
Artemisia dracunculus L. extract ameliorates insulin sensitivity
by attenuating inflammatory signalling in human skeletal muscle
culture

Bolormaa Vandanmagsar1, Kimberly R. Haynie1, Shawna E. Wicks1, Estrellita M.
Bermudez1, Tamra M. Mendoza1, David Ribnicky2, William T. Cefalu3, and Randall L.
Mynatt1

1Gene Nutrient Interactions Laboratory, Pennington Biomedical Research Center, Louisiana State
University System, Baton Rouge, LA

2Department of Plant Biology and Pathology, Rutgers University, New Brunswick, New Jersey

3Botanical Research Center, Pennington Biomedical Research Center, Louisiana State University
System, Baton Rouge, Louisiana

Abstract

Aims—Bioactives of Artemisia dracunculus L. (termed PMI 5011) have been shown to improve

insulin action by increasing insulin signalling in skeletal muscle. However, it has not known if

PMI 5011’s effects are retained during an inflammatory condition. We examined the attenuation

of insulin action and whether PMI 5011 enhances insulin signalling in the inflammatory

environment with elevated cytokines.

Methods—Muscle cell cultures derived from lean, overweight and diabetic obese subjects were

used. Expression of pro-inflammatory genes and inflammatory response of human myotubes were

evaluated by RT-PCR. Insulin signalling and activation of inflammatory pathways in human

myotubes were evaluated by Multiplex protein assays.

Results—We found increased gene expression of MCP1 and TNFα, and basal activity of the

NFkB pathway in myotubes derived from diabetic-obese subjects as compared to myotubes

derived from normal-lean subjects. In line with this, basal Akt phosphorylation (Ser473) was

significantly higher, while insulin-stimulated phosphorylation of Akt (Ser473) was lower in

myotubes from normal-overweight and diabetic-obese subjects compared to normal-lean subjects.

PMI 5011 treatment reduced basal phosphorylation of Akt and enhanced insulin-stimulated

phosphorylation of Akt in the presence of cytokines in human myotubes. PMI 5011 treatment led
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to an inhibition of cytokine-induced activation of inflammatory signalling pathways such as

Erk1/2 and IkBα-NFkB and moreover, NFkB target gene expression, possibly by preventing

further propagation of the inflammatory response within muscle tissue.

Conclusions—PMI 5011 improved insulin sensitivity in diabetic-obese myotubes to the level of

normal-lean myotubes despite the presence of pro-inflammatory cytokines.
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Introduction

Insulin resistance is a key pathophysiological feature of obesity and type 2 diabetes;

therefore enhancing insulin sensitivity is a primary strategy for improving metabolic control

in subjects with type 2 diabetes. Given that skeletal muscle is responsible for 70-90% of

insulin stimulated whole body glucose uptake [1, 2], skeletal muscle insulin sensitivity plays

a pivotal role in the pathogenesis of metabolic disorders such as type 2 diabetes. On the

other hand, skeletal muscle inflammation contributes largely to the insulin resistant state

resulting in impaired insulin signalling in skeletal muscle of obese and diabetic subjects

[3-5].

Emerging data shows that in the obese state, elevated plasma free fatty acids, circulating

adipose-derived cytokines, and inflammatory macrophage infiltration of muscle tissue can

induce skeletal muscle insulin resistance via activation of inflammatory signalling pathways

such as JNK, p38 MAPK and IKKβ, NFkB, which interfere with insulin signalling [6-8]. It

is well known that pro-inflammatory cytokines such as TNFα, IL6 and IL1β are key

mediators linking local tissue inflammation to insulin resistance [9, 10]. These studies

suggest that therapeutic interventions aimed at reducing skeletal muscle inflammation via

inhibition of inflammatory signalling in muscle could be a useful strategy for the treatment

of insulin resistance. In this regard, botanicals have traditionally been used as an alternative

medicine with simultaneous effects on inflammation and insulin resistance due to their

complex composition [11].

Artemisia drancunculus L.or Russian tarragon, is a culinary herb that has been widely used

in traditional medicine for centuries because of its potential antimicrobial and antioxidant

activities. To date, the anti-diabetic effect of A. drancunculus has been extensively reported

[12-15]. PMI 5011, an ethanolic extract of A. drancunculus has been shown to decrease

glucose and insulin levels in animal models and to improve insulin signalling in primary

human skeletal muscle culture and murine models [16-19]. Previous studies have also shown

that PMI 5011 significantly down-regulates Il6ra and Ccl9 in the skeletal muscle of KK-Ay

mice [20]. However, the cellular mechanism and relationship between the potential anti-

inflammatory activity of PMI 5011 and preservation of insulin signalling within skeletal

muscle still has not been investigated.

Vandanmagsar et al. Page 2

Diabetes Obes Metab. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



We hypothesized that the mechanism through which PMI 5011mediates improvements in

insulin signalling involves attenuation of cytokine-induced activation of inflammatory

signalling pathways in skeletal muscle cells. We utilized human skeletal muscle myotubes

cultured from lean, overweight and diabetic-obese subjects. Herein we report that the PMI

5011 modulates Erk1/2 and IkBα/NFkB inflammatory pathways and cytokine-mediated

inflammatory response of skeletal muscle, thus ameliorating insulin signalling in insulin

resistant state.

Methods

Source and characterization of PMI 5011

PMI 5011 was produced from plants grown hydroponically under uniform and controlled

conditions. The growing, quality control, phytochemical content, biochemical and bioactives

characterization, and preparation of PMI 5011 have been reported [16, 20-22].

Cell culture

Cryopreserved human skeletal muscle myoblasts (HSMM) from three non-diabetic or

Normal-Lean (BMI, 20.4±1.6), three Normal-Overweight (BMI, 25.7±0.4) and three

Diabetic-Obese (BMI, 32.3±5.9) subjects at passage 2 were purchased from Lonza

(Walkersville, MD, USA) and maintained in human skeletal growth media (SkGM-2 Bullet

Kit, Lonza, Walkersville, MD). Myoblasts at passage 4 were differentiated into fused

multinucleated myotubes by switching to fusion medium DMEM-F12 (Lonza)

supplemented with 2% horse serum. Myotubes were pretreated with vehicle (DMSO) or

PMI 5011 at a dose of 5 μg/ml overnight (16 h) before insulin and cytokine stimulation for

different time points. LPS (0111:B4) (Sigma) and recombinant human TNFα and IL6 (R@D

Systems) were used for treatments. LPS and cytokines were dissolved in PBS (phosphate

buffered saline), therefore PBS was used as a control for LPS and cytokine treatments.

Gene expression analysis

Total RNA from HSMM were purified using RNeasy Micro Kit (Qiagen). DNAse digestion

was performed on the RNeasy spin columns to remove potential genomic DNA

contamination in total RNA. iScript cDNA synthesis kit (Bio-Rad) was used to synthesize

cDNA, then 4 ng cDNA was used per reaction for qRT-PCR with Sybr green system.

Human cyclophilin B was used as a housekeeping gene control for normalization of gene

expression. Relative quantification (delta CT method) was used for data analysis. Primers

used in qRT-PCR are shown in Supplementary Table 1.

Multiplex analysis

Treated myotubes were harvested in Cell Signalling Lysis Buffer (Millipore). The following

Map mates were used: p-Akt (Ser473), p-IRS1 (Tyr) and total Akt, IRS1 (Millipore) for

insulin signalling analysis; p-IkBα (Ser32), p-JNK (Thr183/Tyr705), p-p38 MAPK (Thr180/

Tyr182), p-Erk1/2 (Thr185/Tyr187), p-STAT3 (Tyr705) (all Millipore), p-NFkB p65

(Ser536) (Bio-Rad) and total IkBα, JNK, p38 MAPK, Erk1/2, STAT3 (Millipore) for

cytokine signalling; human GAPDH (Millipore) in all multiplex assays for normalization of

protein data analysis. Map mates were prepared and combined according to the
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manufacturer instructions. Phospho- and total Map mates were used in separate assays, but

human GAPDH was used in each assay. First, mean fluorescence intensity (MFI) of

phospho- and total map mates were normalized to MFI of GAPDH separately, than secondly

ratios of phospho-protein to total protein were calculated to compare activation of the

signalling pathways.

Statistical Analyses

A two–way ANOVA (GraphPad Prism 5) was used to determine significance in differences

between subjects or treatments. All data are presented as the mean ± SE. p < 0.05 was

considered significant.

Results

Human skeletal muscle culture retains in vivo characteristics of the insulin resistant
phenotype

To understand the mechanism of cytokine action on skeletal muscle cells and the

inflammatory response of skeletal muscle cells to cytokine stimuli and the link to insulin

signalling, we utilized human skeletal muscle myotubes (HSMM, Lonza). Previous reports

have shown that myotubes derived from type 2 diabetic subjects display diminished insulin

signalling compared to myotubes from insulin sensitive individuals [23, 24]. Elevated basal

Akt phosphorylation [25, 26] and reduced Akt phosphorylation with insulin stimulation

were observed in obese [27] or insulin resistant [28] mice and human myotubes [29]. In

agreement with these reports, we found that basal Ser473-phosphorylation of Akt in

myotubes was significantly elevated in overweight, diabetic-obese subjects compared with

lean subjects (Fig. 1A). Notably, insulin-stimulated phosphorylation of Akt was significantly

lower in myotubes from diabetic-obese subjects compared to non-diabetic lean subjects,

whereas in overweight subjects, it was not significant (Fig. 1C).

IRS1 serine-phoshporylation is often elevated in insulin resistant models [30]. Once serine-

phosphorylated, IRS1 cannot be appropriately tyrosine-phosphorylated in response to an

insulin signal. Our data demonstrate that basal Tyr-phosphorylation of IRS1 is significantly

decreased in diabetic-obese subjects and trends lower in overweight subjects, compared to

lean subjects (Fig. 1B), which is consistent with other reports on insulin resistant and obese

murine models [25].

These results are indicative of attenuated insulin signalling in vivo in skeletal muscle tissue

of overweight and diabetic-obese subjects.

PMI 5011 modulates basal Akt phosphorylation in the presence of cytokines

Elevated levels of circulating pro-inflammatory cytokines such as TNFα and IL6 secreted

from inflamed adipose tissue induces insulin resistance in other insulin-sensitive organs,

such as skeletal muscle. To understand the mechanisms through which PMI 5011

ameliorates inflammation-associated insulin resistance in skeletal muscle, we evaluated

phosphorylation of Akt/PKB in human myotubes exposed to TNFα and IL6 in the presence

or absence of PMI 5011 using Multiplex Mapmate signalling technology.
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Interestingly, in lean subjects, phosphorylation of Akt at baseline was significantly increased

in myotubes exposed to TNFα compared to non-cytokine treated control myotubes, whereas

it was not significantly higher in myotubes exposed to IL6 (Fig. 1D). PMI 5011 significantly

decreased basal phosphorylation of Akt in the presence of TNFα and IL6. Surprisingly, in

overweight and diabetic-obese subjects, cytokine treatments did not result in a further

increase in phosphorylation of Akt at baseline, which was already significantly elevated in

these myotubes in vivo (Fig. 1A,E,F). However, PMI 5011 still significantly reduced basal

Akt phosphorylation in myotubes treated with IL6 in overweight (Fig. 1E), and in the

presence of both cytokines in diabetic-obese subjects (Fig. 1F). Notably, the reduced levels

of basal Akt phosphorylation in diabetic-obese myotubes were comparable with the basal

level of Akt phosphorylation in control myotubes from lean subjects (Fig. 1D,F).

PMI 5011 enhances insulin signalling in human myotubes in the presence of pro-
inflammatory cytokines

To determine whether reduced basal Akt phosphorylation sensitized insulin response in PMI

5011-treated myotubes, we compared the induction of Akt phosphorylation by insulin to

basal phosphorylation levels for each treatment. Notably, in all groups of subjects, the

insulin signalling enhancing effect of PMI 5011 in the absence of cytokines was not

significant, however, the effect was more apparent in myotubes exposed to cytokines (Fig.

1G-I). In lean subjects, TNFα- and IL6-treatment resulted in significant reduction of Akt

phosphorylation with insulin stimulation compared to control myotubes, however, PMI

5011-treatment rescued insulin signalling in lean myotubes in the presence of cytokines

(Fig. 1G).

Interestingly, in overweight and diabetic-obese subjects, treatments with pro-inflammatory

cytokines did not result in a further decrease in insulin-stimulated phosphorylation of Akt

compared to non-cytokine treated control myotubes (Fig. 1H,I). Notably, it was lower in

these groups of subjects compared to lean in the absence of cytokines (Fig. 1C). PMI 5011-

treatment resulted in significantly increased insulin-stimulated phosphorylation of Akt in the

presence of TNFα and IL6 in overweight and in diabetic-obese myotubes (Fig. 1G-I).

Human skeletal muscle culture retains characteristics of the inflammatory phenotype of
skeletal muscle cells observed in vivo

Next to understand the relationship between baseline insulin sensitivity and activation of

inflammatory signalling, we examined inflammatory pathways in human myotubes using

Multiplex Mapmate assays. Notably, activity of the NFkB signalling cascade at baseline was

significantly higher in myotubes from diabetic-obese subjects compared to lean subjects,

whereas it was not changed in overweight myotubes compared to lean subjects (Fig. 2B).

Basal activity of Erk1/2 and IkBα signalling pathways was not different between myotubes

from all three groups of subjects (Fig. 2A,C).

Maintenance of the pro-inflammatory phenotype induced in vivo by circulating cytokines in

the obese-diabetic condition is further confirmed by gene expression analysis that showed

enhanced expression of the pro-inflammatory genes, MCP1 and TNFα in myotubes from

diabetic-obese subjects compared to lean at baseline (Fig. 2D). Interestingly, expression of
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the pro-inflammatory cytokine IL6, chemokines CXCL5, CXCL10 and cytokine receptors

IL6R, TNFR1 were similar in myotubes from all three groups of subjects. Surprisingly,

TNFR2 was decreased in myotubes from overweight subjects compared to lean at baseline,

whereas TNFR2 expression in myotubes from diabetic-obese subjects was comparable with

lean subjects.

Thus, higher basal activity of the NFkB signalling pathway and increased expression of

inflammatory markers MCP1 and TNFα in myotubes from diabetic-obese subjects

compared to lean subjects are indicative of the inflammatory phenotype seen in vivo, even

without cytokine stimulation in culture (Fig. 2B,D).

PMI 5011 attenuates cytokine-induced inflammatory signalling

We demonstrated that PMI 5011 enhances insulin signalling through activation of Akt in

human myotubes in an inflammatory environment. To understand how PMI 5011 prevents

inflammation-mediated decreases to insulin signalling, we examined its effects on cytokine-

induced inflammatory signalling in human myotubes treated with LPS, TNFα, IL6 and

vehicle using Multiplex Mapmate assays. Interestingly, we observed no effect of PMI 5011

on basal activity of inflammatory signalling in myotubes in the absence of cytokine

induction.

LPS, TNFα and IL6 induced activation of Erk1/2 inflammatory signalling in myotubes from

all groups of subjects (Fig. 3A). PMI 5011 treatment reduced Erk1/2 activation to near basal

levels in myotubes from lean and diabetic-obese subjects. It also inhibited TNFα- and IL6-

induced activation of Erk1/2 in myotubes from overweight subjects, but did not change

LPS-induced activation of Erk1/2.

LPS and TNFa, but not IL6, treatment resulted in an activation of the NFkB signalling

pathway in myotubes from all groups of subjects (Fig. 3B). PMI 5011 demonstrated an

inhibitory effect toward the NFkB inflammatory signalling pathway when it is activated

with LPS and TNFα. In lean subjects, LPS-induced NFkB activation was not significant

compared to unstimulated control myotubes; however, PMI 5011 still inhibited LPS-induced

activation of NFkB. PMI 5011 inhibition of TNFα-induced activation of NFkB was

significant. In diabetic-obese subjects, inhibition of LPS- and TNFα-induced NFkB

activation with PMI 5011 resulted in NFkB activity that was significantly lower than even

non-cytokine treated control myotubes in this group. Notably, diabetic-obese myotubes have

higher basal NFkB activity than lean myotubes (Fig 2B). Indeed, the reduced levels of

cytokine-induced NFkB activation in myotubes from diabetic-obese subjects were

comparable with the basal level of activation of NFkB in control myotubes from lean

subjects (Fig. 3B).

Interestingly, PMI 5011 also modulated LPS- and TNFα-induced activation of IkBα

inflammatory signalling, the canonical upstream signalling system of NFkB cascade,

although it did not affect IL6-induced activation of IkBα (Fig. 3C). In lean subjects, LPS-

induced IkBα activation was not significant compared to unstimulated control myotubes,

whereas PMI 5011-mediated inhibition of LPS-induced activation of IkBα was significant.

Notably, the inhibitory effect of PMI 5011 on LPS-induced activation of IkBα in myotubes
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from diabetic-obese subjects resulted in a level of IkBα activity comparable with basal level

in lean subjects.

Thus PMI 5011 modulates activation of cytokine-induced Erk1/2 and NFkB inflammatory

signalling pathways in the inflammatory condition. However, pSTAT3, pJNK, and p-p38

MAPK signalling pathways were unchanged with PMI 5011-treatment in our HSMM

models and experimental conditions when evaluated by Multiplex Map mate assays (data

not shown).

Inflammatory response of human myotubes to cytokine stimulation

In response to pro-inflammatory cytokine stimulation that comes from circulation, skeletal

muscle secretes factors including cytokines, chemokines and myokines, which exert their

action via auto-, para-, and endocrine mechanisms. To evaluate muscle inflammatory

response, we studied the influence of LPS, TNFα and IL6 on inflammatory gene expression

in human myotubes using quantitative RT-PCR.

Expression of MCP1, TNFα, IL6, CXCL5, CXCL10 and TNFR2 was significantly

increased in all myotubes with LPS-stimulation (Table 1). Interestingly, LPS-induced levels

of pro-inflammatory gene expression of MCP1, CXCL5, CXCL10 and TNFR2 were

significantly higher in myotubes from diabetic-obese compared to lean subjects.

TNFα-induction resulted in a dramatic increase in expression of MCP1, CXCL5, IL6 and

TNFα in myotubes from all subjects, although these levels were not different between three

groups of subjects (Table 1). Notably, TNFα-induced expression of CXCL10 was

significant higher in myotubes from diabetic-obese subjects compared to lean and it was the

highest among cytokine-stimulated genes from all subjects. Also, the increase in TNFα-

induced expression of TNFR2 was significant higher in myotubes from overweight,

diabetic-obese subjects compared to lean.

The IL6-induced expression of CXCL10 was significantly higher in myotubes from

diabetic-obese subjects as compared to lean subjects. Expression of IL6, CXCL5 and

TNFR2 was not induced in myotubes treated with IL6.

Additionally, expression of cytokine receptors IL6R and TNFR1 was not changed with LPS-

and cytokine-induction (Table 1). Expression of IL10 and NOS2 was not detectable in any

myotubes at baseline and with LPS- and cytokine-treatments (data not shown).

PMI 5011 attenuates the inflammatory response to cytokine stimuli in human myotubes

When presented with the inflammatory ligand LPS or cytokines TNFα and IL6, we

observed a resultant induction of inflammatory markers such as MCP1, TNFα, CXCL5,

CXCL10 and TNFR2 in human myotubes. This induction is reflective of the chronic-low

grade inflammatory response to cytokine stimuli observed in insulin resistant skeletal

muscle tissue in vivo. We found that PMI 5011 attenuates activation of the cytokine-induced

signalling axis IkBα-NFkB. In the absence of pro-inflammatory stimuli, IkBα binds to

NFkB and keeps NFkB inactive. Upon activation, IkBα (phosphorylation at Ser32) releases

NFkB and the p65 subunit of NFkB gets activated through phosphorylation at Ser536. This
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consequently results in translocation of NFkB to the nucleus and initiation of transcription of

pro-inflammatory genes that in turn determine inflammatory response of cells [31-33].

To determine whether PMI 5011 modulates inflammatory response of myotubes through

inhibition of NFkB signalling, we examined changes in LPS- and cytokine-induced gene

expression with PMI 5011-treatment. PMI 5011 inhibits expression of inflammatory genes

that are induced with LPS, TNFα and IL6 in a dose dependent manner in myotubes from all

three groups (Fig. 4A-C). Remarkably, PMI 5011-treatment significantly decreased

expression of TNFR2 that was upregulated upon LPS- and TNFα-stimulation in all

myotubes (Fig. 4A,B and Table 1). Notably, expression of TNFR1 was not changed with

cytokine- (Table 1) and PMI 5011-treatments in myotubes from lean and overweight

subjects (data not shown). However, expression of TNFR1 was significantly reduced with

PMI 5011-treatment in myotubes from diabetic-obese subjects, although it was not induced

with cytokine treatments (data not shown). Thus, PMI 5011 reduces responsiveness of

myotubes to increased environmental TNFα in obesity-associated insulin resistant state and

modulates activation of inflammatory signalling and inflammatory response of myotubes in

the inflammatory condition. Interestingly, expression of IL6R was not changed with PMI

5011-treatment in myotubes from all subjects (data not shown). Also, we did not find

significant changes in basal gene expression in myotubes with PMI 5011-treatment in the

absence of cytokines (data not shown).

Discussion

Adipose tissue inflammation as a major contributor to systemic insulin resistance in obese

mice and obese-diabetic subjects is well documented [34-36]. However, the role of chronic

inflammation in skeletal muscle is less characterized. TNFα was previously reported to

attenuate insulin signalling in human cultured skeletal muscle cells, while IL6 stimulates

insulin signalling after short-term exposure and inhibits it after long-term incubation ([37,

38]). Using HSSM myotubes (Lonza, MD) we show that TNFα- and IL6-treatment resulted

in significantly increased basal Akt phosphorylation and decreased insulin-stimulated Akt

phosphorylation in myotubes from lean subjects, which is indicative of insulin resistance in

these myotubes. Thus our data demonstrate that incubation of lean myotubes with cytokines

was sufficient to attenuate insulin signalling, perhaps mimicking the insulin resistant state in

skeletal muscle tissue within an inflammatory environment. Interestingly, diabetic-obese

myotubes showed significantly decreased insulin-stimulated Akt phosphorylation in the

absence of cytokines and TNFα-, IL6-treatment did not decrease phosphorylation further,

which suggests that in vivo chronic exposure to cytokines converts myotubes to an insulin

resistant state that cannot be further exacerbated by additional cytokine-treatment.

PMI 5011-treatment lowers the elevated basal Akt phosphorylation in myotubes from lean

and diabetic-obese subjects in the presence of cytokines. Thus PMI 5011 improves

sensitivity to insulin at baseline, which in turn amplifies insulin signalling in muscle in

response to insulin induction. In agreement with these results, PMI 5011-treatment resulted

in increased insulin-stimulated Akt phosphorylation in all three groups of myotubes despite

the presence of TNFα and IL6. Indeed, PMI 5011-treatment restores insulin-stimulated Akt
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phosphorylation in cytokine-treated myotubes from all subjects to the levels of control lean

myotubes.

Higher basal activity of the NFkB signalling pathway in myotubes from diabetic-obese

subjects compared to lean subjects might explain the decreased insulin sensitivity at baseline

in myotubes of diabetic-obese subjects. LPS is a well known inflammatory ligand that

broadly activates pro-inflammatory signalling cascades, including phosphorylation of IKK

and MAPKs such as JNK, p38, and extracellular signal-regulated kinases (ERK) [10]. TNFα

stimulates inflammation by activating NFkB and MAPKs signalling pathways [39]. In

agreement with these reports, we found that LPS and TNFα activated Erk1/2, NFkB, IkBα

pathways, whereas IL6 induced only activation of Erk1/2 signalling in our HSMM model.

PMI 5011 inhibits activation of cytokine-induced signalling pathways Erk1/2, NFkB, and

IkBα in myotubes from all subjects. Moreover, in overweight and diabetic-obese myotubes,

PMI 5011 modulates the level of activation of inflammatory signalling cascades NFkB and

IkBα by equalizing these levels with lean myotubes. Interestingly, effect of PMI 5011 on

NFkB and IkBα profiles are similar, which suggests that PMI 5011 acts on the NFkB

pathway through the IkBα cascade (Fig. 5).

Recent reports demonstrate that NFkB and JNK pathways in skeletal muscle are regulated

by pro-inflammatory stimuli, and high fat diet, and muscle contraction. Activation of these

signalling systems in skeletal muscle cells results in secretion of inflammatory mediators

such as TNFα, IL6, iNOS, CXCL1, CXCL5, CXCL9, CXCL10 and MCPs [29, 40-42].

Consistent with these reports and in vivo NFkB pathway activation in diabetic-obese muscle,

we found elevated expression of genes such as MCP1 and TNFα at baseline in myotubes

from diabetic-obese subjects compared to lean and overweight subjects. Basal expression of

TNFR2 is associated with secondary TNF release in man [43]. Notably, TNFR2 expression

was decreased in myotubes from overweight subjects, which might explain reduced

responsiveness of myotubes to TNFα stimulation and enhanced sensitivity to insulin despite

the presence of TNFα.

Furthermore, LPS- and TNFα were capable to stimulate gene expression of cytokines and

chemokines such as MCP1, CXCL5, CXCL10, TNFα and TNFR2 co-ordinately in

myotubes from all subjects. Remarkably, myotubes from diabetic-obese subjects showed the

greatest magnitude of response to LPS- and TNFα-stimulation. Specifically, LPS- and

cytokine-induced gene expression of CXCL10, and LPS-induced CXCL5 expression were

significantly higher in myotubes from diabetic-obese subjects compared to lean subjects.

CXCL10 is inducible by TNFα and its up-regulation is associated with up-regulation of

TNFR2 in human skeletal muscle cells [44], however CXCL10 receptor, CXCR3 is not

expressed in myofibers [40]. On the other hand, CXCR3 is present widely on Th1 pro-

inflammatory T cells, while CXCL5 is a chemokine that attracts neutrophils. Thus

inflammatory response in vivo in diabetic-obese subjects could result in recruitment of more

pro-inflammatory monocyte/macrophages, T cells and other immune cells to skeletal

muscle. This could result in chronic inflammation that in turn may contribute largely to

impaired insulin signalling in muscle. Notably, PMI 5011 showed remarkable anti-

inflammatory effects, inhibiting LPS-, TNFα- and IL6-induced inflammatory gene
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expression in a dose-dependent manner in myotubes from all subjects. Thus PMI 5011

attenuated classical NFkB target gene expression in response to cytokine stimuli.

Obesity-associated insulin resistance is characterized by elevated circulating fatty acids and

cytokines. Accumulation of toxic intracellular lipids such as ceramides and DAG interferes

with insulin signalling in skeletal muscle, thus plays an important role in skeletal muscle

insulin resistance ([45]). Previously, it has been shown that PMI 5011 enhances insulin

signalling in primary human skeletal muscle culture and murine cells despite the presence of

palmitate and ceramides [16-18]. Here we demonstrate that PMI 5011 enhances insulin

action through Akt insulin signalling in human myotubes in an inflammatory environment

and the effect was related to its anti-inflammatory effect. It is well known that IKKβ is a

central coordinator of inflammatory responses through IkBα-NFkB, where NFkB activation

induces inflammatory mediators that cause insulin resistance [46]. Although our results

suggest that PMI 5011 may modulate inflammatory signalling through IkBα, perhaps

phosphorylation of IKK should be investigated further. Given that NFkB activation plays

essential role in function of immune cells during both innate and adaptive immune

responses, the modulating effect of PMI 5011 on activation of inflammatory signalling gives

proper quality to PMI 5011 as a potential drug. Thus PMI 5011 could be a very promising

treatment agent for obese-diabetic patients to simultaneously increase muscle insulin

sensitivity and reduce skeletal muscle inflammation.
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Fig. 1. Basal insulin sensitivity and insulin-stimulated phosphorylation of Akt in human
myotubes
(A) Basal level of Akt phosphorylation (Ser473) and (B) IRS1 phosphorylation at Tyr (Pan)

in human myotubes presented as ratio of phospho-Akt to total Akt protein. (C) Insulin-

stimulated phosphorylation of Akt (Ser473) in human myotubes presented as fold increase

over basal level for each group. (D-F) Phosphorylation of Akt at baseline in myotubes from

lean (D), overweight (E) and diabetic-obese (F) subjects treated with vehicle and PMI 5011

in the absence or presence of cytokines. Phosphorylation of Akt was normalized to GAPDH

and t-Akt first, and then basal activity of Akt in control (DMSO + PBS-treated) myotubes

was counted as 100% for each subject. (G-I) Insulin-stimulated phosphorylation of Akt in

myotubes from lean (G), overweight (H) and diabetic-obese (I) subjects treated with vehicle

and PMI 5011 in the absence or presence of cytokines. Phosphorylation of Akt was

normalized to GAPDH and t-Akt first, and then fold increase in insulin-stimulated

phosphorylation of Akt was calculated as fold over basal phosphorylation of Akt for PBS

and TNFα, IL6 in each subject. Multiplex Mapmate signaling assay was used to quantify
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levels of phospho- and total proteins of insulin signaling. First, mean fluorescence intensity

(MFI) of phospho- and total proteins was normalized to MFI of GAPDH separately and then

the ratio of phospho-to total was calculated (second normalization). Myotubes were

pretreated with DMSO or PMI 5011 (5 μg/ml) overnight (16h) in the absence or presence of

TNFα (50 ng/ml), IL6 (80 ng/ml). Then after serum starvation for 4h, myotubes were treated

with PBS or insulin (100 nM) and at 5 min of incubation, protein lysates were prepared.

Results shown are representative of three independent culture of HSMM per subject. All

data are presented as means ± SEM, n=3 subjects per group. *p < 0.05 and higher

significance between DMSO vs PMI 5011 treatment, and letter “a” or “b” is p < 0.05 and

higher significance between control (PBS) vs cytokine treatment.
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Fig. 2. The inflammatory phenotype of skeletal muscle cells derived from diabetic-obese subjects
(A-C) Basal level of activity of inflammatory signaling pathways in human myotubes

determined by Multiplex cell signaling protein analysis and presented as percentage, where

the values for ratio of phospho-protein to total protein from myotubes cultured from normal-

lean subjects set to 100%. The following inflammatory signaling pathways were evaluated:

Erk1/2 by phosphorylation at Thr185/Tyr187 (A), NFkB by phosphorylation at Ser536 on

p65 (B), IkBα by phosphorylation at Ser32 (C). (D) Inflammatory gene expression analysis

in human myotubes at baseline as determined by quantitative RT-PCR. The mRNA

expression was normalized to cyclophilin B and shown as relative unite (A.U.) Results

shown are representative of four independent culture of HSMM per subject. All data are

presented as means ± s.e.m., n=3 subjects per group, *p < 0.05 and higher significance

compared to lean.

Vandanmagsar et al. Page 16

Diabetes Obes Metab. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. Effect of PMI 5011 on cytokine-induced inflammatory signaling in human myotubes
Inhibitory effect of PMI 5011 on activation of inflammatory signaling pathways such as

Erk1/2 (A), NFkB (B) and IkBα (C) in response to cytokine induction in myotubes from lean

(left), overweight (center) and diabetic-obese (right) subjects. Activities of the signaling

pathways were evaluated by Multiplex Mapmate protein assays and ratios of phospho-

proteins to total-proteins were calculated after GAPDH normalization. The values for

control myotubes (DMSO + PBS-treated) set to 1 and fold change was calculated as fold

over control (DMSO + PBS-treated) for each subject. Myotubes were pretreated with

DMSO or PMI 5011 (5 μg/ml) overnight (16h). Then after serum starvation for 5h,

myotubes were treated with one of the following PBS, LPS (100 ng/ml), TNFα (10 ng/ml),

IL6 (40 ng/ml) and at 30 min of incubation, protein lysates were prepared. Results shown

are representative of three independent culture of HSMM per subject. All data are presented

as means ± SEM, n=3 subjects per group. *p < 0.05 and higher significance between DMSO

vs PMI 5011 treatment, # p < 0.05 and higher significance between control (PBS) vs

cytokine stimulation in vehicle (DMSO)-treated myotubes, letter “a” or “b” is p < 0.05 and

higher significance between control vs cytokine stimulation in PMI 5011 treated myotubes.
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Fig. 4. Inhibitory effect of PMI 5011 on cytokine-induced inflammatory response of human
myotubes
Reduction in inflammatory gene expression with PMI 5011 treatment in human myotubes in

the presence of cytokine stimulation such as LPS (A), TNFα (B) and IL6 (C) as determined

by qRT-PCR and presented in percentage, where cytokine-induced gene expression level in

vehicle (DMSO)-treated myotubes for each subject set to 100%. Myotubes were pretreated

with DMSO or PMI 5011 (2.5 μg/ml, 5.0 μg/ml, and 10.0 μg/ml) overnight (16h). After

serum starvation for 1h, myotubes were treated with one of the following PBS, LPS (100 ng/

ml), TNFα (10 ng/ml), IL6 (40 ng/ml) and at 6h of incubation cell lysates were prepared for

further RNA isolation. The mRNA expression was normalized to cyclophilin B. Results

shown are representative of four independent culture of HSMM per subject. All data are

presented as means ± s.e.m., n=3 subjects per group, *p < 0.05 and higher significance

between DMSO- and PMI 5011 treated myotubes in each group of subjects.
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Fig. 5. Schematic presentation of the inhibitory effect of PMI 5011 on cytokine-induced
inflammatory signaling pathways in human skeletal muscle cells
PMI 5011 inhibits activity of IkBα-NFkB axis and Erk1/2 signaling pathways when pro-

inflammatory ligands and cytokines are present in the environment, which leads to a reduced

transcription of inflammatory marker genes.
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Table 1

Cytokine induced gene expression (Fold increase over basal)

Gene Lean Overweight Diabetic-Ob

LPS-induced

MCP1 4.9 * 5.1 * 6.2 *#

TNFα 19.1 * 3.3 * 1.6 *

IL6 3.0 * 4.3 * 4.0 *

CXCL5 2.8 * 4.5 * 10.8 *#

CXCL10 7.3 * 13.5 * 51.4 *#

TNFR1 NC NC 1.5

TNFR2 1.8 * 2.2 * 2.6 *#

IL6R NC NC 1.4

TNFα-induced

MCP1 43.5 * 61.9 * 36.2 *

TNFα 84.6 * 44.3 * 18.5 *

IL6 4.3 * 7.4 * 6.0 *

CXCL5 10.0 * 34.7 * 16.0 *

CXCL10 233 * 521 * 901 *#

TNFR1 NC NC 1.3

TNFR2 4.5 * 11.7 *# 5.7 *#

IL6R NC NC NC

IL6-induced

MCP1 1.7 3.5 * 1.2

TNFα 4.0 * 3.3 * 1.3

IL6 1.5 2.5 2.4

CXCL5 1.9 2.5 * 1.3

CXCL10 9.6 * 14.3 * 19.9 *#

TNFR1 NC NC 1.3

TNFR2 NC NC 1.1

IL6R NC NC 1.4

*
p<0.05, significance between basal and cytokine-induced gene expression levels;

#
p<0.05, significance between cytokine-induced gene expression levels in overweight, diabetic-obese myotubes compared to lean myotubes;

NC, gene expression is not changed (the same with basal level)
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