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Abstract
Infection with human immunodeficiency virus (HIV) and treatment with HIV-protease inhibitor (PI)-
based highly active antiretroviral therapies (HAART) is associated with dysregulated fatty acid and
lipid metabolism. Enhanced lipolysis, increased circulating fatty acid levels, and hepatic and
intramuscular lipid accumulation appear to contribute to insulin resistance in HIV-infected people
treated with PI-based HAART. However, it is unclear whether currently prescribed HIV-PIs directly
alter skeletal muscle fatty acid transport, oxidation, and storage. We find that ritonavir (r, 5 μmol/l)
plus 20 μmol/l of atazanavir (ATV), lopinavir (LPV), or darunavir (DRV) reduce palmitate oxidation
(16-21%) in differentiated C2C12 myotubes. Palmitate oxidation was increased following exposure
to high fatty acid media but this effect was blunted when myotubes were pre-exposed to the HIV-
PIs. However, LPV/r and DRV/r, but not ATV/r suppressed palmitate uptake into myotubes. We
found no effect of the HIV-PIs on FATP1, FATP4, or FABPpm but both CD36/FAT and carnitine
palmitoyltransferase I (CPTI) were reduced by all three regimens though ATV/r caused only a small
decrease in CPT1, relative to LPV/r or DRV/r. In contrast, sterol regulatory element binding protein-1
was increased by all 3 HIV-PIs. These findings suggest that HIV-PIs suppress fatty acid oxidation
in murine skeletal muscle cells and that this may be related to decreases in cytosolic- and
mitochondrial-associated fatty acid transporters. HIV-PIs may also directly impair fatty acid handling
and partitioning in skeletal muscle, and this may contribute to the cluster of metabolic complications
that occur in people living with HIV.
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1. Introduction
Human immunodeficiency virus (HIV) -protease inhibitor (PI)-based highly active
antiretroviral therapy (HAART) has reduced morbidity and mortality. However, PI-based
HAART has been associated with a cluster of metabolic complications analogous to “the
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cardiometabolic syndrome” [1] including: peripheral lipoatrophy, visceral adiposity,
hyperlipidemia, insulin resistance, hyperglycemia, and overt type 2 diabetes mellitus [2,3]. The
mechanisms responsible for these complications have only partially been elucidated [4-10].
HIV-PI induced disruptions in fatty acid (FA) and lipid partitioning and sensing might
contribute to these complications, so we examined whether FA transport and/or oxidation are
altered in murine skeletal muscle cells exposed to clinically relevant HIV-PI combinations.

Evidence supports the notion that, in addition to host, viral, and behavior factors, HIV-PI based
HAART contributes to dysregulated FA and lipid metabolism. HIV-PI-based HAART
increases whole body lipolysis and lipid oxidation rates [11,12], increases intramuscular lipid
accumulation [12], impairs adipocyte metabolism [13], and alters glucose homeostasis [5]. In
adipocytes and rodent models, the HIV-PI ritonavir (r) inhibited human adipocyte
differentiation [13], decreased LPL-mediated clearance of VLDL-TG, and impaired FA uptake
into adipose tissue [14]. In rodent primary hepatocytes exposed to different HIV-PIs, lipid
metabolism gene expression was reduced, and FA synthesis gene expression was increased
[15]. In HIV-infected people treated with PI-based HAART (5), exercise-stimulated FA
oxidation was blunted. This was attributed to impaired free FA (FFA) mobilization from
adipose tissue, and not to defects in skeletal muscle FA transport and/or mitochondrial
oxidation [16]. However, skeletal muscle FA transport and oxidation were not directly
measured in this study. In addition, HIV-PI-based HAART-associated insulin resistance
enhanced intramuscular lipid accumulation, which would reduce whole body lipid and muscle
FA oxidation (17). In these human studies (5,17), it was not possible to determine the separate
effects of HIV-PI, other anti-HIV medications, or other HIV-associated factors on muscle FA
transport and oxidation. Therefore, we hypothesized that HIV-PIs impair skeletal muscle FA
transport and oxidation. To test the effects of HIV-PIs on FA partitioning and sensing, we
exposed C2C12 murine skeletal muscle cells to currently used HIV-PIs (ritonavir (r), lopinavir
(LPV), atazanavir (ATV), darunavir (DRV) in combination (LPV/r, ATV/r, DRV/r)), and
quantified FA transport and oxidation. We found that combined HIV-PI exposure (rather than
individual PIs) reduces skeletal muscle FA oxidation by inhibiting FA transport protein
expression.

2. Materials and Methods
2.1. Materials

HIV-protease inhibitors were supplied by The AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, and NIH (http://www.aidsreagent.org/). Rabbit
polyclonal anti-FABPpm antiserum was generously provided by Dr. Jorge Calles-Escandon,
Wake Forest University Health Sciences, Winston-Salem, North Carolina.). Other materials
were (obtained from): C2C12 cells (American Type Culture Collection, CRL-1772; Manassas,
VA); Biocoat tissue culture plates (Becton Dickinson, Bedford, MA); SDS gel supplies (Bio-
Rad Laboratories, Hercules, CA); [14C]-palmitate or [14C]-acetyl-CoA (GE Healthcare,
Piscataway, NJ); fetal bovine serum (FBS) and heat-inactivated horse serum (Invitrogen,
Carlsbad, CA); chemiluminescent HRP substrate and Immoblolin-P polyvinylidene difluoride
(PVDF) membranes (Millipore Corporation, Bedford, MA); Uniscint BD scintillation fluid
(National Diagnostics, Atlanta, GA); TUNEL kit (Roche Diagnostic Corp., Indianapolis, IN)
primary and secondary antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA);
essentially fatty acid free-BSA, carnitine, and palmitic acid, and Dulbecco’s modified Eagles
medium (DMEM), Oil Red O, and common laboratory reagents (Sigma Co., St. Louis, MO);
and Hank’s balanced salt solution (Washington University School of Medicine Tissue Culture
Support Center).
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2.2. C2C12 skeletal muscle cell cultures
Mouse C2C12 cells were cultured, as described [17]. Briefly, monolayers of C2C12 myoblasts
were grown in Dulbecco’s modified low-glucose Eagle’s medium (DMEM-LG; 1.5 g/l)/10%
(v/v) FBS/4.0 mmol/l glutamine/100 U/ml penicillin/100 μg/ml streptomycin, in a humidified
incubator (37 °C, 95% air/5% CO2). Cells were propagated in 75 mm flasks, subcultured at
60-80% confluence, and split using trypsin [0.25% (w/v) in MEM with 1.0 mmol/l EDTA].
Cells were subcultured into 12-well dishes coated with 0.01% (w/v) collagen. When cells were
70-80% confluent, myoblasts were induced to differentiate into myotubes by changing the
medium to a low-serum differentiating medium (DFM) [DMEM-LG/2% (v/v) horse serum/
4.0 mmol/l glutamine/100 U/ml penicillin/100 μg/ml streptomycin]. Differentiation medium
was changed every 48 h. By day 6, confluent cells had differentiated into multinucleated
contracting myotubes.

2.3. Oil Red O staining of C2C12 myotubes
To determine the time- and concentration-dependence of fatty acid exposure, C2C12 myotubes
were exposed to a high fatty acid media and Oil Red O stained, as reported [18], with
modification. Briefly, C2C12 myoblasts were propagated and differentiated as described
above. Upon differentiation, the myotubes were cultured overnight in a serum-free DFM
(starvation media) followed by incubation with a serum-free high fatty acid media (50/25,
100/50, and 200/100 μmol/l oleic/palmitic acid; 0.5% BSA) for 5, 18, or 48 h. Lipid loaded
myotubes were then washed twice (1X PBS), and fixed to the plates with 3.7% formaldehyde
for 2 min. Following fixation, each well was washed one time with deionized water and Oil
Red O stain applied at room temperature for 30 min. The cells were then washed three times
with deionized water and stained lipid-loaded cell images were captured using a standard digital
camera. These analyses revealed minimal Oil Red O staining above background following 5h
fatty acid loading; dramatic increase in staining at 18h increased in myotubes exposed to 100/50
and 200/100 μmol/l oleic/palmitic acid; and modest increase or decrease after 48 h exposure.
Based on these findings, myotube palmitate oxidation was performed following 18 h exposure
to 200/100 μmol/l oleic/palmitic acid.

To get a quantitative measure of the effects of HIV-PIs on fatty acid uptake, the Oil Red O
staining procedure [19,20] was modified. Briefly, fully differentiated myotubes were exposed
to combination HIV-PIs (20 μmol/l /5 μmol/l; ATV/r, LPVr, or DRV/r) dissolved in 0.1%
DMSO or to 0.1% DMSO alone (Con) and incubated for 18 h in serum-free DFM-LG. The
concentrations of HIV-PI’s were based on findings in our lab and reports from the Hruz group
[21-23]. After washing the cells twice with Hank’s Balanced Salt Solution (HBSS), they were
incubated in high fatty acid media (200/100 μmol/l oleic/palmitic acid; 0.5% BSA) for an
additional 18h. The cells were washed again with HBSS prior to addition of 500 μl of 3% Oil
Red O (3g/100 ml 70% Isopropanol) to each well. Following an 1 h incubation period at room
temperature, the cells were rinsed twice with HBSS and 500 μl trypsin/EDTA was added to
each well and the cells incubated for 10 min at 37 °C. The cells were harvested and trypsin
was neutralized by the addition of media containing 10% serum. Then cells were centrifuged
for 5 min at 3000 rpm (0 °C) and the supernatant was removed and the pellet rinsed with PBS.
The cells were re-suspended in 70% Isopropanol and then briefly centrifuged (1 min at 3000
rpm); the supernatant was removed and OD measured at 492 nm in duplicate. The precipitated
pellet was lysed and analyzed for total protein content using a BCA assay (Pierce) in duplicate.

2.4. Effects of protease inhibitor and high fat acid media exposure on fatty acid oxidation in
C2C12 myotubes

To mimic the effects of intramyocellular lipid accumulation, and to distinguish the direct effects
of HIV-PI exposure from those of high fatty acid media exposure, myotube fatty acid oxidation
was measured following three different experimental manipulations: (A) Protease inhibitor
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exposure. Fully differentiated myotubes were exposed to combination HIV-PIs (20 μmol/l /5
μmol/l; ATV/r, LPVr, or DRV/r) dissolved in 0.1% DMSO or to 0.1% DMSO alone (Con) and
incubated for 18 h in serum-free DFM-LG prior to quantifying [14C]-palmitate oxidation
(described below). The concentrations of HIV-PI’s were based on our previous findings [4]
that 20 μmol/l of HIV-PI alone and in combination with 5 μmol/l ritonavir induced suppressor
of cytokine signaling-1 (SOCS-1) and impaired insulin signaling in cell cultures. (B) High fatty
acid media exposure. Myotubes were incubated for 18 h with a high fatty acid media only, as
described above (200/100 μmol/l oleic/palmitic acid; 0.5% BSA), prior to quantifying [14C]-
palmitate oxidation. (C) Combined HIV-PI and high fatty acid media exposure. Myotubes were
exposed to combination PIs (as above) for 18 h, followed by 18 h exposure to high fatty acid
media (200/100 μmol/l oleic/palmitic acid; 0.5% BSA) prior to quantifying [14C]-palmitate
oxidation.

2.5. Palmitate oxidation assays
Palmitate oxidation was determined as described [18]. Cells were incubated in the presence of
[14C]-palmitate and [14C]-palmitate oxidation was measured as 14CO2 production (an
indication of fatty acid oxidation) over a 3 h-period. 14CO2 released into the media was
quantified using liquid scintillation counting in 3 ml of Uniscint BD. Following incubation
with HIV-PIs, in the absence or presence of high fatty acid media, myotubes were washed
twice with warmed (37 °C) PBS (21), and incubated in DFM plus 12.5 mmol/l HEPES, 0.2%
BSA, 1.0 mmol/l carnitine, 100 μmol/l palmitic acid or acetyl-CoA, and 0.5 μCi/ml [14C]-
palmitate or [14C]-acetyl-CoA. Oxidation of acetyl-CoA was used to assess oxidation
downstream of the β-oxidation steps. After 3 h, 0.5 ml of incubation media was transferred to
separate dishes, analyzed for labeled 14CO2 and quantitated by liquid scintillation. The
myotubes were immediately placed on ice, washed 3 times with ice-cold PBS, and scraped into
2.0 ml centrifuge tubes in two additions of 0.075 ml 0.1% SDS lysis buffer and stored at −80
°C for subsequent protein and immunoblot analyses.

2.6. Effects of HIV-protease inhibitor exposure on palmitate uptake into C2C12 myotubes
C2C12 myotubes were exposed to the combination HIV-PIs ATV/r, LPV/r, and DRV/r (20
μmol/l/ 5 μmol/l) for 18 h. Following an overnight incubation in high fat media (DFM plus
200 μmol/l palmitic acid, 0.5% BSA, and 0.5 μCi/ml [14C]-palmitate), intracellular [14C]-
palmitate uptake was measured. Briefly, 14C-containing media was removed from each well
and placed in a corresponding 1.5 ml centrifuge tube. Tubes were centrifuged at 1,500 rpm for
5 min to remove detached cells. 14C-containing media was discarded and the cell pellet was
washed twice with ice-cold PBS. The remaining plated cells were washed twice with ice-cold
PBS and harvested in 2 × 100 μl aliquots of 0.05% SDS, and placed in corresponding 1.5 ml
centrifuge tubes. Aliquots of cells (100 μl) were placed in scintillation vials and the uptake of
[14C]-palmitate was determined by liquid scintillation.

2.7. Immunoblot analyses
C2C12 myotubes designated for Western blot analyses were harvested in cell lysis buffer (in
mmol/l; 50 HEPES, 15 NaCl, 1 MgCl2, 1 CaCl2, 2 EDTA; 10% glycerol, 1% Triton X-100, 5
μl/ml protease and phosphatase inhibitor cocktail, 3 mg/ml benzamidine hydrochloride).
Proteins were separated by 7.5% SDS-PAGE and the resolved proteins were transferred onto
PVDF membranes. The blots were then prepared for probing with primary antibodies directed
against fatty acid transport proteins 1 (FATP1, 1:100) and 4 (FATP4, 1:100); plasma
membrane-associated fatty acid-binding protein (FABPpm, 1:30,000), fatty acid translocase
CD36/FAT (1:200), carnitine palmitoyltransferase 1 (CPT1; 1:250), sterol regulatory element
binding protein-1 (SREBP-1; 1:400), and GAPDH (1:500) or tubulin (1:1000) loading controls.
Following subsequent exposure to secondary antibodies (1:2000 for FATPs and FABPpm;
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1:10,000 for CD36, CPT1, and SREBP-1), immunoreactive protein bands were visualized
using chemiluminescent HRP substrate.

2.8. Statistical Analysis
Data are expressed as mean ± SEM. Statistical analyses were performed using Statistical
Package for the Social Sciences (SPSS, Inc. v. 14.0, Chicago, IL). A two-way repeated
measures analysis of variance (ANOVA) was used to identify interactions or main effects for
the dependent variables. The level of significance was set at p ≤ 0.05.

3. Results
3.1. HIV-protease inhibitor exposure reduces myotube palmitate oxidation

To determine the optimal concentrations of the HIV-PIs for testing, preliminary measurements
of CO2 production were made in C2C12 or L6 skeletal muscle cells that had been exposed to
varying concentrations of different HIV-PI regimens. As seen in Figure 1, 20 μmol/l of the
HIV-PI alone (Panel A) or in combination with 5 μmol/l RTV (Panels B and C) caused near
peak decreases in CO2 production. These findings are consistent with the concentration of
HIV-PIs used alone or in combination with RTV in earlier studies in various cell systems
[21-28] and 20 μmol/l of the HIV-PI alone ± 5 μM RTV were chosen for subsequent studies.

Following 18 h exposure to different HIV-PI combinations, palmitate oxidation was quantified
in fully differentiated myotubes maintained under basal conditions (Fig. 2). 14CO2 production
from palmitate oxidation was significantly reduced (p ≤ 0.05) in myotubes exposed to all
combinations of HIV-PIs (−15%, −50%, and −32%; ATV/r, LPV/r, and DRV/r, respectively)
relative to DMSO-exposed control myotubes. In contrast, myotube acetyl CoA oxidation,
which reflects fatty acid oxidation directly in the TCA cycle without passing through β-
oxidation, was not significantly changed by exposure to any of the HIV-PI combinations (data
not shown).

3.2. High fatty acid media exposure increases myotube lipid storage and palmitate oxidation
Fully differentiated myotubes were exposed to fatty acid media (50/25 μmol/l, 100/50 μmol/
l, and 200/100 μmol/l oleic/palmitic acid; 0.5% BSA) for 5, 18, or 48 h to confirm the temporal
effects on neutral lipid storage, and to quantify palmitate oxidation (Fig. 3). Following 5 h of
fatty acid loading, minimal Oil Red O staining was detected above background. Following 18
h, Oil Red O staining increased in myotubes exposed to 100/50 and 200/100 μmol/l oleic/
palmitic acid. By 48 h, the staining was either unchanged or even modestly decreased. This
confirmed that neutral lipids accumulate in C2C12 after 18h incubation in high fat media, so
we examined myotube palmitate oxidation following 18 h exposure to 200/100 μmol/l oleic/
palmitic acid (Fig. 4). Myotube [14C]-palmitate oxidation was significantly (p ≤ 0.05) higher
following 18 h exposure to high fatty acid media than it was in control myotubes not exposed
to high fatty acid media. Under these conditions, the increase in ß-oxidation was insufficient
to handle the elevated fatty acid uptake, so some fatty acids were partitioned into neutral lipid
synthetic pathways and stored. This provided an appropriate model system in which to
challenge fatty acid loading (uptake and oxidation) in the presence of HIV-PIs.

3.3. Combined HIV-protease inhibitor and high fatty acid media exposure reduces myotube
palmitate oxidation

Myotubes were exposed to ATV/r, LPV/r, DRV/r (20 μmol/l/5 μmol/l) for 18 h followed by
incubation with high fatty acid media (200/100 μmol/l oleic/palmitic acid) for 18 h (Fig. 5).
These HIV-PI combinations significantly reduced [14C]-palmitate oxidation relative to control
myotubes not exposed to HIV-PIs.

Richmond et al. Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.4. Select HIV-protease inhibitor reduces lipid accumulation in myotubes
To address the issue of reduced palmitate oxidation following exposure of the myotubes to
HIV-PIs, Oil Red O staining was quantitated in cells exposed to the high fatty acid media alone
or after exposure to the HIV-PIs. As illustrated in Figure 6, exposure to fatty acids increased
staining at 18 h with a modest further increase evident at 36 h, relative to cells treated with
vehicle alone (Con) for 36 h. When the cells were first treated with LPV/r or DRV/r regimens
before exposure to oleic/palmitic acid, the staining was similar to Con cells. However, the
ATV/r combination had minimal effect on accumulation of the fatty acids in the cell.

3.5. Select HIV-protease inhibitor exposure reduces palmitate uptake into myotubes
One explanation for the observed HIV-PI mediated reductions in [14C]-palmitate oxidation
may be that palmitate uptake by differentiated myotubes is reduced. To test this possibility,
myotubes were exposed to ATV/r, LPV/r, DRV/r (20 μmol/l/5 μmol/l) for 18 h, followed by
high fatty acid media exposure (200 μmol/l palmitate; 1.0 μCi/ml [14C]-palmitate) for 18 h
(Fig. 7). Consistent with the Oil Red O staining, LPV/r and DRV/r significantly reduced (p ≤
0.05) [14C]-palmitate uptake, whereas ATV/r appeared to have no affect on palmitate uptake.

3.6. Select HIV-protease inhibitors reduce expression levels for proteins involved in fatty
acid uptake and oxidation

To determine which components in the myotube fatty acid uptake and oxidation pathways are
affected by HIV-PI exposure, we examined myotube protein expression for fatty acid
transporters in the plasma membrane (FATP1, FATP4, and FABPpm), in the plasma membrane
and mitochondria (CD36) and the outer mitochondria (CPT1), and the lipogenic protein
SREBP-1 following 18h exposure to combination HIV-PIs under basal conditions. As shown
by the ratio of target transporter protein to tubulin in Figure 8A, FABPpm was relatively
unchanged and the FATPs were modestly increased following exposure of the myotubes to the
HIV-PIs for 18h. However, relative to control conditions, CD36 (Fig. 8B) was reduced by
ATV/r (−16%), LPV/r (−17%), and DRV/r (−21%); CPT1 (Fig. 8C) was reduced by ATV/r
(−4%), LPV/r (−26%), and DRV/r (−28%); but SREBP-1 (Fig. 8D) was increased ATV/r
(71%), LPV/r (75%), and DRV/r (47%). These changes are summarized as fold-change,
relative to control, in Figure 8E.

4. Discussion
The purpose of this study was to examine the effects of clinically relevant HIV-PI combinations
on palmitate oxidation and transport into skeletal muscle cells using basal and lipid loaded
C2C12 murine myotubes as a model system. The major findings were: (1) HIV-PI exposure
reduces palmitate oxidation in differentiated myotubes incubated under basal conditions and
after increased palmitate availability (lipid loading); (2) HIV-PI exposure reduces palmitate
uptake/transport into myotubes; (3) HIV-PI mediated reductions in myotube palmitate
transport and oxidation appear not to be due to decreases in plasma membrane-associated fatty
acid transporters FATP1, FATP4, or FABPpm; and (4) HIV-PI mediated reductions in myotube
palmitate transport and oxidation are associated with reductions in the fatty acid transport
proteins CD36 and CPT1, and increases in the lipogenic protein SREBP-1.

These findings suggest that, along with other factors that dysregulate fatty acid and lipid
metabolism in HIV-infected people [29], several of the currently prescribed ritonavir-boosted
HIV-PIs directly impair the ability of skeletal muscle cells to transport, partition, and oxidize
palmitate (i.e., fatty acids), especially if neutral lipids have accumulated in the muscle cells
(intramyocellular lipid accumulation), as has been reported to occur in HIV-infected people
with insulin resistance [12]. Cade et al. [16] and others have postulated that HIV-PIs impair
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skeletal muscle fatty acid oxidation, but to our knowledge, this is the first direct in vitro
evidence that HIV-PIs impair skeletal muscle palmitate uptake and oxidation.

The mechanism by which these HIV-PIs impair skeletal muscle palmitate transport and
oxidation has been partially elucidated. CD36 (also referred to as fatty acid translocase; FAT)
is a transmembrane protein involved in the transport of long-chain fatty acids (LCFA) across
cellular membranes. It has been shown that CD36 is expressed in skeletal muscle plasma
membrane of C2C12 myocytes and that overexpression of this transport protein increased fatty
acid uptake and utilization by myotubes [30]. It has also been demonstrated that CD36 exists
in the mitochondrial outer membrane of human skeletal muscle and was shown to participate
in transport and subsequent oxidation of LCFA [31,32]. Using immunoblotting techniques, we
found reduced expression of CD36 in myotubes exposed to combination HIV-PIs. It has been
demonstrated that antiretroviral therapy, specifically ritonavir, nelfinavir, and the combination
LPV/r, decreased expression of CD36 in HIV-infected and healthy human subject monocytes
as well as in human THP-1 monocyte and human C32 melanoma cell lines [33]. Our findings
indicate that ATV/r, LPV/r, and DRV/r reduce CD36 protein expression in C2C12 myotubes
by 16%, 17%, and 21% , respectively, suggesting that this contributes to the observed decrease
in palmitate oxidation (ATV/r, LPV/r, and DRV/r; 15%, 50%, and 32%, respectively).

It might be suggested that these drugs may induce apoptosis of the myotubes, similar to their
effects in pancreatic β-cells [28], however, TUNEL analyses of cells treated with the HIV-PI
regimens alone or with the HIV-PI regimens and then fatty acids revealed no incidence of
TUNEL-positive cells (data not shown). These findings indicate that the concentrations and
duration of treatments used in the present studies do not induce apoptosis of the murine skeletal
muscle cells.

Carnitine palmitoyltransferase I (CPT1) is a mitochondrial transport protein that traverses the
outer mitochondrial membrane. Malonyl-CoA is a known intracellular antagonist of CPT1.
Increased concentrations of acetyl-CoA and intracellular CO2 lead to the formation of malonyl-
CoA which directly inhibits CPT1 expression and in turn, decreases fatty acid uptake into the
mitochondria. It has been suggested that mitochondrial CD36 and CPT1 interact to transport
acylcarnitines across the outer mitochondrial membrane to carnitine-acylcarnitine translocase
(CAT), then on to CPTII, and finally to the intermitochondrial space for oxidation [31]. Despite
16-21% reductions in CD36 protein levels among the HIV-PI combinations, only LPV/r and
DRV/r significantly reduced CPTI protein levels in myotubes. This implies that ATV/r reduces
palmitate oxidation through a mechanism that differs from that of LPV/r and DRV/r. We cannot
discount the possibility that LPV/r and DRV/r decreased CD36 protein levels, which reduced
fatty acid availability to CPTI, and this subsequently reduced mitochondrial fatty acid uptake
and oxidation by the muscle cells.

It is not unexpected that the ATV/r regimen has different effects than the other regimens
studied. It is well-recognized that different HIV-PIs have variable effects on cellular lipid/
cholesterol metabolism and circulating lipid/lipoprotein levels [15,34-37]. In clinical trials,
ATV/r and LPV/r are well-tolerated, have equivalent virologic and immunologic potencies,
but ATV/r is associated with a more favorable impact on serum lipid levels, and switching
from a regimen that includes LPV/r, to one that includes ATV/r is associated with
improvements in serum lipid/lipoprotein profiles. In lipid-loaded C2C12 cells (Fig 7), CPT-1
expression was not reduced as much by ATV/r (−4%) as it was by LPV/r (−26%) or DRV/r
(−28%) exposures. We suggest that LPV/r and DRV/r exposure reduce ß-oxidation in C2C12
by inhibiting both palmitate uptake and CPT-1-associated ß-oxidation. However, as noted for
cholesterol metabolism in rat hepatocytes and macrophages [37], ATV/r does not disrupt fatty
acid uptake or ß-oxidation as much as LPV/r and DRV/r exposure. Instead, ATV/r must
mediate its effects on C2C12 lipid metabolism at sites downstream from cellular uptake and
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CPT-1 expression. This may reflect a difference in ATV-protein binding, lipid membrane
solubility, or affinity for lipid transporters among the different PIs.

Sterol regulatory element binding proteins (SREBPs) regulate transcription of genes involved
in fatty acid synthesis [38] (fatty acid synthase, and acetyl-CoA carboxylase) as well as
triglyceride synthesis [39]. SREBP-1 protein levels are reduced in 3T3-F442A adipocytes
[40] and increased in primary rat hepatocytes [36] exposed to the HIV-PI indinavir.
Interestingly, ritonavir administration to mice increased SREBP-1 protein expression in liver
and adipose tissue [41]. Indinavir administration to ZDF fa/fa rats increased SREBP-1 protein
levels in skeletal muscle, liver, and adipose tissue, and this was associated with induction of
the suppressor of cytokine signaling-1 (SOCS-1) cascade [4]. Also, SREBP-1 protein levels
were increased in L6 myotubes exposed to ritonavir, ATV, and LPV alone or ATV/r, and LPV/
r in combination. Together, these findings indicate that indinavir, ritonavir, and ATV/r, LPV/
r, and DRV/r increase SREBP-1 protein levels in skeletal muscle cells from several mammalian
species.

There were some limitations to this in vitro study. Several factors, in addition to HIV-PI,
contribute to dysregulated fatty acid and lipid metabolism in HIV-infected people. We cannot
account for all these factors (e.g., genetics, physical activity, diet, HIV replication, host
response to HIV-infection, other HAART components) in our model system. The primary goal
was to isolate the effects of select HIV-PIs that are commonly used on palmitate metabolism.
Also, myotubes were acutely exposed to HIV-PIs, and more chronic exposures should be
examined to evaluate the durability/sustainability of these acute effects on myotube fatty acid
metabolism.

The cellular mechanism(s) by which combination HIV-protease inhibitors dysregulate
substrate oxidation in various tissues are unclear. People living with HIV and treated with HIV-
PI-based HAART experience dyslipidemia and impairments in lipid metabolism, partitioning,
and storage. The current observations extend our understanding by demonstrating that
combination HIV-PI regimens that are currently in clinical use, decrease palmitate uptake and
oxidation in murine skeletal muscle cells, and that this dysregulation is associated with reduced
CD36 protein levels in muscle cells. Further studies are required to identify the precise
molecular mechanisms by which combination HIV-PIs reduce CD36 expression and
downstream regulators of fatty acid oxidation.
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Fig. 1. Concentration-dependent effects of HIV-PIs on 14C]-palmitate oxidation in skeletal muscle
cells
L6 and C2C12 cells were exposed to HIV-PIs in the absence and presence of RTV (5 μM) and
[14CO2] production (nmol/mg/h) measured. A. IDV. B. LPV/RTV. C. ATV/RTV. Results are
mean ± SEM (n = 3 in each group). *PI groups significantly different from Con (DMSO) group
(p ≤ 0.05).
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Fig. 2. HIV-protease inhibitor treatment reduces [14C]-palmitate oxidation in C2C12 myotubes
C2C12 myotubes were treated for 18 h with HIV-PIs in combination (ATV/r, LPV/r, and DRV/
r; 20/5 μmol/l, respectively) and [14CO2] production measured. Results are mean ± SEM (n =
3 in each group). *PI groups significantly different from Con (DMSO) group (p ≤ 0.05).
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Fig. 3. Lipid accumulation in C2C12 myotubes following a fatty acid load
Oil red-O staining of neutral lipids in C2C12 myotubes treated with a fatty acid load (50/25
μmol/l, 100/50 μmol/l, and 200/100 μmol/l; oleate/palmitate, respectively) in a serum-free
DFM for 5, 18, or 48 h.
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Fig. 4. Fatty acid load increases [14C]-palmitate oxidation in C2C12 myotubes
C2C12 myotubes were treated for 18 h with 200/100 μmol/l oleate /palmitate and [14CO2]
production measured. Results are mean ± SEM (n = 3 in each group). *Oleate/palmitate group
significantly different from Con group (p ≤ 0.05).
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Fig. 5. HIV-protease inhibitor treatment followed by fatty acid load decreases [14C]-palmitate
oxidation in C2C12 myotubes
C2C12 myotubes were treated for 18h with PI’s in combination (ATV/r, LPV/r, and DRV/r;
20/5 μmol/l, respectively) followed by a fatty acid load (200/100 μmol/l oleate/palmitate) for
18 h and [14CO2] production measured. Results are mean ± SEM (n = 3 in each group). *PI
groups significantly different from Con (DMSO) group (p ≤ 0.05).
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Fig. 6. Lipid accumulation in C2C12 myotubes treated with HIV-PIs
C2C12 myotubes were treated for 18 h in the presence of vehicle (DMSO) alone (Con) or with
HIV-PIs in combination (ATV/r, LPV/r, and DRV/r; 20/5 μmol/l, respectively). The cells were
then washed with HBSS and the Con cells were incubated with vehicle alone and the HIV-PI
pretreated cells were incubated with 200/100 μmol/l oleate/palmitate for an additional 18 h. In
some experiments, the myotubes were treated with only the fatty acids (FA) for 18 h (FA18)
or 36 h (FA36). At the end of the incubation period, lipid in the cells was stained with 3% Oil
Red O and quantitated as described in Methods section. The presented data are mean ± SEM
of %Oil Red O stain/μg protein (n =3). (*.#FA groups significantly different from Con group,
p < 0.0001 and p < 0.05, respectively).
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Fig. 7. HIV-protease inhibitor treatment decreases [14C]-palmitate uptake in C2C12 myotubes
C2C12 myotubes were treated for 18 h with HIV-PIs in combination (ATV/r, LPV/r, and DRV/
r; 20/5 μmol/l, respectively) followed by a fatty acid load (200/100 μmol/l oleate/palmitate)
for 3 h. Myotubes were harvested and assayed for [14C]-palmitate incorporation. Results are
mean ± SEM (n = 3 in each group). *PI groups significantly different from Con (DMSO) group
(p ≤ 0.05).
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Fig. 8. Effects of HIV-protease inhibitor treatment on proteins involved in fatty acid transport and
metabolism in C2C12 myotubes
Representative immunoblots for FABPpm, FATP1, and FATP4 (A), CD36 (B), CPT1 (C), and
SREBP-1 (D) in whole cell lysates of C2C12 myotubes following treatment for 18 h with
vehicle (DMSO) alone (Con) or with PI’s in combination (ATV/r, LPV/r, and DRV/r; 20/5
μmol/l, respectively). Tubulin (A) or GAPDH (B-D) were used as loading controls. E.
Quantitation of immunoreactive CD36, CPT1, and SREBP-1 bands. The target
immunoreactive bands were normalized to GAPDH loading control and the data are presented
as fold-change relative to untreated Con sample. (*Significantly different from corresponding
Con group, p < 0.0001, n =3).
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