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Abstract

Background—Critical limb ischemia (CLI) is a manifestation of peripheral artery disease (PAD) 

that carries significant mortality and morbidity risk in humans, although its genetic determinants 

remain largely unknown. We previously discovered two overlapping quantitative trait loci (QTL) 

in mice, Lsq-1 and Civq-1, that affected limb muscle survival and stroke volume following 
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femoral artery or middle cerebral artery ligation, respectively. Here we report that a Bag3 variant 

(Ile81Met) segregates with tissue protection from hindlimb ischemia (HLI).

Methods—We treated mice with either adeno-associated viruses (AAV) encoding a control 

(GFP), or two BAG3 variants, namely Met81 or Ile81, and subjected the mice to hindlimb 

ischemia.

Results—We found that the BAG3 Ile81Met variant in the C57BL/6 (BL6) mouse background 

segregates with protection from tissue necrosis in a shorter congenic fragment of Lsq-1 (C.B6-

Lsq1-3). Treating BALB/c mice with AAV encoding the BL6 BAG3 variant (Ile81) (n=25) 

displayed reduced limb tissue necrosis and increased limb tissue perfusion compared to Met81- 

(n=25) or GFP- (n=29) expressing animals. BAG3Ile81, but not BAG3Met81, improved ischemic 

muscle myopathy and muscle precursor cell differentiation and improved muscle regeneration in a 

separate, toxin-induced model of injury. Systemic injection of AAV-BAG3Ile81 (n=9), but not 

BAG3Met81 (n=10) or GFP (n=5), improved ischemic limb blood flow, limb muscle histology, and 

restored muscle function (force production). Compared to BAG3Met81, BAG3Ile81 displayed 

improved binding to the small heat shock protein (HspB8) in ischemic skeletal muscle cells and 

enhanced ischemic muscle autophagic flux.

Conclusions—Taken together, our data demonstrate that genetic variation in BAG3 plays an 

important role in the prevention of ischemic tissue necrosis. These results highlight a pathway that 

preserves tissue survival and muscle function in the setting of ischemia.
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Although progress has been made in elucidating the contribution of genetic factors to the 

development of peripheral artery disease (PAD) 1–6, no alleles that modulate patients’ 

susceptibility to critical limb ischemia (CLI) are presently known. Historically, it was felt 

that CLI represented the natural progression of PAD in patients with intermittent 

claudication. However, differences in the clinical course of CLI raise the intriguing 

possibility that CLI represents a distinct phenotypic manifestation of PAD that is dependent 

on genetic determinants of the susceptibility to limb necrosis 3, 7–12. Identifying the genes/

proteins that either contribute to or protect against patients’ susceptibility to CLI will be 

critical to develop therapies that promote limb salvage. Accordingly, genetic analysis in 

inbred mouse strains identified a 37-gene quantitative trait locus (QTL) on chromosome 7 

termed Lsq-1, which was associated with tissue survival and perfusion recovery following 

hind limb ischemia (HLI) induced by femoral artery ligation 8, 9, 12, 13. To date, 2 genes 

within this QTL (ADAM12 and IL-21R) have been found to play at least a partial role in the 

differential perfusion recovery observed among C57BL/6 (BL6), BALB/c, and other inbred 

strains of mice following HLI 14, 15.

A notable feature of Lsq-1 is its association not only with perfusion recovery but also with 

muscle necrosis 8, raising the possibility that genes related to myogenesis and muscle 

function might be relevant to ischemic tissue survival, as we have suggested previously 16. 

Muscle function is an accurate predictor of morbidity/mortality outcomes in PAD17–19, thus 
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the ability of muscle to regenerate and generate force after ischemic injury could be a critical 

determinant of clinical outcomes. With this in mind, we investigated effects of genetic 

variants in a candidate gene within Lsq-1, Bcl-2-associated athanogene-3 (Bag3), that has an 

established role in skeletal muscle cell biology 20–22. BAG3 is required for myofibrillar 

integrity through its interactions with HSP70 and CAPZ 23; variants in BAG3 have been 

causally linked to myofibrillar myopathy 22 and dilated cardiomyopathy in humans 24, 25; 

and loss of BAG3 in mice causes perinatal lethality due to fulminant skeletal myopathy 26.

An additional function of BAG3 that supports a potential critical role in regulating the tissue 

response to ischemia is its ability to regulate autophagy 27–31, the process by which defective 

cellular components are degraded and recycled to ensure proper cellular function 32. 

Autophagic removal of damaged proteins is required for the maintenance of normal skeletal 

muscle homeostasis, as transgenic mice with muscle-specific defects in autophagy develop 

progressive myopathy and abnormal muscle metabolism 33, 34. Despite recent research 

related to autophagy’s role in the ischemic brain35 and heart (reviewed in 36), very little is 

known about the role of autophagy or its mechanisms of regulation in ischemic skeletal 

muscle. A link between BAG3’s regulation of autophagy and ischemic muscle injury has not 

been established, although identifying such a connection could provide a unique cellular 

target to influence tissue regeneration and blood flow through the efficient processing of 

cellular aggregates after ischemic injury.

Here, using adeno-associated virus (AAV)-mediated expression of BAG3 variants in BL6 

and BALB/c mice in a model of limb ischemia, in a model of toxin-induced muscle 

regeneration, and in muscle cell-specific experiments in vitro, we report a coding variant in 

Bag3 that contributes significantly to ischemic muscle necrosis after HLI. We show that 

tissue necrosis, limb perfusion and vascular density, defective ischemic muscle regeneration, 

and limb muscle contractile function can all be rescued by a single BL6 coding variant in 

Bag3 (Ile81) that functions, at least in part, through the regulation of ischemic myofiber 

regeneration and cellular autophagy.

Materials and Methods

(Detailed methodology can be found in the online data supplement)

Animals

Experiments were conducted on adult C57/BL6J (n=34), BALB/cJ (n=151), or BALB/c 

congenic mice containing a 12.06 Mb region of chromosome 7 from C57/BL6J (C.B6-

Lsq1-3 or also known as C.B6-Civq1-337 Congenic; n=5) (all ≥10 weeks old), were 

approved by the East Carolina University, Duke University, or University of Virginia 

Institutional Animal Care and Use Committees, and conformed to the Guide for the Care 

and Use of Laboratory Animals published by the US National Institutes of Health. Hindlimb 

ischemia (HLI), necrosis monitoring, and laser Doppler perfusion monitoring were 

performed as described previously8. The cardiotoxin model of mouse muscle regeneration 

was performed as described previously using intramuscular injections of Naja nigricollis 
venom38. After systemic adeno-associated virus (AAV) injection, HLI surgeries were 
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modified by leaving the inferior epigastric, lateral circumflex, and superficial epigastric 

artery collateral branches intact.

MRI

MR imaging was performed on a Bruker 7T (70/30) system (Bruker Biospin, Billerica, MA, 

USA). ADC perfusion imaging and magnetic resonance angiography (MRA) for assessment 

of collateralization were performed with ABLAVAR (Lantheus Medical Imaging, Inc.), a 

novel blood pool agent, to image vascular volume and collateral vessels.

Cell Lines and Culture

Murine C2C12 and C3H-10T1/2 cell lines were purchased from ATCC. Immortalized EC-

RF24 cells (ECRF)39 were a gift from Dr. Hans Pannekoek, The University of Amsterdam. 

Human umbilical vein endothelial cells (HUVECs) were isolated from donor placental 

umbilical veins and used prior to passage 6. GP2-293 and 293 cells for adenovirus 

generation were cultured in DMEM with 10% FBS. Primary murine skeletal myoblasts were 

isolated as described40.

Limb Muscle Morphology and Regeneration

Histological staining and immunofluorescence was performed according to standard 

procedures on 8-μm-thick transverse sections of tibialis anterior (TA) muscle. Contractile 

force measurements were performed using single extensor digitorum longus (EDL) muscles, 

as described previously 41.

Virus Generation

Pantrophic BAG3 shRNA or GFP control retroviruses were generated by cotransfection of 

GP2-293 cells with shRNA (SABiosciences) and envelope (VSVG) plasmids. Adenoviruses 

were generated by transfection of Adeno-X 293 cells using CalPhos Mammalian 

Transfection Kit (Clontech). Adeno-Associated Viruses (GFP, BAG3Met81, BAG3Ile81) were 

generated and purified by column chromatography at the UNC Viral Vector Core Facility.

Autophagic Flux

Autophagic flux was assessed in myotubes using an adenovirus expressing the RFP-GFP-

LC3 reporter42. Punctate structures with GFP-RFP and/or RFP signals were quantified in 

more than 120 cells per group, and the degree of autophagosome maturation was expressed 

as the percent of puncta with red color, as previously described43.

Statistical Analysis

Statistical analyses were carried out using StatPlus:mac (v. 2009) statistical analysis 

software, Vassarstats (www.vassarstats.net), or Prism 6 (v. 6.0d). Non-parametric necrosis 

score and peak specific force (% Control) data were compared using Kruskal-Wallis tests 

and Mann-Whitney U Tests, where appropriate, for post-hoc analyses. For MR angiography 

analyses, data were evaluated using Student’s t-test. Correlation data for BAG3 protein and 

muscle force production were performed using least squares regression procedure. Data 

corrected for control limbs were analyzed using paired t-tests. All other data were compared 
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using ANOVA or repeated measures ANOVA with Tukey’s post hoc tests or Student’s 2-

tailed t-test. In all cases, P< 0.05 was considered statistically significant and values are 

presented as means ± SE.

Results

Identification of Bag3 as a potential protective gene in ischemic tissue necrosis

C57BL/6×BALB/c offspring were bred to parental BALB/c mice to generate a line of 

BALB/c mice (C.B6-Lsq1-3) congenic for a ~12.06 Mb region of BL6 chr. 7 (Congenic) 

that includes Bag3 but excludes 19 other genes from Lsq-1 (Supplementary Figure 1). This 

line is the same as the previously reported C.B6-Civq1-337 Congenic. These mice were 

subjected to HLI alongside parental BL6 and BALB/c mice, and necrosis scores were 

determined 7 days later (Figure 1A). The degree of tissue necrosis in Congenic mice 

mirrored that of parental BL6 mice, indicating that BL6-encoded variants in this region 

contributed to muscle survival. Histological analysis of ischemic limb muscle largely 

revealed a restoration of ischemic muscle (L) fascicular and vascular morphology compared 

to the contralateral limb (R) (Figure 1B), which we have previously observed in BL6 but not 

BALB/c mice44–46. Myofiber integrity (non-myofiber area), regeneration (embryonic 

MyHC+), and capillary density (CD31+) were all similar in the ischemic limbs of Congenic 

and BL6 mice but were significantly different from those in BALB/c mice (Figure 1C–E). 

Bag3 mRNA expression was significantly greater in BL6 mice on day 1 after HLI (Figure 

1F), a time when limb perfusion is comparable between the strains 8. Together these data 

support the possibility that BAG3, as a member of Lsq-1, plays a role in ischemic muscle 

survival.

BAG3Ile81 gain of function induces BALB/c muscle hypertrophy and vascular expansion

Sequencing of the coding region and known regulatory elements of Bag3 revealed an 

isoleucine to methionine change at residue 81 (I81M), a position with little conservation 

among a number of mammalian species despite a high degree of similarity of surrounding 

residues (Supplementary Figure 2). To test whether either variant would alter the basal 

muscle morphology or vascular profile, we injected serotype 6 adeno-associated viruses 

(AAV6) encoding either variant of BAG3 with a FLAG epitope tag into both the TA and 

gastrocnemius (Gastroc) muscles of BALB/c mice. AAV6-BAG3 expression was verified in 
vivo by immunofluorescence (IF) microscopy for FLAG (Supplementary Figure 3. In 

BALB/c muscles, mRNA (Figure 2A) and protein (Figure 2B) of the two variants were 

expressed at equal levels in non-ischemic muscle. The BL6 variant (BAG3Ile81) slightly but 

significantly increased TA myofiber size (Figure 2C, D) andmuscle CD31+ vessel density 

(Figure 2E, F). Despite these vascular changes, LDPI-measured perfusion was not affected 

by either variant at baseline (Figure 2G, H).

The BL6 BAG3 variant, BAG3Ile81, prevents ischemic limb necrosis in BALB/c mice

We next asked whether the BL6 variant, BAG3Ile81, could protect against ischemic necrosis 

in BALB/c mice. We first confirmed that the two variants were expressed at equal levels 

after HLI (Supplementary Figure 4). Notably, injection of either variant rescued the 

ischemia-induced loss of BAG3 protein and Bag3 mRNA but did not result in significant 
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overexpression compared to baseline. Strikingly, expression of BAG3Ile81 in BALB/c mice 

conferred significant protection against ischemic tissue necrosis (Figure 3A). We verified 

similar perfusion deficits immediately post HLI surgery using LDPI (Supplementary Figure 

5), but because the susceptibility to ischemic tissue necrosis has been linked to tissue 

perfusion 8, 11–13, 47, 48, we used magnetic resonance angiography (MRA) to examine limb 

muscle perfusion. Expression of BAG3Ile81, but not BAG3Met81, significantly increased 

vascular volume and apparent diffusion coefficient (ADC) perfusion (Figure 3B, C) in the 

ischemic limb. To assess the vascular effects of BAG3Ile81, we performed IF for vascular 

markers (Figure 3D). On day 7 post-HLI, CD31+ capillary density decreased significantly in 

BALB/c mice expressing GFP or BAG3Met81 compared to BL6, whereas BAG3Ile81 

expression rescued CD31+ density to levels that were similar to the ischemic BL6 (Figure 

3E). Importantly, expression of BAG3Ile81 in BALB/c mice conferred protection against 

necrosis up to 21 days after HLI (Figure 3F).

BAG3Ile81 promotes muscle regeneration by enhancing myofiber differentiation and muscle 
precursor cell fusion

Bag3 null mice40 and humans with certain BAG3 mutations22, 49, 50 undergo marked skeletal 

muscle degeneration with a failed regenerative response. This phenotype is similar to that 

observed in ischemic BALB/c mice, suggesting that the BAG3 variants might differentially 

regulate muscle regeneration. Ischemic limb muscle from BAG3Ile81-expressing BALB/c 

mice appeared morphologically similar to that in BL6 mice (Figure 4A) and quantitatively 

displayed similar non-myofiber area (Figure 4B) and intact myofiber cross-sectional area 

(Figure 4C), consistent with either protection from ischemic injury or an improved 

regenerative response. To test this, we quantified myofiber regeneration after AAV delivery 

and HLI. The number of eMyHC+ myofibers was reduced in GFP- and BAG3Met81-

expressing mice compared to BL6 mice, and expression of BAG3Ile81 partially rescued this 

deficit (Figure 4D–E). GFP or BAG3Met81 myofibers expressing eMyHC+ were also smaller 

than those expressing BAG3Ile81 (Figure 4F). To determine whether Bag3 variation has a 

general impact on BALB/c skeletal muscle regeneration, we tested the BAG3 variants’ 

effects following Naja nigricolis venom injection, a commonly used model of skeletal 

muscle regeneration 38. Similar to our results in the HLI model, resolution of muscle injury 

was accelerated in BALB/c mice expressing BAG3Ile81 compared to GFP or BAG3Met81 

(Supplementary Figure 6), as demonstrated by a significant reduction in non-contractile 

tissue and greater myofiber size. Taken together, these results suggest that the BAG3Ile81 

variant promotes muscle regeneration in different models of muscle injury, and it confers 

dominant protection in BALB/c mice, which endogenously express BAG3Met81.

Muscle regeneration depends on the number, function, and proliferation of PAX7+ satellite 

cells. Compared to non-ischemic BALB/c muscle, PAX7+ nuclei increased in all groups 

after HLI, and no significant differences were noted among BAG3 variants (Supplementary 

Figure 7A–B), indicating that HLI induces the PAX7+ muscle cell proliferative response 

independent of the BAG3 variant. These findings were confirmed in vitro in C2C12 (SFigure 

7C) and primary BALB/c myoblasts (Supplementary Figure 7D), in which expression of 

either BAG3 variant or GFP had no effect on skeletal myoblast proliferation. Stable 

silencing of BAG3 expression in C2C12 myoblasts using retroviral shRNA resulted in a 
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slight but significant decrease in cell number after 72 and 96 hours of proliferation 

(Supplementary Figure 7E), however this effect was due to increased cell death (not shown), 

which has been demonstrated previously20.

Muscle regeneration also depends on precursor cell differentiation and fusion with existing 

myofibers. BAG3Ile81 expression restored the mRNA expression of the myogenic regulatory 

factor myogenin (Figure 4G) and the differentiation/fusion proponent Tmem8c (myomaker; 

Figure 4H) to BL6 levels during ischemia, consistent with improved differentiation and 

fusion capacity. In vitro, the fusion of BALB/c primary myoblasts into myotubes was 

significantly increased by BAG3Ile81 (Figure 4I, J). Furthermore, myotube formation by 

C2C12 myoblasts co-cultured with a predominance of 10T1/2 pluripotent pericytes was 

improved by BAG3Ile81 (Figure 4K). Taken together, these results demonstrate that 

BAG3Ile81 promotes ischemic muscle regeneration in part by enhancing muscle precursor 

cell differentiation and fusion.

BAG3Met81 expression in ischemic BL6 mice does not act as a dominant negative inhibitor

Previous genetic studies showed that a single copy of the BAG3Ile81 variant, e.g., in first 

generation offspring of BL6×BALB/c crosses, has a dominant protective effect on ischemic 

muscle survival 8. To verify this effect, we investigated whether expression of the BALB/c 

variant, BAG3Met81, in BL6 mice would affect the response to ischemia. BL6 mice were 

injected IM with AAV encoding BAG3Met81 then subjected to HLI, and no adverse effects 

on tissue survival were observed. Histological and IF analyses revealed no alterations in 

muscle morphology, PAX7+ cell number, eMyHC expression, regenerating myofiber size, or 

CD31+ vessel density when compared to uninfected BL6 mice 7 days after HLI (Figure 5A–

F).

Systemic BAG3Ile81 delivery rescues limb blood flow and force production in the ischemic 
BALB/c limb

We next sought to determine whether BAG3Ile81-mediated muscle regeneration in BALB/c 

mice resulted in functional muscle improvements (i.e., isometric muscle force production) as 

measured ex vivo in EDL muscles. Because of the substantial necrosis observed in control 

BALB/c mice, we made two modifications to our approach. First, we took advantage of the 

tropism of AAV6 for muscle to deliver AAVs encoding GFP or BAG3 systemically (by IV 

injection) to effect expression in all muscle groups of the hindlimb, including the extensor 

digitorum longus (EDL) muscle. Second, we refined the HLI model to limit muscle necrosis 

by leaving all major collateral vessels intact, which induces less severe limb ischemia 40. 

Rescue of ischemic Bag3 mRNA expression was verified by qRT-PCR (Figure 6A). The 

modified ischemic injury resulted in mild necrosis only in the GFP- and BAG3Met81-

expressing mice (Figure 6B). Blood flow recovery was significantly less in GFP- and 

BAG3Met81-treated BALB/c mice, but BAG3Ile81 expression returned perfusion recovery to 

BL6 levels (Figure 6C–D). Force production in non-ischemic control EDL muscle was not 

different in any treatment group (Figure 6E). Although force production was significantly 

impaired in all ischemic BALB/c EDL muscles, BAG3Ile81 expression rescued force 

production across a range of frequencies (Figure 6F) and improved peak specific force 

(Figure 6G) compared to GFP- and BAG3Met81-expressing mice. Correlational analysis 
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revealed a strong positive association between BAG3Ile81 expression and limb muscle peak 

specific force (N/cm2) in BALB/c muscle (Figure 6H). Muscle histology, qualitatively 

assessed by H&E, demonstrated intact fascicular arrangements and centralized myofiber 

nuclei in muscles from BAG3Ile81-expressing mice and degenerative, anucleate myofibers in 

GFP- and BAG3Met81-expressing ischemic limb muscles (Figure 6I), similar to the 

histological changes observed with IM injection of BAG3Ile81.

Autophagy is differentially regulated in ischemic BALB/c and BL6 muscle and by BAG3 
variants

Autophagy is a critical biological process regulating myopathic regeneration in skeletal 

muscle cells34, 51–53 and is believed to partially drive endothelial cell tube formation in 
vitro54, but its role in the differential susceptibility to ischemic myopathy between mouse 

strains is unknown. To investigate this role, we analyzed skeletal muscle from the ischemic 

limbs of BL6 and BALB/c mice during the initial week of hindlimb ischemia. 

Transcriptional analysis demonstrated an increase in LC3 mRNA expression in both BL6 

and BALB/c limb muscles 3 days after limb ischemia, which returned to baseline 7 days 

after HLI only in BL6 mice (Figure 7A). Other autophagy-related transcripts (ULK1, ATG7, 

Gabarap, SQSTM1, and CTSL) were similarly induced early after ischemia (HLI d3) in both 

BL6 and BALB/c limb muscles and decreased 7 days after HLI only in BL6 limb muscles 

(Supplementary Figure 8A). LC3II protein abundance, a product of lipidation, paralleled 

ischemic mRNA expression at HLI d7 in BL6 and BALB/c mice (Figure 7B, C). In order to 

understand whether the BAG3 variants differentially affect autophagy in vivo, qRT-PCR was 

performed on muscle samples from BALB/c mice injected retro-orbitally with AAV-BAG3 

variants. BAG3Ile81, but not GFP- or BAG3Met81, reduced LC3 mRNA in BALB/c limb 

muscle 7 days after HLI (Figure 7D). However, BAG3Ile81 did not alter the expression of 

other autophagy-related transcripts in vivo (Supplementary Figure 8B). LC3II protein 

abundance 7 days after HLI paralleled the ischemic LC3 mRNA expression in AAV-treated 

BALB/c mice (Figure 7E, F). Collectively, these data provide direct evidence that autophagy 

progresses differentially in ischemic BL6 and BALB/c limb muscle and that exogenous 

expression of BAG3Ile81 in BALB/c mice recapitulates the phenotype observed in BL6 mice.

BAG3Ile81 differentially binds a small heat shock protein (HspB8) and regulates ischemic 
muscle cell autophagic flux

The variant amino acid residue 81 flanks the first IPV domain in BAG329, a domain that is 

known to play a role in directing autophagy55. Therefore, we next specifically examined the 

effect of the BAG3 variants on the expression and interaction of proteins linked to 

autophagic flux. Using limb skeletal muscles early after HLI (days 1 and 3), we assessed 

Hsp70, HspB8, and SQSTM1 (p62) protein abundances in BL6 and BALB/c limb muscles. 

HspB8 demonstrated more persistent expression after ischemia in BL6 muscle compared to 

BALB/c muscle (Supplementary Figure 9). To examine the effects of the BAG3 variants on 

the interaction with these proteins after ischemia, we infected BALB/c primary muscle cells 

in vitro with AAVs encoding GFP, BAG3Met81, and BAG3Ile81, subjected them to 

experimental ischemia, and blotted whole cell lysates for HspB8 and SQSTM1 (Figure 8A; 

Supplementary Figure 10A). The expression of SQSTM1 was not affected by either BAG3 

variant, however HspB8 protein was increased by BAG3Ile81. Similarly, 
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immunoprecipitation of FLAG-tagged BAG3 constructs from these lysates (Figure 8B; 

Supplementary Figure 10B) revealed greater binding of HspB8 to BAG3Ile81. We next 

examined effects of the BAG3 variants on autophagic flux in BALB/c muscle progenitor 

cells and myotubes 28. To test this, we co-infected primary BALB/c myoblasts with viruses 

expressing either BAG3 variant and an RFP-GFP-LC3 reporter42. The expression of 

BAG3Ile81, but not BAG3Met81, rescued autolysosome formation in ischemic BALB/c 

muscle myoblasts (Figure 8C) and differentiated myotubes (Figure 8D) to the level observed 

in BL6 myoblasts and myotubes, respectively. These results indicate that BAG3Ile81 

expression in both undifferentiated myoblasts and differentiated myotubes rescues an 

inherent BALB/c muscle cell impairment in autophagic flux that is paralleled by enhanced 

binding to HspB8.

Discussion

In this study we found that a single coding polymorphism in a gene within the Lsq-1 QTL, 

Bag3, partially determines susceptibility to skeletal muscle tissue necrosis following HLI in 

mice. An isoleucine to methionine variant at position 81 in the murine BAG3 protein was 

sufficient to confer susceptibility to necrosis in BALB/c mice. In contrast, the BL6 variant 

(Ile81) conferred a protective effect that could rescue ischemic BALB/c myopathy as well as 

limb muscle perfusion. Importantly, re-expression of the BAG3Met81 variant was not 

sufficient to rescue necrosis or restore limb muscle integrity or vascular density, suggesting a 

functional difference in the two BAG3 variants related to myogenesis and possibly 

neovascularization. Importantly, additional studies revealed a differential effect of the two 

variants on ischemic skeletal muscle cell autophagy, with BAG3Ile81 promoting autophagic 

flux. The susceptibility of BALB/c and other inbred mouse strains to ischemic muscle tissue 

injury has been used as a model of human critical limb ischemia, and as such, elucidating 

the genetic mechanisms responsible for the widely divergent responses observed among 

different strains may provide critical insights into the treatment and/or prevention of CLI in 

patients.

The current findings support previous studies demonstrating that the presence of at least one 

copy of BL6 Chr. 7, which contains Bag3, is sufficient to confer protection from ischemic 

injury in both the hind limb and the brain 8, 12. Accordingly, in our study BALB/c mice 

congenic for a fragment of the BL6 Lsq-1 QTL that contained the BL6 variant of Bag3 were 

resistant to ischemic tissue necrosis, displaying enhanced myofiber integrity and 

regeneration after HLI as well as increased vascular density. Although many other genes 

with a variety of known and putative functions are contained within Lsq-1, we chose a 

targeted approach focused on Bag3 for several reasons. First, genetic approaches to refine a 

QTL are complex and time consuming. Even with advanced genetic techniques they 

frequently fail to identify specific genes involved in regulation of the phenotype of interest. 

For example, other investigators have used such genetic approaches to narrow an associated 

QTL, Canq1,10, 56 which was identified based on its association with collateral artery 

number in BL6 mice,9. The subsequent refined locus, Dce1 (determinant of collateral extent 

1), encompasses 737 kb and contains 28 genes.56 Although Bag3 is not contained within 

Dce1, this is likely due to the use of different surgical approaches to induce HLI and the fact 

that the phenotype of interest (collateral artery formation) may be distinct from the tissue 
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necrosis phenotype used in our studies and to define Lsq-1.8 Second, evidence from our 

group and others supports a novel hypothesis for the etiology of tissue injury in limb 

ischemia in which the response of skeletal muscle cells to ischemia, and not solely tissue 

perfusion (e.g., collateral growth, arteriogenesis, or angiogenesis), is a critical determinant 

of whether skeletal muscle tissue survives an ischemic injury16, 57. Substantial evidence 

supports a role for BAG3 in the regulation of striated muscle function20, 58–62, and mutations 

in BAG3 have been linked to both myofibrillar myopathy and dilated cardiomyopathy in 

humans, providing a strong rationale for targeted investigation of the effects of BAG3 

variation on ischemia-induced muscle necrosis. Finally, although narrowing the Lsq-1 locus 

(or related/overlapping loci) will be important, ultimately it will be necessary to tease out 

effects of individual target genes on specific phenotypes, whether limb muscle necrosis or 

collateral artery formation. It is unlikely that a single gene variant will explain the effects of 

Lsq-1, rather it is likely that Lsq-1 is a complex association of genes that all contribute to the 

limb necrosis phenotype after HLI. For example, Adam12, another gene within Lsq-1 that 

has also been linked to skeletal muscle regeneration,63 was recently shown to be 

differentially expressed in BL6 and BALB/c mice and to regulate outcomes after HLI.64 

Although additional studies will be required to elucidate the complex genetic interactions 

among components of Lsq-1, such as Bag3 and Adam12, our data demonstrate that variation 

in BAG3 is at least one critical component of this process.

The importance of BAG3 in the regulation of ischemic muscle cell survival was 

demonstrated by the significant beneficial effects of the BL6 variant, BAG3Ile81, when 

exogenously expressed in BALB/c muscle. These results would appear to contrast with prior 

observations, in which Bag3 heterozygous knockout mice displayed no differences in 

recovery from HLI compared to their wild-type littermates.12 However, these mice were on a 

BL6 background, and as demonstrated previously, only a single BL6 allele is required for 

protection from ischemic injury,8 thus it is not surprising that heterozygotes would behave 

like wild-type mice. Moreover, the finding in that report that postnatal day 7 Bag3−/− pups 

had no differences in pial collateral artery number or diameter reinforces our hypothesis that 

a primary effect of BAG3 is on skeletal muscle cells and not the vasculature. Global 

knockout alleles do not always provide clear insight into complex mechanisms of 

dysfunction that are caused by missense alleles, which is the focus of the current study. 

Consistent with our hypothesis, we showed that AAV6-mediated expression of BAG3 was 

largely localized to muscle cells and not endothelial cells, and mechanistically we 

demonstrated that BAG3Ile81, but not BAG3Met81, altered skeletal myoblast fusion and 

regeneration, which likely contributed to the beneficial effects on ischemic muscle survival. 

Furthermore, we demonstrated that BAG3Ile81 had similar effects on muscle regeneration 

after cardiotoxin injection, a non-ischemic muscle injury model. Taken together, these 

findings demonstrate an important functional difference in the two BAG3 variants that 

appears to be at least partly responsible for the mouse strain-specific difference in ischemic 

injury. Moreover, they point to skeletal muscle regeneration as a potential novel target for 

the treatment of CLI patients. Whether variation in human BAG3 confers susceptibility to 

muscle injury in PAD remains to be determined, but regardless of genetic differences in 

BAG3 in humans, our results suggest that cellular processes regulated by BAG3, such as 

skeletal muscle cell integrity and regeneration, are important potential therapeutic targets.
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The mechanistic basis for the functional differences between these two BAG3 variants is 

likely to involve differential protein-protein interactions that are altered by the presence of 

the hydrophobic methionine residue at position 81, which lies adjacent to one of two IPV 

domains in BAG3. These domains are involved in binding small heat shock proteins29, 

which in turn are known to be involved in autophagy. We observed differences in expression 

of several autophagy-related proteins after ischemia in BALB/c and BL6 mice in vivo and in 

the context of the two BAG3 variants in vitro, suggesting a global effect of BAGIle81 on 

protein quality control. More importantly, however, differential binding of the small heat 

shock protein HspB8 to the BAG3 variants occurred in vitro in both myoblasts and 

differentiated myotubes, and functional analyses revealed a corresponding difference in 

ischemic muscle cell autophagic flux regulated by variants at residue 81. BAG3’s role in 

autophagy is well-documented28, 55, 61, 62, and autophagy is a critical process in muscle 

plasticity34, 51–53. In fact, autophagic flux is specifically linked to muscle satellite cell 

activity and the appearance of embryonic myosin heavy chain expression in regenerating 

dystrophic muscle 51. The ability of the Ile81 variant to better facilitate autophagic flux may 

be directly responsible for the improved regenerative response induced by this variant in the 

setting of limb ischemia. Furthermore, improved autophagic flux may be a biological 

mechanism regulating the significantly improved myoblast fusion induced by BAG3Ile81, as 

observed in vivo by eMyHC staining and in vitro in the myoblast fusion assay. BAG3 has 

also been shown to bind to components of the actin cytoskeleton59, which could regulate 

membrane fusion events. Thus, it is possible that differential protein binding by the two 

variants could be responsible for additional functional differences between these two BAG3 

variants. Importantly, the Met81 variant did not act as a dominant inhibitor of any of 

BAG3’s putative functions in BL6 mice. These findings support a beneficial protective 

function mediated specifically by the Ile81 variant.

It is intriguing to note that capillary density was also increased in mice treated with AAV-

BAGIle81. Although we saw efficient expression of our AAV in myofibers, we observed no 

immunofluorescence co-labeling of CD31+, SMA+, and our FLAG-tagged construct, 

suggesting that our AAV6 serotype more efficiently infected and/or expressed in muscle 

cells in vivo. It is possible that improved muscle cell survival resulted in enhanced ischemia-

induced expression of vascular growth factors and subsequent angiogenesis65, 66. Prior 

studies of murine HLI have supported the idea that pre-existing collateral vessels and 

arteriogenesis are critical determinants of necrosis and perfusion recovery 67, 68. However, 

other physiological mechanisms also play a role in these processes. Specifically, the 

modulation of infarct volume by the Lsq-1 candidate gene IL21R after cerebral ischemia 

occurs in part through a non-vascular neuroprotective mechanism69, which parallels our 

observations regarding BAG3 and skeletal muscle during limb ischemia. The expression of 

BAG3Ile81 could alter expression of other factors within the Lsq-1 QTL, such as Adam12 or 

IL21R. In addition to ADAM12’s role in muscle progenitor cell biology and muscle 

regeneration, members of our group have recently shown that ADAM12 modulates 

endothelial cell function and angiogenesis during ischemia14. Whether BAG3 modulates 

ADAM12 expression or function directly or indirectly as a result of preserved muscle 

function and/or improved regeneration is not known, but exploration of such interactions 
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among genes within Lsq-1 will be important to fully understand its role in regulating limb 

muscle survival in ischemia.

In conclusion, our data demonstrate that Bag3 is an important regulator of murine limb 

tissue necrosis following HLI. HLI is characterized by rapid onset of tissue ischemia, which 

contrasts with clinical PAD where ischemia develops gradually over the course of years as a 

result of chronic atherosclerosis. Despite this difference, clinical CLI is characterized by 

marked tissue injury similar to that observed in the acute HLI model, thus our data strongly 

support Bag3 as a candidate for the regulation of tissue injury and recovery during PAD. 

Overall, these findings are an important initial step in understanding the complex multi-

tissue pathology of CLI and provide critical insights into genetic determinants that may lead 

to diagnostic and therapeutic interventions for this devastating disease.
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Clinical Perspective

What is new?

• Recent evidence suggests that genetic differences may play a key role in the 

susceptibility to peripheral arterial disease.

• Bcl-2-associated athanogene-3 (BAG3) is a cell chaperone protein previously 

identified in a genetic screen for determinants of tissue loss with hindlimb 

ischemia.

• Using adeno-associated viruses (AAV), we show that an isoleucine to 

methionine variant at position 81 in BAG3 is sufficient to confer susceptibility 

to ischemic tissue necrosis in BALB/c mice.

• This work demonstrates that BAG3, a gene with known polymorphisms that 

cause human myofibrillar and cardiac myopathies, is a modulator of ischemic 

muscle necrosis and blood flow.

What are the clinical implications?

• The susceptibility of BALB/c and other inbred mouse strains to ischemia has 

been used as a model of human critical limb ischemia.

• Therapies of this nature could be utilized independently or in concert with 

current interventions (endovascular, revascularization) to reduce morbidity/

mortality in all clinical manifestations of PAD.
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Figure 1. Identification of Bag3 as a target for HLI-induced tissue necrosis
A. BL6, BALB/c, and Congenic mice (C.B6-Lsq1-3, also known as C.B6-Civq1-3; N≥5 

mice per strain) were subjected to HLI and limb necrosis was assessed using a semi-

quantitative scoring system. #P=NS (0.054) vs. BL6. †P<0.05 vs. BALB/c. B. 

Representative images of Congenic contralateral control (R) and ischemic limb (L) muscle 

morphology (H&E), regeneration (dystrophin, eMyHC), and vascular morphology (CD31, 

SMA). Dyst, dystrophin (N=4 mice/strain, scale bar = 100μm). C–E. Quantification of strain 

dependent non-myofiber area (C), eMyHC+ myofibers (D), and CD31+ density (E) on d7 

after HLI (N=4 mice/strain). *P<0.05 vs. BL6 and Congenic. F. Gastrocnemius BAG3 

mRNA expression (corrected for GAPDH and normalized to BL6 control) after HLI in BL6 

(black bars) and BALB/c (gray bars) mice (N=4 mice/strain/day). *P<0.05 vs. strain-specific 

Control. †P<0.05 vs. strain-specific HLI d1. Necrosis data plotted per mouse, with means ± 

SEM. All other data are means ± SEM.
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Figure 2. Strain-specific coding variants of BAG3 differentially promote limb muscle 
hypertrophy and capillary density in non-ischemic muscle
A–B. Intramuscular injection into BALB/c mice of adeno-associated viruses encoding 

BAG3Met81 or BAG3Ile81 (N=4 mice/virus) resulted in similar upregulation of Bag3 mRNA 

on day 3 post-injection (A) and FLAG-tagged BAG3 protein on day 7 post-injection (B) 

compared to mice injected with AAV-GFP. * P<0.05 vs. GFP. IP, immunoprecipitation; WB, 

western blot. C. Representative dystrophin staining (pseudocolored green; scale bar=100 

μm) of TA muscle 14 days post-injection. D. Quantification of myofiber CSA on days 7 and 

14 post-injection (N=4 mice/virus). ‡ P<0.05 vs. GFP or BAG3Met81. E. Representative 

images of CD31 and smooth muscle actin (SMA) staining 7 days post-injection (scale 

bar=100 μm). F. Quantification of CD31+ vessel density in TA muscle. *, P<0.05 vs. GFP 

(N=4 mice/virus). G–H. Limb perfusion was analyzed by LDPI on day 7 post-injection 

(N=10 mice/virus) (G) and quantified (H) as a percentage of perfusion in the non-injected 

limb.
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Figure 3. BAG3Ile81 expression regulates ischemic limb tissue necrosis and perfusion
BL6 (N=5) and BALB/c mice were injected IM with AAVs (N=29 GFP; N=19 BAG3Met81; 

N=19 BAG3Ile81) and 7 days later subjected to HLI. A. Semi-quantitative scoring of limb 

muscle necrosis. †P<0.05 vs. GFP; ‡ P<0.05 vs. BAG3Met81. B. Representative MR T2-

weighted and MR angiography images and (C) quantification of MR ADC perfusion at HLI 

d7 (N=4 BL6; N=8 GFP; N=7 BAG3Met81; N=6 BAG3Ile81). *P<0.05 vs. Control; **P<0.05 

vs. BL6; †P<0.05 vs. GFP; ‡ P<0.05 vs. BAG3Met81. D. Representative images of CD31 and 

SMA staining (scale bar=100μm) (D) for quantification of CD31+ vessel density (E) at HLI 

d7 (N≥4 mice/group). *P<0.05 vs. Control; ‡ P<0.05 vs. GFP or BAG3Met81. F. Virus-

injected BALB/c mice (N=16 mice/virus) were subjected to HLI for 21d, and limb necrosis 

score data plotted per mouse, with means ± SEM. All other data are means ± SEM.
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Figure 4. BAG3Ile81 rescues ischemic BALB/c muscle morphology and regeneration
BL6 (black bars) and BALB/c (gray bars) mice injected IM with AAVs were subjected to 

HLI for 7 days. The TA was analyzed histologically (H&E, A, scale bar=100μm), and non-

myofiber area (B) and myofiber cross sectional area (C) were quantified (N≥5 mice/group). 

Note the lack of fascicular myofiber arrangement and absence of centralized myofiber nuclei 

in GFP and BAG3Met81 groups, which were rescued by BAG3Met81. D. Representative 

immunofluorescence images of TA muscle labeled with antibodies against embryonic heavy 

chain (eMyHC) and dystrophin (pseudocolored green scale bar=100μm) were used to 

quantify eMyHC+ myofiber number (E) and size (F) (N≥5 mice/group). There were very 

few eMyHC+ fibers in contralateral non-ischemic control limbs. G–H. Gastrocnemius 

mRNA expression of myogenin (G) and Tmem8c (myomaker) (H) were determined by qRT-

PCR (N≥5 mice/group, corrected for GAPDH and normalized to contralateral control). I. 

Representative images of primary muscle progenitor cells from BALB/c mice that were 

infected with AAVs encoding GFP, BAG3Met81, or BAG3Ile81 then differentiated into 
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myotubes and labeled with DAPI and anti-MyHC (N≥3 group). J. Quantification of 

myoblast fusion index. K. Quantification of fusion index for C3H-10T1/2 pluripotent 

pericyte cells and C2C12 myoblasts mixed at a 75:25 ratio and infected with the indicated 

AAVs (N≥3 group). *P<0.05 vs. Control; †P<0.05 vs. BL6; ‡ P<0.05 vs. GFP or 

BAG3Met81. All data are means ± SEM.
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Figure 5. BAG3Met81 is not a dominant negative inhibitor in ischemic BL6 muscle
BL6 mice were infected with AAV6 encoding BAGMet81 for 7 days and subjected to 7 days 

of HLI (N≥5 mice/group). A. Representative H&E-stained and IF images labeled for 

dystrophin, PAX7, eMyHC, CD31, and SMA (scale bar=100μm) were used to quantify non-

myofiber tissue area (B), PAX7+ nuclei (C), eMyHC expression (D), size of eMyHC+ 

myofibers (E), and capillary density (F). All data are means ± SEM.
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Figure 6. Systemic BAG3Ile81 delivery rescues BALB/c limb muscle blood flow and function after 
ischemia
BL6 (black bars, N=5) and BALB/c (gray bars) mice injected IV with AAVs encoding GFP 

(N=5), BAG3Met81 (N=10), or BAG3Ile81 (N=9) were subjected to modified HLI with 

collateral vessels left intact. A. Quantification of skeletal muscle BAG3 mRNA expression 

by qRT-PCR, corrected for GAPDH and normalized to contralateral control. B. Limb 

necrosis score data plotted per mouse, with means ± SEM. *P<0.05 vs. BL6. #P=NS (0.07). 

†P<0.05 vs. GFP. C. Representative LDPI images of paw blood flow. D. Quantification of 

paw perfusion by LDPI. E–F. Force-frequency analysis of isolated extensor digitorum 

longus (EDL) muscles from the contralateral control (E) and ischemic (F) limbs at HLI d7. 

G. Peak specific EDL muscle force (expressed as a % of the contralateral EDL). BL6 peak 

specific force values presented only as a frame of reference. #P=NS (0.068), Ile v GFP. 

#P=NS (0.057), Ile v Met. H. Correlational analysis between BAG3 protein expression and 

muscle peak specific force. Line fit by least square regression. I. Representative H&E stains 

for TA muscle morphological analysis (scale bar=100μm). P<0.05 vs. BL6; ‡ P<0.05 vs. 

GFP or BAG3Met81. All other data are means ± SEM.
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Figure 7. Autophagy is differentially regulated in ischemic BALB/c and BL6 muscle and by 
BAG3 variants
A. BL6 and BALB/c mice were subjected to HLI for 3 or 7-days (N≥5 mice per strain, per 

time-point) and gastrocnemius LC3 mRNA expression (corrected for GAPDH and 

normalized to BL6 control) was determined by qRT-PCR. *P<0.05 vs. strain-specific 

control. †P<0.05 vs. strain-specific HLI d3. B, C. LC3II protein abundance was determined 

in HLI d7 gastrocnemius (Gastroc) by western blotting using GAPDH as a loading control 

(B) and quantified relative to GAPDH and normalized to non-ischemic BL6 controls (C). 

*P<0.05 vs. strain-specific control. D. BALB/c mice injected IV with AAVs encoding GFP 

(N=5), BAG3Met81 (N=6), or BAG3Ile81 (N=6) were subjected to modified HLI with 

collateral vessels left intact, and gastroc LC3 mRNA expression (corrected for GAPDH and 

normalized to BL6 control) was determined by qRT-PCR. *P<0.05 vs. control. †P<0.05 vs. 

GFP or BAG3Met81. E, F. LC3bII protein abundance was determined in Gastroc muscle 

lysates from BALB/c mice injected IV with AAVs by western blotting using GAPDH as a 

loading control (E) and quantified relative to GAPDH and normalized BL6 controls (F). In 

panel (E) all bands are from the same blot and exposure, and the vertical line indicates 

where the blots were cropped and lanes spliced together for comparison. †P<0.05 vs. GFP or 

BAG3Met81. All data are means ± SEM.
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Figure 8. BAG3Ile81 differentially binds HspB8 and rescues ischemic autophagic flux in BALB/c 
muscle cells
A. BALB/c primary muscle cells were infected with viruses encoding GFP, BAG3Met81, or 

BAG3Ile81 and allowed to differentiate for 96h before experimental ischemia (3HND). 

Whole cell lysates were immunoblotted for HspB8 and SQSTM1 (p62). B. FLAGBAG3 was 

immunoprecipitated from total cell lysates (A) to examine the expression of BAG3 protein 

and the association of HspB8 and SQSTM1 with exogenously expressed BAG3. All bands in 

each blot are from the same membrane and exposure time, and the vertical lines indicate 

where the blots were cropped and lanes spliced together for comparison. 
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Immunoprecipitations were performed in 3 independent experiments. C, D. To examine 

autophagic flux, BALB/c primary myoblasts (C) or myotubes differentiated for 96h (D) 

were infected with an adenovirus expressing membrane-localized red fluorescent protein 

(mRFP-EGFP-LC3) and adeno-associated viruses (AAV6) encoding a luciferase control, 

BAG3Met81, or BAG3Ile81 then subjected to experimental ischemia (3HND). Bafilomycin 

A1 (200nM) was used as a positive control. Representative IF images of mRFP-EGFP-LC3 

in BALB/c myoblasts (C) and myotubes (D) are shown (left panels), and the percentage of 

autolysosomes (mRFP+/eGFP− puncta) were quantified (right panels). *P<0.05 vs. BL6.
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