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Abstract

In human immunodeficiency virus (HIV)-negative individuals, a plasma metabolite profile, characterized by higher
levels of branched-chain amino acids (BCAA), aromatic amino acids, and C3/C5 acylcarnitines, is associated with
insulin resistance and increased risk of diabetes. We sought to characterize the metabolite profile accompanying
insulin resistance in HIV-positive persons to assess whether the same or different bioenergetics pathways might be
implicated. We performed an observational cohort study of 70 nondiabetic, HIV-positive individuals (50% with
body mass index ‡30 kg/m2) on efavirenz, tenofovir, and emtricitabine with suppressed HIV-1 RNA levels (<50
copies/mL) for at least 2 years and a CD4+ count over 350 cells/lL. We measured fasting insulin resistance using
the homeostatic model assessment 2, plasma free fatty acids (FFA) using gas chromatography, and amino acids,
acylcarnitines, and organic acids using liquid chromatography/mass spectrometry. We assessed the relationship of
plasma metabolites with insulin resistance using multivariable linear regression. The median age was 45 years,
median CD4+ count was 701 cells/lL, and median hemoglobin A1c was 5.2%. Insulin resistance was associated
with higher plasma C3 acylcarnitines ( p = .01), but not BCAA or C5 acylcarnitines. However, insulin resistance
was associated with lower plasma levels of C18, C16, C12, and C2 acylcarnitines ( p £ .03 for all), and lower C18
and C16 acylcarnitine:FFA ratios ( p = .002, and p = .03, respectively). In HIV-positive persons, lower levels of
plasma acylcarnitines, including the C2 product of complete fatty acid oxidation, are a more prominent feature of
insulin resistance than changes in BCAA, suggesting impaired fatty acid uptake and/or mitochondrial oxidation is a
central aspect of glucose intolerance in this population.
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Introduction

Metabolic abnormalities, including dyslipidemia,
lipodystrophy, insulin resistance, and accelerated ath-

erosclerosis, are increasingly prevalent in individuals infected
with human immunodeficiency virus (HIV) on long-term an-
tiretroviral therapy (ART).1–4 The incidence of diabetes mel-
litus in HIV-positive individuals is higher than age-matched
controls,5 which contributes to morbidity and mortality in the
HIV population and serves as a risk factor for cardiovascu-
lar disease.6 ‘‘Traditional’’ risk factors,2 the rising prevalence
of obesity,7 and advanced age in the HIV population,8 in
combination with exposure to older protease inhibitors and

nucleoside reverse transcriptase inhibitors,2,9 chronic systemic
inflammation,10 and impaired mitochondrial function, likely
contribute to the development of insulin resistance in persons
with HIV.11

Until recently, the bioenergetics pathways disrupted in
insulin resistance and diabetes have not been well charac-
terized. The use of metabolomics to measure potential bio-
markers has provided new insights into the pathophysiology
of metabolic, cardiovascular, and other human diseases.12,13

Several studies in cohorts of HIV-negative persons found
associations between higher plasma concentrations of
branched-chain amino acids (BCAA; leucine, isoleucine, and
valine); the aromatic amino acids phenylalanine and tyrosine;
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and C3 and C5 acylcarnitines (BCAA degradation products)
with contemporaneous insulin resistance or the risk of subse-
quently developing diabetes.13,14

A postulated mechanism underlying this finding is the
toxic effect of high plasma BCAA on mitochondrial function
in muscle and other tissues, which leads to cellular stress and
reduced glucose uptake.15 In Framingham and other cohorts,
elevated concentrations of BCAA, aromatic amino acids, and
C3 and C5 acylcarnitines preceded the development of overt
diabetes mellitus by more than a decade.14,16,17 However,
studies have also demonstrated that increased circulating free
fatty acids (FFA) are often present in diabetes, reflecting a
dysregulation of the complex relationship between glucose
and lipid metabolism.18,19

To date, few studies have examined plasma metabolite
profiles in HIV-positive populations.20–22 HIV-positive women
on long-term ART have higher insulin sensitivity and lower
concentrations of BCAA, aromatic amino acids, and C3 and C5
acylcarnitines relative to HIV-positive males.23 Other studies
found differences in plasma acylcarnitine levels associated
with the magnitude of CD4+ T cell decline in persons with
HIV,24 and altered in those exposed to ART.25 Given the
prevalence of diabetes in the HIV population, we used meta-
bolomics to characterize the changes in mitochondrial inter-
mediary metabolism associated with insulin resistance in HIV-
positive individuals by measuring fasting plasma levels of
amino acids, acylcarnitines, organic acids, and FFA.

Materials and Methods

Study enrollment

We enrolled 70 HIV-positive adults on ART for a mini-
mum of 2 years from the Vanderbilt Comprehensive Care
Clinic (VCCC), the HIV clinic affiliated with Vanderbilt
University Medical Center (VUMC), between April 2013 and
September 2014. The patients were evenly distributed be-
tween nonobese [body mass index (BMI) <30 kg/m2] and
obese (BMI ‡30 kg/m2), with a similar number of men and
women in each group. All patients were on fixed-dose efa-
virenz, tenofovir, and emtricitabine (EFV/TDF/FTC; Atri-
pla�) for at least 6 months before enrollment in the study, had
been on ART and maintained an HIV-1 RNA concentration
of <50 copies/mL for at least 2 years, and had a CD4+ T cell
count of more than 350 cells/lL.

EFV/TDF/FTC was selected as the sole regimen for this
study because it was commonly prescribed during the en-
rollment period, and limiting enrollment to a single regimen
avoided potential confounding effects of different anti-
retroviral agents on metabolic parameters. Patients were
excluded if they were on either antidiabetic agents or HMG-
CoA reductase inhibitors (statins) within the previous 6
months, had self-reported heavy alcohol use (>14 drinks/
week), had self-reported current use of cocaine or amphet-
amines, had an active infection other than HIV and hepatitis
C virus (HCV), or had a previous diagnosis of diabetes
mellitus, cardiovascular disease, or rheumatological disease
documented in the medical record.

Clinical assessment

We obtained information on demographics, ART regimen,
duration on ART, other medications or comorbidities, HIV-1

RNA concentration, CD4+ T cell counts, HCV antibody
status, and any previous history of thymidine analog [i.e.,
zidovudine (AZT) and stavudine (d4T)] exposure from the
medical record. Smoking status was self-reported. All re-
search subjects underwent an assessment in the Vanderbilt
Clinical Research Center after fasting (except water) and
abstaining from smoking or the use of electronic cigarettes
for a minimum of 8 h overnight (all visits occurred be-
tween 8 and 11 AM).

Fasting blood (10 mL) was collected in an ethylenedia-
mine tetraacetic acid (EDTA) vacutainer, immediately
centrifuged for 10 min at 4�C, and the plasma was removed
and frozen at -80�C for metabolomics profiling. Fasting
plasma glucose and insulin were measured and insulin resis-
tance was calculated using the Homeostasis Model Assessment
2 of insulin resistance (HOMA2-IR) equation (www.dtu.ox.ac.
uk/homacalculator).26 Weight was measured using an electronic
scale, height was determined with a stadiometer fixed to the
wall, and waist circumference was measured using a flexible
tape measure parallel to the floor at a point one inch above the
navel.

A full-body, dual-energy X-ray absorptiometry (DEXA)
scan was performed using a GE Healthcare Lunar iDXA and
analyzed using enCORE software version 13.6 (GE Healthcare
Lunar, Madison, WI). Total fat mass was used to calculate fat
mass index (FMI; defined as DEXA total fat in kilograms
divided by height in meters squared), which compensates for
the nonlinear relationship between fat-free mass and height,
and provides a more accurate estimation of relative adiposity
compared with BMI or percent body fat.27,28

Measurements of serum metabolites by liquid
chromatography/mass spectrometry

Cryopreserved fasting plasma samples were thawed and
amino acids, acylcarnitines, and organic acids were extracted
and derivatized before liquid chromatography/mass spectrom-
etry analysis as previously described.23 Quantification of deri-
vatized amino acids and acylcarnitines was performed using
multiple reaction monitoring on an Agilent 1290 Infinity HPLC/
6490 triple quadrupole mass spectrometer (Agilent, Wilming-
ton, DE), and quantification of derivatized organic acids was
performed using multiple reaction monitoring on a Dionex
UltiMate 3000 HPLC/Thermo Scientific Quantiva Triple
Quadrupole Mass Spectrometer (Thermo Scientific, San Jose,
CA), as previously described.23 Standard calibration curves were
prepared using commercially available reagents as previously
described.23 FFA were extracted and analyzed by the Vanderbilt
Lipid Sub-Core using gas chromatography.29 Briefly, FFA were
extracted from plasma using heptane/isopropanol and separated
by thin-layer chromatography on silica gel plates. Once sepa-
rated, the FFA band was methylated with BF3/methanol.
Quantification of derivatized FFA methyl esters was performed
using an Agilent 7890 gas chromatograph and known standards.

Statistical analyses

Median values and interquartile ranges (IQR) or percentages
were calculated for demographic and clinical characteristics,
and plasma levels of amino acids, acylcarnitines, organic acids,
and FFA separately for nonobese and obese subjects. We as-
sessed the association of plasma metabolites with insulin re-
sistance (log-transformed HOMA2-IR) using multivariable
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linear regression, adjusted for age, sex, CD4+ T cell count at
enrollment (square root transformed), duration of ART, FMI,
and smoking status. Model diagnostics were assessed using
residual/predictor plots. An interaction term between each
metabolite and obesity status (i.e., BMI <30 or ‡30 kg/m2) was
included in the models to assess whether obesity modified the
relationship between the particular metabolite and insulin re-
sistance. The term was removed from the final models because
the p-value for interaction was not significant ( p > .05) for any
metabolites, except threonine ( p = .02). C5 valeryl acylcarni-
tine was excluded from the multivariable analyses since 29
subjects (41%) had a level below the 0.0025 lM limit of de-
tection. Separate sensitivity analyses were performed in which
FMI was replaced with BMI, or prior thymidine analog expo-
sure or HCV status was included in the model. Analyses were
conducted using SPSS 22.0.0 (IBM, Armonk, NY) and R
Statistical Software, Version 3.3.2 (www.R-project.org). The
study was reviewed and approved by the Vanderbilt University
Institutional Review Board. All study participants provided
written informed consent.

Results

Study cohort characteristics

The clinical and demographic characteristics of the 70
HIV-positive subjects are shown in Table 1. The median BMI
of participants in this study was 30.3 kg/m2 (IQR 23.9–
35.7 kg/m2), reflecting inclusion of subjects across a range of
BMI. Age, sex, race, smoking status, HCV infection, and
CD4+ T cell counts were not statistically different between

obese and nonobese groups. Hemoglobin A1c was not dif-
ferent between obese and nonobese subjects, but obese sub-
jects had significantly higher HOMA2 insulin resistance and
higher HOMA2 beta cell output (Table 1). Table 2 shows
median values of selected metabolites that have been asso-
ciated with insulin resistance and/or diabetes in HIV-negative
cohorts, according to obesity status. Notably, plasma con-
centrations of BCAA and their degradation products (C3/C5
acylcarnitines) were not significantly higher in the obese
subjects despite this group having significantly greater in-
sulin resistance. Supplementary Table S1 (Supplementary
Data are available online at www.liebertpub.com/aid) shows
the median values for all amino acids, acylcarnitines, and
organic acids analyzed in this study. Plasma tyrosine ( p = .
03) and glutamic acid ( p = .004) concentrations were sig-
nificantly higher in obese subjects compared with nonobese
subjects.

Plasma metabolites associated with insulin resistance

After adjusting for age, sex, CD4+ T cell count at enroll-
ment, duration of ART, FMI, and smoking status, higher con-
centrations of plasma C3 acylcarnitine, a degradation product
of BCAA, were associated with insulin resistance ( p = .01)
(Table 3). Furthermore, higher levels of plasma tyrosine
( p < .001) and glutamic acid ( p = .001) were also associated
with insulin resistance. However, none of the BCAA (isoleu-
cine, leucine, valine), or C5 acylcarnitine, were significantly
associated with insulin resistance.

Lower plasma concentrations of C10 ( p = .04), C12 ( p = .03),
C14:1 ( p = .03), C16 ( p = .03), C18 ( p = .01), and C18:1

Table 1. Clinical Characteristics and Body Composition

Baseline variables Obese (n = 35) Nonobese (n = 35) p

Age, years 46 (39–50) 45 (38–49) .61
Female, n (%) 16 (45.7) 14 (40) .63
Non-white, n (%) 20 (57.1) 18 (51.4) .63
Smoking, n (%) 13 (37.1) 12 (34.3) .80
Hepatitis C infection, n (%) 4 (11.4) 4 (11.4) 1.00

Body composition
BMI, kg/m2 35.6 (33.3–40.1) 24.0 (22.0–26.5) <.001
Fat mass index, kg/m2 14.8 (13.1–18.7) 7.1 (5.0–9.3) <.001

HIV characteristics
CD4+ at enrollment, cells/lL 758 (618–962) 621 (514–873) .08
CD4+ at ART initiation, cells/lL 262 (141–392) 250 (156–304) .59
Duration of ART, years 6.7 (4.7–10.8) 6.0 (4.3–9.6) .58

Measurements of glucose tolerance
Fasting glucose, mg/dL 88.0 (77.5–93.5) 82 (76.5–87.0) .39
Plasma insulin, lU/mL 13.3 (8.6–19.4) 6.1 (4.2–10.6) <.001
Hemoglobin A1c, % 5.2 (5.0–5.6) 5.1 (4.9–5.5) .14
HOMA2 insulin resistancea 1.72 (1.14–2.46) 0.77 (0.53–1.26) <.001
HOMA2 beta cell function,a % 172 (119–209) 100 (82–127) <.001

Plasma lipids
Total cholesterol, mg/dL 177 (155–200) 174 (152–203) .59
High-density lipoprotein, mg/dL 44 (39–49) 46 (35–64) .28
Low-density lipoprotein, mg/dL 111 (88–129) 101 (85–122) .50
Triglycerides, mg/dL 104 (85–152) 94 (66–131) .12

Continuous variables are shown as median values with IQR. p-Values <.05 are shown in bold.
aThe HOMA2 estimates steady state insulin release (beta cell function) and insulin resistance.
ART, antiretroviral therapy; BMI, body mass index; HOMA, homeostasis model assessment; HIV, human immunodeficiency virus; IQR,

interquartile range.
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acylcarnitines ( p = .002) were associated with insulin resistance,
whereas lower concentrations of C14 acylcarnitine trended to-
ward significance (Table 3 and Fig. 1). Lower plasma C2
acylcarnitine concentrations, the end degradation product of
acylcarnitine catabolism, were also significantly associated with
insulin resistance ( p = .03), as was the C2:C3+C5 acylcarnitine
ratio ( p = .006) (Fig. 2). None of the measured organic acids,
including lactate, pyruvate, and a-ketoglutarate, was signifi-
cantly associated with insulin resistance in the model. Regres-
sion models for all metabolites included in the study are shown
in Supplementary Table S2.

Lastly, we calculated the acylcarnitine-to-FFA ratio for
C14, C16, and C18 carbon length chains as an indirect mea-
surement of fatty acid oxidation. In multivariable models, lower
C16 and C18 acylcarnitine:FFA ratio was associated with in-
sulin resistance ( p = .03 and p = .002, respectively), whereas the
C14 ratio did not meet significance (Table 3). These findings
suggest that reduced conversion of FFA to acylcarnitines, either
due to lower uptake and/or b-oxidation of available FFA, is a
feature of insulin resistance in HIV-positive persons.

In sensitivity analyses, results were similar when BMI was
replaced with FMI or when thymidine analog exposure or
HCV status were included in the multivariable regression
models. Furthermore, while statin use was an exclusion cri-
terion, four subjects were receiving omega-3 fish oil sup-
plements or fenofibrate; results were similar when models
were adjusted for exposure to these medications.

Discussion

While there has been a significant reduction in AIDS-
related illness with the introduction of combination ART,
noncommunicable diseases, including diabetes mellitus,
have emerged as an important source of morbidity and
mortality in the HIV population. Although several studies
have examined the unique metabolite profile that accom-
panies insulin resistance in HIV-negative cohorts, few have
investigated similar profiles in HIV-positive populations. Our
study found that lower concentrations of plasma medium and
long-chain acylcarnitines are a consistent feature of insulin
resistance in persons with HIV. However, we did not observe
an association with higher circulating BCAA concentrations
or C5 acylcarnitines, as previously demonstrated in multiple

HIV-negative cohorts, suggesting that different perturbations
of bioenergetic pathways may contribute to insulin resistance
in HIV-positive persons.

Multiple studies have shown a strong association between
elevated concentrations of circulating BCAA and insulin
resistance in both animal models and HIV-negative hu-
mans.13,30,31 These underlying changes in amino acid levels
can precede the development of diabetes mellitus by several
years and improve the predictive model over standard clinical
factors alone.14,16 Infusion of amino acids into healthy indi-
viduals induces insulin resistance, likely mediated by inhi-
bition of glucose transportation and/or phosphorylation
resulting in decreased glycogen synthesis in skeletal mus-
cle.32 Newgard et al. found that rats fed a high-fat diet and
BCAA were more insulin resistant and had higher concen-
trations of BCAA-derived C3 and C5 acylcarnitines in
skeletal muscle than standard chow or high-fat diet alone.13

However, BCAA supplementation did not induce insulin
resistance in absence of high-fat intake, suggesting that ex-
cessive fat intake contributes to changes in BCAA metabo-
lism and interference with downstream signaling.13

While altered lipid metabolism is common in diabetes and
has been implicated in glucose dysregulation and develop-
ment of insulin resistance,19 the role of acylcarnitines in the
pathogenesis of insulin resistance is an area of continued
study. Plasma concentrations of medium and long-chain
acylcarnitine species in HIV-negative diabetic individuals
are elevated relative to controls.33,34 Acylcarnitines remain
elevated in insulin-resistant and diabetic individuals even
with exposure to glucose and insulin,34 which is thought to
arise from reduced capacity of skeletal muscle to efficiently
switch from predominantly fatty acid oxidation during fast-
ing to predominantly glucose oxidation after feeding and in
the presence of insulin, a term coined ‘‘metabolic inflexi-
bility.’’35 In one postulated model linking BCAA and insulin
resistance, decreased adipose tissue uptake of BCAA in the
setting of overnutrition leads to higher concentrations of
circulating BCAA and subsequent uptake in skeletal muscle
and liver, resulting in catabolic intermediates that reduce the
efficiency of lipid metabolism with accumulation of incom-
pletely oxidized fatty acid products which promote mito-
chondrial stress and subsequent insulin resistance.15 This is
supported by studies demonstrating increased but incomplete

Table 2. Unadjusted Comparison of Selected Plasma Metabolites Between Obese

and Nonobese HIV-Positive Subjects

Variable Obese (n = 35) Nonobese (n = 35) p

BCAA (lM)
Isoleucine 55.7 (50.8–64.0) 51.7 (46.6–63.3) .26
Leucine 105.3 (87.8–115.6) 95.2 (84.0–113.8) .42
Valine 185.6 (160.7–210.0) 171.7 (142.1–204.6) .10

Aromatic amino acids (lM)
Phenylalanine 41.7 (38.0–46.7) 40.5 (34.5–46.0) .32
Tyrosine 49.6 (43.0–55.0) 42.9 (34.0–52.6) .03

BCAA metabolism acylcarnitines (lM)
Propionyl (C3) 0.32 (0.24–0.40) 0.29 (0.22–0.33) .45
Isovaleryl (C5) 0.069 (0.050–0.087) 0.051 (0.040–0.077) .10
2-Methylbutyryl (C5) 0.034 (0.025–0.042) 0.027 (0.023–0.035) .12

Metabolites are shown as median values with IQR. p-Values <.05 are shown in bold.
BCAA, branched-chain amino acids.
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beta oxidation in the presence of high circulating FFA in
insulin-resistant persons and animal models.34,36 Another
possible mechanism is through direct BCAA activation of the
mTOR pathway that phosphorylates insulin receptor substrate-
1 and insulin receptor substrate-2, resulting in peripheral tissue
insulin resistance.37 This in turn increases insulin demand to
maintain glucose homeostasis and over time, along with ac-
cumulation of toxic metabolites, has deleterious effects on the
pancreatic b cells leading to exhaustion.37 Finally, BCAA may
act directly on b cells to promote hyperinsulinemia that over
time, contributes to b cell stress.13

In contrast to previous studies in HIV-negative populations
and animal models, we observed far more consistent associ-
ations between insulin resistance and low medium- and long-
chain acylcarnitines in our HIV-positive subjects as compared

with plasma BCAA and BCAA oxidation products. Based on
our findings, we do not discount that an association between
insulin resistance and BCAA or BCAA oxidation products
would have emerged if our cohort had been larger or had more
severe glucose intolerance. However, we hypothesize that
impaired FFA uptake and/or fatty acid oxidation, resulting in
low concentrations of plasma acylcarnitines, is either an early
or more prominent feature of insulin resistance in HIV-
positive persons. The reduced acylcarnitine:FFA ratio in
insulin-resistant subjects supports this hypothesis and a prior
study examining lipid metabolism in subjects with HIV on
ART found that compared with HIV-seronegative individu-
als, individuals with HIV had lower increases of lipolysis
during exercise with decreased fatty acid oxidation.38 Of note,
our findings are similar to a metabolomics study performed in
HIV-negative obese adolescents, which found that lower
concentrations of plasma fatty acid oxidation byproducts were
associated with insulin resistance.30

In the HIV literature, there are few studies at present to
compare our results. Infants exposed to ART had increased
levels of some plasma acylcarnitines relative to unexposed
infants,25 and a more recent study of HIV-exposed unin-
fected infants showed significant abnormalities in plasma
acylcarnitines.39 A recent study found plasma C3 and C8-
acylcarnitines were decreased in HIV-positive rapid pro-
gressors and correlated with both CD4+ T cell counts and
mycobacterium acellular infections, suggesting that multi-
ple factors could affect acylcarnitine levels in the HIV
population.24 We postulate that several risk factors unique
to this population, including chronic systemic inflamma-
tion,10 alteration in lipid metabolism with prolonged expo-
sure to ART,9 and changes in adipose tissue inflammation
and T cell profiles in HIV infection,40–42 could explain the
different metabolite profile accompanying insulin re-
sistance in HIV-negative versus HIV-positive persons.

Our study had several limitations. The small sample size
may have limited the power to detect changes in circulating
metabolite concentrations between insulin-sensitive and
insulin-resistant individuals. This could explain why we did
not detect an association of circulating BCAA concentra-
tions with insulin resistance, but did find an association with
C3 acylcarnitine, a common catabolic intermediate. Second,
subjects in this study were on EFV/TDF/FTC, which may
limit the generalization of the results to other regimens. A
sensitivity analysis adjusting for previous thymidine analog
exposure did not change the main results of this study.
Third, we used HOMA2-IR as a surrogate measure for in-
sulin sensitivity rather than employing a euglycemic–
hyperinsulinemic clamp, although, studies have validated
the use of HOMA2 for clinical studies.43 Fourth, we mea-
sured plasma metabolite concentrations, which may not
accurately reflect substrate utilization at the cellular level in
tissues important for insulin resistance. Fifth, lack of an HIV-
negative control population in our study kept us from directly
comparing differences in metabolite associations between
HIV-positive and HIV-negative individuals. However, sev-
eral large trials of HIV-negative individuals, including the
Framingham cohort, have consistently found an association
of BCAA with insulin resistance, a finding that appears well
before the onset of diabetes mellitus and is one of the earliest
signs of insulin resistance. Our methodology used targeted
mass spectrometry with a reference standard, making

Table 3. Multivariable Linear Regression Model

for the Relationship of Insulin Resistance

with Selected Plasma Metabolites

in HIV-Positive Subjects

Outcome variable Regression coefficient (95% CI) p

BCAA
Isoleucine 0.07 (-0.02 to 0.16) .13
Leucine 0.04 (-0.05 to 0.14) .36
Valine 0.05 (-0.04 to 0.15) .29

Aromatic amino acids
Phenylalanine 0.04 (-0.02 to 0.11) .19
Tyrosine 0.12 (0.06 to 0.18) <.001

Gluconeogenic amino acids
Alanine 0.0008 (-0.07 to 0.07) .98
Glutamine -0.01 (-0.09 to 0.06) .69
Glutamic acid 0.13 (0.05 to 0.21) .001

BCAA metabolism acylcarnitinesa

Propionyl (C3) 0.12 (0.03 to 0.21) .01
Isovaleryl (C5) 0.08 (-0.02 to 0.18) .12
2-Methylbutyryl (C5) 0.009 (-0.07 to 0.09) .83

Acetyl-carnitine (fully oxidized degradation product)
C2 -0.06 (-0.12 to -0.006) .03
C2:C3+C5 ratio -0.11 (-0.19 to -0.03) .006

Medium and long-chain acylcarnitines
C10 -0.05 (-0.10 to -0.004) .04
C10-OH -0.07 (-0.12 to -0.03) .003
C12 -0.05 (-0.10 to -0.004) .03
C14 -0.06 (-0.14 to 0.009) .08
C14:1 -0.06 (-0.12 to 0.008) .03
C14:2 -0.05 (-0.11 to 0.004) .07
C16 -0.08 (-0.14 to -0.009) .03
C16:2 -0.003 (-0.06 to 0.05) .91
C18 -0.10 (-0.18 to -0.02) .01
C18:1 -0.11 (-0.17 to -0.04) .002
C18:2 -0.06 (-0.14 to 0.02) .16

Acylcarnitine-to-FFA ratio
C14 acylcarnitine:C14FFA -0.02 (-0.09 to 0.05) .61
C16 acylcarnitine:C16 FFA -0.09 (-0.17 to -0.008) .03
C18 acylcarnitine:C18FFA -0.09 (-0.15 to -0.04) .002

Multivariable model adjusted for age, sex, CD4+ count at enrollment
(square root transformed), duration of antiretroviral treatment, smok-
ing status, and fat mass index. The dependent variable (HOMA2) was log-
transformed. Regression coefficients represent the change in log(HOMA2)
from the 25th to the 75th percentile of the metabolite. p-Values <.05 are
shown in bold.

The results for all measured metabolites are shown in Supplementary
Table S2.

aC5 valeryl was excluded from the multivariable analyses as 29
subjects (41%) had a level below the 0.0025 lM limit of detection.

CI, confidence interval; FFA, free fatty acid.
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spurious metabolite values unlikely compared with a non-
targeted approach. Lastly, we did not adjust for multiple
comparisons, which may have led to a rejection of the null
hypothesis by chance. However, all of the medium and long-
chain acylcarnitines were either below p < .05 or near sig-
nificance suggesting a clear trend that would make spurious
findings unlikely.

To our knowledge, this is the first study to characterize the
association of metabolite profiles in HIV-positive individuals
with insulin resistance. We found that contrary to studies in
HIV-negative individuals, lower concentrations of circulat-

ing acylcarnitines were associated with insulin resistance, but
not higher concentrations of plasma BCAA. While further
studies are needed, these findings suggest metabolomics
could be used to identify biomarkers of insulin resistance in
people with HIV before the onset of hyperglycemia, and
potentially lead to new therapeutic targets unique to this
population. As persons with HIV can now survive decades on
ART, understanding the pathophysiology and unique aspects
of comorbid diseases in the HIV population will be central for
preventative treatment and management of complications to
improve long-term health outcomes.

FIG. 1. Forest plot of multivariable re-
gression coefficients for medium and
long-chain acylcarnitines and insulin re-
sistance. Model adjusted for age, sex,
CD4+ count at enrollment (square root
transformed), duration of antiretroviral
treatment, smoking status, and fat mass
index. The dependent variable (HOMA2)
was log-transformed. HOMA, Home-
ostasis Model Assessment.

FIG. 2. Forest plot of multi-
variable regression coefficients for
C2, C3, and C5 acylcarnitines
and insulin resistance. Model ad-
justed for age, sex, CD4+ count
at enrollment (square root trans-
formed), duration of antiretro-
viral treatment, smoking status,
and fat mass index. The dependent
variable (HOMA2) was log-
transformed.
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