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Abstract

The pathophysiology of human immunodeficiency virus (HIV)-associated cardiomyopathy 

remains uncertain. We used HIV-1 transgenic (Tg26) mice to explore mechanisms by which HIV-

related proteins impacted on myocyte function. Compared to adult ventricular myocytes isolated 

from non-transgenic (WT) littermates, Tg26 myocytes had similar mitochondrial membrane 

potential (Δm) under normoxic conditions but lower ΔΨm after hypoxia/reoxygenation (H/R). In 

addition, Δ Ψm in Tg26 myocytes failed to recover after Ca2+ challenge. Functionally, 

mitochondrial Ca2+ uptake was severely impaired in Tg26 myocytes. Basal and maximal oxygen 
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consumption rates (OCR) were lower in normoxic Tg26 myocytes, and further reduced after H/R. 

Complex I subunit and ATP levels were lower in Tg26 hearts. Post-H/R, mitochondrial superoxide 

(O2
.−) levels were higher in Tg26 compared to WT myocytes. Overexpression of Bcl2-associated 

athanogene 3 (BAG3) reduced O2
.− levels in hypoxic WT and Tg26 myocytes back to normal. 

Under normoxic conditions, single myocyte contraction dynamics were similar between WT and 

Tg26 myocytes. Post-H/R and in the presence of isoproterenol, myocyte contraction amplitudes 

were lower in Tg26 myocytes. BAG3 overexpression restored Tg26 myocyte contraction 

amplitudes to those measured in WT myocytes post-H/R. Co-immunoprecipitation experiments 

demonstrated physical association of BAG3 and the HIV protein Tat. We conclude: (i) under basal 

conditions, mitochondrial Ca2+ uptake, OCR and ATP levels were lower in Tg26 myocytes; (ii) 

post-H/R, ΔΨm was lower, mitochondrial O2
.− levels were higher, and contraction amplitudes 

were reduced in Tg26 myocytes; (iii) BAG3 overexpression decreased O2
.− levels and restored 

contraction amplitudes to normal in Tg26 myocytes post-H/R in the presence of isoproterenol.
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1. Introduction

The introduction of highly active anti-retroviral therapy (HAART) in the 1990’s, now 

referred to as combination anti-retroviral therapy (cART), has changed human 

immunodeficiency virus type 1 (HIV-1) infection from an acute and highly lethal malady 

into a chronic disease with much improved life expectancy (Mocroft et al. 2003). The 

improved virologic control achieved with cART, together with prompt and effective 

treatment of opportunistic infections, highlight the urgent need to understand the 

pathogenesis and devise effective treatment for complications of chronic HIV-1 infection 

such as HIV-1 associated cardiomyopathy. The phenotype of HIV-1 associated 

cardiomyopathy has shifted from primarily symptomatic dilated cardiomyopathy in the pre-

HAART era to minimally symptomatic, mildly reduced left ventricular (LV) systolic 

function or diastolic dysfunction in the post-HAART era in developed countries (Remick et 

al. 2014). However, in developing countries where cART is not readily available and in a 

significant percentage of aged patients in the United States, HIV-1 infection still carries a 

significantly increased risk of developing heart failure with reduced ejection fraction even 

after adjustment for various confounders (Freiberg et al. 2017). Direct HIV-1 infection of 

cardiac myocytes (Grody et al. 1990, Lipshultz et al. 1990), vascular endothelial cells 

(Manga et al. 2017) and vascular smooth muscle cells (Eugenin et al. 2008), autoimmune 

mechanisms (Currie and Boon 2003), pro-inflammatory cytokines et al. 1999, Pozzan et al. 

2009), uptake of HIV proteins released by adjacent infected cells (Fiala et al. 2004), and 

cardiotoxicity of antiviral medications (Comereski et al. 1993, McKenzie et al. 1995, 

Brinkman et al. 1998), have all been postulated to contribute to the development of HIV-1 

associated cardiomyopathy. The cellular and molecular mechanisms by which chronic HIV-1 

infection causes cardiac dysfunction remain unknown.
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The hemizygous NL4–3Δgag/pol transgenic (Tg26) mouse contains an internal deletion of 

the gag/pol coding sequence that renders the viral construct replication-deficient, non-

infectious, and is an useful model to study the chronic effects of HIV-1 persistence (Klotman 

and Notkins 1996). Tg26 mice manifest HIV-1 associated nephropathy (Kopp et al. 1992), 

wasting, and skin lesions that phenotypically resemble their clinical counterparts in HIV-1 

infected patients (Lewis 2003). Tissue extracts from Tg26 mice demonstrate the presence of 

HIV proteins such as Tat, rev, nef, vif, vpr, and vpu (Kopp et al. 1992, Niu et al. 2014). 

Focusing on cardiac function, under basal conditions, contractility of Tg26 mice of both 

FVB/N (aged 12 to 16 weeks)(Lewis et al. 2000) and C57BL/6J (aged 16 to 18 weeks)

(Cheung et al. 2015) backgrounds are similar to that observed in non-transgenic littermates 

(WT). When challenged with stress such as open heart surgery, both maximal first time 

derivative of LV pressure rise (+dP/dt) and fall (-dP/dt) in Tg26 hearts do not recover to pre-

operative levels, in contrast to that observed in WT hearts (Cheung et al. 2015). Similarly, 

after treatment with zidovudine for 21 days, biomarkers of early heart failure such as 

increases in atrial natriuretic factor mRNA and decreases in sarcoplasmic reticulum Ca2+-

ATPase mRNA are observed in male Tg26 but not in male WT hearts (Lewis et al. 2000). 

More pertinent to our present study is the observation that compared to WT hearts, Tg26 

hearts exhibit a fourfold increase in the percent of mitochondria with ultra-structural damage 

(cristae dissolution and disruption) under basal conditions. After 35 days of zidovudine 

treatment, the number of damaged mitochondria is much higher in Tg26 compared to WT 

hearts (Lewis et al. 2000). The absence of infectious virus (simulating virologic control with 

cART), the normal cardiac function at baseline (simulating the minimally symptomatic and 

mildly reduced LV function in many HIV-1 infected patients in the post-HAART era), the 

presence of ultra-structural damage and biomarkers of early heart failure, and induction of 

overt cardiac dysfunction with either stress or anti-viral agents, continue to make the Tg26 

mouse a relevant clinical model for the study of HIV-1 associated cardiomyopathy in the 

21st century.

The Bcl2-associated athanogene 3 (BAG3) is a 575 amino acid anti-apoptotic protein that is 

constitutively expressed in the brain, heart, skeletal muscle and some cancers (Rosati et al. 

2011). Its pleotropic effects are due to the presence of multiple protein binding motifs. 

Studies in cancer cells have shown that BAG3 is critical for protein quality control by 

serving as a co-chaperone with the large and small heat shock proteins, is anti-apoptotic 

through binding to Bcl2, and regulates cell migration, adhesion, metastasis, and proliferation 

(Behl 2016). In cardiac myocytes, BAG3 is intimately involved in the regulation of 

autophagy and apoptosis (Su et al. 2016), mitochondrial quality control (Tahrir et al. 2017), 

excitation-contraction coupling (Feldman et al. 2016), and sarcomere stability (Ulbricht and 

Hohfeld 2013). BAG3 levels are reduced in pigs, mice and humans with heart failure 

(Knezevic et al. 2015). Overexpression of BAG3 improves cardiac contractile dysfunction in 

mice post-ischemia/reperfusion (Su et al. 2016) and post-infarction (Knezevic et al. 2016). 

The potential interplay between BAG3 and HIV-1 was suggested by our observations that 

BAG3 overexpression rescues contractile abnormalities in adult mouse myocytes expressing 

the HIV-1 protein Tat and that BAG3 down-regulation by shRNA in Tg26 hearts severely 

reduces contractility (Cheung et al. 2015). In addition, the HIV-1 protein Tat impairs 

mitochondrial Ca2+ uptake, reduces oxygen consumption rate (OCR) and increases reactive 
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oxygen species (ROS) in neonatal rat ventricular myocytes (NRVMs)(Tahrir et al. 2018). 

The current study was undertaken to evaluate whether mitochondrial dysfunction is present 

in adult Tg26 cardiac myocytes, and whether BAG3 overexpression can rescue contractile 

dysfunction by improving mitochondrial redox state.

2. Materials and Methods

2.1 Tg26 mice and animal care

Hemizygous Tg26 mice (FVB/N backcrossed to C57BL/6J for at least six generations) 

(Cheung et al. 2015) at 16–18 weeks of age were used throughout this study. Non-transgenic 

littermates were used as wild-type (WT) controls. Mice were housed and fed on a 12 h:12 h 

light-dark cycle at Temple University Animal Facility and were supervised by veterinary 

staff members. Standard care was provided to all mice used for experiments. All protocols 

applied to the mice in this study were approved and supervised by the Institutional Animal 

Care and Use Committee at Temple University.

It should be pointed out that Tg26 mice in the original studies by Klotman (Klotman and 

Notkins 1996, Lewis et al. 2000) were on the FVB/N background and they developed a 

broad range of HIV-associated pathologies including HIV-associated nephropathy (HIVAN), 

wasting, cutaneous lesions, as well as myopathy/myositis (Lewis 2003). In addition, Tg26 

mice on the FBV/N background showed early lethality at approximately 6–9 months of age. 

By contrast, Tg26 mice backcrossed to the C57Bl/6J background demonstrated normal 

lifespan (survival of at least 12 months) and renal function (normal blood urea nitrogen and 

creatinine, unpublished observations). There were occasional cutaneous lesions in Tg26 

mice on the C57Bl/6J background but the overall phenotype was considerably milder than 

that on the FVB/N background. In this context, it is interesting to note that post-myocardial 

infarction (MI), survival of C57Bl/6J strain was higher compared to FVB/N strain (van den 

Borne et al. 2009). In particular, early lethal heart failure (between days 2 and 7 post-MI) 

occurred mainly in the FVB/N mice (28%) compared to C56Bl/6J mice (<10%). It has also 

been established that different mouse genetic backgrounds influenced ex vivo and in vivo 

cardiac function (Barnabei et al. 2010), as well as intracellular calcium regulation in the 

heart (Shah et al. 2010).

2.2 Isolation, adenoviral infection, and culture of adult murine cardiac ventricular 
myocytes

Cardiac myocytes were isolated from the septum and left ventricular (LV) free wall of Tg26 

or WT mice according to the protocol of Zhou et al. (2000). Myocytes were either placed in 

suspension or plated on laminin-coated glass coverslips (Tucker et al. 2006, Song et al. 

2008). Myocytes were used on the same day (within 2 to 6 hours after isolation) or after 24 

hours of culture.

To express exogenous genes via adenovirus (Adv)-mediated gene transfer, two hours after 

isolation, myocytes were infected with replication-deficient Adv expressing either green 

fluorescent protein (GFP)(Adv-GFP, 6.6 × 106 pfu/ml) or BAG3 (Adv-BAG3, 2.0 × 106 

pfu/ml) in 1 ml of fetal bovine serum-free Eagle minimal essential medium (MEM) 
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containing 0.2% bovine serum albumin (BSA), creatine (5 mM), carnitine (2 mM), taurine 

(5 mM), NaHCO3 (4.2 mM), penicillin (30 mg/L), gentamicin (4 mg/L), insulin-transferrin-

selenium supplement, and 2,3-butanedione monoxime (BDM, 10 mM) for 3 hours. An 

additional ml of MEM (with same supplements) was then added, and myocytes were 

cultured for 24h before experiments (Song et al. 2008, Cheung et al. 2015). Before 

measurements of mitochondrial function and myocyte contraction, cells were bathed with 

MEM without BDM and returned to the incubator (37°C) for 30 min. We have previously 

demonstrated that under our culture conditions, adult mouse LV myocytes cultured for up to 

48h maintained rod-shape morphology, transverse-tubule organization, and normal 

contractile function; and that infection with Adv-GFP had no effect on single myocyte 

contractility compared to uninfected myocytes (Song et al. 2008).

2.3 Hypoxia/Reoxygenation (H/R) protocol

To simulate ischemia/reperfusion in vitro, freshly isolated LV myocytes from WT and Tg26 

hearts were exposed to either 21% O2:5% CO2 (normoxia) or 1% O2:5% CO2 (hypoxia) for 

2h followed by 30 min. of reoxygenation (Miller et al. 2013, Miller et al. 2014). Myocytes 

were incubated in Krebs-Henseleit bicarbonate buffer containing 5 mM of pyruvate as the 

sole substrate (Cheung et al. 1982). For cultured adult myocytes, we have previously 

determined the optimal hypoxic exposure to be 30 min. followed by 30 min. of 

reoxygenation (Hoffman et al. 2015).

2.4 Measurement of mitochondrial membrane potential (ΔΨm) and mitochondrial Ca2+ 

uptake in permeabilized myocytes

Freshly isolated LV myocytes from WT and Tg26 mice were subjected to 2h of either 

normoxia or H/R. After gentle centrifugation, myocytes were transferred to an intracellular-

like medium containing (in mM): 120 KCl, 10 NaCl, 1 KH2PO4, 20 4-(2-hydroxyethyl)-1-

piperazine-ethanesulfonic acid (HEPES)-Tris, 10 succinate, thapsigargin (2 ¼g/ml), 

digitonin (80 ¼g/ml), pH 7.2, and protease inhibitors (EDTA-free complete tablets, Roche 

Applied Science). Fura-FF (0.5 ¼M) was added at 0 s, and JC-1 (800 nM)(both from 

Molecular Probes) was added at 20s to measure extra-mitochondrial Ca2+ and ΔΨm, 

respectively. Fluorescence signals were monitored in a temperature-controlled (37°C) multi-

wavelength excitation (ex) and dual wavelength emission (em) spectrofluorometer (Delta 

RAM, Photon Technology Int.) using 490-nm ex/535-nm em for the monomer, 570-nm ex/

595-nm em for the J-aggregate of JC-1, and 340- and 380-nm ex/510-nm em for Fura-FF. 

The ratiometric dye Fura-FF was calibrated as previously described (Mallilankaraman et al. 

2012, Miller et al. 2014). At 450 s, 10 ¼M Ca2+ pulse was added, and ΔΨm and extra-

mitochondrial Ca2+ were monitored simultaneously. ΔΨm was calculated as the ratio of the 

fluorescence of the JC-1 oligomeric to monomeric forms. Cytosolic Ca2+ clearance rate was 

taken to represent mitochondrial Ca2+ uptake.

2.5 Measurement of mitochondrial oxygen consumption rate (OCR) and ATP levels

Oxygen consumption rate in freshly isolated adult LV myocytes was measured at 37°C in an 

XF96 extracellular flux analyzer (Seahorse Bioscience)(Miller et al. 2014). Myocyte 

suspensions were sequentially exposed to oligomycin, carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP), and rotenone plus antimycin A using the XF 
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Cell Mito Stress Kit (Seahorse Bioscience) according to the manufacturer’s instructions. We 

have previously determined the optimal myocyte seeding density to be 104 cells/well (well 

diameter 8.1 mm top/3.81 mm bottom, well depth 15.49 mm, maximal volume 250 ¼l)

(Miller et al. 2014).

ATP levels (luminescence) were measured in heart homogenates from either WT or Tg26 

mice using a CellTiter-Glo luminescent cell viability assay kit as described previously 

(Irrinki et al. 2011, Miller et al. 2014).

2.6 Confocal mitochondrial ROS and ΔΨm measurement in intact myocytes

Freshly isolated LV myocytes were loaded with the mitochondrial ΔΨm indicator 

tetramethylrhodamine methyl ester (TMRM, 15 nM; Invitrogen). For cultured myocytes 

expressing either GFP or BAG3, after 30 min. of normoxia or hypoxia, during the 

reoxygenation phase cells were loaded with the mitochondrial superoxide-sensitive 

fluorophore MitoSOX Red (22 ¼M; Invitrogen) in the extracellular media containing 2% 

BSA, 0.06% pluronic acid, and 20 ¼M sulfinpyrazone at 37°C for 30 min. Cells were then 

washed, resuspended in the extracellular medium containing 0.25% BSA, and imaged using 

a Carl Zeiss Meta 510 confocal microscope with a 40X oil objective with 1.7X digital zoom 

at 548-nm ex/574-nm em and 510-nm ex/580-nm em for TMRM and MitoSOX Red, 

respectively (Mukhopadhyay et al. 2007, Miller et al. 2014).

2.7 Myocyte shortening measurements

LV myocytes (freshly isolated or cultured) adherent to laminin-coated glass coverslips were 

bathed in 0.6 ml of air- and temperature equilibrated (37°C), HEPES-buffered (20 mM, pH 

7.4) medium 199 containing 1.8 mM [Ca2+]o. Myocytes were electrically paced to contract 

at 2 Hz and myocyte motion was captured by charge-coupled device video camera (Ionoptix; 

Milton, MA). Isoproterenol (Iso), when indicated, was present at 1 ¼M. Myocyte 

contraction dynamics was analyzed off-line with edge-detection algorithm as previously 

described (Tucker et al. 2006, Song et al. 2008, Cheung et al. 2015).

2.8 Immunoblotting

Mouse LV homogenates (Tucker et al. 2006) and myocyte lysates (Song et al. 2008) were 

prepared as previously described. Proteins were separated in 10% polyacrylamide gel under 

reducing (5% mercaptoethanol) conditions. Primary antibodies were rabbit polyclonal BAG3 

antibody (1:1,000; Proteintech Group Inc, Chicago, IL) and anti-NDUFA4L2 (1:1,000; 

Abcam, Cambridge, MA). Calsequestrin was used as a loading control. Blots were washed 

and incubated with secondary antibody conjugated to horse radish peroxidase. Enhanced 

chemiluminescence (Amersham) was used for the detection of signals.

2.9 Co-immunoprecipitation

H9C2 cardiomyocytes were transfected with pcDNA6 myc-BAG3 or pcDNA3 Tat, or both 

plasmids for 48 hours. Cardiomyocytes were harvested in lysis buffer containing (in mM): 

50 Tris pH 7.4, 150 NaCl, 1 EDTA and 0.5% Nonidet P-40 (NP-40) and supplemented with 

mammalian protease inhibitors. After centrifugation, supernatant was collected and pre-

cleared with 50 μl protein-A-agarose for 1 h at 4ºC. Pre-cleared supernatants were incubated 
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with either α-myc antibody or preimmune rabbit sera overnight at 4oC. The next day, 40 μl 

(50% slurry) of washed suspended protein-A-agarose beads were added to each sample and 

incubated for a further 2 h at 4ºC. Beads were pelleted, washed and resuspended in 40 μl of 

Laemmli sample buffer, and boiled for 5 min at 95ºC. Proteins in immunoprecipitated 

samples were resolved on a 12% gel, transferred to nitrocellulose membrane and probed 

with Tat or α-myc antibodies.

2.10 Statistics

All results are expressed as the means ± S.E. For analysis of ΔΨm, ROS levels, BAG3 

abundance, mitochondrial Ca2+ uptake and OCR, one-way analysis of variance was used. 

For analysis of myocyte contraction amplitudes as a function of group (WT and Tg26 for 

freshly isolated myocytes; WT-GFP, WT-BAG3, Tg26-GFP and Tg26-BAG3 for cultured 

myocytes), experimental condition (H/R, normoxia), and treatment (± Iso), three-way 

ANOVA was used. A commercially available software package (JMP Pro 13.0; SAS 

Institute, Cary, NC) was used. In all analyses, p<0.05 was taken to be statistically 

significant.

3. Results

3.1 Mitochondrial membrane potential (ΔΨm) and mitochondrial Ca2+ uptake are lower in 
Tg26 cardiac myocytes post-H/R

Ultra-structural damage in Tg26 cardiac mitochondria (Lewis, Grupp et al. 2000) would be 

expected to result in mitochondrial dysfunction. Although ΔΨm was similar between 

permeabilized WT and Tg26 myocytes under basal conditions (Figs. 1A & 1B), after 

challenge with Ca2+ pulse (10 ¼M), ΔΨm in Tg26 myocytes did not recover, in contrast to 

WT myocytes (Figs. 1A & 1C). Post-H/R, basal ΔΨm was lower in Tg26 myocytes 

compared to WT myocytes (Figs. 1A & 1B). In addition, ΔΨm measured after a 10 ¼M 

Ca2+ pulse and just before carbonyl cyanide m-chlorophenylhydrazone (CCCP) addition was 

significantly lower in Tg26-H/R than WT-H/R myocytes (Figs. 1A & 1C).

Because ΔΨm was lower in Tg26 myocytes after Ca2+ challenge and H/R, we next assessed 

mitochondrial Ca2+ uptake in permeabilized myocytes. When challenged with repeated 

pulses of Ca2+, WT-normoxic but not Tg26-normoxic myocytes were able to repeatedly 

lower extra-mitochondrial Ca2+ (Fig. 1D). This observation suggests that the mitochondrial 

Ca2+ uniporter (MCU) activity was lower in Tg26 myocytes since the driving force for Ca2+ 

uptake ΔΨm, was similar between WT and Tg26 myocytes under basal, normoxic conditions 

(Figs. 1A & 1B). Compared to WT-normoxic myocytes, the rate of mitochondrial Ca2+ 

uptake (Fig. 1E) and the amount of mitochondrial Ca2+ accumulated (Fig. 1F) were very low 

in WT-H/R, Tg26-normoxic and Tg26-H/R myocytes.

We next measured ΔΨm in intact cardiac myocytes loaded with TMRM by confocal 

microscopy. Similar to permeabilized myocytes (Figs. 1A & 1B), ΔΨm was similar between 

non-permeabilized WT and Tg26 myocytes under basal normoxic conditions (Fig. 2). Post-

H/R, ΔΨm was significantly lower in Tg26 myocytes when compared to WT myocytes. 

Unlike digitonin-permeabilized WT myocytes (Fig. 1B), post-H/R intact WT myocytes did 
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not demonstrate a statistically significant decrease in ΔΨm (Fig. 2). This apparent 

“discrepancy” is likely due to mitochondrial respiration was not substrate-limited in 

permeabilized myocytes (supplemented with 10 mM succinate) whereas endogenous 

substrates were utilized by intact myocytes.

3.2 Oxygen consumption rate and ATP levels are lower in Tg26 cardiac myocytes

Defective mitochondrial Ca2+ uptake in Tg26-normoxic myocytes would be expected to 

adversely affect OCR since constitutive, low level mitochondrial Ca2+ uptake is essential in 

maintaining cellular bioenergetics (Cardenas et al. 2010). Indeed, under normoxic 

conditions, both basal and maximal OCRs were significantly lower in Tg26-normoxic 

myocytes when compared to WT-normoxic myocytes (Fig. 3A to D). Levels of NADH 

dehydrogenase (ubiquinone) 1α subcomplex 4-like 2 (NDUFA4L2), a subunit of Complex I, 

were much reduced in Tg26 myocytes (Fig. 3E). ATP levels were significantly lower in 

Tg26 hearts when compared to WT hearts (Fig. 3F). Post-H/R, basal OCR was reduced in 

both WT and Tg26 myocytes (Fig. 3B). Interestingly post-H/R, maximal OCR although 

decreased in WT myocytes, was unchanged in Tg26 myocytes (Fig. 3C). This is likely due 

to the already low maximal OCR observed in Tg26-normoxic myocytes.

3.3 Mitochondrial superoxide levels are higher in Tg26 myocytes post-H/R: Rescue by 
BAG3

Mitochondria are the major source of ROS in cardiac myocytes. Since Tg26 myocytes 

exhibited mitochondrial dysfunction (reduced mitochondrial Ca2+ uptake; lower OCR and 

ΔΨm post-H/R), we measured mitochondrial ROS in myocytes using MitoSOX Red, which 

detects mitochondrial superoxide anion (O2
.−)(Miller et al. 2014). Because we have 

previously demonstrated that BAG3 expression reverses contractile dysfunction in adult 

mouse myocytes overexpressing Tat (Cheung et al. 2015), and that BAG3 is intimately 

involved in mitochondrial quality control in cardiac myocytes (Tahrir et al. 2017), in this 

series of experiments we used WT and Tg26 myocytes infected with adenovirus and 

cultured for 24h to allow expression of exogenous BAG3 or GFP (control). After 24h of 

culture, BAG3 levels were ~50% higher in myocytes expressing exogenous BAG3 when 

compared to myocytes expressing GFP (Fig. 4A). Under normoxic conditions, there were no 

significant differences in O2
.− levels among WT-GFP, WT-BAG3, Tg26-GFP and Tg26-

BAG3 myocytes although O2
.− levels tended to be higher in Tg26 myocytes (Fig. 4B). Post-

H/R, O2
.− levels were elevated in both WT-GFP and Tg26-GFP myocytes. In particular, 

post-H/R Tg26-GFP myocytes had significantly (p<0.01) higher O2
.− levels than WT-GFP 

myocytes (Fig. 4B), consistent with worse mitochondrial dysfunction observed in Tg26 

myocytes. BAG3 overexpression significantly reduced the elevated O2
.− levels post-H/R in 

WT and Tg26 myocytes close to those measured in normoxic myocytes (Fig. 4B).

3.4 Myocyte contraction is impaired post-H/R: Amelioration by BAG3

Endogenous BAG3 levels were similar between WT (40.4 ± 2.1 arbitrary units, n=4) and 

Tg26 (43.0 ± 3.4 arbitrary units, n=4) hearts (Fig. 5A; p=0.54). In freshly isolated myocytes 

incubated under normoxic conditions, there were no differences in single myocyte 

contraction amplitudes between WT and Tg26 myocytes, both in the absence or presence of 

isoproterenol (Fig. 5B; p=0.25). This observation is consistent with our previous report that 
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in vivo cardiac contractility (+dP/dt and –dP/dt measured with escalating doses of 

isoproterenol) and in vitro myocyte contraction dynamics were similar between WT and 

Tg26 mice (Cheung et al. 2015). Post-H/R, myocyte contraction amplitudes were 

significantly lower (H/R effect, p<0.0001) in both WT and Tg26 myocytes when compared 

to their normoxic counterparts. Post-H/R and in the presence of isoproterenol, Tg26 

myocytes contracted significantly less (p<0.025) than WT myocytes (Fig. 5B).

To ascertain if BAG3 overexpression can ameliorate contractile dysfunction brought on by 

H/R, we used WT and Tg26 myocytes infected with adenovirus expressing either GFP or 

BAG3 and cultured for 24h. Similar to freshly isolated myocytes, there were no differences 

in contraction amplitudes between normoxic WT-GFP and Tg26-GFP myocytes (Fig. 6; 

p<0.37). Across the 4 groups of myocytes (WT-GFP, WT-BAG3, Tg26-GFP and Tg26-

BAG3), H/R significantly reduced maximal contraction amplitudes (Fig. 6; H/R effect, 

p<0.0001), while isoproterenol significantly increased maximal contraction amplitudes (Iso 

effect, p<0.0001). Most interesting is the observation that under double stress (H/R and 

isoproterenol), Tg26-GFP myocytes contracted significantly less that WT-GFP myocytes 

(Fig. 6; WT-GFP vs. Tg26-GFP, p<0.001).

Under normoxic conditions, BAG3 overexpression had no significant effect on maximal 

contraction amplitudes in both WT and Tg26 myocytes (Fig. 6; p<0.20), similar to what we 

previously reported on the effects of BAG3 overexpression in WT myocytes (Cheung et al. 

2015). BAG3 overexpression significantly enhanced contraction amplitudes in WT myocytes 

post-H/R and in the presence of isoproterenol (Fig. 6; WT-GFP vs. WT-BAG3, p<0.025). 

BAG3 overexpression also increased contraction amplitudes in Tg26 myocytes post-H/R and 

in the presence of isoproterenol (Fig. 6; Tg26-GFP vs. Tg26-BAG3, p<0.045). Most 

significant is that post-H/R and in the presence of isoproterenol, BAG3 overexpression 

restored maximal contraction amplitudes in Tg26 myocytes to the values measured in WT 

myocytes (Fig. 6; WT-BAG3 vs. Tg26-BAG3, p=0.45).

3.5 Physical association between BAG3 and Tat

Our previous observation that BAG3 overexpression improved contractile dysfunction in 

WT adult mouse ventricular myocytes overexpressing Tat (Cheung et al. 2015), together 

with our current results that post-H/R and in the presence of isoproterenol, BAG3 

overexpression restored contraction amplitudes in Tg26 myocytes (also expressing Tat) to 

normal, suggest that the beneficial effects of BAG3 may be mediated by direct interaction 

with Tat. Indeed, co-immunoprecipitation experiments demonstrated physical association 

between BAG3 and Tat (Fig. 7).

4. Discussion

The Tg26 mouse with its complement of HIV-1 proteins (Kopp et al. 1992, Niu et al. 2014) 

but absence of infectious virus, and normal to minimally perturbed cardiac function 

measured at baseline (Lewis et al. 2000, Cheung et al. 2015), mimics the contemporary 

HIV-1 infected patient on cART. Of the HIV-1 proteins, Tat has been most often implicated 

in the development of HIV cardiomyopathy. For example, high levels of cardiac-specific Tat 
overexpression in hemizygous mice resulted in 46% increase in LV mass and reduction in 
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fractional shortening (FS) from 40 to 28% at 90 days (Raidel et al. 2002). The pathogenetic 

role of Tat in reducing cardiac contractility was independently confirmed in adult mouse LV 

myocytes overexpressing Tat by adenoviral transduction, in which contraction amplitude, 

shortening and re-lengthening velocities were all reduced when compared to myocytes 

overexpressing GFP (Cheung et al. 2015). Another important observation is that at 210 days, 

unambiguous mitochondrial damage (cristae and matrix disruption, lamellar figures, 

incomplete fusion, and undivided mitochondria) was observed in mitochondria of Tat-
overexpressed hearts (Raidel et al. 2002). This led us to postulate that interference with 

mitochondrial bioenergetics is a plausible mechanism by which Tat exerts its negative 

inotropic effects. Indeed, when compared to NRVMs overexpressing GFP, NRVMs 

overexpressing Tat had lower OCR, reduced mitochondrial Ca2+ uptake and increased ROS 

levels (Tahrir et al. 2018). Using a fundamentally different approach, Lecoeur et al. (2012) 

demonstrated that when isolated mouse heart mitochondria was exposed to synthetic full-

length Tat, mitochondrial swelling developed, ΔΨm was rapidly dissipated and OCR was 

significantly reduced.

The first major finding is that under basal conditions, when compared to WT myocytes, 

Tg26 myocytes had depressed mitochondrial Ca2+ uptake, markedly decreased levels of 

Complex I (NDUFA4L2), reduced basal and maximal OCR and lower ATP levels, similar to 

the findings in NRVMs overexpressing Tat (Tahrir et al. 2018). These observations suggest 

that mitochondrial dysfunction in Tg26 myocytes is at least partly attributable to the effects 

of Tat in the mitochondria. Despite clear evidence of mitochondrial dysfunction, contractility 

both in the intact heart (Lewis et al. 2000, Cheung et al. 2015) as well as in isolated cardiac 

myocytes (Cheung et al. 2015), was not different between WT and Tg26 mice under basal 

conditions, suggesting perturbation in mitochondrial bioenergetics in Tg26 hearts was not 

severe enough to manifest as detectable changes in contractility under resting conditions. By 

contrast, when Tat was expressed at high levels in the transgenic murine heart, severe ultra-

structural damage was observed in the mitochondria at >210 days and was temporally 

associated with decreases in FS (Raidel et al. 2002). Collectively, these observations suggest 

that the level of Tat expression may determine the degree of disturbance in mitochondrial 

bioenergetics, which when severe, leads to contractile dysfunction.

Hypoxia-reoxygenation stress is known to cause mitochondrial dysfunction and increase 

ROS levels in cardiac myocytes (Miller et al. 2014). Indeed, post-H/R, both WT and Tg26 

myocytes demonstrated the expected reduction in mitochondrial Ca2+ uptake, ΔΨm and 

OCR, and increases in O2
.− levels. However, ΔΨm was significantly lower and O2

.− level 

was significantly higher in Tg26 myocytes when compared to WT myocytes post-H/R. 

Because of the already low OCR in Tg26 myocytes under normoxic conditions, the decrease 

in maximal OCR post-H/R was not as large in Tg26 myocytes (~40%) when compared to 

WT myocytes (~60%). These observations suggest that the already compromised 

mitochondria in Tg26 myocytes suffered worse damage when subjected to stress. More 

severe mitochondrial dysfunction in Tg26 myocytes post-H/R was manifested as lower 

maximal contraction amplitude especially in the presence of isoproterenol. In this context, it 

is interesting to note that cardiac function in Tg26 mice did not return to normal post-stress 

(open heart surgery), in contrast to WT mice (Cheung et al. 2015).
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Although levels of BAG3 are similar between WT and Tg26 hearts, downregulation of 

BAG3 results in significant decrease in +dP/dt in Tg26 but not WT hearts (Cheung et al. 

2015). On the other hand, overexpression of BAG3 rescues contractile dysfunction in adult 

myocytes overexpressing Tat (Cheung et al. 2015). These observations suggest interaction 

between Tat and BAG3 in HIV-1 infected hearts. Indeed, our co-immunoprecipitation results 

demonstrated physical association between Tat and BAG3 in cardiomyocytes. One of the 

loci of interaction between Tat and BAG3 is likely the mitochondrion since: (i) Tat induces 

ultrastructural damage in mitochondria (Raidel et al. 2002) and disrupts mitochondrial 

bioenergetics and mitochondrial quality control (Tahrir et al. 2018); (ii) BAG3 is intimately 

involved in mitochondrial quality control and is critical for the maintenance of mitochondrial 

homeostasis under stress (Tahrir et al. 2017); and (iii) Tg26 hearts have more 

ultrastructurally damaged mitochondria (Lewis et al. 2000) and exhibit mitochondrial 

dysfunction under basal conditions. Thus the third major finding of the present study is that 

BAG3 overexpression decreased the elevated O2
.− levels in Tg26 myocytes post-H/R to 

those observed in normoxic myocytes. Improved mitochondrial function in Tg26 myocytes 

post-H/R by BAG3, enhanced β1 adrenergic receptor coupling with L-type Ca2+ channel by 

BAG3 (Feldman et al. 2016), and increased autophagy flux in injured cardiomyocytes by 

BAG3 (Su et al. 2016), may all contribute to improved contractile function when compared 

to control Tg26-GFP myocytes (Fig. 8). Collectively, our observations suggest that in HIV-1 

infected hearts, there is a fine balance of interaction between BAG3 and Tat so that although 

there is evidence of altered mitochondrial function and reduced ATP levels, myocyte 

contractility is maintained. Imposition of additional stresses such as hypoxia/reoxygenation, 

BAG3 downregulation, adrenergic overdrive, or surgery, disrupts this fine balance and 

results in worse mitochondrial bioenergetics, increased oxidative stress and overt contractile 

dysfunction. Our results also point to the rationale of BAG3 upregulation or enhanced BAG3 

activity as a therapeutic modality for HIV-1 associated cardiomyopathy. In this context, it 

should be noted that BAG3 overexpression in normal WT myocytes did not affect 

contraction amplitude, shortening or re-lengthening velocities [current results and previous 

study (Cheung et al. 2015)], suggesting lack of adverse effects on cardiac contractility if 

BAG3 is used as a therapeutic modality.

In summary, under basal conditions, mitochondrial function in Tg26 myocytes was 

abnormal although myocyte contractility was similar to that observed in WT myocytes. 

After hypoxia/reoxygenation, Tg26 myocytes had the lowest mitochondrial membrane 

potential and highest superoxide levels, and with added adrenergic stress, the worst myocyte 

contractile dynamics. Overexpression of BAG3 which physically associated with Tat 
reduced superoxide levels and improved myocyte contractility in Tg26 myocytes after 

hypoxia-reoxygenation injury. We conclude that persistent HIV-1 infection negatively 

impacts on cardiac mitochondrial function and that BAG3 likely has a therapeutic role in 

ameliorating AIDS cardiomyopathy.
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Figure 1. 
Mitochondrial membrane potential and mitochondrial Ca2+ uptake are lower in 

permeabilized Tg26 myocytes after hypoxia/reoxygenation. LV myocytes isolated from WT 

and Tg26 mice were subjected to normoxia or hypoxia for 2 h followed by 30 min. of 

reoxygenation (Materials and Methods). Myocytes were permeabilized with digitonin and 

supplemented with succinate. A: the ratiometric indicator JC-1 was added at 20s and used to 

monitor ΔΨm. B & C: summary of basal ΔΨm and ΔΨm after 10 μM Ca2+ addition but 

before CCCP addition, respectively (n = 6 experiments from 3 mice in each group). D: the 

ratiometric dye Fura-FF was added at 0s and used to monitor extra-mitochondrial Ca2+. 

Repeated pulses of Ca2+ (10 μM) were added as indicated (arrows). The rate of 

mitochondrial Ca2+ uptake after the first Ca2+ pulse was measured. E & F: summary of 
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mitochondrial Ca2+ uptake rate and amount of Ca2+ uptake by mitochondria, respectively 

(n=6 experiments from 3 mice in each group). **p<0.01.
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Figure 2. 
Mitochondrial membrane potential is lower in intact Tg26 myocytes after hypoxia/

reoxygenation. LV myocytes isolated from WT and Tg26 mice were subjected to normoxia 

or hypoxia for 2h followed by 30 min of reoxygenation. Myocytes were loaded with the 

mitochondrial membrane potential indicator TMRM (Materials and Methods). Confocal 

images (n=8 to 11 myocytes for each condition) were obtained and fluorescence signal 

intensities of TMRM were quantified in fluorescence arbitrary units. *p<0.05; ****p<0.001.
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Figure 3. 
Oxygen consumption rate and ATP levels are reduced in Tg26 hearts. O2 consumption rate 

(OCR) was measured in freshly isolated intact LV myocytes from WT and Tg26 mice 

(Materials and Methods). A: after basal OCR was obtained, oligomycin (1 μM) was added to 

inhibit F0F1ATPase (Complex V)(Point A). The uncoupler FCCP (1 μM) was then added 

(Point B), and maximal OCR was measured. Finally, antimycin A + rotenone (1 μM each) 

were added (Point C) to inhibit cytochrome bc1 complexes (Complex III) and NADH 

dehydrogenase (Complex I), respectively. Each point in the traces represents the average of 
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eight different wells. B, C & D: summary of basal OCR (B), ATP coupled respiration (C) 

and maximal OCR (D)(n = 3 WT and 3 Tg26 mice). E: Hearts from WT (blue) and Tg26 

(red) mice were homogenized, and ATP levels were measured by CellTiter-Glo assay (n=3 

each). *p<0.05, **p<0.01; ***p<0.001.
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Figure 4. 
Hypoxia/reoxygenation reduces oxygen consumption rate in WT and Tg26 myocytes. LV 

myocytes isolated from WT and Tg26 mice were subjected to normoxia or hypoxia for 2h 

followed by 30 min. of reoxygenation before OCR measurements as described in Fig. 3. 

Summaries of basal and maximal OCR for the 4 groups of myocytes (4 WT and 5 Tg26 

mice) are shown. Also shown is the summary of proton leak (defined as OCR after 

oligomycin minus OCR after antimycin A and rotenone addition). *p<0.05; **p<0.01; 

***p<0.001.
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Figure 5. 
Endogenous BAG3 levels are similar but myocyte contractility is lower in Tg26 myocytes 

after hypoxia/reoxygenation and isoproterenol. A: LV homogenates were prepared from WT 

and Tg26 hearts and BAG3 measured. Calsequestrin (CLSQ) was used as a loading control. 

B: Freshly isolated myocytes were paced to contract at 2 Hz, 370C and 1.8 mM [Ca2+]o 

(Materials and Methods), under normoxic conditions in the absence (open bars) and 

presence (hatched bars) of 1 μM isoproterenol (Iso), or subjected to 2 h of hypoxia followed 

by 30 min. of reoxygenation before contraction measurements in the absence (solid black 
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bars) and presence (solid gray bars) of 1 μM isoproterenol. Myocytes were isolated from 3 

WT and 3 Tg26 mice. There are 23, 23, 24 and 25 WT-normoxic, WT-normoxic + Iso, WT-

H/R and WT-H/R + Iso myocytes, respectively. Similarly, there are 21, 24, 22, and 27 Tg26-

normoxic, Tg26-normoxic + Iso, Tg26-H/R and Tg26-H/R + Iso myocytes, respectively. 

Maximal contraction amplitude is given as % resting cell length. Means ± SE are shown. 

*p<0.0001, #p<0.025.
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Figure 6. 
BAG3 overexpression rescues contractile abnormality in Tg26 myocytes subjected to 

hypoxiareoxygenation and isoproterenol. Left ventricular myocytes isolated from WT (n=4 

mice) and Tg26 (n=4 mice) hearts were infected with Adv-GFP or Adv-BAG3 and cultured 

for 24h (Materials and Methods) before contractility measurements (Figure 5). For cultured 

myocytes, duration of hypoxia was 30 min. followed by 30 min. of reoxygenation (Miller et 

al. 2014). Open bars: normoxia; hatched bars: normoxia + Iso; solid black bars: H/R; solid 

gray bars: H/R + Iso. For WT-GFP, there are 18, 22, 17 and 19 normoxic, normoxic + Iso, 
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H/R and H/R + Iso myocytes, respectively. For WT-BAG3, there are 18, 19, 16 and 20 

normoxic, normoxic + Iso, H/R and H/R + Iso myocytes, respectively. For Tg26-GFP, there 

are 19, 24, 21 and 19 normoxic, normoxic + Iso, H/R and H/R + Iso myocytes, respectively. 

For Tg26-BAG3, there are 24, 22, 23 and 23 normoxic, normoxic + Iso, H/R and H/R + Iso 

myocytes, respectively. Maximal contraction amplitude is given as % resting cell length. 

Means ± SE are shown. *p<0.001, **p<0.025, ***p<0.045.
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Figure 7. 
Demonstration of association of Tat with BAG3 in transfected H9C2 cardiomyocytes by 

coimmunoprecipitation. H9C2 cardiomyocytes were transfected with pcDNA6 myc-BAG3 

or pcDNA3 Tat, or both plasmids for 48 hours after which co-immunoprecipitation was 

performed (Materials and Methods). The control preimmune rabbit sera (Normal sera) failed 

to immunoprecipitate myc-tagged BAG3 or Tat (lanes 5 to 8). Using α-myc antibody, BAG3 

was successfully immunoprecipitated (lanes 2 and 4) and Tat coimmunoprecipitated with 

BAG3 (lane 4).
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Figure 8. 
Excitation-contraction coupling, mitochondrial function and mitophagy: targets for Tat and 

improvement by BAG3 in Tg26 myocytes. With depolarization, extracellular Ca2+ enters 

via L-type Ca2+ channel (ICa) and Na+/Ca2+ exchanger (NCX1)(both depicted as mainly 

situated in the t-tubules), causing Ca2+ release from the ryanodine receptor (RyR) in the 

sarcoplasmic reticulum (SR). Ca2+ binds to troponin to initiate myofilament contraction and 

ATP is consumed. During diastole, Ca2+ is pumped back to the SR by SR Ca2+-ATPase 

(SERCA) whose activity is modulated by phospholamban (PLB). The amount of Ca2+ that 

has entered during systole is extruded by Na+/Ca2+ exchanger and to a very minor extent, 

by sarcolemmal Ca2+-ATPase. The HIV-1 protein Tat impairs mitochondrial electron 

transport by reducing levels of Complex I (NDUFA4L2) and Complex III (cytochrome c) in 

the heart (Tahrir et al. 2018), resulting in decreased oxygen consumption rate (OCR) and 

ATP (Fig. 3), and increased ROS levels (Fig. 4). BAG3, by sequestering Tat as well as 

promoting autophagy (Su et al. 2016) and mitochondrial quality control (Tahrir et al. 2018), 

improves mitochondrial bioenergetics and reduces ROS (Fig. 4). In addition, BAG3 

enhances β- adrenergic responsiveness and regulates activities of ion channels including the 

L-type Ca2+ channel (Feldman et al. 2016), allowing more Ca2+ to enter during systole. 

Finally, BAG3 enhances sarcomere stability (Ulbricht and Hohfeld 2013). These beneficial 

effects of BAG3 may all contribute to improve contractility of HIV-1 infected cardiac 
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myocytes under conditions of stress such as hypoxia-reoxygenation (increased ROS; Fig. 4) 

and adrenergic stimulation (Fig. 6).
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