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Abstract

We arein the midst of aworldwide epidemic of type 2 diabetes (T2D) and obesity. Understanding
the mechanisms underlying these diseasesis critical if we are to halt their progression and
ultimately prevent their development. The advent and widespread implementation of microarray
technology has allowed analysis of small samples of human skeletal muscle, adipose, liver,
pancreas and blood. While patterns differ in each tissue, several dominant themes have emerged
from these studies, including altered expression of genes indicating increased inflammation and
altered lipid and mitochondrial oxidative metabolism and insulin signaling in patients with T2D,
and in some cases, in those at risk for disease. Unraveling which changes in gene expression are
primary, and which are secondary to an insulin resistant or diabetes metabolic milieu remains a
scientific challenge but we are one step closer.
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Introduction

Type 2 diabetes (T2D) in the United States and around the world has reached epidemic
proportions. At present, 18.8 million people in the United States have been diagnosed with
diabetes, with an additional 7 million undiagnosed (1). An additional 79 million Americans
suffer from prediabetes. Unfortunately, the incidence of T2D isalso increasing at an
alarming rate, with more than tripling between 1980 and 2009 (1) and a projected increase
of 165% from 2000 to 2050 (2). Intimately linked with the rise in diabetes prevalence isthe
burgeoning epidemic of obesity, particularly in developed societies (3). These alarming
patterns will likely translate into increases in cardiovascular and other health risks associated
with insulin resistance and diabetes.

An important public health goal isto better understand the complex pathophysiology of T2D
and to determine which individuals are at highest risk, in order to target prevention and early
intervention strategies. Fortunately, the incidence of T2D can be modified by alterationsin
lifestyle, including exercise, modest weight loss, and specific medication (4—7). Despite the
many advances in behavioral and pharmaceutical interventions, the vast majority of
individuals with diabetes continue to have suboptimal metabolic control (8), emphasizing
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the need for improved understanding of disease pathophysiology and the identification of
new and more effective targets for treatment and prevention.

Pathophysiology of Type 2 Diabetes

Multiple physiologic defects have been identified in T2D, including insulin resistance in
muscle, adipose tissue, and liver, impaired insulin secretion, impaired incretin secretion and
action, and altered balance of CNS pathways controlling food intake and energy
expenditure. While the relative contribution of each of these defects continues to be debated,
longitudinal studiesin high-risk individuals suggest that insulin resistanceis avery early
phenomenon, occurring years beforeany evidence of glucose intolerance or p-cell failure
and predicting the development of type 2 diabetes (9). In turn, both genetic and
environmental factors, including family history, early-life development, obesity, inactivity,
and aging, all contribute to insulin resistance. Strategies to identify genetic determinants
have included genome-wide association studies; these have identified novel candidate loci
linked to diabetes risk, but the majority of those identified thus far appear related to p-cell
function and not insulin resistance, and together, identified loci explain only about 10% of
diabetes heredity (10). At acellular level, mitochondrial oxidative dysfunction, endoplasmic
reticulum stress, oxidative stress, and alterationsin insulin signaling have all been linked to
insulin resistance. However, which of these are critical for diabetes risk in humans remains
unknown (11).

Microarray techniques have been widely utilized over the past decade for the study of
obesity and type 2 diabetes. In this review, we will focus on results of gene expression
analysis in accessible human tissues which have yielded new insightsinto transcriptional
patterns associated with type 2 diabetes. For more details on individual studies, the reader is
encouraged to refer to Supplementary Table 1.

Skeletal Muscle

Skeletal muscle isthe largest insulin-sensitive organ in humans, accounting for more than
80% of insulin-stimulated glucose disposal (12). Muscle also contributes to systemic energy
expenditure, both directly and via secretion of myokines regulating oxidation in adipose
tissue (13). Multiple metabolic defects have been observed in muscle from insulin-resistant
but normoglycemic subjects at high risk for diabetes development, including reduced
insulin-stimulated glycogen synthesis (14;15), atered insulin signaling (16;17), and
increased muscle lipid accumulation (18). Although it remains unclear whether any of these
defects play a causal role in insulin resistance, intramyocel lular lipid excess strongly
correlates with the severity of insulin resistance (18;19). Moreover, muscle lipid excess has
been linked experimentally to induction of insulin resistance (20-22).

Effects of insulin on gene expression patterns in muscle

Insulin can regulate gene expression directly, via both Pl 3-kinase and ERK -dependent
signaling pathways modul ating transcription, or effects on transcript stability/turnover (23).
Additional /n vivoinsulin effects may be indirect, reflecting the impact of insulin on
systemic metabolism (e.g. suppression of lipolysis and proteolysis) which could secondarily
influence transcription. To isolate primary effects, Hansen and colleagues performed a
detailed time course of insulin effects in cultured human myotubes (24). Insulin robustly
stimulated gene expression in as little as 30 minutes (e.g. FOS, EGR1, JUNB, SRF,
BHLHB?2). Additional genes emerged during later time points up to 24 hours, including
proinflammatory, chemokine, angiogenic, metabolic, and cell cycle regulatory genes.
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/n vivotranscriptional effects of insulin in healthy individual s have been analyzed by
comparing gene expression in muscle biopsies obtained in the fasting state and after 34
hours of insulin infusion (25-27). Despite different experimental protocols, these studies
identified similar robust effects of insulin on genes regulating transcription and tranglation,
protein metabolism, and muscle devel opment. Similar to effectsin myotubes, insulin
stimulation /n7 vivo also upregul ated genes related to inflammation and early transcriptional
responses (e.g. FOS/JJUN, BHLHB2, HES1, NR4A1). Insulin infusion also altered miRNA
(28), potentially via SREBP1c and M EF2c-dependent mechanisms. Interestingly, expression
of the insulin receptor substrate IRS1 was decreased, and that of p85 regulatory subunit of
PI 3-kinase increased — findings which would be predicted to induce insulin resistance.
Thus, insulin may induce transcriptional effects which limit insulin action in the face of
sustained hyperinsulinemia.

Chronic resistance to insulin could have a major impact on differential gene expression
patterns in patients with T2D. For example, insulin resistance might attenuate the impact of
surges of insulin (e.g. in postprandial state); in addition, the fasting hyperinsulinemia
characteristic of insulin resistance might also influence transcriptional responsesto insulin,
particularly if insulin resistance is pathway-specific. Not surprisingly, differencesin insulin-
responsive gene expression in both myotubes (24) and muscle biopsy samples (29) from
patients with T2D vs. controls are quite robust. One study suggested that BHLHB2, a
repressive basic helix-loop-helix transcription factor, could regulate about 10% of genes
regulated by insulin and could contribute to differential gene expression in insulin resistant
individuals and altered oxidative metabolism (29).

To identify effects of chronic insulin therapy /n vivo, Sreekumar and colleagues treated T2D
patients with uncontrolled hyperglycemia with insulin for 10 days and assessed gene
expression (30). In parallel with improved metabolism, insulin normalized differencesin
gene expression between patients and controls. These included genes linked to structural and
contractile function, growth, tissue development, stress response, and energy metabolism.
Eleven transcripts differentially expressed in patients with T2D were unresponsive to insulin
(remaining differentialy expressed), including multiple muscle fiber proteins, complex |
NADH dehydrogenase, cadherin, and HSP70.

Together, these studies demonstrate that both acute and chronic insulin can potently regulate
gene expression in muscle. It remains unclear whether /1 vivo differencesin insulin-
responsive gene expression between controls and patients with T2D reflect basal differences
in transcriptional patterns (which could influence the ability of insulin to subsequently
modulate them), differencesin global or pathway-specific insulin action, or the time course
or mechanisms by which insulin signals are terminated.

Differences in muscle gene expression in T2D and insulin resistance

Multiple studies have analyzed global gene expression patterns in skeletal muscle from
patients with T2D vs. controls. Although the specific genes dysregulated vary from study to
study, ontology and pathway analysis led to a consistent finding in both Caucasians and
Mexican-Americans with T2D - a consistent 20-30% reduction in expression of multiple
nuclear-encoded genes of the OXPHOS pathway and the PGC1-ERR family of coactivators
(31-33). These patterns were observed both in the fasting state (31) and following insulin
stimulation (32). Similar reductions in OXPHOS expression have also been observed in
some populations of insulin resistant, but completely normoglycemic, individuals (31;34)
and even at the protein level in aged individuals (35). Furthermore, these patterns were
recapitul ated experimentally by inactivity (36), lipid infusion (37), or high-fat feeding (38).
Conversely, these patterns could be reversed by exercise training (35;39;40) or treatment
with the insulin sensitizer rosiglitazone (41;42). Given that OXPHOS gene expression
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typically paralleled insulin sensitivity changes in these studies, and was linked to both
genetic and epigenetic control (43-46), these data provided support for the hypothesis that
reductions in OXPHOS gene expression might be causally linked to the impaired substrate
oxidation and metabolic flexibility associated with insulin resistance.

Despite the initial enthusiasm for this hypothesis, not all studies demonstrated similar
patterns, potentially due to differences in methodology (47), cohort size (48), differencesin
degree of insulin resistance and/or deficiency, and the impact of age, obesity, physical
fitness, and ethnicity (43;44,49;50). For example, Asian Indian individuals with insulin
resistance have increased expression of OXPHOS genes (51). OXPHOS gene expression or
function is similarly increased in some high fat diet-fed rodent strains (52-54). Our own
studiesin Caucasian individuals revealed downregulation of OXPHOS gene expression in
established T2D, but no change in isolated insulin resistance (55). Thus, insulin resistance is
not always accompanied by downregulation of OXPHOS genes. Moreover, experimental
disruption of OXPHOS in several rodent models does not induce insulin resistance, but
rather enhances insulin sensitivity, perhaps via adaptation in AM PK-dependent pathways
(56).

Taken together, these data suggest that transcriptional dysregulation of PGC1-directed
OXPHOS gene expression is unlikely to play adominant causal role in the pathogenesis of
insulin resistance. Rather, these patterns may be secondary to other aspects of the diabetes
metabolic environment, including insulin deficiency or insulin resistance. Several lines of
evidence provide support for this concept. Firstly, reduced OXPHOS gene expression in
either mice or patients with established diabetes can be partially normalized by insulin
treatment (30;57;58). Secondly, during acute high-fat feeding in humans, hepatic insulin
resistance precedes dysregulation of muscle energetics and gene expression (54). Finally,
defectsin OXPHOS expression are not observed during prolonged ex vivo culture of
primary myotubes, despite persistence of insulin resistance (24;59). Together, these data
indicate that dysregulation of OXPHOS gene expression are not likely to be a primary
defect. Rather, downregulation of OXPHOS may be a*“secondary” response to limit
oxidative stressin settings of sustained overnutrition and/or inactivity. This perspective does
not exclude arole for other genes and pathways regulating oxidative energy metabolism
(e.g. TCA cycle, lipid oxidation, anaplerotic pathways, responses to oxidative stress) nor for
dysregulation mediated at post-transcriptional levels.

Given these findings, our group and others have aimed to identify additional genes and
pathways transcriptionally dysregulated in bothinsulin resistance and T2D. For example, we
recently reported that the top-ranking gene set in skeletal muscle, enriched in both insulin
resistant subjects with family history of T2D (FH+) and those with established T2D, was a
group of genes regulated by the transcription factor SRF, its coactivator MKL 1, and the
upstream protein STARS (60). This pathway may play arolein insulin resistance, as
expression of STARS correlates with insulin resistance, and genetic and pharmacol ogical
inhibition of this pathway improves insulin action, oxidative metabolism, and glucose
tolerance in obese mice (60).

Additional genes and pathways, many related to metabolism, have also been identified in
insulin resistant individuals. For example, offspring of parents with T2D have decreased
expression of lipoprotein lipase (LPL) in muscle, paralleling decreased mitochondrial
density (61). Experimental decreasesin LPL expression in myotubes also decrease
mitochondrial content and reduce fatty acid-mediated activation of PPARS (61). Conversely,
alterations in lipid partitioning may also promote insulin resistance, via accumulation of
potentially deleterious lipids (62). Expression of stearoyl CoA desaturase (SCD1),
promoting lipogenesis, is markedly increased in obese subjects compared to lean (63). This
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pattern correlates with triglyceride content and inversely with fatty acid oxidation, and is
maintained in cultured myotubes derived from obese donors, indicating potential genetic or
epigenetic mechanisms. Similarly, we recently reported that downregulation of SFRS10in
muscle in obese patients with T2D may contribute to atered patterns of splicing, enhanced
lipogenesis, and triglyceride accumulation (64). Despite increasesin lipogenic expression, it
remains unclear whether these responses remain inadequate relative to lipid supply, thus
favoring the accumulation of deleterious species (e.g. DAG, ceramides) and promoting
further insulin resistance (65).

Additional genesidentified in microarray analysis have subsequently been assigned a
functional role in insulin resistance phenotypes. For example, thioredoxin interacting protein
(TXNIP) isrepressed by insulin in healthy humans and upregulated in T2D (66).
Overexpression of TXNIP reduces glucose uptake (66). Additional examples of genes
dysregulated in T2D and linked to insulin resistance phenotypes include heat shock protein
72 (decreased) (67), cathepsin L (decreased) (68), and Rad (increased) (69;70).

As noted earlier, many changes in muscle metabolism and gene expression in insulin
resistance and T2D are closely related to physical inactivity and markers of poor physical
fitness (36;71). Exercise training increases expression of PGC1 and OXPHOS genes
(39;40;72), maonyl CoA decarboxylase (73), changes expected to promote improved
oxidative capacity. Conversely, inactivity reduces expression of genes regulating OXPHOS,
TCA cycle, and lipid and BCAA oxidation, and increases Rad expression (36).
Paradoxically, inactivity increases the effect of insulin to upregulate inflammation and ER
stress genes (36), again highlighting the possibility that insulin resistance can induce
pathway-specific and potentially deleterious transcriptional responsesto insulin.

Adipose Tissue

White, brown, and recently-identified “beige” adipose tissues are recognized as important
subtypes of adipose tissue which may play distinct rolesin regulation of systemic
metabolism (74). White adipose accounts for the greatest mass, and is widely distributed
throughout subcutaneous and intraabdominal regions. White adipose is a highly
heterogeneous tissue dominated by adipocytes with unilocular lipid droplets. Adipocytes
play adominant role in storing triglycerides during positive energy balance while promoting
lipolysis during negative energy balance. Additional cell types, including preadipocytes,
fibroblasts, vascular cells, and immune cells, also contribute to adipose regulation of
systemic metabolism viathe collective secretion of adipocytokines (e.g. leptin, adiponectin,
TNFa, IL-6, and others). By contrast, brown adipose tissue functions in energy and heat
dissipation and is characterized not only by high numbers of mitochondria, but also by
expression of UCP1 in the inner mitochondrial membrane. While recent studies have clearly
demonstrated that brown adipose tissue can be functional in adults (75;76), and potentialy
less active in obesity (75), brown or beige fat is difficult to access in humans, and studiesto
date have largely focused on developmental origins (76;77). Thus, we will focus our
discussion in this section on studies of white adipose tissue.

Given the heterogeneity of white adipose tissue, gene expression studies in this tissue must
take into consideration whether there are differences in proportions of cell types, or of
phenotypes within in each cell type. For example, obesity itself istypically associated with
increased proportions of large cells, which have higher expression of immune-related genes,
similar patterns are also observed in large cells from lean individuals (78;79). Thus, itis
important to consider experimental methods, as sample processing could introduce abiasiif
asmaller or larger population of cellsis selected (e.g. lysis of larger cells or loss of smaller
cells during adipocyte isolation). Moreover, adipose needle biopsy samples differ from
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surgical biopsies, with decreases in stromal-vascular fractions, increased blood cell
contamination, and differential expression of genes within inflammatory, extracellular
matrix and metabolic pathways (80). Thus, comparison of samples obtained using different
methods must be avoided.

Adipose depot-related differences in gene expression (e.g. subcutaneous vs. visceral) are
also prominent. Accumulation of visceral adipose correlates with insulin resistance, glucose
intolerance, and other components of the metabolic syndrome (81), while subcutaneous
adipose is generally viewed as protective for metabolic disease. Many genes are more highly
expressed in subcutaneous adipose tissue (SAT), with enrichment of genes linked to lipid
and carbohydrate metabolism, cell structure, and homeobox transcription factors. By
contrast, visceral adipose tissue (VAT) is enriched for genes involved in immune response,
cell proliferation/differentiation, cell cycle, cell death and angiogenesis (82-91). These
pathways are also generally altered in obesity (92-95). In obese humans, inflammatory
genesin VAT correlate with plasma glucose (94). Additionally, depot-specific differencesin
splicing isoforms have been observed for TCF7L2, agene linked to genetic risk for T2D
(96). Whether depot-specific differences in gene expression simply reflect differencesin
developmental origin (97) or functional differencesin metabolism, or both, remains
uncertain.

Analysis of gene expression patterns in lean vs. obese humans have nevertheless
demonstrated several key features, including increased expression of immune-related genes
and widespread dysregulation of metabolic genesin both SAT and visceral depots (92).
Adipose from obese individuals is also characterized by increased expression of genes
related to long-chain fatty acid uptake, MAP kinases, and markers of early adipocyte
differentiation (e.g. CDKN1A, GADD45B, LMNA, ANGPTL4) with parallel reductionsin
expression of genes related to lipid metabolism (e.g. AKAP1, APOE), growth factors and
final-stage adipocyte differentiation (e.g. CDKN2C, LPL, PPARy and PCK1) (90;98-100).
Similar patterns suggesting impaired adipogenesis are seen in obese adolescents (e.g.
downregulation of PIK3R3, PIK3CD, PIK3R2, SREBP1, upregulation of PIK3CB, FBP1,
PRKAA1) (101). Obese individuals also have reduced expression of genes associated with
lipid oxidation (e.g. ACADM, HADHSC, ETFDH), fatty acid biosynthesis (e.g. FASN,
SCD1) and glucose metabolism (e.g. PCK1) in SAT (102). Similarly, mitochondrial
OXPHOS genes (e.g. NDUFB5, SDHB, UQCRFSL1) are also downregulated in VAT from
T2D patients (56). Interestingly, studies of monozygotic twin pairs demonstrate that the
more obese co-twin has reduced expression of genes linked to oxidative metabolism,
suggesting a potential role for epigenetic or postnatal diet in mediating these differences
(103).

Upregulation of inflammatory (e.g MMP3, MCP-1) genes has also been observed in isolated
adipocytes from obese Pima Indians (104-106). Such changes appear to be even more
prominent in individuals consuming a diet rich in saturated fatty acids, as compared with the
more anti-inflammatory profiles linked to monounsaturated fatty acids (107).

Expression of microRNA speciesis also altered in obese VAT. For example, miR-17-5p and
miR-132 are reduced in both VAT and in the circulation of obese subjects (108). In an
independent study, miRNA which are downregul ated during adipocyte differentiation and
maturation (miR-221, miR-125b and miR-100) were found to be upregulated in obese
subjects, while miR-185, which is upregulated in mature adipocytes, was downregulated in
obese men (109). Overexpression of miR-519d has also been associated with obesity and
influence on PPARY expression (110). Thisinverse mRNA profile suggests that miRNA
could also be involved in dysregulation of adipogenesisin the setting of obesity.
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Once obesity is established, it is difficult to discern which changes are primary, and which
are secondary to the metabolic effects of obesity. Analysis of time course responsesto
overfeeding, the effects of insulin resistance, and cell type-specific responses may all be
useful to dissect these components. One study examined subcutaneous adipose gene
expression patterns in humans during the course of high-fat feeding over atwo month period
(17). Genes related to lipid metabolism were altered by day 14; by day 56, an enrichment of
genes related to lipid metabolism, extracellular matrix, angiogenesis and renin-angiotensin
signaling was observed, in parallel with downregulation of Wnt/p-catenin signaling (17).
These data suggest that changes in lipid metabolism, vascularization, and tissue remodeling
are among the earliest changes in adipose tissue under conditions of nutrient excess.

A second approach to dissecting the potential contribution of insulin resistance itself to
expression changes in obesity is to examine adipocytes isolated from non-obese insulin
resistant (IR) subjects with family history of diabetes. Interestingly genes linked to cell cycle
regulation were upregulated, in parallel with genes related to lipid and protein metabolism
(111). Moreover, genes regulating adipogenic signaling (WNT1, FZD1, DVL1, TCF1) and
early stages of adipogenesis (C/EBPa/p/6, PPARy, SREBP1, aP2) were decreased in
adipose tissue from non-obese IR subjects. Whether these patterns simply reflected the
larger adipocyte size in these individuals or the underlying pathophysiology of adipocyte
insulin resistance remains unclear. Nevertheless, these findings suggest that early insulin
resistance is accompanied by adipose dysfunction (impared adipogenesis or cell
differentiation) even before the onset of obesity or T2D (111). Insulin resistance in the
setting of obesity is accompanied by additional changes, including altered expression of
insulin signaling genes (increased IRS-1, PI3Ky, Akt2, GLUT4, GLUT1; decreased PI3Ka,
PDK2, mTor, Rheb, 4EBP, el F members, Ras and MEK 1/2 kinase) when compared to either
lean or obese, insulin sensitive subjects. These changes are even more prominent in VAT
(100). Thus, insulin resistance, rather than isolated obesity, is associated with altered
expression of insulin signaling genes.

Thirdly, given the heterogeneity of adipose tissue, studies examining the effect of obesity
and insulin resistance on expression patterns in isolated preadipocytes may also provide
clues. Preadipocytes from obese T2D patients (112) demonstrate downregulation of genes
related to adipogenesis, extracellular matrix remodeling, insulin signaling and lipid
metabolism (e.g. CPT1, IL-8, COL4a, IGF1, ALDOC, PFKP, GAPDH, ACSL3), with
parallel increases in genes related to inflammation and apoptosis (e.g. ASS1, TWIST?2, CPE,
C3, PPL). Similar changes have been observed in obese individuals of Pima heritage (113).
More specific sorting of macrophages (CD34-/CD14*) from both SAT and VAT of
individuals with a spectrum of adiposity demonstrated that macrophage marker expression
correlated positively with BMI, WHR, and plasmainsulin (114).

Many of the changes observed in adipose tissue or its fractions are quite similar to those
induced by LPS injection /n vivoor incubation ex vivo (115;115). Given the increased
recognition that hypoxia may be alimiting factor in adipose expansion and remodeling
during nutrient excess (116), the convergence of inflammatory and hypoxic stimuli may
both contribute to obesity and T2D-linked expression patterns.

Many intervention protocols designed to minimize obesity and insulin resistance also
profoundly alter adipose gene expression. Even modest weight reduction (e.g. 5%) is
associated with beneficial changes, including downregulation of genes related to
proinflammatory, extracellular matrix, and cell death-related genes (25;90). Caloric
restriction also alters expression of genesinvolved in adipogenesis and lipogenesis, protein
synthesis, and development (80;117-119). Similarly, avery low caloric diet intervention for
28 days yielded adipose expression patterns more similar to that of lean controls (120).
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During the weight loss phase, the majority of genesinvolved in lipid, carbohydrate, and
mitochondrial energy pathways were downregulated; during weight stabilization, lipid and
carbohydrate metabolism were upregulated but expression of genes involved in immunity,
defense, and tissue remodeling remained decreased. Interestingly, genes controlling both
cellular proliferation and cell death were overrepresented in SAT from those subjects who
regained weight (e.g. ACLY, CFL1, ACSL5, LCP1, MAPK3, MEST, ADIPORL, EIF4A,
LASS2, CES1, CDK2AP1, RNF5, E2F4), while sustained improvements in mitochondrial
oxidative genes was associated with continued weight loss (e.g. PLAT, NDUFA9, BTBD?7,
IGF1, VGLL3, ATP10A) (121). Even greater degrees of weight loss, as with bariatric
surgery, can also normalize expression patterns (122), including downregulation of
inflammatory (e.g. MCP1, PLAUR, CSF3) and HIF-related pathwaysin SVF (123).
Furtherrmore, treatment with the PPARy ligand rosiglitazone decreased expression of the
cell cycleregulator E2F4 and in parallel, increased expression of the preadipocyte marker
necdin, suggesting enhanced differentiation (124).

In summary, gene expression patterns support the concept that obesity and insulin resistance
are associated with impaired adipocyte metabolic function, perhapsin part due to altered
differentiation. With continued nutrient excess, the capacity for lipid storage is
overwhelmed, unrestrained lipolysis ensues, and proinflammatory cascades are engaged
(125). This cascade is accompanied by dysfunctional adipocytokine secretion which may
then promote del eterious changes in systemic metabolism facilitating accumulation of
excess lipids in non-adipose (ectopic) locations, such as muscle and liver.

The liver plays a central, unique role in carbohydrate, protein, and fat metabolism. It is
critical for maintaining glucose homeostasis (1) during fuel availability, via storage of
glucose as glycogen or conversion to lipid for export and storage in adipose tissue, and (2) in
the fasting state, via catabolism of glycogen, synthesis of glucose from noncarbohydrate
sources such as amino acids (gluconeogenesis), and ketogenesis. In turn, these responses are
regulated by the key hormones insulin and glucagon, which modulate signaling pathways
and gene expression, leading to inhibition or stimulation of glucose production, respectively.

Recent human data have highlighted the importance of disordered hepatic metabolism,
including inappropriately increased hepatic glucose production, hyperlipidemia, and lipid
accumulation, in both obesity and type 2 DM. Furthermore, fatty liver and non-alcoholic
steatohepatitis (NASH) are intimately linked to the metabolic syndrome and risk for type 2
DM (126). Similar to muscle and adipose, hepatic lipid excessin NASH is paralleled by
insulin resistance, increased lipid oxidation and peroxidation, increased lipogenesis (127)
and abnormalities in mitochondrial structure (128) and ATP metabolism (129). While these
datain humans cannot demonstrate causality, rodent data also support an important role for
the liver in diabetes pathogenesis. For example, liver-specific insulin receptor knockout
(LIRKO) mice develop glucose intolerance, impaired insulin suppression of hepatic glucose
production, dyslipidemia, and altered hepatic gene expression (130;131).

Unfortunately, despite the critical role of the liver in mediating whole-body glucose and
lipid metabolism, we know little about transcriptional responsesin theliver in early stages
of diabetes pathogenesis, given that the liver remains relatively inaccessible to tissue
sampling in otherwise healthy humans. The magjority of the available (though limited) data
has derived from individuals with obesity undergoing abdominal surgery, with or without
coexisting T2D. Selection and recruitment of an appropriate healthy control group matched
for key demographicsis adifficult task in these circumstances. Moreover, interpretation is
complicated by several factors, including individual variability in the extent of inflammation
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and fibrosis, differences in the proportion of specific cell types, subject diet (not typically
controlled), relatively small sample sizes, and variation in experimental approaches and
microarray methodology.

One of the earliest microarray studies of human liver was performed by Sreekumar and
colleagues, who analyzed liver samples from patients with NASH (BMI 30) and age-
matched healthy controls (BMI 27). Interestingly, among the 12 downregulated genes were
genes related to lipid metabolism and pB-oxidation (e.g. long-chain CoA synthase, HADHA),
ketone metabolism (HMGCS2), gluconeogenesis (glucose-6-phosphatase), and ROS
defenses (e.g. SOD1, catalase) (132). Conversely, upregulation of complement C3 and a.-1
antitrypsin hints at increased inflammation in NASH.

Subsequent studies of transcriptional patterns associated with obesity-linked liver disease
have attempted to segregate effects of inflammation and lipid accumulation by studying
subjects with NASH in comparison with isolated steatosis or healthy controls. Patterns
linked to NASH are relatively consistent across studies, including dysregulation of genes
regulating lipid metabolism and antioxidant responses, inflammation, and fibrosis.
Individuals with NASH have /ncreased expression of genes related to lipid metabolism (e.g.
ACSL4, HMGCS2), matrix remodeling (e.9. MMP2, CPSG2, SDC4), and antioxidant
responses (e.g. CAT, GSTAA4), but downregulation of other genes linked to B-oxidation
(ACADSB) or mitogenic signaling (e..g JUN, ETS2) (133;134). Even higher levels of
expression of ACSL4 and glutathione transferases were observed in an African-American
cohort with NASH (135). Similar patterns of increased expression of genes regulating
lipogenesis (136), inflammation (e.g. MHC class |1, chemokines) and fibrosis (e.g. collagen,
TGFB) have also been observed (137).

Since hepatic steatosisis also associated with insulin resistance, analysis of isolated steatosis
may give cluesto early transcriptional patterns linked to insulin resistance and diabetes risk,
in the absence of inflammation-related signals which cloud interpretation. Even in isolated
steatosis, there is substantial variability between studies, perhaps related to the heterogeneity
of subject metabolic phenotypes and tissue inflammation not appreciated on histology. For
example, Chiappini et a demonstrated upregulation of several genesrelated to

mitochondrial and peroxisomal lipid metabolism, OXPHOS, IGF binding proteins, cell cycle
regulation, inflammation, and cell adhesion, and increased mitochondrial DNA in isolated
steatosis (mean BMI 27) (138), while downregulation of IGFBP1 and upregulation of
ACSL4 and multiple antioxidant response genes (e.g. GSTM) was the dominant pattern in
patients with NASH (134). Similar patterns have been observed even in patients with well-
controlled diabetes, with (BMI 27) and without (BMI 22) modest obesity (139). Even higher
levels of obesity are associated with increased steatosis, as expected, together with
upregulation of genes regulating OXPHOS, p-oxidation, gluconeogenesis, and the
antioxidant response. Interestingly, this pattern was also correlated with measures of insulin
resistance and linked to expression of PGC1p, PPARY, and the thyroid receptors TRa and
TRP. Taken together, these studies hint that disordered lipid metabolism and oxidative stress
may be common features of hepatic steatosis.

Transcriptional patterns may differ in severeobesity and steatosis. Pihlgjamaki and
colleagues (140) analyzed gene expression in severely obese individual s with or without
coexisting T2D (mean BMI 52) as compared with lean controls (BMI 27). Single gene
analysis again highlighted increased expression of genes regulating lipogenesis (e.g. FASN,
DGATL1/2) in severe obesity. In contrast to studies evaluating patients with lower degrees of
obesity, gene set analysis in this cohort demonstrated that thyroid hormone-responsive genes
regulating mitochondrial oxidative metabolism were dowrnregulatedin obesity. In turn, this
pattern was potentially linked to reduced expression of the coactivator PGCla.. A similar
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pattern was produced experimentally by high-fat feeding in rodents. Together, these data
raise the possibility that severe obesity and insulin resistance may alter nuclear receptor
transcriptional activity and potentially induce hepatic thyroid hormone resistance. While this
could potentially limit excessive lipid oxidation and ROS production, it might also
contribute to a vicious cycle of reduced oxidative capacity.

Additional patterns of liver gene expression are observed in patients with coexisting severe
obesity and T2D (140). Expression of genes regulating glycolysis (ALDOA, PFKL),
inflammation (HLA class 1), and fibrosis (TGFB1) was increased in individuals with
coexisting obesity/T2D. These patterns correlated with fasting glucose levels.

Additional insights may be drawn from analysis of patients undergoing therapies associated
with improvement in hepatic metabolism. For example, Elam and colleagues (141;142)
compared gene expression patterns in severely obese women undergoing gastric bypass
surgery with individuals who had already experienced surgical weight loss. Although this
was not a paired analysis, there were robust differencesin gene expression between severely
obese and post-weight loss subjects, particularly within genes related to lipid metabolism
(e.g. reduced fatty acid elongation and increased lipogenic gene expression in severely
obese), inflammation (e.g. SOCS3, JAK/STAT), oxidative, and signaling (e.g. reduced
leptin receptor and SOCS2). Similarly, expression of genes related to protein and lipid
metabolism and inflammation is reduced in individuals losing weight with hypocaloric diet,
as compared with weight-stable individuals (143).

In summary, microarray technology has allowed us to probe transcriptional patterns
associated with insulin resistance and hepatic steatosis. Despite differencesin study design
and study participants, several patterns are consistent in the mgjority of studies, including
increased expression of genes linked to lipogenesis, lipid oxidation, response to oxidative
stress, and inflammation. These patterns may be further disrupted in severe obesity, with
downregulation of oxidative metabolism, potentially contributing further to disordered lipid
catabolism. Further transcriptional dysregulation may promote inflammation and fibrosis
associated with progressive liver disease.

Such cross-sectional studies in human popul ations clearly cannot identify mechanisms
responsible for these patterns with certainty. However, potential mediators include cellular
insulin resistance itself, transcriptional changes associated with insulin resistance, obesity-
associated proinflammatory adipocytokines, pathogenic lipid accumulation, or by-products
of lipid metabolism (e.g. ROS). Several experimental approaches have been taken to unravel
the relative contributions of each of these potential regulatory mechanisms. For example,
short-term exposure of human liver slices (144) or hepatic cell lines (145) to LPS or the
saturated fatty acid palmitate, respectively, can recapitul ate some features of the steatosis-
NASH pattern. These include including upregulation of proinflammatory, lipid oxidation,
and oxidative stress genes and dysregulation of cell cycle control.

Itislikely that more chronic transcriptional mechanisms contribute to the consistent
upregulation of lipogenic gene expression (e.g. FASN, SREBPL, lipin) in association with
lipid accumulation. Elam and colleagues (142) demonstrated that the SREBP1 promoter was
positively regulated by insulin and negatively by STATS3; increasesin SOCS3, which inhibit
the STAT pathway, could promote increased expression of SREBP-1c (142). Recent data
implicate alterations in expression of mMiRNA (136) in mediating increased lipogenic gene
expression. For example, miR-122 expression is decreased in NASH; experimental silencing
of miR-122 recapitulated increasesin lipogenic genes (136).

Our own studies recently elucidated a novel mechanism contributing to increased
lipogenesisin hepatic steatosis (64). Among the top-ranking genes downregulated in
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steatosis was the family of SR proteins regulating RNA splicing. To evaluate the potential
role of SR proteinsin dysregulation of lipid metabolism, we assessed the impact of
experimental modulation of SFRS10, a representative member of thisfamily. Interestingly,
SFRS10-specific SIRNA induces expression of lipogenic genes, and increases lipogenesis
and lipid accumulation in both hepatocytes and myotubes. Similarly, Sfrs10 heterozygous
mice have increased hepatic lipogenic gene expression and VLDL secretion. Effects of
SFRS10 appear to be mediated by aternative splicing of LPIN1, favoring the lipogenic
isoform of LPIN1 (64).

Clearly, we have much to learn about the role of the liver in contributing to systemic insulin
resistance and T2D risk, and the cellular mechanisms mediating patterns of gene expression
linked to hepatic lipid accumulation. Whileit is likely that such patterns are maintained by
distinct transcriptional regulation in response to genetic, epigenetic, nutritional and
metabolic signals, it is encouraging that these transcriptional patterns appear to be
potentially modifiable in response to caloric deficit and weight loss. Further understanding
of these mechanismswill be critical if we are to improve strategies to not only reduce risk
for obesity-associated insulin resistance and T2D, but also reduce the hepatic consequences
of these diseases.

Not surprisingly, it has been difficult to assess gene expression in human islets, given the
relative inaccessibility of pancreas for sampling and differencesin cell populations between
individuals (variable numbers of -cells, non-p cells and contaminating exocrine cells).
Gunton and colleagues (146) used microarrays to study isletsisolated from 5 donors with
type 2 diabetes (mean duration 6 years) and 7 controls. The authors found decreased
expression of HNF4a., insulin receptor, IRS2, Akt2, and other genes regulating glucose
metabolism. Genes related to RNA processing were also altered, an interesting finding given
that this pathway is also downregulated in liver and muscle (64). The top-ranking individual
gene, downregulated by over 80% in the patients with T2D, was ARNT/HIF1p. Reduction
in ARNT expression in both cells and mice reduced glucose-stimulated insulin secretion and
yielded expression patterns similar to the T2D patients.

Results from genome-wide association studies have pointed to the possibility that loci
associated with genetic risk for diabetes may influence insulin secretion. This was supported
by the finding that expression of TCF7L2 was increased 5-fold in T2D idlets, particularly in
carriers of the diabetes risk genotype, and that overexpression of TCF7L2 reduced glucose-
stimulated insulin secretion (147). To more broadly test this hypothesis, Taneeraand
colleagues (148) isolated human islets to examine expression of genesin the vicinity of
single-nucleotide polymorphisms (SNPs) linked to genetic risk for T2D. Of 48 SNP-
associated candidate genes, expression of 5 was reduced in islets from donors with T2D,
paralleling defects in insulin secretion and hyperglycemia. Some of these genes modul ated
insulin secretion in cultured p- cells; whether additional candidates contribute to p-cell mass
or development remains an unanswered but important question.

Laser capture microdissection can permit examination of relatively purified g-cell
populations. Using thistechnique, Marselli et al (149) examined gene expression in samples
from individuals with T2D vs. controls. Differential expression was noted for genes linked
to glucotoxicity, regeneration-associated genes (e.g. upregulation of REG1/3), and some
GWA S-associated genes (e.g. upregulation of IGF2BP2, TSPANS, HNF1p, downregulation
of JAZF1 and SLC30AS8).

Together, these data indicate that T2D is associated with changesin islet gene expression,
but specific genes and pathways vary from study to study, potentially due to confounding
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factors associated with cadaveric sampling and islet heterogeneity. What remains unknown
iswhether these changes are primary, and potentially linked to genetic risk, or result from
attempts to compensate for reductions in B-cell function or mass with long-standing T2D, or
potentially from environmental or developmentally-induced epigenetic changes (150).

Blood samples can be easily accessed in clinical practice. Thus, the identification of disease
markers in blood would be very helpful to identify high-risk individuals for targeted
prevention strategies or to tailor treatment approaches to metabolic stage. Grayson and
colleagues evaluated gene expression in peripheral blood from subjects with metabolic
syndrome or T2D, vs. healthy controls (151). Metabolic syndrome patients had an
upregulation of proinflammatory genes, and genes regulating T-cell activation and signaling
were overexpressed in T2D subjects (151). Finally, a study comparing white blood cells
from patients with T2D to controls demonstrated upregulation of genes linked to immune
response, lipid metabolism, and organismal injury (152).

While analysis of whole blood samples may be confounded by alterations in populations of
leukocytes at the time of sampling, it is interesting that the pathways identified in the limited
number of analyses to date demonstrated altered expression within proinflammatory and
lipid metabolism — the same pathways al so dysregulated in liver, adipose, and musclein
insulin resistance and diabetes. Thus, blood-derived gene expression patterns may not only
serve as markers of systemic disease but also underscore the importance of both
inflammation and dysregulation of lipid metabolism in many tissues.

Meta-analyses

Given the abundance of microarray datalinked to T2D, computational analyses to discern
potential transcription factors responsible for gene expression patterns have been initiated.
For example, Zelezniak (153) integrated gene expression data from skeletal muscle with
known metabolic pathways to identify key regulatory enzymes and associated metabolites;
this method highlighted not only TCA cycle, OXPHOS, lipid metabolism, and NAD+ and
ATP-dependent pathways, but also enrichment of binding sites for CREB, NRF1, and PPAR
in regulated genes. Similarly, Ptitsyn (154) used principal component analysisto
demonstrate dysregulation of fiber type control and glycolytic metabolism in insulin
resistant muscle Using seven independent gene prioritization methods to integrate both
genetic and genomic data, Tiffin and colleagues (155) identified 9 genes potentialy linked
to T2D, including BCKDHA, OAT (amino acid metabolism), ACAA2, ECHSL, LPL (lipid
metabolism), PRKCSH, PGM1 (glycogen metabolism), CSF1 (cytokine signaling), and
TGFBR2 (transforming growth factor-p receptor). Of these, BCKDHA and LPL were also
linked to obesity risk.

Summary and Perspectives

In summary, gene expression analysis in many human populations has identified novel
genes and pathways linked to insulin resistance and diabetes risk (Figure 1 and
Supplementary Table 1). Several of these findings are concordant across multiple tissues
(e.g. relationship between inflammation and insulin resistance, altered expression of genes
regulating oxidative metabolism), providing potential support for their rolein
pathophysiology. Given the need for robust animal models of disease, it is encouraging that
many of these patterns are also observed in overnourished rodent models. For example
inflammatory gene expression patterns emerge in adipose tissue early in the development of
obesity and insulin resistance in obesity-prone mice (156). Whether similar temporal
patterns are present in humans is an unanswered question. Still other patternsin humans are
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more tissue-specific (e.g. STARS-SRF pathway activation in muscle of T2D)(157),
potentially reflecting the unique contributions of individual tissues to whole-body
metabolism.

While these findings are exciting and have initiated the search for novel targets for
prevention and therapy targeting T2D, many important questions remain unanswered: (1)
Are differential expression patterns mediated by DNA sequence (genetic) or by epigenetic
mechanisms resulting from developmental or environmental factors which together
influence chromatin structure and transcriptional regulation? (2) Do changesin gene
expression mirror what is happening at a protein level or in key metabolic pathways? Thus
far, few studies have examined the rel ationship between genomic and proteomic data (158),
and metabolomics studies in human tissues are just now emerging. (3) How can we assess
transcriptional response patternsin tissues not accessible for study in humans (e.g. brain,
intestine), but clearly important for obesity and diabetes risk? (4) Finally, which patterns are
initiated early in the course of isolated insulin resistance, and thus more likely to be primary
to the pathogenesis of T2D? Conversely, which are secondary to the diabetes metabolic
environment? To address these difficult, but key challenges, longitudinal translational
studies which integrate detailed molecular phenotyping with /7 vivo metabolic measuresin
humans at risk for T2D are sorely needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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