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TRANSLATIONAL RESEARCH

Relationships Between Adipose Mitochondrial Function,
Serum Adiponectin, and Insulin Resistance in Persons With

HIV After 96 Weeks of Antiretroviral Therapy

Todd Hulgan, MD, MPH,*† Benjamin S. Ramsey, BS,‡ John R. Koethe, MD, MSCI,*†
David C. Samuels, PhD,† Mariana Gerschenson, PhD,§ Daniel E. Libutti, PhD,§ Paul E. Sax, MD,║

Eric S. Daar, MD,¶ Grace A. McComsey, MD,# and Todd T. Brown, MD, PhD**

Objective: Some antiretroviral therapy (ART) and HIV itself
confer metabolic risk, perhaps through altered mitochondrial func-
tion and adipokines. In AIDS Clinical Trials Group study A5224s,
adipose mitochondrial DNA (mtDNA) levels decreased on ART, and

electron transport chain complex I (CI) and complex IV (CIV)
activity decreased. Another study found decreased serum adiponec-
tin on ART with mtDNA mutation m.10398A.G. We hypothesized
that decreased adipose tissue mitochondrial function would be
associated with lower adiponectin and insulin sensitivity on ART,
and m.10398G would influence these changes.

Design: Retrospective analysis of an ART-naive substudy popula-
tion from A5224s.

Methods: Analyses included adipose mtDNA levels, CI and CIV
activity by immunoassay, visceral adipose tissue by computed
tomography, and fasting serum glucose at week 0 and week 96 of
ART. Fasting insulin and adiponectin were measured from cryopre-
served serum using multiplex bead array. Homeostasis model
assessment-2 (HOMA2)-IR and HOMA2-%B estimated insulin
resistance and b-cell function, respectively. The m.10398A.G
mtDNA variant was available from existing genetic data.

Results: Thirty-seven participants had adipose biopsies at week
0 and week 96. Percent decreases in CIV activity and adiponectin
were correlated (Spearman rho 0.41; P = 0.01); this association
persisted after controlling for age, sex, body mass index, or
visceral adipose tissue in single-covariate regression. HOMA2-
IR correlated with decreased CIV (20.44; P = 0.01) and CI
(20.34; P = 0.05) activity. Among 12 non-Hispanic white
persons, m.10398G was associated with decreased adiponectin
(P = 0.04).

Conclusions: Decreased adipose mitochondrial activity correlated
with changes in adiponectin and glucose homeostasis on ART.
Previous findings that a mtDNA mutation modulates adiponectin
levels in persons with HIV were replicated.

Key Words: AIDS, mitochondria, mtDNA haplogroup, adiponectin,
insulin resistance

(J Acquir Immune Defic Syndr 2019;80:358–366)

INTRODUCTION
Insulin resistance (IR) and type-2 diabetes mellitus

(diabetes) are important problems in persons with HIV
infection treated with antiretroviral therapy (ART).1,2 The
pathophysiology of IR and diabetes in this setting is not well
understood, but HIV infection does play a role independent of
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ART.3 Mitochondrial function also influences metabolic
diseases4,5 and is altered during HIV infection, both before
and after ART initiation.6–8 Recent data have specifically
highlighted the importance of mitochondrial dysfunction in
the pathogenesis of IR and diabetes in HIV-uninfected
persons.9–12 Although not considered traditional “mitochon-
drial toxicities,” diabetes and IR among persons with HIV
may also be related to mitochondrial dysfunction.7,13,14 Older
nucleoside reverse transcriptase inhibitors (NRTIs) with
known adverse mitochondrial effects7,15,16 are associated
with IR3,17–19 and diabetes20,21 in cohort and clinical studies.
Importantly, even newer NRTIs can adversely impact mito-
chondrial function. In AIDS Clinical Trials Group (ACTG)
study A5224s, adipose tissue mitochondrial DNA (mtDNA)
decreased in subjects treated with either tenofovir disoproxil
fumarate (TDF), or abacavir (ABC), and mitochondrial
complex I (CI) and complex IV (CIV) activity decreased
significantly in persons randomized to TDF.22

Adiponectin is an adipose tissue-derived peptide medi-
ator of energy balance and metabolism, including insulin
sensitivity. In HIV-negative populations, low adiponectin is
associated with low HDL cholesterol and high triglycerides,23

development of diabetes,24 and myocardial infarction.25

Adiponectin is typically decreased in HIV infection,26 with
lean ART-treated men having levels similar to obese, insulin-
resistant HIV-seronegative men.27 In untreated HIV infection,
low adiponectin is associated with higher plasma HIV RNA
levels,28 perhaps driven by increases in inflammatory cyto-
kines such as tumor necrosis factor-a, which has been shown
to suppress adiponectin in vitro.29 With ART initiation,
adiponectin concentrations increase initially,30,31 but fall
below baseline levels with the development of lipodys-
trophy.31,32 Indeed, lower adiponectin is associated with
subcutaneous lipoatrophy,33 IR,34 and subclinical cardiovas-
cular disease35 in ART-treated HIV-seropositive persons.
These observations are consistent with reported connections
between mitochondrial function and adiponectin,36–38 thus
mitochondrial dysfunction may be an important contributor to
the pathogenesis of hypoadiponectinemia, with downstream
effects on IR and diabetes.

Mitochondrial DNA encodes electron transport chain
subunits that are critical for energy production, and mito-
chondrial function influences vascular health.39 Combinations
of single nucleotide polymorphisms (SNPs) within mtDNA
allow for categorization of individuals into haplogroups.40

Haplogroups influence mitochondrial function41–44 and have
been associated with HIV-related outcomes.45–54 Diabetes-
related phenotypes are associated with mtDNA variants in
animal models55 and in HIV-negative populations.56–59

Insulin resistance has recently been associated with mtDNA
variants in HIV/HCV-coinfected Spaniards49 and in a small
subgroup from an ACTG clinical trial.60 Adiponectin levels
were also associated with mtDNA variants in each of these
studies, with the latter finding an association between a non-
synonymous mtDNA mutation (m.10398A.G encoding
NADH dehydrogenase subunit 3) and greater decrease in
adiponectin after ART initiation, suggesting that adiponectin
dysregulation may be a novel mechanism by which mtDNA
variation influences IR and diabetes in ART-treated persons

with HIV infection. The m.10398G variant is present in
approximately 20% of European-ancestry persons, is shared
across several mtDNA haplogroups, and has been of partic-
ular clinical interest because of known effects on mitochon-
drial function.61,62

ACTG study A5202 was a randomized trial comparing 2
different blinded NRTI regimens [TDF plus emtricitabine (FTC)
or ABC plus lamivudine (3TC)] with open-label efavirenz or
ritonavir-boosted atazanavir in previously ART-naive partici-
pants with HIV.63,64 A5224s, a substudy of A5202, included
metabolic assessments and regional fat quantitation.65 An
additional subgroup of participants agreed to undergo adipose
tissue biopsies before ART (week 0) and at week 96. In these
participants, adipose mtDNA levels decreased on ART, and
adipose mitochondrial electron transport chain CI and CIV
activity decreased predominately in those randomized to TDF/
FTC-containing regimens.22 To extend previous findings, we
hypothesized that individuals with HIV on ART have a reduction
in serum adiponectin and increased IR that corresponds to
decreased adipose mitochondrial function, and that these
changes will differ by mtDNA mutation m.10398A.G. We
report findings of analyses to test this hypothesis using existing
data from A5224s, and new data on fasting adiponectin and
estimated IR and pancreatic b-cell function.

METHODS

Participants
ART-naive individuals aged 16 years and older with

HIV-1 RNA .1000 copies/mL were included in the A5202
parent trial (NCT00118898). Exclusion criteria for the
A5224s metabolic substudy were untreated hypogonadism,
thyroid disease, diabetes, and the use of growth hormone,
anabolic steroids, or glucocorticoids.65 A5224s participants
willing to undergo adipose biopsies were eligible for
a preplanned mitochondrial substudy at selected sites. This
analysis used data from participants in the mitochondrial
substudy with mtDNA SNP data available from genome-wide
genotyping and with suppressed HIV RNA in plasma (,50
copies/mL) at week 96. ACTG protocols A5202, A5224s, and
A5128 (ACTG Human DNA Repository) were approved by
institutional review boards at each study site, and participants
provided written informed consent. Genetic and clinical data
used in these analyses were deidentified.

Serum Laboratory Measurements
Routine fasting serum lipid and glucose quantification

was performed at each site using commercial assays. Serum
insulin and adiponectin levels were quantified from cryopre-
served fasting serum samples collected at baseline and week
96 using multiplex bead array at the Laboratory for Clinical
Biochemistry Research (University of Vermont, Colchester,
VT). Homeostasis model assessment 2-IR (HOMA2-IR) and
HOMA2-beta (HOMA2-%B) estimates of IR and pancreatic
b-cell function, respectively, were determined using pub-
lished formulas.66
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Adipose Imaging and Quantitation
Substudy evaluations included single-slice abdominal

computed tomographic (CT) scan of the abdomen at the L4–L5
level at baseline and week 96 to quantify central subcutaneous
and visceral adipose tissue (VAT). CT scans were read at
a central location (Tufts University, Boston, MA) by personnel
blinded to participant characteristics and treatment assignment
as described previously.22,65

Adipose Tissue mtDNA and Oxidative
Phosphorylation Protein and Enzyme
Activity Quantitation

Subcutaneous adipose tissue from the lower abdomen
was obtained by excisional biopsy performed by an experi-
enced physician using local anesthesia and standardized
procedures. DNA was extracted from fat frozen in RNAlater
using a Qiagen DNA kit. Adipose mtDNA content was
measured by quantitative polymerase chain reaction, and
levels of NADH dehydrogenase (CI) and cytochrome c
oxidase (CIV) enzyme activity were determined using
commercial immunoassays as described previously.22,67

DNA Genotyping and Mitochondrial
SNP Determination

DNA was isolated from whole blood using PUREGENE
(Gentra Systems Inc., Minneapolis, MN) under the ACTG
Human DNA Repository (Protocol A5128). Genome-wide
genotyping was performed using the Illumina 1M duo array,
and genotype data underwent quality control and imputation
methods described previously.68,69 Available (directly geno-
typed) mtDNA SNPs were extracted to generate a variant list
for each individual relative to the revised Cambridge reference
sequence.70 Because of the previous findings and known
functional effects, the SNP NC_012920.1:m.10398A.G
(rs2853826; designated “m.10398G”) was analyzed.

Statistical Analysis
Simple proportions are used to describe demographic

and genetic data. Medians and interquartile ranges are
presented for continuous data. Fisher’s exact or Pearson x2

tests and Wilcoxon rank-sum test were used for comparisons
of categorical and continuous covariates, respectively.
Because of the small sample size of participants with
complete data available, we explored single-covariate multi-
variate linear regression models to determine whether asso-
ciations between adipose measures and adiponectin or
HOMA were sensitive to inclusion of the following covariates
of potential relevance: sex and continuous age, body mass
index (BMI), and VAT. SPSS Statistics Premium 24 (IBM
Analytics, Armonk, NY) and Stata SE version 10.1 (Stata-
Corp, College Station, TX) were used for statistical analyses.
Because of the lack of independence between several of the
outcome measures and the exploratory nature of these
analyses, they were not adjusted for multiple comparisons.

RESULTS
Of 269 A5224s participants, 56 were included in the

mitochondrial substudy. Of these, 47 had a baseline adipose
tissue biopsy or serum sample, were coenrolled in A5128 with
genetic data available and are included in baseline data
presentation (Table 1). A subset of 37 of these who had
a baseline adipose tissue biopsy, a second biopsy at week 96,
and week 96 plasma HIV RNA ,50 copies/mL were included
in analyses. The Figure, Supplemental Digital Content, http://
links.lww.com/QAI/B256 provides a simplified flow diagram
of participant distribution from A5202 to the analysis groups
presented here. Of the 47 with baseline adipose tissue or serum
and genetic data, the median age was 39 years, 42 were male,
17 were of non-Hispanic white race/ethnicity, and the median
CD4 T cell count was 226 cells/mm3 (Table 1). Median
baseline BMI was 25.7 kg/m2, HOMA2-IR was 0.95, and
randomization to TDF/FTC or ABC/3TC-containing arms was
evenly distributed. Baseline characteristics among the 37
participants included in final analyses were similar to the
overall group (Table 1). Previous analyses confirmed no
significant differences between the randomized ART arms in
the parent protocol or substudy.22

Baseline and 96-Week Changes in
Adiponectin and HOMA

Baseline values of adiponectin, HOMA2-IR, and
HOMA2-%B are shown in Table 1. After 96 weeks of
ART, serum adiponectin levels decreased ,1%, while
median increases in HOMA2-IR and HOMA2-%B were
30% and 14%, respectively (Wilcoxon sign rank P = 0.08
and 0.38; Table 2). Although there are no consensus cutoffs
for defining IR, 7 (19%) and 9 (24%) individuals had
a HOMA2-IR .2.0 at baseline or week 96, respectively.
Adiponectin or HOMA measures at baseline, week 96, or
their changes did not differ by randomized ART arm or NRTI
(TDF/FTC vs. ABC/3TC; data not shown).

Relationships Between Adipose Tissue
Mitochondrial Measures, Serum Adiponectin,
and HOMA

Baseline serum adiponectin was not significantly cor-
related with either HOMA measure at baseline, but was
negatively correlated with baseline BMI (Spearman rho =
20.35; P = 0.02), and was weakly positively correlated with
mtDNA quantity (rho = 0.31; P = 0.05) and CIV activity (rho
= 0.29; P = 0.06; data not shown) in fat. Baseline HOMA2-IR
and HOMA2-%B were significantly positively correlated
with baseline BMI and VAT (rho = 0.37–0.51; P value
,0.01 for all).

Relative (percentage) change in adipose tissue CIV
(Spearman’s rho = 0.41; P = 0.01; Fig. 1A), but not CI (rho =
0.30; P = 0.08; Fig. 1B) activity was significantly positively
correlated with relative change in serum adiponectin (eg,
a decrease in CIV activity correlated with a decrease in
adiponectin). This association remained statistically signifi-
cant in individual models adjusted for single covariates age,
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sex, or baseline BMI or VAT, with P values ranging from
0.01 to 0.05. By contrast, relative changes in CIV (Fig. 2A)
and CI activity (Fig. 2B) in fat were significantly negatively
correlated with relative change in IR measured by HOMA2-
IR (rho = 20.44; P = 0.01 and 20.34; P = 0.05, respectively;
eg, a decrease in CI or CIV activity correlated with an
increase in HOMA2-IR measured at week 96). These
associations were also robust to adjustment for sex or baseline
BMI or VAT in single covariate models (P value range 0.01–
0.03), but less so with adjustment for age (P = 0.11 and 0.06,

respectively). Relative changes in CIV were also significantly
correlated with changes in HOMA2-%B (rho = 20.36; P =
0.04; data not shown). Neither baseline nor week 96 changes
in HOMA2-IR and adiponectin were significantly correlated.

Mitochondrial DNA Variants, Adipose Tissue
Mitochondrial Function, Serum Adiponectin,
and HOMA

Given the small sample sizes of individual race/ethnicity
groups, mtDNA haplogroup analyses were not feasible. Based
on our previous data60 and a priori hypothesis, and the relative
frequency of m.10398G in persons of European ancestry,62 this
mtDNA SNP was analyzed separately in the subgroup with
paired serum adiponectin data and self-reported non-Hispanic
white race/ethnicity. Of these 12 participants, 4 with the
m.10398G allele had a median absolute decrease in serum
adiponectin of 1552 ng/mL at week 96 (median relative
decrease of 25%). By contrast, 8 participants with the
m.10398A allele had a median increase in serum adiponectin
of 2555 ng/mL (median relative increase of 32%). Despite the
small sample size, the between-group difference in absolute
adiponectin changes was statistically significant (P = 0.04; Fig.
3A), and the median relative change approached significance
(P = 0.06; Table 2 and Fig. 3B). The difference in absolute
adiponectin change remained significant in single-covariate
linear regression models adjusted for age, sex, baseline BMI, or
VAT (P-value range = 0.03–0.05; data not shown). There were
no statistically significant differences in CI or CIV activity, or
HOMA estimates (Table 2).

DISCUSSION
This study of ART-naive clinical trial participants with

relatively low diabetes risk (median HOMA2-IR,1) identi-
fied associations between adipose mitochondrial function,
adiponectin, and IR after 2 years of TDF/FTC or ABC/3TC-
containing ART exposure and HIV suppression. These results
suggest that decreased mitochondrial function on contempo-
rary ART regimens corresponds to metabolic profiles associ-
ated with future diabetes risk: decreased adiponectin and IR.
We also observed an association between serum adiponectin
and an mtDNA variant that is highly consistent with that seen
in a distinct ART-naive clinical trial population.60

In persons without HIV, low adiponectin is associated
with cardiovascular disease risk factors23,71 and disease,25

and with risk of type 2 diabetes.72 Adipokines are dysregu-
lated in persons with HIV.26,27,73 Lean ART-treated men with
HIV had low adiponectin levels similar to obese, insulin-
resistant men without HIV.27 Lower adiponectin was also
seen in men with HIV compared with age-matched men
without HIV in the Multicenter AIDS Cohort Study and was
associated with coronary stenosis by CT angiography.35 We
did not observe significant changes in adiponectin in the
overall population after 96 weeks of ART. Some earlier
studies reported significant increases in adiponectin on
ART,30 but others did not.74 Differences in ART and/or
population metabolic characteristics before ART could con-
tribute to differences in adiponectin levels between studies.

TABLE 1. Baseline Characteristics According to Substudy
Participation and Available 96-Week Adipose Biopsies

Variable
N = 47 With Baseline
Adipose Biopsies

N = 37 With Baseline and
Week 96 Biopsies, and

Week 96 Plasma HIV RNA
,50 Copies/mL

Age (yrs) 39 (32, 45) 39 (34, 45)

Sex

Male, N (%) 42 (89) 33 (89)

Female, N (%) 5 (11) 4 (11)

Race/ethnicity, N (%)

Black,
non-Hispanic

9 (19) 4 (11)

White,
non-Hispanic

17 (36) 14 (38)

Hispanic 19 (40) 17 (46)

Other* 2 (4) 2 (5)

Randomized
ART, N (%)

ATV/r + ABC/
3TC

10 (21) 6 (16)

ATV/r +
TDF/FTC

13 (28) 13 (35)

EFV + ABC/3TC 12 (26) 9 (24)

EFV + TDF/FTC 12 (26) 9 (24)

Plasma HIV-1 RNA
(log10 copies/mL)

4.7 (4.3, 5.3) 4.8 (4.3, 5.3)

CD4+ T cells/mm3 226 (70, 312) 212 (81, 288)

Fat mtDNA
(copies/cell)

1211 (1015,1686) 1254 (1040, 1588)

Fat complex 1
activity
(OD · 103/mg)

46 (34, 53) 48 (37, 53)

Fat complex 4
activity
(OD · 103/mg)

27 (21, 34) 30 (24, 35)

Visceral fat (cm2) 90.9 (69.7, 124.3) 93.9 (82.8, 131.9)

BMI (kg/m2) 25.7 (21.6, 29.9) 25.7 (21.7, 30.0)

Adiponectin (ng/mL) 7077 (4877, 10,058) 7587 (4846, 9530)

Glucose (mg/dL) 86 (82, 94) 89 (82, 95)

Insulin (uU/mL) 7.4 (4.7, 12.0) 7.7 (4.9, 12.1)

HOMA2-IR 0.95 (0.59, 1.53) 0.97 (0.66, 1.54)

HOMA2-%B 97.4 (74.5, 140.8) 97.4 (77.2, 143.2)

Data are median (interquartile range) except where noted.
*Includes Asian/Pacific Islander (N = 1) and .1 reported race/ethnicity (N = 1).
%B, beta-cell; 3TC, lamivudine; ABC, abacavir; ATV/r, ritonavir-boosted ataza-

navir; EFV, efavirenz; FTC, emtricitabine; HOMA, homeostasis model assessment; OD,
optical density; TDF, tenofovir disoproxil fumarate.
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Data from cultured adipocytes suggest that adiponectin
synthesis is dependent on mitochondrial function, with
induction of mitochondrial biogenesis and palmitate-induced
mitochondrial dysfunction leading to increased and decreased
adiponectin synthesis, respectively.36,37 Adiponectin also
provides protection against mitochondrial dysfunction in
multiple model systems,75–77 and obesity-associated adipo-
nectin depletion in mice led to hepatic mitochondrial
dysfunction.78 Thus, the direction of effects between adipo-
nectin and mitochondrial function has not been fully
elucidated yet.

With respect to mtDNA variation and adiponectin,
a cross-sectional analysis of Spanish persons with HIV/
HCV coinfection first reported an association between
European mtDNA haplogroups and serum adiponectin.49 In
that study, subjects belonging to the JT clade (including
persons with both m.10398A and G alleles) had significantly
lower adiponectin levels while on ART than those belonging
to the HV clade (including only the m.10398A allele).49 A
previous study in an earlier ACTG trial population examined
short-term (24 week) changes in adiponectin and also found

significant differences at baseline and after ART.60 Non-
Hispanic white persons having the m.10398G variant had
significantly higher baseline adiponectin and a significantly
greater decrease in adiponectin on ART, the same pattern we
observed in the present analysis. The m.10398G is a non-
synonymous variant that results in a threonine to alanine
amino acid change in the NADH dehydrogenase subunit 3 of
CI and alters in vitro mitochondrial measures including
mitochondrial matrix pH and calcium concentration.61 It has
also been studied in many human diseases and aging,79,80 but
risk association studies have been complicated and inconsis-
tent. Almost all African-ancestry persons have the m.10398G
allele,62 since the A allele arose on the N mtDNA branch at
the time of the out-of-Africa migration of modern European
and Asian populations. In persons of European ancestry,
;19% carry the G allele, and these are distributed across
several major haplogroups as noted above.62 As a result of the
lack of variation of m.10398 in Africans, association analyses
are not possible within African-ancestry populations. It is not
known whether m.10398 allele frequency contributes to
ancestry-specific disease risk, whether the variant has

TABLE 2. Ninety-Six–Week Changes in Mitochondrial Complex I and Complex IV Activity, Serum Adiponectin, and HOMA,
Overall and by m.10398A.G Among Non-Hispanic White Participants With Paired Biopsies or Serum Specimens

All Participants*

Non-Hispanic White Participants

m.10398G (N = 4) m.10398A (N = 8†)

Complex I activity (OD · 103/mg)

Baseline (N = 37) 48 (37, 53) 49 (37, 60) 49 (38, 55)

Week 96 (N = 36) 36 (24, 51) 37 (31, 57) 49 (35, 59)

Absolute change (N = 36) 23.4 (219.1, +5.7) 24.5 (218.2, +9.4) +3.1 (28.3, +8.0)

% Change (N = 36) 29 (241, +18) 210 (238, +27) +7.5 (214, +22)

Complex IV activity (OD · 103/mg)

Baseline (N = 37) 30 (24, 35) 34 (27, 39) 26 (21, 34)

Week 96 (N = 36) 21 (15, 27) 24 (21, 32) 26 (18, 35)

Absolute change (N = 36) 26.1 (213.3, 20.75) 27.2 (213.3, 20.9) 22.7 (261, +2.7)

% Change (N = 36) 224 (245, 23) 221 (240, 23) 211 (221, +9)

Adiponectin (ng/mL)

Baseline (N = 35) 7587 (4846, 9530) 6291 (5075, 9839) 6628 (3809, 8375)

Week 96 (N = 37) 7156 (3601, 9477) 5766 (3524, 8017) 9393 (3222, 12,117)

Absolute change (N = 35) 2101 (23257, +875) 21552 (22849, 2525) +2555 (2527, +3953)‡

% Change (N = 35) 21 (237, +9) 225 (237, 210) +32 (213, +48)§

HOMA2-IR†

Baseline (N = 35) 0.97 (0.66, 1.54) 0.88 (0.68, 1.18) 0.92 (0.84, 1.71)

Week 96 (N = 35) 1.19 (0.72, 1.65) 0.94 (0.83, 1.18) 1.03 (0.64, 1.46)

Absolute change (N = 33) +0.16 (20.23, +0.47) +0.26 (20.26, +0.41) 20.23 (20.25, 20.20)†

% Change (N = 33) +30 (222, +65) +32 (215, +56) 220 (226, +54)

HOMA2-%B†

Baseline (N = 35) 97.4 (77.2, 143.2) 87.2 (80.3, 148.9) 132.4 (77.2, 148.1)

Week 96 (N = 35) 109.1 (82.9, 137.5) 81.9 (75.6, 94.1) 105.7 (79.4, 134.9)

Absolute change (N = 33) +12.2 (228.3, +29.9) 28.4 (273.3, +13.8) 27.3 (247.1, +24.2)†

% Change (N = 33) +14 (227, +37) 29 (242, +17) +6 (237, +37)

All data are median (interquartile range). All m.10398G vs. A Wilcoxon rank-sum P . 0.1 except where noted.
*Total N for each measure accounting for missing data shown for each row; see also Figure, Supplemental Digital Content, http://links.lww.com/QAI/B256.
†N with paired HOMA and m.10398A = 6.
‡P = 0.04 vs. m.10398G.
§P = 0.06 vs. m.10398G.
%B, beta-cell; HOMA, homeostasis model assessment; OD, optical density.
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different de novo functional implications in African-ancestry
populations, or whether interactions with other ancestral
variants in mtDNA or nuclear DNA interact to modify its
expression or function.

The small sample size of our study precluded hap-
logroup analyses, limited our capacity to adjust for potential
confounders, and may have led to false or missed associa-
tions. The m.10398G allele is present in European hap-
logroups I, J, and K, thus a careful analysis in a larger
population might better characterize whether m.10398G is
a marker for other variant(s) shared across multiple hap-
logroups or confined to a single haplogroup. Additional
limitations of this study include the fact that most of the
participants were male, limiting generalizability of the
findings, and the use of self-reported race/ethnicity as the
basis of stratification; genetic ancestry was not determined
for these analyses. Diabetes was an exclusion from A5224s,

and the overall baseline HOMA2-IR values suggest a low
risk of overt diabetes. We did not account for ART changes
or interruptions in our analyses, but since we only included
data for participants with HIV RNA suppression at week 96,
we believe this would have had minimal impact in this
subgroup. We cannot yet determine causality between
mitochondrial enzyme activity, adiponectin, and IR. Indeed,
although correlations between changes in mitochondrial
function in fat and adiponectin and IR in the periphery are
compelling, the lack of direct correlation between adipo-
nectin and HOMA2-IR or HOMA2-%B in this population
suggests alternative or additional mechanisms may be
contributing. These data cannot definitively answer
this question.

In summary, we show for the first time associations
between adipose tissue mitochondrial function, adiponectin,
and insulin sensitivity in ART-treated persons with HIV,

FIGURE 2. Scatterplot of relative (%) change in HOMA2-IR vs.
relative (%) change in adipose complex IV (A; Spearman’s rho
=20.44; P = 0.01) and complex I (B; Spearman’s rho =20.34;
P = 0.05) activity (N = 33).

FIGURE 1. Scatterplot of relative (%) change in serum adi-
ponectin vs. relative (%) change in adipose complex IV activity
(A; Spearman’s rho = 0.41; P = 0.01) and complex I (B;
Spearman’s rho = 0.30; P = 0.08) activity (N = 35).
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which is biologically plausible. Our findings, in combination
with results from the previous studies and in vitro data,
support the hypothesis that impaired adipose tissue mito-
chondrial function in ART-treated persons with HIV de-
creases serum adiponectin and worsens IR. We also found
that the m.10398G mtDNA SNP was associated with lower
serum adiponectin levels after starting ART,49 supporting
a role for this variant in metabolic complications through an
adiponectin-mediated pathway. Next steps will include more
detailed mechanistic studies to characterize the mitochondria–
adiponectin pathway and its metabolic effects in adipose tis-
sue and peripherally. In addition, future clinical studies can be
designed to test adiponectin-targeted and mtDNA genotype-
guided therapeutics in HIV-seropositive persons initiating
ART to prevent IR and diabetes.

ACKNOWLEDGMENTS
The authors gratefully acknowledge the study volunteers

who participated in the mitochondrial substudy of A5224s and
the ACTG Human DNA Repository protocol A5128. The
authors additionally acknowledge all ACTG staff members
and investigators at A5224s Clinical Research Sites.

REFERENCES
1. Barbaro G, Iacobellis G. Metabolic syndrome associated with HIV and

highly active antiretroviral therapy. Curr Diab Rep. 2009;9:37–42.
2. Stanley TL, Grinspoon SK. Body composition and metabolic changes in

HIV-infected patients. J Infect Dis. 2012;205(suppl 3):S383–S390.
3. Brown TT, Li X, Cole SR, et al. Cumulative exposure to nucleoside

analogue reverse transcriptase inhibitors is associated with insulin
resistance markers in the Multicenter AIDS Cohort Study. AIDS. 2005;
19:1375–1383.

4. De Pauw A, Tejerina S, Raes M, et al. Mitochondrial (dys)function in
adipocyte (de)differentiation and systemic metabolic alterations. Am J
Pathol. 2009;175:927–939.

5. Wallace DC. A mitochondrial paradigm of metabolic and degenerative
diseases, aging, and cancer: a dawn for evolutionary medicine. Annu Rev
Genet. 2005;39:359–407.

6. Morse CG, Voss JG, Rakocevic G, et al. HIV infection and antiretroviral
therapy have divergent effects on mitochondria in adipose tissue. J Infect
Dis. 2012;205:1778–1787.

7. Feeney ER, Mallon PW. Impact of mitochondrial toxicity of HIV-1
antiretroviral drugs on lipodystrophy and metabolic dysregulation. Curr
Pharm Des. 2010;16:3339–3351.

8. Hulgan T, Gerschenson M. HIV and mitochondria: more than just drug
toxicity. J Infect Dis. 2012;205:1769–1771.

9. Vial G, Dubouchaud H, Leverve XM. Liver mitochondria and insulin
resistance. Acta Biochim Pol. 2010;57:389–392.

10. Wang CH, Wang CC, Wei YH. Mitochondrial dysfunction in insulin
insensitivity: implication of mitochondrial role in type 2 diabetes. Ann N
Y Acad Sci. 2010;1201:157–165.

11. Yoon Y, Galloway CA, Jhun BS, et al. Mitochondrial dynamics in
diabetes. Antioxid Redox Signal. 2011;14:439–457.

12. Patti ME, Corvera S. The role of mitochondria in the pathogenesis of
type 2 diabetes. Endocr Rev. 2010;31:364–395.

13. Kim JA, Wei Y, Sowers JR. Role of mitochondrial dysfunction in insulin
resistance. Circ Res. 2008;102:401–414.

14. Shikuma CM, Day LJ, Gerschenson M. Insulin resistance in the HIV-
infected population: the potential role of mitochondrial dysfunction. Curr
Drug Targets Infect Disord. 2005;5:255–262.

15. Brinkman K, ter Hofstede HJ, Burger DM, et al. Adverse effects of
reverse transcriptase inhibitors: mitochondrial toxicity as common
pathway. AIDS. 1998;12:1735–1744.

16. Lewis W, Copeland WC, Day BJ. Mitochondrial dna depletion, oxidative
stress, and mutation: mechanisms of dysfunction from nucleoside reverse
transcriptase inhibitors. Lab Invest. 2001;81:777–790.

17. Tien PC, Schneider MF, Cole SR, et al. Antiretroviral therapy exposure
and insulin resistance in the women’s interagency HIV study. J Acquir
Immune Defic Syndr. 2008;49:369–376.

18. Fleischman A, Johnsen S, Systrom DM, et al. Effects of a nucleoside
reverse transcriptase inhibitor, stavudine, on glucose disposal and
mitochondrial function in muscle of healthy adults. Am J Physiol
Endocrinol Metab. 2007;292:E1666–E1673.

19. Blumer RM, van Vonderen MG, Sutinen J, et al. Zidovudine/lamivudine
contributes to insulin resistance within 3 months of starting combination
antiretroviral therapy. AIDS. 2008;22:227–236.

20. De Wit S, Sabin CA, Weber R, et al. Incidence and risk factors for new-
onset diabetes in HIV-infected patients: the data collection on adverse
events of anti-HIV drugs (D:A:D) study. Diabetes Care. 2008;31:1224–
1229.

21. Capeau J, Bouteloup V, Katlama C, et al. Ten-year Diabetes Incidence in
1,046 HIV-infected Patients Started on a Combination Antiretroviral
Treatment: The ANRS CO8 APROCO-COPILOTE Cohort. London,
England: AIDS; 2011.

22. McComsey GA, Daar ES, O’Riordan M, et al. Changes in fat mitochon-
drial DNA and function in subjects randomized to abacavir-lamivudine or

FIGURE 3. Box and dot plots of absolute (A) and relative (%)
change (B) in serum adiponectin after 96 weeks of ART among
participants with paired data and non-Hispanic white race/
ethnicity, by m.10398A.G alleles. Boxes show median and
IQR; whiskers show 95th percentiles. Wilcoxon rank-sum P-
values are 0.04 and 0.06 for (A and B) comparisons, respec-
tively.

Hulgan et al J Acquir Immune Defic Syndr � Volume 80, Number 3, March 1, 2019

364 | www.jaids.com Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



tenofovir DF-emtricitabine with atazanavir-ritonavir or efavirenz: AIDS
Clinical Trials Group study A5224s, substudy of A5202. J Infect Dis.
2013;207:604–611.

23. Shetty GK, Economides PA, Horton ES, et al. Circulating adiponectin
and resistin levels in relation to metabolic factors, inflammatory markers,
and vascular reactivity in diabetic patients and subjects at risk for
diabetes. Diabetes Care. 2004;27:2450–2457.

24. Duncan BB, Schmidt MI, Pankow JS, et al. Adiponectin and the
development of type 2 diabetes: the atherosclerosis risk in communities
study. Diabetes. 2004;53:2473–2478.

25. Pischon T, Girman CJ, Hotamisligil GS, et al. Plasma adiponectin levels
and risk of myocardial infarction in men. JAMA. 2004;291:1730–1737.

26. Tsiodras S, Mantzoros C. Leptin and adiponectin in the HIV associated
metabolic syndrome: physiologic and therapeutic implications. Am J
Infect Dis. 2006;2:141–152.

27. Samaras K, Gan SK, Peake PW, et al. Proinflammatory markers, insulin
sensitivity, and cardiometabolic risk factors in treated HIV infection.
Obes (Silver Spring). 2009;17:53–59.

28. Calmy A, Gayet-Ageron A, Montecucco F, et al. HIV increases markers
of cardiovascular risk: results from a randomized, treatment interruption
trial. AIDS (London, England). 2009;23:929–939.

29. Bruun JM, Lihn AS, Verdich C, et al. Regulation of adiponectin by
adipose tissue-derived cytokines: in vivo and in vitro investigations in
humans. Am J Physiol Endocrinol Metab. 2003;285:E527–E533.

30. Carr A, Ritzhaupt A, Zhang W, et al. Effects of boosted tipranavir and
lopinavir on body composition, insulin sensitivity and adipocytokines in
antiretroviral-naive adults. AIDS (London, England). 2008;22:2313–2321.

31. Luo L, Zhang L, Tao M, et al. Adiponectin and leptin levels in Chinese
patients with HIV-related lipodystrophy: a 30-month prospective study.
AIDS Res Hum Retroviruses. 2009;25:1265–1272.

32. Bezante GP, Briatore L, Rollando D, et al. Hypoadiponectinemia in
lipodystrophic HIV individuals: a metabolic marker of subclinical cardiac
damage. Nutr Metab Cardiovasc Dis. 2009;19:277–282.

33. Kosmiski LA, Bacchetti P, Kotler DP, et al. Relationship of fat
distribution with adipokines in human immunodeficiency virus infection.
J Clin Endocrinol Metab. 2008;93:216–224.

34. Veloso S, Escote X, Ceperuelo-Mallafre V, et al. Leptin and adiponectin,
but not IL18, are related with insulin resistance in treated HIV-1-infected
patients with lipodystrophy. Cytokine. 2012;58:253–260.

35. Ketlogetswe KS, Post WS, Li X, et al. Lower adiponectin is associated
with subclinical cardiovascular disease among HIV-infected men. AIDS.
2014;28:901–909.

36. Koh EH, Park JY, Park HS, et al. Essential role of mitochondrial function
in adiponectin synthesis in adipocytes. Diabetes. 2007;56:2973–2981.

37. Jeon MJ, Leem J, Ko MS, et al. Mitochondrial dysfunction and activation
of iNOS are responsible for the palmitate-induced decrease in adipo-
nectin synthesis in 3T3L1 adipocytes. Exp Mol Med. 2012;44:562–570.

38. Wang CH, Wang CC, Huang HC, et al. Mitochondrial dysfunction leads
to impairment of insulin sensitivity and adiponectin secretion in
adipocytes. FEBS J. 2013;280:1039–1050.

39. Davidson SM, Duchen MR. Endothelial mitochondria: contributing to
vascular function and disease. Circ Res. 2007;100:1128–1141.

40. Wallace DC, Brown MD, Lott MT. Mitochondrial DNA variation in
human evolution and disease. Gene. 1999;238:211–230.

41. Gomez-Duran A, Pacheu-Grau D, Lopez-Gallardo E, et al. Unmasking
the causes of multifactorial disorders: OXPHOS differences between
mitochondrial haplogroups. Hum Mol Genet. 2010;19:3343–3353.

42. Gomez-Duran A, Pacheu-Grau D, Martinez-Romero I, et al. Oxidative
phosphorylation differences between mitochondrial DNA haplogroups
modify the risk of Leber’s hereditary optic neuropathy. Biochim Biophys
Acta. 2012;1822:1216–1222.

43. Ruiz-Pesini E, Lapena AC, Diez-Sanchez C, et al. Human mtDNA
haplogroups associated with high or reduced spermatozoa motility. Am J
Hum Genet. 2000;67:682–696.

44. Martinez-Redondo D, Marcuello A, Casajus JA, et al. Human mito-
chondrial haplogroup H: the highest VO2max consumer–is it a paradox?
Mitochondrion. 2010;10:102–107.

45. Hulgan T, Haubrich R, Riddler SA, et al. European mitochondrial DNA
haplogroups and metabolic changes during antiretroviral therapy in AIDS
clinical trials group study A5142. AIDS. 2011;25:37–47.

46. Grady BJ, Samuels DC, Robbins GK, et al. Mitochondrial genomics and
CD4 T-cell count recovery after antiretroviral therapy initiation in AIDS

clinical trials group study 384. J Acquir Immune Defic Syndr. 2011;58:
363–370.

47. Canter JA, Robbins GK, Selph D, et al. African mitochondrial DNA
subhaplogroups and peripheral neuropathy during antiretroviral therapy.
J Infect Dis. 2010;201:1703–1707.

48. De Luca A, Nasi M, Di Giambenedetto S, et al. Mitochondrial DNA
haplogroups and incidence of lipodystrophy in HIV-infected patients on
long-term antiretroviral therapy. J Acquir Immune Defic Syndr. 2012;59:
113–120.

49. Micheloud D, Berenguer J, Guzman-Fulgencio M, et al. European
mitochondrial DNA haplogroups and metabolic disorders in HIV/HCV
coinfected patients on highly active antiretroviral therapy. J Acquir
Immune Defic Syndr. 2011;58:371–378.

50. Garcia-Alvarez M, Guzman-Fulgencio M, Berenguer J, et al. European
mitochondrial DNA haplogroups and liver fibrosis in HIV and hepatitis C
virus coinfected patients. AIDS (London, England). 2011;25:1619–1926.

51. Nasi M, Guaraldi G, Orlando G, et al. Mitochondrial DNA haplogroups
and highly active antiretroviral therapy-related lipodystrophy. Clin Infect
Dis. 2008;47:962–968.

52. Hulgan T, Haas DW, Haines JL, et al. Mitochondrial haplogroups and
peripheral neuropathy during antiretroviral therapy: an adult AIDS
clinical trials group study. AIDS (London, England). 2005;19:1341–
1349.

53. Hendrickson SL, Hutcheson HB, Ruiz-Pesini E, et al. Mitochondrial
DNA haplogroups influence AIDS progression. AIDS. 2008;22:
2429–2439.

54. Hendrickson SL, Kingsley LA, Ruiz-Pesini E, et al. Mitochondrial DNA
haplogroups influence lipoatrophy after highly active antiretroviral
therapy. J Acquir Immune Defic Syndr. 2009;51:111–116.

55. Guo LJ, Oshida Y, Fuku N, et al. Mitochondrial genome poly-
morphisms associated with type-2 diabetes or obesity. Mitochondrion.
2005;5:15–33.

56. Park KS, Chan JC, Chuang LM, et al. A mitochondrial DNA variant at
position 16189 is associated with type 2 diabetes mellitus in Asians.
Diabetologia. 2008;51:602–608.

57. Liou CW, Lin TK, Huei Weng H, et al. A common mitochondrial DNA
variant and increased body mass index as associated factors for
development of type 2 diabetes: additive effects of genetic and
environmental factors. J Clin Endocrinol Metab. 2007;92:235–239.

58. Poulton J, Luan J, Macaulay V, et al. Type 2 diabetes is associated with
a common mitochondrial variant: evidence from a population-based case-
control study. Hum Mol Genet. 2002;11:1581–1583.

59. Liou CW, Chen JB, Tiao MM, et al. Mitochondrial DNA coding and
control region variants as genetic risk factors for type 2 diabetes.
Diabetes. 2012;61:2642–2651.

60. Hulgan T, Stein JH, Cotter BR, et al. Mitochondrial DNA variation and
changes in adiponectin and endothelial function in HIV-infected adults
after antiretroviral therapy initiation. AIDS Res Hum Retroviruses 2013;
29:1293–1299.

61. Kazuno AA, Munakata K, Nagai T, et al. Identification of mitochondrial
DNA polymorphisms that alter mitochondrial matrix pH and intracellular
calcium dynamics. Plos Genet. 2006;2:e128.

62. Pereira L, Freitas F, Fernandes V, et al. The diversity present in 5140
human mitochondrial genomes. Am J Hum Genet. 2009;84:628–640.

63. Sax PE, Tierney C, Collier AC, et al. Abacavir-lamivudine versus
tenofovir-emtricitabine for initial HIV-1 therapy. N Engl J Med. 2009;
361:2230–2240.

64. Sax PE, Tierney C, Collier AC, et al. Abacavir/lamivudine versus
tenofovir DF/emtricitabine as part of combination regimens for initial
treatment of HIV: final results. J Infect Dis. 2011;204:1191–1201.

65. McComsey GA, Kitch D, Sax PE, et al. Peripheral and central fat
changes in subjects randomized to abacavir-lamivudine or tenofovir-
emtricitabine with atazanavir-ritonavir or efavirenz: ACTG Study
A5224s. Clin Infect Dis. 2011;53:185–196.

66. Hill NR, Levy JC, Matthews DR. Expansion of the homeostasis model
assessment of beta-cell function and insulin resistance to enable clinical
trial outcome modeling through the interactive adjustment of physiology
and treatment effects: iHOMA2. Diabetes Care. 2013;36:2324–2330.

67. Brogly SB, DiMauro S, Van Dyke RB, et al. Short communication:
transplacental nucleoside analogue exposure and mitochondrial param-
eters in HIV-uninfected children. AIDS Res Hum Retroviruses. 2011;27:
777–783.

J Acquir Immune Defic Syndr � Volume 80, Number 3, March 1, 2019 Mitochondrial Function, Adiponectin, and HOMA

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved. www.jaids.com | 365

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



68. Moore CB, Verma A, Pendergrass S, et al. Phenome-wide association
study relating pretreatment Laboratory parameters with human genetic
variants in AIDS Clinical Trials Group Protocols. Open Forum Infect
Dis. 2015;2:ofu113.

69. Pereyra F, Jia X, McLaren PJ, et al. The major genetic determinants of
HIV-1 control affect HLA class I peptide presentation. Science. 2010;
330:1551–1557.

70. Andrews RM, Kubacka I, Chinnery PF, et al. Reanalysis and revision of
the Cambridge reference sequence for human mitochondrial DNA. Nat
Genet. 1999;23:147.

71. Saarikoski LA, Huupponen RK, Viikari JS, et al. Adiponectin is related
with carotid artery intima-media thickness and brachial flow-mediated
dilatation in young adults–the Cardiovascular Risk in Young Finns
Study. Ann Med. 2010;42:603–611.

72. Li S, Shin HJ, Ding EL, et al. Adiponectin levels and risk of type 2
diabetes: a systematic review and meta-analysis. JAMA. 2009;302:179–
188.

73. Addy CL, Gavrila A, Tsiodras S, et al. Hypoadiponectinemia is
associated with insulin resistance, hypertriglyceridemia, and fat redistri-
bution in human immunodeficiency virus-infected patients treated with
highly active antiretroviral therapy. J Clin Endocrinol Metab. 2003;88:
627–636.

74. Calmy A, Carey D, Mallon PW, et al. Early changes in adipokine levels
and baseline limb fat may predict HIV lipoatrophy over 2 years following
initiation of antiretroviral therapy. HIV Medicine. 2008;9:101–110.

75. Gan L, Yan J, Liu Z, et al. Adiponectin prevents reduction of lipid-
induced mitochondrial biogenesis via AMPK/ACC2 pathway in chicken
adipocyte. J Cell Biochem. 2015;116:1090–1100.

76. Huang H, Jiang X, Dong Y, et al Adiponectin alleviates genioglossal
mitochondrial dysfunction in rats exposed to intermittent hypoxia. PLoS
One. 2014;9:e109284.

77. Wang H, Yan WJ, Zhang JL, et al. Adiponectin partially rescues high
glucose/high fat-induced impairment of mitochondrial biogenesis and
function in a PGC-1alpha dependent manner. Eur Rev Med Pharmacol
Sci. 2017;21:590–599.

78. Handa P, Maliken BD, Nelson JE, et al. Reduced adiponectin signaling
due to weight gain results in nonalcoholic steatohepatitis through
impaired mitochondrial biogenesis. Hepatology (Baltimore, MD). 2014;
60:133–145.

79. Brandon M, Baldi P, Wallace DC. Mitochondrial mutations in cancer.
Oncogene. 2006;25:4647–4662.

80. Niemi AK, Moilanen JS, Tanaka M, et al. A combination of three common
inherited mitochondrial DNA polymorphisms promotes longevity in
Finnish and Japanese subjects. Eur J Hum Genet. 2005;13:166–170.

Hulgan et al J Acquir Immune Defic Syndr � Volume 80, Number 3, March 1, 2019

366 | www.jaids.com Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


