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Abstract

Telomere length (TL) is a marker of cellular and biological aging. Human immunodeficiency

virus (HIV) infection has been reported to be associated with short TLs, which suggests that

accelerated biological aging occurs in some cellular compartments of HIV+ individuals. In

this study, we measured the TLs of peripheral leukocytes of HIV+ and healthy individuals

and examined the biological and environmental correlates of TL. We also investigated the

influence of TL on leukoaraiosis, an indicator of cerebral small vessel disease, in HIV+ indi-

viduals. Three hundred and twenty-five HIV+ individuals who received stable combination

antiretroviral therapy (cART) for >1 year and achieved viral loads of <40 RNA copies/mL

were enrolled along with 147 healthy individuals. Relative TLs of leukocytes were estimated

by quantitative real-time polymerase chain reaction. Leukoaraiosis was assessed in 184

HIV+ individuals by fluid-attenuated inversion recovery magnetic resonance imaging. We

analyzed several covariates, including markers of HIV infection, cART, and social/environ-

mental factors; variables associated with TL length in univariate analyses were incorporated

into multivariate models. The TLs of peripheral leukocytes of HIV+ individuals were signifi-

cantly shorter than those of healthy individuals, and the rate of LT length decline with

increasing age was greater. Linear regression analysis showed that in HIV+ individuals,

increasing age, cART without integrase-stand transfer inhibitors (INSTI), failure to achieve

viral loads of <40 copies/mL within 1 year of initiating cART, and substance use were signifi-

cantly associated with shorter TLs, even after adjustment for the effects of age. Logistic

regression analysis indicated an increasing risk of leukoaraiosis was associated with older

age, shorter TLs, hypertension, and carotid artery plaque. Multivariate regression analysis

indicated that older age and shorter TLs were significant risk factors for leukoaraiosis. In

summary, our data showed that TL shortening in HIV+ individuals was independently associ-

ated with leukoaraiosis, and was associated with age, control of viral loads, use of INSTI,

and substance use. Our results suggest that effective viral control and less toxic cART can

help reduce TL shortening and improve outcomes among HIV+ individuals.
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Introduction

HIV+ individuals are at increased risk of age-related non- acquired immunodeficiency syn-

drome (AIDS) morbidity and mortality compared with healthy individuals. In recent years,

premature aging (i.e., non-chronological biological aging mediated by accelerated cellular

senescence) has become an important issue in HIV infection [1]. To bridge the gap between

chronological and biological age, effective and validated biomarkers of aging are needed to

predict the health outcomes of individuals with HIV, especially in the elderly.

Telomeres are specialized structures at the ends of chromosomes that undergo shortening

with each cell division, subsequently leading to telomere loss and the end replication problem

in actively-dividing tissues [2]. In most inactive tissues, cellular environmental factors such as

inflammation and oxidative stress are important factors contributing to telomere loss [3].

Measures of telomere length (TL) have shown synchronicity across tissues in the same individ-

ual [4,5]. For this reason, TL is an indicator of cellular senescence [6] and is considered an

effective and validated biomarker of aging. TL shortening is associated with a wide range of

conditions including cardiovascular disease [7], renal dysfunction [8], osteoporosis [9], cancer

[10], dementia [11] and some other age-related diseases [12,13]. HIV infection has been

reported to be associated with short TLs. During HIV infection several factors, such as chronic

immune activation, inflammation, oxidative stress, HIV proteins, and cART, may contribute

to premature TL shortening [10,14,15]. However, previous studies have reported conflicting

findings as to which factors are essential for TL shortening, potentially due to differences

among study subjects. Thus, in this study we sought to investigate leukocyte TL (LTL) in

cART-treated HIV+ individuals who achieved viral control and to identify the factors associ-

ated with shorter LTLs in these individuals.

Leukoaraiosis is a typical marker of cerebral small vessel disease, which is one of the most

common degenerative vessel disorders of the aging brain. Leukoaraiosis has been reported to

be associated with both HIV infection [16] and advancing age [17], and represents several dif-

ferent changes in white matter such as partial loss of myelin, oligodendroglia and axons, fibro-

hyalinosis, activation of macrophages, and dilated perivascular spaces [18,19]. Leukoaraiosis

can be measured by examining white matter hyperintensity (WMH) on fluid attenuated inver-

sion recovery (FLAIR) images obtained from magnetic resonance imaging (MRI). Leukoaraio-

sis is associated with increased risk of stroke, cognitive and functional impairment, dementia,

and death [20], all of which are involved in age-related vascular risk factors. Therefore, leu-

koaraiosis is an indicator of biological aging of the brain [21]. Recently, as more people are liv-

ing longer with HIV, HIV-Associated Neurocognitive Disorder (HAND) has become an

important issue. Inflammation caused by HIV infection contributes to HAND pathogenesis

and is associated with WMH and brain atrophy. Several vascular risk factors have been studied

as potential predictors of HIV associated neurocognitive complications [22]. In this study, we

also investigated the relationship between leukoaraiosis and LTL and examined the usefulness

of LTL as a biomarker of brain aging.

Materials and methods

Ethics statement

This study was approved by the Ethics Committee of Kyushu Medical Center (ethics reference

number: 11–95) and conformed to the principles laid out in the Declaration of Helsinki. All

study participants provided written informed consent.
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Study participants

Three hundred and twenty-five chronically HIV+ individuals on stable cART for>1 year who

achieved viral loads <40 RNA copies/mL were enrolled, and 147 age/sex frequency matched

HIV-seronegative healthy volunteers were recruited among the employees of Kyushu Medical

Center. Sociodemographic information of participants is shown in Table 1. The following cri-

teria were evaluated as covariates in the analyses: hypertension as defined by prior physician’s

diagnosis; systolic blood pressure >140 mmHg, diastolic blood pressure >90 mmHg, or the

use of antihypertensive drugs; and substance abuse, defined by both past history and current

use of any illicit/controlled substance.

Measurement of TLs of peripheral blood leukocytes

DNA was extracted from peripheral blood leukocytes (PBLs) using a QIA amp Blood Mini kit

(QIAGEN Inc., Tokyo, Japan). LTL was measured using real-time quantitative PCR as previ-

ously described [23] and expressed as a ratio to the copy number of the housekeeping gene, β2

microgloblin. A standard curve was prepared with genomic DNA of three HIV- healthy volun-

teers by serial dilution. Genomic DNA extracted from a T-cell leukemia cell line, MOLT, was

included as a reference in each PCR reaction to control for inter-assay variation. A negative

control reaction without template was included in all PCR experiments. All samples were

amplified in triplicate together with reference samples and negative controls. Data were

expressed as a percentage of the telomere length of MOLT cells.

MRI scans and WMH quantification

WMH was assessed in 184 HIV+ individuals by FRAIR imaging. All hyperintense subcortical

lesions on FLAIR images (regardless of whether they occurred in white or subcortical grey

matter) were labeled WMH. Segmentations were checked and reviewed by trained raters. At

the time of reviewing MRI images, the raters were blinded to the patient’s identity and demo-

graphic factors and had not participated in the patients’ clinical care.

Table 1. Baseline characteristics of study participants.

HIV-1 positives Controls p value

Number of subjects 325 147

Sex (Male/Female) 314/11 138/9 0.1845b

Age (range) 39.0 (18–69) 39.5 (22–63) 0.8281a

BMI (range) (kg/m2) 22.7 (12.8–36.7) 23.0 (17.2–31.3) 0.3211a

Smokers (yes/no) (past history) (%) 178/147 (54.7%) 68/79 (46.3%) 0.0865b

Smokers (yes/no) (current) (%) 121/204(37.2%) 42/105 (28.6%) 0.0645b

Hypertension n (%) 55 (16.9%) 29 (19.7%) 0.4639b

nadirCD4+cell (range) 195.6 (1–577) —

currentCD4+cell (range) 445.0(22–1300) —

Log10 Viral load pre cART median (range) 4.79 (2.98–6.95) —

Duration of cART (months) 34 (12–218) —

Key drug (PI/NNRTI/INSTI) 207/36/82 —

Data are presented as medians (ranges)
a t-test,
b Chi-squared test

Abbreviations: BMI, body mass index, cART, combination antiretroviral therapy, PI: protease inhibitor, INSTI,

integrase inhibitor, NNRTI, non-nucleoside reverse-transcriptase inhibitor

https://doi.org/10.1371/journal.pone.0218996.t001
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Statistical analysis

We analyzed several covariates including markers of HIV infection, antiretroviral therapy, and

social/environmental factors. In linear regression analyses to identify factors associated with

LTL in HIV+ individuals, variables associated with TL length in univariate analyses (age, sub-

stance abuse, failure to achieve viral suppression after starting cART, cART regimen) were

incorporated into multivariate models. Logistic regression analysis was used to identify vari-

ables associated with WMH. Variables associated with WMH by Mann-Whitney or Chi-

squared tests were used in logistic regression models. First, each risk factor was modeled using

univariate logistic regression. Subsequently, a multiple logistic regression model was con-

structed including all risk factors used in univariate logistic regression.

Results

Characteristics of study participants

Characteristics of the 325 HIV+ individuals and 147 healthy volunteers (frequency matched

for age and sex) are shown in Table 1. All participants were Japanese. TL data were available

for all participants. The majority (97%) of the HIV+ participants were male. The median age of

HIV+ individuals was 39.0 years (range: 18–69 years) and was similar to that of HIV- individu-

als (median: 39.5 years; range: 22–63 years) (p = 0.8281, t-test). No differences in age, BMI, or

frequency of hypertension were observed between HIV+ and HIV- participants. HIV+ partici-

pants were more likely to smoke, but this difference was not significant. All HIV+ participants

were receiving cART and had median current CD4 T-cell counts of 445 cells/μL (range: 22–

1300 cells/μL). HIV+ individuals had received cART for a median of 34 months (range: 12–218

months).

Telomere lengths of PBLs

LTLs were significantly shorter in HIV+ individuals than in HIV- individuals (Fig 1,

P<0.0001, Mann-Whitney U-test). No associations were observed between TL length and age,

sex, BMI, or smoking behavior in HIV+ and HIV- individuals. Thus, multivariable analyses

did not include these variables as confounders. There is a possibility that other confounding

factors, such as the prevalence of substance abuse, could partially explain the difference in TL

between HIV+ individuals and HIV- controls.

There was an inverse association between advancing chronological age and LTL. In HIV+

individuals, the rate of LTL decrease with advancing chronological age was faster than in HIV-

individuals (Fig 1).

Factors associated with LTL

To investigate the factors associated with LTL in HIV+ individuals, univariate regression anal-

yses were performed for HIV+ individuals. Older age, past/present history of substance use,

failure to achieve viral loads <40 RNA copies/mL within 1 year of initiating cART, and cART

without INSTI were significantly associated with shorter TLs (Fig 2). These factors were all

independently associated with shorter TLs in multivariate regression analyses adjusting for all

other factors (Table 2). Neither plasma HIV viral load before cART, current CD4 count, CD4

nadir, nor duration of cART treatment showed any association with TL.

Factors associated with WMH

Among the HIV+ participants, 184 individuals underwent brain MRIs. MRI findings are

shown in Table 3. WMH was detected in 36 HIV+ individuals (18.9%). Older age (p<0.0001,
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Mann-Whitney U-test), shorter LTLs (p = 0.0006, Mann-Whitney U-test), hypertension

(p = 0.0128, Chi-squared test), and carotid artery plaque (p = 0.0374, Chi-squared test) were

significantly associated with WMH, while none of plasma viral load load before cART, current

CD4 count, CD4 nadir, or length or type of cART exposure showed any association with

WMH. In univariate logistic regression analysis, these four factors (older age, shorter LTLs,

hypertension, and carotid artery plaques) were significantly associated with WMH. All four

factors were included in multiple regression models, which showed that older age and shorter

LTLs remained significant predictive factors associated with WMH (Table 4).

Discussion

The precise mechanisms of shorter LTLs in HIV+ individuals remain unknown. Recently,

shorter LTLs have been suggested to arise from changes in immune cell subsets in peripheral

blood with respect to both frequency and differentiation state, rather than a global TL shorten-

ing among all leukocytes [24]. The proportion of more mature and differentiated innate and

adaptive immune cells with shorter TLs increase among PBLs, which accounts for the reduced

LTLs observed in HIV+ individuals. However, the biological significance of such changes still

needs to be determined, and factors associated with shorter LTLs differed across studies,

potentially due to the variety of backgrounds of study participants.

Fig 1. Comparison of TLs in HIV+ and HIV- individuals. LTLs were measured using real-time quantitative PCR and expressed as a ratio to a housekeeping gene (T/S

ratio). Data shown are normalized to an internal control. (a) Box plot showing differences in LTL between HIV+ and HIV- individuals. � indicates p<0.0001 relative to

HIV- individuals by Mann-Whitney U-test. (b) Absolute LTL by age. Solid lines represent regression lines, black line represent HIV+ individuals (r = -0.134), and gray line

represents HIV- individuals (r = -0.069).

https://doi.org/10.1371/journal.pone.0218996.g001
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This study included 325 patients with HIV viral loads<40 RNA copies/mL who received

cART for>12 months. We observed that shorter LTLs in HIV+ individuals were strongly asso-

ciated with advancing age, cART without INSTI, failure to achieve viral control after initiation

of cART, and substance use. In previous reports, cART and substance abuse have sometimes

been associated with LTL shortening in HIV+ individuals [25, 26]. Antiretroviral drug-induced

toxicity is an important complication of cART, particularly for regimens containing protease

inhibitors (PIs). PIs increase the release of inflammatory cytokines, promote foam cell forma-

tion and induce macrophage apoptosis [27]. Zhang et al. demonstrated that raltegravir, an

INSTI, was less toxic and avoided PI-induced upregulation of inflammatory cytokines [28]. Fur-

thermore, poor viral control during cART induces low-level viremia, which is also associated

with higher levels of inflammatory markers than sustained undetectable viremia. In substance

users, drugs increase oxidative stress, which causes oxidative damage to telomeric DNA [29];

this damage may accelerate the rate of telomere shortening per cell division. Furthermore, a lon-

gitudinal study showed that individuals who received less toxic cART regimens (such as NRTI-

sparing regimens) had the longest LTLs among individuals receiving cART who maintained an

undetectable viral load for 2 years [30]. Our results are consistent with previous studies showing

that oxidative stress and inflammation caused by antiretroviral drugs, low level viremia, or sub-

stance use may contribute to LTL shortening. However, we also obtained some contradictory

results. We found no statistically significant difference in TL among HIV+ individuals with or

without cART-induced mitochondrial toxicity. HIV patients with mitochondrial toxicity were

found to have high expression of hTERT mRNA to maintain the length of telomeres [31]. How-

ever, this result was derived from a small study and did not consider the potential involvement

of antiretroviral drugs, such as protease inhibitors, that inhibit telomerase activity. Thus, these

seemingly discordant results may in fact be reconcilable.

Fig 2. Factors associated with LTL in HIV+ individuals. LTL was measured using real-time quantitative PCR and expressed as a ratio to a housekeeping gene (T/S ratio).

Data shown are normalized to an internal control. Differences in LTL are shown between (a) individuals treated with different cART regimens, (b) individuals with (use)

or without (no use) a past history of substance use (cannabis, amphetamines, legal intoxicants, and 5-MeO-DIPT), and (c) individuals who achieved plasma HIV viral

loads<40 RNA copies/mL (<40) or failed to achieve this level of control (>40) after 1 year of starting cART. � indicates statistical significance with P value obtained from

the Bonferroni–Dunn test; �� indicates statistical significance with P value obtained from the Mann-Whitney U-test. Abbreviations: cART, combination antiretroviral

therapy; NNRTI, nonnucleoside reverse transcriptase inhibitor; PI, protease inhibitor, INSTI, integrase strand transfer inhibitor.

https://doi.org/10.1371/journal.pone.0218996.g002
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Table 2. Regression modeling of variables independently associated with telomere length in HIV+ individuals.

Univariate linear regression analysis Multivariate regression analysis

Regression coefficient p value Regression coefficient p value

Age (years) -0.184 0.0008� -0.164 0.0379��

BMI -0.022 0.6968

Smoking (past)a -0.079 0.251

Smoking (Current)a -0.029 0.678

Hypertensiona -0.049 0.4706

LDL-C (mg/dl) -0.034 0.5829

HDL-C (mg/dl) 0.038 0.539

Substance abusea -0.26 0.0014� -0.311 0.0001�

CD4 count (nadir) (/μl) 0.073 0.2007

CD4 count(sampling) (/μl) 0.042 0.4502

HIV-RNA (before cART)log -0.075 0.236

HIV-RNA>40a,c -0.143 0.0122�� -0.17 0.0329��

cARTb -0.156 0.005� -0.161 0.0425��

Duration of cART (months) -0.001 0.9791

Univariate and multivariate linear regression was used to identify factors associated with TL.
a For categorical variables, “No” was scored 0 and “Yes” was scored 1.
b cART, INSTI, NNRTI, and PI were scored 0, 1, and 2, respectively.
c Failure to achieve HIV viral loads <40 RNA copies/mL within 1 year of initiating cART.

�indicates p values <0.01,

��indicates p values<0.05

Abbreviations: LDL-C, low density lipoprotein cholesterol, HDL-C, high density lipoprotein cholesterol, cART, combination antiretroviral therapy, NNRTI, non-

nucleoside reverse transcriptase inhibitor, NRTI, nucleoside reverse transcriptase inhibitor, PI, protease inhibitor.

https://doi.org/10.1371/journal.pone.0218996.t002

Table 3. Factors associated with leukoaraiosis in HIV+ individuals.

Leukoaraiosis (-) Leukoaraiosis (+) P-value

Number (M/F) 146/3 33/3 0.1616

Age 40.7 ±0.77 52.4 ±1.72 <0.0001a

BMI 22.4 ±0.29 22.5 ±0.71 0.8808a

Telomere length 21.7 ±0.62 17.2 ±0.78 0.0006a

Smoking (past) 80(53.7%) 20(55.5%) >0.9999b

(current) 54(36.2%) 13(36.1%) 0.7288b

Hypertension 18 (12.1%) 11(30.5%) 0.0091b

Carotid artery plaque (-/+) 21/27 1/12 0.0374b

LDL-C 101.3 ±2.7 108.0 ±5.3 0.2417a

HDL-C 47.9 ±1.67 43.1 ±1.84 0.4007a

Substance abuse 33(22.1%) 9(25%) >0.9999b

Nadir CD4 number 155.9 ±11.0 129.5 ±24.7 0.2059a

HIV-RNA before cART(log10) 4.89 ±0.07 5.15 ±0.12 0.0982a

Duration of cART (month) 47.2 ±3.4 44.2 ±7.31 0.5070a

Key drug (PI/NNRTI/INSTI) 96/11/43 26/4/5 0.1664b

The data are presented as means ± standard errors for age, BMI, telomere length, LDL-C, HDL-C, nadir CD4 count, HIV RNA viral load, and duration of cART.
a Mann-Whitney U test,
b Chi-squared test

Abbreviations: BMI, body mass index, LDL-C, low density lipoprotein cholesterol, HDL-C, high density lipoprotein cholesterol, cART, combination antiretroviral

therapy, INSTI, integrase inhibitor, PI, protease inhibitor, NNRTI,non-nucleoside reverse-transcriptase inhibitor

https://doi.org/10.1371/journal.pone.0218996.t003

Telomere length shortening and leukoaraiosis in HIV-infected individuals

PLOS ONE | https://doi.org/10.1371/journal.pone.0218996 June 27, 2019 7 / 11

https://doi.org/10.1371/journal.pone.0218996.t002
https://doi.org/10.1371/journal.pone.0218996.t003
https://doi.org/10.1371/journal.pone.0218996


However, we found no association between shorter LTLs and active smoking or multiple

characteristics of the metabolic syndrome (high body mass index (BMI), high LDL-cholesterol,

and low HDL cholesterol level), all of which contribute to LTL shortening in HIV- individuals.

Other cross-sectional or longitudinal studies also showed that smoking or other metabolic fac-

tors had no significant effect on LTL shortening in HIV+ individuals [30, 32, 33]. Our results

and these reports suggest that these factors may be less important in HIV+ individuals and are

masked by other factors associated with HIV infection. The regression coefficients in univari-

ate and multivariate analysis in this study was relatively small, so it is possible that other pivotal

factors that remain unknown are associated with shorter LTL.

Our results showed that leukoaraiosis was associated with age in HIV+ individuals. Older

HIV+ individuals had higher WMH than younger ones. Several studies have investigated the

association between WMH and HIV infection. Seider et al. showed that a relationship between

age and greater WMH was present only in HIV+ individuals [34]. In general, leukoaraiosis

occurs as a result of disruption of small penetrating arteries in the brain; the condition is com-

mon past age 80, but occurs minimally before age 60 [35]. During HIV infection, vascular

damage may be caused by HIV itself, by some antiretroviral drugs, by metabolic complications

such as dyslipidemia, insulin resistance, and diabetes, by low-grade chronic systemic or local

inflammation, or by co-infections such as hepatitis C or cytomegalovirus. Microbial transloca-

tion, including fungal translocation from the gut, also contributes to chronic inflammation

and immune activation during HIV infection, and a potential link between fungal transloca-

tion and neurocognitive impairment has been demonstrated [36]. Thus, vascular damage con-

tinues to occur in HIV+ individuals in spite of cART, and leukoaraiosis is observed at younger

ages and progresses at a higher rate than in uninfected individuals. In our study, shorter LTL

was independently associated with leukoaraiosis. Inflammation and oxidative stress might

mediate the association between LTL and leukoaraiosis, because they are involved in both vas-

cular damage and LTL shortening. Therefore, LTL shortening could predict changes in brain

structure and function. One might use LTL shortening as an indicator to manage modifiable

risk factors for white matter damage, such as metabolic complications, before the development

of significant functional impairments. As HIV+ individuals age, it will become more important

to investigate the influence of HIV infection, comorbid conditions, and age on brain structure

and function.

This study had several limitations. As our study had a cross-sectional design, we were able

to assess associations between WMH and LTL, but could not describe the predictive value of

Table 4. Logistic regression modeling of factors independently associated with leukoaraiosis.

Univariate logistic regression Multivariate logistic regression

ORa 95%CI P-value ORa 95%CI P-value

Age 1.124 1.075–1.175 <0.0001 1.167 1.040–1.309 0.0088�

Telomere length shortening 1.136 1.053–1.225 0.0009 1.23 1.03–1.45 0.023��

Hypertension 3.259 1.369–7.761 0.0076 1.285 0.189–8.719 0.7976

carotid artery plaquec 9.333 1.122–77.633 0.0388 9.175 0.63–133.5 0.1047

a Odds ratios were calculated using univariate and multivariable logistic regression models.
b older age, LTL shortening, hypertension, and carotid artery plaque were adjusted for in multiple logistic regression analysis.
c Carotid artery plaque defined as carotid intima-media thickness (IMT) >1 mm, analyzed as a categorical variable.

�indicates p values <0.01,

��indicates p values<0.05

https://doi.org/10.1371/journal.pone.0218996.t004
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LTL as a biomarker of the aging brain. Longitudinal studies would allow for more direct obser-

vation of the combined effects of age, HIV, and other risk factors on WMH.

Second, the sample size was small, limiting statistical power especially in some of the

smaller subgroup analyses. Third, we did not perform MRI scans on HIV- controls for com-

parison, and we used only a visual rating of WMHs. Thus, we could not understand the etiol-

ogy of leukoaraiosis, nor determine how HIV and age-related factors influenced white matter

damage. Further larger and preferably longitudinal studies are needed to confirm our prelimi-

nary findings and to determine whether LTL can be used as a predictive biomarker of HIV-

associated, age-related brain disease.

To our knowledge, this is the first report to demonstrate an association between leukoaraio-

sis and short LTLs in HIV+ individuals. Identifying early signs of TL shortening HIV+ individ-

uals and stopping this process is important to avoid structural and functional damage to the

brain.

Conclusions

LTL shortening was independently associated with leukoaraiosis in HIV+ individuals, and was

also associated with age, viral control during cART, use of PIs, and substance use. These factors

may mask the influence of other HIV disease or environmental parameters. Effective viral con-

trol and less toxic cART can help improve outcomes among HIV+ individuals.
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Nucleos(t)ide Reverse Transcriptase Inhibitors on Blood Telomere Length Changes in a Prospective

Cohort of Aviremic HIV-Infected Adults. J Infect Dis. 2018; 218(10):1531–1540. https://doi.org/10.1093/

infdis/jiy364 PMID: 29912427

31. Li M, Foli Y, Amakye NY, Klein T, Selvaraj S, Lu L, et al. Antiretroviral therapy-induced toxicity is associ-

ated with increased mRNA expression of telomerase. J Clin Pharmacol. 2015; 55(10):1119–24. https://

doi.org/10.1002/jcph.520 PMID: 25903721
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