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Abstract

Background: Dyslipidemia often accompanies human immunodeficiency virus (HIV) infection and antiretroviral
therapy (ART). Lipid abnormalities likely contribute to increased cardiometabolic disease among people with HIV
(PWH). Here, we expand our previous findings on changes in the lipidome following ART initiation, and associations
among lipid species, including ceramides (CER), diacylglycerols (DAG), and triacylglycerols (TAG), with immune
activation.

Methods: Concentrations and fatty acid composition of plasma lipids (~ 1300 species) were measured by differential
mobility spectroscopy in samples from 35 treatment-naive PWH pre- and post-initiation of ART (raltegravir (RAL)/
tenofovir disoproxil fumarate (TDF)/emtricitabine (FTC)); lipidomes were compared to those found in demographically
similar HIV-uninfected individuals (n = 13).

Results: Compared to people without HIV, 37.1% of all lipid species measured were altered in PWH at baseline, and
31.8% of lipid species were altered following 48 weeks of ART. Concentrations of lipid classes were also altered in PWH;
diacylglycerols (DAGs) and triacylglycerols (TAGs) were increased at baseline, and DAGs remained increased after 48
weeks of ART. Lipids previously linked to cardiovascular disease (CVD) and diabetes were enriched in PWH pre- and post
ART, and were related to immune activation and insulin resistance scores. Polyunsaturated fatty acid (PUFA)-
containing lipids were lower in PWH compared to levels in controls, and were inversely related to levels of
inflammatory biomarkers.

Conclusions: HIV infection and ART initiation both induce cardiometabolic changes to the composition of the
plasma lipidome. These alterations are associated with inflammatory biomarkers, and may directly contribute
to elevated CVD risk and diabetes.

Trial registration: This study is registered with Clinicaltrials.gov (NCT00660972). Registered April 16, 2008.
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Background

HIV infection and antiretroviral therapy (ART) have been
associated with an increased risk for cardiovascular disease
(CVD) [1]. Dyslipidemia is a common manifestation of
HIV infection, with reduced levels of high-density lipopro-
tein (HDL) cholesterol, and elevated low-density lipopro-
tein (LDL) cholesterol, total cholesterol (TC), and
triglycerides (TG) frequently observed in ART-treated
PWH. This lipid profile has been linked to progressive
atherosclerosis in the general population; however con-
ventional lipid measurements may not adequately predict
cardiometabolic risk among people with HIV (PWH). Ad-
vances in mass-spectrometry-based lipid quantitation now
allow for more detailed and extensive measurements of
the lipidome and may provide a more accurate assessment
of cardiometabolic risk in PWH [2].

Perturbations in lipid profiles in PWH are complicated
further by excess immune activation that characterizes
chronic HIV infection; inflammatory processes alter lipid
metabolism, and certain lipid species also exacerbate in-
flammation. Thus, immune activation may be both a
cause and a consequence of lipid abnormalities in HIV
infection.

Here, in a supplemental study of the AIDS Clinical
Trials Group (ACTG) A5248 trial [3], we profiled
plasma concentrations and fatty acid composition of ap-
proximately 1300 different lipid species across 14 lipid
classes in longitudinal samples from treatment-naive
PWH initiating a raltegravir (RAL)-based ART regimen,
and following 48 weeks of ART. These results were com-
pared to cross-sectional samples obtained from age and
sex matched individuals without HIV. We report alter-
ations in concentrations and fatty acid composition of
the complete measured lipidome, including ceramides
(CER), diacylglycerols (DAG), and triacylglycerols (TAG)
that have been linked to CVD and diabetes in other
studies [4, 5]. We also examine relationships among
these lipids and systemic markers of immune activation.

Materials and methods

Study design

This is an exploratory substudy of the ACTG A5248
clinical trial aimed at characterizing virologic and im-
munologic changes [3], in ART-naive participants (N =
39) who were treated for 48 weeks with RAL (400 mg
twice daily) and emtricitabine/tenofovir disoproxil fu-
marate (200 mg/ 300mg once daily). All participants
with HIV achieved virologic suppression by week 48.
Samples from age- and sex-matched HIV-uninfected
participants (N = 13) were also analyzed. This study was
approved by the institutional review boards at all partici-
pating sites [3], and is registered with Clinicaltrials.gov
(NCT00660972).
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Blood samples from A5248 study participants and par-
ticipants without HIV were collected in EDTA-
containing tubes at baseline and at week 48 after ART
initiation. Following centrifugation, plasma was removed
and stored at -80C until analysis.

Lipid metabolite measurement

The concentration (uM) and fatty acid composition
(mol%) of approximately 1300 lipid metabolites from
14 different lipid classes were measured by Metabo-
lon (True Mass Complex Lipid Panel, Metabolon,
Research Triangle Park, NC). The lipid classes mea-
sured include the following: Cholesterol ester (CE),
ceramide (CER), diacylglycerol (DAG), dihydrocera-
mide (DCER), free fatty acid (FFA), hexosylceramide
(HCER), lactosylceramide (LCER), lysophosphatidyl-
choline (LPC), lysophosphatidylethanolamine (LPE),
phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), sphingomyelin (SM),
triacylglycerol (TAG). Plasma lipids were extracted
in methanol:dichloromethane, and concentrated
under nitrogen. The extracts were analyzed by mass
spectroscopy using a Shimadzu LC with nanoPEEk
tubing and the Sciex SelexIon-5500QTRAP. Lipid
class concentrations (uM) were calculated from the
sum of all molecular species within a class, and fatty
acid composition (mol%) measurements were deter-
mined by calculating the proportion of each class
comprised by individual fatty acids. NMR spectros-
copy was used for lipid particle phenotyping. The
lipoprotein insulin resistance (LPIR) score was calcu-
lated by Liposcience Labcorp (Burlington, NC), using
a weighted algorithm based on VLDL, LDL, and
HDL particle sizes. The 50th percentile has an LPIR
of 45, with O indicating insulin sensitivity and 100
indicating insulin resistance [6].

Plasma biomarker assays

Levels of soluble CD14 (sCD14), soluble tumor necrosis
factor receptor 1 (sTNF-R1), intracellular adhesion mol-
ecule (ICAM)-1, vascular cell adhesion molecule
(VCAM)-1, and CX3CL1 (Fractalkine) were measured
using Quantikine ELISA kits (R&D Systems). Plasma
levels of lipopolysaccharide (LPS) were quantified using
the Limulus Amebocyte Lysate (LAL) assay (QCL-1000,
Lonza, Walkersville, MD).

Statistical analysis

The differences in concentrations and composition of
the lipidomes among PWH and participants without
HIV were analyzed by 2-sample ¢ tests, and the differ-
ences between levels at baseline and after 48 weeks of
ART were analyzed by paired ¢ tests. The associations
among lipid levels and biomarkers of inflammation
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were calculated using Spearman correlation methods.
The associations among demographics, sex and race,
and HIV status were tested by Fisher’s Exact tests.
Data analysis was performed in SAS 9.4 (SAS, ING;
Cary, NC).

Results

Plasma samples were collected from 35 PWH (A5248
study participants, untreated and after 48 weeks of sup-
pressive ART), and from 13 participants without HIV.
Demographic information is shown in Table 1. Among
PWH, levels of total cholesterol (TC), HDL, and LDL in-
creased from baseline to week 48. LPIR scores, predict-
ive of type 2 diabetes risk [6], also tended to be
increased in PWH at baseline and week 48 compared to
participants without HIV.

Table 1 Study participant characteristics
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The concentration and fatty acid composition of lipids is
altered by HIV infection and by ART

We report that the overall concentrations of triacylglyc-
erols (TAG) and diacylglycerols (DAG) in PWH at base-
line (1531 puM and 3 uM) are greater than those found in
individuals without HIV (1036 uM, p = 0.05; 1.7 uM, p =
0.02, respectively); DAG levels remained significantly
higher among PWH than levels in people without HIV
after 48 weeks of ART (2.8 uM, p = 0.02) (Fig. 1).

We measured significantly lower concentrations of
cholesterol esters (CE) (3163 uM vs 3978 uM), phosphat-
idylcholine (PC) (1268 uM vs 1634 pM), sphingomyelin
(SM) (343 uM vs 426 uM), and lactosylceramides (LCER)
(BuM vs 3.6 uM) (p <0.05 for all) in PWH at baseline
compared to concentrations in the individuals without
HIV. After week 48 of ART, levels of PC (1350 uM), SM
(371 uM), and LCER (3pM) remained significantly

HIV- (n =13) PWH, Baseline (n =35) PWH, Week 48 (n =35) P-Values
Age 43 (23-58) 43 (23-58) 44 (24-59) P=0.98
HIV Viral Load (copies/mL) NA 37,153 (6637-619,797) 48 (48-48)
CD4+ T cell (cells/mL) NR 259 (1-599) 489 (87-1026)
Sex (%) Male =10 (77%) Male =32 (91%) P=032
Female =3 (23%) Female =3 (9%)
Ethnicity (%) White =9 (69%) White = 18 (52%) P=035

Not White =4 (31%)

Not White = 12 (34%)

Hispanic=5 (14%)

Total Cholesterol (mg/dL) 185 (93-266) 125 (87-208) 142 (93-226) P <0.001, HIV- v BL
P=0.005, HIV- v Wk48
P=0.004, BL v Wk48

LDL (mg/dL) 100 (34-176) 73 (51-154) 84 (45-164) P=0.02, HIV- v BL
P=0.17, HIV- v Wk48
P=0.02, BL v Wk48

HDL (mg/dL) 57 (41-103) 35 (0-56) 41 (17-71) P <0.001, HIV- v BL
P <0.001, HIV- v Wk48
P=0.004, BL v Wk48

Triglycerides (mg/dL) 89 (62-205) 72 (36-162) 87 (30-200) P =048, HIV- v BL
P=0.95, HIV- v Wk48
P=034, BL v Wk48

Lipoprotein Insulin Resistance (LPIR) score 42 (1-70) 52 (10-77) 53 (10-86) P=0.06, HIV- v BL
P=0.2, HIV- v Wk48
P=042, BL v Wk48

Adiponectin (ng/mL) NR 4281 (558-14,652) 3600 (446-8862) P=0.1

Leptin (pg/mL) NR 2412 (325-81,416) 5856 (486-79,755) P=0.06

BMI > 25 (%) NR 50 NR

Demographics and clinical characteristics of HIV-uninfected individuals and A5248 study participants, at baseline and after 48 weeks of ART. Data are displayed as

medians and ranges
NR Not Recorded
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Fig. 1 The concentrations of lipid classes are altered by HIV infection and
by ART. Lipid class concentrations (uM) were calculated from the sum of all
molecular species within a selected class. Statistical significance between
study groups with and without HIV was determined using 2-sample
unpaired t tests, and among samples from PWH at baseline and after 48
weeks of ART, paired t testing was used. Heatmap data are represented as
Fold Log2. (* < 0.05)

reduced among PWH compared to levels in persons
without HIV (p <0.05 for all). However, ART treatment
resulted in increased levels of CE (3464 uM vs 3163 pM,
p =0.05), free fatty acids (FFA) (352 uM vs 299 uM, p =
0.004), PC (1350 uM vs 1268 pM, p =0.03), and phos-
phatidylinositol (PI) (17 uM vs 16.5 uM, p =0.03), rela-
tive to baseline levels in the PWH population (Fig. 1).

We detected broad alterations in concentrations of in-
dividual lipid species among PWH (baseline to week 48)
and compared to individuals without HIV (for complete
list of lipid species concentrations, see Additional Table
1). Compared to the people without HIV, 32.2% of all
lipid species were significantly increased and 4.9% were
decreased in PWH at baseline, and 29.6% of lipids were
increased and 2.2% were decreased in PWH following
48 weeks of ART. Further, after 48 weeks of ART we
measured an increase in 7.6% of all lipids and a decrease
in 4.7% of lipids compared to baseline levels in PWH.
For a comprehensive list of the concentrations and pro-
portional representation (mol %) of the numerous lipid
species that are significantly altered among PWH, see
Additional Tables 1 and 2.
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Lipids associated with cardiovascular disease risk are
increased in PWH, and are associated with inflammatory
biomarkers

Multiple individual TAG species are predictive of CVD
risk and diabetes in the general population [4, 5, 7, 8].
Concentrations of these TAGs also tended to be in-
creased in PWH at baseline compared to levels in partic-
ipants without HIV, with TAG(51:2), TAG(54:2),
TAG(54:3), TAG(56:1), and TAG(56:5) differences
reaching statistical significance (p <0.05) (Additional
Table 3). After 48 weeks of ART, the concentrations of
TAG(54:2), TAG(54:3), and TAG(56:5) were decreased
relative to baseline (p < 0.05).

The fatty acid composition of TAG species has been
linked to CVD and diabetes, as TAGs containing SaFAs
(palmitic acid (16:0), stearic acid (18:0)) and oleic acid
(18:1) were associated with cardiometabolic risk [4, 5, 8].
We analyzed fatty acid composition of TAGs, and ob-
served increased concentrations of risk-associated TAGs
composed of SaFAs and oleic acid (for a complete list of
lipid concentrations, see Additional Table 1). We also
detected correlations among TAG species composed of
these fatty acids and inflammatory markers and trad-
itional lipid measurements (Fig. 2). Overall, TAGs were
directly related to levels of sTNFR1, sCD14, LPS, low
density lipoprotein (LDL), very low density lipoprotein
(VLDL), and lipoprotein insulin resistance (LPIR) score,
a metabolomic biomarker associated with diabetes risk;
TAGs were inversely associated with HDL levels (p <
0.05 for all). After 48 weeks of ART, many of the associ-
ations among TAG species and sTNFR1, sCD14, LPS,
LDL, and HDL were no longer significant; however, the
associations with LPIR and VLDL remained significant.

Ceramide (CER) levels, and CER (16:0) in particular,
are also predictive of CVD and diabetes in the general
population and levels of ceramides were associated with
ART use and carotid atherosclerosis in PWH [9]. Here,
the proportional representation of CER (16:0) was in-
creased significantly in PWH at both baseline (7.6 mol%,
p=0.013) and after 48 weeks of ART (7.5mol%, p=
0.015) compared to levels in individuals without HIV
(6.1 mol%) (for a complete list of lipid composition, see
Additional Table 2). We measured direct associations
among levels of CER (16:0) after 48 weeks of ART and
the inflammatory biomarkers, ICAM-1 (r=048, p=
0.005) and sTNFR1 (r=0.53, p=0.04) (Fig. 3a). Viral
suppression with ART reduces levels of immune activa-
tion in PWH, however often not to levels observed in
people without HIV. ICAM-1 and sTNFR1 concentra-
tions were reduced in PWH following initiation of ART,
but remain correlated with CVD-associated lipid levels
(Additional Table 4). The proportional representation of
PC (18:0/20:3), a lipid previously found to be enriched in
atherosclerotic plaques, was also increased in PWH at
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Fig. 2 TAG species composed of saturated fatty acids are associated with inflammatory biomarkers and clinical indices. Associations among concentrations
(UM) of TAGs and inflammatory and clinical markers from samples from a untreated HIV+ individuals and b following 48 weeks of ART are reported. TAG
species above the hashmark have been previously associated with CVD, and TAGs below the hashmark are species that have not been linked to CVD in the
general population, but have similar relationships to inflammatory biomarkers and traditional lipid measurements. Spearman correlations are reported for all
associations. (*p < 005)

J

baseline (1.51 mol%, p=0.006) and after 48 weeks of
ART (1.45mol%, p =0.054) compared to levels in indi-
viduals without HIV (1.14 mol%) (see Additional Table
2). There was a direct relationship between PC (18:0/20:
3) and oxidized LDL (OxLDL) levels (r=0.53, p = 0.002)
(Fig. 3b).

PUFA-containing cholesterol esters (CEs), such as CE
(18:3) and CE (20:5), have been linked previously to
plaque stability and reduced CVD risk [2]. Compared to
individuals without HIV, concentrations of CE (18:3)
and CE (20:5) are reduced in PWH at baseline (71.4 uM
v. 53.7uM, p=0.04; 25.6 v. 17.2, p =0.03, respectively)
(for a complete list of lipid species concentrations, see
Additional Table 1). Following 48 weeks of ART, con-
centration of CE (20:5) significantly increased to levels
comparable to people without HIV (17.2 uM v. 24.3 pM,
p =0.03). Further, levels of CE (18:3) were inversely re-
lated to biomarkers of endothelial cell activation, ICAM-
1 (r=-046, p=0.01) and VCAM-1 (r=-0.40, p = 0.03),

and CE (20:5) was inversely related to CX3CL1 (fractalk-
ine) (r= - 0.40, p = 0.03) (Fig. 3b).

Discussion

Both HIV infection and ART treatment alter lipid pro-
files [1], however, many published studies focus primar-
ily on conventional lipid panels (TC, HDL, LDL), which
may not adequately assess cardiometabolic risk in HIV
infection [2]. In this analysis, we detail changes in the
concentrations and proportional representation of ap-
proximately 1300 lipid species in treatment naive PWH
at baseline and after 48 weeks of ART. Compared to in-
dividuals without HIV, PWH had significant increases in
the overall concentration of TAGs, DAGs, and LPCs,
which are lipid classes previously implicated in CVD [7]
and diabetes [4, 5]. Despite suppressive ART treatment,
concentrations of these lipid classes remained elevated.
Furthermore, ART treatment resulted in significant in-
creases from baseline in total concentrations of CEs,
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Fig. 3 Lipid species associated with CVD risk correlate with soluble biomarkers of inflammation Plasma samples were thawed and levels of
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direct relationships among inflammatory marker levels and lipid species positively associated with CVD risk. b Levels of lipid species previously
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FFAs, PCs, and PIs. ART drugs have varying adverse ef-
fects on lipid metabolism, and the use of which may also
contribute to increased risk of cardiometabolic diseases,
including diabetes, atherosclerosis and CVD [2].

In people without HIV, total TAG levels have been
linked to insulin resistance and diabetes, and are impli-
cated as an independent risk factor for CVD [5]. Several
recent analyses, however, have identified specific TAG
species as being more strongly predictive of CVD than
total TAG levels [5, 7, 8]. In our study, many of these
CVD-associated TAG species, including TAG (51:2),
TAG (54:2), TAG (54:3), TAG (56:1), TAG (56:5), were
also elevated in PWH at baseline, although after 48
weeks of ART some of these concentrations decreased
(Additional Table 3). These TAG species were also dir-
ectly related to the inflammatory biomarkers sTNF-R1
and sCD14, both of which have been linked to increased
morbidity and mortality in HIV infection (Fig. 2), how-
ever, ART treatment subsequently reduced levels of
sTNEF-R1 (1522 pg/mL to 1222pg/mL) and sCD14
(2051 ng/mL to 1661 ng/mL) in PWH, and associations
with CVD-associated TAGs were no longer significant.

Multiple TAGs were also directly associated with LPIR
score, an index associated with insulin resistance and
diabetes risk. The early detectable stages of insulin re-
sistance include alterations in lipid levels and lipoprotein
metabolism [6]. LPIR testing, which takes into account
VLDL, LDL, and HDL levels, has been used to improve

diabetes prevention efforts by identifying potential
insulin-resistant patients with normal blood glucose
levels and p-cell function [6]. Following 48 weeks of
ART, TAG levels declined and many significant correla-
tions among inflammatory biomarkers were lost, but
LPIR score, which did not improve with ART, remained
directly associated with CVD-associated TAGs.

The fatty acid composition of TAGs is important,
as TAGs containing palmitic acid (16:0), stearic acid
(18:0), and oleic acid (18:1) have been more strongly
associated with CVD than are TAGs containing other
fatty acids [8]. Similarly, in our study, the strongest
relationships to inflammatory biomarkers and clinical
indices were among the TAGs composed of SaFAs
and oleic acid (18:1). Chronic inflammation likely un-
derlies the progression of many diseases, including
HIV, and SaFAs may be one driver of persistent in-
flammation. Alterations in SaFA, MUFA, and PUFA
concentrations and fatty acid composition of total,
free (non-esterified), and LPC lipid species have simi-
larly been reported in PWH initiating a Raltegravir-
based ART regimen [10].

In addition to the previously reported CVD-associated
TAGs, we also identified additional TAG species
(TAG(52:1), TAG(56:3), TAG(56:4), TAG(58:6)) that
were elevated in PWH and were similarly related to
markers of inflammation and clinical indices (Additional
Table 3, Fig. 2). These TAG species may prove to be
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important for HIV-related disease progression in future
studies.

Other lipid classes, including CER, may be predictive
of cardiometabolic complications in PWH. In our study,
total CER levels were not significantly different among
people with and without HIV, however, we did detect
differences in the amount of certain CER species, includ-
ing CER (16:0) and CER (24:0), which have been linked
to CVD and all-cause mortality [9]. Furthermore, pro-
portional amounts of CER (16:0) measured in PWH at
baseline were directly associated with plasma biomarkers
of inflammation, ICAM-1 and sTNF-R1. In PWH, we
also measured proportional increases of the lipid species
PC (18:0/20:3), previously shown to be enriched in ath-
erosclerotic plaques in the general population.

There are limitations to this report. We were unable
to account for dietary intake in our study participants,
and diet likely has important effects on the overall lipi-
dome. We do not, however, anticipate considerable diet-
ary changes among study participants within 48 weeks.
Nevertheless, future studies examining lipids and cardio-
metabolic health in PWH would be improved by the
addition of dietary assessments and body composition
information. In PWH at baseline, we did not observe sig-
nificant associations among CVD-associated TAGs and
body mass index (BMI), nor did we detect significant
differences in TAG levels when grouped based on BMI
(<25 vs >25) (Data not shown). All of the PWH were
also initiating an identical ART regimen; ART drugs can
have varying effects on lipid metabolism [1, 10], and the
lipid profiles that we observed in this study may differ in
individuals taking a different regimen. Additionally, lipid
levels and composition may be affected differently by
long term ART usage, and here we only report lipid data
after 48 weeks of ART. With a small proportion of fe-
male participants, our study was not powered to com-
pare lipidome alterations among male and female
participants, and future larger-scale studies should aim
to elucidate potential links among sex differences, CVD
risk, and lipidome alterations in people with HIV. The
data generated here are exploratory, as the parent study
was not powered for lipidomics analyses and we could
not correct for multiple comparisons.

Our findings indicate that both HIV infection and
ART induce broad lipidomic changes that may result in
lipid profiles with enhanced cardiometabolic risk. Im-
portantly, although ART often leads to controlled viral
replication and reduces inflammation, our data suggest
ART administration does not necessarily lead to the re-
versal of HIV-induced pro-atherosclerotic lipid profiles.
Additional approaches beyond virus control through
current ART regimens are needed to counter dyslipid-
emia and attenuate CVD risk. Detailed lipidomics ana-
lyses will likely prove to be an effective tool in predicting
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and evaluating CVD outcomes in PWH. Further work is
needed to elaborate on drivers of dyslipidemia, and the
interactions among the lipidome, chronic inflammation,
and comorbidities in PWH.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/541231-020-00079-6.
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Additional file 1: Table 1. Lipid species concentrations. Plasma samples
were thawed and the concentrations (M) of the most abundant lipid
metabolites (~1300) from 14 different lipid classes were measured by
Complex Lipid Panel (Metabolon). Mean levels are reported. Statistical
significance between study groups with and without HIV was

determined using 2-sample unpaired t tests, and among samples from
PWH at baseline and after 48 weeks of ART, paired t testing was used. P<
0.05 was used for significance cutoff, and significant values are shown in
bold.

Additional file 2: Table 2. Lipid species composition. Plasma samples
were thawed and the proportional representation (mol%) among the
most abundant lipid metabolites (~1300) from 14 different lipid classes
were measured by Complex Lipid Panel (Metabolon). Mean levels are
reported. Statistical significance between study groups with and without
HIV was determined using 2-sample unpaired t tests, and among samples
from PWH at baseline and after 48 weeks of ART, paired t testing was
used. P<0.05 was used for significance cutoff, and significant values are
shown in bold.

Additional file 3: Table 3. Concentrations of TAGs previously linked to
CVD are altered in PWH. Plasma samples were thawed and
concentrations (uM) of lipid molecules were measured by Complex Lipid
Panel (Metabolon). Concentrations of TAGs previously shown to be
associated with CVD risk were altered in PWH.

Additional file 4: Table 4. Inflammatory biomarker levels following
initiation of ART. Plasma samples from PWH were thawed and levels of
soluble inflammatory biomarkers (ICAM-1, VCAM-1, sTNF-R1, CX3CL1,
OxLDL) were measured by ELISA. Mean concentrations are reported at
baseline and following 48 weeks of ART. Statistical significance was deter-
mined using paired t tests.
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