
Acc
ep

ted
 M

an
us

cri
pt

 

© The Author(s) 2020. Published by Oxford University Press for the Infectious Diseases 
Society of America. All rights reserved. For permissions, e-mail: 
journals.permissions@oup.com. 

Blunted muscle mitochondrial responses to exercise training in older adults with HIV 

Catherine M. Jankowski1, Melissa P. Wilson2,3, Samantha MaWhinney2, Jane Reusch4,5,6, 

Leslie Knaub4,5, Sara Hull4,5, and Kristine M. Erlandson7,8 

1. University of Colorado Anschutz Medical Campus College of Nursing, Aurora, CO 

80045, USA 

2. University of Colorado Anschutz Medical Campus, Colorado School of Public Health, 

Department of Biostatistics and Informatics, Aurora, CO 80045, USA 

3. University of Colorado Anschutz Medical Campus, School of Medicine, Department of 

Bioinformatics and Personalized Medicine, Aurora, CO 80045, USA 

4. University of Colorado Anschutz Medical Campus, Department of Medicine, Division of 

Endocrinology, Metabolism & Diabetes, Aurora, CO 80045, USA 

5. Rocky Mountain Regional VA Medical Center, Aurora, CO 80045, USA 

6. University of Colorado Anschutz Medical Campus Center for Women’s Health Research, 

Aurora, CO 80045, USA 

7. University of Colorado Anschutz Medical Campus, Department of Medicine, Division of 

Infectious Diseases, Aurora, CO 80045, USA 

8. University of Colorado Anschutz Medical Campus, Department of Medicine, Division of 

Geriatric Medicine, Aurora, CO 80045, USA 

Corresponding Author:  Catherine M. Jankowski, PhD 

Phone: 303-724-7393 Fax: 303-724-8560. Email: Catherine.jankowski@cuanschutz.edu 

Alternate Corresponding Author:  Kristine M. Erlandson, MD 

Phone: 303-724-4941 Fax: 303-724-4926  Email: Kristine.erlandson@cuanschutz.edu 

 

Summary: In older people with HIV skeletal muscle mitochondrial responses to moderate 

intensity exercise training were blunted compared to uninfected peers. Alternative exercise 

strategies, such as high-intensity interval training, may be necessary to further stimulate 

mitochondrial adaptations in people with HIV. 
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Background: Muscle mitochondrial dysfunction associated with HIV and antiretroviral 

therapy (ART) may improve with exercise.   

Methods: Muscle specimens obtained before and after 24 weeks of exercise in older PWH 

(n=18; ART >2 years) and uninfected controls (n=21) were analyzed for citrate synthase 

(CS) activity and complexes (C) I-V, manganese superoxide dismutase (MnSOD), 

peroxisome proliferator-activated receptor-γ coactivator-1 (PGC1α), and voltage-dependent 

anion channel 1 (VDAC1) content. 

Results: Only controls had increased CS, MnSOD, PGC1 and CIV (P 0.01; P< 0.01 vs 

PWH) after training. 

Conclusions: The blunted mitochondrial adaptations to training in PWH suggests the need 

for different types of exercise-induced stimulation.  

Keywords: HIV, exercise, exercise training, mitochondrial function, skeletal muscle, aging 
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Background 

Aging, HIV infection, and antiretroviral therapy (ART) are associated with 

mitochondrial damage and dysfunction in skeletal muscle [1-4]. In muscle, lower total 

mitochondrial DNA [2], enzyme activity (e.g., citrate synthase), and mitochondrial respiration 

[5] have been associated with older age, lower aerobic capacity [2], reduced physical 

function [5], and a sedentary lifestyle during older age [6]. In contrast, exercise is a potent 

stimulus for the regulation of skeletal muscle mitochondrial bioenergetics, biogenesis, and 

remodeling [7] and a physically active lifestyle during older age may preserve or reverse 

mitochondrial function [6].  

PWH experience earlier manifestations of muscle impairment, including greater than 

expected impairments in physical function [8, 9] than uninfected peers.  We found that, when 

compared to uninfected controls, older PWH had worse baseline physical function [10] and 

greater improvements in cardiorespiratory capacity (VO2 peak; 400-m walk) after 24 weeks 

of exercise training.  Given the results of our exercise training study in older PWH [10] and 

the deleterious effects of HIV infection, ART, aging, and a sedentary lifestyle on 

mitochondrial function, we hypothesized lower muscle mitochondrial content and enzyme 

activity in older PWH than uninfected controls, and HIV-specific changes in these markers in 

response to exercise training. 

Methods 

The Exercise for Healthy Aging Study enrolled PWH and HIV-uninfected controls 

between April 2014 to May 2017 (NCT02404792). The inclusion and exclusion criteria, study 

design, and detailed exercise intervention have been published [10]. Briefly, participants 

were aged 50 to 75 years, sedentary (< 60 minutes of physical activity per week), with body 

mass index (BMI) 20 to 40 kg/m2, and no contraindications to exercise. PWH were on stable 

ART with an HIV-1 RNA <200 copies/mL for >2 years and CD4+ T-cell count > 200 cells/µL. 

The present analysis was conducted only with men because only one woman consented to a 
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muscle biopsy. Study procedures were approved by the Colorado Multiple Institution Review 

Board. Written informed consent was obtained from all participants. 

 

Exercise intervention. Briefly, prior to training and at weeks 13 and 24, peak 

cardiorespiratory capacity (VO2 peak) was measured during a graded treadmill test. 

Maximum muscle strength was measured using the one-repetition maximum (1-RM) at 

baseline and every 3 weeks. Participants attended supervised exercise sessions 3 times 

weekly for 24 weeks. Each session included treadmill walking and 4 weight-assisted 

machine exercises (bench and leg presses, lateral pulldown, and a rotating fourth exercise). 

The first 12 weeks targeted moderate intensity (40-50% VO2 peak) treadmill walking and 

resistance exercises (3 sets, 60-70% 1-RM) each session. At week 12, participants were 

randomized to continue moderate-intensity training or advance to high-intensity training (60-

70% of week 12 VO2 peak and > 80% 1-RM) [11]. 

Body composition. Before and at week 24 of training, total body lean mass and fat mass 

were measured by dual-energy x-ray absorptiometry using either the Hologic Discovery W 

(Apex 4.0.1) or Horizon W (Apex 5.6.05) (Hologic, Inc., Bedford MA). The coefficients of 

variation (95% CI) for lean and fat mass are 0.7% (0.5, 0.8%) and 1.7% (1.3, 2.1%), 

respectively. 

Tissue analysis. Specimens of vastus lateralis were obtained by percutaneous needle biopsy 

before and after 24 weeks of training. In preparation for the biopsy, participants fasted 

overnight and abstained from exercise for the previous 24 hours. Specimens were cleaned 

of visible fat, immediately immersed in liquid nitrogen, and then stored at -80°C. Citrate 

synthase (CS) activity mitochondrial protein content were measured spectrophotometrically 

and by densitometric analysis of Western blots, respectively. (detailed in Supplemental File). 
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Statistical analyses 

Exercise training adherence was calculated as percent of 72 total exercise sessions 

attended. Baseline results are presented as geometric means due to right skew. In the full 

sample (N=39), baseline characteristics were compared via t-tests or Fisher’s Exact Test.  

Pre-training mitochondrial protein content and CS activity were compared by HIV serostatus 

using unadjusted models and models adjusted for age or percent body fat.  Baseline 

characteristics and pre-training mitochondrial markers of the training analysis subset were 

compared to the larger sample to evaluate attrition bias. Training responses were calculated 

as differences in log transformed mitochondrial markers; estimates were back-transformed 

to percent change from baseline. The effects of serostatus were determined using models 

adjusted for pre-training values alone and with age or percent body fat.  For all adjusted 

models, estimates are reported for the mean value of the continuous adjustment variables. 

The association of mitochondrial marker log differences and average VO2 peak change was 

explored, adjusting for baseline marker level. For outcomes that achieved statistical 

significance in these models, we also considered HIV serostatus as a covariate. Outcomes 

were considered complementary and reported without adjustment for multiple comparisons 

[12]. Results were expressed as the geometric mean and 95% confidence interval unless 

otherwise specified. Analyses utilized R (v. 3.4.2) and SAS (v. 9.4). 

 

Results 

Pre-training muscle biopsies were obtained from 18 male PWH and 21 controls 

(Table 1; cross-sectional cohort). PWH had a similar age, significantly lower BMI and 

percent body fat, slower 400-m walk time, and were more likely to have a greater comorbid 

burden (higher Veterans Aging Cohort Study score) than controls. PWH were well controlled 

on ART, as indicated by an HIV-1 RNA < 20 copies/mL in all participants and a median CD4 

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/advance-article/doi/10.1093/infdis/jiaa799/6055584 by Jules Levin on 04 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 7 

count over 500 cells/uL. Median time since HIV diagnosis and ART use were a decade or 

more, and the majority of PWH had been exposed to thymidine analogues.  

In the 15 PWH and 16 controls with paired pre- and post-training muscle biopsies 

(Table 1, training cohort), PWH had lower BMI and percent body fat (P=0.001) and slower 

400-m walk time (P=0.026) than controls. The baseline characteristics of the training and 

cross-sectional cohorts were not significantly different. 

 

Pre-Training Comparisons by HIV Serostatus  

In the pre-training mitochondrial comparisons (Suppl Table 1), PWH had significantly 

greater content of VDAC-1 and lower CIII and CIV than controls; no other markers differed 

significantly by HIV serostatus. After adjusting for percent body fat, only CIII remained 

significantly lower in PWH. 

 

Exercise Training Comparisons by HIV Serostatus (Paired Samples) 

At baseline, the mitochondrial characteristics of the training and cross-sectional 

cohorts were comparable except that CIII content was not significantly different between 

PWH and controls in the training cohort (Suppl Table 2). After 24 weeks of exercise training, 

CS activity, MnSOD, PGC-1, and CIV increased significantly among controls, with decreases 

(CS) or minimal increases (MnSOD, PGC-1, CIV) among PWH, resulting in significant 

differences by HIV serostatus (Fig 1, Suppl Table 3).  These comparisons remained 

significant when additionally adjusting for age. When adjusted for percent body fat and pre-

training levels, MnSOD changes were no longer different by HIV serostatus. Changes in the 

other mitochondrial markers did not differ significantly by HIV serostatus. The changes in the 

mitochondrial markers were not significantly different by exercise intensity (moderate-

intensity versus high-intensity; data not shown). Finally, we report the effect of training on the 
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relationship between CS activity and VO2 peak. When pooling all participants, the changes 

in VO2 peak and CS activity were inversely related (-5.6% (-10.7, -0.3)%; CS activity 

decreased per 1 unit increase in VO2 (P=0.04). When adjusting for change in VO2 peak and 

HIV status, controls had significantly greater changes in CS activity than PWH (P=0.04). 

Assuming the overall mean VO2 peak change of 4.4 ml/kg/min, significant changes in CS 

activity were seen in controls (43% (14, 79%); P=0.004) but not in PWH (-7% (-32, 26%); 

P=0.63. No other training-induced changes in mitochondrial markers were significantly 

related to changes in VO2 peak. 

 

Discussion 

We found HIV-specific differences in muscle mitochondrial markers at baseline and, 

most notably, blunted adaptations to exercise training in older men with decades of HIV and 

ART exposure. The intervention included moderate- to high-intensity cardiovascular 

endurance and resistance exercise to align with the physical activity guidelines for the 

general U.S. population and for PWH [11].  

At baseline (pre-training), PWH had greater VDAC-1 content and lower electron 

transport complex III and IV content compared to controls. To the best of our knowledge, we 

are the first to report on HIV-specific differences in VDAC-1 content in skeletal muscle. 

VDAC-1 (mitochondrial porin), is a protein located on the outer mitochondrial membrane that 

selectively regulates the exchange of calcium ions, ATP, and other metabolites between the 

cytoplasm and the inner mitochondria, and also regulates apoptosis [13]. VDAC-1 may be 

elevated as the result of apoptotic stimuli in the cytoplasm that trigger increases in 

mitochondrial ionized calcium levels, further inducing the apoptotic cascade [13]. Whether 

this apoptotic mechanism is heightened in muscle exposed to HIV and ART, or is an 

adaptation resulting from greater mortality risk (VACS-1) is to be determined.  
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Reduced oxidative capacity and electron transport function in sedentary PWH at 

baseline was suggested by a trend for lower CS activity (33%; P=0.079) and significantly 

lower content of electron transporter complex III and IV subunits when compared to controls. 

Notably, the PWH in this study also had significantly slower walk times at baseline than 

controls [10], a functional outcome consistent with lower energy production in muscles of 

ambulation, deleterious effects of HIV infection and aging [5], and sedentarism [6]. Our 

findings align with Ortmeyer et al [14] who found that CS activity was 77% lower in middle-

aged men with ART-treated HIV compared to controls, although they found no HIV-specific 

differences in Complexes I-V in muscle tissue.  

 The effects of exercise training on mitochondria diverged in PWH and controls. The 

impaired mitochondrial adaptations to exercise training in older PWH encompassed a wide 

scope of functions including substrate delivery and energy generation, oxidative capacity, 

antioxidant defense, and mitochondrial biogenesis and networking.  

Our findings of the effects of exercise on the mitochondrial markers among controls 

were consistent with Irving et al [15] who found trends for increased skeletal muscle PGC1 

and CS activity after 8 weeks of combined moderate-intensity aerobic and resistance 

exercise training in older adults. As shown in our adjusted models, the increased CS activity 

and content of MnSOD, PGC-1, and CIV in controls (but not PWH) could not be attributed 

to better exercise adherence or differences in body composition, with the exception of 

adiposity moderating the changes in MnSOD. The increase in VO2 peak in controls [10] 

could be attributed to an increase in CS activity. In older men with long-standing HIV 

infection, most with previous exposure to thymidine analogs, the increase in VO2 peak 

without improvements in mitochondrial function suggests alternative adaptive pathways and 

long-term limitations on mitochondrial function. It is not known whether other exercise 

strategies, such as high-intensity interval training, could elicit improvements in mitochondrial 

function that would further increase aerobic capacity and exercise tolerance in older PWH. 

We previously found [10] that PWH who exercised at a higher versus lower intensity tended 

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/advance-article/doi/10.1093/infdis/jiaa799/6055584 by Jules Levin on 04 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

 10 

to have greater improvements in physical function. In the present study, we did not detect 

significant effects of exercise intensity on the mitochondrial markers and were underpowered 

to detect an interaction of HIV serostatus with exercise intensity.  

Although this study has several strengths, including a comparison of baseline and 

training-induced changes in mitochondrial markers in middle-aged PWH and uninfected 

controls, limitations are acknowledged. The exclusively male sample limits generalization to 

women aging with HIV. The exercise intensity was increased after week 12 for 

approximately half of PWH and controls but muscle biopsies were not obtained at this 

juncture. Because the muscle specimens had been frozen, mitochondrial respiration could 

not be measured. Finally, we cannot ascertain the relative contributions of HIV infection, use 

of current ART formulations, or prior exposure to thymidine nucleotides to the mitochondrial 

responses. 

 We found that current exercise recommendations for adults were not sufficient to 

induce mitochondrial adaptations in older PWH. Future studies with measures of muscle 

mitochondrial respiration are needed to further elucidate the pre-training differences and 

exercise responses that are HIV-specific. We contend that a different exercise strategy, such 

as high-intensity interval training, may be necessary to stimulate mitochondrial adaptations 

or alternative mechanisms in skeletal muscle that would improve exercise tolerance of 

people aging with HIV. 
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Table 1. Participant characteristics at study entry; the training cohort was a subset of the 

cross-sectional cohort who had muscle biopsies both before and after training. (Median 

[IQR] or mean ± SD) 

 Cross-sectional cohort Training cohort 

 PWH 

(n=18) 

Controls  

(n=21) 

PWH 

(n=15) 

Controls  

(n=16) 

Male, % 100 100 100 100 

Race, % white 67 86 80 100 

Non-Hispanic, % 89 86 87 81 

Age, years 56 ± 5 57 ± 7  57 ± 5 58 ± 7 

BMI, kg/m2 25 ± 2 29 ± 5** 25 ± 2 29 ± 5** 

Body fat, % 22.8 ± 5.5 28.8 ± 6.8** 23.6 ± 5.2 30.4 ± 5.2** 

Current smoker, % 28 14 27 12 

VACS > 20 points, % 50 14* 53 19 

VO2 peak, ml/kg/min 27.4 ± 4.3 29.2 ± 6.5 27.7 ± 3.8 29 ± 6.6 

400-m walk, min 249.2 ± 31.0 224.7 ± 22.2** 251.8 ± 33.5 227.7 ± 23.0* 

Years since HIV 

diagnosis 

21.5 [17, 25] --- 22 [17, 24] --- 

CD4 count, cells/µL 528 [415, 831] --- 504 [394, 749] --- 

HIV-1 RNA < 20 

copies/mL, % 

100 --- 100 --- 

ART use, years 18 [15, 19] --- 17 [15, 19] --- 
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Any use of thymidine 

analoguesa, % 

67 --- 67 --- 

a  Prior use > 1 year 

* P < 0.05; ** P < 0.01, within-cohort comparison  

ART, anti-retroviral therapy; VACS, Veterans Aging Cohort Study Index Version 2.0; VO2 peak, 

greatest volume of oxygen consumption achieved during a graded exercise test 
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