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a b s t r a c t

Elvitegravir is a recently developed integrase inhibitor used for antiretroviral treatment of HIV infection.
Secondary effects, including disturbances in lipid metabolism and, ultimately, in adipose tissue distri-
bution and function, are common concerns associated with antiretroviral treatments. Here, we provide
the first study of the effects of elvitegravir (in comparison with efavirenz, a non-nucleoside analog in-
hibitor of reverse transcriptase; and raltegravir, another integrase inhibitor) on human adipocyte dif-
ferentiation, gene expression and secretion of adipokines and cytokines. Elvitegravir impaired
adipogenesis and adipocyte metabolism in human SGBS adipocytes in a concentration-dependent
manner (delaying acquisition of adipocyte morphology and reducing the expression of adipogenesis
marker genes such as PPARg, glucose transporter GLUT4, lipoprotein lipase, and the adipokines adipo-
nectin and leptin). Compared with efavirenz, the effects of elvitegravir were similar but tended to occur
at higher concentrations than those elicited by efavirenz, or were somewhat less intense than those
caused by efavirenz at similar concentration. Elvitegravir tended to cause a more moderate induction of
pro-inflammatory cytokines than efavirenz. Efavirenz induced a marked concentration-dependent in-
crease in interleukin-8 expression and release whereas elvitregravir had little effect. Raltegravir had
totally neutral actions of adipogenesis, adipocyte metabolism-related gene expression and release of
adipokines and cytokines. In conclusion, elvitegravir alters adipocyte differentiation and function and
promotes induction of pro-inflammatory cytokines similarly to efavirenz, but several effects were less
intense. Further assessment of lipid metabolism and adipose tissue function in patients administered
elvitegravir-based regimes is advisable considering that totally neutral effects of elvitegravir on lipid
homeostasis cannot be anticipated from the current study in vitro.

© 2016 Elsevier B.V. All rights reserved.
Antiretroviral treatment of HIV patients has been based on a
combination of two nucleoside-analog reverse transcriptase in-
hibitors (NRTI) and either a non-nucleoside analog inhibitor of
reverse transcriptase (NNRTI) or a protease inhibitor. These com-
binations, although usually successful in the control of disease
progression, are associated with metabolic disturbances, mainly
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dyslipidemia, insulin resistance and, in some cases, overt lipodys-
trophy (Giralt et al., 2011). Some drugs, especially the NRTIs stav-
udine and zidovudine, are especially prone to cause lipoatrophy
whereas protease inhibitors are considered to promote insulin
resistance and dyslipidemia. NNRTIs have not traditionally been
associated with adipose alterations. However, efavirenz, once the
preferred NNRTI for use in antiretroviral regimens (Hammer et al.,
2008; Gazzard et al., 2008), has been reported to favor altered
patterns of circulating lipids and fat loss (P�erez-Molina et al., 2008;
Riddler et al., 2008; Haubrich et al., 2009).
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Inhibitors of the HIV integrase enzyme represent the latest class
of antiretroviral drugs for HIV treatment. Three drugs (raltegravir,
dolutegravir and elvitegravir) that target the strand-transfer step of
integration of viral DNA into the host cell chromosomal DNA have
been developed (Blanco et al., 2015). These drugs are gaining a
relevant role in HIV antiretroviral therapy because of their favor-
able clinical characteristics. Elvitegravir is an integrase inhibitor co-
formulated with cobicistat, a pharmacological inhibitor of elvite-
gravir metabolism (Cohen et al., 2011). Elvitegravir has shown high
antiviral efficacy and tolerability as well as low secondary effects.
Accordingly, regimens containing elvitegravir are being promoted
as first-line treatment for HIV-1-infected patients. The potential
effects of elvitegravir on lipid alterations have only begun to be
assessed. Elvitegravir (as part of an elvitegravir-cobicistat-
tenofovir-emtricitabine combination) leads to increased choles-
terol levels relative to ritonavir-atazanavir but cause a less intense
increase in triglycerides (Rockstroh et al., 2013). Total cholesterol,
LDL cholesterol andHDL cholesterol aremoremoderately increased
in patients under elvitegravir containing regimens than in those
containing efavirenz (Sax et al., 2012).

Studies on the effects of antiretroviral drugs on human adipose
cells provide initial pre-clinical information regarding the potential
of drugs to alter adipose tissue and lipid metabolism. Such analyses
have shown that efavirenz strongly impairs adipocyte differentia-
tion and induces the secretion of pro-inflammatory cytokines (El
Hadri et al., 2004; Gallego-Escuredo et al., 2010; Díaz-Delfín et al.,
2011, 2012). The potential effects of elvitegravir on adipose cells
have not been studied. Here, we analyzed the effects of elvitegravir
on adipogenesis and the release of adipokines and cytokines by
human adipose cells in comparisonwith the effects of efavirenz and
raltegravir.

Human SGBS (Simpson-Golabi-Behmel syndrome) pre-
adipocytes were used (Wabitsch et al., 2001; Schlüter et al.,
2002). SGBS pre-adipocytes were maintained in DMEM/F12 con-
taining 10% fetal bovine serum. After cells had become confluent,
adipogenic differentiation was initiated by incubating cells for 4
days in serum-free medium containing 20 nM insulin, 0.2 nM
triiodothyronine (T3) and 100 nM cortisol, supplemented with
25 nM dexamethasone, 500 mM 3-isobutyl-methyl-xanthine and
2 mM rosiglitazone. Subsequently, the cells were switched to dif-
ferentiation medium (containing insulin, T3, and cortisol only) and
maintained for up to 16 days.

Cytotoxicity was determined after exposing differentiating
preadipocytes to drugs (0.1 mMe5 mM range) for 5 days (CytoTox96,
Promega). Briefly, cytotoxicity was calculated as lactate dehydro-
genase activity in the cell culture medium relative to the maximum
release after total cell lysis of cells. Neither elvitegravir nor efavir-
enz or raltegravir caused a significant cytotoxicity (Supplemental
Table 2). This is similar to previous reports on other cell types,
where significant cytotoxicity of elvitegravir has been reported only
at concentrations higher than the maximal concentration (5 mM)
tested here; for example, the 50% cytotoxic concentration (EC50) of
elvitegravir toward human renal proximal tubule cells is 13.7 mM
(Stray et al., 2013).

For studies on the effects of drugs on adipogenic differentiation,
drug treatments were initiated on day 0 and continued throughout
the differentiation process. The effects of drugs on morphological
differentiation of adipocytes was determined by using the Image J
software to phase-contrast microscopy images to quantify the cell
culture surface occupied by differentiated (lipid droplet-
containing) cells. Data were expressed as percentages relative to
control cultures.

RNA and DNA were extracted using an affinity column-based
method (Machery-Nagel). Reverse transcription was performed
using random hexamer primers (Applied Biosystems) and 0.5 mg
RNA. Polymerase chain reaction (PCR) was conducted in an ABI/
Prism-7700 Sequence Detector System using 25 ml of reaction
mixture containing 1 ml of cDNA, 12.5 ml of TaqMan Universal PCR
Master Mix, 250 nM probes and 900 nM primers (TaqMan; Applied
Biosystems, see Supplemental Table 1). Controls with no RNA,
primers, or reverse transcriptase were included. Each sample was
run in duplicate and the mean value of the duplicate was used to
calculate the relative amount of individual mRNAs. Each mean
value was normalized to that of the 18S rRNA gene using the
comparative (2-DCT) method. Relative mitochondrial DNA (mtDNA)
levels were quantified using the primers/probe for the mtDNA-
encoded cytochrome-b gene and expressed relative to nuclear
DNA levels, determined by amplification of the intronless gene C/
EBPa, as previously reported (Gallego-Escuredo et al., 2010).

For quantification of adipokines and cytokines released by adi-
pocytes, 25 ml of medium collected from the last 5 days of adipocyte
cultures before harvest were used. Adiponectin, leptin, MCP-1, IL-6,
IL-8, total plasminogen activator inhibitor type-1 (PAI-1), hepato-
cyte growth factor (HGF) and nerve growth factor (NGF) were
quantified using a multiplex analysis system (Linco Research/Mil-
lipore) and a Luminex100ISv2 instrument. Where appropriate,
statistical analyses were performed using multivariate ANOVA and
post-hoc Turkey tests for paired comparisons, significance is indi-
cated in the text.

Effects of elvitegravir, efavirenz and raltegravir on adipogenic
differentiation of human SGBS pre-adipocytes were tested over a
concentration range of 0.1e5 mM (Fig. 1). Exposure of cells to elvi-
tegravir up to 0.5 mM had no effect on the acquisition of an
adipocyte morphology, as evidenced by unaltered lipid accumula-
tion in cells. However, at higher concentrations, elvitegravir caused
a significant concentration-dependent reduction in adipogenesis,
strongly impairing adipocyte differentiation at 1 mM and
completely abolishing it at 5 mM. Compared with elvitegravir, efa-
virenz was somewhat more potent, significantly inhibiting adipo-
cyte differentiation at 0.5 mM, 1 mM (83% inhibition, versus 37%
inhibition by elvitegravir, P < 0.05), 2 mM (94% inhibition, versus
80% inhibition by elvitegravir, P < 0.05) and 5 mM (Fig. 1). Ralte-
gravir did not alter adipogenic differentiation at any concentration
tested (see Fig. 2).

Elvitegravir caused a concentration-dependent suppression of
the expression of genes involved in adipogenic differentiation, in a
pattern essentially similar to that elicited by efavirenz. Both elvi-
tegravir and efavirenz treatment significantly decreased the
expression of C/EBPa, a master transcription factor controlling
adipogenesis, at concentrations of 1 mM and higher. Both drugs
caused a similar concentration-dependent suppression of the
expression of PPARg, the other master regulator of adipogenesis,
although only efavirenz significantly reduced PPARg expression at
1 mM. Expression of lipoprotein lipase, a marker gene encoding a
key enzyme involved in lipid accumulation in adipocytes, was
significantly reduced even at lower concentrations (0.1 mM) of
elvitegravir and efavirenz. Notably, the expression of GLUT4, the
gene encoding the insulin-dependent glucose transporter in adi-
pocytes, was also repressed by both drugs in a concentration-
dependent manner, but the extent of repression at equivalent
concentrations (1 and 2 mM) was greater for efavirenz than for
elvitegravir. With respect to adipokines, both elvitegravir and efa-
virenz inhibited expression of the adiponectin gene expression in a
similar concentration-dependent manner but, at low concentra-
tions (0.1 and 0.5 mM) only the inhibitory effect of efavirenz was
statistically significant. Effects on leptin gene expression were
much less pronounced, although efavirenz significantly reduced it
at higher concentrations (1 and 5 mM); in contrast, elvitegravir had
no effect on leptin mRNA levels. Overall, these results were in
contrast with the lack of effects of raltegravir on the expression of



Fig. 1. Effects of elvitegravir on adipogenic differentiation of SGBS human preadipocytes in culture. SGBS human preadipocytes were differentiated in culture in the presence of
the indicated concentrations of drugs. A, Representative photomicrographs of adipocyte cell cultures differentiating in the presence of the indicated concentrations of drugs. B, Bars
are means ± SEM of the extent of morphological adipocyte differentiation and are expressed relative to values from untreated control cells, defined as 100% (see Methods).
(*P < 0.05 and **P < 0.01 for each drug treatment vs. control; #P < 0.05 for elvitegravir vs. efavirenz treatment at the same concentration, &&&P < 0.001 for elvitegravir vs. raltegravir
treatment at the same concentration).
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the adipocyte-related genes and adipokine genes.
Elvitegravir and efavirenz exerted similar effects on the

expression of the genes encoding the pro-inflammatory cytokines
IL-6 and MCP-1, inducing an increase in mRNA only at the highest
concentration tested (5 mM); in the case of efavirenz the increase in
IL-6 expression did not reach statistical significance. Notably, elvi-
tegravir and efavirenz differentially affected IL-8 expression. Efa-
virenz caused a marked concentration-dependent induction, that
was statistically significant at concentrations higher than 0.5 mM,
whereas elvitegravir induced a significant increase in IL-8 expres-
sion only at concentration 5 mM. In fact, at concentration 5 mM
efavirenz caused a stronger induction of IL-8 expression (close to
30-fold) than elvitegravir (less than 5-fold). Raltegravir did not
affect the expression of genes encoding cytokines.

Finally, we determined the effects of efavirenz and elvitegravir
on mitochondrial toxicity, assessed by determining the expression
of both amtDNA-encoded transcript (cytochrome-b) and a nuclear-
encoded transcript (cytochrome oxidase subunit-IVA). Both drugs
impaired the expression of both transcripts, but only at concen-
trations of 1 mM and above. However, relative mtDNA levels were
unaltered even at concentrations 2 and 5 mM efavirenz and elvi-
tegravir (Supplemental Table 3). Raltegravir did not alter mito-
chondrial transcripts or mtDNA levels at the concentrations tested.

We further analyzed the effects of 0.5 and 2 mM elvitegravir and
efavirenz (the concentrations at which most differential effects of
the two drugs on differentiation and gen expression had been
observed) on the release of adipokines and cytokines into the
medium (Fig. 3). Elvitegravir and efavirenz induced a similar
decrease in the levels of released adiponectin at both concentra-
tions tested. Levels of secreted leptin were moderately reduced
only by efavirenz at 2 mM, a concentration at which elvitegravir had
no effect. Release of the pro-inflammatory cytokine IL-6 by adipo-
cytes was significantly higher following efavirenz treatment than
elvitegravir treatment at a concentration of 2 mM. Consistent with
the results of gene expression analysis, efavirenz significantly
induced the release of IL-8 at both 0.5 and 2 mM whereas elvite-
gravir had no effect. Similarly, efavirenz, but not elvitegravir,
induced MCP-1 release at both 0.5 and 2 mM. No effects were found
for raltegravir on the release of adipokines and cytokines. Other
molecules that are known to be released by adipocytes and influ-
ence metabolic and inflammatory signaling such as PAI-1, HGF and
NGF (Alessi et al., 2007; Bell et al., 2008; Bull�o et al., 2007) were not
significantly altered by any of the three drugs at any of the con-
centrations tested.

Collectively, our current data provide the first assessment of the
action of the integrase inhibitor elvitegravir on human adipocytes.
We found that elvitegravir impairs the acquisition of adipocyte
morphology, inhibits the expression of genes controlling adipo-
genesis (PPARg, C/EBPa) and lipid accretion (lipoprotein lipase,
GLUT4), and reduces the release of adipokines. The effects of elvi-
tegravir were qualitatively similar to those of efavirenz reported
previously in closely related human cell culture models (Gallego-
Escuredo et al., 2010; Díaz-Delfín et al., 2011, 2012). An analysis of
the effects of efavirenz and elvitegravir at similar concentrations,
especially in the range between 0.5 and 2 mM, indicated that efa-
virenz exerted similar but somewhat stronger deleterious effects
on adipogenesis (e.g. adipose morphology, PPARg and GLUT4
expression) than elvitegravir. The most remarkable differential ef-
fect of elvitegravir and efavirenz was related to the actions of the
drugs on IL-8 expression and release, which was dramatically
induced by efavirenz but less altered by elvitegravir. IL-8 is pro-
duced and secreted by human adipocytes, in addition to macro-
phages and monocytes, and plays a role in the induction of pro-
inflammatory responses (Bruun et al., 2000, 2001). Increased
expression of IL-8 in adipose tissue from HIV patients, especially
under conditions of lipodystrophy, has been reported and is ex-
pected to contribute to the local pro-inflammatory environment in
fat from these patients (Lihn et al., 2003). The differential effects of
elvitegravir and efavirenz on the release of regulatory molecules by
adipose tissuemay be especially relevant in relation to the effects of



Fig. 2. Effects of elvitegravir on the expression of genes related to adipogenic function, inflammation and mitochondrial toxicity in SGBS human adipocytes differentiating
in culture. SGBS human preadipocytes were differentiated in culture in the presence of the indicated concentrations of drugs. Data on mRNA levels are presented as means ± SEM
from 4 to 5 independent experiments, and are expressed relative to values from untreated control cells (defined as 1). *P < 0.05, **P < 0.01, and ***P < 0.001 for each drug treatment
vs. control; #P < 0.05 for elvitegravir vs. efavirenz treatment at the same concentration; &P < 0.05, &&P < 0.01, &&&P < 0.001 for elvitegravir vs. raltegravir treatment at the same
concentration.



Fig. 3. Effects of elvitegravir on the release of adipokines and cytokines by SGBS human adipocytes in culture. SGBS human preadipocytes were differentiated in culture in the
presence of the indicated concentrations of drugs. Values represent concentrations of adipokines and cytokines in the cell culture medium, presented as means ± SEMs from 4 to 5
independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 for each drug treatment vs. control; #P < 0.05 for elvitegravir vs. efavirenz treatment at the same concentration.;
&P < 0.05, &&P < 0.01, &&&P < 0.001 for elvitegravir vs. raltegravir treatment at the same concentration.
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these drugs on systemic metabolism, and to some signs of healthier
effects of elvitegravir on lipid profile relative to those of efavirenz
(Sax et al., 2012). However, it is noteworthy that raltegravir, another
HIV integrase inhibitor, did not show any deleterious effects on
adipogenesis, adipocyte-related gene expression or pro-
inflammatory cytokines in human adipocytes, consistently with
previous reports in rodent adipocyte cell models (P�erez-Matute
et al., 2011; Minami et al., 2011).
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The fact that the current study used an in vitro approach is an
obvious limit with respect to the relevance of our findings for the
treatment of patients. Elvitegravir plasma concentrations in pa-
tients administered clinical doses of the compound reach peak
levels in the 5 mM range and show a Cmin (minimum plasma
concentration) of approximately 1 mM (Ramanathan et al., 2011).
This indicates that the concentration range at which elvitegravir
was found here to exert most of its deleterious effects in vitro may
be reached in vivo. However, elvitegravir is highly protein bound,
with a plasma-free fraction of approximately 1% (Ramanathan et al.,
2011). In the present human adipocyte cell culture studies the
drugs are added to serum-free adipocyte culture medium, -an
inherent condition of this in vitro cell model-; thus, dose for dose,
the effective concentration of elvitegravir in cell culture may be
higher than the actual free elvitegravir concentration in blood,
where serum proteins may bind substantial amounts of the drug. A
similar consideration may be placed for efavirenz, which protein
binding capacity is also as high as that for elvitegravir. On the other
hand, in contrast with efavirenz, for which information on differ-
ential tissue distribution in patients is available (Dupin et al., 2002),
to our knowledge there are no available data relating to the po-
tential differential accumulation of elvitegravir (or raltegravir) in
adipose tissue and blood.

In summary, this study suggests that elvitegravir, at moderate
concentrations, would not likely exert profound deleterious effects
on adipose tissue development or on the endocrine function of
adipose tissue (adipokine and cytokine release) in treated patients,
but totally neutral effects cannot be anticipated. Moreover, on the
basis of this comparative study, the deleterious effects of elvite-
gravir are likely to be similar to those of efavirenz, but somewhat
less intense, especially for the induction of pro-inflammatory sig-
nals. However, elvitegravir shows deleterious effects on human
adipocytes that do not occur for raltegravir. It should be taken into
account that the overall alterations in lipid metabolism in HIV-1-
infected patients are thought to be caused not by a single drug
but by the complex interactions of a given drug with other drug
components of antiretroviral treatment regimens as well as un-
derlying HIV-1-infection-related alterations. Thus, further studies
assessing lipid abnormalities in patients treatedwith elvitegravir as
a component of a drug cocktail will be necessary to confirm a
metabolic-friendly effect of this integrase inhibitor and/or identify
potential lipid alterations.
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