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a b s t r a c t

Background and aims: Dyslipidemia in HIV-infected patients is unique and pathophysiologically associ-
ated with host factors, HIV itself and the use of antiretroviral therapy (ART). The use of nuclear magnetic
resonance spectroscopy (NMR) provides additional data to conventional lipid measurements concerning
the number of lipoprotein subclasses and particle sizes.
Methods: To investigate the ability of lipoprotein profile, we used a circulating metabolomic approach in
a cohort of 103 ART-naive HIV-infected patients, who were initiating non-nucleoside analogue tran-
scriptase inhibitor (NNRTI)-based ART, and we subsequently followed up these patients for 36 months.
Univariate and multivariate analyses were performed to evaluate the predictive power of NMR
spectroscopy.
Results: VLDL-metabolism (including VLDL lipid concentrations, sizes, and particle numbers), total tri-
glycerides and lactate levels resulted in good classifiers of dyslipidemia (AUC 0.903). Total particles/HDL-
P ratio was significantly higher in ART-associated dyslipidemia compared to ART-normolipidemia
(p¼ 0.001). Large VLDL-Ps were positively associated with both LDL-triglycerides (r 0.682, p< 0.001)
and lactate concentrations (r 0.416, p< 0.001), the last one a marker of mitochondrial low oxidative
capacity.
Conclusions: Our data suggest that circulating metabolites have better predictive values for HIV/ART-
related dyslipidemia onset than do the biochemical markers associated with conventional lipid mea-
surements. NMR identifies changes in VLDL-P, lactate and LDL-TG as potential clinical markers of baseline
HIV-dyslipidemia predisposition. Differences in circulating metabolomics, especially differences in par-
ticle size, are indicators of important derangements of mitochondrial function that are linked to ART-
related dyslipidemia.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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contribute to an increase risk of cardiovascular disease (CVD) in HIV
infection [1e4]. The prevalence of dyslipidemia (DL) in this popu-
lation is unique and pathophysiologically associated with host
factors, HIV itself, and the use of antiretroviral drugs [2,5,6]. The
introduction of combination antiretroviral therapy (cART) to suc-
cessfully control HIV viremia and improve the prognosis of HIV
patients has been associated with lipid metabolism derangements
and abnormalities in fat distribution [1,7,8]; in fact, even newer
well-tolerated drugs that exerts less influence on the lipid profile
are still associated with metabolic side effects [9,10]. Indeed, the
incidence of cardiovascular events is higher in HIV-infected pa-
tients than matched-controls; consequently, premature athero-
sclerosis has become one of the leading causes of morbidity and
mortality among these patients [11e13]. Therefore, a better un-
derstanding of HIV-dyslipidemia (HIV-DL) is needed to address the
effective interventions for clinical care.

Nuclear magnetic resonance spectroscopy (NMR) offers addi-
tional value to conventional lipid measurements. The use of NMR
allows for the fast and reproducible quantification of circulating
lipoproteins and the most abundant metabolites. Spectral analysis
of lipoprotein subclasses is used to directly quantify particle size
and concentration and thus provides additional data regarding CVD
risks in different populations [14,15]. Indeed, according to NMR,
increased low-density lipoprotein (LDL) particle number, decreased
LDL particle size and decreased high-density lipoprotein (HDL)
particle have been found to be associated with high atherogenic
profile and mitochondrial oxidative stress in HIV patients [15e18].

In this study, we used a circulating metabolomic approach in a
cohort of ART-naïve HIV-infected patients, who were initiating
non-nucleoside analogue transcriptase inhibitor (NNRTI)-based
ART, and subsequently followed up these patients for 36 months.
NMR differences were evaluated for possible metabolomic signa-
tures of HIV-DL, to firmly establish predictive NNRTI-based ART-
related dyslipidemia (ART-DL) biomarkers and to improve the
clinical management of dyslipidemia during ART.

2. Patients and methods

2.1. Study design

The study included 103 HIV-infected patients aged �18 years,
who were enrolled, and initiated their first ART regimens between
2009 and 2011 at the HIV-clinic of the participating hospitals, and
were followed-up for 36 months under NNRTI-based ART. The in-
clusion criteria for participation were a documented HIV-positive
status, being ART-naïve upon enrollment, good adherence to ART
achieving effective plasma viral suppression at 36 months (1.28
(1.28e1.30) log copies/mL) and having baseline laboratory mea-
surements of cholesterol and triglycerides. We excluded patients
with previous ART, patients taking drugs with known metabolic
effects such as hypolipemiants, patients with missing information
regarding usual lipid measurements, the presence of active
opportunistic infections, current inflammatory diseases or condi-
tions, acute or chronic renal failure, pregnancy or a history of
vaccination during the last year. For study purposes, patients were
categorized into 2 groups according to their baseline (ART-naïve)
lipid levels, i.e., normolipidemia (NL) and dyslipidemia (DL). NL was
defined by a total cholesterol (TC)< 5.2mmol/L and total tri-
glycerides (TTG)< 1.65mmol/L (n¼ 51). DL was defined by a LDL-
cholesterol (LDL-C)> 3.4mmol/L, TTG< 1.65mmol or a
TTG> 1.65mmol/L, HDL-C< 1.00mmol/L. For a sub-analysis, DL
was subcategorized into 3 groups according to different common
types of dyslipidemia (Supplemental Materials and methods). The
study complies with the declaration of Helsinki and signed consent
for participation in the study was obtained from each volunteer
upon enrollment according to the guidelines of each recruiting
ethical committee center, which reviewed and approved the pre-
sent project. Data collection included basic clinical, background and
demographic information, antiretroviral drugs used, as well as CD4
cell count, HIV-1 RNA viral load measurements and prior AIDS-
defining events. Fasting venous blood samples were collected in
EDTA tubes and centrifuged at 1,500 g for 15min at 4 �C. Plasma
samples were aliquoted and used for usual lipid analysis. Glucose
and insulin analyses were performed as previously described [19].
Insulin resistance was calculated according to the homeostasis
model assessment for insulin resistance (HOMA-IR) method, ac-
cording to the following formula: insulin (mIU/mL) x glucose
(mmol/L)/22.5. All samples were then stored at�80 �C until further
analysis at the BioBanc IISPV following standard operation pro-
cedures and with appropriate approval of the Ethical and Scientific
Committees.

2.2. NMR measurements

For NMR measurements, 430 ml of plasma was transferred to 5-
mm NMR tubes. All 1H NMR spectra were recorded at 310 K on a
Bruker Avance III 600 spectrometer operating at a proton frequency
of 600$20MHz and using a 5mm CPTCI triple resonance (1H, 13C,
31P) gradient cryoprobe. Detailed information about technical de-
tails of the NMR spectra pulse acquisition programs and sample
preparation can be found in Supplemental methods. Metabolomics
profiles, including lipids, lipoproteins and low-molecular weight
metabolites (LMWMs), were obtained for each sample. Each
metabolite was identified by checking for all its resonances along
the spectra, and then quantified using line-shape fitting methods
on one of its signals. The quantification units corresponding to the
area under the curve of each metabolite were normalized by the
mean of each of them throughout all samples. Lipid concentrations,
sizes (z), and particle numbers (Ps) for very low-density lipoprotein
cholesterol (VLDL) (38$6e81$9 nm), LDL (18$9e26$5 nm), and HDL
classes (7$8e11$5 nm) as well as the particle numbers of nine
subclasses were measured in 2D spectra from diffusion-ordered
NMR spectroscopy (DOSY) experiments using the liposcale test
[20].

2.3. Statistical analysis

Normality of the distribution of variables was assessed with
Kolmogorov-Smirnov test. Medians and interquartile ranges or
means and standard deviations were used to summarize the
continuous variables, and comparisons between groups were per-
formed with nonparametric Mann-Whitney U test (MW). The cat-
egorical variables are summarized as frequencies and percentages,
and their associations with dyslipidemia were determined using
the c2 test. Spearman correlation coefficients and the corre-
sponding p values were calculated to assess the associations be-
tween the usual lipid values and the estimated NMR
determinations. Additionally, the fold change (FC) of each variable
was calculated as “A/B”, where ‘A’ and ‘B’ aremedian values for each
group, and results are represented with heat maps. Random forest
(RF) analyses were performed as multivariate tests to identify the
variables that best partitioned the overall study population ac-
cording to dyslipidemia status. The RF interpretations are repre-
sented using the mean decrease in accuracy (MDA) variable, which
estimates how much excluding (or permuting) each variable re-
duces the accuracy of the model during the out of bag error
calculation phase. The variables with large MDAs were selected,
and logistic regression models that combined the statistically sig-
nificant variables were generated in both univariate and multivar-
iate tests. Receiver operating characteristic curves (ROC) were built
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to quantify how accurately the NMR variables were able to
discriminate between the groups. Statistical analyses were per-
formed using SPSS (version 21.0, SPSS Inc., Chicago, IL) and the
computing environment of the R software (https://www.r-project.
org/). The graphical representations are based on both the
graphic environment of R and the GraphPad Prism software
(version 5.0, GraphPad Inc., San Diego, CA). The results were
considered significant at p< 0.05.
3. Results

Fig. 1 outlines the study design. The majority of dyslipemic pa-
tients were male, significantly older, and more likely to be diag-
nosed with prior AIDS-related illness (Table 1). The precision of the
NMR determinations was measured using lipid values from
biochemical analysis (Supplementary Fig. 1).
3.1. ART-naïve (baseline) metabolomic profile

Based on 1H-NMR spectroscopy, dyslipidemic patients (n¼ 52)
exhibited increased LDL-TG (p< 0.001), HDL-TG (p< 0.001) and
VLDL-particles (p< 0.001), including VLDL-cholesterol (VLDL-C)
and VLDL-triglycerides (VLDL-TG) (Fig. 2A.1). All VLDL subclasses
(p< 0.001) and small LDL-particles (p¼ 0.024) were also signifi-
cantly higher in dyslipidemia. Alterations in VLDLmetabolismwere
accompanied by decreased HDL-C (p¼ 0.007) and LDLeP sizes
(p¼ 0.030) in dyslipidemia compared to normolipidemia. Univari-
ate analysis (Mann-Whitney U test) also associated the glycoprotein
peak (p< 0.001) and lactate (p< 0.001) and leucine (p¼ 0.025)
concentrations to baseline dyslipidemia (HIV-DL).

Random forest (RF) analysis was used as a multivariate method
to evaluate the classificatory value of NMR determinations in
baseline dyslipidemia (Fig. 2B). RF algorithm confirmed that VLDL
particles, TTG (mainly HDL-TG and VLDL-TG) and lactate levels
were good classifiers of baseline dyslipidemia and that a large
VLDL-P value was the best classifier (MDA>150). The prediction
error in this model was 26%, and its accuracy was evaluated using
ROC curves. Our 10 selected classifiers fromRF algorithm (bold text)
Fig. 1. Flow chart of subject cohort enrolment and analysis.
HIV-infected patients were included and categorized according to baseline lipid levels before
normolipidemia; ART-DL, ART-related dyslipidemia; HDL-C, high-density lipoprotein cho
triglycerides.
resulted in an area under the ROC curve (AUC) of 0.864, which was
comparable to the values observed using all of the dyslipidemia
classifiers as obtained with Mann-Whitney U test (AUC of 0.903).
Because RF algorithm proved that baseline dyslipidemia develop-
ment was mainly due to alterations in the VLDL particles, we also
evaluate the ability of a VLDL panel (VLDL metabolism) to correctly
classify dyslipidemia in this study population. VLDL metabolism,
including VLDL lipid concentrations, sizes, and particle numbers,
resulted in an AUC less accurate than that observed when using
the10 selected classifiers frommultivariate analysis (AUC of 0.854).
3.2. Metabolomic signature of NNRTI-based ART-dyslipidemia (36
months)

The majority of baseline dyslipidemic patients (n¼ 40, 77%)
maintained alterations in lipid metabolism and, 47% (n¼ 24) of the
normolipidemic patients developed dyslipidemia after 36 months
on ART (Fig. 1). Univariate analysis revealed 29 parameters signif-
icantly altered in ART-related dyslipidemia (ART-DL36, n¼ 64)
compared to normolipidemic individuals (ART-NL36, n¼ 39). Large
HDL-P values (p¼ 0.048), alterations in LDL metabolism and
increased isoleucine levels (p¼ 0.044) were among the baseline
NMR differences that were detected in dyslipidemia after 36
months on ART (Fig. 2A.2). Curiously, dyslipidemic patients (ART-
DL36) also exhibited decreased medium HDL-P levels (mHDL-P),
and consequently, the Total P/HDL-P and LDL-P/HDL-P ratios, two
important indicators of cardiovascular risk with greater predictive
value, were significantly increased during ART (Fig. 2C). On the
other hand, dyslipidemic patients also showed increased glucose
levels (p¼ 0.040) that were confirmed using traditional biochem-
ical analysis (4.89 (4.42e5.26) mmol/L in ART-NL36 compared to
5.28 (4.80e5.52) mmol/L in ART-DL36, p¼ 0.031). As expected, in-
sulin resistance was strongly associated to ART-related dyslipide-
mia according to the HOMA-IR model (3.22 (2.23e6.56) in ART-
NL36 compared to 5.89 (3.80e8.68) in ART-DL36, p¼ 0.003) calcu-
lated from fasting glucose and insulin concentrations (13.90
(11.39e24.77) mIU/mL in ART-NL36 compared to 22.84
(15.06e34.92) mIU/mL in ART-DL36, p¼ 0.010).
starting antiretroviral therapy (ART) and follow-up to 36 months. ART-NL, ART-related
lesterol; LDL-C, low density lipoprotein cholesterol; TC, total cholesterol; TTG, total
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Table 1
Baseline clinical characteristics (ART-naïve).

Characteristics Normolipidemia Dyslipidemia p value*

No. of patients, n 51 52
Age, years (IQR) 35 (29e40) 43 (36e55) < 0.001
Male sex, n (%) 37 (72.5) 46 (88.5) 0.041
Prior AIDS-related illness, n (%)a 22 (45.8) 30 (66.7) 0.043
Risk transmission group, n (%) 0.518
Injecting drug use 2 (3.9) 4 (7.7)
Homo/bisexual 24 (47.1) 21 (40.4)
Heterosexual 22 (43.1) 18 (40.3)
Other or unknown 3 (5.9) 9 (11.6)

Hepatitis B and C coinfection, n (%) 0.763
Hepatitis-B surface antigen 19 (37.3) 20 (38.5)
Hepatitis C antibodies 3 (5.9) 5 (9.6)
Hepatitis B and C coinfection 2 (3.9) 1 (1.9)

CD4þ T-cell count, cells/mL (IQR) 234 (115e333) 175 (52e316) 0.105
Plasma viral load, log copies/mL (SD) 5.07 (0.66) 5.14 (0.76) 0.687

Glucose homeostasis
Glucose, mmol/L (IQR) 4.90 (4.45e5.47) 4.78 (5.10e5.45) 0.486
Insulin, mIU/mL (IQR) 13.57 (10.29e18.80) 15.10 (9.78e25.88) 0.224
HOMA-IR (IQR) 3.21 (2.19e4.13) 3.61 (2.35e6.45) 0.194

Lipid panel
Total cholesterol, mmol/L (SD) 3.87 (0.55) 4.37 (1.30) 0.008
LDL-cholesterol, mmol/L (SD) 2.30 (0.53) 2.71 (1.21) 0.090
HDL-cholesterol, mmol/L (IQR) 1.02 (0.90e1.19) 0.85 (0.68e1.03) 0.001
Total triglycerides, mmol/L (IQR) 1.04 (0.77e1.26) 1.96 (1.48e2.23) 0.001

Lipoprotein ratios
TC:HDL-C (IQR) 3.83 (3.10e4.25) 5.24 (4.44e6.43) < 0.001
LDL-C:HDL-C (IQR) 2.30 (1.65e2.76) 3.29 (2.44e4.02) < 0.001

Values are medians when the interquartile range (IQR) is provided and means when the standard deviation (SD) is provided.
a AIDS was diagnosed according the CDC1993 criteria.AIDS, acquired immune deficiency syndrome; HDL-C, HDL-cholesterol; HOMA-

IR, homeostasis model assessment for insulin resistance; LDL-C, LDL-cholesterol; TC, total cholesterol.
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Moreover, the lactate and LDL-TG proved to be good classifiers of
ART-related dyslipidemia (MDA>150) according to the RF regres-
sion model (Fig. 2D) at 36 months. In this situation, the two clas-
sifiers (bold text) resulted in an AUC of 0.956 with 80% sensitivity
and 85% specificity that were less accurate than that observed
when using all of the classifiers in the univariate test (AUC of 0.984).
By contrast, NMR glucose did not result as much relevant as ex-
pected from the traditional parameters of glucose homeostasis,
according to the RF regression model.

3.3. Correlation analyses for the key NMR parameters

Because our results revealed LDL-TG, lactate and large VLDL-Ps
to be key factors in dyslipidemia as measured by MDA
values> 150 in RF algorithm, we evaluated the possible associa-
tions between these NMR parameters. Interestingly, large VLDL-Ps
were positively associated with both LDL-TG and lactate concen-
trations at baseline (ART-naïve) (Fig. 3A and B) and also after 36
months on NNRTI-based ART (r¼ 0.576, p< 0.001 and r¼ 0.600,
p< 0.001, respectively).

NMR Total P/HDL-P and LDL-P/HDL-P ratios were significantly
increased during NNRTI-based ART-DL36. Thus, we also evaluated
the association between these lipoprotein particle ratios and the
baseline TC/HDL-C and LDL-C/HDL-C ratios based on traditional
lipid measurements. The traditional CVD risk factors were posi-
tively associated with NMR lipoprotein ratios at baseline (Fig. 3C
and D) and after NNRTI-based ART (r¼ 0.460, p< 0.001 and
r¼ 0.510, p< 0.001, respectively).

3.4. NMR discriminates among the most common types of
dyslipidemia

NMR variables proved to be an accurate classifier of both
baseline HIV-dyslipidemia and ART-related dyslipidemia after 36
months on ART, thus we studied the NMR discriminatory values for
the most common types of dyslipidemias (Supplementary Fig. 2).
Univariate analysis associated decreased LDL particle size (FC
-1.003, p¼ 0.018) and HDL cholesterol (FC 1.272, p¼ 0.010) to
hypertriglyceridemia whereas the Total P/HDL-P (FC 1.635,
p< 0.001) and LDL-P/HDL-P (FC 1.649, p< 0.001) ratios were
associated to hypercholesterolemia. After 36 months of NNRTI-
based ART, hypertriglyceridemia was related to important alter-
ations in VLDL metabolism, whereas hypercholesterolemia was
associated with alterations in LDL metabolism. As expected, alter-
ations in VLDL and LDL metabolism were related to combined
hyperlipidemia.

3.5. Potential predictive NMR variables of HIV-dyslipidemia

Because NMR metabolomic changes at baseline and after 36
months on NNRTI-based ART exhibited an excellent ability to
discriminate dyslipidemia from normolipidemia, we established a
predictive metabolomic panel of HIV-dyslipidemia. The potential
predictive panel included all 29 parameters significantly associated
to dyslipidemia after 36 months on NNRTI-based ART. So, we pro-
duced ROC curves using this potential metabolomic profile on
baseline NMR values to search for predictive markers of HIV-DL.
Thus, the new model was constructed with 29 parameters from
the univariate analyses (Fig. 2A), 19 markers of baseline HIV-
dyslipidemia, and 10 parameters of ART-related dyslipidemia.
Surprisingly, the model improved the AUC of the ART-naïve uni-
variate analysis from 0.903 with 80% sensitivity and 83% specificity
to 0.935 with 80% sensitivity and 93% specificity (Fig. 4A). A heat-
map of FCs for the predictive NMR variables is presented in
Fig. 4B. Thus, the 29 classifiers could be potential predictive
markers to develop dyslipidemia after stable ART and/or long-term



Fig. 2. NMR characteristics at baseline and after 36 months of NNRTI-based ART.
(A) Venn Diagram shows the overlap between variables statistically significant (p< 0.05) from Mann-Whitney U test at baseline (A.1) and at 36 months of ART (A.2), between
normolipidemia (NL) and dyslipidemia (DL). All discriminatory baseline parameters remain significant after 36 months on ART. Bold indicates decreased values in DL compared to
NL. (B) Random Forest (RF) variable importance plots and ROC curves to classify patients according to baseline dyslipidemia. VLDL metabolism includes VLDL lipid concentrations
(VLDL-C and VLDL- TG), sizes (small VLDL-P, medium VLDL-P and large VLDL-P), and particle numbers (VLDL-P). (C) Graphic representation of increased cardiovascular risk ratios
(Total P/HDL-P and LDL-P/HDL- P) due to decreased medium HDL-P (insert) in DL compared to NL after 36 months on ART. (D) RF variable importance plots and ROC curves to
classify patients according to ART-related dyslipidemia after 36 months on ART. C, cholesterol; mHDL, medium HDL-P; MW, Mann-Whitney U test; P, particle; TG, triglycerides; z,
particle size.
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dyslipidemia status in HIV-infected patients.
Then, to refine the predictive model, the FCs between the pa-

tients were calculated based only on ART-related dyslipidemia
regardless of the presence of baseline HIV-dyslipidemia. Thus, we
only selected HIV normolipidemic patients (NL), and we differen-
tiated those who maintained NL (ART-NL36) and those who devel-
oped DL (ART-DL36) on ART (Fig. 4C). In addition to the traditional
risk factors, such LDL-C and age (FC 1.196 and FC 1.178, p< 0.020),
an increased number of small and medium LDL-P (FC 1.162 and FC
1.188, p< 0.05) and lower numbers of HDL-P (FC -1.006, p< 0.020)
were related to the development of ART-DL36. RF analysis again
revealed medium HDL-P and LDL-TG to be the best classifiers of
dyslipidemia predisposition (Fig. 4D.1) and again, glucose did not
play any relevant role in the classificatory power of RF model
(MDA<20). Therefore, we evaluated the predictive value of a
combined model that used all of the variables obtained in univar-
iate test and the selected parameters from RF analyses (9 param-
eters, bold text). The model improved the AUC from 0.921 with 80%
sensitivity and 93% specificity to 0.946 with 80% sensitivity and 88%
specificity. Therefore, increased lipid content in terms of LDL-P and
decreases in both LDL and HDL size and the consequent increases in
both Total P/HDL-P and LDL-P/HDL-P ratios were found to be
related to dyslipidemia predisposition.
4. Discussion

1H-NMR spectroscopy enabled us to strongly predict an
atherogenic profile in terms of lipid and lipoprotein compositions
and functions in treated HIV-infected patients. Our data suggest
that circulating metabolites have better predictive values for HIV-
dyslipidemia onset than do the biochemical markers that are
associated with conventional lipid measurements. Using metabo-
lite profiling, we identified good markers of dyslipidemia predis-
position in a cohort of HIV-infected patients. Previous studies have
reported the use of NMR spectroscopy in CVD [14, Supplementary
Table 1] and also in atherogenic lipoprotein profiling among HIV
patients on stable cART [15e18]. However, to the best of our
knowledge, this is the first study to search for predictive metab-
olomic biomarkers of dyslipidemia over 36 months from baseline
(ART-naïve) in HIV-infected patients.

In this study, we reported on the changes in VLDL metabolism,
and TTG and lactate levels that were significantly affected as a
function of HIV-dyslipidemia and independently associated with
the use of NNRTI-based ART. Indeed, NMR profile associated with
HIV-DL proved to be similar to the profiles that have previously
been observed in non-infected subjects with metabolic distur-
bances associated with dyslipidemias (Supplementary Table 1). We



Fig. 3. Correlation analyses for the principal NMR parameters related to HIV-dyslipidemia.
(A and B) Baseline large VLDL-P concentrations were positively correlated with both baseline LDL-TG and lactate NMR parameters. Spearman's correlation test was used and the
correlation coefficient is showed as a r value. (C and D) Baseline Total P/HDL-P and LDL-P/HDL-P ratios were significantly associated with baseline Total C/HDL-C and LDL-C/HDL-C
ratios, respectively, based on cholesterol concentrations obtained from laboratory traditional measurements. Trad., laboratory traditional measurements.
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observed increased VLDL-C, VLDL-TG and all VLDL-P subclasses that
accounted for the increase in TTG. Both large VLDL-P and increased
VLDL-C values have previously been reported to be independent
indicators for CVD risk and the progression of coronary artery
disease [21e23]. Specifically, our data suggest that large VLDL-Ps
are the best classifiers of HIV-DL. It is known that VLDL-Ps pro-
mote the formation of small dense LDLs (sdLDL), via both choles-
terol ester transfer protein (CETP) and hepatic lipase [24]. Thus,
increased large VLDL values lead to triglyceride exchange from
VLDL-Ps to LDL-Ps by CETP, the resulting triglyceride-rich LDLs
become a preferred substrate for hepatic lipase, and the consequent
triglyceride lipolysis and structural remodeling results in the for-
mation of sdLDLs, which are associated with CVD risk
[Supplementary Table 1]. The actions of CEPT and hepatic lipase
also favor triglycerides exchange with HDL, which alters their
compositions and the ensuing increased catabolism of HDL-Ps that
leads the formation of sdHDL-Ps [24]. However, the lipid and li-
poprotein changes examined herein were also related to an in-
crease in circulating lactate level, which is a marker of lowoxidative
capacity. When oxidative capacity decreases, lactate levels in-
creases as a consequence of increased flux through glycolytic
pathways [27] and are independently associated with the devel-
opment of cardiac dysfunction in the general population [28,29].
The results of this study indicate that HIV-DL is linked to increased
large VLDL-P that are indicative of decreased HDL- C and increased
triglyceride-rich lipoproteins that ultimately promotes the forma-
tion of sdLDL particles. Small LDLs are related to decreased mito-
chondrial oxidative function [17]; hence sdLDL particles might be
associated with increased lactate levels in HIV-DL and indepen-
dently linked to the use of NNRTI-based ART.

The proved inverse correlation between increased LDL
triglyceride-rich lipoproteins and the catabolism of HDL-Ps empha-
sizes the predictive capacities of lipoprotein particle ratios in CVD
risk prevention. Previously, some studies have proposed NMR
methodology for the identification of coronary and CVD risks via the
quantification of LDL-Ps [30,31], [Supplementary Table 1] because
these aremore accurate indicators than routine LDL-C and non-HDL-
Cmeasurements. However, studies of the predictive values of total P/
HDL-P and LDL-P/HDL-P ratios on CVD risk are scarce [32], and
additional studies are needed. Our data confirmed that both total P/
HDL-P and LDL-P/HDL-P ratios are as useful predictive markers of
HIV-DL during NNRTI-based ART. With the multivariate random
forest model, we also found that the LDL-P/HDL-P ratio may have
more predictive power for CVD risk when medium HDL-P (protec-
tive) and TTG (atherogenic) are accounted for. Regarding the CVD, we
have to mention the contribution of insulin resistance (IR) that has
been increasingly recognized in HIV patients undergoing antiretro-
viral treatment [33]. Dyslipidemia and IR are the two metabolic
derangements which play a central role in the development and
progression of CVD. Our data confirmed both the impact of antire-
troviral therapy in the development of IR and also the strict rela-
tionship between both IR and dyslipidemia in the increased CVD.
Additionally, HIV-DL may be associated with a poor immune re-
covery predisposition. Notably, decreased CD4þT cell values have
previously been associated with higher concentrations of TG and
lower levels of TC and LDL-C in HIV infection [34].



Fig. 4. Predictive NMR values of dyslipidemia in HIV-infected patients.
(A) ROC curve and AUC of the univariate analysis (Mann-Whitney U test) at baseline (19 parameters) is improved when the test is conducted using 29 baseline variables, which will
be statistically significant after 36 months on NNRTI-based ART (19þ 10 parameters). (B) Heat map of the fold change values of NMR baseline parameters from the HIV-dyslipidemia
panel (29 parameters) between HIV-NL and HIV-DL, with green bands indicating increased NMR parameters in NL and red bands indicating increased NMR values in HL. Bold text
indicates statistically significant differences only at baseline. (C) Flow chart of subject cohort sub-analysis. HIV-NL at baseline (n ¼ 51) were classified according to dyslipidemia
development after 36 months and FCs were calculated on ART-naïve patients (baseline). (D) RF variable importance plots to classify normolipidemic patients at baseline according
to dyslipidemia development. ROC curves and AUC of the univariate (Mann-Whitney U test), multivariate (RF, AUC 0.900 with 80% sensitivity and 84% specificity) and the com-
bination of both univariate and multivariate model. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Our study has some limitations, including the relatively small
sample size and the lack of demographic information that deserve
mention. The number of patients per groups was relatively small,
and consequently the power to detect significant association be-
tween biomarker expression and dyslipidemia markers was
reduced. In the Supplementary material, we referred several
studies measuring lipid and lipoprotein profiles by NMR spectros-
copy in non-HIV-infected patients with metabolic derangements
associated to dyslipidemia (Supplementary Table 1). However,
case-control differences in dyslipidemia among our group of HIV-
infected patients and own control group of healthy non-HIV
infected volunteers would have been useful to confirm no metab-
olomics changes associated to HIV infection per se. Although pa-
tients taking drugs with known metabolic effects were already
excluded for the present work, more data on lifestyle risk factors
(diet, physical activity, and tobacco or alcohol use) would have been
helpful to evaluate the implication of CVD risk factors on lipid and
lipoprotein composition and function. Data on measurable clinical
outcome would have been meaningful to improve the predictive
benefit of the markers proposed. In resume, our findings should be
interpreted with great caution and all limitations displayed should
be taken in consideration for future studies.

In conclusion, this study reiterates that NMR lipoprotein
subclass profiles can be powerful predictive tool of HIV-
dyslipidemia and atherogenic risk indicators. HIV patients with
ART are at increasing CVD risk and, thus, the possibility to classify
patients for lipid lowering treatment, although they do not develop
marked dyslipidemia, may be a useful tool for clinical management.
Also, NMR not only classifies HIV-dyslipidemia from HIV-
normolipidemia but also discriminates among the most common
types of dyslipidemia. Our data indicate that changes in VLDL
particles, lactate and LDL-TG are clinical markers of dyslipidemia in
patients on stable NNRTI-based ART and are also predictive
markers of HIV-dyslipidemia predisposition. An increase in the
amount of large VLDL-P results in the formation of sLDL-P that
might be related to low oxidative capacity measured by increased
lactate levels through glycolytic pathways. Mechanistic studies
addressing the implication of dyslipidemia associated to mito-
chondrial derangement are necessary to confirm and weigh up the
relevance of the lipoproteins and metabolites observed in HIV-
dyslipidemia.
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