in Apoe−/− and Ldlr−/− mice. In
carotid artery semiconstrictive collar placement-induced atherosclerosis in Apoe−/− mice,
MC activation with dinitrophenyl (DNP)-albumin [25] or substance P [26] greatly increased
leukocyte adhesion, atherosclerotic lesion areas, lesion apoptosis, and intraplaque
hemorrhage incidences. In mouse vein graft-induced carotid artery intimal thickness, MC
stabilization with cromolyn reduced lesion area by 22% and total vessel area by 19%,
without affecting lumen areas [27].

This current study was designed to test whether MC activation with compound 48/80
(C48/80) or MC stabilization with cromolyn expedites or prevents atherogenesis in Ldlr−/−

mice and whether MC stabilization with cromolyn attenuates the progression of pre-
established atherosclerosis in Ldlr−/− mice.

2. Materials and Methods
2.1. Experimental atherosclerosis in Ldlr−/− mice

To test whether MC activation or stabilization affects atherogenesis, we fed six-week-old
Ldlr−/− males (C57BL/6, N11, The Jackson Laboratory, Bar Harbor, ME) an atherogenic
diet (Research Diets, Inc., New Brunswick, NJ) for 3 months or 6 months while giving mice
intraperitoneal administration of 25 mg/kg/day disodium cromoglycate (DSCG, also known
as cromolyn) or 4 mg/kg/day C48/80 (Sigma-Aldrich, St. Louis, MO). The same age male
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Ldlr−/− mice consumed the same atherogenic diet for 3 months or 6 months from an
independent experiment were used as experimental controls.

To examine a possible therapeutic application of cromolyn in atherosclerosis, we fed Ldlr−/−

mice an atherogenic diet for 3 months followed by giving mice cromolyn for additional 3
months. Control groups treated with vehicles used same age male mice consumed the same
atherogenic diet in an independent experiment. We analyzed mouse atherosclerotic lesions
in longitudinal sections from a 3-mm segment of the lesser curvature of the aortic arch
(defined using a perpendicular line dropped from the right side of the innominate artery)
using previously published approaches [28].

2.2. Atherosclerotic lesion characterization
Lesion characterizations, including thoracic-abdominal aorta oil red O staining, aortic arch
lesion intima and media areas, lesion macrophages (Mac-3), T cells (CD4), SMC (α-actin),
MHC class II–positive cells, proliferating cells (Ki67), and TUNEL-positive apoptotic cells
(ApopTag Plus Peroxidase In Situ Apoptosis Kit), were performed as previously described
[29]. Lesion MCs were detected using horseradish peroxidase (HRP)-conjugated avidin
(Life Technologies, Grand Island, NY) as previously reported [30]. Images were captured,
the staining area was measured using computer-assisted image quantification system
(Image-Pro Plus software, Media Cybernetics), and immunopositive cells were counted
manually. All mouse experiments were performed, and data were analyzed in a blinded
fashion, by at least 3 observers. All animal procedures conform with 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).

2.3. Plasma lipid determination
Blood samples were collected by retro-orbital venous plexus puncture or by heart
punctuation at the end of each time point. Plasma total cholesterol, triglyceride, and high-
density lipoprotein (HDL) were determined using kits from Pointe Scientific. Inc. Canton,
MI. Low-density lipoprotein (LDL) cholesterol was calculated as follows: serum LDL
cholesterol concentration (mg/dL) = total cholesterol – HDL cholesterol – (triglycerides/5).

2.4. Statistical analysis
All data in the study were presented as means ± SEM. Due to our small sample sizes and
often skewed data distributions among all continuous variables, we performed a pairwise
non-parametric Mann-Whitney test followed by Bonferroni corrections to examine the
statistical significances.

3. Results
3.1. MC stabilization reduces atherogenesis in Ldlr−/− mice

In this study, we fed Ldlr−/− mice an atherogenic diet for 3 and 6 months while giving mice
daily intraperitoneal administration of either MC activator C48/80 or MC stabilizer DSCG
to test whether MC activation or inhibition affects diet-induced atherosclerosis. While
C48/80 increased aortic arch intima area and lesion grade at both 3 and 6 months time
points, DSCG reduced aortic arch intima size and lesion grade (Figure 1A and 1B).
Compared with untreated control Ldlr−/− mice, increase of atherosclerosis in C48/80-treated
mice and decrease of atherosclerosis in DSCG-treated mice did not reach statistical
significances. However, there were significant differences in both intima areas and lesion
grades between C48/80-treated (MC activation) and DSCG-treated (MC stabilization)
groups at 6-month time point. At 3-month time point, only lesion grades reached statistical
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significance between the MC stabilization and activation groups (Figure 1A and 1B).
Neither C48/80 nor DSCG affected significantly aortic arch media areas (Figure 1C) or α-
actin-positive SMC areas (Figure 1D).

Although we did not measure lipid depositions in thoracic-abdominal aortas from these
mice, we found that plasma total cholesterol, LDL, and triglyceride levels were significantly
lower in DSCG-treated mice than those in C48/80-treated mice at both 3-month and 6-
month time points. In contrast, MC activation or stabilization did not affect significantly
plasma HDL levels at both time points (Figure 1E).

3.2. MC stabilization attenuate progression of pre-established atherosclerosis
DSCG did reduce both the aortic arch intima area and lesion grade, but did not reach statistic
significance, compared with untreated control group at both 3 months and 6 months of
atherogenic diet consumptions. To test further a role of DSCG in atherogenesis, we fed
Ldlr−/− mice an atherogenic diet for 3 months, and then gave mice daily intraperitoneal
administration of DSCG for 3 months while mice remained on the same diet. Enface
preparation and oil-red O staining of thoracic-abdominal aorta detected lipid deposition that
represents thoracic-abdominal aorta atherosclerotic lesions in Ldlr−/− mice after 3 months of
an atherogenic diet. Three more months of an atherogenic diet while mice received vehicle
administration significantly increased thoracic-abdominal aorta lipid deposition in Ldlr−/−

mice by more than 11-fold. In contrast, such increase of thoracic-abdominal aorta lipid
deposition was reduced to about 7-fold in those received daily DSCG intraperitoneal
administration, significantly lower than the vehicle-treated mice (Figure 2A). However, we
did not detect significant differences in aortic arch intima areas between the vehicle and
DSCG groups, although both groups had significantly larger aortic arch intima areas than
those consumed 3 months of an atherogenic diet (Figure 2B). There were also no significant
differences in aortic arch media areas between the groups (Figure 2C).

Despite the insignificant differences in atherosclerotic lesion sizes in aortic arches between
the two treatment groups, we found that the atherosclerotic lesions in aortic arches from
DSCG-treated Ldlr−/− mice contained significantly fewer macrophages (Figure 3A) and
CD4+ T cells (Figure 3B), and smaller major histocompatibility complex (MHC) class-II-
positive areas (Figure 3C) than those from vehicle-treated Ldlr−/− mice. Using HRP-
conjugated avidin, we detected no significant differences in numbers of total MCs in the
whole aortic section (containing aortic arch, brachiocephalic artery, left common carotid
artery, and left subclavian artery) (Figure 3D, left panel) or in the aortic arch alone (Figure
3E, left panel) among all three groups. However, when degranulated MCs were considered
as activated MCs (Figure 3E, right panel), we found that DSCG significantly reduced the
percentages of activated MCs from both the whole aortic section and aortic arch (Figure 3D,
right panel; Figure 3E, middle panel).

Three months of DSCG treatment did not affect significantly TUNEL-positive apoptotic cell
numbers in the aortic arch intima (Figure 4A) in Ldlr−/− mice. This observation may explain
insignificant differences of lesion SMC content (data not shown) and media sizes (Figure
2C) at this time point. However, DSCG did reduce lesion Ki67-positive proliferating cells
(Figure 4B), supporting a role of MCs in regulating inflammatory (e.g. CD8+ T cells) or
vascular cell (e.g. endothelial cells) proliferation [31, 32].

In perivascular collar placement-induced carotid artery intima thickness in Apoe−/− and
Ldlr−/− mice, absence of MCs reduced plasma total cholesterol, LDL, or triglyceride and
phospholipid levels [23, 24]. Compared with those consumed 3 months of an atherogenic
diet, Ldlr−/− mice demonstrated significant increases of plasma total cholesterol and LDL
levels and reduction of HDL levels after mice consumed an additional 3 months of an
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atherogenic diet, although HDL reduction did not achieve statistical significance (Figure 5).
Three months of DSCG treatment, although mice were remained on the same atherogenic
diet, significantly reduced plasma total cholesterol, LDL, and triglyderide levels. DSCG also
increased plasma HDL levels above the levels of before DSCG treatment, despite no
statistical significance (Figure 5).

4. Discussion
This study provided an important evidence that MC stabilization with cromolyn, an anti-
allergy medicine with more than 40 years of history in the clinic application [33], can
effectively attenuate aortic arch intima atherosclerotic lesion areas and reduce plasma
cholesterol levels (including total cholesterol, LDL, and triglyceride) in atherosclerosis-
prone Ldlr−/− mice. In the same experimental mice with pre-established atherosclerosis,
cromolyn can suppress significantly lipid deposition in the thoracic-abdominal aortas,
reduce lesion inflammatory cell infiltration and cell proliferation in the aortic arches, and
blunt diet-induced plasma cholesterol (including total cholesterol, LDL, and triglyceride)
increase.

Previous studies showed that MC activation with DNP, substance P, or complement C5α
increased carotid artery perivascular collar placement-induced and vein graft-induced
carotid artery intima thickness [25-27] whereas MC stabilization with cromolyn reduced
perivascular collar placement-induced and vein graft-induced carotid artery intima thickness
[25, 27]. Avidin binds strongly to the heparin-containing serglycin proteoglycans in the MC
secretory granules. Thus, HRP-conjugated avidin allowed us to detect MCs in longuitudinal
sections of aortic arches [30]. As we anticipated, there were no differences in total numbers
of MCs from the arch-plus-branches section (containing aortic arch, brachiocephalic artery,
left common carotid artery, and left subclavian artery) or aortic arch only from Ldlr−/− mice
received three months of DSCG or vehicle treatments. However, MC degranulation
(activation) from aortic section or arch was significantly suppressed by DSCG treatment
(Figure 3D/3E), which may explain reduced aortic arch macrophage and T-cell infiltrations,
providing another evidence that activated MC might induce infiltration of other
inflammatory cells to the site of inflammation [34]. Our observation agrees with prior
findings from perivascular collar placement-induced carotid artery intima thickness models
[25, 27] that MC stabilization may serve as a new therapeutic approach of atherosclerosis.
However, several observations remain unexplained and merit further investigation.

In mice receiving 6 months of DSCG treatment, we observed smaller atherosclerotic lesion
intima area and lower lesion grade in aortic arch than in those received no treatment, but
such differences did not reach statistical significance (Figure 1A and 1B). Such
insignificance could be due to our relative small sample size (n = 8~11). Furthermore, daily
intraperitoneal injection might have stressed to the mice and caused intraperitoneal
inflammation. A different way of DSCG administration, such as gavage dosing or
nebulization may reduce intraperitoneal injection-associated stress or inflammation. In pre-
established atherosclerotic Ldlr−/− mice that had already consumed 3 months of an
atherogenic diet, 3 months of DSCG treatment only reduced atherosclerotic lesions in the
thoracic-abdominal aortas (Figure 2A), but did not affect those in the aortic arch (Figure
2B). Several studies have shown that atherosclerotic lesion development is more advanced
in the aortic sinus, followed by aortic arch and then thoracic-abdominal aorta in both
Apoe−/− and Ldlr−/− mice [35-37]. These staged developments of atherosclerosis may
explain our observation of significant suppression of atherosclerosis by DSCG in the
thoracic-abdominal aorta (Figure 2A) but not in aortic arch (Figure 2B). Nevertheless, we
were still able to detect MC stabilization-associated beneficial effects in aortic arch,
including reduced inflammatory cell (macrophages and T cells) infiltration, MHC class II
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expression, and lesion cell proliferation and improved plasma cholesterol metabolism.
Sustained high percentages of activated MCs in aortic arch, brachiocephalic artery, left
common carotid artery, left subclavian artery (Figure 3D/3E), and possibly in other sites of
the aortic tree at both 3-month and 6-month time points in Ldlr−/− mice suggest a role of
MCs in recruiting macrophages and T cells to atherosclerotic lesions from early to late
stages [34]. We detected comparable numbers of aortic arch macrophage contents between
the two time points, but much higher numbers of CD4+ T cells at an early time point than a
later time point (Figure 3A/3B). Aortic lesion cell proliferation was also higher at earlier
time point than that from the later time point (Figure 4B). We and others showed early
recruitment of T cells in studies using this experimental atherosclerosis model [29, 38-40].
These observations may suggest an important role of T cells in inflammation and immunity
at early stages of atherogenesis [41], such as blood-borne leukocyte recruitment [42].

In conclusion, this study proved an important role of MCs in experimental atherosclerosis in
Ldlr−/− mice. Pharmacological stabilization of MCs with MC inhibitors, such as DSCG
(cromolyn), ketotifen fumarate (Zaditor®), and nedocromil sodium (Tilade®) may attenuate
atherosclerosis progression, reduce lesion inflammation, and improve blood cholesterol
metabolism, thereby having therapeutic potential in treating patients or animals with
atherosclerosis and associated complications.
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Highlights

• We demonstrated that in atherosclerosis-prone low-density lipoprotein receptor
knockout (Ldlr−/−) mice, mast cell activation expedited atherosclerosis and mast
cell stabilization attenuated atherosclerosis in aortic arches.

• In Ldlr−/− mice with pre-established atherosclerosis, 3 months treatment with a
mast cell inhibitor crymolyn reduced atherosclerosis in the thoracic-abdominal
aortas, but did not affect the aortic arches.

• In diet-induced atherosclerosis in Ldlr−/− mice, mast cell stabilization with
cromolyn reduced plasma total cholesterol, LDL, and triglyceride and increased
plasma high-density lipoproteins (HDL).
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Figure 1.
MC activation and stabilization in atherosclerosis-prone Ldlr−/− mice. A. Aortic arch
atherosclerotic lesion intima area in Ldlr−/− mice received daily intraperitoneal
administration of C48/80 or DSCG or without treatment (Control) for 3 and 6 months while
mice were consuming an atherogenic diet. Representative aortic arch lesions are shown to
the right. B. Aortic arch lesion grade. C. Aortic arch lesion media area. D. Aortic arch media
α-actin-positive SMC area in percentage. E. ELISA determined plasma lipid profile. Data
were mean ± SE. The number of mice per group was indicated in each bar.
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Figure 2.
MC stabilization in Ldlr−/− mice with established atherosclerosis. Ldlr−/− mice were fed
with an atherogenic diet for 3 months and then continued consuming another 3 weeks of the
same diet while receiving intraperitoneal administration of DSCG or vehicle alone. A.
Thoracic-abdominal aorta en-face preparation and oil-red O staining-positive lesion area.
Representative aortas were shown to the left panels. B. Aortic arch atherosclerotic lesion
intima and media areas. C. Aortic arch atherosclerotic lesion media areas. The number of
mice per group was indicated in each bar.
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Figure 3.
Inflammatory cell contents in aortic lesions from Ldlr−/− mice that consumed 3 months of an
atherogenic diet followed by another 3 months of the same diet while receiving daily
intraperotoneal administration of DSCG or vehicle alone. Aortic arch lesion Mac-3-positive
macrophage content (A), CD4-positive T-cell content (B), MHC class II-positive area (C).
Representative images for panels A and C were shown to the left. D. Aortic lesion
(including arch, brachiocephalic artery, left common carotid artery, and left subclavian
artery) total numbers of HRP-avidin-positive MCs (left) and percentage of activated MCs
(right). E. Aortic arch (including adventitia and intima) total numbers of HRP-avidin-
positive MCs (left) and percentage of activated MCs (middle). Representative figures on the
right showed typical inactive and active MCs from HRP-avidin-stained aortic atherosclerotic
lesion sections. The number of mice per group was indicated in each bar.
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Figure 4.
Cell apoptosis and proliferation in atherosclerotic lesions from aortic arches from Ldlr−/−

mice that consumed 3 months of an atherogenic diet followed by another 3 months of the
same diet with and without treatment with DSCG. A. TUNEL-positive cell numbers per
mm2 in aortic arch. B. Ki67-posiive cell numbers per mm2 in aortic arch atherosclerotic
lesions. Representative images were shown to the right. The number of mice per group was
indicated in each bar.
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Figure 5.
Plasma levels of total cholesterol, LDL, triglyceride, and HDL from Ldlr−/− mice that
consumed 3 months of an atherogenic diet followed by another 3 months of the same diet
with and without treatment with DSCG. The number of mice per group was indicated in
each bar.

Wang et al. Page 14

Atherosclerosis. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


