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40 Word summary: Accelerated epigenetic aging was observed in women with HIV in comparison to 23 

women without HIV and associated with lower physical function in both groups. Epigenetic aging was 24 

not associated with bone outcomes.  25 
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Abstract 43 

Background: The relationship between accelerated epigenetic aging and musculoskeletal outcomes in 44 

women with HIV (WWH) has not been studied. 45 

Methods: We measured DNA methylation age using the Infinium MethylationEPIC BeadChip in a cohort 46 

from the Women’s Interagency HIV Study (N=190) with measures of bone mineral density (BMD) and 47 

physical function. We estimated six biomarkers of epigenetic aging: epigenetic aging acceleration (EAA), 48 

extrinsic epigenetic age acceleration (EEAA), intrinsic epigenetic age acceleration (IEAA), GrimAge, 49 

PhenoAge, and DNA methylation-estimated telomere length (DNAmTL) and evaluated associations of 50 

epigenetic aging measures with BMD and physical function. We also performed epigenome-wide 51 

association studies (EWAS) to examine associations of DNA methylation signatures with BMD and physical 52 

function.  53 

Results: 118 WWH (mean age 49.7 years; 69% Black) and 72 without HIV (mean age 48.9 years; 69% Black) 54 

were included. WWH had higher EAA (1.44±5.36 vs. -1.88±5.07, p<0.001) and lower DNAmTL (7.13±0.31 55 

vs. 7.34±0.23, p<0.001) than women without HIV. There were no significant associations between 56 

accelerated epigenetic aging and BMD. Rather, measures of accelerated epigenetic aging were associated 57 

with lower physical function.  58 

Conclusions: Accelerated epigenetic aging was observed in WWH compared to women without HIV and 59 

associated with lower physical function in both groups.  60 

Key Words: bone mineral density, osteoporosis, menopause, HIV, aging, women, EWAS, epigenetic aging, 61 

physical function 62 

 63 

  64 
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Introduction 65 

Adults with HIV appear to have a higher prevalence of frailty, poor physical function, and osteoporosis 66 

than age- and sex-matched adults without HIV [1,2]. For women with HIV (WWH), conditions of 67 

musculoskeletal aging, including osteoporosis and fractures, occur more frequently after the menopausal 68 

transition, and the differences in prevalence between WWH and women without HIV are greater among 69 

postmenopausal women [3].   70 

 71 

DNA methylation (DNAm), specifically methylation of 5′-cytosine in CpG-rich regions of DNA, is the most 72 

commonly studied epigenetic change due to its stability and accessibility [4,5]. DNAm age correlates with 73 

chronological age, and individuals with increased DNAm age compared to their chronological age have 74 

epigenetic age acceleration [6]. There are a number of methylation-based biomarkers of aging (i.e. 75 

epigenetic clocks) that measure age acceleration, including epigenetic age acceleration (EAA), extrinsic 76 

epigenetic age acceleration (EEAA), intrinsic epigenetic age acceleration (IEAA), GrimAge, and PhenoAge, 77 

as well as a DNA-methylation estimator of telomere length (DNAm-TL) [6–10]. Accelerated epigenetic age 78 

by DNAm has been reported among adults with HIV [11–15]; however, most of the data are in men.   79 

 80 

Few studies have examined the relationship between epigenetic age acceleration and bone mineral 81 

density (BMD) or physical function in WWH.  A study in children did not find any evidence of accelerated 82 

epigenetic aging at birth or age 7 with BMD [16]. A previous study showed that increased DNAm of Alu, a 83 

cluster of interspersed DNA elements, is associated with accelerated aging and lower BMD in post-84 

menopausal women with osteoporosis [17]. In the general population, GrimAge was found to be 85 

associated with a decline in physical function, including lower performance on 6-minute and 10-meter 86 

walk tests and knee extension and ankle plantar flexion strength tests, over three years of follow up in 87 

older women [18].  88 
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 89 

In the primary analysis of the Women’s Interagency HIV Study (WIHS) Musculoskeletal Substudy (MSK) of 90 

pre-, peri-, and post-menopausal women, we found that WWH had lower areal BMD (aBMD) by dual 91 

energy X-Ray absorptiometry (DXA) and lower volumetric BMD by quantitative computed tomography 92 

than age- and race/ethnicity-matched women without HIV [3]. In this secondary analysis, we compare 93 

methylation-based biomarkers of aging between WWH and women without HIV and evaluate associations 94 

of epigenetic age acceleration with BMD and physical function. We explore associations with DNAm 95 

signatures using large-scale epigenome-wide association studies (EWAS) to identify potentially modifiable 96 

mechanistic pathways.   97 
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Methods 98 

Study participants 99 

This analysis includes data from participants in the WIHS MSK, which enrolled 250 WIHS participants aged 100 

40-60 years from 3 WIHS sites (San Francisco, Bronx, and Chicago) with HIV who were on ART for >1 year 101 

and had CD4>100 cells/l, and a comparison group of women without HIV with similar age, ethnicity, and 102 

risk behaviors [3]. Exclusion criteria for the MSK included weight >264 lbs, height greater than 6'1", 103 

pregnant or breastfeeding in the past 6 months, estimated glomerular filtration rate by MDRD of <60 104 

ml/min/1.73m2, and current hormone replacement therapy, osteoporosis treatment, or glucocorticoid 105 

use. For this epigenetic analysis, a total of 195 samples were selected, including 89 from the Bronx, 65 106 

from San Francisco, and 41 from Chicago WIHS sites. This study was approved by the Institutional Review 107 

Boards of all participating institutions and informed consent was provided by all participants.  108 

 109 

Measurements 110 

Demographics and clinical characteristics: Demographic and clinical information on age, race (Black vs. 111 

non-Black), weight, body mass index (BMI), menopausal stage defined using SWAN (Study of Women’s 112 

Health Across the Nation) study [3,19], substance use, and co-morbidities were extracted from the WIHS 113 

database. HIV-related variables included information on CD4 count, HIV-RNA level, and use and type of 114 

antiretroviral regimens. 115 

 116 

Bone mineral density: DXA was utilized to measure aBMD at the lumbar spine and total hip. DXA scans 117 

were performed using Lunar Prodigy densitometers (GE Medical Systems, Madison WI) at all WIHS MSK 118 

study sites and read centrally at the Image Analysis Lab (New York, NY) as described previously [3]. 119 

 120 
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Physical function: A battery of muscle strength, walking speed, balance and endurance measures was 121 

developed based upon the Baltimore Longitudinal Study on Aging (BLSA) and other aging cohorts [20,21]. 122 

Muscle strength was assessed by grip strength [22] and repeated chair stands. For grip strength, the 123 

participant was asked to hold a hand-held Jamar dynamometer with their dominant hand and squeeze 124 

with maximum force in kg, and the best of three attempts was utilized in analysis. For the repeated chair 125 

stand, the participant was asked to stand from a seated position without the aid of their arms. The time 126 

to completion of 10 repetitions was recorded to minimize the ceiling effect for higher functioning women 127 

[23]. Walking speed was defined by the faster of two measurements at a “normal, comfortable pace” over 128 

a 4-meter course. Endurance was assessed by a 400-meter walk, which measures time taken to complete 129 

a 400-meter walk. Static balance was assessed with the 4-stage Standing Balance Test (parallel, semi-130 

tandem, tandem, and single-leg) [24], with the duration that subjects were asked to hold each position 131 

increased to 30 seconds to reduce possibility of a ceiling effect [25]. Only data from the single-leg stance 132 

test were included here. The functional reach test was also performed, with results reported as the mean 133 

scores of 3 reaches, where each individual would slide their hand as far forward as they could without 134 

losing their balance or taking a step [26]. 135 

 136 

DNA extraction and genome-wide methylation profiling: DNA was extracted using the Qiagen QIAmp 137 

DNA Blood Midi Kit (Qiagen, Germantown, MD) and quantified using the Qubit dsDNA BR Assay Kit and 138 

Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA) at CUIMC. DNAm levels were measured using 139 

the Infinium MethylationEPIC BeadChip v1.0 (Illumina, San Diego, CA) at Roswell Park Cancer Institute 140 

(Buffalo, NY). Genomic DNA (50ng/µL) was isolated and quantified with PicoGreen (Thermo Fisher 141 

Scientific, Waltham, MA) from PBMCs of the 195 participants. The Infinium Methylation EPIC BeadChip 142 

v1.0 arrays (Illumina, Inc., San Diego, CA) which interrogate ~850,000 CpG sites, were run at the 143 

Northwestern University Genomics Core Facility according to the manufacturer’s protocol. Briefly, 144 
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genomic DNA samples were bisulfite converted using the EZ DNA Methylation kit (Zymo Research Col, 145 

Irvine, CA). Samples were amplified, enzymatically fragmented, and hybridized to the BeadChips. 146 

Following hybridization, the chips were stained, washed, and scanned using the Illumina HiScan System. 147 

Raw intensity data (IDAT) files were obtained.  148 

 149 

Bioinformatics pre-processing of DNA methylome data: Standard pre-processing pipeline procedures, 150 

including filtering, quality control and dye-bias correction were performed with the R package ewastools 151 

v1.5 [27,28]. Control metrics were checked for quality control. With the threshold of SNP outliers set as -152 

4, five samples were removed, for a total of 190 remaining for analysis. A total of 843,393 CpG sites were 153 

obtained after removing the control probes, non-CpG probes, failed probes with detection p-value ≥0.05, 154 

SNP-enriched probes, probes demonstrated to cross-hybridize non-specifically in the genome, and sex 155 

chromosome probes. Estimated proportions of six different cell types (B-cells, CD4 T-cells, CD8 T-cells, 156 

natural killer cells, granulocytes, monocytes) were estimated using the Houseman method [29]. 157 

 158 

DNA methylation age: Estimated DNAm age in years was obtained from the online calculator 159 

(https://dnamage.genetics.ucla.edu/) developed by Horvath [6]. Six methylation-based biomarkers of 160 

aging were calculated: (1) epigenetic age acceleration (EAA), (2) extrinsic epigenetic age acceleration 161 

(EEAA), (3) intrinsic epigenetic age acceleration (IEAA), (4) GrimAge, (5) PhenoAge, and (6) DNAm-162 

estimated telomere length (DNAmTL). EAA is the (raw) residual resulting from regressing the Horvath-163 

estimated DNAm age estimate on chronological age [6]. EEAA is the residual resulting from regressing the 164 

Hannum-estimated DNAm age up-weighted for the contributions of age-related blood cell counts on 165 

chronological age [30,31].  IEAA is the residual resulting from regressing the Horvath-estimated DNAm 166 

age on chronological age + CD8.naive + CD8pCD28nCD45RAn + PlasmaBlast + CD4T + NK + Mono + Gran. 167 

GrimAge is based on 1030 CpG sites that predicts time-to-death [8]. PhenoAge is based on 513 CpG sites 168 
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that predict morbidity and mortality [9]. For these five measures, positive values indicate that the 169 

participant’s biological age is older than expected based on chronological age and negative values indicate 170 

that the participant’s biological age is younger than expected based on chronological age. The final 171 

measure DNAmTL estimates telomere length, where a shorter telomere length is indicative of accelerated 172 

biological aging [32]. 173 

 174 

Statistical analysis 175 

Continuous variables were descriptively summarized by means and standard deviations and categorical 176 

variables by percentages. Comparisons between WWH and women without HIV were performed using t-177 

tests for continuous variables and Fisher’s exact tests for categorical variables. Biomarkers of epigenetic 178 

aging were compared between groups using t-tests and linear regression, unadjusted and adjusted for 179 

race and smoking status. Associations between biomarkers of epigenetic aging and continuous measures 180 

of bone and physical function were assessed using linear regression models.  181 

 182 

For EWAS analyses, we fit a model using the empirical Bayes moderated linear regression approach 183 

implemented by limma [33] with DNAm as the dependent variable and HIV status as the primary 184 

independent variable. We conducted an unadjusted analysis as well as an analysis adjusted for age, race, 185 

and smoking status. CpG sites were considered to be differentially methylated if they had an p-value 186 

meeting the Holm-Bonferroni threshold (p<5.92 × 10−8) and |Δβ|>0.05, where Δβ is the mean difference 187 

between the average DNAm of the groups. Gene annotations used in the analysis were based on the 188 

IlluminaHumanMethylationEPICanno.ilm10b2.hg19 database [34]. All analyses were performed using R 189 

statistical software (version 4.1.2).  190 
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Results  191 

Characteristics of study population 192 

A total of 118 WWH (mean age 49.7 years; 69% Black) and 72 women without HIV (mean age 48.9 years; 193 

69% Black) were included, and characteristics are shown in Table 1. WWH had similar weight and BMI 194 

compared to women without HIV (Table 1). WWH were less likely to be a current smoker compared to 195 

women without HIV. Among the WWH, median (IQR) CD4 count was 567 (467-756) (cells/mm3) and 72% 196 

had an HIV RNA <50 copies/mL. WWH had lower BMD T-scores at the lumbar spine and total hip compared 197 

to women without HIV. There was little difference in physical function measures (grip strength, repeated 198 

chair stand, walk speed, single-leg stand, and functional reach) between women with or without HIV.  199 

 200 

HIV  201 

WWH had a significantly higher EAA (1.44±5.36 vs -1.88±5.07, p<0.001) and a lower DNAmTL (7.13±0.31 202 

vs 7.34±0.23, p<0.001) compared to women without HIV (Figure 1). EEAA, IEAA, GrimAge, and PhenoAge 203 

were not significantly different between groups. Findings were similar when adjusted for smoking status 204 

and race.  205 

 206 

In an unadjusted model, we identified 2,286 differentially methylated CpG sites associated with HIV that 207 

met the Holm-Bonferroni threshold and had |Δβ|>0.05. In a model adjusted for age, race, and smoking 208 

status, we identified 2,094 differentially methylated CpG sites associated with HIV.  The top 50 CpG sites 209 

are shown in Supplemental Table 1.  210 

 211 

Bone 212 

There were no differences in biomarkers of aging between women with and without a lumbar spine BMD 213 

T-score <-1 or between women with and without a total hip BMD T-score <-1 for the overall cohort (Table 214 
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2). Among WWH, there were also no differences between groups (data not shown). Among women 215 

without HIV, EAA was significantly lower for those with a lumbar spine BMD T-score <-1 compared to 216 

those with a lumbar spine BMD T-score >-1 (-5.43±3.25 vs. -1.35±5.14). When examining continuous bone 217 

outcomes for the overall cohort, greater lumbar spine BMD (β=0.238, 95%CI: 0.010, 0.467, p=0.04) and 218 

total hip BMD (β=0.316, 95%CI: 0.029, 0.602, p=0.03) were associated with increased DNAmTL. 219 

 220 

In an EWAS, no BMD measures (lumbar spine T-score, lumbar spine BMD, total hip T-score, or total hip 221 

BMD) were associated with DNAm. No CpG sites met criteria for association (Holm-Bonferroni significance 222 

and |Δβ|>0.05).  223 

 224 

Physical function 225 

We examined associations between biomarkers of aging and various measures of physical function. 226 

Women who could not hold a single-leg stand for 30 seconds (N=112) had higher EAA, EEAA, IEAA, 227 

GrimAge, and PhenoAge, and lower DNAmTL compared to women who could hold the single-leg stand for 228 

30 seconds (N=78) (Table 3). When stratified by HIV status, WWH who could not hold a single-leg stand 229 

for 30 seconds had higher EEAA (2.17±8.30 vs. -0.95±7.34, p=0.03), GrimAge (0.78±5.03 vs. -1.51±4.47, 230 

p=0.01) and PhenoAge (2.01±7.23 vs. -1.29±7.09, p=0.01) compared to WWH who could hold the single-231 

leg stand for 30 seconds (Supplemental Table 2). For women without HIV, those who could not hold a 232 

single-leg stand for 30 seconds had higher EAA (-1.02±5.38 vs. -3.32±4.22, p=0.048) and lower DNAmTL 233 

(7.30±0.24 vs. 7.41±0.20, p=0.045) compared to those who could hold the single-leg stand for 30 seconds 234 

(Supplemental Table 2). 235 

 236 

Longer time holding a single-leg stand was associated with lower EEAA (β=-0.141, 95%CI: -0.274, -0.009, 237 

p=0.037) and PhenoAge (β=-0.145, 95%CI: -0.278, -0.011, p=0.033) (Table 4). The time in seconds to 238 
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complete 10 repeated chair stands was associated with greater GrimAge acceleration (β=0.147, 95%CI: 239 

0.031, 0.263, p=0.013) and lower DNA telomere length (β=-0.008, 95% CI: -0.015, -0.001, p=0.032).  Longer 240 

time to complete a 4-meter walk in seconds was associated with higher PhenoAge (β=2.227, 95%CI: 0.918, 241 

3.542, p=0.001).  242 

 243 

We then performed EWAS of the association between DNAm and physical function. No CpG sites met 244 

criteria for association (Holm-Bonferroni significance and |Δβ|>0.05).   245 
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Discussion 246 

We report for the first time in a sample of only women (ages 40-60 years) that WWH have a higher EAA 247 

and shorter DNAmTL compared to women without HIV. Accelerated aging among adults with HIV has 248 

been demonstrated using various epigenetic aging estimates in samples with mostly men [14,15]. WWH 249 

are important to study given that globally over 50% of people living with HIV are women, and women 250 

accounted for an estimated 49% of all new infections in 2021 [35]. Our finding of accelerated epigenetic 251 

age in a cohort of older WWH (mean age 49.7 years) is an important addition to the literature on 252 

differences in aging among PWH by biological sex [36].   253 

 254 

We found associations between epigenetic age acceleration and measures of physical function including 255 

balance and gait speed. Similar findings for some but not all the measures were observed when stratified 256 

by HIV status, possibly due to smaller sample sizes. In a study of women at ages 53 and 64 enrolled in the 257 

National Survey for Health and Development, baseline epigenetic age acceleration was not associated 258 

with balance, in contrast to our findings [37]. A study of 63-76 year-old women from the Finnish Twin 259 

Study on Aging found an association between higher GrimAge and decreased performance in 6-minute 260 

and 10-meter walk tests, but did not conduct a 4-meter walk test as used in our study [18].  261 

 262 

Two prior studies found associations between increased epigenetic age and decreased grip strength 263 

[37,38]. Despite these previous results, we found no associations of any epigenetic aging measures in our 264 

study with grip strength. A recent longitudinal study did not find an association of any epigenetic aging 265 

measure with functional assessments covering different domains of aging (e.g. frailty, mobility, ability to 266 

perform activities of daily living) [39]. Given inconsistent findings, additional research is needed to further 267 

corroborate these findings, particularly in cohorts of WWH.  268 

 269 
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Contrary to our hypothesis, we did not find any associations between epigenetic aging measures and bone 270 

outcomes. This is consistent with a small non-HIV study of 32 individuals with osteoporosis and 16 controls 271 

which found no association between bone parameters and HorvathAge acceleration [40]. The lack of 272 

findings in that study and ours could be due to a lack of power for these outcomes and additional larger 273 

studies are needed.  274 

 275 

Similar to other studies, we found a large number of CpG sites associated with HIV. The top differentially 276 

methylated CpG site (cg07839457) was located on the gene NLRC5, which encodes a transcription factor 277 

that regulates major histocompatibility complex (MHC) class I molecule expression. This CpG site has also 278 

been implicated in other studies of both children and adults with HIV [11,41]. In contrast to a study 279 

comparing bone samples of 27 osteoporotic and 23 osteoarthritic patients which identified 241 280 

differentially methylated CpG sites [42], our EWAS analyses did not identify any associations between 281 

BMD and DNAm from blood samples. A recent EWAS of BMD in European individuals profiled DNAm in 282 

blood and only found one CpG site, cg23196985, located on the 5’ untranslated region of CES1, to be 283 

significantly associated with femoral neck BMD in women [43]. These studies have yet to be replicated, 284 

and used older Illumina arrays, including the HumanMethylation27 BeadChip (~27,000 CpG sites) and the 285 

HumanMethylation450 array (~450,000 CpG sites), respectively. Genome-wide association studies 286 

(GWAS) of BMD by DXA in the general population have identified variants at 73 trait-associated genetic 287 

loci, including several associated with fracture risk [44,45]. While genetic advances may pave the way for 288 

precision medicine in osteoporosis, genetic variants explain only 5-12% of the total phenotypic variance 289 

in BMD. Beyond genetics, many other environmental, lifestyle factors, medications, and health conditions 290 

affect BMD, including hormone levels, tobacco and alcohol use, physical activity, and other comorbidities 291 

[46–48].  292 

 293 
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For physical function measures, there were also no associations at a Holm-Bonferroni threshold and a 294 

5% methylation difference. Similarly, other EWAS studies of grip strength in the general population have 295 

not reported significant findings [38,43,49]. Taken together, there is limited evidence to support 296 

associations between epigenetic changes and physical function. Larger studies and longitudinal studies 297 

are needed to more fully assess these potential associations.  298 

 299 

Our study is limited by its cross-sectional design.  There could be reverse causation, such that a change in 300 

physical function could result in changes in DNAm, as opposed to the direction we hypothesized. We also 301 

did not adjust for inflammatory biomarkers or other factors that could be associated with both DNAm 302 

change, BMD, and physical function. Lastly, a major limitation for all DNAm studies is tissue specificity.  303 

Epigenetic changes may be tissue-specific and we do not have bone or muscle-specific DNAm data. Of 304 

note, women without HIV had higher rates of tobacco use, cocaine, and alcohol use in our study. Given 305 

evidence that these substances can be associated with increased accelerated epigenetic aging, our finding 306 

of accelerated aging in WWH may be conservative [50]. 307 

 308 

In conclusion, we found evidence of associations between certain methylation-based biomarkers of aging 309 

and measures of physical function in a cohort of WWH and women without HIV but did not find any 310 

significant associations in EWAS analyses with either BMD or functional outcomes. Future studies will 311 

need to assess whether these findings persist longitudinally, and to evaluate the directionality of these 312 

associations. 313 

 314 

 315 

Data availability 316 

Data are available upon request.  317 
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Figure Legends 431 

 432 

Figure 1: Box plots of A) EAA, B) EEAA, C) IEAA, D) GrimAge, E) PhenoAge, and F) DNAmTL in women 433 

with HIV (HIV+, N=118) and women without HIV (HIV-, N=72). Comparisons between groups performed 434 

using t-tests. P-value <0.05 is indicated by asterisks (***). Abbreviations: DNAm-TL, DNAm-based 435 

telomere length; EAA, epigenetic age acceleration; EEAA, extrinsic epigenetic age acceleration; HIV, 436 

human immunodeficiency virus; IEAA, intrinsic epigenetic age acceleration. 437 
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