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Activation of dsRNA-Dependent Protein Kinase R by
miR-378 Sustains Metabolic Inflammation in

Hepatic Insulin Resistance
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MicroRNAs (miRNAs) are noncoding small RNAs that
regulate various pathophysiological cellular processes.
Here, we report that expression of the miR-378 family
was significantly induced by metabolic inflammatory
inducers, a high-fructose diet, and inflammatory cyto-
kine tumor necrosis factor-a. Hepatic miRNA profiling
revealed that expression of miR-378a was highly upreg-
ulated, which, in turn, targeted the 3'-untranslated re-
gion of PPARa mRNA, impaired mitochondrial fatty acid
B-oxidation, and induced mitochondrial and endoplas-
mic reticulum stress. More importantly, the upregulated
miR-378a can directly bind to and activate the double-
strand RNA (dsRNA)-dependent protein kinase R (PKR) to
sustain the metabolic stress. In vivo, genetic depletion of
miR-378a prevented PKR activation and ameliorated inflam-
matory stress and insulin resistance. Counterbalancing the
upregulated miR-378a using nanoparticles encapsulated
with an anti-miR-378a oligonucleotide restored PPAR« ac-
tivity, inhibited PKR activation and ER stress, and improved
insulin sensitivity in fructose-fed mice. Our study delineated
a novel mechanism of miR-378a in the pathogenesis of
metabolic inflammation and insulin resistance through tar-
geting metabolic signaling at both mRNA (e.g., PPAR«) and
protein (e.g., PKR) molecules. This novel finding of functional
interaction between miRNAs (e.g., miR-378a) and cellular
RNA binding proteins (e.g., PKR) is biologically significant
because it greatly broadens the potential targets of miRNAs
in cellular pathophysiological processes.

The development of metabolic syndrome is usually accom-
panied by the activation of metabolic inflammation, which

is triggered by the activation of inflammatory pathways
and increased secretion of inflammatory cytokines. The
double-strand RNA (dsRNA)-dependent protein kinase R
(PKR) is a key component in metabolic inflammation,
which directly interacts with several inflammatory kinases,
including IkB kinase (IKK) and c-Jun N-terminal kinase
(JNK), insulin signaling molecule insulin receptor sub-
strate 1 (IRS-1), and the endoplasmic reticulum (ER) stress
marker elF2a (1-3). Although originally identified as an
intracellular sensor of viral dsRNA and regulator of in-
terferon inflammatory signaling (4), studies have delin-
eated the pivotal role of PKR in nutrient surplus-associated
metabolic stress (5-7) and insulin resistance (1-3). Activa-
tion of PKR has been found in the liver, muscle, and adipose
tissues of obese human subjects with insulin resistance.
Bariatric surgery that reduces human body weight amelio-
rates activation of PKR, IKK, JNK, and IRS-1-Ser312 in
subcutaneous adipose tissue of obese patients (8). Further-
more, inhibition of PKR kinase activity by disrupting the
PKR C-terminal kinase domain protects mice from high-fat
diet—induced insulin resistance (6,9,10). This evidence dem-
onstrates the close association between PKR activation and
the onset of insulin resistance. However, the mechanism
of how PKR is activated in metabolic disease remains
unknown.

It has been well accepted that PKR is activated by the
binding of viral dsRNAs or RNA molecules with specific
three-dimensional structures to the two dsRNA-binding
domains located in the N-terminus of PKR (11-13). How-
ever, short RNA duplexes of 16-nucleotide (nt) segments,
small nucleolar RNAs, and siRNAs with lengths ranging
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from 21 to 23 nt were also reported to activate PKR under
different conditions (14-17). Mutation in the dsRNA-
binding motifs of PKR disrupts the integrity of the binding
domain and compromises the kinase activity (18), which is
associated with amelioration of metabolic inflammation (6).
However, endogenous molecules that can act as PKR activators
in the context of metabolic stress have not been identified.
Studies have reported that aberrant expression of microRNAs
(miRNAs) plays a role in overnutrition-induced metabolic
diseases, incduding obesity, nonalcoholic fatty liver disease,
and insulin resistance (19,20). These findings raise an in-
triguing question: Can the upregulated miRNAs act as PKR
activators?

miRNAs are endogenous, noncoding small RNAs be-
tween 18 and 25 nt long that regulate multiple cellular
processes by complementary base pairing between their
seed sequences and the 3'- or 5'-untranslated region (UTR)
of the target mRNAs. This action results in decay and/or
translational repression of the target mRNA (21,22).
About 60% of mRNAs in the genome are targets of
miRNAs, which regulate diverse pathophysiological cellular
activities, including metabolic inflammation and insulin
signaling (23,24). Furthermore, miRNA mimics and anti-
miRNAs (inhibitors) have been used to specifically mod-
ulate the actions of miRNAs in animal model research and
clinical trials. However, the question of whether miRNAs
can directly bind to cellular RNA-binding proteins and
exert their regulatory impacts on biological processes
remains unclear.

Peroxisome proliferator-activated receptor-y (PPARYy)
coactivator-1f3 (PGC-13) and PPAR« are partner transcrip-
tion factors that regulate expression of genes encoding
mitochondrial fatty acid oxidation enzymes, including
CPT1la, ACOX1, LCAD, and MCAD, and play an essential
role in regulating mitochondrial metabolic homeostasis
and oxidative stress (25-30). miR-378 and miR-378* are
two miRNAs that are coexpressed with PGC-1f3 to coun-
terbalance the functional activity of PGC-1f3 in metabolic
signaling. Mice with genetic depletion of miR-378 and
miR-378* are resistant to high-fat diet-induced obesity
(31-34). Previously, our group reported that high-fructose
diets compromised mitochondrial fatty acid B-oxidation
and induced ER stress and hepatic steatosis by impairing
PPARa signaling (35). However, an unanswered question
in that study is what is the molecular mechanism that
compromised PPARa signaling upon exposure to high-
fructose diet? In the current study, we demonstrate
that miR-378a targeted the 3'-UTR of PPARa mRNA at
multiple sites, leading to reduced PPARa expression and
the associated oxidative stress. miR-378a further bound to
the protein molecules of PKR and activated the kinase to
sustain metabolic inflammation and insulin resistance.

RESEARCH DESIGN AND METHODS

Animal Protocols
All animal experiments were approved by the University
of Nebraska-Lincoln institutional animal care and use
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committee and were performed according to National
Institutes of Health guidelines (Guide for the Care and
Use of Laboratory Animals). Mice used in this study were
12-24 weeks old. Male mice were used unless otherwise
specified. miR-378a knockout (miR-378a-KO) mice and
the wild-type (WT) littermates were a gift from Dr. Vincent
Giguere (McGill University, Montreal, Quebec, Canada).
Animals were housed on alternating 12-h light and dark
cycles with free access to food and water. For the dietary
trial, two groups of mice were fed either a chow (ID: 2016;
Envigo, Madison, WI) or a high-fructose (60% fructose, ID:
161.506; Dyets, Inc., Bethlehem, PA) diet for 4 weeks.
Detailed dietary composition has been described previ-
ously (35). At the end of the feeding trial, mice were fasted
for 12 h followed by anesthetization using isoflurane.
Livers were excised, frozen in liquid nitrogen, and stored
at —80°C for further analysis. For tumor necrosis factor-a
(TNF-o) treatment, two groups of WT and miR-378a-KO
mice (female) were fasted for 8 h with free access to water
followed by treatment with recombinant mouse TNF-a
(8 ng/200 g body weight) via intraperitoneal injection.
Liver tissue samples were collected at 5 h posttreatment.
To determine the therapeutic effect of miR-378a inhibitor
(anti-miR-378a), mice were fed a high-fructose diet for
4 weeks. At the beginning of week 3 of the feeding trial,
mice were randomly divided into two groups and subjected
to treatment with a dose of either nanoparticles (NPs)
carrying the anti-miR-378a (3 mg/kg) or NPs carrying
scramble miRNA as control (3 mg/kg) every 3 days through
tail vein injection. In total, four doses of NPs were given to
mice before livers, muscles, and adipose tissues were
collected for further analysis.

Statistical Analyses

The Anderson-Darling test on the residuals was used to test
normality, and Levene test was used to test for equal
variances. The two-tailed Student t test was used for
statistical analyses of two-group comparisons. All results
are presented as mean * SD. Statistically significant differ-
ences of P < 0.05 or P < 0.01 compared with controls are
reported. An additional description of materials and meth-
ods can be found in the Supplementary Material.

Data and Resource Availability

The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding author
upon reasonable request.

RESULTS

Upregulation of miR-378a Induced by High-Fructose
Diet Targets the PPAR« Signaling Pathway

Fructose is a highly lipogenic sugar that has a profound
impact on metabolic signaling and disorders. We previ-
ously reported that a high-fructose diet induced significant
changes in hepatic miRNA expression, which targets mul-
tiple metabolic pathways in the liver and induces he-
patic steatosis and insulin resistance (20). Bioinformatics
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analysis of the hepatic miRNA expression profile further
revealed that expression of the miR-378 family, including
miR-378a, b, ¢, and d, was significantly increased upon
exposure to the fructose diet (Supplementary Fig. 1A and
B). Among them, the abundance of miR-378a-3p is at the
top of the family members (Supplementary Fig. 1A and B),
indicating the potentially significant biological impact of
this miRNA. Upregulation of miR-378a by fructose was
further verified by a TagMan miRNA probe specific for
miR-378a (Fig. 1A). The use of TargetScan to search for
potential targets of miR-378a identified multiple target
sites of miR-378a within the PPARa 3'-UTR (Fig. 1B and
Supplementary Fig. 1C). More importantly, the targeted
sequences are conserved among humans, rats, and mice,
implicating the evolutional significance of these targeted
sites. To investigate whether PPARa is a true target of
miR-378a, we generated a luciferase construct containing
a WT or mutated miR-378a binding site of the PPAR« 3'-
UTR. Coexpression of the luciferase constructs with a plas-
mid expressing either miR-378a or a mock control (green
fluorescent protein [GFP]) in COS-7 cells for 48 h revealed
that expression of miR-378a inhibited luciferase activity of
PPARa 3'-UTR WT compared with mock-transfected cells
(Fig. 10). In contrast, mutation at the targeted site abol-
ished the inhibitory effect of miR-378a as indicated by the
recovered luciferase activity in the PPARa 3'-UTR mutant
transfected cells (Fig. 1C), suggesting that PPAR« is a true
target of miR-378a. The inhibitory effect of miR-378a on
PPARa was further investigated by expressing miR-378a in
AML12, a mouse hepatocyte cell line, and testing alter-
ations on the mRNA expression of PPARa and its down-
stream genes. Successful overexpression of miR-378a in
the transfected cells was verified by a TagMan probe
specific for miR-378a (Supplementary Fig. 1D). PPAR«a
mRNA and its target genes involved in mitochondrial fatty
acid B-oxidation, including CPT1a and ACOX1, were sig-
nificantly reduced in the miR-378a-expressing cells
(Fig. 1D). mRNA of PGC-18, a gene that has been reported
as a true target of miR-378a, was also significantly reduced
(Fig. 1D). A similar inhibitory effect of miR-378a on
PPARa signaling was also observed in McA cells, a rat
hepatoma cell line (Supplementary Fig. 1E). Consistently,
in vivo, upregulation of miR-378a induced by a high-
fructose diet was accompanied by significant reduction
of hepatic PPARoe mRNA (Fig. 1E). In contrast, genetic
depletion of miR-378a in mice markedly upregulated
hepatic PPARa mRNA expression to a level even higher
than in the WT mice (Fig. 1F). Together, these results
demonstrate that miR-378a induced by a high-fructose
diet targets PPAR« signaling and compromises mitochon-
drial metabolic homeostasis, which might contribute to the
initiation of mitochondrial oxidative stress.

Elevated miR-378a Induces Mitochondrial and ER
Stress via Mediation of PPAR« Signaling

To determine the biological consequence of increased miR-
378a and compromised PPAR«a signaling, the metabolic
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Figure 1—Upregulation of miR-378a induced by a high-fructose diet
targets the PPARa signaling pathway. Mice (C57BL/6J) were sub-
jected to chow or fructose diets for 4 weeks. Total miRNAs were
extracted from the livers. A: Hepatic miRNA-378a-3p detected by
a TagMan miRNA probe specific for miR-378a and normalized to
small nucleolar RNA202 (n = 8/group). B: miR-378a-3p response
elements within the 3'-UTR of human, rat, and mouse PPAR«a
mRNAs predicted by TargetScan. C: COS-7 cells were cotrans-
fected with miR-GFP or miR-378a plus the firefly luciferase reporter
of WT PPARa 3'-UTR or mutant PPAR« 3'-UTR for 48 h. Cell lysates
were examined for firefly luciferase activities and normalized to
Renilla luciferase activities. D: AML12 cells were transfected with
miR-378a or a mock vector (GFP) for 48 h. mRNAs of the indicated
genes were detected by quantitative RT-PCR (gRT-PCR). E: mRNA
of PPARa detected by qRT-PCR in the livers of 4-week chow-fed or
fructose-fed mice (C57BL/6J, n = 12/group). F: mRNA of PPAR«a
detected by qRT-PCR in the livers of WT and miR-378a-KO mice
(n = 8/group). Data are mean = SD. The two-tailed Student ¢ test was
used for statistical analyses of two-group comparisons. *P < 0.05,
**P < 0.01, ™P < 0.001 vs. controls. Fruc, fructose; mut, mutant.

homeostasis of mitochondria and ER was investigated.
Immunoblotting analysis revealed that the mitochondrial
and ER stress markers HSP60 and phosphorylation of
elF2a (elF2a-p) were activated in the livers of fructose-
fed mice (Supplementary Fig. 2A). To investigate the direct
impact of miR-378a on mitochondrial and ER stress, we
transiently expressed miR-378a in AML12, and scrambled
miRNA was used as control. Increased expression of
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miR-378a was found to be associated with the activation of
mitochondrial and ER stress markers HSP60, Grp78, and
elF2a-p (Fig. 2A), indicating that increased miR-378a
alone is sufficient to activate the stress signaling. The
impact of miR-378a on metabolic stress was further de-
termined by a Seahorse (FX24) assay, which showed that
the oxygen consumption rate of mitochondria was reduced
upon exposure to high abundances of miR-378a, leading to
a reduction of mitochondrial ATP production and com-
promised oxidative capacity (Supplementary Fig. 2B). The
mechanism of miR-378a-induced oxidative stress was
further investigated by determining the association be-
tween mitochondrial respiratory reaction and PPAR«a ac-
tivity. We reasoned that if miR-378a-induced oxidative
stress is mediated by PPARa signaling, restoration of
PPAR« activity will recover the integrity of mitochondria
and ATP production. To test this hypothesis, the miR-
378a-expressing cells were treated or untreated with
a PPARa agonist, WY14,643 (30 wmol/L), for 24 h. Sea-
horse analysis showed that treatment with WY14,643
significantly recovered mitochondrial oxidative capacity,
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which reached a comparable level of the control (GFP/
vehicle) (Fig. 2B), demonstrating the involvement of
PPARa in miR-378a-induced mitochondrial oxidative
stress. Furthermore, miR-378a-KO abolished the inhib-
itory effect of high-fructose diet on PPARa expression,
which was associated with less activation of mitochon-
drial and ER stress markers HSP60, Grp78, phosphory-
lated JNK (JNK-p), elF2a-p, and phosphorylated nuclear
factor-kB-p65 (p-NFkB-p65) at Ser536 (Fig. 2C). To-
gether, these results demonstrated that upregulation of
miR-378a compromised PPAR«a signaling and contrib-
uted to the induction of metabolic inflammation, oxida-
tive stress, and ER stress.

miR-378a Induced by Inflammatory Cytokine TNF-«
Disturbs Metabolic Homeostasis of Mitochondria

and ER

To investigate whether inflammatory cytokine TNF-a can
induce miR-378a expression, two groups of WT and miR-
378a-KO mice were treated with recombinant mouse TNF-
a (8 wg/200 g body weight) for 5 h via intraperitoneal
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Figure 2—Elevated miR-378a induces mitochondrial and ER stress via mediation of PPAR« signaling. A: AML12 cells were transfected with
miR-378a or scrambled (Scram) miRNA (10 nmol/L) as control for 60 h and subjected to protein extraction. Mitochondrial and ER stress
markers HSP60, Grp78, and elF2a-p as well as total elF2« and B-actin were determined by immunoblotting analysis. B: Oxygen consumption
rate (OCR) was determined in McA cells transfected with miR-378a or mock (GFP) for 12 h followed by treatment with PPAR« agonist
WY14,643 (30 wmol/L) or vehicle (Veh) (DMSO) for an additional 24 h using Seahorse (FX24) analysis in the presence of 1 umol/L oligomycin
(Oligo), 1 wmol/L carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and 0.5 pmol/L rotenone (Rot). C: Protein expression of
PPARa and mitochondrial and ER stress markers HSP60, Grp78, JNK-p, p-NFkB-p65, and elF2a-p in the livers of WT or miR-378a-KO mice
fed a high-fructose diet for 4 weeks were determined by immunoblotting analysis (n = 5/group). For cell treatment, two independent
experiments were performed in triplicate. Data are mean * SD. The two-tailed Student t test was used for statistical analyses of two-group
comparisons. *P < 0.05 vs. controls. Fruc, fructose.
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injection. Hepatic miR-378a expression was found to be
significantly induced by TNF-a treatment (Fig. 3A). Fur-
thermore, depletion of miR-378a released the inhibitory
effect of TNF-a on PPARq, as indicated by the significantly
higher expression of PPARa mRNA and its target genes
CPT1a, ACOX1, ACADVL, and MCAD (Fig. 3B). Depletion
of miR-378a further protected mice from TNF-a—induced
hepatic mitochondrial and ER stress, as evidenced by less
activation of stress makers HSP60, Grp78, JNK-p, and
elF20-p (Fig. 3C). Together, these results demonstrate that
expression of miR-378a can be induced by inflammatory
cytokine TNF-a, which is engaged in the trigger of mito-
chondrial oxidative and ER stress.

miR-378a Interacts With and Activates PKR to Sustain
Metabolic Inflammation

The inflammatory protein kinase PKR is activated by the
binding of dsRNAs to its dsRNA-binding motifs and plays
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Figure 3—miR-378a induced by inflammatory cytokine TNF-a dis-
turbs metabolic homeostasis of mitochondria and ER. miR-378a-KO
mice and their WT littermates (n = 5-7/group) were fasted for 8 h
followed by treatment with TNF-« (8 .g/200 g body weight) for 5 h.
Liver tissues were collected for protein and RNA extractions. A: miR-
378a detected in the livers of mice treated with mock (saline) or TNF-
o by a TagMan miRNA probe specific for miR-378a and normalized
to small nucleolar RNA202. B: mRNAs of the indicated genes in the
TNF-a-treated WT and miR-378a-KO mice. C: Mitochondrial and ER
stress markers HSP60, Grp78, JNK-p, and elF2a-p as well as total
elF2a and B-actin in the livers of TNF-a—treated WT and KO mice
were detected by immunoblotting analysis. Data are mean + SD.
The two-tailed Student t test was used for statistical analyses of two-
group comparisons. *P < 0.05, **P < 0.01 vs. controls.
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an important role in metabolic inflammation. We found
that high-fructose diet induced activation of PKR and JNK,
two key kinases in conveying metabolic inflammation, in
the liver (Supplementary Fig. 34). To investigate whether
high-fructose—-induced miR-378a is involved in PKR acti-
vation, we transfected miR-378a and scramble miRNAs in
AML12 cells and determined the activation of PKR by
immunoblotting analysis using a phosphorylation-specific
antibody against PKR. Figure 4A shows that upregulation
of miR-378a activated PKR (Fig. 4A). To determine
whether miR-378a directly interacted with PKR and acti-
vated the kinase, cellular PKR proteins were immunopre-
cipitated from the cells transfected with miR-378a or mock
(GFP) using an anti-PKR antibody. Bound RNAs were
released from the PKR immune complex and further
subjected to an assay using a TagMan miRNA probe
specific for miR-378a. Figure 4B shows that a substantial
amount of miR-378a was pulled down in the PKR immune
complexes compared with the mock (Fig. 4B), suggesting
the interaction between miR-378a and PKR. To test
whether other miRNAs were also involved in PKR activa-
tion, miR-203 that was also induced by high-fructose diet
(20) and miR-125a that has been reported in metabolic
inflammation were selected as additional candidates for
the PKR binding assay. Data in Supplementary Fig. 3B
reveal that miR-203 presented at a very low level in the
PKR immune complexes and that no changes were ob-
served between the control and the treated groups. In
contrast, miR-125a was significantly presented in the
immune complexes, although at less abundance compared
with miR-378a (Supplementary Fig. 3B), suggesting that in
addition to miR-378a, certain miRNAs (e.g., miR-125a)
may also contribute to PKR activation. Next, the role of
miR-378a as a PKR activator was further verified by using
a PKR inhibitor, 2-aminopurine (2-AP). miR-378a—expressing
cells were treated with either 2-AP or vehicle (PBS:glacial
acetic acid [200:1]) as control for 24 h. Significantly less
PKR activation (phosphorylation) was detected in the 2-AP-
treated cells compared with the vehicle-treated cells (Fig. 4C).
Consistently, less phosphorylation was observed in the PKR
substrate elF2a upon 2-AP treatment (Fig. 4C). These results
demonstrate that increased miR-378a in metabolic inflam-
mation can activate PKR via direct interaction with the
protein molecules of the kinase.

To further investigate whether miR-378a can act as an
activator of PKR in vivo, the miR-378a PKR activation status
was determined in WT and miR-378a-KO mice. Consistently,
genetic depletion of miR-378a resulted in a significant decrease
in the phosphorylation of PKR and its substrate elF2a in the
mouse livers (Fig. 54). This phenotype was associated with
substantially reduced expression of inflammatory cytokine
genes interleukin-1B (IL-1B), IL-6, and TNF-a (Fig. 5B),
implicating an overall amelioration of metabolic inflammation
in the KO mice. Challenging the WT and KO mice with a high-
fructose diet for 4 weeks showed that miR-378a-KO prevented
fructose-induced PKR activation and its substrate elF2a
(Fig. 5C). Together, these data strongly demonstrate that
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upregulation of miR-378a activates PKR to sustain, at least
partially, the metabolic inflammation induced by a high-
fructose diet.

Depletion of miR-378a by Genetic Intervention or Anti-
miR-378a Oligonucleotides Improves Fructose-
Induced Insulin Resistance

Activation of PKR has been shown to activate JNK and
contribute to insulin resistance by inducing phosphoryla-
tion of IRS-1 at an inhibitory residue Ser307 (IRS-1-pS307)
(6). To investigate the impact of miR-378a-PKR signaling
on hepatic insulin sensitivity, IRS-1-pS307 was deter-
mined in the livers of fructose-fed mice and found to be
increased (Supplementary Fig. 4A). In contrast, miR-378a-KO
released the inhibitory effect of fructose on IRS-1 as less IRS-
1-pSer307 was detected in the fructose-fed KO mice (Fig. 64).
A glucose tolerance test further verified the improvement of
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Figure 4—miR-378a interacts with and activates the dsRNA-de-
pendent protein kinase PKR to sustain metabolic inflammation. A:
Phosphorylation (active form) of PKR in AML12 cells transfected with
scrambled (Scram) miRNA (10 nmol/L) as control or miR-378a for
48 h were determined by immunoblotting analysis using a phosphor-
ylation-specific antibody against PKR-Thr446. B: Relative abun-
dance of miR-378a bound to PKR was determined in the immune
complex of PKR using a TagMan miRNA probe specific for miR-378a
and normalized to small nucleolar RNA202. The detailed procedure
is provided in the Supplementary Material. C: AML12 cells were
transfected with miR-378a or Scram miRNA (10 nmol/L) as control
for 24 h and followed by treatment with 2-AP (0.5 mmol/L) (Sigma) or
vehicle (Veh) (PBS:glacial acetic acid [200:1]) for an additional 24 h.
Phosphorylation of PKR and its substrate elF2a were determined by
immunoblotting analysis. Two independent experiments were per-
formed in triplicate. Data are mean + SD. The two-tailed Student ¢
test was used for statistical analyses of two-group comparisons.
*P < 0.05, **P < 0.01 vs. controls. IP, immunoprecipitated; PKR-p,
phosphorylated protein kinase R.
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insulin sensitivity in the KO mice as significantly lower blood
glucose levels were observed at 30, 60, and 90 min after
administrating a dose of glucose (2 g/kg) into the mice (Fig.
6B). miR-378a-KO recovered the insulin sensitivity to a com-
parable level of WT mice fed a regular chow diet (Fig. 6B).
A similar result was obtained by insulin tolerance test
(0.5 units/kg) (Supplementary Fig. 4B).

Next, a second mouse model that more resembles the
physiological condition was established to further explore
the therapeutic potential of miR-378a in insulin resistance.
We formulated an NP encapsulating an anti-miR-378a
oligonucleotide (anti-miR-378a) with an average particle
size <100 nm. The stability and uptake efficiency of the
NPs were characterized as reported in a previous publica-
tion (36). The fructose-induced insulin resistance mouse
model was established as described in the Research Design
and Methods and the NP treatment started at week 3 of
the feeding trial. In total, four doses of NPs were given to
mice by the end of the feeding trial. Body weights were
monitored and found to be comparable between the anti-
miR-378a- and scramble RNA-treated groups (Supple-
mentary Fig. 5A). Analyzing the abundance of miR-378a
in the livers of treated mice revealed that the anti-miR-
378a oligonucleotide successfully reduced the abundance
of hepatic miR-378a in the fructose-fed mice (Fig. 6C).
Inhibition of miR-378a led to increased expression of
PPARa mRNA and its target genes CPT1la and ACOX1
(Fig. 6D). More importantly, reduced miR-378a further
prevented the activation of PKR and ER stress markers
Grp78 and elF2a in the fructose-fed mice (Fig. 6E).
Improved insulin sensitivity was detected in the anti-
miR-378a-treated mice, as indicated by the lower blood
glucose levels at 30, 60, and 90 min on glucose tolerance
test (Fig. 6F). Increased insulin sensitivity was further
detected in liver, muscle, and adipose tissue, the major
insulin-responsive organs and tissues, as indicated by the
increased AKT-pS473 and reduced IRS-1-pS307 detected
in the anti-miR-378a-treated mice (Supplementary Fig.
5B-D). Together, these results strongly indicate that in-
hibition of miR-378a in fructose-fed mice improves PPAR«
activity and suppresses PKR activation and the associated
metabolic inflammation, leading to the improvement of
insulin sensitivity.

DISCUSSION

Emerging evidence has revealed that aberrant expression
of miRNAs is associated with the development of insulin
resistance and diabetes in both human subjects and animal
models (37). In this study, we characterized a novel
regulatory mechanism of miR-378a in metabolic inflam-
mation and insulin resistance. Specifically, in the fructose-
and TNF-a-induced metabolic inflammation, hepatic
miR-378a was significantly increased, which targeted the
miRNA response element within the 3'-UTR of PPAR«
mRNA and compromised PPARa activity, leading to the
induction of oxidative and ER stress. More importantly,
miR-378a further directly interacted with the protein
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Figure 5—Depletion of miR-378a by genetic intervention or anti-miR-378a oligonucleotides improves fructose-induced insulin resistance. A
and B: miR-378a-KO mice and their WT littermates were fasted for 12 h. Liver tissues were collected for the following analyses:
immunoblotting analysis of PKR phosphorylation (active form) and its substrate elF2« using phosphorylation-specific antibodies against
PKR and elF2a (n = 6/group) (A) and mRNA expression of the indicated inflammatory cytokine genes determined by quantitative RT-PCR
(n = 5-7/group) (B). C: Immunoblotting analysis of PKR phosphorylation and its substrate elF2« in the liver tissues of WT and miR-378a-KO
mice fed a chow or high-fructose diet for 4 weeks (n = 5/group). Data are mean + SD. The two-tailed Student t test was used for statistical
analyses of two-group comparisons. *P < 0.05, **P < 0.01 vs. controls. Fruc, fructose; PKR-p, phosphorylated protein kinase R.

molecule of PKR and activated the kinase to sustain
metabolic inflammation and induce insulin resistance
(Fig. 7). This finding, for the first time, unveiled a novel
mechanism of miRNA that can directly bind to and activate
the dsRNA-dependent protein kinase PKR in the context of
metabolic stress.

Intensive studies have demonstrated PKR to be a key
determinant in metabolic inflammation and the associated
metabolic disease (e.g., insulin resistance) (1,6,8). How-
ever, the mechanism of metabolic inflammation initiation
and the associated kinase activation (e.g., PKR) remains
unclear. PKR was originally identified as a protein kinase
that is activated by viral dsRNAs and plays a pivotal role
in antiviral response. However, other types of dsRNAs or
RNA molecules can also activate the kinase (38). dsRNA
duplex is produced during the process of pre-miRNAs to
miRNAs (39). This makes miRNAs the potential candi-
dates of PKR activators. In this study, we demonstrated
that miR-378a interacts with the protein molecule of PKR
and activates the kinase. Genetic depletion of miR-378a
or counterbalancing the upregulated miR-378a induced
by fructose using an anti-miR-378a oligonucleotide
inhibited PKR activation and improved insulin sensitiv-
ity. Although other noncoding RNAs, such as miR-182
and noncoding RNA886 (ncRNA886), have also been
reported to regulate PKR-interferon signaling (40,41),
regulation of PKR by miR-182 is through the canonical
mechanism that directly targets the 3'-UTR of PKR
mRNA (41) whereas ncRNA886 is through binding to
PKR in CD4™ T cells. Interestingly, instead of activating
the kinase, interaction of ncRNA886 with PKR prevents

phosphorylation of the kinase by dsRNA, and the mech-
anism is currently unknown (40). Identification that miR-
378a binds to and activates a protein kinase not only
unveils a molecular mechanism of PKR activation in
metabolic syndrome but also further delineates an un-
precedented regulatory mechanism of miRNAs in cellular
pathophysiological processes via interaction with certain
RNA-binding proteins.

During metabolic stress, PKR activates the stress kinase
JNK, which further induces IRS-1-pSer307 and blunts the
downstream insulin signaling (6,42). Genetic depletion of
PKR protects mice from high-fat diet-induced insulin
resistance and diabetes (9,43). In this study, we found
that activation of PKR by miRNA-378a was associated with
JNK activation and subsequent inhibition of IRS-1 activity,
leading to reduced AKT phosphorylation and decreased
insulin sensitivity. A study has reported that miR-378a can
inhibit insulin sensitivity by targeting the p110a subunit
of PI3K (44). Thus, one may argue that insulin resistance in
the fructose-fed mice may be a consequence of upregulated
miR-378a targeting the p110a subunit of PI3K. Although
we cannot completely rule out the possible involvement of
the miR-378a-PI3K axis in this regulation, it is important
to point out that in the insulin signaling pathway, IRS-1 is
upstream of PI3K (Fig. 7) such that inhibition of IRS-1 by
PKR and JNK contributes to the development of insulin
resistance. Moreover, the fact that counterbalancing miR-
378a by an anti-miR-378a oligonucleotide suppressed PKR
activation, ameliorated ER stress, and improved insulin
sensitivity further supports the critical role of the miR-
378a-PKR axis in regulating insulin sensitivity.
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Figure 6 —Depletion of miR-378a by genetic intervention or anti-miR-378a oligonucleotides improves fructose-induced insulin resistance. A:
Immunoblotting analysis of IRS-1-pS307 and total protein levels in the livers of miR-378a-KO mice fed a high-fructose diet for 4 weeks (n = 5/
group). B: Plasma glucose levels in a glucose tolerance test of the chow- or fructose-fed WT and miR-378a-KO mice (n = 5-7/group). C-F: Mice
(C57BL/6J) were subjected to a high-fructose diet for 4 weeks. At week 3 of the feeding trial, mice were randomly divided into two groups (n = 5-6/
group) and subjected to treatment with either a dose of NPs carrying the anti-miR-378a (3 mg/kg) or NPs carrying scrambled (Scram) miRNA as
control (3 mg/kg) every 3 days through tail vein injection. In total, four doses of NPs were given to mice by the end of the feeding trial. C: miR-378a
determined in the mouse liver tissues by a TagMan miRNA probe specific for miR-378a and normalized to small nucleolar RNA202. D: Hepatic
mRNA expression of PPARa, CPT1a, and ACOX1 measured by quantitative RT-PCR. E: Activation of PKR and ER stress markers Grp78 and
elF2a-p determined by immunoblotting analysis. F: Blood glucose levels determined by a glucose tolerance test conducted at the end point of
the scram miRNA- or anti-miR-378a-treated mice. Data are mean + SD. The two-tailed Student t test was used for statistical analyses of two-
group comparisons. *P < 0.05, *P < 0.01 vs. controls; #P < 0.05, ##P < 0.01 vs. controls. Fruc, fructose; HFru, high fructose.

A study has reported that increased expression of miR-
378 in mouse liver triggered hepatic inflammation and
facilitated the development of nonalcoholic steatohepatitis
and liver fibrosis via the mediation of NF-kB and TNF-a
(45). This study, from another angle, demonstrates the
role of miR-378a in inflammatory-associated liver diseases.
It would be interesting to investigate whether PKR was
activated in this scenario. Of note, inconsistent observa-
tions have been reported from studies using PKR-KO
mouse models (6,45). One study shows that a high-fat
diet only induced modest inflammation in adipose tissue
and failed to induce obesity and hepatic steatosis in
a PKR-KO mouse model (46). At a glance, these observa-
tions may challenge the proposed role of PKR in lipo-
genic diet-induced metabolic inflammation (6). However,
this inconsistency could be due to the different PKR-KO
mouse models used in the studies. There are two PKR-KO
mouse models: an N-terminal PKR-KO that depleted the

N-terminal regulatory domain but retained the C-terminal
kinase domain and a C-terminal PKR-KO that depleted the
C-terminal kinase domain but retained the N-terminal
regulatory domain (47). The use of different PKR-KO mouse
models may contribute to the different observations in the
two studies. It is also possible that the inconsistent obser-
vations were associated with the differences in gut bacterial
community and the consequent changes in metabolic be-
havior because the two PKR-KO mouse colonies were housed
in different facilities.

A unique mechanism in miRNA regulation is that a single
miRNA has the potential to target multiple relevant genes in
a signaling pathway, enabling the miRNA to amplify its
regulatory impact on the cellular processes (48). Indeed,
miR-378 has been found to target multiple molecules in
the mitochondrial respiratory chain, energy homeostasis,
and hepatosteatosis (34,44,49,50). Our study adds novel
knowledge to this regulatory network by demonstrating
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Figure 7—miR-378a targets the 3'-UTR of PPARa mRNA and
activates the dsRNA-dependent PKR in metabolic inflammation.
Metabolic inflammatory inducers, such as a high-fructose diet
and inflammatory cytokine TNF-«, induce expression of miR-
378a, which targets multiple miRNA response elements within the
3'-UTR of PPARa mRNA and induces mitochondrial and ER stress.
Upregulated miR-378a further directly binds to the dsRNA-binding
domains in PKR and activates the kinase to sustain the metabolic
inflammation and induces IRS-1-pS307, which blunts hepatic insulin
signaling. Genetic depletion of miR-378a (miR-378a-KO) or treat-
ment with an anti-miR-378a oligonucleotide that counterbalances
miR-378a expression can ameliorate inflammatory stress and im-
prove insulin resistance. dsRBM, double-stranded RNA-binding
motif; KD, kinase domain; Pi, phosphorylation.

that PPARa, a key transcription factor that regulates genes
involved in mitochondrial fatty acid B-oxidation, is a true
target of miR-378a that regulates mitochondrial oxidative
stress and metabolic inflammation.

In conclusion, our study unveils a novel regulatory
mechanism of miR-378a by showing that in addition to
targeting PPARa at the mRNA molecule, miR-378a can
interact with the RNA-binding protein kinase PKR and
activate the kinase in metabolic stress. This novel finding
not only advances our knowledge of miRNA physiological
function but also might further lend support to new
therapeutic strategies for the prevention and treatment
of insulin resistance and type 2 diabetes.
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