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Abstract Insulin resistance in skeletal muscle is an early
phenomenon in the pathogenesis of type 2 diabetes. Muscle
is mainly responsible for insulin-stimulated glucose clear-
ance from the bloodstream. Thus, regulation of gene
expression in muscle tissue may be involved in the patho-
genesis of insulin resistance. The objective was to investi-
gate gene expression and metabolic pathways alterations in
skeletal muscle tissue following an euglycemic-hyper-
insulinemic clamp in obese insulin-resistant subjects. We
carried out a transcriptome comparison of skeletal muscle
tissue before and after a 3-h euglycemic-hyperinsulinemic
clamp following 8-week supplementation with n-3 poly-
unsaturated fatty acid (PUFA) (1.8 g/day) with or without a
supplement of fish gelatin (FG) (25 % of daily protein
intake) in 16 obese insulin-resistant subjects. Results
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indicate that approximately 5 % (1932) of expressed tran-
scripts were significantly changed after the clamp in both
n-3 PUFA and n-3 PUFA + FG supplementation periods.
Of these differentially expressed transcripts, 1394 genes
associated with enzymes, transcription and translation
regulators, transporters, G protein-coupled receptors, cyto-
kines, and ligand-dependent nuclear receptors were modi-
fied. Metabolic pathways that were significantly modified
included liver X receptor/retinoid X receptors (RXR) acti-
vation, vitamin D receptor/RXR activation, interleukin
(IL)-8, acute phase response, IL10, triggering receptor
expressed on myeloid cells 1, peroxisome proliferator-
activated receptor, G-beta/gamma and hepatocyte growth
factor and IL6 signaling. Taken together, results suggest
that mainly inflammatory and transcription factors are
modified following clamp in obese insulin-resistant sub-
jects. Overall, understanding the changes in metabolic
pathways due to insulin may be a potential target for the
management of insulin resistance.

Keywords Diabetes - Obesity - Microarray -
Gene expression - Metabolic pathways

Introduction

Insulin resistance is the main metabolic feature of type 2
diabetes, and several studies indicate that it generally
precedes the onset of the disease (Eriksson et al. 1989;
Martin et al. 1992). Despite the severe impairment in
insulin action in insulin-resistant states, glucose tolerance
remains normal because the pancreatic beta cells are able
to augment their insulin secretory capacity to offset the
insulin resistance. Hyperinsulinemia occurs as a result of
the increase in insulin secretion from the beta cells. Over

@ Springer



92

Genes Nutr (2013) 8:91-98

time, the excessive rates of insulin secretion cannot be
maintained, leading to the development of glucose intol-
erance and type 2 diabetes.

Skeletal muscle is the major site for insulin-dependent
glucose disposal, and type 2 diabetic patients are charac-
terized by a marked decrease in insulin-stimulated glucose
utilization in muscle mainly due to reduced glucose uptake
and storage (Ducluzeau et al. 2001; Yki-Jarvinen 1995).
Skeletal muscle insulin resistance is critical to the patho-
genesis of type 2 diabetes and the metabolic syndrome.
Consequently, gene expression studies aimed at identifying
key genes that might be responsible for insulin resistance
and type 2 diabetes focused on muscle tissue. Previously,
in vivo studies suggest that gene expression regulating
oxidative phosphorylation and aerobic capacity are reduced
in skeletal muscle of patients with type 2 diabetes com-
pared with normal patients (Mootha et al. 2003; Patti et al.
2003). Taken together, gene expression profiles in insulin-
resistant and diabetics subjects are different from healthy
individuals.

Microarray analysis offers a powerful tool for charac-
terizing large-scale changes in gene expression levels.
However, the large number of genes tested and high vari-
ability between individuals and limited sample sizes in
human studies make it difficult to distinguish true differ-
ences from noise when alterations in gene expression are
modest. It is well accepted that the hyperinsulinemic clamp
method allows the individual effect of insulin to be studied
(Rome et al. 2003). The main objective of the current study
is to explore the changes in gene expression levels associ-
ated with glucose, fatty acid, and inflammation biological
pathways, related to the effect of insulin injected during a
hyperinsulinemic-euglycemic clamp in insulin-resistant
obese subjects. In order to do so, we analyzed the commonly
differentiated gene expression after two distinct supple-
mentations including n-3 polyunsaturated fatty acid (PUFA)
and n-3 PUFA + fish gelatin (+FG), which allowed us to
examine solely the effects of the hyperinsulinemic-eugly-
cemic clamp and to avoid confounding factors due to the
diets. In addition, using biological pathways approach
among genes, rather than individual genes, may allow us to
detect more subtle changes in metabolic pathways.

Materials and methods

Experimental design

Twenty-one males, as well as pre- and postmenopausal
female participants aged 35-70 years were recruited in the
Quebec City greater area. Participants had a body mass

index (BMI) over 25 kg/m® and had a fasting plasma
insulin >90 pmol/L including a fasting plasma glucose
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<7.0 mmol/L and 2-h plasma glucose <11.1 mmol/L.
Subjects were excluded from the study if they had weight
change +£10 % within the 6 months prior to study onset, a
major surgery in the 3 months prior to study onset, dia-
betes, familial or primary hyperlipidemia, hepatic or met-
abolic diseases, smoking, chronic hypertension (>160/
100 mmHg), incompatibility with fish consumption
(allergy, intolerance, or dislike), and medications known to
affect lipid and glucose metabolism. In order to reduce
metabolic variations, the tests were performed in the fol-
licular phase for pre-menopausal women. Fasting blood
samples were collected for plasma biochemistry and
hematology. The Clinical Research Ethical Committee of
Laval University Hospital Center and the Food Directorate
of Health Canada approved the experimental protocol.
Prior to the study entry, participants received a complete
description of the protocol, and their written informed
consent was obtained. This trial was registered at clinical
trials gov as NCT01215903.

A clinical trial was carried out at the Institute of Nu-
traceuticals and Functional Foods (INAF) center of Laval
University. This sub-study was part of a larger study that
was previously described (Rudkowska et al. 2011). Briefly,
individual dietary instructions were given by a trained
dietician to achieve the National Cholesterol Education
Program (NCEP) Step 1 diet guidelines (2001). Subjects
were asked to follow these dietary recommendations and
maintain their body weight stable throughout the protocol.
After a 4-week run-in where the subjects were not allowed
to consume any fish products, each participant was ran-
domized to consume with the NCEP Step 1 diet either the
n-3 PUFA supplementation or the n-3 PUFA + FG sup-
plementation for 8 weeks each. Participants switched back
to their usual diet for a washout period of 8 weeks
including a 4-week run-in period. Then, they crossed over
to the other experimental treatment for an additional 8
weeks.

For the »n-3 PUFA supplementation, each subject
received a bottle containing all needed fish oil capsules for
the 8 weeks, which provided the equivalent of a total of
1.8 g of EPA and DHA daily. For the n-3 PUFA + FG
supplementation, each subject received a bottle containing
all needed fish oil capsules for the 8 weeks, which provided
the equivalent of a total of 1.8 g of EPA and DHA daily,
and FG incorporated into a broth, which provided
approximately 25 % of their daily protein intake. Com-
pliance was assessed from the return of capsules of n-3
PUFA and broth cube supplements. Subjects were asked to
report any deviation during the protocol.

Subjects were submitted to a 3-h euglycemic-hyper-
insulinemic clamp as previously described by (Defronzo
et al. 1979). Identical in vivo experiments were performed
after each supplementation period.
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Samples

The muscle biopsy was performed after each 8§-week
supplementation (n-3 PUFA and n-3 PUFA + FG) pre-
and post-euglycemic-hyperinsulinemic clamp. Biopsies
(approximately 50 mg) were obtained from the vastus
lateralis muscle under local anesthesia using a needle with
suction applied. Total RNA was extracted using the
RNeasy Fibrous Tissue Mini Kit (QIAGEN, Mississauga,
ON, Canada) according to the manufacturer’s instructions
and stored at —80 °C. After spectrophotometric quantifi-
cation and verification of the total RNA quality via the
Agilent 2100 Bioanalyser (Agilent Technologies, Palo
Alto, CA, United States), samples were sent for microarray
analysis. Samples were excluded from additional analysis
on microarray chips if they had poor RNA quality [RNA
integrity number (RIN) < 8].

Array, hybridizations, and measurements

200 ng of total RNA was amplified and labeled using the
Illumina TotalPrep RNA Amplification kit (Ambion). cRNA
quality was assessed by capillary electrophoresis on Agilent
2100 Bioanalyzer. Expression levels of 48,803 mRNA
transcripts, to investigate 37,804 genes, were assessed by the
Human-6 v3 Expression BeadChips (Illumina). Hybridiza-
tion and measurements were carried out according to the
manufacturer’s instructions at the McGill University/Gén-
ome Québec Innovation Center (Montreal, Canada).

Normalization controls

This article considered the minimum information about a
microarray experiment (MIAME) which describes the
minimum information required to ensure that microarray
data can be easily interpreted and that results derived from
its analysis can be independently verified (Brazma et al.
2001). First, filtering was done with the expression data of
the lowest detection microarray score in each tissue type. A
detection score on microarrays of a P value threshold of
0.01 was used to define the number of transcripts detected,
as recommended by manufacturer and implemented in
FlexArray software (version 1.4.1) (Blazejczyk and Nadon
2007). Secondly, the Lumi algorithm was used to nor-
malize Illumina microarray data. Specifically, expression
values were normalized by using Lumi via the robust multi
array average (RAM) algorithm (Bolstad et al. 2003). This
step was followed by quantile normalization and log,
transformation. The samples were then grouped according
to diet (n-3 PUFA or n-3 PUFA + FG) and time (pre- and
post-euglycemic-hyperinsulinemic clamp). To assess the
effect of insulin on gene expression, we performed a sig-
nificance analysis of microarrays (SAM) algorithm, an

adaptation of a ¢ test between the basal state (pre-clamp)
and the insulin-stimulated state (post-clamp) for micro-
array data, on all probes. In general, the SAM application
assigns a score to gene on basis of change in gene
expression relative to standard deviation of repeated mea-
surements. Then, SAM uses permutations of the repeated
measurements to estimate the false discovery rate (Tusher
et al. 2001). A cutoff of P < 0.05 was used to select the
regulated genes. In addition, a fold change cutoff was also
computed by FlexArray software to assess the level and the
direction of the gene regulation. This fold change is cal-
culated as the absolute ratio of normalized intensities
between the mean values of all individual FC (post-/pre-
clamp). Thus, two cutoff values were used to minimize the
chances of false positives. Fold changes at >2 and
P < 0.05 (up-regulated) or fold changes at <0.5 and
P < 0.05 (down-regulated) were taken from each treatment
to determine differentially expressed transcripts, and tran-
script lists were generated.

Biological pathway analyses

Lists of differentially expressed genes were imported into
Ingenuity Pathway Analysis (IPA) system (Ingenuity®
Systems, www.ingenuity.com). Pathway analyses allowed
to determine whether genes found to be differentially
expressed belong to pre-defined networks more than
expected by chance alone and help to add structure to the
vast amount of data generated by microarrays. The IPA
system was used to visualize gene expression data in the
context of biological pathways. First, two input files were
uploaded in the IPA system: (1) fold changes of all probe
sets between pre- and post-euglycemic-hyperinsulinemic
clamp following an n-3 PUFA supplementation and
(2) fold changes of all probe sets between pre- and
post-euglycemic-hyperinsulinemic clamp following n-3
PUFA + FG supplementation, and dataset in core analysis
was created. Further, the core dataset was analyzed using
the general settings for IPA system as “ingenuity knowl-
edge base (genes)” and “considered only molecules and/or
relationships where species is humans”. As the reference
set, the ingenuity knowledge base (genes + endogenous
chemicals) was used. Finally, the canonical pathways
analysis was used to identify the most significant pathways.

Real-time RT-PCR

cDNA was mixed with TagMan Universal PCR Master
Mix (Applied Biosystems) and a gene-specific primer and
probe mixture (predeveloped TagMan gene expression
assays; Applied Biosystems) in a final volume of 20 pL.
The assays used were as follows: Hs00174103_m1 (ILS),
Hs00264920_s1 (THBD), Hs00231069_m1 (ATF3), and
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GAPDH as the housekeeping gene Hs99999905_ml
(GAPDH). All assays used the same fluorescent reporter
probe (FAMTM dye-labeled), and thus, each combination
treatment and gene was analyzed in individual wells on a
96-well plate. All samples were run in duplicate on an
Applied Biosystem 7500 fast real-time PCR system
(Applied Biosystems) using the following thermal cycling
profile: 50 °C (2 min), 95 °C (10 min), followed by 40
steps of 95 °C for 15 s, and 60 °C for 60 s. The RT-PCR
results were imported into Microsoft Excel, and the aver-
age value of duplicate C, values calculated. Data were
adjusted for the endogenous control (GAPDH). Data were
analyzed using a paired ¢ test to determine significant
changes between pre- and post-euglycemic-hyper-
insulinemic clamp. Pearson correlations were performed
between RT-PCR and microarray data. Statistical signifi-
cance was defined as P < 0.05.

Results

Characteristics of the subjects and effects
of supplementations

From the 21 subjects who started the study, sixteen subjects,
including 7 men and 9 women, aged 57 + 2 year, and with
BMI of 30 & 1.0 kg/m?, completed the study. Five subjects
became diabetic and were no longer eligible for this study.
Expectedly, the 16 subjects had sub-optimal glycemic
control: fasting plasma glucose of 5.98 £ 0.08 mmol/L,
2-h plasma glucose of 7.38 £ 0.40 mmol/L, and fasting
plasma insulin of 106 £ 9 pmol/L (mean & SEM). In
addition, subjects had slightly deteriorated plasma lipid
levels: total cholesterol (TC): 5.51 £+ 0.30 mmol/L, LDL-C:
3.84 £ 0.25 mmol/L, HDL-C: 1.02 + 0.05 mmol/L, and
TG: 1.51 &£ 0.11 mmol/L.

Changes in gene expression levels

RNA extraction from skeletal muscle tissues was per-
formed on samples: 16 pre-clamp and 16 post-clamp after
each supplementation periods (total of 64 skeletal muscle
tissues samples). After verification of the total RNA
quality, 4 samples were excluded from further analysis on
microarray chips because of poor RNA quality (RIN < 8).
The final analysis consisted of 60 samples taken at 4 time
points: pre-clamp n-3 PUFA supplementation (n = 16),
pre-clamp n-3 PUFA + FG (n = 13), post-clamp n-3
PUFA supplementation (n = 16), and post-clamp n-3
PUFA + FG (n = 15). Consequently, microarray analysis
was performed on 60 samples to gain insight on changes in
gene expression levels following a hyperinsulinemic-
euglycemic clamp.
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First, results demonstrate that of the 48,803 transcripts
present, approximately 36,738 (75 %) were detected in
skeletal muscle cells using the detection P value threshold
of 0.01. Therefore, approximately 24,000 genes were
expressed in skeletal muscle cells.

Secondly, we compared changes in gene expression
levels of samples taken pre- and post-clamp on the n-3
PUFA supplementation period. Results demonstrate that
2749 transcripts were differentially expressed (70 % (1920)
down-regulated and 30 % (829) up-regulated) (Fig. 1)
between the pre- and post-clamp intervention following the
n-3 PUFA supplementation period. Of the 2749 differen-
tially expressed transcripts, 1874 genes were associated with
a mapped gene by the IPA system. Further, we analyzed the
results of gene expression levels pre- to post-clamp after the
n-3 PUFA + FG intervention. Results reveal that 2452
transcripts were differentially expressed (67 % (1644)
down-regulated and 33 % (808) up-regulated) (Fig. 1). Of
the 2452 differentially expressed transcripts, 1785 genes
were associated with a mapped gene by the IPA system.

Finally, we compared the results of the changes in gene
expression between both supplementation periods; this
allowed us to delete the effects of the diets/supplementation/
external factors and examine solely the effects of the
hyperinsulinemic-euglycemic clamp. There were 1932
transcripts that were commonly changed in both n-3 PUFA
and n-3 PUFA + FG supplementations periods (Fig. 1). Of
these 1932 commonly differentially expressed transcripts,
1394 genes were associated with a mapped gene by the IPA
system. These genes were grouped: enzymes (188), tran-
scription and translation regulators (132), transporter (67),
G protein-coupled receptors (35), cytokines (25), ligand-
dependent nuclear receptors (6) and others (741). In addition,
the up-regulated were similar after both supplementation
periods (Table 1: Top up-regulated genes in skeletal muscle
tissue following hyperinsulinemic-euglycemic clamp.)
Further, the top down-regulated genes were regulated to a
lower magnitude [—7.65- to —4.6-fold change (max to min)]
compared with the top up-regulated genes [+191.44- to
17.63-fold change (max to min)] (data not shown).

Pathway analysis results

IPA indicates that the following pathways were changed
following clamp to similar extents after the n-3 PUFA and
the n-3 PUFA 4 FG supplementation: liver X receptor/
retinoid X receptors (RXR) activation, vitamin D receptor
(VDR)/RXR activation, interleukin (IL)-8 signaling, acute
phase response signaling, IL-10 signaling, triggering
receptor expressed on myeloid cells 1 (TREM1) signaling,
peroxisome proliferator-activated receptor (PPAR) signal-
ing, G-beta gamma signaling, and hepatocyte growth factor
(HGF) signaling and IL-6 signaling (Fig. 2).
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Fig. 1 Flow chart of number of
genes changed in microarray
analysis

Expression levels
of 48,803 transcripts
via Human-6 v3
Expression BeadChips

(lNumina)
I 1

Change after Change after
n-3 PUFA n-3 PUFA +FG

Fold change Overlap: Fold change

<050r>2 1932 transcripts <0.50r>2

and P < 0.05: and P < 0.05:

2749 transcripts 2452 transcripts

Upregulated:
1920 transcripts
(70%)

Downregulated:

Upregulated: Downregulated:

Table 1 Top up-regulated genes in skeletal muscle tissue following
hyperinsulinemic-euglycemic clamp

Symbol Gene name

GADD45B Growth arrest and DNA-damage-inducible, beta

ILS Interleukin 8

THBD Thrombomodulin

EGRI Early growth response 1

FOS FBJ murine osteosarcoma viral oncogene homolog

IL6 Interleukin 6 (interferon, beta 2)

CCL2 Chemokine (C-C motif) ligand 2

SOCS3 Suppressor of cytokine signaling 3

CCLS Chemokine (C—C motif) ligand 8

JUNB Jun B proto-oncogene

FOSB FBJ murine osteosarcoma viral oncogene homolog B

RGS16 Regulator of G protein signaling 16

EGR2 Early growth response 2

CDKNIA Cyclin-dependent kinase inhibitor 1A (p21, Cipl)

MTI M Metallothionein 1 M

IER3 Immediate early response 3

MYcC V-myc myelocytomatosis viral oncogene homolog
(avian)

CXCL2 Chemokine (C-X-C motif) ligand 2

BCL3 B-cell CLL/lymphoma 3

Results for real-time RT-PCR

Results from RT-PCR demonstrate that pre- to post-clamp
results were differentially expressed by 1.47 fold change
for IL8 (P <0.001), 2.29 fold change for THBD
(P < 0.001), and 1.94 fold change for ATF3 (P < 0.001)

829 transcripts 1644 transcripts 808 transcripts
(30%) (67%) (33%)
from pre-clamp results after n-3 PUFA and n-3

PUFA + FG supplementation (no significant differences
between diets). In addition, expression levels obtained by
RT-PCR and microarray were highly correlated for ILS
(P < 0.001), THBD (P < 0.001), and ATF3 (P < 0.001).
In addition, we can confirm that the kinetics of insulin-
induced expression patterns by RT-PCR methods are
comparable with microarray results.

Discussion

Approximately 5 % (1932) of expressed transcripts were
significantly changed by insulin in obese insulin-resistant
subjects. Metabolic pathway analyses indicate generally
changes in pro-inflammatory, transcriptional, and G pro-
tein-coupled receptor (GPCR) signaling pathways. Previ-
ous studies have examined the rapid changes in the gene
expression levels in skeletal muscle during euglycemic-
hyperinsulinemic clamp conditions in healthy subjects
(Coletta et al. 2008; Rome et al. 2003; Wu et al. 2007).
These studies demonstrate changes in gene expression
levels of genes related mainly to transcription factors,
intermediary and energy metabolisms, immune response,
and intracellular signaling in healthy volunteers (Coletta
et al. 2008; Rome et al. 2003; Wu et al. 2007). Addition-
ally, a study demonstrated that the beginning of insulin
stimulation changes are usually apparent in the expression
of early response transcription factors together with early
signaling molecules, chemokines, and receptors followed
afterward by secreted growth factors and proteases,
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Fig. 2 Significantly changed
pathways following
hyperinsulinemic-euglycemic
clamp

IL6 Signalling (n=16)

number of significantly changed genes)

Significantly Changed Metabolic Pathways (P<0.05)
(n

metabolic enzymes and cell-cycle-regulating genes (Han-
sen et al. 2004). Thus, the limited stability of these genes
categories may facilitate rapid regulatory control for
intracellular signaling to reflect the current condition of an
individual. The current results concur with previous
investigations of the effect of insulin on the transcriptional
response factors; however, a larger proportion of changed
transcripts were related to inflammation signaling in the
obese insulin-resistant subjects.

Insulin resistance is associated with increased levels of
inflammation markers (Garcia et al. 2010). Moreover, it is
well-know that cross-talks occur between insulin and
cytokine signaling pathways. Results of the present study
demonstrate that a large number of inflammatory cyto-
kines—ILS8, IL6, CCL2, CCLS8, and CXCL2—were up-
regulated by insulin. Additionally, GADD45B, THBD, and
SOCS3 that are tightly regulated to inflammatory response,
were also strongly up-regulated after insulin challenge.
Previous studies have demonstrated that these genes are
strongly up-regulated after a clamp challenge (Hansen
et al. 2004; Rome et al. 2003). These genes changed var-
ious pathways related to inflammatory processes: ILS,
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acute phase response, IL10, TREM1 and IL6 signaling.
Overall, these results are consistent with those of previous
in vitro studies (Hansen et al. 2004), which have shown
that insulin induces a pro-inflammatory immune responses
following insulin challenge.

Earlier studies have shown that in healthy subjects insulin
increased a number of inflammatory genes (Coletta et al.
2008; Rome et al. 2003); however, to a lesser extent than the
current study. This difference in magnitude may be due to
the insulin sensitivity, obesity status of subjects, as well as
the subjects’ ethnic origins. First, a recent study showed that
the expression of key genes in the inflammatory pathways
was higher in the insulin-resistant than in the insulin-sen-
sitive groups (Westerbacka et al. 2006). Secondly, a chronic
systemic low-grade inflammation is typically observed in
obese subjects. The beneficial effect of weight loss was
associated with the modification of the inflammation-related
gene expression (Clement et al. 2004; de Mello et al. 2008).
Further, gene expression in obese subjects after dietary
restriction was closer to the profile of lean subjects than to
the pattern of obese subjects before dietary restriction
(Clement et al. 2004). Finally, researchers have compared
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the effect of a clamp between ethnicities; they found that the
inflammatory genes were increased to a greater level in
European-American compared with African-Americans
subjects (Elbein et al. 2011; Smith et al. 2010). These results
suggest that the expression levels of inflammatory genes is
greater in our population of French-Canadian, obese, insu-
lin-resistant subjects’ compared with previous populations.

The expression of transcription regulation factors, such
as FOS, FOSB, JUNB, EGRI, EGR2, IER3, MYC,
CDKNIA, and BCL3 were also altered by insulin. These
genes control a number of cellular processes including
differentiation, proliferation, and apoptosis. Further, the
LXR/RXRs, PPAR, VDR-RXR, and HGF signaling path-
ways were modified. These pathways involve nuclear
receptors that mediate the transcriptional regulation of a
number of genes. It is well known that insulin increases
fatty acid uptake and triglyceride storage in skeletal mus-
cle. LXRs control cholesterol homeostasis in the body as
well as synthesis of fatty acids and triglycerides, which are
secreted and used for the formation of lipoproteins (Repa
and Mangelsdorf 2002). A study has demonstrated that
LXRs may also play a role in glucose homeostasis (Cao
et al. 2003). Further, PPARs are nuclear receptors that are
activated by fatty acids and their derivatives. PPARA is
highly expressed in skeletal muscle and the liver, and it
plays a role in the clearance of cellular lipids via the reg-
ulation of genes involved in lipid metabolism as well as
cytokine production (Alwayn et al. 2006; Israelian-Kona-
raki and Reaven 2005). PPARB/D is involved in lipid
oxidation and cell proliferation. PPARG is expressed
mainly in fat but also to a lesser extent in muscle and is
important for adipogenesis, lipid metabolism, inflamma-
tion, and glucose control (Yki-Jarvinen 1995; Zierath et al.
1998). Further, VDR/RXR signaling regulates a variety of
metabolic pathways together with a variety of immune
responses (Bouillon et al. 2008). In addition, an animal
study showed that mice lacking a functional VDR had
reduced insulin secretion and higher blood glucose levels
than normal mice (Zeitz et al. 2003). Therefore, VDR/RXR
signaling may be an important target for glycemic control.
The HGF is a multi-potent cytokine that stimulates cell
proliferation, differentiation, motility, and invasiveness.
Previous studies have reported similar findings concerning
the effect of insulin on the expression of transcription
factors (Hansen et al. 2004; Rome et al. 2003). Overall,
these above transcription factors signaling pathways are
essential for the energy metabolism and intracellular sig-
naling pathways to adapt to environmental changes, such as
insulin, and may also participate in the pathogenesis of the
disease (Barroso et al. 1999; Brunetti et al. 1996).

GPCR pathways control glucose and fatty acid metab-
olism and the onset of obesity and diabetes. The GPCR
pathways involve two principal signaling pathways: the

cAMP and the phosphatidylinositol signal pathway. In the
current study, the regulator of G protein signaling 16
(RGS16) was one of the most up-regulated gene after the
clamp. A previous study demonstrated that RGSI6 gene
provides a signaling mechanism for glucose production to
inhibit GPCR-stimulated fatty acid oxidation in hepato-
cytes (Pashkov et al. 2011). In accordance, the G-beta/
gamma signaling pathway was strongly modified after the
clamp challenge. Overall, insulin significantly influences
GPCR pathways.

In conclusion, these results illustrate the marked effect
of insulin on pro-inflammatory, transcription, and GPCR
pathways in obese Caucasian insulin-resistant subjects.
Previously Wu et al. (2007) demonstrated that the effects
of a euglycemic-hyperinsulinemic clamp were noted on all
stages including transcription, mRNA processing, transla-
tion, post-translational protein modification, and protein
degradation. In sum, these results suggest that key
inflammatory and transcriptional pathways should be tar-
geted in the development of nutritional as well as phar-
maceutical therapies to decrease the risk of progression to
type 2 diabetes for obese insulin-resistant subjects.
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