
Chloroquine improves the response to ischemic muscle injury 
and increases HMGB1 following arterial ligation

Jun Xu1, Xiangdong Cui1, Jiehua Li1, Panagiotis Koutakis3, Iraklis Pipinos3, Edith Tzeng1,2, 
Alex Chen1, and Ulka Sachdev1

1Department of Surgery, University of Pittsburgh Medical Center, Pittsburgh, PA

2Department of Veterans Affairs, Pittsburgh, PA

3Department of Surgery, University of Nebraska Medical Center, Omaha, NE

Abstract

Objective—We have previously shown that exogenous administration of the nuclear protein High 

Mobility Group Box 1 (HMGB1) improves angiogenesis following tissue ischemia. Antagonizing 

HMGB1 prolongs muscle necrosis and deters regeneration. In this study, we evaluated HMGB1 

expression in peripheral arterial disease (PAD), and the mechanisms that promote its release in a 

murine model of hindlimb ischemia Specifically, we investigated how chloroquine (CQ), a 

commonly employed disease modifying anti-rheumatic drug promotes HMGB1 release from 

muscle. We hypothesized that CQ could increase HMGB1 locally and systemically, allowing it to 

mediate recovery from ischemic injury.

Methods—Muscle biopsies were performed on patients undergoing lower extremity surgery for 

non-PAD related disease as well as for claudication and critical limb ischemia (CLI). Clinical 

symptoms and ankle brachial indices (ABIs) were recorded for each patient. HMGB1 was detected 

in muscle sections using immunohistochemical staining. Unilateral femoral artery ligation (FAL) 

was performed on both wildtype and inducible HMGB1 knockout mice (iHMGBKO). Wild-type 

mice were administered intraperitoneal CQ two weeks before and after FAL. Laser Doppler 

perfusion imaging was used to determine perfusion recovery (LDPI). Serum and tissue levels of 

HMGB1 were measured at designated time points. In vitro, cultured C2C12 myoblasts were 

treated with increasing doses of CQ. HMGB1, autophagosome formation, p62/SQSTM1 

accumulation, caspase-1 expression and activity and LDH levels were measured in supernatants 

and cell lysates.

Results—Nuclear expression of HMGB1 was prominent in patients with claudication and CLI 

(P<.05) compared to controls. CQ treated mice had elevated serum HMGB1 and diffuse HMGB1 

staining in muscle (P<.01). In wild-type mice, CQ treatment resulted in higher LDPI ratios in the 

ischemic limb at 7 days (P<.03), and less fat replacement after two weeks (P<.03). In cultured 

Please address all correspondence to: Ulka Sachdev, MD, Associate Professor of Surgery, University of Pittsburgh Medical Center, 
200 Lothrop Street Suite A1011, Pittsburgh, PA 15213, Telephone: 412-802-3036; Fax: 412-291-1669, Sachdevu2@upmc.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Vasc Surg. Author manuscript; available in PMC 2019 March 01.

Published in final edited form as:
J Vasc Surg. 2018 March ; 67(3): 910–921. doi:10.1016/j.jvs.2017.01.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myoblasts, chloroquine induced autophagosome accumulation, inhibited p62/SQSTM-1 

degradation, and activated caspase-1.

Conclusion—HMGB1 is prominently expressed in PAD muscle, but mostly confined to the 

nucleus. Our in vivo data suggests that HMGB1 mobilization into the sarcoplasm and serum can 

be increased with chloroquine, possibly through caspase-1 mediated pathways. While HMGB1 

can be released by many cell types, these studies suggest that the muscle may be an important 

additional source that is relevant in PAD.

Introduction

Peripheral arterial disease (PAD) represents an advanced stage of atherosclerosis that 

predicts cardiovascular events and can result in critical limb ischemia (CLI). In the U.S., 

PAD has historically been shown to affect approximately 5 million adults over the age of 40, 
1 with a prevalence of more than 20% of patients over the age of 70. 2 In a recent analysis of 

insured patients, the annual incidence of PAD was just over 2%, with a prevalence of nearly 

11% in the cohort. 3 In patients who are not candidates for revascularization either with open 

surgical or endovascular therapies, limb loss is a significant risk.1 While multiple studies 

highlight the etiology of atherosclerotic occlusive disease leading to PAD, fewer 

investigations have determined how the biochemical changes associated with chronic muscle 

ischemia drive tissue regeneration and recovery in PAD. Proangiogenic agents injected 

directly into ischemic muscle have had mixed results.4–6 Injection of bone marrow derived 

tissue repair cells may show benefit, but is arduous.7 Therefore, novel, nonsurgical methods 

of improving muscle regeneration and reperfusion in PAD are still an active area of 

investigation. 8 Modulation of danger signaling may classify as one such method.

We have previously shown that the damage associated molecular pattern (DAMP) high 

mobility group box 1 protein (HMGB1) promotes recovery from muscle ischemia. 9, 10 

Specifically, HMGB1 is required for endothelial cell tube formation in vitro, and increases 

vascular density in ischemic skeletal muscle.9 Anti-HMGB1 antibody prolongs necrosis 

after femoral artery ligation. 10 Others have also demonstrated a potent, pro-angiogenic, and 

pro-regenerative role for HMGB1 in both ischemic injury and in other muscle pathologies. 
11, 12 Therefore, investigating ways in which HMGB1 can be made available in a controlled 

fashion to improve local regenerative effects may be a novel way to treat recalcitrant PAD.

While we have focused on understanding how HMGB1 affects the cellular components of 

muscle recovery and angiogenesis, the mechanisms by which HMGB1 is released from the 

ischemic muscle remains to be determined. It is well known that inflammatory cells can 

actively secrete HMGB1 and that necrotic cells can passively release it due to cell membrane 

disruption.13 When released from necrotic cells, HMGB1 accompanies a potential host of 

other “damage associated” proteins that can lead to a pronounced, uncontrolled 

inflammatory response. However, recent evidence suggests that HMGB1 release, even from 

dying cells, can be an active, controlled event, typically involving macroautophagy (herein 

referred to as autophagy) and/or intracellular inflammatory pathways. 14 Autophagy 

describes the lysosomal mediated consumption of cytoplasmic constituents to provide the 

cell with energy during stress. It also represents a “housekeeping” activity that helps to 
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maintain homeostasis within a number of organ systems such as muscle. 15 Autophagy is 

known to be linked to inflammatory pathways including inflammasome signaling. The 

inflammasome consists of intracellular pattern recognition receptors that oligomerize to 

activate caspase-1, thereby releasing members of the interleukin family. Inflammasome 

signaling also can facilitate HMGB1 release in some cell types.16,17 A number of studies 

report local effects of HMGB1 on vascular and muscle stem cells including proliferation, 

angiogenesis and stem cell recruitment. 18, 19 Thus, the controlled release of HMGB1 

through inflammasome or autophagic modulation may be a mechanism to regulate recovery 

from ischemic injury.

Chloroquine (CQ) is a weak base that prevents acidification of lysosomes and inhibits the 

final stages of autophagic flux. It has been shown to modulate HMGB1 in a murine sepsis 

model although similar effects in muscle have not been documented.20 In addition to 

blocking autophagy, CQ has also been shown to “normalize” tumor vasculature and improve 

chemotherapeutic delivery in cancer.21 It is known that tumor vasculature is abnormally 

organized, leading to persistent hypoxia. 22 Recently, Maes et al demonstrated a vessel-

organizing and strengthening effect of CQ in melanoma, which resulted in less metastasis 

and cancer invasion.21 While CQ has never been assessed in the management of peripheral 

vascular disease, its ability to improve the organization of neo-angiogenic vessels and 

modulate HMGB1 may render it a potential adjunct in the management of arterial 

insufficiency. In this study, we hypothesized that CQ is protective in the setting of muscle 

ischemia by increasing local and systemic HMGB1, rendering it available for regenerative 

effects.

Materials and Methods

Reagents

The reagents used for these experiments were as follows; chloroquine (Sigma-Aldrich; St. 

Louis, MO) HMGB1 ELISA (Shino-test Corporation, Japan), primary antibodies to 

HMGB1, CD31, CD45 and β-actin as well as Cy-3 conjugated secondary antibodies 

(Abcam, Cambridge, MA). Primary antibodies were used at 1:250 or 1:1000 for 

immunohistochemistry (IHC) or western blot (WB), respectively. Cy-3 conjugated 

secondary antibody was used at 1:500 or 1:1000 for IHC. Caspase-1 antibody (R&D 

Systems, Minneapolis, MN; 1:1000) LC3 antibody (Cell Signaling, Danvers, MA; 1:1000), 

p62/SQSTM-1 antibody (EMD Millipore, Billerica, MA, 1:1000) were used for WB on cell 

lysates. Recombinant HMGB1 (rHMGB1) was isolated from yeast using a modification of 

the vector YEpFLAG as described,23 and was used at 1μg/ml in cell culture.9 LDH 

(ThermoFisher, Waltham, MA) and caspase-1 activity assays (Enzo, Farmingdale, NY) were 

used according to the manufacturers’ instruction on cell supernatants and lysates, 

respectively.

Human muscle biopsies

Under the auspices of an existing IRB at the University of Nebraska, patients undergoing 

lower extremity procedures for either PAD or non-PAD related pathology were approached 

for consent for gastrocnemius muscle biopsy under anesthesia. The diagnosis of PAD was 
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made based on medical history, physical examination, standard and/or Computerized 

Tomographic Angiography (CTA), vascular duplex evaluation and ankle brachial index 

(ABI). Patients were divided into claudicants or critical limb ischemia (CLI) based on 

clinical history. Control patients were those undergoing procedures for non-PAD related 

vascular diseases such as abdominal aortic or popliteal artery aneurysms or varicose veins. 

Gastrocnemius muscle was harvested as described. 24 Briefly, samples were obtained with a 

6mm Bergstrom needle after the initiation of adequate anesthesia. The samples were placed 

into cold methacarn fixative, transferred to ethanol, and paraffin embedded for histology. 

Four micrometer serial sections through the biopsy were made, and sections were stained 

using primary antibodies to HMGB1. DAPI was included in the secondary antibody cocktail 

to identify nuclei. Images were captured using an Olympus Fluoview FV1000 confocal 

microscope configured on an Olympus IX-81 inverted microscope and Olympus imaging 

system. Sections incubated only with secondary antibody were used to determine 

background staining. All images were acquired with the same exposure time for HMGB1 by 

an investigator who was blinded to the identity of the samples. Four to five images per 

section were color-separated using Image J (Rasband, W.S., ImageJ, U. S. National Institutes 

of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997–2016). Image J 

analysis software was also used to determine the integrated density of HMGB1 staining in a 

fixed area of the muscle.

Animals

C57BL/6J male mice were purchased from The Jackson Laboratories (Bar Harbor, ME) and 

used at 10–12 weeks of age. iHMGBKO mice were generated from HMGB1flox/flox mice 

as previously described.25 In the floxed mice, exons 2 and 3 of the HMGB1 gene were 

flanked by two lox/p sites that enabled the recombination of the HMGB1 loci in the 

presence of Cre- recombinase. Tamoxifen (4-OHT: 4-hydroxytamoxifen)-inducible HMGB1 

knockout mice (iHMGB1 KO mice) were generated by crossing HMGB1flox/flox mice and 

mice expressing tamoxifen-inducible Cre- recombinase under the control of the CAG 

promoter (Cag-Cre-ER). Mice carrying Cag-Cre-ER and floxed HMGB1 genes were treated 

with tamoxifen for 2 consecutive days at a dose of 120 mg/kg followed by at least 2 more 

days to allow sufficient recombination prior to their use in studies. iHMGB1KO mice were 

used at 10 weeks of age.

Femoral artery ligation (FAL)

Unilateral FAL was performed on the right and exposure of the vessels without ligation was 

performed on the left hindlimb as described. 9 Specifically, on the right hindlimb, the 

femoral artery and distal external iliac artery are exposed. The proximal femoral artery and 

vein are isolated and ligated, with preservation of the nerve. We have utilized this procedure 

over ligation and excision in order to minimize dissection that could potentially affect 

histologic analysis of the tibialis anterior muscle. In the literature, the C57BL/6J strain 

tolerates arterial ligation of this nature very well. Digital necrosis is not a salient feature, and 

muscle regeneration and angiogenesis are robust.26, 27 All surgical procedures were 

performed after intraperitoneal injection of Nembutal, followed by inhalational, continuous 

anesthesia. All procedures conformed to the Guide for the Care and Use of Laboratory 

Animals published by the United States National Institutes of Health (available at http://
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grants.nih.gov/grants/olaw/Guide-for-the-Care-and-Use-of-Laboratory-Animals.pdf) and the 

policies of the Institutional Animal Use and Care Committee of the University of Pittsburgh 

(Approved - protocol #13021224). At designated time points both serum and tibialis anterior 

(TA) muscle were harvested at the time of euthanasia. Blood was obtained through cardiac 

puncture and muscle was snap frozen in cold isobutane for IHC and standard histology. IHC 

for HMGB1, CD31 (endothelial cell marker) and CD45 (leukocyte marker) were performed 

as described for the human samples except that muscle sections were 8μm thick. Standard 

hematoxylin and eosin (H&E) was performed to assess muscle architecture and fat 

replacement. Animals were treated with intraperitoneal (IP) injection of reagent grade 

chloroquine (50mg/mouse) or control PBS buffer every other day for two weeks before and 

after FAL. CQ is known to have delayed onset of effects which is why pretreatment was 

performed. 21 The dose of CQ was chosen based on literature describing its adjunctive use in 

cancer models and clinical trials. While some have proposed giving CQ in drinking water, 

we administered CQ intraperitoneally to better regulate the dose.28 Each dose was 

administered after exposing mice to inhalational isofluorane for their comfort. In order to 

minimize the risk of death from overexposure to isofluorane, doses were administered every 

other day. CQ and its derivatives have a slow onset of action and a long-half-life which was 

the rationale for every other day dosing.29

Laser Doppler Perfusion Imaging

LDPI (PeriScan PIM III system, Perimed AB, Stockholm, Sweden) was performed under 

inhalational anesthesia to normalize hemodynamics at the time of each study. Animals were 

placed on a heating pad to keep them warm, and to normalize the temperature from animal 

to animal. Three images were obtained at each time point to obtain an average, and the 

results were expressed as the ratio of the ischemic to nonischemic hindlimbs.

Cell culture

C2C12 myoblasts are derived from Mus Musculus, and were purchased through the 

American Type Culture collection (ATCC; Manassas, VA: # CRL-1772). Cells were 

maintained in growth medium containing DMEM and 10% fetal bovine serum. Experiments 

were performed with 2% horse serum (HS) which induces differentiation and fusion. 30 

Incorporation of the radionucleotide was determined using scintigraphy.9 To determine 

HMGB1 release from cultured myoblasts, cells were first seeded into 6-well plates and 

treated with indicated doses of CQ. Supernatants were removed after 18 hours and 

centrifuged to remove cellular debris. ELISA was performed to determine HMGB1 

concentration on cell culture supernatants as per the manufacturer’s instructions. Western 

blots were also performed on concentrated supernatants to confirm HMGB1 release. Cells 

were subsequently lysed in the presence of protease inhibitors and lysates were separated on 

SDS-PAGE gels. Proteins were transferred to nitrocellulose membranes which were blocked 

and immunoblotted for designated antigens. A semi-quantitative expression of each protein 

as a fraction of beta-actin was performed using the gel-analysis program on Image J.

Statistical Analysis

All data is expressed as mean plus standard error of the mean (SEM). Analysis of variance 

(ANOVA) was used to compare multiple means. For comparisons between two groups, 
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Student’s t-test was used to assess the means of continuous variables P<0.05. was used to 

indicate statistical significance.

Results

Expression of nuclear HMGB1 is increased in clinical PAD

In models of hepatic ischemia re-perfusion injury, sepsis and shock, HMGB1 has been 

demonstrated to be a potential clinical target to attenuate disease. 31 However, the same has 

not been demonstrated for PAD. In order to determine whether HMGB1 is a) present in 

human skeletal muscle and b) has a modified expression in the setting of pathologic 

ischemia, we assessed its expression in PAD patients. All patients were men except for one 

female in the claudication group. All but two patients were Caucasian. The mean age was 

64.8 ± 5.8 (controls; N=5), 66.5 ± 6.9 (claudicants; N=6) and 68.8 ± 7.8 (CLI; N=6). The 

ABIs for control patients, claudicants and patients with CLI were 1.05 ± 0.02, 0.50 ± 0.06, 

0.24 ± 0.07, respectively. ABIs for patients with critical limb ischemia were significantly 

lower than control patients (P<.001 for claudicants and CLI patients, N=5–6 patients/group). 

HMGB1 staining was significantly elevated in patients with both claudication and CLI 

(Figure 1) and was predominantly nuclear.

CQ administration improves global recovery from ischemia by increasing HMGB1 in 
muscle and serum

CQ is known to affect HMGB1 levels in other clinical syndromes such as sepsis. 20 We thus 

hypothesized that CQ would affect HMGB1 expression in muscle ischemia. To confirm that 

the treatment did not result in baseline differences in perfusion to the hindlimbs, LDPI was 

performed the day before surgery and 1 and 7 days after arterial ligation. LDPI demonstrated 

no baseline differences in perfusion to either hindlimb as a function of extended CQ 

treatment. Similarly, one day after FAL, both groups of animals were rendered ischemic in 

one limb. Seven days following FAL, mice treated with CQ demonstrated a higher perfusion 

ratio in ischemic to nonischemic limbs compared to control mice (Figure 2). This finding 

was associated with significantly more diffuse HMGB1 expression within the TA. HMGB1 

was present in higher concentrations within the serum in all CQ treated mice (Figure 2).

Because CQ treatment was associated with high levels of HMGB1 in the muscle and serum, 

as well as a higher recovery of perfusion to the ischemic limb, we hypothesized that the 

beneficial effects of CQ were mediated through HMGB1. We have previously demonstrated 

that mice treated with anti-HMGB1 antibody have a poor recovery to muscle ischemia,10 but 

had not evaluated the effects of genetically eradicating HMGB1. While global HMGB1 

knockout (KO) mice typically die in utero, inducible HMGB1KO (iHMGB1KO) mice are 

viable. We therefore performed FAL in iHMGB1KO and wild-type mice to assess the effect 

on perfusion recovery. Baseline and day one perfusion ratios were similar between control 

and iHMGB1KO mice. However, the iHMGB1KO mice had significantly attenuated 

perfusion recovery both 7 and 14 days after surgery, supporting our hypothesis that HMGB1 

may be a critical mediator of perfusion recovery (Figure 3).
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Mice treated with CQ were also evaluated two weeks after ischemic injury to assess muscle 

regeneration, inflammatory infiltration and vascular density. In previous time course 

experiments, we have determined that maximal injury is seen 7 days after injury, while 

recovery is underway by 14 days. We hypothesized that the ischemic muscle from the CQ 

treated mice would show less evidence of ischemic damage. It is known that CQ has 

“organizing” effects on angiogenic vessels resulting in less vascular density, but more 

ordered appearance. 21 Furthermore, in cancer models, mice treated with CQ demonstrate a 

higher expression of pericytes on angiogenic vessels, which is a sign of maturation and 

stability. 21 Two weeks following FAL, TA muscle from CQ-treated mice had less fat 

replacement (Figure 4), and less actively regenerating myocytes in favor of mature 

myocytes. As expected, CD31 staining in CQ treated mice was less, but more organized than 

in PBS treated mice. In both groups, inflammatory cell infiltrate was more prominent in the 

ischemic limb than in the non-ischemic limb, but not significantly different from each other 

(Figure 4). These results suggested that the improvement in histology were not solely based 

on anti-inflammatory effects of CQ.

CQ prevents autophagy-mediated degradation of p62/SQSTM1, activates caspase-1 and 
initiates the release of HMGB1 in myoblasts

Our results in vivo suggested that treatment with CQ increased the expression and release of 

HMGB1 from ischemic muscle. To determine if CQ mediated HMGB1 release from muscle 

cells through inflammasome activation, we treated C2C12 murine myoblasts with increasing 

doses of CQ and quantified HMGB1 release. HMGB1 was significantly higher in the 

supernatant of CQ treated cells by both ELISA and western blot (Figure 5). Cell lysates 

were similarly probed for HMGB1, LC3II (to assess accumulation of autophagosomes), and 

p62/SQSTM1 which is a ubiquitin-binding scaffold protein that is degraded by autophagy.32 

We hypothesized that if autophagy is impaired due to CQ-mediated lysosomal dysfunction, 

LC3II accumulation would occur due to the inability of autophagosomes to fuse with 

lysosomes. Similarly, p62/SQSTM1 would accumulate as well. Expectedly, CQ promoted a 

dose-dependent increase in both LC3II and p62/SQSTM1 in myoblasts. Furthermore, the 

expression of activated caspase-1 (20kD subunit) was also increased (Figure 5).

The presence of activated caspase-1 in cultured myoblasts cells suggests that muscle may 

release HMGB1 through activation of inflammasomes. CQ also increased caspase-1 activity 

(Figure 6). One potential reason that HMGB1 is released into the supernatant would be cell 

death. To further investigate this potential, we performed an LDH assay on cell supernatants. 

This assay demonstrated no increase in LDH activity in CQ treated cells to suggest cell 

excessive death, which was confirmed by images obtained of the cells taken at each dose. 

(Figure 6).

Discussion

CQ is an antimalarial drug with a well-described safety profile. While it has been studied 

extensively in infectious disease, newer applications have included an adjunctive role in 

cancer therapy. 33 A common derivative of CQ, hydrochloroquine (HC) is used extensively 

in rheumatic disorders.34 HC has a specific role in cutaneous lupus erythematosus (CLE) 
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which is characterized by skin ulcers. The dermatologic literature suggests that HC as well 

as CQ can promote wound healing in CLE. 35 Long term use of HC is associated with 

ophthalmologic disease, and patients should be monitored for ocular complications. 36 The 

mechanism by which CQ and its derivatives promote skin ulcer healing is not clear, but 

modulation of inflammation is likely a critical aspect. CQ has not been investigated in PAD, 

in which wound healing is an important aspect. In this study, we investigated not only a 

potential role for CQ in a murine model of muscle ischemia, but also put forth a mechanism 

of action that involves the danger signal HMGB1. We have also made the novel finding that 

HMGB1 is prominently expressed in patients with PAD, and thus may be controlled 

pharmacologically with a drug like CQ.

Our data suggests a link between autophagy, inflammasome activation and HMGB1 release 

which has not been described in muscle (Figure 7). Specifically, degradation of 

autophagolysosomes is a negative regulator of inflammasome activation. Thus, accumulation 

of autophagic products in cells would be expected to initiate inflammasome activation and 

caspase-1 mediated activity. 37 By disrupting lysosomal acidification, CQ promotes 

intracellular autophagosome accumulation in cells and inflammasome signaling. 

Inflammasomes are an oligomer of cytosolic pattern recognition receptors such as Nod-like 

receptors (NLR) that initiates the cleavage of procaspase-1 to activated caspase-1 subunits. 

Activated caspase-1 can initiate the release of inflammatory cytokines as well as HMGB1 

from macrophages and certain parenchymal cells. 37 Lysosomal dysfunction can activate 

inflammasome-mediated signaling 37 indicating a role for CQ in inflammasome activation.

While inflammasomes have not been extensively studied in muscle, recent studies suggest 

that their activity may play a role in the etiology of certain muscle diseases. Specifically, 

dysferlin-deficient mice were found to upregulate inflammasome-mediated pathways 

including NLR in myoblasts, potentially contributing to the development of certain muscular 

dystrophies. 38 Autophagy in muscle is also a relatively new area of investigation, and is 

known to be important in homeostasis as well as some disease states. 39

In our studies, CQ treatment resulted in accumulation of LC3II and p62/SQSTM1 indicating 

inhibition of autophagy. CQ also promoted activated caspase-1 expression and activity, and 

release of HMGB1 from cultured myoblasts. In vivo, the protective effect of CQ was linked 

to mobilization of HMGB1 in tissue, suggesting that inflammasome mediated activity may 

occur vivo. In cancer, release of HMGB1 by dying cells is regulated by autophagy, 

modulated by chemotherapeutics and potentially beneficial due to its stimulation of the 

immune system. 40 Similar mechanisms have not been investigated in muscle, but may prove 

to be an important adjunct in the management of PAD. Our studies would suggest that in the 

setting of ischemia, disrupting autophagy with chloroquine during injury may promote 

inflammasome mediated HMGB1 release in a regulated rather than chaotic fashion. 

Regulated mobilization of nuclear HMGB1 into the extracellular spaces may be a way to 

promote better recovery from ischemic injury. Additionally, CQ may encourage more 

efficient perfusion as suggested by our in vivo LDPI data, although these results were 

notably transient. While it is likely that CQ effects are multifactorial, its regulation of 

HMGB1 expression is likely to be critical to its mechanism of action. Clinically, adding 

either CQ or HC to a medical regimen for patients with PAD may help improve recovery for 
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patients who have failed other means of revascularization. In CLE, CQ was administered at a 

dose of 250mg/day. 35 Clearly, dosing and benefit in PAD would need to be experimentally 

determined.

Our study has some important weaknesses. While our clinical data is novel and suggests a 

high expression of HMGB1 in PAD muscle, our numbers are small. We will continue our 

efforts to acquire more tissue and expand our analysis to detect activated caspase-1 and 

inflammasome components in the muscle. Also, we showed that neovascularization in 

muscle tissue from CQ treated animals were better organized. We do not know if this 

occurred because the arteriogenic response was improved by CQ. This is a focus for future 

studies. Another important weakness is a relative lack of data demonstrating a strong link 

between HMGB1 and CQ benefits in vivo. Currently, we are evaluating how CQ 

administration affects recovery from FAL in iHMGB1KO mice. We would expect that CQ 

would not have a beneficial role in iHMGBKO if the CQ’s effects are mediated through 

HMGB1. A muscle specific knockout for HMGB1 is not yet available, but its creation 

remains an important goal for our investigative team. Finally, while we have determined that 

CQ appears to mobilize HMGB1 in tissue and in serum, it is not clear whether the effects on 

FAL are mediated at a tissue or systemic level. A tissue specific HMGB1KO mouse would 

help make this differentiation.

In conclusion, we demonstrate that CQ, a well known anti-rheumatic may have a novel use 

in muscle ischemia. Specifically, it may modulate autophagic processes that allow for 

regulated HMGB1 release, and improved histologic recovery. Critical evaluation of disease 

states in which CQ is currently used may provide further support for testing CQ in PAD.
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Significance

The nuclear protein High Mobility Group Box 1 (HMGB1)may be modulated to improve 

recovery from ischemic muscle injury. We investigate HMGB1 expression in PAD in 

mice, and ways in which HMGB1 expression can be increased by chloroquine.
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Type of Research

Prospective experimental study
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Take Home Message

Chloroquine pretreatment caused improved blood flow recovery and less skeletal muscle 

damage after hind limb ischemia in mice from increased HMGB1 release and potentially 

decreased autophagy.
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Recommendation

The authors suggest that chloroquine may decrease skeletal muscle damage from 

ischemia by increasing release of HMGB1, and may be a potential adjunctive treatment 

for peripheral arterial disease.
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Strength of Recommendation

Weak
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Level of Evidence

Low to very low
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Clinical Relevance Paragraph

This paper evaluates the expression of High Mobility Group Box-1 (HMGB1) in 

peripheral arterial disease (PAD). It further evaluates how HMGB1 expression can be 

increased by chloroquine, a commonly prescribed disease modifying anti-rheumatic drug 

that improves blood flow in animal models of ischemia. We and others have shown that 

HMGB1 has strong pro-regenerative effects in muscle, and may be a novel therapeutic 

target for patients with non-reconstructable PAD. Our study suggests that chloroquine 

administration may be a promising avenue for patients with severe PAD.
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Figure 1. HMGB1 expression in peripheral arterial disease (PAD)
HMGB1 staining in human skeletal muscle was performed on serial muscle sections 

obtained from patients A) without PAD or with chronic limb ischemia in the form of B) 

claudication or C) critical limb ischemia (CLI). Images were obtained using an Olympus 

FV1000 scanning confocal microscope with a 40X objective. D) Quantification of HMGB1 

integrated density was performed using Image J analysis software on color separated images 

obtained from human samples *P<.03, N=5–7 patients/group, ANOVA. Standard 

hematoxylin and eosin staining was performed to assess the general architecture of muscles 

from E) control, F) claudication and G) CLI patients. Scale bar = 50μm
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Figure 2. CQ effects on muscle and serum expression of HMGB1
Anterior tibialis muscle from mice pretreated for two weeks with intraperitoneal phosphate 

buffered saline (PBS) or chloroquine (CQ) before and 7 days after femoral artery ligation 

(FAL) is shown. The HMGB1 staining and quantification were performed on muscle 

sections from mice sacrificed 7 days after arterial ligation. Sections were stained for 

HMGB1 using primary and Cy-3 conjugated secondary antibody (red). Muscle actin (green) 

and DAPI (blue) are also shown to highlight the fibers and nuclei, respectively. Images were 

obtained using an Olympus FV1000 scanning confocal microscope with a 40X objective. 

Merged images (A and C) as well as color-separated images that represent HMGB1 staining 

(B and D) are shown. Arrows represent areas of HMGB1 staining in both nuclear and 

sarcoplasmic areas. E) Quantification of HMGB1 integrated density was calculated using 

Image J analysis using color-separated images. *P< .01, N=4–6 mice/group, t-test. F) Serum 

was obtained from cardiac puncture at the time of sacrifice before or 1 and 7 days following 

femoral artery ligation. ELISA was performed on serum samples to assess HMGB1 

concentration. *P<.01 CQ to PBS, N= 5–7mice/group, t-test at each time point. G) LDPI 

was performed to assess perfusion ratios in ischemic/nonischemic limbs following FAL in 

mice treated with PBS or CQ before and after FAL. *P<0.01 day 1 to baseline and day 7 to 

day 1,** p<0.03 day 7 CQ to day 7 PBS; N=4–6 mice/group, t-test comparing PBS and CQ. 

Scale bar = 50μm
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Figure 3. Perfusion recovery in HMGB1KO mice
A) Laser Doppler perfusion imaging (LDPI) is shown from wild type C57Bl/6J and 

inducible HMGB1 knockout (iHMGB1KO) mice before, and 1, 7 and 14 days following 

femoral artery ligation (FAL). (+) indicates the ligated limb. (-) indicates the nonligated limb 

with uninterrupted perfusion. B) The mean ischemic/nonischemic perfusion ratio was 

compared between groups at each time point using t-test. *P<.01, N=3–4 mice/group, t-test 

iHMGBKO to C57Bl/6J
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Figure 4. Histologic findings following arterial ligation with and without chloroquine (CQ)
Hematoxylin and eosin (H&E) staining demonstrates fat replacement (arrow) regenerating 

muscle (asterisk) and mature muscle (arrowhead) in PBS (A) and CQ (B) treated mice after 

14 days. Regenerating myocytes are identified by their circular shape and centrally located 

nuclei. Mature myocytes are identified by peripheral nuclei. Fat is identified by rounded, 

septate and clear spaces. CD31 (green), and CD45 (red) antigen detection was determined 

using immunohistochemistry, and imaged on an Olympus FV1000 confocal microscope. 

Mean Fluorescence Intensity (MFI) was determined for each section for the right and left 

hindlimbs. The right, ischemic hindlimbs are shown for PBS (C) and CQ (D) treated mice. 

E) Quantification of fat replacement between PBS and CQ treated groups was calculated by 

measuring the area of fat and expressing it as a percentage of the total muscle area. Four-six 

images per animal were used to determine percent fat replacement. **P<.03; N=5–6 mice/

group, t-test. Mature myocytes were not quantified but predominated in CQ treated mice. F) 

Quantification of CD31 Mean Fluorescent Intensity (MFI) *P<0.03, PBS vs. CQ, N=4–6 

amice/group, t-test. G) Quantification of CD45 MFI *P<0.03, ischemic vs. nonischemic, 

N=4–6 mice/group, t-test. Scale bar = 25μm
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Figure 5. Effects of chloroquine (CQ) on cultured C2C12 myoblasts
A) ELISA was used to determine HMGB1 concentration in the supernatant of CQ treated 

C2C12 myoblasts. *P<.05, **p<.005 compared to no CQ; N=3 experiments performed in 

triplicate, t-test. B) Western blot of C2C12 myoblast lysates (B) and supernatants (C) after 

exposure to CQ at designated concentration for 18 hours. Lysates were assessed for P62/

SQSTM1, LC3I-II conversion, HMGB1 and actin expression. Supernatants were 

concentrated and evaluated for HMGB1 expression. D) WB showing procaspase-1 and 

activated caspase-1 (20Kd subunit) from C2C12 myoblasts treated with CQ at designated 

concentration. E) LC3II and F) activated caspase-1 expression normalized to β-actin in 

response to CQ is shown relative to untreated cells. *P<.05; N=3 experiments performed in 

triplicate, t-test.
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Figure 6. Caspase-1 and LDH activity in cultured C2C12 myoblasts exposed to chloroquine (CQ)
A) Images depicting C2C12 myoblast morphology in culture after exposure to CQ for 18 

hours showing maintenance of cell numbers up to 25 μM. B) Caspase-1 activity assays were 

performed on CQ treated cell lysates and expressed as a ratio to untreated (0) samples. *P<.

03, **P<.005; N=4 experiments, t-test to no treatment C) Lactate dehydrogenase (LDH) 

assays to assess cell damage was performed on supernatants and expressed as a function of 

maximum lysis and cell leakage which is a positive control. Numbers indicate CQ 

concentration. *P<.05; **P<.01, N=3 experiments performed in triplicate, t-test to 

maximally lysed samples.
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Figure 7. Mechanisms linking autophagy, HMGB1 and inflammasome signaling
A proposed mechanism linking autophagy, inflammasome activation and HMGB1 release 

from myoblasts is shown. It is known that HMGB1 requires acetylation to leave the nucleus, 

which can be facilitated by histone deacetylases and JAK-STAT signaling. It is also known 

that in other cell types, inflammasomes activate caspase-1 and initiates release of HMGB1 

as well as IL1-β and IL-18. Lysosomal disruption with agents like CQ may initiate 

inflammasome activation, and promote the release of HMGB1 from myoblasts. This is a 

novel area of investigation in PAD.
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