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Protease inhibitors (PIs), such as atazanavir sulfate and ritonavir, are used clinically to prevent the pro-
gression of HIV and are known to induce insulin resistance. To determine whether PI-mediated insulin
resistance is induced by activation of pro-inflammatory cascades, L6 skeletal muscle cells were treated
+atazanavir sulfate, ritonavir, or atazanavir sulfate + ritonavir, and *insulin. Treatment with atazanavir
sulfate, ritonavir, or atazanavir sulfate + ritonavir for 24 or 48 h significantly increased basal glucose
uptake (P < 0.05) and atazanavir sulfate + ritonavir treatment increased basal glucose uptake significantly
more than ritonavir or atazanavir sulfate treatment alone (P < 0.05). Atazanavir sulfate + ritonavir treat-
ment for 48 h completely prevented insulin stimulation of glucose uptake (P> 0.05). When compared to
untreated cells, basal palmitate uptake and oxidation was found to be significantly higher in cells treated
with PIs alone or in combination (P <0.05). Prior PI treatment alone or in combination prevented
(P> 0.05) the insulin-mediated increase in palmitate uptake and the insulin-mediated decrease in palmi-
tate oxidation observed in the control group. Atazanavir sulfate treatment alone or in combination with
ritonavir significantly increased JNK1/2 phosphorylation when compared to the control or ritonavir group
(P<0.05) and this was accompanied by a rise (P < 0.05) in AKT®®"#73 phosphorylation in the basal state.
Total JNK1/2 and p38 MAPK protein content and p38 MAPK phosphorylation state were not altered in
any of the treatment groups (P> 0.05). Our data indicate that, in muscle cells, PIs induce metabolic dys-
function that is not limited to insulin-sensitive metabolism and that is potentially mediated by a rise in
JNK1/2 pro-inflammatory signaling.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

and fat redistribution (Flint et al., 2009). Given that HIV patients
started to demonstrate the clinical symptoms associated with

Highly active antiretroviral therapy (HAART), a combination of
three types of drugs comprising non-nucleoside reverse transcrip-
tase inhibitors (NNRTIs), nucleoside reverse transcriptase inhibi-
tors (NRTIs) and protease inhibitors (Pls), is used to control
replication of the immunodeficiency virus (HIV) and the develop-
ment of acquired immunodeficiency syndrome (AIDS) in HIV-in-
fected patients (Havlir and Lange, 1998). Treatment of HIV
infection with HAART has resulted in declines in morbidity and
mortality due to AIDS (Palella et al., 1998). However, despite the
clinical successes associated with this drug regimen, it is recog-
nized that many patients treated with HAART develop adverse
metabolic consequences which are usually characterized by the
presence of peripheral insulin resistance as well as dyslipidemia
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these metabolic pathologies when a cocktail of PIs was introduced
in the treatment regimen (Carr et al., 1998; Noor, 2007), the spe-
cific role of PIs in the development of HAART-induced metabolic
dysfunction remains an important research topic. Most studies
investigating the cellular mechanisms responsible for HAART-
induced insulin resistance have focused on adipose tissue
(Adler-Wailes et al., 2010; Murata et al., 2000; Ranganathan and
Kern, 2002) while only limited experimental data are available
on the cellular mechanisms by which PI cocktails induce insulin
resistance in skeletal muscle.

Insulin resistance in skeletal muscle is a multifactorial pathol-
ogy which is characterized by reduced insulin action and impair-
ment in fatty acid (FA) and glucose metabolism and whose
development has been linked to the presence of inflammation
(Bastard et al., 2006; DeFronzo et al., 1992; Shoelson et al., 2006;
Shulman, 2000). Given that circulating levels of inflammatory
markers such as tumor necrosis factor o receptor (TNFaR) have
been shown to be elevated in HIV-infected patients receiving
Pl-inclusive drug regimens (Mynarcik et al., 2000), inflammation
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may play a significant role in HAART-induced insulin resistance in
skeletal muscle cells. Two key intracellular markers of inflamma-
tion within skeletal muscle cells include p38 MAPK (Mitogen Acti-
vated Protein Kinase) and C-Jun-N-terminal kinase (JNK1/2). These
markers have been shown to be upregulated in inflammatory con-
ditions such as obesity and to negatively affect the induction of the
insulin signaling cascade (Hirosumi et al., 2002). Thus, if inflamma-
tion is a significant mechanism by which Pl-induced insulin resis-
tance develops, PIs may upregulate p38 MAPK and JNK1/2.

Given this information, the purpose of this study was to deter-
mine in skeletal muscle cells (1) whether short-term chronic
exposure to a PI cocktail that includes atazanavir sulfate and
ritonavir would negatively impact the regulation of glucose and
FA metabolism under basal and insulin-mediated conditions and
(2) whether these metabolic alterations would be associated with
an upregulation of p38 MAPK and JNK1/2 pro-inflammatory sig-
naling. We hypothesized that PI treatment would increase the
activity of pro-inflammatory markers and be associated with mus-
cle insulin resistance as it pertains to both glucose uptake and FA
uptake and oxidation. To accomplish our aims, we used the L6
skeletal muscle cell line and treated the cells with atazanavir sul-
fate and/or ritonavir for up to 48 h. We used atazanavir sulfate
and ritonavir because the Department of Health and Human Ser-
vices Panel on Antiretroviral Guidelines for Adults and Adoles-
cents (2008) recommends their use to maintain an acceptable
virologic response while minimizing adverse effects on glucose
and lipid metabolism (Panel on Antiretroviral Guidelines for
Adults and Adolescents, 2008). To ascertain the independent ef-
fects of each PI on cell metabolism and signaling, the responses
of cells exposed to both PIs were compared to the responses of
cells exposed to one PI only.

2. Materials and methods
2.1. Cell culture

L6 myoblasts were cultured in o-minimal essential medium+
(o-MEM+) containing 10% fetal calf serum (FCS), 1% antibiotic—
antimycotic solution (Sigma Aldrich Ltd., St-Louis, MO), and
500 uM r-carnitine (Sigma Aldrich, St. Louis, MO) in a humidified
incubator at 37 °C (95% O,, 5% CO,). The a-MEM+ and FCS were
purchased from the Cell Culture Facility (University of Southern
California, Los Angeles, CA). Cells were grown in 75 cm? sterile cul-
ture flasks, sub-cultured at 60-80% confluence and split at a ratio
of 1:10 using trypsin—-EDTA (Invitrogen, Grand Island, NY). Cells
were sub-cultured into 6-well plates and switched to o-MEM+
containing 2% FCS to promote differentiation. By day 4, cells were
100% confluent and spontaneously differentiated into myotubes.
L6 myotubes were 10 days post-confluent on the day of the
experiment.

2.2. Cell treatments

Atazanavir sulfate and ritonavir were obtained through the
AIDS Research and Reference Reagent Program, Division of AIDS,
NIAID, NIH. Cells were first pre-exposed (24, 48, or 72 h) to ataz-
anavir sulfate (100 uM) and/or ritonavir (25 pM) or vehicle (mod-
ified a-MEM+, see above) and then incubated with serum-free
medium (5h, for metabolic measurements) and Krebs Ringer
Hepes buffer (KRB) (30 min: 1.47 mM K,HPO,/140 mM NacCl/
1.7 mM KCl1/0.9 mM CaCl,/0.9 mM MgSO,4/20 mM Hepes; pH 7.4).
Cells were then exposed to either insulin (100 nM; Novolin Insulin,
University of Southern California Pharmacy) or vehicle (KRB) for
15 min. The cells were then harvested in lysis buffer for Western

blot analysis (see below) or subjected to the palmitate uptake
and oxidation or glucose uptake assay.

2.3. Palmitate uptake and oxidation

Following each treatment * insulin, the experimental medium
was replaced with transport medium (100 M albumin-bound pal-
mitate, 1:1, 30 min) containing [1-'4C]palmitic acid (4 uCi/mL, Per-
kin Elmer, Boston, MA) to measure palmitate uptake and oxidation
as described previously (Bogachus and Turcotte, 2010; Kelly et al.,
2008). Incubations were terminated by removing the media which
were used to assay for '“C-labeled oxidation products (see below).
Following lysis, one set of duplicate aliquots of the lysate was used
to measure protein content using the Bradford method (BioRad,
Hercules, CA), while another set was mixed with scintillation fluid
(BudgetSolve, Research Product International Corp., Mount Pros-
pect, IL) to count radioactivity (Tri-carb 2100TR analyzer, Packard,
Downers Grove, IL). For the measurement of oxidation products,
14C0, was released from duplicate aliquots of experimental media
and trapped on filter paper (Whatman). The filter paper was mixed
with toluene-based scintillation cocktail and analyzed for '4CO,
radioactivity. To correct for carbon loss, additional experiments
were conducted with 4 nCi of [1-1#CJacetic acid (Perkin Elmer, Bos-
ton, MA) instead of [1-1“C]palmitic acid (Bogachus and Turcotte,
2010; Kelly et al., 2008).
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Fig. 1. Dose-response curve for atazanavir sulfate and ritonavir on glucose uptake
in L6 cells. Cells were exposed to atazanavir sulfate (0, 5, 100, 150, and 200 pM; A)
or ritonavir (0, 2.5, 25, and 50 pM; B) for 48 h. Glucose uptake was measured as
described in Methods. Values are mean * SE for all treatment groups (n=3-5 per
condition) and are expressed as percentage of control, where control refers to cells
that are not treated with atazanavir sulfate or ritonavir. *P < 0.05 vs control and
lowest concentration group; 'P<0.05 vs 100 uM atazanavir sulfate; *P<0.05 vs
25 puM ritonavir.
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2.4. Glucose uptake

Following each treatment * insulin, the experimental medium
was replaced with transport medium (200 pM, 5 min) containing
[2-3H]deoxyglucose (2-DG) (0.5 puCi/mL, MP Biochemicals, LLC, So-
lon, OH) to measure glucose uptake (Bogachus and Turcotte, 2010;
Kelly et al., 2008). Incubations were terminated via removal of the
media and lysis with SDS. As for palmitate uptake, duplicate ali-
quots of lysate were taken for scintillation counting and for protein
determination.

2.5. Western blot analysis

After the experimental treatments, cells were washed with ice
cold KRB and prepared for Western blotting as described (Kelly
et al, 2010). Lysis buffer was added (20 mM Tris/1% Np-40/
137 mM NaCl/1 mM CaCl,/1 mM MgCl,/10% (v/v) glycerol/1 mM
DTT/1 mM PMSF/2 mM NasVO4) and cells were gently pelleted
via centrifugation. Aliquots of the supernatants were assayed for
protein content (Bradford method; Bio-Rad, Hercules, CA) or sub-
jected to 12% SDS polyacrylamide gel electrophoresis. The sepa-
rated proteins were transferred onto Immobilin-P-polyvinylidene
difluoride (PVDF) membranes, blocked, and incubated overnight
with primary antibodies (1:1000) to measure either the total pro-
tein content for AKT2, or SAPK/JNK, or p38 MAP Kinase (Cell Signal-
ing, Danvers, MA), or the phosphorylation state of AKT*®™73, or
SAPH/NK™183/Tyr185 "o h38 MAP Kinase ™™ 189/Tvr182 (Cel] Signal-
ing, Danvers, MA). We chose to measure AKT2 because it is ex-
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pressed in skeletal muscle of mammalian cells (Bouzakri et al.,
2006; Fazakerley et al., 2010), and studies involving AKT2 knock-
out mice demonstrated the necessity of AKT2 for glucose homeo-
stasis since AKT2 knockout mice could not effectively regulate
their glucose levels and developed a type 2 diabetes-like pheno-
type (Cho et al., 2001; Garofalo et al., 2003; Gonzalez and McGraw,
2009). After exposure to the secondary antibody horseradish per-
oxidase goat anti-rabbit (1:10,000; Pierce, Rockford, IL), the mem-
branes were developed via enhanced chemiluminescence (Pierce,
Rockford, IL) followed by exposure to CL-XPosure film (Pierce,
Rockford, IL). Where appropriate, membranes were stripped and
re-probed with the GAPDH antibody (Santa Cruz Biotechnologies,
Santa Cruz, CA). The films were scanned using a Hewlett Packard
Scanjet 6200C and quantified using Scion Image (Scion, Frederick,
MD). In all cases, multiple gels were analyzed and compared to
results obtained for control cells that had not been treated with
atazanavir sulfate, ritonavir, and/or insulin. Protein content was
normalized to GAPDH.

2.6. Cell viability

Cell viability was determined via an MTT (3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyl tetrazolium bromide)-based assay (Sigma,
St. Louis, MO) that determines mitochondrial function spectropho-
tometrically (Wang et al., 2010; Xu et al., 2008). Briefly and in line
with the Manufacturer’s instructions, control cells and cells treated
with protease inhibitors were incubated with MTT for 150 min
(37 °C). After incubation, the resulting formazan crystals (purple
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Fig. 2. Effect of atazanavir sulfate and/or ritonavir on the rate of basal and insulin-mediated glucose uptake in L6 cells. Insulin-mediated (100 nM) glucose uptake was
assessed after treatment with atazanavir sulfate (100 uM) and/or ritonavir (25 uM) for 24 h (A) or 48 h (B). Values are mean # SE for all treatment groups (n=3-6 per
condition) and are expressed as percentage of control, where control refers to cells that are not treated with atazanavir sulfate, ritonavir, or insulin. In panel C, basal glucose
uptake in each treatment group is expressed as a percent value of basal glucose uptake in the untreated cells. In panel D, A glucose uptake represents the percent change in
glucose uptake with insulin treatment for each group and was calculated as the average rate of insulin-mediated glucose uptake minus the average rate of basal glucose
uptake divided by the average rate of basal glucose uptake. In panels C and D, C refers to the control group (untreated cells), R to the group treated with ritonavir, A to the
group treated with atazanavir sulfate and R/A to the group treated with ritonavir and atazanavir sulfate. *P < 0.05 vs control treatment; &P < 0.05 vs respective treatment in
basal state; P < 0.05 vs ritonavir treatment; *P < 0.05 vs atazanavir sulfate treatment.
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color) were solubilized and their absorbance was measured spectro-
photometrically at 570 nm, whereas background absorbance was
measured at 690 nm. The final absorbance was calculated as absor-
bance at 570 nm minus the background absorbance measured at
690 nm.

2.7. Calculations and statistics

The rates of glucose and palmitate uptake and of palmitate
oxidation were calculated as described in detail (Bogachus and
Turcotte, 2010; Kelly et al., 2008). All presented data are expressed
as mean = SE and are expressed as percent of control where control
refers to cells that were not treated with any agent or insulin (see
Figure legends for specific details). The percent control was calcu-
lated using measured rates (nmol/g/min) for all experimental
treatments. The effects of the protease inhibitors were analyzed
using a one-way ANOVA (Statview) followed by Fisher LSD post
hoc test when appropriate. The square of the Pearson product mo-
ment coefficient was used to determine the significance of correla-
tions when necessary. Insulin-mediated responses were analyzed
using T-tests when appropriate. In all instances, an o of 0.05 was
used to determine significance.

3. Results

3.1. Combined atazanavir sulfate + ritonavir treatment increases basal
glucose uptake and induces insulin resistance within 48 h

To ensure that the selected concentrations of atazanavir sulfate
and ritonavir were not associated with a maximal glucose uptake
response, dose-response curves were completed for both atazana-
vir sulfate (5, 100, 150, and 200 uM) and ritonavir (2.5, 25, and
50 uM) (Fig 1A and B). Atazanavir sulfate significantly increased
glucose uptake in the 100 uM treatment group when compared
to the 5 uM treatment and control groups (P < 0.05). Glucose up-
take in the 150 and 200 pM atazanavir sulfate treatment groups
was significantly higher when compared to the control and 5 and
100 uM treatment groups (P < 0.05). Similarly, ritonavir signifi-
cantly increased glucose uptake in the 25 puM treatment group
when compared to the 2.5 uM treatment and control groups
(P < 0.05). Higher levels of ritonavir (50 pM) induced a significantly
greater rate of glucose uptake when compared to the ritonavir (2.5
and 25 pM) treatment and control groups (P < 0.05). Thus, 100 pM
atazanavir sulfate and 25 puM ritonavir were chosen because they
were in the middle of the dose-response curve and, as such, did
not maximize the glucose uptake system allowing for a further in-
crease in glucose uptake with insulin stimulation.

To determine how time-dependent treatment with atazanavir
sulfate and/or ritonavir would affect insulin sensitivity in muscle
cells, basal and insulin-mediated glucose uptake were measured
in cells incubated with PIs for 24, 48 or 72 h. Because treatment
with PIs for 72 h led to significant loss of cell viability (<60%
viable), only the 24 and 48-h incubation data are presented. Cell
viability at 48-h incubation as assessed by an MTT-based mito-
chondrial activity assay was greater than 93% (P < 0.05). Treatment
with atazanavir sulfate, ritonavir, or atazanavir sulfate + ritonavir
for 24 or 48h significantly increased basal glucose uptake
(P<0.05) and atazanavir sulfate + ritonavir treatment increased
basal glucose uptake significantly more than ritonavir or atazana-
vir sulfate treatment alone (P < 0.05) (Fig 2A-C). Insulin stimula-
tion of glucose uptake was impaired in the 24 and 48-h
atazanavir sulfate groups and the 24-h ritonavir group (P> 0.05;
compared to the basal condition) and was completely prevented
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Fig. 3. Effect of atazanavir sulfate and/or ritonavir on the rate of basal and insulin-
mediated FA uptake in L6 cells. Insulin-mediated (100 nM) FA uptake was assessed
after treatment with atazanavir sulfate (100 pM) and/or ritonavir (25 pM) for 48 h
(A). In panel B, basal FA uptake was assessed after treatment with atazanavir sulfate
(100 uM) and/or ritonavir (25 pM) for 48 h. Values are mean + SE for all treatment
groups (n=3-4 per condition) and are expressed as percentage of control, where
control refers to cells that are not treated with atazanavir sulfate, ritonavir, or
insulin. In panel C, A FA uptake represents the percent change in FA uptake with
insulin treatment for each group and was calculated as the average rate of insulin-
mediated FA uptake minus the average rate of basal FA uptake divided by the
average rate of basal FA uptake. In panels B and C, C refers to the control group
(untreated cells), R to the group treated with ritonavir, A to the group treated with
atazanavir sulfate and R/A to the group treated with ritonavir and atazanavir
sulfate. *P < 0.05 vs control treatment; P < 0.05 vs respective treatment in basal
state.
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Fig. 4. Effect of atazanavir sulfate and/or ritonavir on the rate of basal and insulin-
mediated FA oxidation in L6 cells. Insulin-mediated (100 nM) FA oxidation was
assessed after treatment with atazanavir sulfate (100 uM) and/or ritonavir (25 uM)
for 48 h (A). In panel B, basal FA uptake was assessed after treatment with
atazanavir sulfate (100 uM) and/or ritonavir (25 pM) for 48 h. Values are mean * SE
for all treatment groups (n = 3-4 per condition) and are expressed as percentage of
control, where control refers to cells that are not treated with atazanavir sulfate,
ritonavir, or insulin. In panel C, A FA oxidation represents the percent change in FA
oxidation with insulin treatment for each group and was calculated as the average
rate of insulin-mediated FA oxidation minus the average rate of basal FA oxidation
divided by the average rate of basal FA oxidation. In panels B and C, C refers to the
control group (untreated cells), R to the group treated with ritonavir, A to the group
treated with atazanavir sulfate and R/A to the group treated with ritonavir and
atazanavir sulfate. *P < 0.05 vs control treatment; P < 0.05 vs respective treatment
in basal state; 'P<0.05 vs ritonavir treatment; ‘P<0.05 vs atazanavir sulfate
treatment.

in the 48-h atazanavir sulfate + ritonavir group (P> 0.05; com-
pared to the basal condition) (Fig 2A, B, and D).
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panel B, basal AKT®*®™73 phosphorylation was assessed after treatment with
atazanavir sulfate (100 pM) and/or ritonavir (25 uM) for 48 h. Values are mean * SE
for all treatment groups (n = 3-6 per condition) and are expressed as percentage of
control, where control refers to cells that are not treated with atazanavir sulfate,
ritonavir, or insulin. In panel C, A AKTS®™73 phosphorylation represents the percent
change in AKTS®*73 phosphorylation with insulin treatment for each group and was
calculated as the average rate of insulin-mediated AKT®™*7> phosphorylation minus
the average rate of basal AKT**™73 phosphorylation divided by the average rate of
basal AKT®¢™73 phosphorylation. In panels B and C, C refers to the control group
(untreated cells), R to the group treated with ritonavir, A to the group treated with
atazanavir sulfate and R/A to the group treated with ritonavir and atazanavir
sulfate. *P< 0.05 vs control treatment; %P < 0.05 vs respective treatment in basal
state.
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3.2. Combined atazanavir sulfate + ritonavir treatment increases basal
palmitate uptake and oxidation and prevents insulin-mediated
changes

To determine how the induction of insulin resistance via ataz-
anavir sulfate + ritonavir treatment would affect FA metabolism,
basal and insulin-mediated palmitate uptake and oxidation were
measured in cells treated with PIs for 48 h. Basal palmitate uptake
(35-41%) and oxidation (22-28%) was found to be significantly
(P <0.05) higher in cells treated with PIs alone or in combination
when compared to untreated cells (P<0.05) (Fig. 3A and B, 4A
and B). The increase in basal palmitate oxidation (97%) was found
to be significantly higher (P < 0.05) when the cells were treated
with both ritonavir and atazanavir sulfate. Prior treatment with
atazanavir sulfate or ritonavir alone or in combination prevented
(P> 0.05 vs the basal condition) the insulin-mediated increase in
palmitate uptake (Fig 3A and C) and the insulin-mediated decrease
in palmitate oxidation (Fig 4A and C) observed in untreated cells.

3.3. Combined atazanavir sulfate + ritonavir treatment prevents
insulin-mediated AKT**™73 phosphorylation

To assess the impact of atazanavir sulfate and/or ritonavir treat-
ment on insulin signaling, AKT2 protein content and phosphoryla-
tion state were measured. Total AKT2 protein content was not
affected by any of the treatments (P > 0.05) (Fig 5A). In line with
the glucose uptake data, basal AKTS™73 phosphorylation was high-
er (196%) in the atazanavir sulfate + ritonavir group when com-

pared to the control group (P<0.05) (Fig 5A and B) and the
insulin-induced increase in AKTS®™73 phosphorylation observed
in the control group (220%) was prevented by treatment with ataz-
anavir sulfate, ritonavir, or atazanavir sulfate + ritonavir (P > 0.05)
(Fig 5A and C). AKT®®™73 phosphorylation was positively correlated
(R>=0.94; P<0.05) with glucose uptake under basal conditions
but not FA oxidation (R? = 0.08; P> 0.05) (data not shown).

3.4. Atazanavir sulfate treatment alone or in combination with
ritonavir increases JNK1/2 phosphorylation but does not alter p38
MAPK phosphorylation

Inflammation has been shown to play a significant role in the
induction of insulin resistance in muscle cells (Dandona et al.,
2004). Therefore, two markers of inflammation, JNK1/2 and p38
MAPK, were measured to assess the role of inflammation in PI-in-
duced insulin resistance in muscle cells. Total JNK1/2 protein con-
tent in the basal state was not affected by PI treatment (P> 0.05)
(Fig 6A). However, total JNK1/2 protein content in the insulin-med-
iated state was found to be higher in the atazanavir sulfate + riton-
avir group when compared to the atazanavir sulfate group or
ritonavir group (P < 0.05) but not when compared to the control
group (P> 0.05). Atazanavir sulfate treatment alone or in combina-
tion with ritonavir significantly increased basal (7- to 11-fold) and
insulin-mediated (3- to 5-fold) JNK1/2 phosphorylation when
compared to the control or ritonavir group (P < 0.05) (Fig 6B and
C). JNK1/2 phosphorylation was positively correlated (R*=0.74;
P<0.05) with glucose uptake but not FA oxidation (R?=0.08;
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Fig. 7. Effect of atazanavir sulfate and/or ritonavir on basal and insulin-mediated
p38 MAPK phosphorylation in L6 cells. Insulin-mediated (100 nM) p38 MAPK
phosphorylation was assessed after treatment with atazanavir sulfate (100 uM)
and/or ritonavir (25 pM) for 48 h. Top panel of representative gels illustrate total
p38 protein content, while bottom panel represents p38 phosphorylation. Values
are mean + SE for all treatment groups (n = 3-5 per condition) and are expressed as
percentage of control, where control refers to cells that were not treated with
atazanavir sulfate, ritonavir, or insulin.

P> 0.05) (data not shown). Total p38 MAPK protein content and
p38 MAPK phosphorylation state were not altered in any of the
treatment groups (P > 0.05) (Fig 7).

4. Discussion

Our data provide new mechanistic insights for PI-induced met-
abolic dysfunction in skeletal muscle cells and implicate the JNK1/
2 pro-inflammatory signaling cascade in the loss of insulin sensi-
tivity with PI treatment. Most importantly, our results show that
PI treatment significantly impacts both basal and insulin-mediated
muscle metabolism. Thus, basal rates of glucose uptake and FA up-
take and oxidation were increased by short-term chronic PI treat-
ment and these metabolic alterations were associated with
increased JNK1/2 phosphorylation and AKTS™73 phosphorylation.
Our data also show that short-term chronic PI treatment com-
pletely prevented an increase in insulin-induced AKTS¢™73 phos-
phorylation and negatively affected insulin-mediated metabolic
regulation of glucose uptake, FA uptake and FA oxidation suggest-
ing that Pl-induced activation of the JNK1/2 pro-inflammatory cas-
cade is a primary event that significantly impacts proximal insulin
signaling and insulin-mediated metabolic regulation.

Very little research has been done looking at the effects of PI
treatment on FA uptake and/or oxidation in skeletal muscle cells.
Herein, we show that metabolic impairment associated with
short-term chronic PI treatment is not limited to insulin-mediated
glucose uptake but that in fact it includes significant changes in ba-
sal FA uptake and oxidation as well as a loss in insulin-mediated
changes in FA uptake and oxidation. Most significant was the
97% increase in basal FA oxidation, without a similar increase in
FA uptake, when cells were treated with both ritonavir and ataz-
anavir sulfate. In line with other data collected in C3H10T1/2 mes-
enchymal stem cells (Lenhard et al., 2000) and 3T3-L1 adipocytes
(Adler-Wailes et al., 2010; Ranganathan and Kern, 2002) in which
triglyceride lipolysis was found to be higher with PI treatment, our
data suggest that PI treatment stimulates lipid catabolism under
non-insulin stimulated conditions. On the other hand, given that
HIV-infected patients on HAART therapy have been shown to have
higher intramyocellular lipid (IMCL) content in leg muscles when
compared to non-HIV-infected control subjects (Gan et al., 2002;

Torriani et al., 2006), our results suggest that higher basal rates
of FA oxidation may not be the primary mechanism by which IMCL
accumulates in HIV-infected patients. In contrast to our results,
data from a recent study (Richmond et al., 2010) showed that ataz-
anavir sulfate and ritonavir in combination decreased FA oxidation
under basal conditions. This difference in results may have been
due in large part to the fact that in the aforementioned study
C2C12 muscle cells were pre-exposed to high FA levels for at least
18 h before FA oxidation measurements were assessed. Given that
exposure to high FA levels is known to significantly impact basal
FA oxidation (Constantinescu and Turcotte, 2010; Pimenta et al.,
2008), these differences in results are not unexpected. In fact, we
have also shown that high FA exposure (12 h) decreases basal FA
oxidation in L6 muscle cells (Constantinescu and Turcotte, 2010).

In line with the presence of insulin resistance, our data show
that PI treatment alone or in combination prevented the insulin-
mediated increase of FA uptake and suppression of FA oxidation
normally observed in healthy untreated muscle (Bogachus and
Turcotte, 2010; Dyck et al., 2001; Kelly et al., 2008). Our data agree
with results showing reduced insulin-mediated suppression of
whole-body fat oxidation during hyperinsulinemia in HIV-infected
patients undergoing PI therapy when compared to HIV-infected
individuals naive to PI treatment (Gan et al., 2002).

It is well accepted that cellular inflammation is associated with
metabolic dysregulation (Bastard et al., 2006; Shoelson et al., 2006)
and may be a causative factor in the development of insulin resis-
tance (Dandona et al., 2004). In line with this notion, our data indi-
cate that activation of the JNK1/2 pro-inflammatory cascade may
play a significant role not only in Pl-induced insulin resistance
but also in the development of metabolic impairment under non-
insulin-mediated conditions. Although increased gene and protein
expression of pro-inflammatory cytokines has been measured in
HIV-infected patients on HAART (Lihn et al., 2003; Sevastianova
et al., 2008), conclusions on the independent effects of PI treatment
on inflammation are difficult to draw because the HIV virus as well
as the NRTIs and/or NNRTIs included in HAART may also have inde-
pendent effects on inflammation. Here, we show that atazanavir
sulfate treatment is associated with a significant activation of the
JNK1/2 pro-inflammatory cascade suggesting that, as shown in die-
tary and genetic models of insulin resistance (Hirosumi et al., 2002)
sustained JNK1/2 activation contributes significantly to metabolic
dysfunction. Interestingly, PI-mediated JNK1/2 activation was asso-
ciated with an increase in AKT®™73 phosphorylation. Our data are
in line with results showing concurrent stimulation of inflamma-
tory or stress signaling and AKTS®™73 phosphorylation in rat hippo-
campus after forebrain ischemia (Zhang et al., 2007), in 3T3-L1
adipocytes following short-term palmitate treatment (McCall et
al,, 2010) and in muscle in high fat fed mice (Liu et al., 2009). In
agreement with the notion that induction of the JNK1/2 pro-inflam-
matory cascade is linked to metabolic dysfunction (Hirosumi et al.,
2002; Solinas et al., 2006), short-term chronic PI treatment was also
associated with an inability to further increase AKTS®™73 phosphor-
ylation with insulin stimulation. A similar suppression of insulin-
induced AKT®®™73 phosphorylation has also been observed in L6
cells following short-term but not acute PI treatment (Ben-Romano
et al., 2003; Nolte et al., 2001) and in muscle of HIV-infected pa-
tients on HAART (Haugaard et al., 2005). Together with data show-
ing that signaling intermediates upstream and downstream of AKT
are also negatively affected by PI treatment (Ben-Romano et al.,
2004; Djedaini et al., 2009; Kachko et al., 2009) and that phospha-
tidylinositol 3-kinase-dependent insulin signaling is critical for the
regulation of insulin-mediated FA and glucose metabolism in mus-
cle cells (Bandyopadhyay et al., 1997; Kelly et al., 2008), our data
suggest that short-term chronic PI treatment significantly impairs
proximal insulin signaling and is a causal factor in the inability of
Pl-treated muscle cells to respond normally to insulin.
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As observed for FA uptake and oxidation, glucose uptake under
non-insulin-stimulated conditions was increased by short-term
chronic PI treatment. To the best of our knowledge, only one study
has reported basal glucose uptake data in L6 cells treated with a
specific PI for a similar duration (18 h) (Ben-Romano et al., 2003)
and our results agree with those previously reported data. Further-
more, a similar activation of glucose uptake was recorded in L6
cells treated with selective Pls for 8 days (Germinario et al.,
2003) and in 3T3-L1 adipocytes treated with selective Pls for a
similar duration (18 h to 8 days) (Ben-Romano et al., 2003;
Ranganathan and Kern, 2002; Rudich et al., 2001). Our data dem-
onstrating a significant or total suppression of insulin-mediated
stimulation of glucose uptake with short-term chronic PI treat-
ment were expected. Indeed, acute PI exposure has been shown
to decrease insulin-stimulated glucose uptake in muscle incubated
with physiological levels of insulin and whole-body glucose dis-
posal measured in vivo during euglycemic-hyperinsulinemic
clamp conditions (Ben-Romano et al., 2003; Hruz et al., 2002; Nolte
et al., 2001).

To the best of our knowledge we are the first group to investi-
gate inflammation as a causative factor in the development of met-
abolic dysfunction and insulin resistance in skeletal muscle cells
following short-term chronic treatment with atazanavir sulfate
and ritonavir. More specifically, our data show that PI treatment
induces significant metabolic alterations in glucose uptake, FA up-
take and FA oxidation under basal conditions and that these
changes are correlated with a rise in JNK1/2 pro-inflammatory sig-
naling (Fig 8). To determine the link between upregulation of
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Fig. 8. Schematic representation of proposed cellular mechanisms induced by
atazanavir sulfate/ritonavir treatment in L6 cells. As shown in panel A, our data
show that short-term (48 h) PI treatment with atazanavir sulfate/ritonavir at the
concentrations used in this study induces a pro-inflammatory state which is
characterized in part by an activation of J]NK1/2 and AKT. Panel B shows that the PI-
induced pro-inflammatory state prevents further AKT activation with insulin
resulting in resistance to the actions of insulin in metabolic regulation (as
evidenced by a loss of insulin-mediated increase in glucose uptake). PI: protease
inhibitor.

pro-inflammatory signaling and insulin resistance with PI treat-
ment, future studies should focus on investigating the effects of
pharmacological or genetic inhibition of pro-inflammatory path-
ways on the development of insulin resistance. Additionally, since
metabolic alterations were observed, the expression of proteins
that regulate metabolic processes such as Glut4, CD36, and Acetyl
CoA Carboxylase (ACC) should be investigated as potential intracel-
lular mechanisms by which glucose uptake, FA uptake and FA oxi-
dation are increased with atazanavir sulfate and/or ritonavir
treatment. Ultimately, studies testing the applicability of the pro-
posed mechanism will need to include whole body animal studies
and HIV-infected patients. Clinically, an understanding of the
mechanism by which PIs induce insulin resistance would benefit
HIV-infected patients because they may lead to the development
of alternative drug regimens.
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