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Results: IL-6 inhibited the phosphorylation of AKT and GSK through down-regulation of miR-200s.
Conclusion: IL-6 may impair activation of the PI3K/AKT/GSK pathway via down-regulating miR-200s while augmenting

Significance: These findings provide mechanistic insight into regulation of the PI3K/AKT pathway by miR-200s.
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By influencing the activity of the PI3K/AKT pathway, IL-6
acts as an important regulator of hepatic insulin resistance.
miR-200s have been shown to control growth by regulating
PI3K, but the role of miR-200s in the development of hepatic
insulin resistance remains unclear. The present study showed
that elevated serum concentration of IL-6 is associated with
decreased levels of miR-200s, impaired activation of the AKT/
glycogen synthase kinase (GSK) pathway, and reduced glyco-
genesis that occurred in the livers of db/db mice. As shown in the
murine NCTC 1469 hepatocytes and the primary hepatocytes
treated with 10 ng/ml IL-6 for 24 h and in 12-week-old male
C57BL/6] mice injected with 16 ug/ml IL-6 by pumps for 7 days,
IL-6 administration induced insulin resistance through down-
regulation of miR-200s. Moreover, IL-6 treatment inhibited the
phosphorylation of AKT and GSK and decreased the glycogen-
esis. The effects of IL-6 could be diminished by suppression of
FOG2 expression. We concluded that IL-6 treatment may
impair the activities of the PI3K/AKT/GSK pathway and inhibit
the synthesis of glycogen, perhaps via down-regulating miR-
200s while augmenting FOG2 expression.

Insulin resistance, defined as a diminished ability of cells,
such as adipocytes, skeletal muscle cells, and hepatocytes, to
respond to the action of insulin, plays a central role in the devel-
opment of several metabolic abnormalities and diseases, such
as obesity, type 2 diabetes, and the metabolic syndrome (1, 2).
Decreased glycogen levels are the hallmark of insulin resistance
in the hepatocytes. Underlying mechanisms of insulin resist-
ance in the hepatocytes include decreased glycogen synthesis
and failure to suppress glucose production (3).
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IL-6 has been recognized as an important mediator of insulin
resistance by impairing the insulin signaling pathway. It has
been well demonstrated that IL-6 may lead to block the PI3K/
AKT pathway (4). Moreover, both in vitro evidence and in vivo
observations suggest that elevated levels of IL-6 selectively
induce insulin resistance in the liver, whereas systemic deple-
tion of IL-6 improves hepatic insulin action in an obese mouse
model (5-7). However, molecular mechanisms linking IL-6 to
hepatic insulin resistance remained poorly understood.

MicroRNAs (miRNAs)? are small, noncoding 20 —24-nucle-
otide RNAs that negatively regulate their target gene expres-
sion at the posttranscriptional level by binding to specific, par-
tially complementary regions in the 3’-UTR of the target
mRNAs (8). Recent studies have shown the involvement of
miRNAs in the pathogenesis of type 2 diabetes. For instance,
miR-375, miR-29, miR-9, and Let-7 could regulate insulin
secretion (9, 10). miR-375 and miR-124a also participated in the
pancreatic islet development (11, 12) and beta cell differentia-
tion (13). In addition, Let-7, miR-33, miR-122, and miR-143
could indirectly control the metabolism of glucose and lipid
(14-17). Moreover, miR-146a was involved in secondary com-
plications associated with diabetes (19). Although it was
reported that miR-126 was actively involved in the develop-
ment of insulin resistance induced by mitochondrial dysfunc-
tion in the hepatocytes (20), the role of miRNAs in hepatic
insulin resistance is not understood well. The miR-200 family,
including miR-200a, miR-200b, miR-200c, miR-141, and miR-
429, is highly conserved in the bilateral animals and up-regu-
lated in the endometrial carcinoma (21). A previous study (22)
showed that miR-200s and their target FOG2 could control
growth by regulating PI3K. However, the role of miR-200s in
the development of hepatic insulin resistance has not been
reported.

The present study identified a group of miRNAs (e.g. miR-
200a, miR-200b, and miR-200c (so-called miR-200s)) that con-
tribute to IL-6-induced insulin resistance in the hepatocytes.

3 The abbreviations used are: miRNA, microRNA; FFA, free fatty acids; GSK,
glycogen synthase kinase.
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For the first time, this study has discovered new experimental
evidence that IL-6 impairs the activation of the PI3K/AKT
pathway and the synthesis of glycogen via down-regulating
miR-200s, accompanied by up-regulating the expression of

FOG2.

EXPERIMENTAL PROCEDURES

Animals—We obtained db/db mice (C57BL/Ks]) from the
Peking University Health Science Center (originally purchased
form Jackson Laboratory). Briefly, db/db mice (n = 5) and age-
matched wild-type (WT) mice (n = 5) were fed a standard lab-
oratory diet for 12 weeks.

12-week-old male C57BL/6] mice were provided from the
Peking University Health Science Center. The mice (n = 10)
were separated into two groups and fed a standard laboratory
diet. For all experiments examining chronic IL-6 exposure,
Alzet osmotic pumps (Durect, Cupertino, CA) with a 7-day
pumping capacity and infusion rate of 1 ul/h were used. Pumps
were filled to capacity with 16 ug/ml hIL-6 diluted in carrier
(0.9% NaCl and 0.1% BSA) (6). Following induction of the hal-
othane general anesthesia, pumps were implanted into the
intrascapular subcutaneous space. Incisions were closed with
interrupted absorbable sutures.

All animal procedures were performed in accordance with
the National Institutes of Health Animal Care and Use Guide-
lines. All animal protocols were approved by the Animal Ethics
Committee at the Beijing Institute of Geriatrics.

Microarray Analysis for miRNAs—To profile the expression
of miRNAs between two groups of mice, the miRNAs in the
liver samples from five db/db mice and five control mice
were analyzed by the miRCURYLNA Array (version 14.0)
system. Total RNA was harvested using TRIzol (Invitrogen)
and an RNeasy minikit (Qiagen) according to the manufac-
turers’ instructions. The samples were labeled using the
miRCURY "™Hy3"™/Hy5™™ Power labeling kit and hybridized
on the miRCURY™ LNA Array (version 14.0). Scanning was
performed with an Axon GenePix 400B microarray scanner.
GenePix pro version 6.0 was used to read image raw intensity.

Measurement of Serum Glucose, Free Fatty Acids (FFA), and
IL-6—The levels of serum FFA, glucose, and IL-6 were exam-
ined using a kit from Sigma.

Cell Culture—NCTC 1469 cells derived from mouse liver
cells (American Type Culture Collection) were cultured in low
glucose Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 10% horse serum (Hyclone), 100 units/ml pen-
icillin (Invitrogen), and 0.1 mg/ml streptomycin (Invitrogen) at
37 °C in a humidified atmosphere of 95% O,, 5% CO.,.

Isolation of Mouse Primary Hepatocytes—Male C57BL/6]
mice (12 weeks old) were provided from the Peking University
Health Science Center. Primary hepatocytes were isolated by a
two-step collagenase perfusion (0.2 mg/ml type IV collagenase
(Sigma) in Hanks’ balanced salt solution), as described previ-
ously (23). The hepatocytes were collected by centrifugation at
800 rpm for 8 min. Immediately after harvesting, the cells were
suspended in prewarmed William’s E medium (Sigma) supple-
mented with 10% fetal bovine serum, 20 ng/ml dexamethasone
(Sigma), ITS (5 mg/liter insulin, 5 mg/liter transferrin, 5 ug/
liter sodium selenate) (Sigma), and 10 ug/ml gentamicin (Invit-
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rogen). The hepatocytes were plated in collagen-coated 25-cm?®
flasks at 1 X 10° cells/flask.

Transfection of miRNA Mimics and Inhibitors—The mimics
and inhibitors of miR-200s were purchased from Genepharm.
The miRNA mimic control and inhibitor control were used as
negative controls. Hiperfect transfection reagent (Qiagen) was
used for the transfection of miR-200 mimics and inhibitors.
48 h after transfection, the expression of miR-200s was detected
by real-time PCR.

RNA Isolation and Real-time PCR—Enriched miRNA was
isolated using an miRNA isolation kit (TaKaRa). A stem-loop
reverse transcription-polymerase chain reaction (RT-PCR) was
also executed on samples to detect and quantify mature
miRNAs by using stem-loop antisense primer mix and avian
myeloblastosis virus transcriptase (TaKaRa).

The ¢cDNA preparations were routinely tested by real-time
PCR based on the SYBR Green I method, according to the man-
ufacturer’s instructions (TaKaRa). The amplification and
detection of specific products were performed according to the
manufacturer’s protocol with the ABI PRISM 7500 system
(Applied Biosystems). The U6 small nucleolar RNA was used as
the housekeeping small RNA reference gene. The relative gene
expression was normalized to U6 small nucleolar RNA. Each
reaction was performed in triplicate, and analysis was per-
formed by the 2~ **CT method. Nucleotide primers used for
reverse transcription were as follows (5'-3'): miR-200a, GTC-
GTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGAT-
ACGACACATCG; miR-200b, GTCGTATCCAGTGCAGGG-
TCCGAGGTATTCGCACTGGATACGACTCATCA; miR-
200c, GTCGTATCCAGTGCAGGGTCCGAGGTATTCGC-
ACTGGATACGACTCCATC; U6, GTCGTATCCAGTGCA-
GGGTCCGAGGTATTCGCACTGGATACGACAAAAT-
ATG. The nucleotide primers used for real-time PCR were as
follows (5'-3'): miR-200a forward, GCTAACACTGTCTGG-
TAACGATGT; miR-200b forward, GCGTAATACTGCCTG-
GTAATGATG; miR-200c forward, GTAATACTGCCGGG-
TAATGATGGA; U6 forward, GCGCGTCGTGAAGCGTTC;
universal reverse primer, GTGCAGGGTCCGAGGT.

Western Blot Analysis—Cell lysates (15-30 ug of protein)
were separated by 10% SDS-PAGE, transferred to PVDF mem-
brane (Millipore), blocked with 8% nonfat dry milk, and probed
with the antibodies at 4 °C overnight. The blots were incubated
with HRP-conjugated anti-IgG, followed by detection with ECL
(Millipore). The antibodies against AKT, phosphorylation of
AKT (Ser*”?), glycogen synthase kinase (GSK), and phosphor-
ylation of GSK (Ser®) were purchased from Cell Signaling. The
antibodies to FOG2 and B-actin were obtained from Santa Cruz
Biotechnology, Inc. (Dallas, TX).

Measurement of Glycogen Content—The glycogen levels
were measured in the cells or liver tissues incubated for 3 h in
the presence of 1 nmol/liter insulin (Usbio), using a glycogen
assay kit (Biovision).

Statistical Analysis—All values are represented as means =
S.E. of the indicated number of measurements. A one-way anal-
ysis of variance test was used to determine significance, with
values of p < 0.05 indicating statistical significance.
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FIGURE 1. miR-200s are down-regulated in the livers of db/db mice. The db/db mice were fed with a standard diet for 12 weeks. The levels of serum FFA and
glucose (A), IL-6 (B), and glycogen (C) and the activation of the AKT/GSK pathway (D) were measured. The levels of miR-200 family were analyzed by real-time
PCR (E). Data represent the means =+ S.E. (error bars), n = 5. %, p < 0.05 versus control; **, p < 0.01 versus control.

RESULTS

Expression of miR-200s Is Inhibited in the Livers of db/db
Mice—The levels of serum glucose and FFA were significantly
increased in the db/db mice (Fig. 14). The concentration of
IL-6 in serum was also elevated in the db/db mice (Fig. 1B).
Moreover, the glycogen levels in the livers of db/db mice were
significantly decreased, demonstrating a state of insulin resist-
ance (Fig. 1C). It is noteworthy that the phosphorylation of
AKT and GSK was reduced in the livers of db/db mice, indicat-
ing impaired activation of AKT/GSK pathway (Fig. 1D). To
examine the expression of the miR-200 family, including miR-
200a, miR-200b, miR-200c¢, miR-141, and miR-429, in the livers
of db/db mice, the miRNAs of the livers of db/db mice (n = 5)
and control mice (n = 5) were analyzed by miRNA microarray.
The results of the miRNA microarray showed that the levels of
miR-200a and miR-200b were decreased, whereas the expres-
sion of miR-200c was increased, and there was no difference in
the expression of miR-141 and miR-429 (Table 1). The results
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TABLE 1
The results of microRNA microarray analysis
Foreground —
Change Foreground background Normalized
Name  (D/C) C D C D C D
Sfold
miR-200a 0.11 168.5 77 104 11 0.41 0.04
miR-200b  0.48 298 179.5 2285 109.5 0.90 0.40
miR-200c  1.37 108.5 123 41 56.5 0.16 0.22
miR-141  NA“ 142 61.5 76.5 —10 0.3 NA
miR-429 NA 67.5 57 —2.5 —22 NA NA

“NA, not available.

of the miRNA microarray were verified by real-time PCR. As
shown in Fig. 1E, the levels of miR-200a, miR-200b, and miR-
200c were reduced. The result of miR-200c was not consistent
with that from the microarray. The microarray was used for
genome-wide profiling of miRNAs. However, the results of the
miRNA microarray were affected by many factors. Therefore,
the results of the microarray need to be further validated by
real-time PCR. These in vivo observations suggest that
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FIGURE 2. IL-6 reduces the expression of miR-200s. The levels of miR-200s were analyzed in the mouse NCTC 1469 hepatocytes treated with 33.3 mmol/liter
glucose for 48 h (A), 0.25 mmol/liter palmitate for 24 h (B), or 10 ng/ml IL-6 for 24 h (C) and in the mouse primary hepatocytes treated with 10 ng/mlIL-6 for 24 h
(D) as well as in the livers of mice injected by IL-6 (E). miR-320 was used as positive control in experiments with glucose and palmitate. Data represent the
means = S.E. (error bars), n = 5 independent experiments. *, p < 0.05 versus control; **, p < 0.01 versus control.

decreased expression of miR-200s probably contributes to
hepatic insulin resistance.

IL-6 Treatment Down-regulates the Expression of miR-200s—
These observations in the db/db mice were extended to a cel-
lular model of insulin resistance. Mouse NCTC 1469 hepato-
cytes were treated with 33.3 mmol/liter glucose for 48 h and
0.25 mmol/liter palmitate for 24 h, respectively, to induce insu-
lin resistance, as described previously (24). In addition, NCTC
1469 cells were treated with different concentrations of IL-6
(10, 20, and 40 ng/ml) for different times (12, 24, and 48 h) to
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induce insulin resistance (data not shown). The treatment of 10
ng/ml IL-6 for 24 h was chosen for the following experiments.
The expression of miR-200s was analyzed by real-time PCR.
The results showed that IL-6, but not glucose and palmitate,
can suppress the expression of miR-200s (Fig. 2, A-C). We also
analyzed the effect of glucose and palmitate on the expression
of other microRNAs, such as miR-320. Our results showed that
the miR-320 level was increased in the NCTC 1469 cells treated
with glucose and palmitate for 48 h. Therefore, miR-320 could
be used as a positive control in experiments with glucose and
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FIGURE 3. IL-6 suppresses the activation of AKT/GSK pathway and the glycogenesis in the hepatocytes. The glycogen content and the activation of the
AKT/GSK pathway were measured in the NCTC 1469 cells treated with 10 ng/ml IL-6 for 24 h (A) and mouse primary hepatocytes exposed to 10 ng/ml IL-6 for
24 h (B) and in the livers of mice injected with IL-6 for 7 days (C). Data represent the means = S.E. (error bars), n = 3 independent experiments in the NCTC 1469
cells and the mouse primary hepatocytes; n = 4 independent experiments in the mice injected with IL-6). *, p < 0.05 versus control; **, p < 0.01 versus control.

p-AKT and p-GSK, phospho-AKT and -GSK, respectively.

palmitate (Fig. 2, A and B). Moreover, down-regulation of miR-
200s by IL-6 was assessed in the exposure of mouse primary
hepatocytes to 10 ng/ml IL-6 for 24 h (Fig. 2D).

In order to confirm the effect of IL-6 on the expression of
miR-200s in vivo, 12-week-old male C57BL/6] mice were
injected with 16 pug/ml IL-6 by pumps for 7 days, and the livers
of mice were collected. As shown in Fig. 2E, the expression of
miR-200s was also significantly decreased in the livers of mice
injected with IL-6. Our results suggest that IL-6 could down-
regulate the expression of miR-200s in vitro and in vivo.

IL-6 Inactivates the AKT/GSK Pathway and Reduces Glyco-
genesis in Hepatocytes—To determine the effect of IL-6 on gly-
cogenesis, NCTC 1469 cells and mouse primary hepatocytes
were treated with 10 ng/ml IL-6 for 24 h. The IL-6 treatment
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significantly decreased the glycogen levels in both NCTC 1469
cells and mouse primary hepatocytes (Fig. 3, A and B). More-
over, we analyzed the effect of IL-6 on the phosphorylation of
AKT and GSKS3 in insulin-treated and untreated NCTC1469
cells and primary hepatocytes. In parallel with decreased phos-
phorylation of AKT, the phosphorylation of GSK was reduced
in both NCTC 1469 cells and primary hepatocytes exposed to
IL-6 (Fig. 3, A and B).

Next, the synthesis of glycogen and the activation of AKT/
GSK pathway in the livers of C57BL/6] mice injected with IL-6
were analyzed. As shown in Fig. 3C, the levels of glycogen were
dramatically decreased, accompanied by impaired phosphory-
lation of AKT and GSK in the livers of mice injected with IL-6.
These results suggest that IL-6 could suppress activation of the

VOLUME 288+NUMBER 31-AUGUST 2, 2013



AKT/GSK pathway and glycogenesis in the hepatocytes of
mice.

miR-200s Regulate Activation of the AKT/GSK Pathway and
Glycogenesis in the Hepatocytes—We tested the notion that
miR-200s serve as a link between IL-6 and hepatic insulin resist-
ance. Therefore, we next observed the effect of miR-200s on
activation of the AKT/GSK pathway and glycogenesis in the
hepatocytes. First, the mimics of miR-200a, miR-200b, and
miR-200c were transfected into the NCTC 1469 cells for 48 h.
The results of real-time PCR showed that the levels of miR-200s
were increased to 15-30-fold in the NCTC 1469 cells trans-
fected with the mimics of miR-200s compared with those trans-
fected with the negative miRNA mimic control (Fig. 4A4). More-
over, overexpression of miR-200s rescued IL-6-induced
suppression of glycogenesis in the NCTC 1469 cells. Second,
the inhibitors of miR-200a, miR-200b, and miR-200c were
transfected into the NCTC 1469 cells for 48 h. The levels of
miR-200s were decreased by 20-30% compared with those
transfected with negative miRNA inhibitor control (Fig. 4B).
Next, we examined the effects of miR-200s on the phosphory-
lation of AKT and GSK3 in both insulin-treated and -untreated
NCTC1469 cells. The results showed that miR-200s could
improve insulin sensitivity in both insulin-treated and -un-
treated NCTC1469 cells (Fig. 4C). Importantly, the transfection
of miR-200 mimics could rescue IL-6-induced impaired phos-
phorylation of AKT and GSK and reduced glycogenesis (Fig.
4D). As shown in Fig. 4E, down-regulation of miR-200s induced
impaired activation of AKT and GSK, accompanied by reduced
glycogenesis in the NCTC 1469 cells. Taken together, these
results suggest miR-200s as a link between IL-6 and hepatic
insulin resistance. miR-200s modulate activation of the AKT/
GSK pathway and glycogenesis in the hepatocytes.

miR-200s Regulate the Expression of FOG2 in NCTC 1469
Cells—miR-200s was highly conserved in the mammals (Fig.
5A). It has been reported that there are several target sites for
the miR-200 family in the 3’-UTR of FOG2, and the miR-200
family down-regulates the expression of FOG2 (22). To further
assess whether FOG2 is regulated by miR-200s, NCTC 1469
cells were transfected with the mimics and inhibitors of miR-
200s, respectively. The results showed that the expression of
FOG2 was down-regulated in the NCTC 1469 cells transfected
with the mimics of miR-200s (Fig. 5B). In contrast, the trans-
fection of NCTC 1469 cells with the inhibitors of miR-200s
up-regulated the expression of FOG2 (Fig. 5C).

FOG?2 Participates in IL-6-induced Hepatic Insulin Resistance—
In the present study, we found that the expression of FOG2 was
significantly increased in the db/db mice (Fig. 6A4). As shown in
Fig. 6, B and C, IL-6 increased the levels of FOG2 mRNA and
protein in both NCTC 1469 cells and mouse primary hepato-
cytes. Moreover, the levels of FOG2 mRNA and protein were
enhanced in the livers of mice injected with IL-6 (Fig. 6D).
These observations indicate that FOG2 may be involved in
IL-6-induced insulin resistance.

To further assess the role of FOG2 in IL-6-induced hepatic
insulin resistance, six siRNAs (si-676, si-1341, 3445, si-2530,
si-2590, and si-3510) targeting FOG2 mRNA were transfected
into the NCTC 1469 cells. Western blot analysis indicated that
both si-676-FOG2 and si-3510-FOG2 significantly down-regu-
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lated the expression of FOG2 (Fig. 6E). The effects of IL-6 on
the phosphorylation of AKT and GSK were rescued by the
transfection of si-3510-FOG2 and si-676-FOG2 into the NCTC
1469 cells (Fig. 6, F and G). Furthermore, FOG2 down-regula-
tion reversed IL-6-induced impaired glycogenesis in the NCTC
1469 cells (Fig. 6, F and G). In order to determine whether the
inhibitory effect of FOG2 should point toward PI3K pathway,
we used PI3K inhibitor LY294002 to block the PI3K pathway in
NCTC1469 cells transfected by siRNA-FOG2. The results
showed that FOG2 could not affect the glycogenesis after treat-
ment with 10 nm PI3K inhibitor LY294002 for 24 h (Fig. 6H).
Taken together, these results suggest that suppression of FOG2
substantially blocked IL-6-induced impaired activation of the
PI3K/AKT/GSK pathway and glycogenesis in the hepatocytes.

DISCUSSION

There is increasing evidence that miRNAs play a role in many
aspects of insulin resistance and hence may be involved in the
pathogenesis of type 2 diabetes. In the present study, we found
that the expression of miR-200s was decreased in the livers of
db/db mice, accompanied by an elevated level of IL-6. Because
db/db mice are complex and accompanied by other factors,
such as elevated levels of serum FFA and glucose, it is difficult to
determine the contribution of IL-6 to down-regulation of miR-
200s. Therefore, we extended these observations from db/db
mice to a mouse hepatocyte cell line, NCTC 1469. The results
show that the treatment of 10 ng/ml IL-6 for 24 h suppressed
the expression of miR-200s, whereas there was no change in the
expression of miR-200s in the NCTC 1469 cells treated with
either 33.3 mmol/liter glucose or 0.25 mmol/liter palmitate.
Similarly, down-regulation of miR-200s by IL-6 was assessed in
the mouse primary hepatocytes exposed to 10 ng/ml IL-6 for
24 h and in the livers of C57BL/6] mice injected with IL-6.
Moreover, we found that IL-6 suppressed the expression of
miR-200s, accompanied by down-regulation of miR-152 in the
NCTC 1469 hepatocytes and the primary hepatocytes treated
with 10 ng/ml IL-6 for 24 h and in 12-week-old male C57BL/6]
mice injected with 16 ug/ml IL-6 by pumps for 7 days. Impor-
tantly, the transfection by miR-152 inhibitor led to reduced
expression of miR-200s in the NCTC 1469 hepatocytes, sug-
gesting that miR-152 could regulate miR-200 expression (data
not shown). Our study demonstrates for the first time that IL-6
suppresses the expression of miR-200s in hepatocytes.

Accordingly, it has been proposed that IL-6 contributes to
the pathogenesis of insulin resistance in type 2 diabetes (4).
Both in vitro evidence and in vivo observations suggest that
elevated levels of IL-6 selectively induce insulin resistance in
the liver, whereas systemic depletion of IL-6 improves hepatic
insulin action in an obese mouse model (5-7). In the liver, insu-
lin activates the PI3K/AKT signaling cascade, leading to the
phosphorylation and inactivation of GSK. Hence, glycogen syn-
thase, the target of GSK, is freed of inhibitory phosphorylation,
and glycogen synthesis is induced upon insulin stimulation
(25). In our study, we found that the levels of phosphorylation of
AKT and GSK were reduced in both NCTC 1469 cells and pri-
mary hepatocytes exposed to 10 ng/ml IL-6 for 24 h. Similarly,
the levels of glycogen were dramatically decreased, accompa-
nied by impaired phosphorylation of AKT and GSK in the livers
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FIGURE 5. miR-200s regulate FOG2 expression in NCTC 1469 cells. The sequence of miR-200s and miR-200s binding sites of FOG2 were analyzed by picTar
(A). The levels of FOG2 in the NCTC 1469 cells (negative control (NC)) transfected with miR-200 mimics (B) and miR-200 inhibitors (C) were tested by Western
blot. Data represent the means = S.E. (error bars), n = 3 independent experiments. *, p < 0.05 versus control.

of mice injected with IL-6. These results suggest that IL-6
induces hepatic insulin resistance by suppression of the AKT/
GSK pathway.

What is the link between IL-6 and hepatic insulin resistance?
Accumulating evidence has suggested that miRNAs are
involved in glucose and fat uptake in the livers of type 2 diabetes
individuals (26). A previous study showed that miR-200s pro-
mote cell proliferation in human cell lines. The mice lacking the
miR-200 family, including miR-200a, miR-200b, miR-200c,
miR-141, and miR-429, display reduced body size, indicating
that miR-200s control growth by regulating PI3K (22). More-
over, it is reported that miR-200s are expressed in various adult
organs, including liver, pancreatic islet, testes, prostate, and
ovary (27). Recently, Reddy et al. (28) reported the proinflam-
matory role of miR-200 in vascular smooth muscle cells from
diabetic mice. However, the role of miR-200s in the develop-
ment of hepatic insulin resistance has not been reported to date.
In the present study, we found impaired activity of the PI3K/
AKT pathway and a reduced level of glycogen, accompanied by
decreased expression of miR-200s in the lever and elevated con-
centration of IL-6 in serum of db/db mice. We transfected the
mimics and inhibitors of miR-200s into the NCTC 1469 cells to

further investigate the role of miR-200s in IL-6-induced insulin
resistance. Our results suggest miR-200s as a link between IL-6
and hepatic insulin resistance. miR-200s can modulate the acti-
vation of the AKT/GSK pathway and the glycogenesis in the
hepatocytes.

Next, we looked for a correlation between the expression of
FOG2 and miR-200s in hepatic insulin resistance. FOG2 is
expressed in many tissues, such as liver, heart, brain, testes,
lung, and skeletal muscle. Despite its relatively broad expres-
sion in adult tissues, little is known about the function of FOG2
beyond its role in embryonic heart development. Previous stud-
ies suggested that FOG2 may function as either transcriptional
coactivators or corepressors by partnering with various GATA
transcription factors. FOG2 is involved in the control of adi-
pocyte proliferation and differentiation (29). FOG2 also acts as
a negative modulator of the PI3K/AKT pathway. Hyun et al.
(22) found that FOG2 binds p85a, a regulatory subunit of PI3K,
thereby inhibiting formation of the IRS-1/p85a/p110 complex
and, consequently, PI3K activation. Moreover, FOG2 has at
least three predicted sites for miR-200s. These predicted sites in
the 3’-UTR of FOG2 are therefore responsible for miR-200-
mediated FOG2 regulation. In the present study, we found that

FIGURE 4. miR-200s modulate the activation of AKT/GSK pathway and the glycogenesis in the hepatocytes. The levels of miR-200s were detected in the
NCTC 1469 cells (negative control (NC)) transfected with miR-200 mimics (A) and miR-200 inhibitors (B). The effects of miR-200s on the phosphorylation of AKT
and GSK3 in both insulin-treated and -untreated NCTC1469 cells were analyzed (C). The activation of the AKT/GSK pathway and the content of glycogen were
measured in the NCTC 1469 cells transfected with miR-200 mimics (D) and miR-200 inhibitors (E). Data represent the means * S.E. (error bars), n = 3
independent experiments. *, p < 0.05 versus control; **, p < 0.01 versus control. p-AKT and p-GSK, phospho-AKT and -GSK, respectively.
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Glycogenesis

FIGURE 7. The proposed mechanisms by which miR-200s contribute to IL-6-induced insulin resistance in the hepatocytes. IL-6 impairs activation of the
PI3K/AKT/GSK pathway and the synthesis of glycogen via down-regulation of miR-200s, accompanied by up-regulation of the expression of FOG2. p-AKT and

p-GSK, phospho-AKT and -GSK, respectively.

there is generally a negative correlation between miR-200s and
FOG2 in the livers of db/db mice and C57BL/6] mice injected
with IL-6 and in both NCTC 1469 cells and primary hepato-
cytes exposed to IL-6, consistent with a suppressive role for
miR-200 in FOG2 regulation. We next sought to confirm the
repression of FOG2 by miR-200s. The transfection of miR-200
mimics significantly reduced the levels of FOG2, whereas miR-
200 inhibitors increased the expression of FOG2 in the NCTC
1469 cells. These data demonstrate that FOG2 is an authentic
target of endogenous miR-200s. To further assess the role of
FOG2 in IL-6-induced hepatic insulin resistance, siRNA tar-
geting FOG2 mRNA was transfected into the NCTC 1469
cells. The results show that the effects of IL-6 on the phos-
phorylation of AKT and GSK were rescued by transfection of
siRNA-FOG?2 into the NCTC 1469 cells. FOG2 down-regu-
lation reversed IL-6-induced impaired glycogenesis in the
NCTC 1469 cells. Furthermore, FOG2 could not affect the
glycogenesis after treatment with PI3K inhibitor LY294002.

These results suggest that FOG2 regulated glycogenesis
through the PI3K pathway.

Our results show that overexpression of miR-200s and FOG2
knockdown could improve glycogenesis in the NCTC1469
cells. However, in the present study, we did not investigate the
effects of miR-200 overexpression and FOG2 knockdown in the
livers of db/db mice or FOG2 overexpression in the normal
mice on glucose metabolism. It is a limitation in the present
study.

In conclusion, as shown in Fig. 7, this study provides novel
data to show that miR-200s contribute to hepatic insulin resist-
ance induced by IL-6. Our study suggests that IL-6 impairs the
activation of the PI3K/AKT/GSK pathway and the synthesis of
glycogen via down-regulation of miR-200s, accompanied by
up-regulation of the expression of FOG2. These findings pro-
vide mechanistic insight into the effects of miR-200 on the reg-
ulation of the PI3K/AKT pathway and the synthesis of glycogen
in hepatocytes.

FIGURE 6. FOG2 participates in IL-6-induced hepatic insulin resistance. The levels of FOG2 protein were measured in the livers of db/db mice (A). The levels
of FOG2 mRNA and protein were also analyzed in the NCTC 1469 cells treated with 10 ng/ml IL-6 for 24 h (B), the mouse primary hepatocytes exposed to 10
ng/mlIL-6 for 24 h (C), and the livers of mice injected with IL-6 for 7 days (D). Six siRNAs (si-676, si-1341, 3445, si-2530, 5i-2590, and si-3510) targeting FOG2 mRNA
were transfected into the NCTC 1469 cells. The NCTC 1469 cells (negative control (NC)) were transfected with six siRNAs (si-676, si-1341, 3445, si-2530, si-2590,
and si-3510) targeting FOG2 mRNA for 48 h followed by 10 ng/ml IL-6 treatment for 24 h. The FOG2 expression was determined by Western blots (E). The
activation of the AKT/GSK pathway and the glycogen content (F and G) were analyzed in the NCTC 1469 cells transfected with si-3510-FOG2 and si-676-FOG2
for 48 h followed by 10 ng/ml IL-6 treatment for 24 h. The level of GSK phosphorylation and the content of glycogen (H) were measured in the NCTC1469 cells
transfected with si-3510-FOG2 for 48 h, followed by treatment with 30 um LY294002 for 24 h. Data represent the means =+ S.E., n = 5 independent experiments
in the db/db mice; n = 3 independent experiments in both NCTC 1469 cells and mouse primary hepatocytes; n = 4 independent experiments in the mice
injected with IL-6. ¥, p < 0.05 versus control. p-AKT and p-GSK, phospho-AKT and -GSK, respectively.
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