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Abstract

Objective—Angiotensin II (AngII)-infusion profoundly increases activity of calpains, calcium-

dependent neutral cysteine proteases, in mice. Pharmacological inhibition of calpains attenuates 

AngII-induced aortic medial macrophage accumulation, atherosclerosis, and abdominal aortic 

aneurysm in mice. However, the precise functional contribution of leukocyte-derived calpains in 

AngII-induced vascular pathologies has not been determined. The purpose of this study was to 

determine whether calpains expressed in bone marrow (BM)-derived cells contribute to AngII-

induced atherosclerosis and aortic aneurysms in hypercholesterolemic mice.

Approach and Results—To study whether leukocyte calpains contributed to AngII-induced 

aortic pathologies, irradiated male LDL receptor −/− mice were repopulated with BM-derived 

cells that were either wild-type(WT) or overexpressed calpastatin (CAST), the endogenous 

inhibitor of calpains. Mice were fed a fat-enriched diet and infused with AngII (1,000 ng/kg/min) 

for 4 weeks. Overexpression of CAST in BM-derived cells significantly attenuated AngII-induced 

atherosclerotic lesion formation in aortic arches, but had no effect on aneurysm formation. Using 

either BM-derived cells from calpain-1 deficient mice or mice with leukocyte-specific calpain-2 

deficiency generated using cre-loxP recombination technology, further studies demonstrated that 

independent deficiency of either calpain-1 or -2 in leukocytes modestly attenuated AngII-induced 
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atherosclerosis. CAST overexpression significantly attenuated AngII-induced inflammatory 

responses in macrophages and spleen. Furthermore, calpain inhibition suppressed migration and 

adhesion of macrophages to endothelial cells in vitro. Calpain inhibition also significantly 

decreased hypercholesterolemia-induced atherosclerosis in the absence of AngII.

Conclusions—The present study demonstrates a pivotal role for BM-derived calpains in 

mediating AngII-induced atherosclerosis by influencing macrophage function.

Keywords

Angiotensin II; calpain; atherosclerosis; macrophages; inflammation

INTRODUCTION

Angiotensin II (AngII), a major bioactive peptide of the renin-angiotensin system, is a 

critical mediator of aortic diseases including atherosclerosis and abdominal aortic aneurysms 

(AAA).1, 2 Chronic infusion of AngII into hypercholesterolemic mice promotes 

atherosclerosis and leads to the development of AAAs.2 AngII-induced atherosclerosis is 

characterized by an intimal macrophage infiltration that becomes engorged with lipids; 

whereas AngII-induced AAAs are characterized by small focal regions of macrophage 

accumulation in the aortic media.3 Systemic deficiency of AngII type 1a (AT1a) receptors 

completely ablates development of AngII-induced atherosclerosis and AAAs in mice.4 

However, identities of key regulators and underlying mechanisms for development of these 

vascular pathologies remain undefined.

Calpains are calcium dependent intracellular cysteine proteases that tightly regulate their 

substrate proteins through limited proteolysis.5 The two major isoforms, calpain-1 and -2, 

are expressed ubiquitously, whereas the other isoforms (e.g. −3, −9) are tissue-specific.5 

Activated calpain by calcium causes damage to cells by selectively degrading intracellular 

proteins, including signaling proteins (eg, cyclin-dependent kinase, protein kinase C)6, 7, 

cytoskeletal proteins (eg, talin, spectrin)8, 9, and transcription factors (eg, c-Jun, IkB).10–12 

Calpains play a critical role in cellular apoptosis through the activation of both caspase-

dependent and caspase-independent pathways.13, 14 Calpains are also involved in acute 

inflammatory processes via the activation of nuclear factor kappa B (NF-kB).15 Since 

calcium-induced calpain activation is an irreversible reaction, calpains are tightly regulated 

by calpastatin (CAST), which is an endogenous inhibitor that binds strongly to calpains.16 

CAST contains four tandem repeats of a calpain-inhibitory domain, and each CAST 

molecule is capable of inhibiting more than one calpain molecule.17 Calpains have been 

implicated to play a critical deleterious role in endothelial dysfunction,18 hypertrophy and 

fibrosis.19 Previously, we demonstrated that AngII-infusion significantly increased calpain 

protein and activity in AAA and atherosclerotic lesions by Western blot, an activity assay 

and immunohistochemistry.20, 21

Recently, using a pharmacological inhibitor and calpain-1 deficient mice, we demonstrated 

that calpain inhibition significantly attenuated AngII-induced atherosclerosis and AAAs in 

mice.20, 21 Calpain inhibition was associated with reduced aortic medial macrophage 

accumulation and inflammation. This suggests that the beneficial effect of calpain inhibition 
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was possibly mediated by modulation of macrophage inflammatory responses in AngII-

induced vascular pathologies. However, the functional contributions of leukocyte-derived 

calpains in AngII-induced vascular pathologies are not known. Moreover, the precise role of 

calpain isoforms (−1 or −2) needs to be defined.

To elucidate a functional role for leukocyte-derived calpains in AngII-induced 

atherosclerosis and AAAs, we repopulated irradiated male LDL receptor −/− mice with bone 

marrow (BM)-derived cells that overexpress CAST, the endogenous inhibitor of calpains. 

These studies demonstrated that calpain inhibition in leukocytes resulted in decreased 

atherosclerosis, but not AAAs. Furthermore, using calpain-1 or leukocyte-specific calpain-2 

deficient mice, we demonstrated that deficiency of either calpain-1 or -2 in leukocytes 

modestly, but significantly, attenuated AngII-induced atherosclerosis. Additionally, calpain 

inhibition significantly modulated inflammatory, migratory, and adhesive properties of 

macrophages.

MATERIALS AND METHODS

Materials and Methods are available in the online-only Data Supplement.

RESULTS

Calpains are Present in AngII-induced Atherosclerosis

We demonstrated previously that calpains are activated and increased in aortic 

atherosclerosis and aneurysmal tissue formed during AngII infusion.20, 21 In this study, we 

determined the distribution of calpain-1 and -2 in AngII-induced atherosclerosis by 

immunostaining. Calpain-1 and -2 (Figure 1A, B) immunostaining was most pronounced in 

regions containing macrophages (Figure 1C). Diffused immunostaining was also observed in 

the aortic media and adventitia.

CAST Overexpression in BM-derived Cells Decreased AngII-induced Atherosclerosis

To investigate the role of leukocytic calpains in AngII-induced vascular pathologies, first we 

used the CAST overexpressing transgenic mice to inhibit activities of both calpain-1 and -2. 

We confirmed the presence of CAST transgene (CAST-Tg) by PCR using DNA isolated 

from BM-derived cells (Figure IA in the online-only Data Supplement). Western blot 

analyses of cell lysates showed a modest ~ 2 fold increase in the abundance of CAST protein 

in BM (Figure 1D) and peritoneal macrophages (MPMs; Figure 1E) of CAST-Tg mice 

compared to WT mice. This data confirms the transgenic overexpression of CAST in 

leukocytes.

To examine the role of leukocyte-derived calpains in AngII-induced aortic pathologies, 

irradiated LDL receptor −/− mice were repopulated with BM-derived cells from either WT 

or CAST-Tg mice. Successful repopulation of donor cells was confirmed by CAST 

genotyping of DNA from BM–derived cells of recipient mice after termination (Figure IB in 

the online-only Data Supplement). Mice were fed a saturated fat-enriched diet and infused 

with saline or AngII for 4 weeks. To confirm that the CAST overexpression suppressed 

calpain activity, we examined the breakdown product of spectrin, a major well known 
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substrate of calpain. Western analyses using protein lysates from macrophages harvested 

from CAST WT and Tg mice further confirmed increase calpain activity only in WT and not 

in Tg macrophages as demonstrated by an increased breakdown product of spectrin (Figure 

1F). This data clearly suggests a strong inhibition of calpain activity in macrophages by 

CAST. CAST overexpression in BM-derived cells resulted in a significant decrease (52%; 

P<0.05) in AngII-induced atherosclerotic lesion areas in aortic arches (WT −20 ± 1.8 % vs 

Tg −9.5 ± 1.0 %; Figure 1G,H). Examples of Oil Red O stained ex vivo images of represent 

atherosclerotic lesions nearest the mean of each group are shown in the Figures 1I–L. In 

addition, CAST overexpression had no effect on body weight, total cholesterol 

concentrations, or blood cell counts (Table I in the online-only Data Supplement). AngII 

infusion significantly increased systolic blood pressure in both groups of mice (Table I in the 

online-only Data Supplement). Furthermore, CAST overexpression in BM-derived cells had 

no effect on AngII-induced AAA formation (Figure 1M) and aortic rupture (Figure II in the 

online-only Data Supplement).

Calpain-1 or -2 Deficiency in Myeloid Cells Modestly Reduced AngII-induced 
Atherosclerosis

To determine the calpain isoform responsible for attenuating atherosclerosis, irradiated male 

LDL receptor −/− mice were repopulated with BM-derived cells that were either calpain-1 

+/+ or −/−. Calpain-1 genotype was confirmed by PCR (Figure IIIA in the online-only Data 

Supplement). Successful repopulation of donor cells was confirmed by calpain-1 genotyping 

of DNA from BM–derived cells of recipient mice after termination (Figure IIIB in the 

online-only Data Supplement). Since calpain-2 deficient mice are embryonically lethal,22 

leukocyte-specific calpain-2 deficient LDL receptor −/− mice were generated using 

calpain-2 floxed (f/f) and LysM Cre transgenic mice. Both calpain-2f/f and LysM Cre 

transgenic mice were bred to an LDL receptor −/− background. Female calpain-2 f/f mice 

were bred with male LysM Cre transgenic mice to yield offspring homologous for the floxed 

allele and hemizygous for the Cre transgene (Cre+/0). Littermates that were homozygous for 

the floxed calpain-2 gene, but without the Cre transgene (Cre0/0), were used as control 

mice. Calpain-2 f/f and Cre genotypes were confirmed by PCR (Figure IV in the online-only 

Data Supplement). Western blot analyses confirmed depletion of calpain -1 (Figure 2A) and 

calpain-2 (Figure 2G) in leukocytes.

Mice were fed a saturated fat-enriched diet and infused with AngII for 28 days. Calpain-1 or 

-2 deficiency in myeloid cells had no effect on body weight, total plasma cholesterol 

concentrations, or cell counts (Table II and III in the online-only Data Supplement). 

Calpain-1 or -2 deficiency resulted in a modest, but significant decrease (33 and 31%; 

P<0.05) in AngII-induced atherosclerosis in aortic arches (Calpain-1: WT −15 ± 1.2 % vs 

KO −10 ± 0.96 %; Figure 2B,C; Calpain-2 f/f: LysM Cre 0/0 −16 ± 1.4 % vs +/0 −11 

± 1.2 %; Figure 2H,I). Examples of Oil Red O stained ex vivo images of represent 

atherosclerotic lesions nearest the mean of each group are shown in the Figures 2D,E and 

2J,K. Similar to CAST-Tg overexpression (Figure 1N, Figure II in the online-only Data 

Supplement), calpain-1 or -2 deficiency in myeloid cells had no effect on AngII-induced 

AAA formation (Figure 2F, 2L) and aortic rupture (Figure V in the online-only Data 

Supplement).

Howatt et al. Page 4

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CAST Overexpression Attenuated Macrophage Accumulation

Since macrophage accumulation is one of the earliest events occurring in the development of 

atherosclerosis, we examined the contribution of leukocytic calpains on macrophage 

accumulation in AngII-induced atherosclerosis. Histology and immunostaining of AngII-

induced atherosclerotic lesions of WT and CAST-Tg mice using H&E stain and an anti-

CD68 antibody revealed accumulation of CD68+ macrophages in atherosclerotic lesions 

(Figure 3A–D). Compared to WT, CAST Tg overexpression in BM-derived cells had less 

macrophage recruitment to the smaller atherosclerotic lesions.

In addition to lesional macrophage accumulation, further histological and immunostaining 

analyses of aortic arches from WT and CAST-Tg mice infused with AngII revealed 

occurrence of focal elastin layer disruption (Figure VI A, B, I, J in the online-only Data 

Supplement) associated with the accumulation of CD68+ macrophages (Online Figure 6E, 

F). However, CAST overexpression attenuated AngII-induced medial elastin layer disruption 

(Figure VI C, D in the online-only Data Supplement), and medial macrophage accumulation 

(Figure VI G, H in the online-only Data Supplement). The specificity of immunostaining 

was verified using appropriate negative controls (Figure VII in the online-only Data 

Supplement).

CAST Overexpression had no effect on macrophage lipid uptake

To define whether calpains influence macrophage lipid uptake as a mechanism in mediating 

atherosclerosis, we examined the effect of CAST overexpression on mRNA and protein 

abundance of ABC transporters and other atherosclerosis-associated genes in macrophages. 

WT and CAST-Tg BM-derived macrophages (BMDMs) were incubated with either vehicle 

or acetylated LDL (AcLDL; 25 µg/ml) for 24 or 48 h. Cells were lysed to harvest either 

mRNA or protein.

mRNA abundance of ABCA1, G1, SRA-1, CD36, ACAT and LXRα were examined by 

qRT-PCR. The primers used are detailed in Table V in the online-only Data Supplement. 

AcLDL incubation significantly upregulated mRNA abundance of ABCA1 (24, 48 h), 

ABCG1 (48 h), LXRα (24, 48 h) and downregulated SRA-1 (48 h) (Figure VIII in the 

online-only Data Supplement). These alterations in the mRNA abundance of ABCA1, 

ABCG1, SRA-1, LCAT and LXRα were not influenced by CAST overexpression (Figure 

VIII in the online-only Data Supplement). Interestingly, CAST overexpression only showed 

a significant upregulation of CD36 mRNA post 24h AcLDL incubation compared to WT-

BMDMs. At the protein level, compared to WT-BMDMs, CAST overexpression showed an 

increase in ABCA1 protein upon AcLDL incubation. CAST overexpression had no 

influence on the abundance of ABCG1, CD36 and SRA-1 protein (Figure IX in the online-

only Data Supplement).

Next, we examined the effect of CAST overexpression on macrophage lipid uptake. WT and 

CAST-Tg BMDMs were incubated with either vehicle or fluorescent Dil labeled AcLDL (25 

µg/ml) for 24 h. Dil labeled AcLDL was used to trace the AcLDL uptake. Dil-AcLDL 

uptake was assessed by fluorescent microscopy (Figure 3E–I) and flow cytometry (Figure 

3J, K). The cells were washed with ice-cold acid buffer before detection to avoid the 
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contamination of surface sticking AcLDL. Results from both analyses showed that AcLDL 

uptake was not impaired by calpain inhibition. Therefore, calpain inhibition in macrophages 

by CAST overexpression had no effect on macrophage lipid uptake.

To further investigate whether AngII-infusion had any effect on atherosclerosis-associated 

genes in macrophages, CAST WT and Tg mice were infused with either saline or AngII. 

Peritoneal macrophages were elicited using thioglycollate (1 ml; 3% wt/vol) 72 h prior 

harvest as described previously.20 mRNA abundance of ABCA1, ABCG1, SRA-1, CD36 

and LXRα were examined in peritoneal macrophages. Neither AngII infusion nor CAST 

overexpression influenced mRNA abundance of these atherosclerosis-associated genes 

(Figure X in the online-only Data Supplement).

CAST Overexpression Attenuated Macrophage Adhesion and Migration

To define potential mechanisms by which calpain influenced macrophage accumulation in 

atherosclerotic lesions, we investigated whether calpain inhibition influenced functional 

properties of macrophages such as migration and adhesion to endothelial cells (ECs). The 

adhesion assay was performed on mouse aortic ECs. The endothelial cell purity was verified 

using a biotin labeled CD31 antibody by immunohistochemistry (Figure XI in the online-

only Data Supplement). The ECs were stimulated with AngII (1 µM) overnight. Co-

incubation of BMDMs with stimulated ECs showed that AngII significantly promoted 

macrophage adhesion to ECs. Compared to WT BMDMs, CAST Tg overexpression 

significantly suppressed BMDM adhesion to ECs both under basal and AngII conditions 

(Figure 4A–E). In addition, the effect of CAST overexpression on macrophage migration 

towards monocyte chemoattractant, MCP-1, was examined by transwell migration assay. 

MCP-1 strongly stimulated migration of macrophages from WT mice compared to vehicle 

control, whereas overexpression of CAST significantly reduced MCP-1-induced 

macrophage migration (Figure 4F–I). Therefore, calpain inhibition in macrophages by 

CAST overexpression decreased the migration and adhesion abilities of macrophages.

CAST Overexpression Attenuated AngII-induced Inflammation

To further investigate the role of calpain on AngII-induced inflammation, WT and CAST-Tg 

BMDMs were incubated with either vehicle or AngII. AngII incubation failed to show any 

effect on secretion or induction of MCP-1 (Figure XII A, B in the online-only Data 

Supplement) or other inflammatory genes (e.g. IL-6) expression from cultured BMDMs at 

12 h or 24 h (data not shown). However, BMDMs incubated with positive control LPS 

showed a strong induction of MCP-1 (Figure XII A, B in the online-only Data Supplement). 

Since we failed to observe any response of AngII in cultured BMDMs, next we used an in 

vivo approach in which WT and CAST-Tg mice were infused with either saline or AngII for 

7 days. Peritoneal macrophages were elicited using thioglycollate (1 ml; 3% wt/vol) 72 h 

prior harvest as described previously.20 mRNA or protein were extracted from the MPMs 

and subjected to qPCR and Western blot analyses. mRNA abundance of MCP-1, 

inflammatory cytokines (IL-6, IL-10) and NF-kB-related IkappaB kinases (IKKα, β and ε) 

were examined in peritoneal macrophages and spleen. The primers used are detailed in Table 

V in the online-only Data Supplement. AngII-infusion significantly increased mRNA 

abundance of MCP-1, IL-6, IKKs, and had no effect on IL-10 in macrophages (Figure 5A) 
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and spleen (Figure XIII in the online-only Data Supplement). In contrast, CAST 

overexpression significantly reduced AngII-induced MCP-1, IL-6 and IKKs gene 

expression.

IKK-dependent NF-kB activation has been implicated in the development of 

atherosclerosis.23, 24 Activated NF-kB is also shown to induce inflammatory cytokines such 

as IL-6 and TNF-α. NF-kB is sequestered in the cytosol and its translocation to the nucleus 

is prevented by the inhibitor of NF-kB translocation (IkB).25 IκB was also shown to be a 

target of calpain in selected cell types including macrophages.26–28 In order to investigate 

the possibility that calpain activation mediates AngII-induced NF-kB activation and IkB 

degradation, phosphorylation of NF-kB subunit P65 and IkB protein were examined by 

Western blot. AngII-infusion significantly reduced IkB protein and significantly increased 

phosphorylation of P65 in WT-MPMs (Figure 5B). In contrast, CAST overexpression 

significantly prevented AngII-induced IkB protein degradation and P65 phosphorylation in 

macrophages (Figure 5B).

CAST Overexpression in BM-derived Cells Decreased Hypercholesterolemia-induced 
Atherosclerosis

In order to understand the role of endogenous calpains in leukocytes on atherosclerosis in 

the absence of exogenous stimuli, AngII, we examined the role of leukocytic calpains in the 

development of hypercholesterolemia-induced atherosclerosis in the absence of AngII. Since 

studies highlighted in Figures 1 and 2 showed that deficiency of Calpain-1 or -2 in 

leukocytes resulted in a modest decrease (33 and 31%; P<0.05) in AngII-induced 

atherosclerosis (Figure 2), whereas inhibition of both calpain-1 and -2 by overexpression of 

its endogenous inhibitor, CAST, significantly decreased (52%; P<0.05) AngII-induced 

atherosclerotic lesion areas in aortic arches (Figure 1H, I). Based on these observations, we 

examined the effect of leukocytic calpains on hypercholesterolemia-induced atherosclerosis 

using CAST overexpression Tg mice instead of calpain-1 or -2 isoform specific deficient 

mice.

To examine the role of leukocyte-derived calpains on hypercholesterolemia-induced 

atherosclerosis, irradiated LDL receptor −/− mice were repopulated with BM-derived cells 

from either WT or CAST-Tg mice. Successful repopulation of donor cells was confirmed by 

CAST genotyping of DNA from BM-derived cells of recipient mice after termination 

(Figure IC in the online-only Data Supplement). Mice were fed a saturated fat-enriched diet 

for 12 weeks. CAST overexpression had no effect on body weight gain, plasma total 

cholesterol concentrations, or blood cell counts (Table IV in the online-only Data 

Supplement). CAST overexpression suppressed hypercholesterolemia-induced calpain 

activity, as demonstrated by decreased breakdown of its known substrate, spectrin, in 

macrophages harvested from WT and Tg mice fed with high fat diet (Figure 6A). This data 

clearly suggests a strong inhibition of calpain activity in macrophages by CAST. CAST 

overexpression in BM-derived cells resulted in a significant decrease (58%; P<0.05) in 

hypercholesterolemia-induced atherosclerotic lesion areas in aortic arches (WT−4.2 ± 0.3 % 

vs Tg −1.8 ± 0.3 %; Figure 6B,C). Examples of ex vivo images of Oil Red O stained aortas 
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represent atherosclerotic lesions nearest the mean of each group are shown in the Figures 

6D,E.

DISCUSSION

Activated calpain has been implicated in AngII-induced aortic pathologies such as 

atherosclerosis and AAAs. However, the contribution of leukocytic calpains on the 

development of AngII-induced vascular pathologies are not known. In the present study, we 

generated 3 different mice models: (i) chimeric LDL receptor −/− mice that overexpress 

CAST, an endogenous inhibitor of calpains, in BM-derived cells, (ii) chimeric LDL receptor 

−/− mice that were transplanted with either calpain-1 +/+ or −/− BM cells, and (iii) LDL 

receptor −/− mice with leukocyte-specific calpain-2 deficiency. Using these 3 different 

calpain deficient mice models, we examined the role of leukocyte calpains in AngII-induced 

atherosclerosis and AAAs. Here, we demonstrated that combined inhibition of both 

calpain-1 and -2 activities significantly reduced AngII-induced atherosclerosis, without 

influencing AAA formation. The beneficial effect of calpain inhibition on AngII-induced 

atherosclerosis was associated with the reduction of macrophage accumulation, and 

inflammation, which attributed to blunted functional properties of macrophages including 

migration and adhesion. Furthermore, we demonstrated that calpain inhibition also 

suppressed hypercholesterolemia-induced atherosclerosis in mice.

Overexpression of CAST or calpain-1 or -2 deficiency in leukocytes did not have any effects 

on AngII-induced blood pressure elevation. Consistent with the current observation, our 

earlier study of calpain inhibition using BDA-410, or calpain-1 deficiency also showed no 

effect on AngII-induced increased blood pressure.20, 21 This result is in agreement with an 

earlier study by Letaverner et al., in which overexpression of calpastatin attenuated AngII-

induced cardiac hypertrophy without affecting blood pressure.19 Further, development of 

AngII-induced AAA and atherosclerosis also shown to be independent of increases in blood 

pressure.29

Calpain inhibition in BM-derived cells by CAST overexpression significantly reduced 

AngII-induced atherosclerosis. In agreement, depletion of AT1a receptors in BM-derived 

cells, not endothelial or SMCs, partially reduced AngII-accelerated atherosclerosis.4 Our 

present study clearly demonstrated that AngII promoted calpain activity in macrophages, 

made evident by increased breakdown product of spectrin, a well-known substrate of 

calpain. Furthermore, calpain inhibition in BM-derived cells reduced both AngII-induced 

and hypercholesterolemia-induced atherosclerosis without affecting plasma cholesterol 

concentrations. In addition, calpain inhibition had no influence on macrophage lipid (Ac-

LDL) uptake under in-vitro conditions. Upon lipid-loading, CAST overexpression showed 

an increase in the protein abundance of ABCA1, whereas it had no influence on mRNA and 

protein abundance of ABCG1 and other atherosclerosis-associated genes (e.g. SR-A1, 

CD36) in macrophages. Macrophage ABCA1 transporter deficiency is shown to promote 

atherosclerosis in mice by increasing plaque inflammation30 and suppressing cholesterol 

efflux pathways.31, 32 Pharmacological inhibition of calpain or mutation of calpain binding 

PEST sequence in ABCA1 showed that calpain degrades ABCA1 by proteolysis.33–35 The 

observed beneficial effect of CAST Tg overexpression on AngII / hypercholesterolemia -
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induced atherosclerosis may be due to improved cholesterol efflux from macrophages rather 

than lipid uptake. These current findings suggest that calpain activation promotes 

atherosclerosis by influencing functional properties of macrophages such as migration, 

adhesion, and subsequent inflammation without influencing macrophage lipid uptake. 

However, further studies are warranted to understand whether calpain has any role on 

ABCA1-mediated macrophage cholesterol efflux and/or reverse cholesterol transport in 

promoting atherosclerosis. Interestingly, the combined inhibition of calpain-1 and -2 by 

CAST overexpression showed a strong reduction in atherosclerosis over independent 

depletion suggesting a synergistic role of calpain-1 and -2 in reducing atherosclerosis. 

However, calpain inhibition in leukocytes had no influence on AngII-induced AAA 

formation. In agreement, previous studies showed that BM transplantation using AT1a 

receptor deficient mice had no effect on AngII-induced AAA development.4 Our earlier 

studies clearly demonstrated that whole body calpain inhibition attenuated AngII-induced 

AAAs suggesting that calpain derived from vessel wall cells are involved in AAA 

formation.20, 21

Calpain inhibition reduced AngII-induced pro-inflammatory gene expression such as IKKs, 

MCP-1, and IL-6 in macrophages. Furthermore, calpain inhibition in macrophages impaired 

migration and adhesion properties, which may have contributed to decreased AngII-induced 

atherosclerosis36, 37 In addition, calpain inhibition suppressed AngII-induced NF-kB 

activation (P65 phosphorylation) and prevented AngII-induced IkB degradation in 

macrophages. IKK-dependent NF-kB activation has been implicated in the development of 

atherosclerosis.23 Recently, LDL receptor −/− mice with macrophage-specific IKKβ 

deficiency had less hypercholesterolemia-induced atherosclerosis.24 NF-kB translocation 

inhibitor, IκB, was also shown to be a target of calpain in selected cell types including 

macrophages.25–28 In support, CAST deficiency in intestinal macrophages also induced NF-

kB translocation to the nucleus.27 Further, deletion of calpain-4, the common small subunit 

of calpain-1 and -2 in cardiomyocytes resulted in suppressed NF-kB activity followed 

myocardial infarction in mice.15 NF-kB activation plays an important role in promoting 

expression of various proinflammatory factors (e.g. MCP-1, IL-6), which mediate 

inflammatory responses.38, 39 MCP-1 and IL-6 play important roles in aortic medial 

macrophage recruitment and inflammation in mice. Mice deficient with CCR2, the cognate 

receptor of MCP-1, have attenuated AngII-induced atherosclerosis and AAAs.40 In addition, 

in the elastase-induced AAA model, MCP-1 deficient mice displayed a strong reduction in 

macrophage infiltration.41 Further, MCP-1 deficient mice also showed significant reduction 

in hypercholesterolemia-induced atherosclerosis.42 Mice deficient in IL-6 had reduced 

AngII-induced aortic dissection and inflammation partially by suppressing MCP-1 mediated 

macrophage recruitment.43 In the present study, the suppressed NF-kB activation may result 

in decreased downstream events such as induction of inflammatory cytokines, MCP-1 and 

IL-6. This may contribute to decreased migration, adhesion and inflammation of CAST 

overexpressing macrophages. In line, the expression of AngII-induced MCP-1, IL-6, and 

NF-kB P65 phosphorylation were significantly decreased in CAST overexpressing 

macrophages. This reduction in macrophage inflammation, in addition to, impaired 

macrophage migration and adhesion upon CAST overexpression may well correlate with the 
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observed reduction of macrophage infiltration into AngII-induced atherosclerotic lesions in 

the aortic arch.

Since CAST overexpression had no effect on changes in plasma cholesterol concentrations 

and macrophage lipid uptake, our results suggest that an inhibitory effect on macrophage 

inflammation, migration and accumulation may be the key mechanism by which calpain 

inhibition attenuates AngII-induced atherosclerosis. Thus, it is postulated that AngII-induced 

calpain activation promotes NF-kB activation, resulting in the induction of proinflammatory 

cytokines - MCP-1 and IL-6, which in turn stimulates macrophage migration and adhesion, 

thereby causing atherosclerosis. However, future studies are required to further understand 

the mechanisms through which calpain regulates functional properties of macrophages under 

inflammatory conditions.

In summary, we demonstrated that inhibition of leukocyte derived-calpains resulted in 

decreased atherosclerosis, which was associated with reduced macrophage inflammation, 

migration and adhesion. These results suggest that inhibition of calpain activity may offer a 

new therapeutic target to reduce atherosclerosis.
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AngII angiotensin II

AAA abdominal aortic aneurysm

BM bone marrow

BMDM bone marrow-derived macrophage

CAST calpastatin

IKK inhibitor of kappa B kinase

IL-6 interleukin 6

IL-10 interleukin 10
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LDL low-density lipoprotein

MPM mouse peritoneal macrophage

MCP-1 monocyte chemoattractant protein-1

Tg transgene
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SIGNIFICANCE

Pharmacological inhibition of calcium dependent cysteine protease, calpains, decreases 

angiotensin II (AngII)-induced atherosclerosis, AAAs, and medial macrophage 

accumulation in LDL receptor −/− mice, independent of plasma cholesterol 

concentrations. This finding suggests that calpain inhibition exerts an antiatherogenic 

effect mediated by modulation of inflammatory responses in atherosclerotic plaques. 

Here, we evaluated this hypothesis by investigating the contribution of macrophage-

derived calpains to development of AngII-induced aortic pathologies. Using leukocyte-

specific calpain deficient mice, we demonstrated that (i) leukocyte-derived calpains play 

a critical role in the development of AngII-induced atherosclerosis; (ii) both calpain-1 

and -2, the major ubiquitous isoforms, play a synergistic role in accelerating 

atherosclerosis; (iii) inhibition of calpain activity in macrophage reduces macrophages 

migration, adhesion to endothelial cells and accumulation in atherosclerotic lesions. 

These results suggest that targeted inhibition of calpain activity may offer a new 

therapeutic direction to reduce atherosclerosis.
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Figure 1. CAST overexpression significantly reduced AngII-induced atherosclerosis
Serial cross-sections from the ascending aorta of LDL receptor−/− mice infused with AngII 

were immunostained with anti-mouse calpain-1 / -2 (A, B) and CD68 (C), (red color). 

Arrow indicates positive immunostaining. CAST protein was detected in BMDM (D) and 

MPMs (E). F. Spectrin full-length protein and breakdown product was detected in 

macrophages from saline and AngII infused LDL receptor−/− mice transplanted with WT or 

CAST-Tg BMs (n=4). Atherosclerotic lesion area was measured on the intimal surface of 

aortic arch (G,H) (Saline n=5; AngII n=14). I–L represent Oil Red O stained photographs of 
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mouse aortas represent atherosclerotic lesions nearest the mean of each group. (M) 
Measurements of maximal external width of abdominal aortas (Saline n=5; AngII n=14). 

White (WT) and gray circles (Tg) represent individual mice, diamonds represent means, and 

bars are SEMs. Horizontal lines represent significance of P<0.05 (Two-way ANOVA with 

Holm-Sidak post hoc analysis).
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Figure 2. Calpain-1 or-2 deficiency in myeloid cells significantly attenuated AngII-induced 
atherosclerosis
A. Calpain-1 protein in MPMs from calpain-1 +/+ and −/− mice. Atherosclerotic lesion area 

was measured on the intimal surface of aortic arch (B, C) from LDL receptor−/− mice 

repopulated with calpain-1 +/+ or −/− BMs (n=16 each). D, E. Photographs of Oil Red O 

stained mouse aortas representing atherosclerotic lesions nearest the mean of each group. F. 

Maximal external width of abdominal aortas. G. Calpain-2 protein were detected in cell and 

tissue lysates from calpain-2 f/f LysM Cre0/0 and +/0 mice. Atherosclerotic lesion area was 
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measured on the intimal surface of aortic arch (H, I) from AngII-infused calpain-2 f/f mice 

that were either Cre 0/0 or +/0 (n =13). J, K. Photographs of Oil Red O stained mouse aortas 

representing atherosclerotic lesions nearest the mean of each group. L. Maximal external 

width of abdominal aortas. White (+/+/Cre 0/0) and gray circles (−/−/Cre +/0) represent 

individual mice, diamonds represent means, and bars are SEMs. * denotes P<0.05 when 

comparing +/+/Cre 0/0 vs −/−/Cre +/0 mice (Mann-Whitney Rank sum test).
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Figure 3. CAST overexpression significantly reduced macrophage accumulation in 
atherosclerotic lesions and had no effect on lipid uptake
Representative atherosclerotic sections (200x magnification) from LDL receptor−/− mice 

transplanted with WT or CAST-Tg BMs – H&E stain (A,C) and immunostained for CD68 

(B,D). Arrows indicate positive staining (red). WT and CAST-Tg BMDMs were incubated 

with Dil-AcLDL (25 µg/ml) for 24 h. Dil-AcLDL was detected by either fluorescent 

microscope (E–I) or flow cytometry (J,K). Under fluorescent microscope, Dil-AcLDL 
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positive cells were counted from 10 fields at the power of 100x magnification. Values are 

represented as mean ± SEM. * denotes P<0.05 when comparing WT vs Tg (Student t test).
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Figure 4. CAST overexpression significantly reduced macrophage adhesion and migration
A–D: Calcein labeled WT and CAST-Tg BMDMs were added to a mouse aortic endothelial 

cell monolayer for 60 min. Adhered cells were counted from 10 fields at the power of 100× 

magnification using a fluorescence microscope and quantified (E) (n=4). F–I: WT and 

CAST-Tg BMDMs were seeded on transwell filters and lower chambers were filled with 

media containing either vehicle or MCP-1 (100 µg/mL). Cells that migrated through the 

membrane stained with H&E and were counted from 9 fields at the power of 200x 

magnification (J) (n=4). Horizontal lines represent significance of P<0.05. * and # denotes 
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P<0.05 when comparing AngII vs saline and WT vs Tg, respectively (Two-way ANOVA 

with Holm-Sidak post hoc analysis).
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Figure 5. CAST overexpression significantly reduced AngII-induced MCP-1, IL-6 and NF-kB-
dependent inflammatory genes in macrophages
A. mRNA abundance of MCP-1, IL-6, IL-10, and IKK genes in MPMs from saline and 

AngII infused LDL receptor−/− mice transplanted with WT or CAST-Tg BMs were 

analyzed by qPCR (n=4–6). B. Western blot analyses of phospho and total P65, and IkBα 

protein in MPMs from saline and AngII infused LDL receptor−/− mice transplanted with 

WT or CAST-Tg BMs (n=4). Values are represented as mean ± SEM. * and # denotes 
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P<0.05 when comparing AngII vs saline and WT vs Tg respectively (Two-way ANOVA 

with Holm-Sidak post hoc analysis).
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Figure 6. CAST overexpression significantly reduced hypercholesterolemia-induced 
atherosclerosis
A. Spectrin full-length protein and breakdown product was detected in macrophages from 

high fat diet fed LDL receptor −/− mice transplanted with WT or CAST-Tg BMs (n=4). 

Atherosclerotic lesion area was measured on the intimal surface of the aortic arch (B, C; 

n=14). D, E represent photographs of Oil Red O stained mouse aortas representing 

atherosclerotic lesions nearest the mean of each group. White (WT) and gray circles (Tg) 

represent individual mice, diamonds represent means, and bars are SEMs. * denotes P<0.05 

when comparing WT vs Tg mice (Mann-Whitney Rank sum test).
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