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microRNA-378b regulates ethanol-induced hepatic steatosis by targeting 
CaMKK2 to mediate lipid metabolism
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ABSTRACT
Alcoholic liver disease (ALD) has seriously harmed the health of people worldwide, but its 
underlying mechanisms remain unclear. This study aims to clarify the biological function of 
microRNA-378b (miR-378b) in ethanol (EtOH)-induced hepatic lipid accumulation. Here, we report 
miR-378b is over-expressed in EtOH-induced cells and EtOH-fed mice and finally accelerates lipid 
accumulation. MiR-378b directly targets Ca2+/calmodulin-dependent protein kinase kinase 2 
(CaMKK2), a kinase of AMP-activated protein kinase (AMPK), and mediates the protein level of 
CaMKK2. Over-expression of miR-378b exacerbated the lipid accumulation induced by EtOH and 
inhibited CaMKK2 and the AMPK cascade while inhibition of miR-378b ameliorated lipid metabo-
lism dysfunction in vivo and in vitro. In brief, our results show that miR-378b plays an important 
role in the regulation of lipid metabolism by directly targeting CaMKK2.
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1. Introduction

The misuse of alcohol is estimated to be one of the 
world’s largest risk factors and the main cause of 
several diseases, especially ALD [1]. For example, 
the prevalence of ALD is about 2% in the general 
population in the United States. In some areas of 
China, the prevalence has been reported to range 
from 2.3% to 6.1% of the the total population. In 
addition, 85–90% alcohol-abusers develop ALD, 
which finally accounts for 4% of mortality world-
wide [2,3]. The clinical symptoms of ALD vary, 
and ALD can progress from reversible hepatic 
steatosis, steatohepatitis, and fibrosis to cirrhosis 
and rarely to eventual hepatocellular carcinoma 
[4]. Without treatment, hepatic steatosis, the ear-
liest stage of ALD, may develop into the advanced 
stages of ALD [5]. It is believed that intemperants 
which chronically consume alcohol heavily or con-
sistently develop steatosis partly due to dysfunc-
tion of lipid metabolism caused by grown de novo 
lipogenesis and lessened fatty acid oxidation [6]. 
Although great efforts have been made to improve 

our understanding of ALD, available therapies for 
ALD are limited. Alcohol abstinence and relapse 
prevention are still the basis of treatment for ALD 
[7]. Therefore, the need to identify an efficient 
therapeutic target in primary ALD is urgent.

CaMKK2, one of the most versatile CaMKs, is 
a powerful regulator of energetic balance in the 
body that phosphorylates and activates AMPK to 
mediate many essential physiological and patho-
physiological processe [8]. CaMKK2 serves as 
a direct upstream kinase of AMPK, a key regula-
tor of energetic balance both at the cellular level 
and in the whole body, and CaMKK2 can bind 
AMPK, forming a special signaling complex [9]. 
AMPK is a classic node that regulates lipid meta-
bolism processes by directly affecting protein 
expression or modification, as well as the tran-
scription of lipid metabolism-related factors [10]. 
For instance, AMPK monitors overall lipid meta-
bolism by directly phosphorylating acetyl-CoA 
carboxylase (ACC) which stabilizes lipid levels 
by regulating downstream factors related to the 
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synthesis and decomposition of fatty acids [11]. 
Beyond that, AMPK suppresses transcription fac-
tors that activate glycolytic and lipogenic tran-
scriptional programs, most notably sterol 
regulatory element binding protein 1 (SREBP1), 
which preferentially regulates the lipogenic pro-
cess by activating genes involved in fatty acid and 
triglyceride (TG) synthesis [12]. Research has 
shown that M3 muscarinic receptor induces 
AMPK phosphorylation by activating the 
CaMKK2 and ultimately decreases hepatocyte 
lipid accumulations [13]. Growing evidence has 
revealed the significance of CaMKK2 in regulat-
ing hepatic lipid metabolism via the AMPK path-
way and suggests that regulatory function of 
CaMKK2 may play a major part in hepatic lipid 
metabolic. Due to these findings, it is important 
to clarify whether CaMKK2 can relieve EtOH- 
induced hepatic steatosis by regulating hepatic 
lipid metabolism.

Human miR-378b, a member of the miR-378 
family, is a small non-coding RNA (~22 nucleo-
tides) that is highly conserved across species. 
Previous studies reported that abnormal expres-
sion of hepatic miR-378/378* was confirmed in 
rat models of type 2 diabetes and obese [14]. 
MiR-378* up-regulation in breast cancer promoted 
lactic acid production and reduced the tricar-
boxylic acid cycle and oxygen consumption, sug-
gesting that miR-378* can mediate metabolic in 
cancer cells [15]. Mice with mutations in miR- 
378/378* gene are resistant to obesity induced by 
high fat diet by regulating mitochondrial lipid 
metabolism [16]. Moreover, miR-378 modulates 
hepatic insulin signaling by combining with 
p110α and controlling glucose and lipid homeos-
tasis [14]. Increasing evidence shows that miR-378 
plays an important role in the regulation of lipid 
metabolism and the occurrence and development 
of liver diseases [17]. Combined with high- 
throughput sequencing, we previously observed 
that miR-378b also modulates insulin signaling 
by specifically binding the insulin receptor and 
p110α in animal and cellular models of ALD 
[18]. Along with previous research, we predicted 
the target of miR-378b via starBase and found that 
CAMKK2 messenger RNA (mRNA) contains 
a miR-378b-binding site in its 3ʹ-untranslated 

region (UTR) which is the upstream of AMPK, 
suggesting that miR-378b may play an important 
role in regulating AMPK signal conduction.

Therefore, we hypothesized that miR-378b reg-
ulates the pathogenesis of ALD by mediating lipid 
metabolism via the CaMKK2-AMPK pathway. 
This study aimed to assess miR-378b expression 
in the models of ALD in vivo and in vitro, and to 
further clarify the biological function of miR-378b 
in EtOH-induced hepatic lipid accumulation, pro-
viding direction and target for the mechanism 
research and drug therapy of ALD.

2. Materials and methods

2.1. Animals and protocols

Male C57BL/6 mice (weighing 20–25 g) were pur-
chased from Hunan Sja Laboratory Animal Co. 
Ltd (Hunan, China). The animal use program 
was approved by the Animal Care and Use 
Committee of Guilin Medical University, and all 
procedures were in line with the Guidelines for the 
Care and Use of Experimental Animals issued by 
the National Institutes of Health. The mice men-
tioned above were randomly divided into a control 
group (CD-fed with a control liquid diet) and 
a model group (fed with a liquid ethanol diet) 
with 10 mice in each group. The model of alco-
holic liver disease (NIAAA model) was con-
structed with reference to previous methods [19]. 
All feeds used to feed the mice were purchased 
from Trophic Animal Feed High-tech Co.LTD 
(Nantong, China). After four weeks of paired-fed, 
all the mice were euthanized and their livers and 
bloods were collected for follow-up tests.

2.2. Adeno-associated virus administration

The complete sequence of mouse miR-378b was 
amplified from mouse genome DNA by PCR and 
cloned into pAAV-MCS with double enzyme 
digestion. Adeno-associated CCTED virus (AAV, 
serotype 9, a gift from Gene Chem, Shanghai, 
China) showed higher infection efficiency and 
induced persistent expression, and was used to 
package recombinant AAV [20]. The packaged 
adeno-associated virus was named AAV-miR 
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-378b. The empty (untransformed) adeno- 
associated virus vector named AAV-NC was used 
as control. Before the construction of ALD model, 
the adeno-associated virus vector was injected into 
the tail vein with 1 ml sterile syringe according to 
groups, and the dose was 1 × 1011 vg per animal.

2.3. Liver histology

The histopathological analysis was roughly as 
described previously [21]. Briefly, fixation with 
formalin buffered with 10% phosphoric acid for 
24 h was used to immobilized liver tissue, then 
embedded with paraffin blocks and stained with 
hematoxylin and eosin (H&E). Pathological 
changes were evaluated and micro-graphs were 
obtained from light microscopes (Olympus 
BX41, Olympus, Tokyo, Japan).

2.4. Biochemical analysis

Hepatic lipids were extracted as previously 
reported [22]. Total TG and total cholesterol 
(TC) were measured using with commercially 
available diagnostic kits (Unitech Medical 
Electronics Co., Ltd., Guilin, China).

2.5. Cell culture

L-02 human hepatocytes (No. GDC079) were pro-
vided from the Wuhan University (Wuhan, 
China). The specific methods used for cell culture 
refer to previous protocols [23]. Moreover, preced-
ing research showed that 200 mM EtOH success-
fully caused to happen ALD in L-02 cells [18], so 
our following experiments were performed with an 
EtOH concentration of 200 mM.

2.6. Plasmid administration

An miR-378b mimic and inhibitor (including their 
respective negative controls-NCs) were purchased 
from GeneChem (Shanghai, China). The plasmid 
was transferred into cells by electroporation (Bio- 
Rad Laboratories, Inc., Hercules, CA, USA) [18].

2.7. Cellular lipid determination

L-02 cells cultured in a 55 square centimeters 
petri dish under the nutrient conditions 
described above were divided into a control 
group, model group (200 mm EtOH treatment), 
miR-378b mimic, inhibitor and their corre-
sponding NC group. Except for cells in the con-
trol group, others were cultured in a fresh 
medium containing 200 mM EtOH for 48 h 
[18]. After cells cultured in groups, intracellular 
lipids were extracted according to the previously 
described method [24]. The contents of TG and 
TC in cells were determined by the kit 
(Jiancheng Biological Engineering Research 
Institute Co., Ltd.Nanjing China).

2.8. Western blot analysis and antibodies

Total protein of L-02 cells or liver tissues were 
extracted using RIPA reagent (Beyotime Bio Co., 
Nanjing, China). The protein concentration was 
assessed using the Nanodrop 2000 spectrophotometer 
(Thermo Scientific, USA). According to the manufac-
turer’s instructions [18], the same amount of proteins 
(30 µg) were subjected to sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and 
then attached onto PVDF membranes (Millipore 
Corp,Billerica, MA, USA). In addition, the rotational 
conditions are slightly adjusted according to the mole-
cular weight. After transferred, the membrane was 
closed with 5% skim milk or BSA for 1 h. And then, 
the membranes were incubated with specific primary 
antibodies at 4°C overnight or at least 8 h, followed by 
incubation with anti-rabbit or anti-mouse secondary 
antibodies conjugated to peroxidase, and the protein 
bands were then visualized using an enhanced chemi-
luminescence system (ECL) reagent (E002-100, 7Sea 
Biotech Co., Shanghai, China). Antibodies against 
CaMKK2 (DF4793), Carnitine Palmitoyl Transferase 
1 (CPT1-DF12004), Peroxisome Proliferator Activa- 
ted Receptor (PPAR -AF5301), FASN (DF6106), β- 
actin (AF7018) were obtained from Affinity 
Biosciences (OH, USA). Antibodies against ACC 
(C83B10), phosphorylated ACC (GR103168-11), 
AMPK (GR284787-6), phosphorylated AMPK 
(GR208507-23) and SREBP1c (GR3202903-3) were 
obtained from Abcam Technology (Cambridge, UK).

BIOENGINEERED 12661



2.9. RNA extraction and real-time PCR

TRIzol reagent (Gibco BRL) was used for extract-
ing total RNA from L-02 cells or the liver. 
According to the manufacturer’s protocol [25], 
one microgram of total RNA from each set of 
samples was used for reverse transcription with 
a FastQuant RT Kit (B639252, Sangon Biotech 
Inc., ShangHai, China). Target genes were ampli-
fied on the MJ PTC-200 PCR system (Bio-Rad, 
Hercules, CA, USA) in accordance with the primer 
sequences listed in Table 1. The expression of 
target genes after amplification was detected by 
1% agarose gel electrophoresis and β-actin was 
used as the reference. MicroRNA was detected by 
quantitative real-time (qRT)-PCR using a miR- 
378b specific primer (GeneCopoeia™, Guangzhou, 
China), and U6 was the reference gene. The dis-
solution curve, single dominant peak and the sta-
bility of the obtained data were comprehensively 
analyzed to verify the reliability of the strength 
results.

2.10. Luciferase reporter assays

A luciferase assay was carried out as described 
before with some modifications [18]. To clarify 
whether miR-378 directly combines with 
CAMKK2, we packaged a plasmid containing luci-
ferase with the 3ʹ-UTR sequence of CaMKK2 
mRNA. The targeting relationship between miR- 
378b and CaMKK2 was determined by cotransfec-
tion of pGL3 and PRL-Tk vectors. The relative 
luciferase activity were determined using The 
Dual-Luciferase Reporter Assay System (E2920, 
Promega, Madison, WI, USA).

2.11. Statistical analyses

All data presented are representative of at least 3 
repeated experiments and expressed as the mean ± 
SD. The p < 0.05 was the level of significance. 
Differences between means were evaluated by ana-
lysis of variance (ANOVA) and Student’s t-test. 
Data analyses and figure preparation were carried 
out with GraphPad Prism 6.0.

3. Results

In this study, male C57BL/6 mice and L-02 human 
hepatocytes were chosen and randomly divided into 
two groups: normal control group and ethanol group. 
The expression levels of miR-378b in liver tissues and 
L-02 cells were tested to confirm whether ethanol 
induced abnormal expression of miR-378b. 
Subsequently, luciferase reporter assays were analyzed 
to verify the targeting relationship between miR-378b 
and CaMKK2. Finally, we explored the effect of miR- 
378b on ethanol-induced hepatic steatosis by con-
structing miR-378b adeno-associated virus delivered 
to ethanol-fed mice or transfecting miR-378b plasmid 
into ethanol-induced L-02 cells. The expression levels 
of miR-378b, CaMKK2-AMPK signal, downstream 
factors associated with lipid synthesis (FASN and 
SREBP1c) and factors that promote lipid oxidation 
(PPAR and CPT1) in liver tissues and L-02 cell were 
tested. We discovered a critical role of miR-378b in 
the development of ALD.

3.1. miR-378b was over-expressed in cells and 
animals of ALD models

H&E staining was carried out to evaluate the 
degree of liver injury in mice induced with etha-
nol. Compared with the livers of mice fed with 
a control diet, histopathological images showed 
a significant increase in fat vacuoles in the liver 
tissues of EtOH-fed mice, accompanied by hepa-
tocyte cord disorder (Figure 1(a)). To clarify the 
relationship between ethanol and lipid levels, TG/ 
TC concentrations were determined in the col-
lected mouse liver and serum, the data showed 
that the serum and liver TC and TG levels of 
mice fed with ethanol were significantly increased 
by 41.8% and 61.3% respectively compared with 
mice fed with control diet (Figure 1(b-e)). L-02 

Table 1. Primer sequences for the associated genes which are 
tested.

Direction Sequence (5ʹ-3ʹ)
Gene-specific primer

CaMKK2 Forward CATGAACGGACGCTGCATCT
Reverse ACAGTCCTGCATACCCGTGAT

CPT1 Forward ATCAATCGGACTCTGGAAACGG
Reverse TCAGGGAGTAGCGCATGGT

PPARα Forward TTCGCAATCCATCGGCGAG
Reverse CCACAGGATAAGTCACCGAGG

SREBP1c Forward CGGAACCATCTTGGCAACAGT
Reverse CGCTTCTCAATGGCGTTGT

FASN Forward AAGGACCTGTCTAGGTTTGATGC
Reverse TGGCTTCATAGGTGACTTCCA
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cells were treated as described above [18], and the 
cell contents were obtained for assessment of TC 
and TG levels, which showed significant differ-
ences in the TC and TG content between the 
groups (Figure 1(f,g)) by 19.2% and 33.7%, respec-
tively. Next, we examined the miR-378b expres-
sion in the cells and animals used to imitate ALD 
model, and found that the expression of miR-378b 
was up-regulated compared to that in the control 
group (Figure 1(h,i)) by 420% and 87.5%.

3.2. miR-378b directly targets CaMKK2

The obvious change in miR-378b expression in the 
ALD process inspired us to explore the downstream 
regulators of miR-378b. Through the bio- 
informatics tools miRBase and TargetScan, we 

identified CaMKK2 as a potential target of miR- 
378b with a putative miR-378b-binding site within 
the 3ʹ-UTR of CaMKK2 (Figure 2(a)).

To determine whether miR-378b directly tar-
gets CaMKK2, we performed a luciferase 
reporting assay. The 3 ‘-UTR of CaMKK2 was 
cotransfected into 293 T cells with the miR- 
378b plasmid, and the final results illustrated 
that miR-378b mimics decreased the luciferase 
activity in 293 T cells transfected with the 
reporter involving the human CaMKK2 3′- 
UTR by 42.5% while there was no marked 
change on luciferase activity in cells transfected 
with mutanted CaMKK2 3′-UTR. (Figure 2(b)). 
To further clarify whether miR-378b mediates 
the expression of CaMKK2, miR-378b mimics 
and inhibitors were transferred into L-02 cells 

Figure 1. miR-378b is up-regulated in EtOH-fed mice and EtOH-induced L-02 cells. (a) Representative images of H&E staining of liver sections 
from control diet (CD)-fed mice (left) or EtOH-fed mice (right). (b) Serum TC levels. (c) Serum TG levels. (d) Liver TC levels. (e) Liver TG levels. (f) 
Cell TC levels. (g) Cell TG levels. (h) The expression level of miR-378b in liver tissues. (i) The expression level of miR-378b in L-02 cells. All data are 
expressed as the mean ± SD of at least three separate experiments (n = 3). *p < 0.05 vs. control; **p < 0.01 vs. control.
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by electroporation transfection, and then the 
mRNA and protein levels of CaMKK2 were 
detected. The results displayed that CaMKK2 
mRNA level in the L-02 cells was reduced by 
44.7% after transfection with miR-378b mimics 
(Figure 2(c)) and up-regulated by 39.2% 
(Figure 2(d)) when the cells were transfected 
with miR-378b inhibitor. The imaging data 
showed the CaMKK2 protein levels were 
decreased by 35.6% when the L-02 cells were 
transfected with miR-378b mimics (Figure 2(e)), 
and increased by by 40.4% (Figure 2(f)) when 
transfected with miR-378b inhibitor. On the 
basis of these experimental results, we hypothe-
sized that miR-378b may bind CaMKK2 mRNA 
to regulate translation and transcription of the 
CaMKK2 protein.

3.3. Over-expression of miR-378b disrupted lipid 
metabolism in L-02 cells

To study the influence of miR-378b on lipid 
metabolism, miR-378b mimics were transfected 

into L-02 cells induced with 200 mM concentra-
tion of ethanol. The TC and TG levels in L-02 
cells incubated in ethanol and the miR-378b 
mimics group based on incubated with ethanol 
were elevated sharply, with the TC level 
increased by 33.7% and 19.2%, respectively, and 
the TG level obviously increased by 46.7% and 
35.2%, when compared with the corresponding 
values in the control group (Figure 3(a,b)). 
Moreover, qRT-PCR results showed that miR- 
378b content was approximately 68% higher in 
comparison to that in the NC group after trans-
fection (Figure 3(c)). Furthermore, we analyzed 
the expression of CaMKK2 and members of the 
AMPK signaling pathway and discovered that 
the CaMKK2 mRNA levels (Figure 3(d)) and 
CaMKK2 protein, p-AMPK/AMPK protein ratio 
were significantly decreased by 51%, 28.9% and 
16.8%, after transfection (Figure 3(e)). Except for 
what has been mentioned above, the effects of 
miR-378b on lipid metabolism in hepatocytes 
were examined. The mRNA and protein expres-
sion levels of PPAR and CPT1 were sharply 

Figure 2. miR-378b directly targets CaMKK2. (a) Predicted duplex formation between miR-378b and human wild-type/mutant 
CaMKK2-3ʹ-UTR. (b) Luciferase reporter assay for the interaction between wild-type 3ʹ-UTR of CaMKK2, as well as mutant 3ʹ-UTR of 
CaMKK2 in the 293 T cells. (c-d) mRNA expression levels of CaMKK2 in L-02 cells. (e-f) Western blot analysis for protein expression of 
CaMKK2 in L-02 cells. All data were expressed as the mean ± SD of at least three separate experiments.*p < 0.05,**p < 0.01 vs. 
control.
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Figure 3. miR-378b over-expression disturbs lipid metabolism in L-02 cells. (a) The TC level in L-02 cells. (b) The TG level in L-02 cells. (c) 
The expression level of miR-378b in L-02 cells. (d) mRNA expression levels of CaMKK2 in L-02 cells. (e) Western blot analysis for protein 
expression of CaMKK2 and p-AMPK/AMPK. (f) mRNA expression levels and protein expression levels for PPARα and CPT1. (g) mRNA 
expression levels and protein expression levels for FASN and SREBP1c. (h) Western blot analysis for protein expression of p-ACC/ACC. All 
data are expressed as the mean ± SD of at least three separate experiments. *p < 0.05, **p < 0.01 vs. control. #p < 0.05, ##p < 0.01 vs. 
miR-378b-mimics NC.
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decreased by approximately 30% upon transfec-
tion with miR-378b mimics (Figure 3(f)). In 
addition, the mRNA and protein expression 
levels of FASN and SREBP1c were increased by 
nearly 33% in the miR-378b over-expressing 
group compared with the control group 
(Figure 3(g)). Moreover, p-ACC/ACC protein 
ratio was obviously decreased by 45.3% com-
pared to that in the control group 
(Figure 3(h)). In summary, these findings sug-
gest that miR-378b over-expression aggravated 
lipid synthesis and decreased lipid oxidation in 
L-02 cells incubated with ethanol.

3.4. Suppression of miR-378b alleviated lipid 
accumulation in vitro

Based on the result described above that lipid 
disorder was exacerbated when miR-378b is 
raised in vitro, miR-378b inhibitors were trans-
fected into L-02 cells induced by 200 mM con-
centration of ethanol by electrical perforation. 

Figure 4(a,b) expressed that the TC and TG 
levels in the cells did not change significantly 
after transfection. In addition, compared with 
that in the control group, the level of miR-378b 
was significantly reduced by 36.4% after trans-
fection with miR-378b inhibitors (Figure 4(c)). 
Furthermore, we analyzed the expression of 
CaMKK2 and members of the AMPK signaling 
pathway and found that the mRNA level of 
CaMKK2 was slightly increased (Figure 4(d)), 
while the protein level of CaMKK2 and 
p-AMPK/AMPK ratio were significantly 
increased by 40.3% and 46.3%, respectively, in 
L-02 cells transfected with miR-378b inhibitor 
compared with cells in the NC group 
(Figure 4(e)). Furthermore, the effects of miR- 
378b on lipid metabolism in hepatocytes were 
tested. The protein and mRNA expression levels 
of PPAR and CPT1 were significantly increased 
by more than 20%, with the protein level 
increased by more than 50% when cells were 
transfected with miR-378b inhibitor and incu-
bated in the presence of EtOH (Figure 4(f)). In 

Figure 3. Continued.
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addition, the protein and mRNA expression 
levels of FASN and SREBP1c were decreased 
by approximately 30% in the miR-378b inhibi-
tor group compared with the control group 

(Figure 4(g)). Additionally, the p-ACC/ACC 
protein ratio was dramatically increased by 
30.1% (Figure 4(h)). In summary, these results 
indicate that down-regulation of miR-378b 

Figure 4. Suppression of miR-378b improved lipid metabolism in L-02 cells. (a) The TC levels in L-02 cells. (b) The TG levels in L-02 
cells. (c) The expression level of miR-378b in L-02 cells. (d) The mRNA expression level of CaMKK2 in L-02 cells. (e) Western blot 
analysis of the protein expression of CaMKK2 and p-AMPK/AMPK protein ratio. (f) The mRNA and protein expression levels of 
PPARα and CPT1. (g) The mRNA and protein expression levels of FASN and SREBP1c. (h) Western blot analysis of the p-ACC/ACC 
protein ratio. All data are expressed as the mean ± SD of at least three separate experiments. *p < 0.05, **p < 0.01 vs. control. 
#p < 0.05, ##p < 0.01 vs. miR-378b-inhibitor NC.
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reduced lipid synthesis and ameliorated lipid 
oxidation in L-02 cells incubated with ethanol.

3.5. miR-378b over-expression aggravated lipid 
accumulation in vivo

To study the influence of miR-378b on lipid meta-
bolism in vivo, we injected the mice used to simu-
late ALD model with adeno-associated virus 
particles including AAV-miR-378b-up or corre-
sponding NC. Through qPCR and liver tissue 
H&E staining, it could be confirmed that the over- 
expressing miR-378b can induce adipogenesis in 
liver tissue (Figure 5(a)). The indicators related 
lipid such as TC and TG levels in both the serum 
and liver were increased by nearly 25% in the mice 
fed with alcohol diet compared to control group 
(Figure 5(b-e)). Moreover, miR-378b expression in 
the liver of AAV-miR-378b-up-treated mice was 
approximately twofold higher than that in liver of 
the NC mice (Figure 5(f)). In addition, we assessed 
the levels of proteins involved in lipid metabolism 
signaling. MiR-378b over-expression reduced 
CaMKK2 mRNA levels (Figure 5(g)), CaMKK2 

protein expression and the p-AMPK/AMPK pro-
tein ratio by at least 29.7% in EtOH-fed mice 
(Figure 5(h)). In addition, the mRNA and protein 
levels of PPAR and CPT1, which are downstream 
molecules of AMPK, were significantly reduced by 
at least 20.3% (Figure 5(i)). Moreover, the mRNA 
and protein expression of FASN and SREBP1c was 
also significantly increased by more than 26.2% in 
mice feed injected with AAV-378b-up compared 
to those injected with the control (Figure 5(j)). 
Beyond that, the p-ACC/ACC protein ratio was 
decreased by 66.3% upon AAV-miR-378b-up 
injection of the EtOH-fed mice (Figure 5(k)). In 
brief, we concluded that miR-378b over- 
expression dramatically aggravates lipid accumula-
tion induced by EtOH in vivo.

3.6. The loss of miR-378b alleviated lipid 
metabolism in mice

Inhibition of miR-378b reduced lipid accumula-
tion in hepatocytes, then similar results were 
shown in the mice fed with alcohol. Adeno- 
associated virus named AAV-miR-378b-down or 

Figure 4. Continued.
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Figure 5. miR-378b over-expression aggravates lipid accumulation in vivo. (a) Representative images of H&E staining of liver sections. (b) 
Serum TC levels. (c) Serum TG levels. (d) Liver TC levels. (e) Liver TG levels. (f) The expression of miR-378b in liver tissue. (g) mRNA 
expression levels of CaMKK2 in liver tissue. (h) Western blot analysis for protein expression of CaMKK2 and p-AMPK/AMPK in liver tissue. 
(i) mRNA expression levels and protein expression levels for PPARα and CPT1 in liver tissue. (j) mRNA expression levels and protein 
expression levels for FASN and SREBP1c in liver tissue. (k) Western blot analysis for protein expression of p-ACC/ACC in liver tissue. All 
data were expressed as the mean ± SD of at least three separate experiments (n = 3). *p < 0.05, **p < 0.01 compared with the CD-fed 
group. #p < 0.05, ##p < 0.01 compared with the AAV-miR-378b-up NC group.
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corresponding control group (NC) was injected 
into the mice. H&E staining revealed that alcohol 
induced lipid accumulation in the liver of mice in 
comparison with the NC, and the degree of hepa-
tic steatosis was significantly improved in EtOH- 
fed mice infected with AAV-miR-378b-down in 
comparison with AAV-miR-378b-down-NC mice 
(Figure 6(a)). In addition, AAV-miR-378b-down 
infection led to a obvious reduction in both the 
hepatic and serum TC and TG content in EtOH- 
fed mice by at least 20% (Figure 6(b-e)). 
Furthermore, miR-378b expression was decreased 
by 39.8% in the mice infected AAV-miR-378b- 
down compared with its′ homologous NC group 
(Figure 6(f)). To address the mechanisms under-
lying miR-378b-mediated regulation of EtOH- 
induced lipid accumulation, we determined the 
changes of related lipid metabolism signaling 
pathways when miR-378b was down-regulated. 
As expected, inhibition of miR-378b significantly 
increased CaMKK2 mRNA levels by 28% 
(Figure 6(g)), CaMKK2 protein level by 81.8 and 

p-AMPK/AMPK protein ratio by 27.4%, respec-
tively, in EtOH-fed mice (Figure 6(h)). Moreover, 
we assessed PPARα and CPT1 mRNA and protein 
expression levels in mice, which increased after 
the injection of AAV-miR-378b-down, with the 
protein expression level increased nearly one- 
fold but the mRNA expression increased by 
approximately 20% (Figure 6(i)). Moreover, the 
mRNA and protein expression of FASN and 
SREBP1c was decreased by at least 26% in EtOH- 
fed mice after the injection of AAV-miR-378b- 
down compared to the control (Figure 6(j)). On 
the other hand, the p-ACC/ACC protein ratio was 
increased by 57.5% (Figure 6(k)). Collectively, 
these findings indicate that inhibition of miR- 
378b improved lipid metabolism dysfunction in 
the livers of EtOH-fed mice.

4. Discussion

Lipid metabolism dysfunction is involved in many 
metabolic syndromes and induces the over- 

Figure 5. Continued.
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Figure 6. miR-378b inhibition amoliorates lipid lipid dysfunction in vivo. (a) Representative images of H&E staining of liver sections. 
(b) Serum TC levels. (c) Serum TG levels. (d) Liver TC levels. (e) Liver TG levels. (f) The expression of miR-378b in liver tissue. (g) mRNA 
expression levels of CaMKK2 in liver tissue. (h) Western blot analysis for protein expression of CaMKK2 and p-AMPK/AMPK in liver 
tissue. (i) mRNA expression levels and protein expression levels for PPARα and CPT1 in liver tissue. (j) mRNA expression levels and 
protein expression levels for FASN and SREBP1c in liver tissue. (k) Western blot analysis for protein expression of p-ACC/ACC in liver 
tissue. All data were expressed as the mean ± SD of at least three separate experiments (n = 3). *p < 0.05, **p < 0.01 compared with 
the CD-fed group. #p < 0.05, ##p < 0.01 compared with the AAV-miR-378b-down NC group.
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accumulation of TG when patients present the 
pathological condition of hepatic steatosis [26]. 
Furthermore, excessive hepatic fat accumulation 
can induce metabolic changes, making the liver 
more sensitive to further injury [27]. Hence, investi-
gating the mechanistic processes governing lipid 
metabolism might assist us in understanding the 
pathogenesis of ALD. In this study, we found that 
miR-378b expression was increased in EtOH-fed 
mouse livers and EtOH-induced L-02 cells com-
pared to the corresponding control, accompanied 
by increased lipid accumulation. Furthermore, we 
focused on whether miR-378b regulates the progres-
sion of ALD, and the subsequent investigation 
showed that miR-378b regulates lipid metabolism 
by directly targeting CaMKK2 through inhibition 
of the AMPK cascade. In addition to this, over- 
expression of miR-378b aggravated lipid accumula-
tion by up-regulating lipogenesis genes and down- 
regulating fatty acid oxidation genes, while the loss 
of miR-378b improved lipid metabolism dysfunction 
in EtOH-fed mouse livers and EtOH-induced L-02 
cells. Taken together, both our in vivo and in vitro 

findings demonstrate that miR-378b plays a role in 
EtOH-induced hepatic lipid accumulation.

MiRNAs have been shown to regulate lipid 
metabolism directly or indirectly through epige-
netic mechanisms [17]. Previous research showed 
that miR-378b was markedly decreased in plasma 
from coronary heart disease (CHD) patients, the 
livers from diet-induced obese SD rats under 
hypoxic training and neurofibromatosis 1 (NF1) 
patient brain specimens [28,29], and miR-378b 
expression was also significantly increased in lutei-
nizing hormone-treated mouse TM3 Leydig cells 
[30]. In this paper, we took the lead in finding that 
miR-378b was up-regulated by EtOH, and miR- 
378b was involved in hepatic lipid dysfunction 
induced by EtOH.

CaMKK2 (a 66–68-kDa kinase) is one of the 
most versatile CaMKs and participates in mediat-
ing many important physiological and pathophy-
siological processes and conditions, including 
energy balance, adiposity, glucose homeostasis, 
hematopoiesis, inflammation, and cancer [8]. 
A previous study showed that deletion of 

Figure 6. Continued.

12672 Y.-Z. WANG ET AL.



CAMKK2 in vivo or in human prostate cancer 
cells reduced the expression of two key lipogenic 
enzymes, ACC and FASN, and finally led to inhi-
bition of de novo lipogenesis [31]. Primary hepa-
tocytes from CaMKK2-knockout (KO) mice 
showed suppressed gluconeogenesis and increased 
de novo lipogenesis and fatty acid oxidation, and 
an inhibitor of CaMKK2 improved hepatic steato-
sis and ameliorated the symptoms of nonalcoholic 
fatty liver disease (NAFLD) [10,13]. However, our 
understanding of the physiological function of 
CaMKK2 in EtOH-induced lipid accumulation is 
limited. In this study, CaMKK2 was identified as 
a miR-378b target gene by using TargetScan. 
Luciferase constructs harboring the 3ʹ-UTRs of 
CaMKK2 showed significantly decreased activity 
in 293 T cells transfected with miR-378b mimics. 
In order to verify the regulatory relationship 
between miR-378b and CaMKK2, we up- 
regulated or down-regulated the expression of 
miR-378b in L-02 cells and found that miR-378b 
over-expression led to a decrease in CaMKK2, and 
down-regulation of miR-378b increased CaMKK2 
expression. Thus, CaMKK2 is clearly the direct 
target of miR-378b. We also found that the up- 

regulation of miR-378b in EtOH-induced L-02 
cells sharply inhibited CaMKK2 protein level and 
exacerbated lipid accumulation, possibly asso-
ciated with increased lipogenic gene expression 
or decreased lipid oxidative gene expression. 
However, inhibition of miR-378b enhanced the 
CaMKK2 protein level and improved lipid meta-
bolism disorder. These findings further support 
the function of miR-378b to hepatic lipid metabo-
lism through CaMKK2. However, the function of 
CaMKK2 in lipid metabolism appears to differ in 
different diseases (mentioned above), and how it 
definitively functions in different diseases and 
whether its function is time-dependent need to 
be explored.

Human miR-378b significantly increases in 
level during keratinocyte differentiation and 
inhibits the proliferation, migration and differ-
entiation of keratinocytes [32]. In addition, miR- 
378b was proved to be able to activate the cGAS/ 
STING signaling pathway and regulate dendritic 
cell (DC) function by binding TANK-binding 
kinase binding protein 1 (TBKBP1) [33]. 
However, the function of miR-378b in the 
pathogenesis of hepatic lipid metabolism has 

Figure 7. Summary of the mechanism by which miR-378b targets CaMKK2 to regulate hepatic steatosis through the AMPK cascade. 
First, the increased expression of miR-378b induced by EtOH decreases the expression of CaMKK2, after which the AMPK cascade is 
inhibited, eventually aggravating steatosis.

BIOENGINEERED 12673



not been elucidated. To clarify this, we over- 
expressed or silenced miR-378b in L-02 cells. 
Our data showed that the up-regulation of 
miR-378b in L-02 cells dramatically increased 
the TC and TG contents, but the inhibition of 
miR-378b did not significantly change the TC or 
TG levels. The multi-program nature of TG 
synthesis may be one of the reasons to explain 
this phenomenon, because it takes some time to 
complete the progress which start form regula-
tion of miRNA level to obvious change of lipid 
level. In addition, ethanol and miR-378b over- 
expression had the similar superposition effect, 
while miR-378b inhibition was corresponding to 
ethanol. Therefore, it may take longer time to 
reverse ethanol-induced lipid accumulation 
when L-02 cells were transfected with miR- 
378b inhibitor than miR-378b mimics, which 
has been reflected in animal experiments with 
four weeks. On the basis of this, we examined 
the CaMKK2 and the AMPK cascade, which are 
related to lipid metabolism. Our data showed 
that the miR-378b over-expressed in L-02 cells 
greatly inhibited the protein of CaMKK2, 
p-AMPK, p-ACC and enzymes related to lipid 
oxidation (PPARα and CPT1) and even 
increased the expression of de novo lipogenesis- 
related proteins (FASN and SREBP1c). However, 
the inhibition of miR-378b increased the expres-
sion level of CaMKK2 and improved lipid meta-
bolism dysfunction. These findings indicate that 
miR-378b regulated EtOH-induced hepatic stea-
tosis by increasing lipogenesis and decreasing 
fatty acid oxidation in L-O2 cells. Briefly, our 
in vitro research illustrated that miR-378b is 
involved in lipid metabolism by targeting 
CaMKK2 to regulate the AMPK cascade. 
However, we noted no obvious change in the 
TC or TG content in L-02 cells after transfection 
with miR-378b inhibitor. While the reason for 
this remains unknown, many factors could be 
involved, such as the method of detection and 
number of cells.

Then, we established the NIAAA mouse 
model through feeding a Lieber-DeCarli LD sup-
plemented with 5% EtOH. We confirmed the 
over-expression of miR-378b in EtOH-fed 
mouse livers compared to those of the NC 
group. Moreover, we also observed increases in 

TG and TC levels in the liver and serum of 
EtOH-fed mice compared to mice in the NC 
group, indicating lipid dysfunction in the liver. 
Then, we carried out functional experiments 
using miR-378b. After tail vein injection of 
AAV-miR-378b or AAV-NC, the expression of 
miR-378b was increased in the livers of AAV- 
miR-378b mice relative to those of mice in the 
AAV-NC group. Remarkably, the over- 
expression of hepatic miR-378b increased TC 
and TG levels in both the liver and serum and 
aggravated lipid accumulation in accordance 
with inhibition of CaMKK2 and the AMPK cas-
cades. The loss of miR-378b notably decreased 
TC and TG levels and ameliorated lipid accu-
mulation induced by EtOH by up-regulating 
CaMKK2. In summary, our results indicate that 
the up-regulation of miR-378b accelerated hepa-
tic lipid accumulation in EtOH-fed mice by 
increasing lipid synthesis and decreasing lipid 
oxidation and that inhibition of miR-378b 
improved lipid metabolism disorder induced by 
EtOH in vivo. Although we determined the 
function of miR-378b in ALD, whether EtOH 
interacts with miR-378b directly or indirectly 
remains unknown. In summary, miR-378b is 
a crucial regulator of ALD in vitro through its 
mediation of lipid metabolism.

We can thus conclude (Figure 7) that excessive 
EtOH consumption can lead to high miR-378b 
expression. The CaMKK2 mRNA 3-UTR contains 
a miR-378b-binding site, so miR-378b does influ-
ence the stability of CaMKK2 mRNA and the trans-
lation of CaMKK2 mRNA, down-regulating the 
CaMKK2 protein in the liver and decreasing 
AMPK phosphorylation, which disturbs the lipid 
metabolism cascade in the liver. Because of inhibi-
tion of the AMPK pathway, lipid synthesis in the 
liver is increased, and lipid oxidation is decreased, 
eventually causing fatty liver. In brief, up-regulation 
of miR-378b expression in the liver is deeply 
involved in ALD formation. Therefore, miR-378b is 
a potential future target for ALD treatment. Next, as 
described above, we will continue to explore the 
mechanism by which EtOH interacts with miR- 
378b and investigate the degree to which miR-378b 
regulates lipid accumulation by targeting CaMKK2 
in an ALD model. Moreover, if possible, it would be 
beneficial for us to detect the expression of miR- 
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378b, CaMKK2 and members of the AMPK cascade 
in clinical specimens.

5. Conclusions

Our results suggest that alcohol-abuse disturbs 
the lipid metabolism in the liver by miR-378b 
up-regulation. The over-expression of miR-378b 
exacerbates the lipid accumulation in ethanol- 
induced hepatocytes and liver, while miR-378b 
silencing inhibits ethanol-induced hepatic stea-
tosis to some extent. Establishing the role of 
miR-378b in EtOH-induced hepatic steatosis 
could possibly pave the way for new direction 
and target for the mechanism research and drug 
therapy of ALD.
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