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Caffeic acid dimethyl ether alleviates alcohol-induced hepatic steatosis via 
microRNA-378b-mediated CaMKK2-AMPK pathway
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ABSTRACT
Alcoholic liver disease (ALD), with its increasing morbidity and mortality, has seriously and 
extensively affected the health of people worldwide. Caffeic Acid Dimethyl Ether (CADE) signifi-
cantly inhibits alcohol-induced hepatic steatosis in vivo through AMP-activated protein kinase 
(AMPK) pathway, but its in-depth mechanism remains unclear. This work aimed to clarify further 
mechanism of CADE in improving hepatic lipid accumulation in ALD through the microRNA-378b 
(miR-378b)-mediated Ca2+/calmodulin-dependent protein kinase kinase 2 (CaMKK2)-AMPK signal-
ing pathway. Here, we reported that the hepatic or serum triglyceride (TG), total cholesterol (TC), 
alanine aminotransferase (ALT), and aspartate transaminase (AST) levels were sharply escalated by 
ethanol while prominently decreased by CADE. Ethanol sharply up-regulated miR-378b expression 
while CADE effectively prevented the elevation of miR-378b in vivo. And treatment of CADE surely 
increased mRNA and protein expression of CaMKK2 as a kinase of AMPK and reduced lipid 
accumulation in the livers of alcohol-fed C57BL/6 mice. MiR-378b escalation exacerbated hepatic 
steatosis and inhibited CaMKK2-AMPK signaling, while miR-378b deficiency alleviated lipid accu-
mulation and activated the CaMKK2 cascade. Furthermore, CADE alleviated the lipid deposition 
and reversed the disorder of CaMKK2-AMPK signaling pathway induced by miR-378b over- 
expression. However, knockdown of miR-378b eliminated the beneficial effect of CADE on lipid 
metabolism. In brief, our results showed that CADE ultimately improved hepatic lipid deposition 
by regulating the CaMKK2-AMPK signaling pathway through miR-378b.
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Highlights

● Ethanol induced lipid deposition and high 
expression of miR-378b in vivo.

● CADE decreased miR-378b expression and 
reduced lipid accumulation in vivo.
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● CADE reduced lipid deposition by regulating 
miR-378b.

● CADE regulated multiple processes of lipid 
metabolism through miR-378b.

1. Introduction

Alcohol abuse is deemed as one of the largest 
threatening elements in the world and a major 
cause of many diseases, especially ALD that 
includes alcoholic steatosis, hepatitis, cirrhosis, 
and even a more serious form of liver cancer [1]. 
In the absence of medications or other treatments, 
ALD can begin as steatosis of the liver and gradu-
ally progress to more serious forms of the disease, 
eventually leading to liver cancer [2]. With grow-
ing researches, quantum leaps have been achieved 
in the mechanism of alcohol-induced hepatic stea-
tosis in recent years. Hepatic steatosis induced by 
excessive alcohol results from imbalance of lipid 
metabolism charged upon increased fatty acid 
synthesis, decreased oxidation, increased input to 
the liver, and blunted export from the liver [3]. For 
the moment, life-style changes, such as abstinence 
from alcohol might be the long-term goal and the 
most effective strategies of management for ALD, 
but this is not always practical or sufficient [4]. Up 
to the present, clinical drugs for the treatment of 
ALD include S-adenosine methionine, glucocorti-
coids, pentoxifylline, propylthiouracil, etc., which 
directly or indirectly relieve ALD symptoms or 
give nutritional supports for patients to some 
extent [5]. However, taking into consideration 
with therapeutic effect of these drugs and their 
adverse reactions, which have gradually been dis-
covered, it is urgent to identify and excavate more 
potential therapeutic drugs in primary ALD.

CADE, also called as 4-dimethoxy cinnamic 
acid or methyl ferulic acid [6], is a white acicular 
compound isolated from the rhizome of securidaca 
inappendiculata hassk, a kind of special chinese 
herbal medicine containing a variety of ingredients 
with potential medicinal value such as anti- 
inflammatory, analgesic, and immunodepressive 
effects [7–9]. According to a previous reported 
study, 5–20 mg/kg of CADE significantly alle-
viated alcohol-induced hepatic steatosis, which 
was specifically manifested in the reduction of 
hepatic lipid, along with the remission of fat 

vacuoles in liver tissues [10,11]. In addition, 
a subsequent study reported that CADE improves 
alcohol-induced lipid accumulation by restoring 
activity of AMPK [12]. However, the exact way 
in which CADE triggers AMPK activity has not 
been elucidated.

AMPK, a classical node that regulates lipid 
metabolism processes [13], can be activated by its 
upstream kinase liver kinase B1 (LKB1) and 
CaMKK2 [14,15]. Served as a direct upstream 
kinase of AMPK, CaMKK2 is extensively involved 
in hepatic lipid metabolism. S100 calcium-binding 
protein A16 (S100A16) is identified to be a novel 
adipogenic promoter in mouse livers and hepato-
cytes by reason of its capacity in hepatic lipid 
metabolism by regulating the CaMKK2-AMPK 
signaling pathway [16]. Another research showed 
that tomatidine activates AMPK through CaMKK2 
and reduced palmitate-induced lipid accumulation 
in human hepatocytes HepG2 [17]. And more 
importantly, a study has confirmed that ethanol 
exhibits a considerable inhibition of CaMKK2, 
resulting in an apoptosis in hepatocytes [18]. 
Summing up the above, considering the inhibitory 
effect of ethanol on itself, its function in regulating 
AMPK and its proven role in hepatic lipid meta-
bolism, CaMKK2 is regarded as a new pointcut to 
further explore how CADE activates ethanol- 
inhibited AMPK signaling.

MicroRNA (miRNA), an endogenous, highly 
conserved, single stranded, and non-coding RNA 
of approximately 18–25 nucleoside, is considered 
as a crucial factor in conscription regulation 
involved in processes of hepatic lipid metabolism 
[19]. Cadmium chloride inhibits sirtuin1 transla-
tion and reduces its protein expression by indu-
cing the ascent of miR-34a transcription level, 
eventually leading to hepatic steatosis [20]. MiR- 
3548 was engaged in the process of α-politic acid 
stimulating hepatic fat deposition and degenera-
tion by targeting fatty acid syntheses (FASN) 
mRNA [21]. The biological function of miRNA 
in hepatic lipid metabolism is an inspiration to 
expound the molecular mechanism of CADE 
improving alcohol-caused lipidosis from the per-
spective of gene regulation. A recent study indi-
cated that miR-378b, which showed great activities 
to be involved in lipid regulation and systemic 
energy homeostasis [22–24], is elevated by ethanol 
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in C57BL/6 mice [25]. Additionally, another 
research reported that miR-378b negatively regu-
lated CaMKK2, which was served as a key regula-
tor to balance energy both in cells and the whole 
organism, participating in lipid metabolism [26]. 
These findings indicated that miR-378b/CaMKK2 
signal has a great potential to be involved in the 
protective effect of CADE on lipid metabolism.

Although CADE has been demonstrated to 
improve lipid accumulation induced by ethanol, 
the underlying molecular mechanisms have not 
been clarified. Combined with the results men-
tioned above, a possibility was proposed that 
miR-378b might be involved in the procedure of 
CADE improving hepatic fat deposition by mod-
ulating CaMKK2. This work aimed to elucidate 
further molecular mechanism of CADE in improv-
ing hepatic lipid accumulation in ALD through the 
miR-378b-mediated CaMKK2-AMPK signaling 
pathway.

2. Materials and methods

2.1. Animals and protocols

Male C57BL/6 mice (age 6 weeks and weight 20– 
25 g) were obtained from Hunan SJA Laboratory 
Animal Co. Ltd. (Hunan, China). Animal proce-
dures were all approved by the Institutional Ethics 
Committee of Guilin Medical University. After 
adaptive feeding on a liquid diet for one week, 
the mice mentioned above were randomly divided 
into a control group, an ALD model group and 
three CADE-treatment groups with different con-
centrations (20 mg·kg−1, 10 mg·kg−1, 5 mg·kg−1). 
The scheme to construct the mouse model of ALD 
referred to the previous approach with minor 
modifications [12]. Briefly, the mice except for 
those in control group were all fed on a 5% alco-
holic liquid diet for four weeks with daily changing 
and were gavaged with 31.5% ethanol (5 g·kg−1) 
once two weeks during the period. In addition, the 
CADE-treatment groups were supplied with 
CADE depending on the required dose once 
a day and lasted for two weeks (weeks 3–4). 
After 4 weeks for establishment of ALD model, 
all mice were euthanized after injection with 
0.2 mL/10 g 1.25% avertin and their livers and 
bloods were collected for follow-up tests.

2.2 Adeno-associated virus administration

To regulate miR-378b levels in livers of mice, 
the pAAV-MCS consisting of amplified miR- 
378b sequences that were successfully con-
structed with molecular cloning technique were 
provided from Gene Pharma (Shanghai, China) 
and used for this work. Adeno-associated virus 
(AAV, serotype 9) was used to package recom-
binant AAV on account of high infection effi-
ciency and stability [27]. The packaged adeno- 
associated virus was called as AAV-miR-378b 
agomir or AAV-miR-378b antagomir, while the 
empty (untransformed) was named AAV-miR 
-378b agomir NC or AAV-miR-378b antagomir 
NC used as controls. To up-regulate or down- 
regulate miR-378b in vivo, the AAV was injected 
into the mice through tail vein immediately at 
a dose of 1 × 1011 vg per animal and injected 
again once a week later. Moreover, CADE- 
treatment group were extra provided with 
CADE (10 mg/kg) by oral gavage once daily 
for two consecutive weeks.

2.3 Histopathological analysis

Hematoxylin and eosin (H&E) staining was car-
ried out roughly similar as previously claimed 
with slight difference [11]. In brief, liver speci-
mens harvested and fixed in 10% buffered for-
malin roughly 24 h were embedded in liquid 
paraffin and cut into 6 µm sections for H&E 
staining. Subsequently, pathological changes 
were observed in accordance with micrographs 
obtained from light microscopes (Olympus, 
Tokyo, Japan).

2.4 Biochemical analysis

The procedure to extract lipids from the liver is 
based on previously reported method [12]. TG or 
TC concentrations in livers or serum were mea-
sured using commercially available diagnostic kits 
(Unitech Medical Electronics Co., Ltd., Guilin, 
China). Beyond that, ALT and AST levels were 
detected using Erba XL-600 automatic biochemical 
analyzer.
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2.5 Western blot analysis

Total proteins in livers were extracted by the pre-
cooled RIPA agentia (Beyotime Bio Co., Nanjing, 
China). According to the manufacturer’s instruc-
tions [28], the proteins of uniform weight were 
subjected to SDS-PAGE and attached onto PVDF 
membranes (Millipore Corp, Billerica, MA, USA) 
when proteins with different molecular weights 
have reached the points where they can be differ-
entiated and separated according to the indication 
of protein ladder marker. After that, the membranes 
were sealed in 5% nonfat milk for 1 hour and then 
immunoblotted with antibodies. Finally, the protein 
bands were visualized using an enhanced chemilu-
minescence system (ECL) reagent (E002-100, 7Sea 
Biotech Co., Shanghai, China). Antibodies against 
β-actin, p-CaMKK2, CaMKK2, Peroxisome 
Proliferator Activated Receptor α (PPARα), 
Microsomal Triglyceride Transfer Protein (MTTP), 
FASN, Sterol Regulatory Element Binding Protein 
1c (SREBP-1c), Carnitine Palmitoyl Transferase 1 
(CPT1), Forkhead box other 1 (foxO1), and 
p-foxO1 were purchased from Affinity Biosciences 
(OH, USA). Antibodies against Acetyl-CoA 
Carboxylase (ACC), p-ACC, AMPK, and p-AMPK 
were purchased from Abcam Technology 
(Cambridge, UK).

2.6 RNA-seq data analysis

Total RNA covering miRNA in liver tissues was iso-
lated and extracted using TRIzol (Gibco BRL). 
According to the manufacturer’s protocol [29], one 
microgram of total RNA was used for reverse tran-
scription with a FastQuant RT Kit (Sangon Biotech 
Inc., ShangHai, China). After amplified on the MJ 
PTC-200 PCR system (Bio-Rad, Hercules, CA, USA) 
in line with the primer sequences, target genes were 
identified using 1.5% agarose gel electrophoresis. 
Besides that, miRNA was reversely transcribed with 
miRNeasy Kit and detected by miRNA-Detection Kit 
(GeneCopoeia™, Guangzhou, China). As internal con-
trols, the expression of U6 and β-actin were simulta-
neously quantified. Primer sequences were listed as 
follows: miR-378b (forward: ACACTCCAGCTGG 
GAGTGGACTTGGAGTCA; reverse: CTCAACTGG 
TGTCGTGGAGTCGGCAATTCAGTTGAGCCTT-
CTGA), U6 (forward: CTCGCTTCGGCAGCACA; 

reverse: AACGCTTCACGAATTTGCGT), CaMK 
K2 (forward CATGAACGGACGCTGCATCT; 
reverse ACAGTCCTGCATACCCGTGAT), β-actin 
(forward GACTCCTATGTGGGTGACGA; reverse 
ACGGTTGGCCTTAGGGTTCA). All Primers men-
tioned above were purchased from Sangon Biotech 
(Shanghai, China).

2.7 Statistical analyses

All data listed in the work are summarized includ-
ing at least three replicates and expressed as the 
mean ± SD. In data comparison among groups, 
only P < 0.05 is considered as significant differ-
ence. Differences between means were evaluated 
by analysis of variance (ANOVA) and student’s 
t-test. Data analyses and figure preparation were 
carried out with GraphPad Prism 6.0 and Adobe 
Illustrator 2021.

3. Results

In this study, C57BL/6 mice were randomly 
divided into five groups: normal control group, 
ethanol group, and CADE-treatment groups 
with three dosages (20 mg·kg−1, 10 mg·kg−1, 
5 mg·kg−1). The expression levels of miR-378b 
and CaMKK2 in liver tissues were tested to 
confirm whether miR-378b-CaMKK2 signaling 
is involved in the improvement of alcohol- 
induced lipid deposition by CADE. 
Subsequently, we explored the effect of miR- 
378b in the protective process of CADE on 
ethanol-induced hepatic steatosis by constructing 
miR-378b adeno associated virus delivered to 
ethanol-fed mice. The expression levels of miR- 
378b, CaMKK2-AMPK signal, downstream fac-
tors associated with lipid synthesis, lipid oxida-
tion, and lipid transport in liver tissues were 
tested. We discovered a critical role of miR- 
378b in the regulation of lipid metabolism by 
CADE.

3.1 CADE reduced hepatic lipid accumulation in 
alcohol-fed mice

To verify the effect of CADE on lipid metabo-
lism in vivo, mice were fed with alcohol-diet 
and/or treated with different doses of CADE. 

11126 J. LU ET AL.



From the results of H&E staining, it could be 
seen that the alcohol-diet led to fat vacuoles, 
inordinate hepatocyte cords and obvious globu-
lar inflammation in the livers of alcohol-fed 
mice, whereas the treatment of CADE obviously 
improved hepatic pathological changes, lipid 
droplets and inflammatory lesions (Figure 1a). 
Afterward, we conducted biochemical analysis 
to detect ALT, AST, TG, and TC levels in livers 
or serum. The data displayed a memorably rise 

of serum ALT, serum AST, serum TG, serum 
TC, liver TG level and liver TC level in the 
ethanol-fed group when in comparison to the 
levels in NC group. However, we found that 
CADE in 5–20 mg/kg range was able to flatten 
these abnormally elevated indicators in a dose- 
dependent manner, indicating that CADE has 
the excellent protective effect on alcohol- 
induced injury to liver and lipid disorder 
(Figure 1b-g).

Figure 1. CADE reduced lipid accumulation in liver and serum of alcohol-fed mice. (a) Representative images of H&E staining 
(original scale = 1:10). (b) Liver TC levels. (c) Liver TC levels. (d) Serum TG levels. (e) Serum TC levels. (f) Serum ALT levels. (g) Serum 
AST levels. All data are expressed as means ± SD. ##p < 0.01 vs. the control group, and *p < 0.05 and **p < 0.01 vs. the ethanol 
group.
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3.2 CADE decreased miR-378b expression and 
activates CaMKK2 in alcohol-fed mice

Subsequently, miR-378b expressions were verified 
by qRT-PCR, the results revealed that miR-378b 
was visibly risen in the alcohol-fed mice contrasted 
with control-diet mice, and the miR-378b expression 
was substantially decreased in the CADE-treated 
group in comparison to alcohol-fed group. Among 
the three doses we set, CADE at 10 mg/kg showed 
the best inhibitory effect for miR-378b (Figure 2a). 
Moreover, we assessed CaMKK2 mRNA and protein 
expressions by PCR and Western blot and found that 
they were dramatically inhibited by ethanol, whereas 
CADE effectively reversed the reduction of the 
CaMKK2 mRNA and protein expressions. Notably, 
10 mg/kg CADE also showed the strongest activa-
tion of CaMKK2, which was similar to the inhibitory 
effect of miR-378b at the dose mentioned above. 
(Figure 2b-c).

3.3 CADE alleviated lipid disorders in C57BL/6 
mice through miR-378b

In order to explore the role of miR-378b in 
CADE’s improvement of alcohol-induced hepa-
tic adipose degeneration in vivo, we injected 
AAV-miR-378b-agomir or AAV-miR-378b- 
antagomir including their corresponding nega-
tive controls (NCs) into C57BL/6 mice via tail 
vein, and then CADE was used to intervene on 
this basis. Based on the results presented before, 
dose of 10 mg/kg CADE decreased miR-378b the 
most prominently in the liver of ethanol-fed 
mice, along with activating the CaMKK2 signal-
ing, so our subsequent experiments used the 
same conditions.

As shown, miR-378b was up-regulated in the 
liver of mice injected with AAV-miR-378b- 
agomir while down-regulated by AAV-miR 
-378b-antagomir, compared with mice in their 

Figure 2. Effect of CADE on miR-378b-CaMKK2 signal. (a) The expression level of miR-378b in liver tissues. (b) CaMKK2 mRNA 
expression. (c) Protein expression levels of CaMKK2 and p-CaMKK2. All data are expressed as means ± SD. ##p < 0.01 vs. the control 
group, and *p < 0.05 and **p < 0.01 vs. the ethanol group.
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corresponding NC groups, respectively. 
Concurrently, CADE reduced miR-378b-agonist- 

induced miR-378b over-expression, but nearly 
had no effect after injection with AAV-miR 

Figure 3. MiR-378b played a role in the improvement of lipid disorders in C57BL/6 mice by CADE. (a) The expression level of miR- 
378b in livers of mice (original scale = 1:10). (b) Representative images of H&E staining of liver sections. (c) Serum TG and TC levels. 
(d) Liver TG levels. (e) Serum ALT/AST levels. All data are expressed as the mean ± SD of at least three separate experiments. 
#p < 0.05, ##p < 0.01 vs. NC group of AAV-miR-378b-agomir or antagomir. *p < 0.05, **p < 0.01 vs. AAV-miR-378b-agomir or 
antagomir.
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-378b-antagomir (Figure 3a). Compared with the 
mice in control group, mice injected with AAV- 
miR-378b-agomir displayed a large number of 
diffuse fat vacuoles accompanied by extracellular 
cord disorder and inflammatory filtration in the 
liver, which were distinctly reduced or alleviated 
after CADE intervention. Beyond that, the mice 
injected with AAV-miR-378b-antagomir exhib-
ited a normal globular and radiating hepatic 
cords in liver that were basically unaffected by 
CADE (Figure 3b).

To further illuminate whether CADE modu-
lated miR-378b to protect liver, we determined 
serum TG/TC, liver TG/TC, serum ALT and AST 
levels in the collected mouse liver and serum. 
When miR-378b was up-regulated by miR-378b- 
agomir, these levels were increased conspicuously, 
while loss of miR-378b lowered the mentioned 
levels in liver and serum of mice. Furthermore, 
CADE exhibited a fat-reducing function which 
was significantly weakened or almost disappeared 
when injected with AAV-miR-378b-antagomir 
(Figure 3c-e).

3.4 MiR-378b participated in the process in 
which CADE activated the CaMKK2-AMPK-ACC 
signaling pathway to improve hepatic steatosis 
in C57BL/6 mice

Next, we further explored the role of miR-378b on 
CADE in regulating the CaMKK2-AMPK signal-
ing pathway in vivo. PCR results demonstrated 
that the up-regulation of miR-378b resulted in 
a decrease of CaMKK2 mRNA, while CADE had 
an opposite effect to miR-378b over-expression, 
although it could not completely neutralize the 
effect for CaMKK2 caused by miR-378b over- 
expression. In addition, the mRNA level of 
CaMKK2 was increased by miR-378b reduction, 
while the level remained basically unchanged 
under continued CADE treatment (Figure 4a-b).

p-CaMKK2, protein ratios of p-AMPK/AMPK 
and p-ACC/ACC. All data are expressed as the 
means ± SD of at least three separate experiments. 
#p < 0.05, ##p < 0.01 vs. NC group of AAV-miR 
-378b agomir or antagomir. *p < 0.05, **p < 0.01 
vs. AAV-miR-378b agomir or antagomir.

Results of western blot showed that over- 
expression of miR-378b declined CaMKK2 protein 

level, thereby reducing the ratios of p-AMPK/ 
AMPK and p-ACC/ACC, and CADE partially 
reversed this effect. On the other hand, suppres-
sion of miR-378b caused a high expression of 
CaMKK2 protein and arouse AMPK and ACC 
activities. Simultaneously, the regulation of 
CADE on CaMKK2, AMPK, and ACC protein 
levels or activities could not be reflected after the 
miR-378b silence (Figure 4c-d).

To sum up, miR-378b participated in the pro-
cess in which CADE activated the CaMKK2- 
AMPK-ACC signaling pathway to improve hepatic 
steatosis in C57BL/6 mice.

3.5. CADE regulates lipid synthesis, 
decomposition, and transport through miR-378b 
in C57BL/6 mice

Subsequently, we examined the protein expres-
sions of several other factors related to lipid meta-
bolism including lipid synthesis, decomposition, 
and lipid transport. Further experiment showed 
that up-regulation of miR-378b notably promoted 
the up-trends of FASN and SREBP-1c protein 
levels, but led to significant decreases of PPARα 
and CPT1 protein expression, along with the 
declines of MTTP protein level and p-foxO1/ 
foxO1 ratio. However, silence of miR-378b dis-
played an opposite effect. At the same time, 
CADE reversed the abnormal expression of these 
lipid metabolic factors caused by miR-378b over- 
expression, but this reversal influence eliminated 
when miR-378b was inhibited by miR-378b antag-
omir (Figure 5a-b).

On basis of these experimental results, we con-
cluded that miR-378b played a regulatory role in 
CaMKK2 cascade and mediated the effect of 
CADE on lipid metabolism in vivo.

4. Discussions

In this present work, we investigated the effects of 
CADE on lipid metabolism in alcohol-fed C57BL/ 
6 mice and the role of miR-378b in this process. 
Results obtained from animal experiments proved 
that ethanol up-regulated the expression of miR- 
378b and inhibited CaMKK2 mRNA and protein 
levels, conclusively stimulating fat deposition in 
mice livers. Amelioration of fat deposition in livers 
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by CADE was accompanied by the suppression of 
miR-378b expression and elevation of CaMKK2. 
In addition, miR-378b reversely regulated 

CaMKK2, because over-expression of miR-378b 
led to a decrease of CaMKK2 while the loss of 
miR-378b resulted in the increase of CaMKK2. 

Figure 4. MiR-378b mediated the activation of CADE on the CaMKK2-AMPK signaling pathway in vivo. (a, b) mRNA expression levels 
of CaMKK2. (c, d) Western blot analysis of the protein expression of CaMKK2.
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Moreover, over-expression of miR-378b caused 
liver lipid disturbance, which presented the 

opposite effect to CADE. Nevertheless, knock-
down of miR-378b improved lipid accumulation, 

Figure 5. CADE regulates lipid synthesis, decomposition and transport through miR-378b in C57BL/6 mice. (a,b) Western blot 
analysis of the protein expressions of SREBP-1c, FASN, PPARα, CPT1, MTTP and protein ratio of p-foxO1/foxO1 when the mice were 
injected with AAV-miR-378b agomir and antagomir. All data are expressed as the means ± SD of at least three separate experiments. 
#p < 0.05, ##p < 0.01 vs. NC group of AAV-miR-378b agomir or antagomir. *p < 0.05, **p < 0.01 vs. AAV-miR-378b agomir or 
antagomir.
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and miR-378b knockout significantly eliminated 
the beneficial effect of CADE on lipid metabolism. 
These findings implied that CADE may ultimately 
improve lipid deposition by regulating the 
CaMKK2-AMPK signaling pathway through 
miR-378b.

It is well established that excessive alcohol con-
sumption placed a premium on liver disease 
including alcoholic fatty liver disease, hepatitis, 
cirrhosis and even liver cancer [30]. Alcohol- 
induced hepatic steatosis, as the initial stage of 
ALD, is mainly manifested by the accumulation 
of large fat vacuoles in the liver and the elevated 
levels of liver TG and TC, which directly affects 
the occurrence and development of ALD. As 
shown in a previous research, CADE had an 
obvious inhibitory effect on alcohol-induced endo-
genous lipid production in liver by activating 
AMPK and foxO1 pathways, but the deeper mole-
cular mechanisms have not been elucidated [12]. 
As the upstream of AMPK, CaMKK2 directly reg-
ulates AMPK expression. The role of CaMKK2 in 
lipid metabolism seems to differ in different dis-
eases. Knockout of CaMKK2 in primary hepato-
cytes inhibits AMPK activity and exhibits a visible 
increase in de novo lipogenesis [31]. However, 
systemic inhibition of CaMKK2 has been shown 
to improve lipid disorders caused by a high-fat diet 
[32]. This can be caused by the distribution of 
CaMKK2 in different tissues and the diverse diet 
compositions. For example, mutation of CaMKK2 
in mice on a low-fat diet resulted in increased lipid 
accumulation while mutant CaMKK2 showed 
reduced hepatic steatosis in mice on a high-fat 
diet [33]. In order to clarify the effect of alcoholic 
diet on CaMKK2 and whether CaMKK2 is related 
to the protective effect of CADE on liver, we con-
structed animal models of ALD and detected the 
expression of CaMKK2 in livers. In this study, 
lipid deposition is represented in the livers of 
alcohol-fed mice, along with the decreased levels 
of CaMKK2 protein and mRNA. In addition, we 
found that oxidative stress also induced inhibition 
of CaMKK2 [34], suggesting that ROS produced 
by alcohol may be one of the multiple causes of 
CaMKK2 down-regulation. Furthermore, CADE 
significantly improved lipid accumulation and 
alleviated the inhibition of alcohol on CaMKK2. 

Thus, we pointed out that CADE might regulate 
lipid metabolism by activating CaMKK2, an 
upstream factor of AMPK, and we proposed for 
the first time that CaMKK2 might be involved in 
alcohol-induced hepatic steatosis, which provided 
a direction for the prevention and treatment 
of ALD.

MiRNAs, as important transcriptional regula-
tory factors, have been proved to be involved in 
various biological processes of lipid metabolism. 
It has been found that during the differentiation 
of 3T3-L1 preadipocytes into mature adipocytes, 
miRNA-16-5p was obviously over-expressed, and 
over-expression of miRNA-16-5p sharply 
brought about the accumulation of fat droplet 
accumulation [35]. Another result declared that 
miR-130b has a potential role in enhancing the 
assembly of very low-density lipoprotein (VLDL) 
and secretion of glycerol metabolism-labeled tri-
glyceride by sharply stimulating MTTP expres-
sion and TG mobilization [36]. Notably, a recent 
study alleged that miR-378b is up-regulated by 
alcohol in the liver and is involved in alcohol- 
induced hepatic insulin resistance by targeting 
p110 and insulin receptor [25]. Subsequently, 
through bio-informatics target-prediction by 
StarBase, we found that miR-378b has multiple 
potential-binding sites with several factors in 
lipid metabolism signaling, such as CaMKK2, 
PPARα, and foxO1, symbolizing the importance 
of miR-378b for lipid metabolism. Additionally, 
some results have been elucidated that HCC cells 
and mice with liver fibrosis have down-regulated 
miR-378b levels [37,38]. However, up-regulation 
of miR-378b has been reported in obese mice 
deprived of anaerobic exercise [39]. In this work, 
our results showed that ethanol induced adipose 
disorder in the liver, while indeed elevating miR- 
378b, which was consistent with previously 
reported findings. For the phenomenon that 
miR-378b has different manifestations in differ-
ent liver disorders, factors relevant to lifestyle 
interventions, such as feeding duration, dietary 
composition, exercise patterns, and degree of 
liver damage may explain these observed contra-
dictions. Meanwhile, the regulation of miRNA 
on diseases is a complex system, and miRNA 
not only plays a regulatory role independently, 
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but also overlaps and interacts with other fac-
tors. Next, in order to investigate whether the 
improvement of CADE on ethanol-stimulated 
lipid disorder is related to the abnormal increase 
of ethanol-induced miR-378b, we constructed 
the ALD model in vivo combined with CADE 
therapy, and measured the expression of miR- 
378b. The results showed that ethanol induced 
the increase of miR-378b in livers of mice while 
CADE neutralized the fat disorder induced by 
ethanol and reduced miR-378b expression. 
Collectively, the regulation of CADE on miR- 
378b and the correlation between miR-378b 
and lipid level provide us an inspiration that 
the improvement effect of CADE on alcohol- 
induced hepatic adipose deposition may be 
related to miR-378b. This was confirmed by 
over-expression and knockdown of miR-378b 
in vivo. CADE reduced miR-378b-induced lipid 
deposition by lowering miR-378b. Surprisingly, 
although CADE did not decrease miR-378b 
expression when the mice were injected with 
AAV-miR-378b-antagomir, it still partially 
reduced serum TC, liver TG, and ALT levels in 
mice. The complex regulatory pattern of the 
body and the multi-target of drugs may explain 
this phenomenon.

Extensive studies have demonstrated that 
alcohol participated in a variety of hepatic lipid 
metabolic pathways, including lipid uptake novo 
lipogenesis, decomposition, and transport [40]. 
In alcohol-fed rodents, ethanol suppresses 
AMPK activity but increases hepatocellular 
lipid accumulation through the activation of 
a series of lipid synthesis-related factors, such 
as ACC, FASN, SREBP-1c, and ChREBP [41]. 
Simultaneously, ethanol also impairs fatty acid 
catabolism through the destroy of mitochondrial 
β-oxidation by inhibiting activities of PPARα 
and CPT1 [42]. Additionally, it has been 
reported that alcohol impedes the extra-hepatic 
secretion of lipid in liver through the low- 
phosphorylation of foxO1 and the inhibition of 
MTTP, thus promoting the accumulation of fat 
in liver [43,44]. Based on the confirmation above 
that miR-378b and CaMKK2 may be related to 
the lipid reduction effect of CADE, we further 
investigated the role of miR-378b in CADE 
improvement of these multiple lipid metabolism 

processes. More specifically, we up-regulated or 
down-regulated miR-378b by adeno-associated 
virus in mice combined with CADE interven-
tion, and detected CaMKK2 and downstream 
lipid synthesis, decomposition, and transport 
signals. In our experiment, miR-378b negatively 
regulated CaMKK2 and AMPK-ACC signaling. 
Additionally, miR-378b positively regulated 
FASN, SREBP-1c, and reversely regulated the 
CPT1, PPARα, MTTP, and phosphorylation 
levels of foxO1. CADE not only alleviated the 
ethanol-induced up-regulation of miR-378b, 
improved liver steatosis, but also inhibited the 
disorder of lipid metabolism caused by miR- 
378b over-expression. Meanwhile, suppression 
of miR-378b reduced-fat deposition and abro-
gated the inhibitory effect of CADE on lipid. 
In brief, miR-378b mediated the protective 
effects of CADE in ethanol-induced fatty liver 
lesions. MiR-378b and CADE have so many 
regulatory functions in lipid synthesis, decom-
position and transport, indicating that they play 
great roles in promoting mechanism research 
and drug development of ALD. In addition, it 
is worth mentioning that several studies have 
shown that MTTP activator reduced hepatic 
lipids, but resulted in another question due to 
accumulation of lipids in the plasma synchroni-
cally [45]. Our evidence indicated that CADE 
improved the hepatic levels of MTTP for fatty 
acid transport, reduced plasma lipids as well at 
the same time. Therefore, CADE has a great 
potential to be developed as a drug to reduce 
fatty degeneration of liver without causing 
plasma lipid disorders.

In summary, CADE attenuates lipid genera-
tion, facilitates lipid decomposition and trans-
port via activating the CaMKK2-AMPK 
pathway by inhibiting miR-378b, ultimately alle-
viating liver steatosis. Given the findings in this 
study, we make it clear that CADE has a great 
capacity in the prevention and treatment of 
ALD, and miR-378b is a potential targeted ther-
apeutic target. However, there are some deficien-
cies or limitations in this study which needs to 
be further improved. On the one hand, the 
absence of excavation on the targeted relation-
ships among miR-378b and PPARα, foxO1 was 
a restriction in this study, so we will further 

11134 J. LU ET AL.



exploit and elaborate the interaction of miR- 
378b and these factors, and construct the net-
work of miRNA-RNA-pathway in the future. On 
the other hand, the regulation of lipid metabo-
lism by CADE and miR-378b is currently limited 
to animal experiments, but has not been verified 
in human tissues. Thus, if there is a chance, it 
must be a great advantage for us to perceive the 
expressions of miR-378b and CaMKK2 cascade 
in clinical specimens.

5. Conclusions

Our results suggest that CADE ameliorates alco-
hol-induced hepatic deposition by down- 
regulating miR-378b. Establishing the protective 
effect and mechanism of CADE in ethanol- 
caused fatty degeneration could possibly lay the 
foundation for new orientation and goals for the 
mechanism explore and drug exploitation of ALD.
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