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Introduction
Highly active antiretroviral therapy (HAART) is prescribed to 

human immunodeficiency virus (HIV)-infected patients to slow 
down the progression of HIV and the development of acquired 
immunodeficiency syndrome (AIDS) [1]. While HAART has many 
positive effects in HIV-infected patients, it also induces insulin 
resistance in a significant number of patients [2,3]. Insulin resistance 
in skeletal muscle is a multifactorial pathology which is characterized 
with reduced insulin action and aberrant fatty acid (FA) and glucose 
metabolism and whose development has been linked to the presence 
of inflammation [4-7]. In line with the notion that tissue inflammation 
plays a significant role in the induction of insulin resistance [4,6,8,9] we 
have shown that C-Jun-N-terminal Kinase (JNK1/2) pro-inflammatory 
signaling, but not p38 Mitogen Activated Protein Kinase (MAPK) 
signaling, is upregulated in HAART-induced insulin resistance in 
skeletal muscle cells [10]. Because insulin resistance is accompanied 
by significant impairment of metabolic regulation, development of 
clinical strategies to offset the detrimental consequences of HAART 
therapy should be investigated. 

Clinically, insulin resistance is often managed with the biguanide 
metformin, a pharmacological agent, which effectively increases 
insulin sensitivity with chronic use [11-14]. However, in spite of its 
clinical popularity, the effects of metformin on HAART-induced 
insulin resistance are not clearly defined [15-17]. Furthermore, 
although metformin has been shown to affect metabolic regulation 
in skeletal muscle cells and liver via activation of the AMP-regulated 
protein kinase 1 (AMPK1) [18,19], it is not clear whether metformin 
could restore metabolic function in HAART-treated cells via a 

reduction in pro-inflammatory JNK1/2 signaling. Additionally, due 
to its potent anti-oxidative and anti-inflammatory effects, the plant-
derived polyphenol resveratrol (3,5,4’–trihydroxystilbene) might be 
another potential agent for the treatment of HAART-induced insulin 
resistance [20,21]. There may be strong clinical potential for resveratrol 
in the treatment of inflammatory diseases because it has the ability to 
downregulate the inflammatory response via a number of biological 
activities including but not limited to inhibition of NF-κB signaling 
and NLRP3 (NOD-like receptor family, pryin domain containing 3) 
inflammasome [22,23]. Resveratrol has also been shown to improve 
mitochondrial function and protect against metabolic disease via 
activation of SIRT1 and PGC-1α [24]. Thus, resveratrol may be capable 
of blunting HAART-induced insulin resistance. 

Insulin sensitivity is regulated by the insulin signaling pathway 
and within this pathway AKT is a molecule of particular interest. We 
chose to measure AKT2 because it is expressed in skeletal muscle 
of mammalian cells and studies involving AKT2 knockout mice 
demonstrated the necessity of AKT2 for glucose homeostasis since 
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Abstract
C-Jun-N-terminal kinase (JNK1/2) pro-inflammatory signaling has been shown to play a role in highly active

antiretroviral therapy (HAART)-induced insulin resistance in skeletal muscle cells. To determine the effectiveness 
of metformin and resveratrol in blunting HAART-induced insulin resistance, L6 skeletal muscle cells were treated 
± (with or without) HIV protease inhibitors (ritonavir+atazanavir sulfate; RA) and either metformin, resveratrol, or 
the JNK1/2 inhibitor SP600125 and incubated ± insulin (100 nM). SP600125 as well as metformin and resveratrol 
reduced (P<0.05) JNK1/2 phosphorylation in RA-treated cells but not in healthy cells. In basal and insulin-stimulated 
cells, RA treatment significantly increased JNK1/2 phosophorylation (P<0.05). Additionally, when RA-stimulated cells 
were treated with metformin, resveratrol or SP6000125, JNK1/2 phosphorylation was reduced (P<0.05) indicating 
reduced inflammation. Basal and insulin-stimulated glucose uptake was increased in RA-treated cells (P<0.05). The 
presence of insulin resistance in RA-treated cells was partially abrogated (P>0.05) by metformin and SP600125 
treatment. RA-treatment increased FA (fatty acid) uptake and oxidation in both the basal and insulin-stimulated 
state. Increased percent change of AKTSer473 phosphorylation indicated increased insulin sensitivity in RA+metformin 
(P=0.08) and RA+resveratrol (P<0.05) treated cells. Treatment with metformin, resveratrol or SP600125 had very 
little impact on p38 phosphorylation in basal and insulin-stimulated cells made insulin-resistant by incubation with RA. 
Our data indicate that metformin and resveratrol induce beneficial metabolic changes in cells made insulin resistant 
by treatment with protease inhibitors in part via inhibition of JNK1/2 pro-inflammatory signaling and stimulation of 
insulin-mediated AKTSer473 phosphorylation.
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AKT2 knockout mice could not effectively regulate their glucose levels 
and developed a type 2 diabetes-like phenotype.

Given this information, the purpose of this study was to determine 
in L6 skeletal muscle cells 1) whether short-term treatment with 
metformin or resveratrol would reverse/reduce insulin resistance 
induced by HAART treatment and 2) whether reversal of insulin 
resistance would occur via an inhibition of the JNK1/2 pro-
inflammatory pathway. To accomplish these aims, we used L6 skeletal 
muscle cells made insulin resistant via treatment with the protease 
inhibitors ritonavir+atazanavir sulfate [10]. To specifically ascertain 
the role of JNK1/2 signaling, the effects of metformin and resveratrol 
on muscle metabolism and inflammation signaling were compared to 
those obtained following treatment with the JNK1/2 inhibitor, SP600125 
[25-28]. We hypothesized that both metformin and resveratrol would 
reverse/reduce HAART-induced insulin resistance and JNK1/2 pro-
inflammatory signaling and that these results would be comparable to 
the data obtained with JNK1/2 inhibition (SP600125). 

Methods
Cell culture

L6 myoblasts were cultured in α-minimal essential medium+(α-
MEM+) containing 10% fetal calf serum (FCS), 1% antibiotic-
antimycotic solution (Sigma Aldrich Ltd, St-Louis, MO), and 500 µM 
L-carnitine (Sigma Aldrich, St. Louis, MO) in a humidified incubator 
at 37˚ C (95% O2, 5% CO2). The α-MEM+ and FCS were purchased 
from the Cell Culture Facility (University of Southern California, Los 
Angeles, CA). Cells were grown in 75 cm2 sterile culture 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 α-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. 

Cell treatments 

Atazanavir Sulfate and Ritonavir were obtained through the AIDS 
Research and Reference Reagent Program, Division of AIDS, NIAID, 
NIH. HAART treatment was induced by incubating the cells with 
atazanavir sulfate (100 µM) and ritonavir (25 µM) for 48 hrs. This 
regimen was used based on our previous studies of the dose- and time-
dependent effects of ritonavir and atazanavir sulfate treatment on glucose 
uptake [10]. For metformin treatment, we used 800 μM metformin for 
24 hrs because we and others have used this concentration and/or time 
condition previously [18,29,30]. For resveratrol treatment, we used 100 
μM resveratrol for 24 hrs for comparative purposes and because this 
concentration had previously been used [31,32]. For the JNK inhibitor 
treatment option, we used 5 μM of the inhibitor SP600125 for 48 hrs 
because previous studies using this treatment option have observed an 
induction of JNK1/2 inhibition that is similar to that observed with 
metformin or resveratrol in insulin-resistant cells [26-28,33].

Cells were first pre-exposed (48 hrs) to atazanavir sulfate (100 µM) 
and ritonavir (25 µM) or vehicle (modified α-MEM+, see above) and, 
when dictated by the protocol, metformin (800 µM, Sigma-Aldrich Ltd, 
St. Louis, MO) or resveratrol (100 µM, Sigma-Aldrich Ltd, St. Louis, 
MO) was included in the medium for the final 24 hours. In experiments 
with the JNK1/2 inhibitor, SP600125, cells were solely or concurrently 
exposed to 5 µM SP600125 (EMB Biosciences, Gibbstown, NJ) during 
the atazanavir sulfate/ritonavir exposure (48 hrs). Following these 
procedures, cells were incubated with serum-free medium (5 hrs; for 

the metabolic measurements) and Krebs Ringer Hepes buffer (KRB) (30 
min: 1.47 mM K2HPO4/140 mM NaCl/1.7 mM KCl/0.9 mM CaCl2/0.9 
mM MgSO4/20 mM Hepes; pH 7.4) and 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. 

Substrate uptake and oxidation

Following each treatment ± (with or without) insulin, the 
experimental medium was replaced with transport medium (100 µM 
albumin-bound palmitate, 1:1, 30 min) containing [1-14C]palmitic acid 
(4 µCi/mL, Perkin Elmer, Boston, MA) to measure palmitate uptake 
and oxidation [18,34]. Incubations were terminated by removing the 
media which was used to assay for 14C-labeled oxidation products (see 
below). Wells were washed twice with KRB and cells were lysed by 
mixing with SDS (23°C). Following lysis, one set of duplicate aliquots 
of the lysate was used to measure protein content using the Bradford 
method (BioRad, Hercules, CA). Another set of aliquots was mixed 
with scintillation fluid (BudgetSolve, Research Product International 
Corp., Mount Prospect, IL) to count radioactivity (Tri-carb 2100TR 
analyzer, Packard, Downers Grove, IL) and the counts were used 
to calculate palmitate uptake. For the measurement of oxidation 
products, 14CO2 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 14CO2 
radioactivity. To correct for carbon loss, additional experiments were 
conducted with 4 µCi of (1-14C) acetic acid (Perkin Elmer, Boston, MA) 
instead of (1-14C) palmitic acid [18,34]. 

For glucose uptake measurements, following each treatment ± 
(with or without) insulin, the experimental medium was replaced with 
transport medium (200 µM, 5 min) containing [2-3H] deoxyglucose 
(2-DG) (0.5 µCi/mL, MP Biochemicals, LLC, Solon, OH) to measure 
glucose uptake [34]. Incubations were terminated via removal of 
the media and lysis with SDS. As for palmitate uptake, duplicate 
aliquots of lysate were taken for scintillation counting and for protein 
determination.

Western blot analysis

After the experimental treatments, cells were washed with ice 
cold KRB and prepared for Western blotting as described [10,18,35]. 
Lysis buffer was added (20 mM Tris/1% Np-40/137 mM NaCl/1 mM 
CaCl2/1 mM MgCl2/10% (v/v) glycerol/1 mM DTT/1 mM PMSF/2 mM 
Na3VO4) and cells were gently pelleted via centrifugation. Aliquots of 
the supernatants were assayed for protein content (Bradford method; 
Bio-Rad, Hercules, CA) or subjected to 12% SDS polyacrylamide 
gel electrophoresis. The separated proteins were transferred onto 
Immobilin-P-polyvinylidene difluoride (PVDF) membranes, blocked 
and incubated overnight with primary antibodies (1:1,000) to measure 
either the total protein content for AKT2, or SAPK/JNK, or p38 MAP 
Kinase (Cell Signaling, Danvers, MA), or the phosphorylation state of 
AKTSer473, or SAPH/JNKThr183/Tyr185, or p38 MAP KinaseThr180/Tyr182 (Cell 
Signaling, Danvers, MA). After exposure to the secondary antibody 
horseradish peroxidase goat anti-rabbit (1:10,000; Pierce, Rockford, 
IL), the membranes 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 
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all cases, multiple gels were analyzed and compared to results obtained 
for control cells that had not been treated with ritonavir+atazanavir 
sulfate, metformin, resveratrol, SP600125 and/or insulin. Protein 
content was normalized to GAPDH.

Calculations and statistics

The rates of glucose and palmitate uptake and of palmitate oxidation 
were calculated as described in details [10,18,36]. 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 (see 
figure legends for specific details). The percent control was calculated 
using measured rates (nmol/g/min) for all experimental treatments. 
Change (Δ) glucose uptake (Figure 2C) represents the percent change 
in glucose uptake with insulin treatment for each group and was 
calculated as the rate of insulin-mediated glucose uptake for each well 
minus the average rate of basal glucose uptake divided by the average 
rate of basal glucose uptake. Change (Δ) AKTSer473 phosphorylation 
(Figure 4E) represents the percent change in AKTSer473 phosphorylation 
with insulin treatment for each group and was calculated as the insulin-
mediated AKTSer473 phosphorylation for each gel minus the average 
basal AKTSer473 phosphorylation divided by the average basal AKTSer473 
phosphorylation. In insulin-treated and non-treated (basal) cells, data 
were analyzed using analysis of variance followed by Fisher LSD post-
hoc test when appropriate. In all instances, an α of 0.05 was used to 
determine significance.

Results
Metformin, resveratrol and SP600125 reduce JNK1/2 
phosphorylation in L6 cells made insulin resistant by 
treatment with ritonavir+atazanavir sulfate

The effect of RA treatment on JNK1/2 phosphorylation is shown 
in Figures 1A-D. As shown previously, treatment with RA increased 
JNK1/2 phosphorylation when compared to respective non-RA 
treated cells under both basal and insulin-stimulated conditions 
(P<0.05, Figure 1C & D) [10]. In cells treated with RA, treatment 
with metformin, resveratrol or SP600125 decreased (P<0.05) basal 
and insulin-stimulated JNK1/2 phosphorylation such that JNK1/2 
phosphorylation was not different (P>0.05) between non-RA treated 
and RA treated cells (Figure 1C & D). This indicates that the pro-
inflammatory JNK1/2 signaling cascade was reduced. Total JNK 
protein content did not change with any of the treatment conditions 
(P>0.05, Figure 1A & B). 

Metformin and SP600125 restore insulin-mediated glucose 
uptake in L6 muscle cells made insulin resistant by treatment 
with ritonavir+atazanavir sulfate

As shown previously, basal and insulin-stimulated glucose uptake 
was higher in cells treated with RA when compared to respective 
non-RA treated cells and RA treatment completely abolished insulin 
stimulation of glucose uptake indicating the presence of insulin 
resistance in RA treated cells (P<0.05, Figure 2A-2C) [10,37-40]. Here 
we show that incubation with metformin, resveratrol or SP600125 was 
able to inhibit (P<0.05) basal glucose uptake by 50-55% in RA treated 
cells (Figure 2A). In these cells, incubation with metformin, resveratrol 
or SP600125 inhibited (P<0.05) insulin-mediated glucose uptake by 
17-36% and insulin-mediated glucose uptake was lower (P<0.05) in the 
resveratrol group than the metformin group (Figure 2B). We also show 
that treatment with metformin and SP600125, but not resveratrol, 
restored insulin action in RA treated cells. This is indicated by the fact 

that ∆ glucose uptake was 65% (P<0.05) in cells treated with RA and 
metformin and 62% (P=0.07) in cells treated with RA and SP600125 
but only 31% (P>0.05) in cells treated with RA and resveratrol. 

As shown previously, metformin increased (P<0.05) basal glucose 
uptake in non-RA treated cells (Figure 2A) [18]. Resveratrol and 
SP600125 did not affect (P>0.05) basal glucose uptake in non-RA 
treated cells. In these cells, metformin increased (P<0.05) insulin-
mediated glucose uptake whereas resveratrol and SP600125 had no 
effect (P>0.05).

Resveratrol and SP600125 modify FA uptake and SP600125 
reduces FA oxidation in L6 cells made insulin resistant by 
treatment with ritonavir+atazanavir sulfate

As shown previously, RA treatment increased (P<0.05) basal and 
insulin-mediated FA uptake and oxidation (Figure 3A-D) [10]. In RA 
treated cells, incubation with metformin, resveratrol and SP600125 
reduced (P<0.05) basal FA uptake by 16-55% (Figure 3A). In these cells, 
basal FA uptake was lower (P<0.05) in cells incubated with resveratrol 
(48%) or SP600125 (33%) than in cells incubated with metformin. In 
contrast to these results, only incubation with SP600125 was associated 
with a decrease (28%; P<0.05) in basal FA oxidation (Figure 3B). 
Incubation with metformin or resveratrol had no effect (P>0.05) on 
basal rates of FA oxidation. 

Incubation with resveratrol or SP600125 decreased insulin-
mediated FA uptake by 38-60% whereas incubation with metformin 
had no effect on insulin-mediated FA uptake (Figure 3C). Insulin-
mediated FA uptake was 35-57% lower (P<0.05) in cells incubated 
with resveratrol or SP600125 than in cells incubated with metformin. 
In line with the data obtained for basal FA oxidation, incubation with 
SP600125 decreased (20%; P<0.05) insulin-mediated FA oxidation 
whereas incubation with metformin or resveratrol had no effect 
(P>0.05) on insulin-mediated FA oxidation (Figure 3D). 

As shown previously, metformin decreased (P<0.05) basal and 
insulin-mediated FA uptake in non-RA treated cells (Figure 3A-D) 
[18]. Additionally, in these non-RA treated cells, incubation with 
resveratrol or SP600125 had no effect (P>0.05) on basal or insulin-
mediated FA uptake or FA oxidation (Figure 3A-D).

Metformin and resveratrol increase insulin-mediated 
AKTser473 phosphorylation in L6 cells made insulin resistant 
by treatment with ritonavir+atazanavir sulfate

As shown previously, RA treatment increased (P<0.05) AKTser473 
phosphorylation in the basal state but did not affect AKTser473 
phosphorylation in the insulin-mediated state (Figure 4C & D) [10]. 
In RA treated cells, metformin and resveratrol increased (P<0.05) 
insulin-mediated AKTser473 phosphorylation when compared to control 
RA treated cells (Figure 4D). In these cells, SP600125 treatment 
had no effect on insulin-mediated AKTser473 phosphorylation. To 
investigate the effect of drug treatment on insulin stimulation of 
AKTser473 phosphorylation, we calculated the change (∆) in AKTser473 
phosphorylation between the basal and insulin conditions (Figure 4E). 
Our data show that in cells treated with RA, insulin did not increase 
(P>0.05) AKTser473 phosphorylation (Figure 4E). Low insulin-mediated 
AKTSer473 phosphorylation is commonly seen as an indicator of the 
presence of insulin resistance [41] and has been observed with this type 
of protease inhibitor treatment [10]. In these insulin-resistant cells, 
treatment with metformin (P=0.08) or resveratrol (P<0.05) restored the 
stimulatory effect of insulin on AKTser473 phosphorylation. SP600125 
treatment had no impact on AKTser473 phosphorylation in cells treated 
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A.
  

Representative gels for total and phosphorylated JNK for cells treated with ritonavir+atazanavir sulfate 
and metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under basal or insulin 
stimulation (I).  
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B.
  

Representative gels for total and phosphorylated JNK for cells not treated with ritonavir+atazanavir 
sulfate but incubated with metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under 
basal or insulin stimulation (I).  
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Figure 1: Metformin, resveratrol and SP600125 reduce JNK1/2 phosphorylation in L6 cells made insulin resistant by treatment with ritonavir+atazanavir 
sulfate. (A) Representative gels for total and phosphorylated JNK for cells treated with ritonavir+atazanavir sulfate and metformin (M), resveratrol (Res), SP600125 
(SP) or no drug (C: control) under basal or insulin stimulation (I). (B) Representative gels for total and phosphorylated JNK for cells not treated with ritonavir+atazanavir 
sulfate but incubated with metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C:control) under basal or insulin stimulation (I). (C) Basal JNK1/2 
phosphorylation was assessed after treatment with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) and metformin (800 µM, 24 hr), 
resveratrol (100 µM, 24 hr), SP600125 (5 µM, 48 hr) or no drug (Control). (D) Insulin-mediated (100 nM) JNK1/2 phosphorylation was assessed after treatment with 
or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) and metformin (800 µM, 24 hr), resveratrol (100 µM, 24 hr), SP600125 (5 µM, 48 hr) 
or no drug (Control). (A) & (B): For each group of blots, the top panel shows a representative gel of JNK1/2 phosphorylation, the middle panel shows a representative 
gel of total JNK1/2 protein content and the bottom panel shows a representative gel of GAPDH protein content (loading control). (C) & (D): 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 ritonavir+atazanavir 
sulfate, metformin, resveratrol or SP600125. (C): & P<0.05 vs. respective non-ritonavir+atazanavir sulfate treated state; * P<0.05 vs. control group similarly treated. 
(D): & P<0.05 vs. respective insulin-mediated non-ritonavir+atazanavir sulfate treated state; * P<0.05 vs. insulin-mediated control group similarly treated.



Citation: Bogachus LD, Turcotte LP (2014) Metformin and Resveratrol Induce Beneficial Metabolic Adaptations in L6 Muscle Cells Treated with HIV 
Protease Inhibitors: Evidence for Inhibition of JNK1/2 Signaling. J Antivir Antiretrovir 6: 102-113. doi:10.4172/jaa.1000105

Volume 6(3): 102-113 (2014) - 106 
J Antivir Antiretrovir
ISSN: 1948-5964 JAA, an open access journal

Figure 2: Metformin and SP600125 restore insulin-mediated glucose uptake in L6 muscle cells made insulin resistant by treatment with ritonavir+atazanavir 
sulfate. (A) Basal glucose uptake was assessed after treatment with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) and metformin 
(800 µM, 24 hr), resveratrol (100 µM, 24 hr), SP600125 (5 µM, 48 hr) or no drug (Control). (B) Insulin-mediated (100 nM) glucose uptake was assessed after treatment 
with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) and metformin (800 µM, 24 hr), resveratrol (100 µM, 24 hr), SP600125 (5 µM, 48 
hr) or no drug (Control). For (A), (B) and (C), values are mean ± SE for all treatment groups (n=4-8 per condition) and are expressed as percentage of control, where 
control refers to cells that are not treated with ritonavir+atazanavir sulfate, metformin, resveratrol or SP600125. (C) Δ glucose uptake represents the percent change 
in glucose uptake with insulin treatment for each group and was calculated as the rate of insulin-mediated glucose uptake for each well minus the average rate of 
basal glucose uptake divided by the average rate of basal glucose uptake. RA refers to the group treated with ritonavir+atazanavir sulfate, RA+M to the group treated 
with ritonavir+atazanavir sulfate and metformin, RA+R to the group treated with ritonavir+atazanavir sulfate and resveratrol and RA+SP to the group treated with 
ritonavir+atazanavir sulfate and SP600125. (A): & P<0.05 vs. respective non-ritonavir+atazanavir sulfate treated state; * P<0.05 vs. control group similarly treated; 
† P<0.05 vs. metformin group similarly treated. (B): & P<0.05 vs. respective insulin-mediated non-ritonavir+atazanavir sulfate treated state; * P<0.05 vs. insulin-
mediated control group similarly treated; † P<0.05 vs. insulin-mediated metformin group similarly treated. (C): ∞ P<0.05 vs. RA.
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 Figure 3: Resveratrol and SP600125 reduce FA uptake and SP600125 reduces FA oxidation in L6 cells made insulin resistant by treatment with 
ritonavir+atazanavir sulfate. Basal FA uptake (A) and oxidation (B) was assessed after treatment with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, 
respectively, 48 hr) and metformin (800 µM, 24 hr), resveratrol (100 µM, 24 hr), SP600125 (5 µM, 48 hr) or no drug (Control). Insulin-mediated (100 nM) FA uptake 
(C) and oxidation (D) was assessed in cells treated with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) and metformin (800 µM, 24 hr), 
resveratrol (100 µM, 24 hr), SP600125 (5 µM, 48 hr) or no drug (Control). Values are mean ± SE for all treatment groups (n=4-14 per condition) and are expressed 
as percentage of control, where control refers to cells that are not treated with ritonavir+atazanavir sulfate, metformin, resveratrol or SP600125. (A) & (B): & P<0.05 
vs. respective non-ritonavir+atazanavir sulfate treated state; * P<0.05 vs. control group similarly treated; † P<0.05 vs. metformin group similarly treated; ‡ P<0.05 vs. 
resveratrol group similarly treated. (C) & (D): & P<0.05 vs. respective insulin-mediated non-ritonavir+atazanavir sulfate treated state; * P<0.05 vs. insulin-mediated 
control group similarly treated; † P<0.05 vs. insulin-mediated metformin group similarly treated; ‡ P<0.05 vs. insulin-mediated resveratrol group similarly treated.

with RA compared to controls (P>0.05, Figure 4E). Total AKT2 protein 
content was not altered by any of the treatment conditions (P>0.05, 
Figure 4A and B).

Metformin, resveratrol and SP600125 did not reduce p38 
phosphorylation in L6 cells made insulin resistant by 
treatment with ritonavir+atazanavir sulfate

Treatment with metformin, resveratrol or SP600125 had very 
little impact on p38 phosphorylation in basal and insulin-stimulated 
cells made insulin-resistant by incubation with RA (Figure 5A-D). 
In the insulin-mediated condition, treatment with RA increased p38 
phosphorylation (13%) when compared to the respective non-RA 
treated control cells (P<0.05, Figure 5D). Metformin decreased insulin-
mediated p38 phosphorylation by 32% in RA-treated cells (P<0.05, 
Figure 5D). Total p38 protein content was not affected by any of the 
treatment options under basal conditions (P>0.05). In the insulin-

stimulated condition, total p38 protein content was increased (P<0.05) 
in cells treated with RA (32% vs. insulin alone) or metformin (34% vs. 
insulin alone).

Discussion
Our data provide new evidence for a central role of JNK1/2 pro-

inflammatory signaling in the induction of insulin resistance by 
treatment with protease inhibitors such as ritonavir and atazanavir 
sulfate. They also provide novel information about the cellular 
mechanisms by which metformin and resveratrol restore insulin action 
in skeletal muscle cells made insulin resistant by this type of protease 
inhibitor treatment. Herein we show that, in skeletal muscle cells 
made insulin resistant by exposure to protease inhibitors, treatment 
with either metformin or resveratrol leads to a reduction in JNK1/2 
phosphorylation and an increase in insulin-mediated AKTSer473 

phosphorylation. Interestingly, we also show that these signaling 
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A.
Representative gels for total and phosphorylated AKT for cells treated with ritonavir+atazanavir sulfate 
and metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under basal or insulin 
stimulation (I).    

 ~P AKT 

 T AKT 

 T GAPDH 

          C             I             M            M I                         

 ~P AKT 

 T AKT 

 T GAPDH 

        C            I            Res          Res I                         

 ~P AKT 

 T AKT 

 T GAPDH 

         C            I             SP           SP I                        

B.
Representative gels for total and phosphorylated AKT for cells not treated with ritonavir+atazanavir 
sulfate but incubated with metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under 
basal or insulin stimulation (I).  
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changes are associated with different changes in basal and insulin-
mediated metabolism suggesting that the metabolic impact of reduced 
JNK1/2 phosphorylation is dependent on the therapeutic agent used. 

We have previously shown that in skeletal muscle cells 
treatment with protease inhibitors induces insulin resistance and is 
accompanied by high levels of JNK1/2 phosphorylation [10]. Herein 
we show that metformin and resveratrol significantly reduce JNK1/2 
phosphorylation in muscle cells made insulin resistant by protease 
inhibitor treatment and that this is accompanied by an increase 

in insulin-mediated AKTSer473 phosphorylation. Our report of an 
inverse relationship between JNK1/2 phosphorylation and insulin-
mediated AKTSer473 phosphorylation confirms previous reports of 
such an association obtained in different cell types and using different 
experimental manipulations [42-45]. The results of our study expand 
on these previous reports by demonstrating that the beneficial 
metabolic and signaling alterations induced by a reduction in JNK1/2 
phosphorylation are dependent on the pharmacological agent or 
medicinal compound used. 

Figure 4: Metformin and resveratrol increase insulin-mediated AKTSer473 phosphorylation in L6 cells made insulin resistant by treatment with 
ritonavir+atazanavir sulfate. (A) Representative gels for total and phosphorylated AKT for cells treated with ritonavir+atazanavir sulfate and metformin (M), 
resveratrol (Res), SP600125 (SP) or no drug (C: control) under basal or insulin stimulation (I).  (B) Representative gels for total and phosphorylated AKT for cells 
not treated with ritonavir+atazanavir sulfate but incubated with metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under basal or insulin 
stimulation (I).  (C) Basal AKTSer473 phosphorylation was assessed after treatment with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) 
and metformin (800 µM, 24 hr), resveratrol (100 µM, 24 hr), SP600125 (5 µM, 48 hr) or no drug (Control). (D) Insulin-mediated (100 nM) AKTSer473 phosphorylation 
was assessed after treatment with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) and metformin (800 µM, 24 hr), resveratrol (100 
µM, 24 hr), SP600125 (5 µM, 48 hr) or no drug (Control). (A) & (B): For each group of blots, the top panel shows a representative gel of AKTSer473 phosphorylation, 
the middle panel shows a representative gel of total AKTSer473 protein content and the bottom panel shows a representative gel of GAPDH protein content (loading 
control). (C), (D) and (E): 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 ritonavir+atazanavir sulfate, metformin, resveratrol or SP600125. (E) Δ AKTSer473 phosphorylation represents the percent change in 
AKTSer473 phosphorylation with insulin treatment for each group and was calculated as the insulin-mediated AKTSer473 phosphorylation for each gel minus the average 
basal AKTSer473 phosphorylation divided by the average basal AKTSer473 phosphorylation. RA refers to the group treated with ritonavir+atazanavir sulfate, RA+M to the 
group treated with ritonavir+atazanavir sulfate and metformin, RA+R to the group treated with ritonavir+atazanavir sulfate and resveratrol and RA+SP to the group 
treated with ritonavir+atazanavir sulfate and SP600125. (C): & P<0.05 vs. respective non-ritonavir+atazanavir sulfate treated state. (D): & P<0.05 vs. respective 
insulin-mediated non-ritonavir+atazanavir sulfate treated state; * P<0.05 vs. insulin-mediated control group similarly treated; † P<0.05 vs. insulin-mediated metformin 
group similarly treated; ‡ P<0.05 vs. insulin-mediated resveratrol group similarly treated. (E): ∞ P<0.05 vs. RA; § P<0.05 vs. RA+R24.

A.
Representative gels for total and phosphorylated AKT for cells treated with ritonavir+atazanavir sulfate 
and metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under basal or insulin 
stimulation (I).    
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B.
Representative gels for total and phosphorylated AKT for cells not treated with ritonavir+atazanavir 
sulfate but incubated with metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under 
basal or insulin stimulation (I).  
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A.  
Representative gels for total and phosphorylated p38 for cells treated with ritonavir+atazanavir sulfate 
and metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under basal or insulin 
stimulation. 
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B.  
Representative gels for total and phosphorylated p38 for cells not treated with ritonavir+atazanavir 
sulfate but incubated with metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under 
basal or insulin stimulation (I).    
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Because it is now well accepted that insulin resistance is 
characterized by a rise in inflammatory signaling [4,6,46], various 
pharmacological regimens that use either traditional anti-inflammatory 
agents or alternative medicinal compounds have been studied to 
determine whether they might be effective treatment options to defend 
against the development of insulin resistance. In our study, we used 
metformin and resveratrol, two insulin-sensitizing agents that have 
been shown to reduce inflammation [11-13,22,47]. Both metformin 
and resveratrol have been shown repeatedly to reduce blood levels of 
inflammatory cytokines such as CRP, IL-1β, and IL-6 and to decrease 
the activity of a variety of pro-inflammatory cascades including those 
associated with NF-κB, TNF-α or NLRP3 inflammasome [22, 23,47-
51]. These anti-inflammatory effects of metformin and resveratrol 
have been linked to improved metabolic function and neuroprotection 
and to a reduced incidence of pro-inflammatory disease states such 
as osteoarthritis and colitis in rodents [47-52]. Metformin has also 
been shown by some to alleviate some of the negative metabolic 
effects of HAART therapy [15-17]. Here we show that the beneficial 
insulin-sensitizing effects of metformin are due to a reduction in the 
activation state of the pro-inflammatory JNK1/2 signaling cascade 
and a concomitant restoration of AKTSer473 phosphorylation with 
insulin stimulation. We also show for the first time that resveratrol 
protects against the negative effects of protease inhibitor treatment on 
metabolic function in skeletal muscle cells. As shown in the metformin 
condition, treatment with resveratrol reduced JNK1/2 phosphorylation 
and was accompanied by an increase in insulin-mediated AKTSer473 

phosphorylation. Interestingly, metformin and resveratrol treatment 
were accompanied by different metabolic alterations. As shown 
previously in healthy skeletal muscle cells, metformin treatment 
restored insulin-mediated glucose uptake [18]. However, in contrast 
to its impact in healthy muscle cells, metformin did not alter FA 
uptake and oxidation in muscle cells made insulin resistant by protease 
inhibitors. The metabolic changes associated with resveratrol included 
a reduction in FA uptake but no change in insulin-mediated glucose 
uptake or FA oxidation. Thus, in insulin-resistant cells treated with 
resveratrol, insulin-mediated glucose uptake was not restored in spite 
of high insulin-mediated AKTSer473 phosphorylation. This reinforces 
the notion that although AKT is an important intermediate of the 
insulin signaling cascade, activation of other signaling molecules is 
necessary to restore insulin action as it pertains to glucose uptake [41]. 
Together, our data confirm that both metformin and resveratrol were 
capable of reversing the negative impact of the protease inhibitors on 
JNK1/2 pro-inflammatory signaling and on upstream insulin signaling. 
Interestingly, our metabolic data also show that restoration of JNK1/2 
and insulin signaling does not necessarily provide uniform metabolic 
adaptations. 

Since both metformin and resveratrol reduced JNK1/2 pro-
inflammatory signaling in muscle cells treated with protease inhibitors, 
we also studied the impact of JNK1/2 inhibition per se by using the 
JNK1/2 inhibitor SP600125. As expected, treatment with SP600125 
reduced JNK1/2 phosphorylation in muscle cells made insulin 
resistant by treatment with protease inhibitors but, interestingly, this 

Figure 5: Metformin, resveratrol and SP600125 did not reduce p38 phosphorylation in L6 cells made insulin resistant by treatment with 
ritonavir+atazanavir sulfate. (A) Representative gels for total and phosphorylated p38 for cells treated with ritonavir+atazanavir sulfate 
and metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: Control) under basal or insulin stimulation (I).  (B) Representative 
gels for total and phosphorylated p38 for cells not treated with ritonavir+atazanavir sulfate but incubated with metformin (M), resveratrol 
(Res), SP600125 (SP) or no drug (C: Control) under basal or insulin stimulation (I).  (C) Basal p38 MAPK phosphorylation was assessed after 
treatment with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) and metformin (800 µM, 24 hr), resveratrol 
(100 µM, 24 hr), SP600125 (5 µM, 48 hr) or no drug (Control). (D) Insulin-mediated (100 nM) p38 MAPK phosphorylation was assessed after 
treatment with or without ritonavir+atazanavir sulfate (25 µM and 100 µM, respectively, 48 hr) and metformin (800 µM, 24 hr), resveratrol 
(100 µM, 24 hr), SP600125 (5 µM, 48 hr) or no drug (Control). (A) & (B): For each group of blots, the top panel shows a representative 
gel of p38 MAPK phosphorylation, the middle panel shows a representative gel of total p38 MAPK protein content and the bottom panel 
shows a representative gel of GAPDH protein content (loading control). (C) & (D): 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 ritonavir+atazanavir sulfate, 
metformin, resveratrol or SP600125. (D): & P<0.05 vs. respective insulin-mediated non-ritonavir+atazanavir sulfate treated state; * P<0.05 vs. 
insulin-mediated control group similarly treated.

A.  
Representative gels for total and phosphorylated p38 for cells treated with ritonavir+atazanavir sulfate 
and metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under basal or insulin 
stimulation. 
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B.  
Representative gels for total and phosphorylated p38 for cells not treated with ritonavir+atazanavir 
sulfate but incubated with metformin (M), resveratrol (Res), SP600125 (SP) or no drug (C: control) under 
basal or insulin stimulation (I).    
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was not accompanied by an increase in insulin-mediated AKTSer473 
phosphorylation. Nevertheless, treatment with SP600125 was 
accompanied by a restoration of insulin-mediated glucose uptake and 
a reduction in FA uptake and oxidation. Our results are in line with 
previous data showing that silencing JNK1/2 restored insulin sensitivity 
and normalized insulin-induced glucose uptake in myotubes [53]. As 
expected, inhibition of JNK1/2 in a non-inflammatory state did not 
significantly change the rates of insulin-stimulated glucose uptake 
in our control skeletal muscle cells and this agrees with previously 
published data collected in primary neonatal rat myotubes [26]. 
Together, these data indicate that JNK1/2 inhibition improves insulin 
action in insulin resistant tissues but it does not promote additional 
metabolic or anti-inflammatory benefits in insulin sensitive tissues. 

To the best of our knowledge, we are the first group to investigate 
the effectiveness of metformin and resveratrol in blunting or reversing 
the negative effects of protease inhibitor treatment on metabolic 
regulation in skeletal muscle cells. More specifically, we provide 
evidence that both metformin and resveratrol are capable of reducing 
metabolic dysregulation via a reduction in JNK1/2 pro-inflammatory 
signaling. We further show that these beneficial metabolic alterations 
are accompanied by restoration of insulin-mediated AKTSer473 
phosphorylation. Further research will need to be completed to 
determine the cellular mechanisms by which JNK1/2 inhibition induced 
by metformin or resveratrol mediate different metabolic adaptations. 
Clinically, a better understanding of the cellular mechanisms by which 
metformin and resveratrol decrease inflammation and increase insulin 
action will benefit the treatment of patients with insulin resistance and 
type II diabetes including those who are HIV-positive and treated with 
protease inhibitors.

Acknowledgements

The authors would like to thank Benjamin Shin for his valuable technical 
assistance. This study was supported, in part, by grants from the University of 
Southern California Women in Science and Engineering (WiSE) program and 
from the American College of Sports Medicine, as well as by Fellowships from the 
University of Southern California Integrative and Evolutionary Biology Graduate 
Program.

References

1. Havlir DV, Lange JM (1998) New antiretrovirals and new combinations. AIDS 
12 Suppl A: S165-174.

2. Carr A, Samaras K, Burton S, Law M, Freund J, et al. (1998) A syndrome 
of peripheral lipodystrophy, hyperlipidaemia and insulin resistance in patients 
receiving HIV protease inhibitors. AIDS 12: F51-58.

3. van der Valk M, Bisschop PH, Romijn JA, Ackermans MT, Lange JM, et al. 
(2001) Lipodystrophy in HIV-1-positive patients is associated with insulin 
resistance in multiple metabolic pathways. AIDS 15: 2093-2100.

4. Bastard JP, Maachi M, Lagathu C, Kim MJ, Caron M, et al. (2006) Recent 
advances in the relationship between obesity, inflammation, and insulin 
resistance. Eur Cytokine Netw 17: 4-12.

5. DeFronzo RA, Bonadonna RC, Ferrannini E (1992) Pathogenesis of NIDDM. A 
balanced overview. Diabetes Care 15: 318-368.

6. Shoelson SE, Lee J, Goldfine AB (2006) Inflammation and insulin resistance. J 
Clin Invest 116: 1793-1801.

7. Shulman GI (2000) Cellular mechanisms of insulin resistance. J Clin Invest 
106: 171-176.

8. Xu H, Barnes GT, Yang Q, Tan G, Yang D, et al. (2003) Chronic inflammation in 
fat plays a crucial role in the development of obesity-related insulin resistance. 
J Clin Invest 112: 1821-1830.

9. Zhang J, Wu W, Li D, Guo Y, Ding H (2010) Overactivation of NF-ÎºB impairs 
insulin sensitivity and mediates palmitate-induced insulin resistance in C2C12 
skeletal muscle cells. Endocrine 37: 157-166.

10. Bogachus LD, Turcotte LP (2011) HIV protease inhibitors induce metabolic 

dysfunction in part via increased JNK1/2 pro-inflammatory signaling in L6 cells. 
Antiviral Res 92: 415-423.

11. Cusi K, Consoli A, DeFronzo RA (1996) Metabolic effects of metformin on 
glucose and lactate metabolism in noninsulin-dependent diabetes mellitus. J 
Clin Endocrinol Metab 81: 4059-4067.

12. Pavo I, Jermendy G, Varkonyi TT, Kerenyi Z, Gyimesi A, et al. (2003) Effect 
of pioglitazone compared with metformin on glycemic control and indicators 
of insulin sensitivity in recently diagnosed patients with type 2 diabetes. J Clin 
Endocrinol Metab 88: 1637-1645.

13. Stumvoll M, Nurjhan N, Perriello G, Dailey G, Gerich JE (1995) Metabolic 
effects of metformin in non-insulin-dependent diabetes mellitus. N Engl J Med 
333: 550-554.

14. Zhou G, Myers R, Li Y, Chen Y, Shen X, et al. (2001) Role of AMP-activated 
protein kinase in mechanism of metformin action. J Clin Invest 108: 1167-1174.

15. Saint-Marc T, Touraine JL (1999) Effects of metformin on insulin resistance 
and central adiposity in patients receiving effective protease inhibitor therapy. 
AIDS 13: 1000-1002.

16. Silic A, Janez A, Tomazic J, Karner P, Vidmar L, et al. (2007) Effect of 
rosiglitazone and metformin on insulin resistance in patients infected with 
human immunodeficiency virus receiving highly active antiretroviral therapy 
containing protease inhibitor: randomized prospective controlled clinical trial. 
Croat Med J 48: 791-799.

17. Tomazic J, Karner P, Vidmar L, Maticic M, Sharma PM, et al. (2005). Effect 
of metformin and rosiglitazone on lipid metabolism in HIV infected patients 
receiving protease inhibitor containing HAART. Acta Dermatovenerol Alp 
Panonica Adriat. 14: 99-105. 

18. Bogachus LD, Turcotte LP (2010) Genetic downregulation of AMPK-alpha 
isoforms uncovers the mechanism by which metformin decreases FA uptake 
and oxidation in skeletal muscle cells. Am J Physiol Cell Physiol 299: C1549-
1561.

19. Yang J, Maika S, Craddock L, King JA, Liu ZM (2008) Chronic activation of 
AMP-activated protein kinase-alpha1 in liver leads to decreased adiposity in 
mice. Biochem Biophys Res Commun 370: 248-253.

20. Sovak M (2001) Grape Extract, Resveratrol, and Its Analogs: A Review. J Med 
Food 4: 93-105.

21. Wenzel E, Somoza V (2005) Metabolism and bioavailability of trans-resveratrol. 
Mol Nutr Food Res 49: 472-481.

22. de la Lastra CA, Villegas I (2005) Resveratrol as an anti-inflammatory and 
anti-aging agent: mechanisms and clinical implications. Mol Nutr Food Res 49: 
405-430.

23. Yang SJ, Lim Y2 (2014) Resveratrol ameliorates hepatic metaflammation and 
inhibits NLRP3 inflammasome activation. Metabolism 63: 693-701.

24. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, et al. (2006) 
Resveratrol improves mitochondrial function and protects against metabolic 
disease by activating SIRT1 and PGC-1alpha. Cell 127: 1109-1122.

25. Bennett BL, Sasaki DT, Murray BW, O’Leary EC, Sakata ST, et al. (2001) 
SP600125, an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proc Natl 
Acad Sci U S A 98: 13681-13686.

26. de Alvaro C, Teruel T, Hernandez R, Lorenzo M (2004) Tumor necrosis factor 
alpha produces insulin resistance in skeletal muscle by activation of inhibitor 
kappaB kinase in a p38 MAPK-dependent manner. J Biol Chem 279: 17070-
17078.

27. Hwang SL, Chang HW, Lee IK, Yang BK, Magae J, et al. (2010) Ascofuranone 
prevents ER stress-induced insulin resistance via activation of AMP-activated 
protein kinase in L6 myotube cells. Biochem Biophys Res Commun 396: 967-
972.

28. Kashiwagi H, Yamazaki K, Takekuma Y, Ganapathy V, Sugawara M (2009) 
Regulatory mechanisms of SNAT2, an amino acid transporter, in L6 rat skeletal 
muscle cells by insulin, osmotic shock and amino acid deprivation. Amino Acids 
36: 219-230.

29. Fryer LG, Parbu-Patel A, Carling D (2002) The Anti-diabetic drugs rosiglitazone 
and metformin stimulate AMP-activated protein kinase through distinct signaling 
pathways. J Biol Chem 277: 25226-25232.

30. Zang M, Zuccollo A, Hou X, Nagata D, Walsh K, et al. (2004) AMP-activated 

http://www.ncbi.nlm.nih.gov/pubmed/9632999
http://www.ncbi.nlm.nih.gov/pubmed/9632999
http://www.ncbi.nlm.nih.gov/pubmed/9619798
http://www.ncbi.nlm.nih.gov/pubmed/9619798
http://www.ncbi.nlm.nih.gov/pubmed/9619798
http://www.ncbi.nlm.nih.gov/pubmed/11684928
http://www.ncbi.nlm.nih.gov/pubmed/11684928
http://www.ncbi.nlm.nih.gov/pubmed/11684928
http://www.ncbi.nlm.nih.gov/pubmed/16613757
http://www.ncbi.nlm.nih.gov/pubmed/16613757
http://www.ncbi.nlm.nih.gov/pubmed/16613757
http://www.ncbi.nlm.nih.gov/pubmed/1532777
http://www.ncbi.nlm.nih.gov/pubmed/1532777
http://www.ncbi.nlm.nih.gov/pubmed/16823477
http://www.ncbi.nlm.nih.gov/pubmed/16823477
http://www.ncbi.nlm.nih.gov/pubmed/10903330
http://www.ncbi.nlm.nih.gov/pubmed/10903330
http://www.ncbi.nlm.nih.gov/pubmed/14679177
http://www.ncbi.nlm.nih.gov/pubmed/14679177
http://www.ncbi.nlm.nih.gov/pubmed/14679177
http://www.ncbi.nlm.nih.gov/pubmed/20963565
http://www.ncbi.nlm.nih.gov/pubmed/20963565
http://www.ncbi.nlm.nih.gov/pubmed/20963565
http://www.ncbi.nlm.nih.gov/pubmed/21968131
http://www.ncbi.nlm.nih.gov/pubmed/21968131
http://www.ncbi.nlm.nih.gov/pubmed/21968131
http://www.ncbi.nlm.nih.gov/pubmed/8923861
http://www.ncbi.nlm.nih.gov/pubmed/8923861
http://www.ncbi.nlm.nih.gov/pubmed/8923861
http://www.ncbi.nlm.nih.gov/pubmed/12679450
http://www.ncbi.nlm.nih.gov/pubmed/12679450
http://www.ncbi.nlm.nih.gov/pubmed/12679450
http://www.ncbi.nlm.nih.gov/pubmed/12679450
http://www.ncbi.nlm.nih.gov/pubmed/7623903
http://www.ncbi.nlm.nih.gov/pubmed/7623903
http://www.ncbi.nlm.nih.gov/pubmed/7623903
http://www.ncbi.nlm.nih.gov/pubmed/11602624
http://www.ncbi.nlm.nih.gov/pubmed/11602624
http://www.ncbi.nlm.nih.gov/pubmed/10371188
http://www.ncbi.nlm.nih.gov/pubmed/10371188
http://www.ncbi.nlm.nih.gov/pubmed/10371188
http://www.ncbi.nlm.nih.gov/pubmed/18074413
http://www.ncbi.nlm.nih.gov/pubmed/18074413
http://www.ncbi.nlm.nih.gov/pubmed/18074413
http://www.ncbi.nlm.nih.gov/pubmed/18074413
http://www.ncbi.nlm.nih.gov/pubmed/18074413
http://www.ncbi.nlm.nih.gov/pubmed/20844250
http://www.ncbi.nlm.nih.gov/pubmed/20844250
http://www.ncbi.nlm.nih.gov/pubmed/20844250
http://www.ncbi.nlm.nih.gov/pubmed/20844250
http://www.ncbi.nlm.nih.gov/pubmed/18381066
http://www.ncbi.nlm.nih.gov/pubmed/18381066
http://www.ncbi.nlm.nih.gov/pubmed/18381066
http://www.ncbi.nlm.nih.gov/pubmed/12639418
http://www.ncbi.nlm.nih.gov/pubmed/12639418
http://www.ncbi.nlm.nih.gov/pubmed/15779070
http://www.ncbi.nlm.nih.gov/pubmed/15779070
http://www.ncbi.nlm.nih.gov/pubmed/15832402
http://www.ncbi.nlm.nih.gov/pubmed/15832402
http://www.ncbi.nlm.nih.gov/pubmed/15832402
http://www.ncbi.nlm.nih.gov/pubmed/24629563
http://www.ncbi.nlm.nih.gov/pubmed/24629563
http://www.ncbi.nlm.nih.gov/pubmed/17112576
http://www.ncbi.nlm.nih.gov/pubmed/17112576
http://www.ncbi.nlm.nih.gov/pubmed/17112576
http://www.ncbi.nlm.nih.gov/pubmed/11717429
http://www.ncbi.nlm.nih.gov/pubmed/11717429
http://www.ncbi.nlm.nih.gov/pubmed/11717429
http://www.ncbi.nlm.nih.gov/pubmed/14764603
http://www.ncbi.nlm.nih.gov/pubmed/14764603
http://www.ncbi.nlm.nih.gov/pubmed/14764603
http://www.ncbi.nlm.nih.gov/pubmed/14764603
http://www.ncbi.nlm.nih.gov/pubmed/20460103
http://www.ncbi.nlm.nih.gov/pubmed/20460103
http://www.ncbi.nlm.nih.gov/pubmed/20460103
http://www.ncbi.nlm.nih.gov/pubmed/20460103
http://www.ncbi.nlm.nih.gov/pubmed/18330498
http://www.ncbi.nlm.nih.gov/pubmed/18330498
http://www.ncbi.nlm.nih.gov/pubmed/18330498
http://www.ncbi.nlm.nih.gov/pubmed/18330498
http://www.ncbi.nlm.nih.gov/pubmed/11994296
http://www.ncbi.nlm.nih.gov/pubmed/11994296
http://www.ncbi.nlm.nih.gov/pubmed/11994296
http://www.ncbi.nlm.nih.gov/pubmed/15371448


Citation: Bogachus LD, Turcotte LP (2014) Metformin and Resveratrol Induce Beneficial Metabolic Adaptations in L6 Muscle Cells Treated with HIV 
Protease Inhibitors: Evidence for Inhibition of JNK1/2 Signaling. J Antivir Antiretrovir 6: 102-113. doi:10.4172/jaa.1000105

Volume 6(3): 102-113 (2014) - 113
J Antivir Antiretrovir
ISSN: 1948-5964 JAA, an open access journal

protein kinase is required for the lipid-lowering effect of metformin in insulin-
resistant human HepG2 cells. J Biol Chem 279: 47898-47905.

31. Breen DM, Sanli T, Giacca A, Tsiani E (2008) Stimulation of muscle cell 
glucose uptake by resveratrol through sirtuins and AMPK. Biochem Biophys 
Res Commun 374: 117-122.

32. Minakawa M, Kawano A, Miura Y, Yagasaki K (2011) Hypoglycemic effect of 
resveratrol in type 2 diabetic model db/db mice and its actions in cultured L6 
myotubes and RIN-5F pancreatic ß-cells. J Clin Biochem Nutr. 48(3): 237-244. 

33. Li YP, Chen Y, John J, Moylan J, Jin B, et al. (2005) TNF-alpha acts via p38 
MAPK to stimulate expression of the ubiquitin ligase atrogin1/MAFbx in skeletal 
muscle. FASEB J 19: 362-370.

34. Kelly KR, Sung CK, Abbott MJ, Turcotte LP (2008) Phosphatidylinositol 
3-kinase-dependent insulin regulation of long-chain fatty acid (LCFA) 
metabolism in L6 muscle cells: involvement of atypical protein kinase C-zeta in 
LCFA uptake but not oxidation. J Endocrinol 198: 375-384.

35. Kelly KR, Abbott MJ, Turcotte LP (2010) Short-term AMP-regulated protein 
kinase activation enhances insulin-sensitive fatty acid uptake and increases 
the effects of insulin on fatty acid oxidation in L6 muscle cells. Exp Biol Med 
(Maywood) 235: 514-521.

36. Bouzakri K, Zachrisson A, Al-Khalili L, Zhang BB, Koistinen HA, et al. (2006) 
siRNA-based gene silencing reveals specialized roles of IRS-1/Akt2 and 
IRS-2/Akt1 in glucose and lipid metabolism in human skeletal muscle. Cell 
Metabolism. 4: 89-96.

37. Fazakerley D, Holman G, Marley A, James D, Stockli J, et al. (2010) Kinetic 
evidence for unique regulation of GLUT4 trafficking by insulin and AMP-
activated protein kinase activators in L6 myotubes. J Biol Chem. 285: 1653-
1660.

38. Cho H1, Mu J, Kim JK, Thorvaldsen JL, Chu Q, et al. (2001) Insulin resistance 
and a diabetes mellitus-like syndrome in mice lacking the protein kinase Akt2 
(PKB beta). Science 292: 1728-1731.

39. Garofalo RS, Orena SJ, Rafidi K, Torchia AJ, Stock JL, et al. (2003) Severe 
diabetes, age-dependent loss of adipose tissue, and mild growth deficiency in 
mice lacking Akt2/PKB beta. J Clin Invest 112: 197-208.

40. Gonzalez E, McGraw TE (2009) The Akt kinases: isoform specificity in 
metabolism and cancer. Cell Cycle 8: 2502-2508.

41. Pessin JE, Saltiel AR (2000) Signaling pathways in insulin action: molecular 
targets of insulin resistance. J Clin Invest 106: 165-169.

42. Deng W, Wang X, Xiao J, Chen K, Zhou H, et al. (2012) Loss of regulator of 
G protein signaling 5 exacerbates obesity, hepatic steatosis, inflammation and 
insulin resistance. PLoS One 7: e30256.

43. Henstridge DC, Bruce CR, Pang CP, Lancaster GI, Allen TL, et al. (2012) 
Skeletal muscle-specific overproduction of constitutively activated c-Jun 
N-terminal kinase (JNK) induces insulin resistance in mice. Diabetologia 55: 
2769-2778.

44. Märker T, Sell H, Zillessen P, Glöde A, Kriebel J, et al. (2012) Heat shock 
protein 60 as a mediator of adipose tissue inflammation and insulin resistance. 
Diabetes 61: 615-625.

45. Vinolo MA, Rodrigues HG, Festuccia WT, Crisma AR, Alves VS, et al. (2012) 
Tributyrin attenuates obesity-associated inflammation and insulin resistance in 
high-fat-fed mice. Am J Physiol Endocrinol Metab 303: E272-282.

46. Dandona P, Aljada A, Bandyopadhyay A (2004) Inflammation: the link between 
insulin resistance, obesity and diabetes. Trends Immunol 25: 4-7.

47. Bulcão C, Ribeiro-Filho FF, Sañudo A, Roberta Ferreira SG (2007) Effects of 
simvastatin and metformin on inflammation and insulin resistance in individuals 
with mild metabolic syndrome. Am J Cardiovasc Drugs 7: 219-224.

48. Csaki C, Keshishzadeh N, Fischer K, Shakibaei M (2008) Regulation of 
inflammation signalling by resveratrol in human chondrocytes in vitro. Biochem 
Pharmacol 75: 677-687.

49. Cui X, Jin Y, Hofseth AB, Pena E, Habiger J, et al. (2010) Resveratrol 
suppresses colitis and colon cancer associated with colitis. Cancer Prev Res 
(Phila) 3: 549-559.

50. Gómez-García A, Martínez Torres G, Ortega-Pierres LE, Rodríguez-Ayala E, 
Alvarez-Aguilar C (2007) Rosuvastatin and metformin decrease inflammation 
and oxidative stress in patients with hypertension and dyslipidemia. Rev Esp 
Cardiol 60: 1242-1249.

51. Zhang F, Liu J, Shi JS (2010) Anti-inflammatory activities of resveratrol in the 
brain: role of resveratrol in microglial activation. Eur J Pharmacol 636: 1-7.

52. Larrosa M, Tomé-Carneiro J, Yáñez-Gascón MJ, Alcántara D, Selma MV, et 
al. (2010) Preventive oral treatment with resveratrol pro-prodrugs drastically 
reduce colon inflammation in rodents. J Med Chem 53: 7365-7376.

53. Nieto-Vazquez I, Fernández-Veledo S, de Alvaro C, Lorenzo M (2008) Dual 
role of interleukin-6 in regulating insulin sensitivity in murine skeletal muscle. 
Diabetes 57: 3211-3221.

http://www.ncbi.nlm.nih.gov/pubmed/15371448
http://www.ncbi.nlm.nih.gov/pubmed/15371448
http://www.ncbi.nlm.nih.gov/pubmed/18601907
http://www.ncbi.nlm.nih.gov/pubmed/18601907
http://www.ncbi.nlm.nih.gov/pubmed/18601907
http://www.ncbi.nlm.nih.gov/pubmed/15746179
http://www.ncbi.nlm.nih.gov/pubmed/15746179
http://www.ncbi.nlm.nih.gov/pubmed/15746179
http://www.ncbi.nlm.nih.gov/pubmed/18480382
http://www.ncbi.nlm.nih.gov/pubmed/18480382
http://www.ncbi.nlm.nih.gov/pubmed/18480382
http://www.ncbi.nlm.nih.gov/pubmed/18480382
http://www.ncbi.nlm.nih.gov/pubmed/20407084
http://www.ncbi.nlm.nih.gov/pubmed/20407084
http://www.ncbi.nlm.nih.gov/pubmed/20407084
http://www.ncbi.nlm.nih.gov/pubmed/20407084
http://www.ncbi.nlm.nih.gov/pubmed/11387480
http://www.ncbi.nlm.nih.gov/pubmed/11387480
http://www.ncbi.nlm.nih.gov/pubmed/11387480
http://www.ncbi.nlm.nih.gov/pubmed/12843127
http://www.ncbi.nlm.nih.gov/pubmed/12843127
http://www.ncbi.nlm.nih.gov/pubmed/12843127
http://www.ncbi.nlm.nih.gov/pubmed/19597332
http://www.ncbi.nlm.nih.gov/pubmed/19597332
http://www.ncbi.nlm.nih.gov/pubmed/10903329
http://www.ncbi.nlm.nih.gov/pubmed/10903329
http://www.ncbi.nlm.nih.gov/pubmed/22272317
http://www.ncbi.nlm.nih.gov/pubmed/22272317
http://www.ncbi.nlm.nih.gov/pubmed/22272317
http://www.ncbi.nlm.nih.gov/pubmed/22832498
http://www.ncbi.nlm.nih.gov/pubmed/22832498
http://www.ncbi.nlm.nih.gov/pubmed/22832498
http://www.ncbi.nlm.nih.gov/pubmed/22832498
http://www.ncbi.nlm.nih.gov/pubmed/22315307
http://www.ncbi.nlm.nih.gov/pubmed/22315307
http://www.ncbi.nlm.nih.gov/pubmed/22315307
http://www.ncbi.nlm.nih.gov/pubmed/22621868
http://www.ncbi.nlm.nih.gov/pubmed/22621868
http://www.ncbi.nlm.nih.gov/pubmed/22621868
http://www.ncbi.nlm.nih.gov/pubmed/14698276
http://www.ncbi.nlm.nih.gov/pubmed/14698276
http://www.ncbi.nlm.nih.gov/pubmed/17610348
http://www.ncbi.nlm.nih.gov/pubmed/17610348
http://www.ncbi.nlm.nih.gov/pubmed/17610348
http://www.ncbi.nlm.nih.gov/pubmed/17959154
http://www.ncbi.nlm.nih.gov/pubmed/17959154
http://www.ncbi.nlm.nih.gov/pubmed/17959154
http://www.ncbi.nlm.nih.gov/pubmed/20332304
http://www.ncbi.nlm.nih.gov/pubmed/20332304
http://www.ncbi.nlm.nih.gov/pubmed/20332304
http://www.ncbi.nlm.nih.gov/pubmed/18082089
http://www.ncbi.nlm.nih.gov/pubmed/18082089
http://www.ncbi.nlm.nih.gov/pubmed/18082089
http://www.ncbi.nlm.nih.gov/pubmed/18082089
http://www.ncbi.nlm.nih.gov/pubmed/20361959
http://www.ncbi.nlm.nih.gov/pubmed/20361959
http://www.ncbi.nlm.nih.gov/pubmed/20866032
http://www.ncbi.nlm.nih.gov/pubmed/20866032
http://www.ncbi.nlm.nih.gov/pubmed/20866032
http://www.ncbi.nlm.nih.gov/pubmed/18796617
http://www.ncbi.nlm.nih.gov/pubmed/18796617
http://www.ncbi.nlm.nih.gov/pubmed/18796617

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction 
	Methods 
	Cell culture 
	Cell treatments  
	Substrate uptake and oxidation 
	Western blot analysis 
	Calculations and statistics 

	Results 
	Metformin, resveratrol and SP600125 reduce JNK1/2 phosphorylation in L6 cells made insulin resistant
	Metformin and SP600125 restore insulin-mediated glucose uptake in L6 muscle cells made insulin resis
	Resveratrol and SP600125 modify FA uptake and SP600125 reduces FA oxidation in L6 cells made insulin
	Metformin and resveratrol increase insulin-mediated AKTser473 phosphorylation in L6 cells made insul
	Metformin, resveratrol and SP600125 did not reduce p38 phosphorylation in L6 cells made insulin resi

	Discussion 
	Acknowledgements 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References



