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SUPPLEMENT ARTICLE

Reduced Levels of NAD in Skeletal Muscle and Increased
Physiologic Frailty Are Associated With Viral Coinfection in

Asymptomatic Middle-Aged Adults

Thanh Tran, PhD,a,b Karol M. Pencina, PhD,a,b,c Michael B. Schultz, PhD,d Zhuoying Li, PhD,b

Catherine Ghattas, PhD,b Jackson Lau, PhD,b David A. Sinclair, PhD, AO,d and Monty Montano, PhDa,b,c

Background: People living with HIV (PLWH) are disproportion-
ately burdened with multimorbidity and decline in physiologic
function compared with their uninfected counterparts, but biological
mechanisms that differentially contribute to the decline in muscle
function in PLWH compared with uninfected people
remain understudied.

Setting: The study site was Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA.

Methods: We evaluated skeletal muscle tissue for levels of total
nicotinamide adenine dinucleotide (NAD), NAD+, and nicotinamide
adenine dinucleotide (NADH) in middle-aged asymptomatic PLWH,
coinfected with hepatitis C virus and/or cytomegalovirus and
compared them with uninfected control participants.

Results: Of the 54 persons with muscle biopsy data, the mean age
was 57 years with 33% women. Total NAD levels declined in

skeletal muscle in association with HIV infection and was exacer-
bated by hepatitis C virus and cytomegalovirus coinfection, with
lowest levels of total NAD, NAD+, and NADH among persons who
were coinfected with all 3 viruses (P = 0.015, P = 0.014, and
P = 0.076, respectively). Levels of total NAD, NAD+, and NADH in
skeletal muscle were inversely associated with inflammation
(P = 0.014, P = 0.013, and P = 0.055, respectively). Coinfections
were also associated with measures of inflammation (CD4/CD8
ratio: P , 0.001 and sCD163: P , 0.001) and immune activation
(CD38 and human leukocyte antigen-DR expression on CD8 T cells:
P , 0.001). In addition, coinfection was associated with increased
physiologic frailty based on the Veteran Aging Cohort Study 1.0
index assessment (P = 0.001).

Conclusions: Further research is warranted to determine the
clinical relevance of preclinical deficits in NAD metabolites in
skeletal muscle in association with viral coinfection and inflamma-
tion, as well as the observed association between viral coinfection
and physiologic frailty.
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(J Acquir Immune Defic Syndr 2022;89:S15–S22)

INTRODUCTION
The success of effective combination antiretroviral

therapy has dramatically increased life expectancy in people
living with HIV (PLWH).1 However, as PLWH age, they are
prematurely burdened by multiple comorbid conditions,
including a higher prevalence of functional limitations
compared with their uninfected counterparts2 and chronically
elevated biomarkers for inflammation [eg, C-reactive protein
(CRP), interleukin-6 (IL-6), CD163, and CD14] and immune
activation [eg, CD38 and human leukocyte antigen-DR [HL-
DR]).3 PLWH also have a higher prevalence of viral
coinfections, notably with hepatitis C virus (HCV) and
cytomegalovirus (CMV) infection. HCV coinfection is com-
mon among PLWH in the United States with a prevalence of
20%–25%.4 Despite the recent success in sustained virologic
repression with direct-acting agents, HCV continues to
accelerate liver disease, adversely affecting mortality and
quality of life and increasing the risk of physiologic frailty.5

CMV coinfection is nearly universal in PLWH and is
associated with elevated inflammation, accelerated immune
senescence, and also an increased risk of frailty.6
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We recently reported that the skeletal muscle phenotype
of a cohort of asymptomatic middle-aged PLWH exhibits
elevated internalized nuclei, reduced nuclear PGC-1a, a
master regulator of mitochondrial biogenesis, and subclinical
deficits in physical function7—features that become increas-
ingly common with advanced age. However, in the same
cohort, skeletal muscle cross-sectional area, fiber-type distri-
bution, and fiber size did not differ from uninfected
participants of similar age and sex. Collectively, this is
consistent with an asynchronous aging phenotype, with some
but not all features of age occurring prematurely.8 In genetic
studies using nonhuman model systems, mice lacking nico-
tinamide adenine dinucleotide (NAD+) in skeletal muscle
because of ablation of the rate limiting NAD biosynthetic
enzyme [nicotinamide phosphoribosyltransferase (NAMPT)]
displayed similar features to that observed in the skeletal
muscle of our cohort of PLWH (eg, internalized nuclei and
reduced PGC-1a) with a dramatic decline in physical function
as the mice aged.9

NAD+ is a key cofactor, both in cellular energy
metabolism10 and in modulation of inflammatory signaling.11

In multiple species, NAD decline with age has been linked to
deficits in mitochondrial function and metabolic capacity and
decline in the activity of sirtuins, a class of NAD+-dependent
enzymes that control inflammation, mitochondrial metabo-
lism, and aging.12 Age-related decline of NAD is due in part
to hydrolysis by an intrinsic NADase activity of the activation
marker CD38.13 Notably, NAD deficits in skeletal muscle
have been linked to reduced capillary density and physical
endurance.14 In mice, restoring NAD levels in skeletal
muscle15 reduces centrally located myonuclei, decreases
inflammation, and increases mitochondrial biogenesis and
physical activity.16 Thus, repletion of NAD is an attractive
therapeutic modality for potentially reducing age-related
inflammation (ie, inflammaging) and improving physical
function.12

Given the increased risk of functional decline and
elevated inflammation in PLWH and skeletal muscle pheno-
types that resemble nonhuman models for reduced levels of
NAD in skeletal muscle, this study sought to investigate
whether NAD levels in skeletal muscle of asymptomatic
PLWH, in the context of prevalent HCV and CMV coinfec-
tion, differ from their uninfected counterparts. We also sought
to determine whether potential differences could be related to
other variables present in this asymptomatic cohort of
preclinical middle-aged PLWH.

MATERIALS AND METHODS

Study Population
The Muscle and Aging in Treated Chronic HIV infection

(MATCH) study has been described elsewhere.7,17,18 In brief,
it is a prospective observational study conducted at Brigham
and Women’s Hospital in Boston, MA (clinical trials registra-
tion no. NCT03011957). The protocol was approved by the
Partners Human Research Committee. Written informed
consent was obtained from all participants. Men and women
were recruited from the Boston metropolitan area, with 170

participants enrolled from April 2015 through October 2016.
To be eligible for study entry, participants had to meet the
following criteria: 50–65 years of age, sufficient lower
extremity mobility to participate in functional assessment,
HIV-negative (nonreactive to the HIV-1/2 antigen/antibody
fourth generation test, Quest Diagnostics, MA) or HIV-positive
on effective ART with no detectable virus (#200 copies/mL,
confirmed by HIV-1 RNA quantitative real-time PCR, Quest
Diagnostics, MA), and CD4 levels $350 copies/mL (Quest
Diagnostics, MA). Participants with acute illness in the past 60
days or use of anabolic therapy or corticosteroids within the
past 6 months were excluded.

NAD+/NADH Measurements
NAD+ and nicotinamide adenine dinucleotide (NADH)

were measured with a commercially available kit (Promega).
In brief, banked muscle biopsy-derived tissue7 was homog-
enized and lysed in a 1:1 solution of PBS and 0.2-N NaOH
containing 1% dodecyltrimethylammonium bromide (wt/vol)
(Sigma-Aldrich) and centrifuged (maximum speed for
5 minutes) to remove insoluble materials. For NAD+

measurements, the pH was adjusted with addition of 0.4-N
HCL in a 1:2 ratio with the sample; for NADH measurements,
the pH was left basic. Samples were heated at 60°C for
15 minutes, allowed to cool, and neutralized with Tris base
(Sigma-Aldrich). Finally, samples were incubated with a
mixture containing lactate, lactate dehydrogenase, prolucifer-
in, and an NADH-dependent proluciferin reductase.19 NAD+

or NADH levels were calculated by comparing luminescence
with a standard curve and were normalized to protein
concentration, measured with the bicinchoninic acid assay
(Thermo Fisher Scientific). The Veteran Aging Cohort Study
(VACS) index was determined for all participants based on a
blood chemistry panel (Quest Diagnostics) and lymphocyte
subset panel (Quest Diagnostics), including participant age,
CD4 cell count, viral load, hemoglobin level, and renal and
hepatic biomarkers, as previously described.7,20

Biomarker Values
Methods for assessing inflammatory biomarkers (high-

sensitivity CRP, soluble CD14 (sCD14), soluble CD163
(sCD163), and IL-6) through ELISA, T-cell activation
biomarkers (CD8+CD38+, CD8+HLA-DR+, and CD8+HLA-
DR+CD38+) through flow cytometry, and blood profile
(VACS 1.0 index) through Quest Diagnostics. A composite
score for inflammatory score was calculated based on
measured serum levels of CRP, sCD14, sCD163, and IL-6
as previously described.7 HCV status was reported by
participants in the self-report medical history sheet and
questionnaire and confirmed by a rapid antibody test
(OraQuick). CMV status was determined by ELISA. Partic-
ipants were assigned as CMV2 or CMV+ based on CMV
value ,0.99 or $0.99, respectively. The composite viral
score (0–3) reflects number of infections (ie, 0 = no infection;
1 = monoinfection with HIV, CMV, or HCV; 2 = coinfection
with any combination of HIV, HCV, or CMV; and 3 = co-
infection with all: HIV, HCV, and CMV).
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Statistical Analysis
Descriptive statistics were presented as mean and SD or

median and quartile range for normally and non-normally
distributed variables, respectively. To combat skewness, data
were log-transformed and compared between infected and
noninfected individuals with respect to HIV, HCV, and CMV
status using the Student t test. Univariate regression analyses
were performed for each variable. All hypotheses were tested
using the 2-sided alpha level of 0.05, except the hypothesis-
driven prediction of reduced NAD metabolites with HIV
infection which used a 1-sided t test. Analyses were performed
using SAS v.9.4 (SAS Institute, Cary, NC) and STATA v.15.

RESULTS

Study Participant Characteristics
The participants in this study have been previously

described.7,17,18 In brief, the cohort consists of asymptomatic

adults living with HIV infection on effective antiretroviral therapy
and individuals without infection, both men and women, all aged
between 50 and 65 years. This substudy consists of participants
with skeletal muscle biopsy specimens (n = 54). Among the 54
participants, viral infection status was as follows: HIV+ (n= 29,
54%), HCV+ (n = 9, 17%), and CMV+ (n = 31, 57%). Among
HIV+, coinfection was as follows: HIV+HCV+ (n = 9, 31%) and
HIV+CMV+ (n = 24, 83%). Among HIV2, coinfection was as
follows: HIV2HCV+ (0%, 0%) and HIV2CMV+ (n = 7, 28%)
(Table 1). Among HCV2, n = 20 were HIV+ and n = 25 were
HIV2. HCV participants reported previous treatment for infec-
tion. Study characteristics based on HIV, HCV, and CMV
infection status are listed in Table 1.

Biomarkers for Inflammation and
Immune Activation

Among biomarkers tested (ie, IL-6, hsCRP, sCD14, and
sCD163), the level of sCD163 (a biomarker for monocyte

TABLE 1. Characteristics of Study Population Based on HIV, HCV, or CMV Infection

HIV2 (n = 25) HIV+ (n = 29) P HCV2 (n = 45) HCV+ (n = 9) P CMV2 (n = 23) CMV+ (n = 31) P

Demographic

Male 14 (56.0%) 22 (75.9%) 0.12 30 (66.7%) 6 (66.7%) 0.99 17 (73.9%) 19 (61.3%) 0.33

Age, yr 57.1 6 3.9 56.9 6 4.4 0.87 57.0 6 4.0 57.0 6 4.8 0.99 56.4 6 4.1 57.4 6 4.2 0.40

BMI, kg/m2 27.4 6 4.3 26.9 6 5.0 0.66 27.6 6 4.6 24.6 6 4.4 0.07 27.4 6 3.8 26.9 6 5.2 0.72

VACS 1.0 22.0
(12.0–28.0)

23.0
(22.0–33.0)

0.044 22.0 (12.0–28.0) 29.0
(27.0–39.0)

0.002 22.0 (12.0–27.0) 24.0 (22.0–34.0) 0.016

Viral

HIV 0 (0%) 29 (100%) NA 20 (44.4%) 9 (100%) 0.002 5 (21.7%) 24 (77.4%) ,0.001

HCV 0 (0%) 9 (31.0%) 0.003 0 (0%) 9 (100%) NA 3 (13.0%) 6 (19.4%) 0.72

CMV 7 (28%) 24 (83%) ,0.001 25 (56%) 6 (67%) 0.88 0 (0%) 31 (100%) NA

Immune

Inflammatory

IL-6 0.99
(0.56–1.50)

0.97
(0.68–1.36)

0.59 0.98 (0.65–1.54) 1.02
(0.75–1.15)

0.68 0.98 (0.63–1.47) 1.02 (0.68–1.54) 0.15

hsCRP 1.17
(0.91–1.65)

1.08
(0.61–3.67)

0.72 1.08 (0.70–1.73) 1.51
(0.11–3.67)

0.56 1.17 (0.61–1.65) 1.08 (0.68–3.72) 0.25

sCD14 2.39
(2.13–2.79)

2.34
(2.04–3.23)

0.55 2.36 (2.07–2.79) 3.01
(2.29–3.40)

0.19 2.36 (2.04–2.70) 2.52 (2.14–3.23) 0.12

sCD163 0.37
(0.28–0.47)

0.47
(0.35–0.64)

0.026 0.40 (0.28–0.51) 0.62
(0.44–0.75)

0.018 0.37 (0.26–0.51) 0.44 (0.35–0.63) 0.11

Activation

CD8+ and
CD38+

2.86
(1.61–3.64)

3.38
(2.76–4.31)

0.013 3.28 (1.79–4.24) 3.59
(2.76–4.02)

0.22 3.28 (1.61–3.98) 3.35 (2.44–4.31) 0.19

HLA-DR+ 4.00
(2.42–5.96)

8.04
(6.12–14.3)

,0.001 5.10 (3.18–8.04) 8.21
(6.34–9.35)

0.22 3.83 (2.42–6.82) 6.87 (4.95–13.0) ,0.001

HLA-
DR+CD38+

0.76
(0.57–1.18)

1.57
(1.00–2.07)

,0.001 0.97 (0.62–1.67) 1.49
(1.23–2.49)

0.036 0.79 (0.57–1.31) 1.50 (0.82–2.07) 0.007

Liver biomarker

ALB 4.30
(4.20–4.50)

4.30
(4.20–4.60)

0.20 4.30 (4.20–4.50) 4.20
(4.20–4.40)

0.52 4.30 (4.10–4.50) 4.30 (4.20–4.60) 0.29

FIB4 1.26
(1.08–1.42)

1.28
(1.10–1.80)

0.42 1.24 (1.07–1.56) 1.80
(1.15–1.81)

0.23 1.22 (1.08–1.38) 1.48 (1.07–1.83) 0.18

BUN 16.0
(12.0–20.0)

13.0
(12.0–16.0)

0.35 14.0 (12.0–19.0) 16.0
(14.0–16.0)

0.61 16.0 (12.0–20.0) 13.0 (11.0–16.0) 0.040

Values in mean 6 STD or median (IQR) for continuous variables, n (%) for categorical variables. Participants were assigned as CMV2 or CMV+ based on CMV value ,0.99
or $0.99, respectively. Values for BMI, IL-6, hsCRP, sCD14, sCD163, CD8+CD38+, HLA-DR+, HLA-DR+CD38+, ALB, FIB4, and BUN were log-transformed before statistical
analysis (Student t test).

Reduced Skeletal Muscle NAD in Viral CoinfectionJ Acquir Immune Defic Syndr � Volume 89, Supplement 1, February 1, 2022

Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved. www.jaids.com | S17

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



activation and liver function21) was significantly increased for
HIV and HCV, but not for CMV, when compared with
uninfected control groups (P = 0.026, P = 0.018, and
P = 0.110, respectively). Participants infected with HIV
exhibited a significant elevated immune activation profile
[CD8+CD38+ (P = 0.013), HLA-DR+ (P, 0.001), and HLA-
DR+CD38+ (P , 0.001)]. Those infected with HCV (100%
were HIV-coinfected) displayed significant immune activa-
tion compared with HCV-uninfected. Also, those infected
with CMV (83% were HIV-coinfected) displayed significant
immune activation compared with CMV-uninfected
(Table 1).

Physiologic Frailty Using the VACS Index
The VACS index is a composite score reflecting the

status of multiple organ systems and has been associated with
mortality risk and physiologic frailty.20,22 VACS indices were
calculated as described in the Methods section. VACS index
1.0 scores for individuals infected with HIV, HCV, or CMV
were significantly higher than those for uninfected individuals
(P = 0.044, P = 0.002, and P = 0.016, respectively) (Table 1).

Biomarkers for Liver Function
With the exception of elevated sCD163, a monocyte

activation biomarker associated with liver function,20 other
circulating biomarkers for liver function (ALB, FIB4, and
BUN; all P . 0.100) (Table 1) did not differ significantly
based on HIV and HCV infection, suggesting asymptomatic
and potentially compensated liver function given previous
HCV infection. However, BUN was significantly lower in
CMV-infected (P = 0.040) (Table 1).

NAD Levels in Skeletal Muscle
Because multiple studies indicate declines in NAD with

disease conditions, we hypothesized a directional effect
(lower level) outcome in NAD metabolites (ie, total NAD,
NAD+, and NADH) in skeletal muscle biopsies from PLWH
compared with uninfected. As shown in Figure 1, levels of
total NAD (P = 0.0492) (but not NAD+ or NADH) differed
marginally in 1-tailed tests in skeletal muscle between PLWH
and uninfected participants (Figs. 1A–C). Notably, when
HIV+ participants were evaluated based on HCV coinfection
status (no participants were monoinfected with HCV), in 2-
tailed tests, we observed that total NAD (P = 0.0211), NAD+

(P = 0.0314), and NADH (P = 0.0483) all differed
significantly in HIV+HCV+ compared with
HIV+HCV2 (Figs. 1D–F). When HIV+ participants were
evaluated based on CMV coinfection, NAD metabolites did
not differ significantly between HIV+ with CMV compared
with HIV+ without CMV coinfection (data not shown). A
composite score for viral infections (eg, HIV, HCV, and
CMV) was significantly associated with reduced total NAD,
NAD+, and a trend reduction in NADH (Figs. 2A–C).
Interestingly, a composite score for increased inflammation
was significantly associated with reduced total NAD and
NAD+ (P = 0.013 and P = 0.014, respectively) and a trend
decline in NADH (P = 0.055) (Figs. 2D–F).

Univariate Regression Analysis for Viral
Associations With NAD Metabolites and
Immune Biomarkers for Inflammation
and Activation

To identify variables associated with NAD metabolite
levels in skeletal muscle, univariate regression analysis was
performed with total NAD, NAD+, and NADH as dependent
variables with variables related to demographics [sex, age,
and body mass index (BMI)], viral infection (HIV, HCV, and
CMV), and a composite viral score (0–3) for number of
infections (ie, 0 = no infection; 1 = monoinfection with HIV,
CMV, or HCV; 2 = coinfection with any combination of HIV,
HCV, or CMV; and 3 = coinfection with all: HIV, HCV, and
CMV). As shown in Figure 2, a composite score for viral
burden was associated with reduced total NAD and NAD+

and a trend decline in NADH. A composite score for
increased inflammation was also significantly associated with
reduced total NAD and NAD+ and a trend decline in NADH
(Table 2).

To identify variables associated with viral coinfection,
we measured biomarkers for inflammatory (CD4/CD8 ration
and sCD163) and immune activation (CD8 T-cell expression
of CD38 and HLA-DR) (Fig. 3). Among the tested demo-
graphic variables, age and biological sex did not differ
significantly; however, BMI differed significantly in total
NAD and NAD+ (P = 0.013 and P = 0.005, respectively)
(Table 2). Among viral infection variables, HCV and a
composite viral score for infections were strongly associated
with lower total NAD, NAD+, and NADH levels with HCV:
P = 0.008, P = 0.012, and P = 0.026, respectively (Table 2).
The composite viral score was also associated with immune
variables, including the CD4/CD8 ratio (a generic biomarker
for inflammation, Fig. 3A), sCD163 (specific marker for
inflammation, Fig. 3B), HLA-DR+CD38+ (biomarker for
immune activation on CD8 T cells, Fig. 3C), and the VACS
1.0 index (a measure of physiologic frailty) (Fig. 3D).

DISCUSSION
A cornerstone of healthy aging is the maintenance of

mobility and functional independence, and yet although
PLWH have an increased life expectancy, they nevertheless
experience premature loss in mobility and increased frailty
risk.23 Physiologic mechanisms that underlay this functional
decline in PLWH are poorly understood, but accumulating
evidence points toward dysregulated inflammation and
bioenergetics.24–27 Identifying targetable pathways contribut-
ing to these potential drivers of functional decline, especially
before the onset of clinical symptoms, would provide an
opportunity to improve health outcomes as PLWH age.

In our previous studies of asymptomatic middle-aged
PLWH,7,17,18 we reported modest deficits in gait speed and
stair climb power. Interestingly, we also observed increased
internalized nuclei more typical of skeletal muscle in older
persons28 and reduced levels of nuclear PGC-1a (a master
regulator of mitochondrial biogenesis), suggesting compro-
mised bioenergetics.7 Notably, in a follow-up study, physical
activity measured with accelerometry revealed a significantly
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FIGURE 1. Levels of NAD metabolites (total NAD, NAD+, and NADH) in skeletal muscle. Shown are levels of total NAD (A, D),
NAD+ (B, E), and NADH (C, F) in skeletal muscle for HIV+ vs HIV2 (A–C) and HCV coinfection (D–F). P = P value of the Student t
test; n = 25 HIV2, n = 29 HIV+, n = 9 HIV+HCV+, and n = 20 HIV+HCV2. CMV coinfection data are not shown.

FIGURE 2. Total NAD, NAD+, and NADH in skeletal muscle vs a composite viral score or inflammatory score. A–C, Images show
the correlation between the composite viral score and total NAD (A), NAD+ (B), or NADH (C). The composite viral score (0–3)
reflects number of infections (ie, 0 = no infection; 1 = monoinfection with HIV, CMV, or HCV; 2 = coinfection with any combi-
nation of HIV, HCV, or CMV; and 3 = coinfection with all: HIV, HCV, and CMV). D–F, Images show the correlation between INF
and total NAD (D), NAD+ (E), or NADH (F). The composite inflammatory scores were calculated based on quartiles of expression
for each biomarker (ie, CD163, CD14, CRP, and IL-6), with the top quartile and the bottom 3 quartiles dichotomized and
summed to generate unique scores. R2 and P values shown for univariate regression analysis are listed in Table 2.
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reduced activity profile in PLWH compared with uninfected
participants.7,17 These data are consistent with independent
studies, reporting that PLWH display reduced oxidative
enzyme activity in skeletal muscle29 that may reduce aerobic
capacity and exercise tolerance. Additional studies have also
reported that PLWH also experience a disproportionate
decline in grip strength and gait speed.26,27

NAD+ is a key cofactor in cellular energy metabo-
lism.10 In mice, loss of NAD in skeletal muscle results in
centrally located nuclei associated with myopathy and aging,

and reduced activity of PGC-1a, resulting in a progressive
decline in physical function and activity.9 NAD also influ-
ences inflammatory signaling, in part, through NAD-
dependent SIRT1 deacetylation of the p65 subunit of NF-
kB, a heterodimeric transcription factor regulating multiple
inflammatory genes.30 With aging, NAD levels gradually
decline in multiple tissues,31 in part, because of age-related
increases in NAD+-consuming enzymes, such as CD38.13

Notably, CD38 NADase activity has been reported to increase
with HIV infection in vitro, thereby reducing levels of NAD

TABLE 2. Univariate Linear Regression Analysis for NAD Metabolite Levels

Ln (Total NAD) Ln (NAD+) Ln (NADH)

Estimate (95% CL) P R2 Estimate (95% CL) P R2 Estimate (95% CL) P R2

Demographic

Male 20.15 (20.43 to 0.14) 0.308 0.020 20.07 (20.36 to 0.22) 0.611 0.005 20.26 (20.61 to 0.10) 0.152 0.039

Age 0.01 (20.03 to 0.04) 0.657 0.004 0.01 (20.03 to 0.04) 0.664 0.004 0.01 (20.03 to 0.05) 0.650 0.004

BMI 0.03 (0.01 to 0.06) 0.013 0.106 0.04 (0.01 to 0.07) 0.005 0.142 0.03 (20.01 to 0.07) 0.120 0.046

Viral

HIV 20.22 (20.48 to 0.04) 0.098 0.052 20.21 (20.48 to 0.06) 0.124 0.045 20.23 (20.56 to 0.11) 0.186 0.033

HCV 20.47 (20.81 to 20.13) 0.008 0.129 20.45 (20.80 to 20.10) 0.012 0.116 20.50 (20.94 to 20.06) 0.026 0.092

CMV 20.19 (20.46 to 0.08) 0.161 0.038 20.23 (20.50 to 0.04) 0.092 0.054 20.12 (20.47 to 0.22) 0.470 0.010

Composite viral score (0 to 3
infections)

20.15 (20.27 to 20.03) 0.015 0.108 20.16 (20.28 to 20.03) 0.014 0.111 20.14 (20.30 to 0.16) 0.076 0.060

Composite inflammatory score 20.16 (20.29 to 20.03) 0.013 0.113 20.16 (20.29 to 20.04) 0.014 0.111 20.16 (20.33 to 0.33) 0.055 0.069

Univariate regression analysis was performed with total NAD, NAD+, and NADH as dependent variables with variables related to demographics (sex, age, and BMI), viral
infection (HIV, HCV, and CMV), a composite viral score (0–3) for number of viral infections, and a composite score for inflammation. Values were log-transformed before statistical
analysis. Values shown for regression are coefficient b [95% confidence level (CL); R2 = R-squared; and P values].

FIGURE 3. CD4/CD8 ratio, sCD163, and
HLA-DR+CD38+ in peripheral blood and
VACS index vs composite viral score.
Shown are R2 and P values for univariate
regression analysis for CD4/CD8 ratio
(A), sCD163 (B), HLA-DR+CD38+ (C),
and the VACS 1.0 index (D).
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in leukocytes.32 Deficits in NAD may be amenable to
therapeutic intervention. For example, restoring NAD levels
(eg, with nicotinamide riboside or nicotinamide mononucle-
otide15) in nonhuman models was shown to reverse the level
of central nuclei, reduce inflammation in skeletal muscle, and
increase mitochondrial biogenesis and physical activity.16

In this report, levels of NAD in skeletal muscle differed
based on infection status, with reductions in total NAD,
NAD+, and NADH strongly associated with viral coinfection
(Fig. 2). In univariate analysis to identify predictors of NAD
levels in skeletal muscle, the strongest predictors of total
NAD, NAD+, and NADH were HCV and CMV coinfection
and BMI (Table 2).

Multiple previous studies have observed functional
impairment and frailty in PLWH compared with uninfected
controls of similar age.23 Frailty has been defined as a loss in
reserve capacity and increased vulnerability to stressors.33

Although frailty has most often been characterized as either a
clinical syndrome34 or as an accumulation of deficits,35 there
are currently as many as 29 different measures for frailty.36

Alternatively, the VACS score is based on standardized
routinely collected clinical measures of multiorgan systems
that as an index reflect physiological frailty.37 Physiologic
frailty is an important subclinical landmark that may precede
overt evidence of frailty.22,38 Indeed, the VACS score
predicts frailty-related outcomes (eg, hospitalizations, frac-
tures, and falls) and is associated with measures of functional
performance,39 inflammation,40 and more recently HCV
infection.5 In this study, measurement of physiologic frailty
using the VACS 1.0 index indicated that viral coinfection was
associated with a higher score for physiologic frailty (Fig. 3).

Notably, inflammation and immune activation were
associated with viral coinfection burden and inversely with
NAD levels in skeletal muscle. A composite viral score
reflecting burden of viral infections was associated with a
reduced CD4/CD8 ratio (a general biomarker for inflammation),
increased sCD163 (a monocyte biomarker of inflammation),
increased HLA-DR+CD38+ (a biomarker for immune activa-
tion), and an increase in the VACS 1.0 index (a measure of
physiologic frailty) (Fig. 3). Thus, the composite burden of
asymptomatic infections affect drivers of aging (inflammation
and immune activation) and warrant further study to determine a
potential role for coinfection burden on biomarkers of aging,
particularly in the context of asymptomatic or treated infections.
In addition, levels of NAD in skeletal muscle were inversely
associated with circulating inflammatory factors in blood, based
on evaluation of a composite score for inflammation (IL-6, CRP,
sCD163, and sCD14) (Table 2 and Fig. 2) and in sCD163
evaluated separately (data not shown). The mechanistic relation-
ship between reduced NAD levels in skeletal muscle and
elevated inflammation in blood remains unclear and requires
further study.

HIV/HCV coinfection has been associated with a
higher prevalence of clinically significant liver fibrosis.41

Although direct-acting agents have improved liver function in
HIV/HCV coinfection,42 adverse patient-reported outcomes
remain significant.43 Interestingly, HCV proteins are reported
to inhibit the SIRT1-AMPK signaling pathway,44 and more
recently, the HCV serine protease NS3/4A was shown to

inhibit quinolinate phosphoribosyl transferase, a key enzyme
in the de novo NAD synthesis pathway,45 suggesting a direct
link between HCV infection and NAD. Notably, NAD
treatment inhibited HCV replication in vitro and in vivo.45

The observed reduction in NAD levels in skeletal
muscle of persons with viral coinfection calls into question
the mechanism by which a primarily hepatotropic virus (ie,
HCV) influences skeletal muscle NAD levels but does pose
testable possibilities: (1) The de novo synthesis of NAD
occurs primarily in the liver, with other tissues relying almost
exclusively on circulating nicotinamide made by the liver.46

Therefore, subclinical liver function despite effective antiviral
therapy (ie, direct-acting agents) may result in reduced
bioavailable skeletal nicotinamide (and consequently reduced
levels of skeletal NAD). Also, (2) the kynurenine–tryptophan
pathway is disrupted by HIV infection and may be further
exacerbated in HCV47 and/or CMV coinfection,48 compro-
mising NAD levels in skeletal muscle tissue.

There are limitations to this substudy. First, the sample
population is relatively small and will need to be validated in
a larger cohort. Second, because there were no participants
with HCV monoinfection, we cannot exclude potential
differences in HCV monoinfection vs HIV/HCV coinfection.
Third, our age range of 50–65 years in this study was not
sufficient to identify potential age and NAD level associations
in skeletal muscle. Finally, the sample size and asymptomatic
health status for all infection in this population were
insufficient to directly test NAD levels of traditional measures
of geriatric syndrome such as frailty. These limitations restrict
our ability to infer mechanism and underscore the need for a
larger comprehensive mechanistic study but do point the way
toward hypothesis-driven assessments.

CONCLUSIONS
In conclusion, a cohort of middle-aged, asymptomatic

PLWH compared with uninfected participants displayed
reduced levels of total NAD, NAD+, and NADH in skeletal
muscle that was in part explained by viral coinfection with
HCV and/or CMV. A composite score for viral infection
indicated associations with pathophysiologic frailty and
circulating biomarkers for inflammation and immune activa-
tion. Collectively, the findings in this study support the
presence of preclinical deficits that may help to explain
previously observed inflammatory and bioenergetic derange-
ments and support clinical follow-up studies to replete
skeletal muscle NAD levels to improve physical function,
quality of life, and overall healthspan in PLWH.
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