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Abstract. Non-alcoholic fatty liver disease (NAFLD) comprises 
a spectrum of liver damage characterized by abnormal hepatic 
fat accumulation and inflammatory response. Although the 
molecular mechanisms responsible for the disease are not yet 
fully understood, the pathogenesis of NAFLD likely involves 
multiple signals. The identification of effective therapeutic 
strategies to target these signals is of utmost importance. 
Carnosic acid (CA), as a phenolic diterpene with anticancer, 
anti-bacterial, anti-diabetic and neuroprotective proper-
ties, is produced by many species of the Lamiaceae family. 
Myristoylated alanine-rich C-kinase substrate (MARCKS) is a 
major protein kinase C (PKC) substrate in many different cell 
types. In the present study, wild-type C57BL/6 and MARCKS-
deficient mice were randomly divided into the normal chow- or 
high-fat (HF) diet-fed groups. The HF diet increased the fasting 
glucose and insulin levels, and promoted glucose intolerance 
in the wild-type mice. MARCKS deficiency further upregu-
lated intolerance, fasting glucose and insulin. The HF diet also 
promoted hepatic steatosis, serum alanine transaminase (ALT) 
and aspartate transaminase (AST) activity, inflammation and 
lipid accumulation in the wild-type mice. These responses 
were accelerated in the MARCKS-deficient mice. Importantly, 
increased inflammation and lipid accumulation were associated 
with phosphoinositide 3-kinase (PI3K)/AKT, NLR family pyrin 
domain containing 3  (NLRP3)/nuclear factor-κB  (NF-κB) 
and sterol regulatory element binding protein-1c (SREBP-1c) 
signaling pathway activation. The mice treated with CA 
exhibited a significantly improved glucose and insulin toler-
ance. The production of pro-inflammatory cytokines and lipid 
accumulation were suppressed by CA. Significantly, MARCKS 

was reduced in mice fed the HF diet. CA treatment upregulated 
MARCKS expression compared to the HF group. Furthermore, 
the activation of the PI3K/AKT, NLRP3/NF-κB and SREBP-1c 
signaling pathways was inhibited by CA. Taken together, our 
data suggest that CA suppresses inflammation and lipogenesis 
in mice fed a HF diet through MARCKS regulation. Thus, CA 
may be prove to be a useful anti-NAFLD agent.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is rapidly becoming 
a serious global health concern due to its prevalence, which 
has rapidly increased with the prevalence of obesity and type 2 
diabetes (T2D) (1,2). NAFLD comprises a spectrum of liver 
conditions. The dominant feature of NAFLD is the abundant 
accumulation of hepatic triglycerides  (TGs). Non-alcoholic 
steatohepatitis (NASH), involving the presence of both lobular 
inflammation and signs of hepatocellular damage, can develop in 
the context of chronic NAFL (3,4). Although the details mecha-
nisms responsible for the disease remain to be fully understood, 
NASH is considered a liver-related complication, such as fibrosis, 
cirrhosis as well as hepatocellular carcinoma (5). Importantly, to 
date, there are no approved pharmacological therapeutic strate-
gies for NAFLD, and it is presently the second-leading etiology 
for liver transplantation (6).

Carnosic acid (CA), known as a natural benzenediol abietane 
diterpene detected in rosemary and common sage. CA is used 
as a preservative or antioxidant in food and non-food products, 
including toothpaste, mouthwash and chewing gum (7,8). CA 
has been reported to have antitumor properties in various types 
of cancer, such as adenoma formation, myeloid leukemia and 
skin tumors by regulating cancer cell growth, apoptosis and 
oxidative stress (9,10).

Myristoylated alanine-rich protein kinase  C substrate 
(MARCKS) is known as a major protein kinase C  (PKC) 
substrate in different cell types (11). MARCKS is bound to 
the plasma membrane, and recent studies have indicated that 
this binding needs both hydrophobic insertion of its myristate 
chain to the bilayer and electrostatic interaction of its cluster 
of basic residues with acidic lipids (12,13). The phosphoryla-
tion of MARCKS by PKC leads to negative charges in the 
basic cluster, reducing its electrostatic interaction with acidic 
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lipids and leading to the translocation of MARCKS from the 
membrane onto cytoplasm  (14,15). Modulating MARCKS 
expression seems to be mediated by different molecular 
mechanisms, which may utilize PKC. MARCKS was highly 
related to α-smooth muscle actin (α-SMA), a representative 
marker of fibrosis in many organs, such as the liver, lungs 
and heart (16-18). Recent data emphasize the importance of 
fibrosis, as it is a key factor during the natural progression and 
development of NAFLD (19). However, the role of MARCKS 
in high-fat (HF) diet-fed mice with NAFLD and the underlying 
mechanisms have not yet been fully investigated.

The inflammatory response regulated by NLR family pyrin 
domain containing 3  (NLRP3) and nuclear factor  (NF)-κB 
has been shown to be associated with NAFLD development 
through the release of pro-inflammatory cytokines, such as inter-
leukin (IL), IL6 and IL-18 (20,21). Additionally, recent studies on 
peroxisome proliferator-activated receptor (PPAR) transcription 
factors found decreased hepatic PPARα expression accompanied 
by an increased NASH severity (22-24). Furthermore, following 
intervention, PPARα expression is then restored in patients 
whose liver histology has improved, as with the expression of 
many of the metabolic target genes of PPARα, including the gene 
that encodes carnitine palmitoyltransferase-1 (CPT-1)α, a rate 
limiting enzyme for mitochondrial β-oxidation (25,26).

In the present study, we investigated the molecular 
mechanisms through which CA suppresses inflammation 
and lipogenesis in mice with HF diet-induced NAFLD. We 
found that the effects of CA are mediated via the regulation of 
MARCKS expression and related signaling pathways.

Materials and methods

Animals and reagents. A total of 60  male C57BL/6 mice 
weighed 18-22 g [used as wild-type (WT) mice] were purchased 
from the Experimental Animal Center of Nanjing Medical 
University (Nanjing, China). Thirty MARCKS-deficient mice 
were purchased from Jackson Laboratory (Bar Harbor, ME, 
USA). All mice were provided with drinking water, and housed 
in a controlled environment with a temperature of 22±2˚C and 
relative humidity of 60±10% under a 12‑h light/dark cycle. 
This study was approved by the Ethics Committee on Animal 
Research at the Department of Otolaryngology-Head and 
Neck Surgery, Huai'an Hospital Affiliated to Xuzhou Medical 
College, Huaian, China.

The 90 animals were divided into 6 groups (15 in each 
group) as follows: i) wild-type mice fed the normal chow 
diet (WT/Chow); ii) wild-type mice fed the HF diet (WT/
HF); iii)  MARCKS-knockout mice fed the normal chow 
diet (MARCKS-/-/Chow); iv) MARCKS-knockout mice fed 
the HF diet (MARCKS-/-/HF); v) wild-type mice fed the HF 
diet combined with 15 mg/kg CA (purity >98%; BioBioPha, 
Yunnan, China); and vi)  wild-type mice fed the HF diet 
combined with 30 mg/kg CA. CA was dissolved in distilled 
water at 0.3 mg/ml and administered to the mice with free 
access. Mice given distilled water were used as controls (WT/
Chow and MARCKS-/-/Chow). CA administration was initiated 
when the mice were fed with HF diets. Mice were administered 
a standard diet containing most essential nutrients, such as vita-
mins A (≥14,000 IU), D (≥1,500 IU), E (≥120 IU), K (≥5 mg), 
B1 (≥13 mg), B2 (≥12 mg), B6 (≥12 mg), B12 (≥0.022 mg), 

biotin (≥0.2 mg) and niacin (≥60 mg) per kg. During the period 
of study, the fodder was changed to a HF diet (60 kcal% fat, 
D12492; Research Diets, USA) until the mice were sacrificed 
for further analysis. At the end of week 8, body weight was 
monitored and all experimental mice were sacrificed after 12 h 
of fasting. Eyeball blood was collected, and serum was obtained 
by centrifugation at 13,000 rpm for 15 min at 4˚C and stored at 
-80˚C for analysis. The whole liver tissues were harvested and 
weighed on a 4˚C glacial table, and were either frozen in liquid 
nitrogen and kept at -80˚C for analysis, or fixed in 4% para-
formaldehyde for histological analysis. All the methods were 
carried out in accordance with the approved guidelines.

Oral glucose tolerance test (OGTT) and insulin tolerance 
test (ITT). At the end of the feeding period, OGTT and ITT 
were conducted. The mice from the WT/Chow, WT/HF, 
MARCKS-/-/HF and MARCKS-/-/Chow groups were treated 
with 20% glucose dissolved in saline orally or injected with 
insulin intraperitoneally (1 U/kg body weight). Tail-vein blood 
was collected at 0, 30, 60, 90 and 120 min after glucose or 
insulin treatment, and centrifuged at 4000 x g for 10 min at 4˚C 
to obtain serum for glucose assay.

Biochemical indicator evaluation. TG, total cholesterol (TC), 
aspartate transaminase (AST), alanine transaminase (ALT), uric 
acid and non-esterified fatty acid (NEFA) levels in serum or liver 
tissue obtained from the WT/Chow, WT/HF, MARCKS-/-/HF 
and MARCKS-/-/Chow groups of mice were determined using 
biochemical kits (Nanjing Jiancheng Biotechnology, Nanjing, 
China) following the manufaturer's instructions. TG, TC, AST, 
and ALT in serum or liver from the Con, HF, CAL and CAH 
groups were measured using biochemical kits.

Serum glucose and serum insulin assays. Mice from the WT/
Chow, WT/HF, MARCKS-/-/HF, MARCKS-/-/Chow, CAL, and 
CAH groups were fasted for 6 h, after which their blood was 
analyzed for glucose measurement with a glucose meter  (Bayer, 
Mishawaka, IN, USA). For insulin analysis, the mice were 
fasted for 6 h and plasma insulin levels were measured with an 
Ultra Sensitive Mouse insulin enzyme‑linked immunosorbent 
assay (ELISA) kit from Crystal Chem (Downers Grove, IL, 
USA).

ELISA. The serum from 6 groups of mice was analyzed for 
the levels of major inflammatory cytokines, such as TNF-α 
(#MTA00B), IL-6 (#M6000B), IL-1β (#MLB00C), IL-18 
(#7625), IL-2 (#M2000), IL-4 (#M4000B), IL-6 (#D6050), 
IL-12 (#M1270) and IFNγ (#MIF00), by ELISA, following the 
manufacturer's instructions (R&D Systems, Inc., Minneapolis, 
MN, USA). Color changes were determined at 450 nm.

Histopathological examination of liver tissues. The tissue 
isolated from WT/Chow, WT/HF, MARCKS-/-/HF and 
MARCKS-/-/Chow groups of mice were fixed with 10% buff-
ered formalin, imbedded in paraffin and sliced into 4-5 µm thick 
sections. Following hematoxylin and eosin (H&E) staining, the 
pathological changes of the liver tissues were observed under 
a light microscope. Hepatic lipid content in mice from WT/
Chow, WT/HF, MARCKS-/-/HF, MARCKS-/-/Chow, CAL, and 
CAH groups was determined using 5‑µm‑thick frozen sections 
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stained with Oil Red O (Sigma-Aldrich). Masson's trichrome 
staining was performed according to the manufacturer's 
instructions (Diagnostic Biosystems Inc., Pleasanton, CA, 
USA). In addition, some tissues also were subjected to immu-
nohistochemical (IHC) staining for the analysis of MARCKS 
(except for MARCKS-/-/HF and MARCKS-/-/Chow groups) and 
PPARα from each group of mice expression. The sections were 
stained with MARCKS (ab51100; Abcam, Shanghai, China) 
and PPARα (ab8934; Abcam). All histological examinations 
were carried out according to standard procedures reported 
previously (27). Furthermore, immunofluorescence assays for 
PPARα for liver tissue were performed according to the manu-
facturer's instructions.

Western blot analysis. The liver tumors were homogenized into 
10% (wt/vol) hypotonic buffer (pH 8.0, 1 mM EDTA, 5 µg/
ml leupeptin, 25 mM Tris-HCl, 1 mM Pefabloc SC, 5 µg/ml 
soybean trypsin inhibitor, 50 µg/ml aprotinin, 4 mM benzami-
dine) to yield a homogenate. Primary antibodies were shown 
in Table I. The final supernatants from cells and tumors were 
then obtained by centrifugation at 14,000 x g for 20 min at 
4˚C. The protein concentration was determined using a BCA 
protein assay kit (Thermo Fisher Scientific,  Inc., Waltham, 
MA, USA) with bovine serum albumin as a standard. Sample-
loading buffer was added, the mixture was boiled for 5 min. 
And the total protein extract was used for western blot analysis. 
Total protein (40 µg) was loaded and proteins were separated 
using 10% SDS-PAGE and electrophoretically transferred to 
the polyvinylidene difluoride membranes (Millipore, Billerica, 

MA, USA). The membranes were then blocked with 5% skim 
milk Tris‑buffered saline with 0.1% Tween 20 (TBST), washed, 
and then incubated with primary antibodies overnight at 4˚C. 
The membrane was then washed with TBST 3 times, followed 
by incubation with a horseradish peroxidase (HRP)-conjugated 
secondary antibody (1:2,500; KeyGen Biotech, Nanjing, 
China) at room temperature for 2 h. Following another round of 
washing with TBST, the membrane was then developed using 
ECL (Thermo Fisher Scientific, Inc.), and exposed to Kodak 
X-ray film (Eastman Kodak Company, Rochester, NY, USA). 
Every protein expression level was defined as grey value using 
ImageJ 1.38 software (National Institutes of Health, Bethesda, 
MD, USA) and standardized to housekeeping gene of GAPDH 
and expressed as a fold of control. All experiments were 
performed in triplicate and done three times independently. 

Reverse transcription-quantitative PCR (RT-qPCR). For analysis 
of qPCR, was performed as previously described (28). Total RNA 
was extracted from liver tissues using TRI-Reagent (Sigma-
Aldrich) following the manufacturer's instructions and treated 
with deoxyribonuclease I. First-strand cDNA was then synthe-
sized and amplified from 0.5 µg of total RNA using the ReverTra 
Ace qPCR RT kit (Toyobo, Tokyo, Japan). Real-time PCR was 
carried out for 35 cycles of 95˚C for 20 sec, 54˚C for 30 sec, and 
72˚C for 30 sec using SYBR Green Real-time PCR Master Mix 
(PE Applied Biosystems, Foster City, CA, USA) in a total volume 
of 20 µl. Fold changes in mRNA levels of target gene relative to 
the endogenous cyclophilin control were calculated. Briefly, the 
cycle threshold (=Ct) values of each target gene were subtracted 
from the Ct values of the housekeeping genecy clophilin (ΔCt). 
Target gene ΔΔCt was calculated as ΔCt of target gene minus ΔCt 
of control. The fold change in mRNA expression was calculated 
as 2-ΔΔCt. The primers used in the study were showed in Table II.

qPCR analysis was performed as previously described (23). 
Fold induction values were calculated using the to 2-ΔΔCq method, 
where ΔCq represents the differences in cycle threshold number 
between the target gene and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), and ΔΔCq represents the relative change 
in the differences between the control and treatment groups. 
The primers used in this study are listed in Table II.

Statistical analysis. Data are expressed as the means ± SD. The 
treated cells, tissues and corresponding controls were compared 
using GraphPad PRI SM (version 6.0; GraphPad Software, Inc., 
La Jolla, CA, USA) by a one-way ANOVA with Dunn's least 
significant difference tests or Student's t-tests. Differences 
between groups were considered significant at p<0.05.

Results

MARCKS deficiency accelerates liver injury and lipid accu-
mulation in response to being fed a HF diet. At the end of the 
experimental period, there was a striking difference in liver 
morphology in the Chow group compared to the high‑fat diet 
feeding mice (Fig. 1A). As shown in Fig. 1A, the mice with 
MARCKS exhibited more severe liver injury. Significantly, the 
livers from the HF diet-fed MARCKS-deficient mice were pale 
in color, suggesting the evident accumulation of liver lipids 
in comparison to the HF diet-fed wild-type mice. Based on 
the liver morphology, we hypothesized that MARCKS might 

Table I. Primary antibodies used in western blot analysis.

	 Dilution
Primary antibodies	 ratio	 Corporation

Rabbit anti-MARCKS (ab51100)	 1:1,000	 Abcam
Rabbit anti-IL-1β (ab9722)	 1:1,000	 Abcam
Rabbit anti-IL-18 (ab71495)	 1:1,000	 CST
Rabbit anti-SREBP-1c (ab28481)	 1:1,000	 CST
Rabbit anti-FAS (ab82419)	 1:1,000	 Abcam
Rabbit anti-NF-κB (ab207297)	 1:1,000	 Abcam
Mouse anti-p-NF-κB (3033)	 1:1,000	 CST
Rabbit anti-caspase-1 (ab1872)	 1:1,000	 Abcam
Rabbit anti-PPARα (ab8934)	 1:1,000	 Abcam
Rabbit anti-PI3K (ab189403)	 1:1,000	 Abcam
Mouse anti-p-AKT (9611)	 1:1,000	 CST
Rabbit anti-AKT (ab182729)	 1:1,000	 Abcam
Rabbit anti-NLRP3 (ab214185)	 1:1,000	 Abcam
Mouse anti-ACCα (sc-137104)	 1:200	 Santa Cruz
Mouse anti-SCD1 (sc-515844)	 1:200	 Santa Cruz
GAPDH (sc-51631)	 1:200	 Santa Cruz

MARCKS, myristoylated alanine-rich C-kinase substrate; IL, interleukin; 
SREBP-1c, sterol regulatory element binding protein-1c; NF-κB, nuclear 
factor-κB; PPARα, peroxisome proliferator-activated receptor  α;PI3K, 
phosphoinositide  3-kinase; NLRP3, NLR  family pyrin domain con-
taining 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. CST, Cell 
Signaling Technology; Santa Cruz, Santa Cruz Biotechnology.
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have a potential role in regulating lipid accumulation in the 
liver. Additionally, the results of H&E staining revealed that 
liver injury was induced in the HF diet-fed wild-type mice 

compared with the mice fed the normal chow. Importantly, 
the liver inflammation score was the highest in the HF diet-
fed MARCKS-deficient mice (Fig. 1B). These data indicated 

Table II. Sequences of primers used for RT-qPCR analysis.

Gene	 Forward primers (5'→3')	 Reverse primers (5'→3')

GAPDH	 CATTCAAGACCGGACAGAGG	 ACATACTCAGCACCAGCATCACC
MARCKS	 AGCACAAAGAGAGTGTCGC	 CGTCAGTCAGTGTGTATG
IL-1β	G ACAGCAAAGTGATAGGCC	 CGTCGGCAATGTATGTGTTGG
IL-18	G CAGCAGGTGAGTGGGCAGT	 CTGTACGCCTGGTTCGCTCTGT
IL-2	 CATGCTGGGGCCGTACAG	 TTGTCCGACCTTTGGCAA CT
IL-4	 CAGAAGGAAGTTAGGCC	 CGTCGCAGTGGATGATGTG
IL-12	 CTTCTCACTGTCGACTACCGC	G CGTC TCCTGTGCATTCG
TNF-α	G ACTCTTCCTGGTCTTACCATATT	 CTGCTATTGCAAGGACCCAATT
IFN-γ	G CAAGGACAAGATTCGATACT	G CCAGACTACATGGAAATCTA

MARCKS, myristoylated alanine-rich C-kinase substrate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TNF-α, tumor necrosis factor-α; 
IL, interleukin; IFN-γ, interferon-γ.

Figure 1. Myristoylated alanine-rich C-kinase substrate (MARCKS)-deficiency accelerates liver injury and lipid accumulation in response to a high-fat (HF) 
diet. (A) Liver gross morphology. (B) Liver sections stained with hematoxylin and eosin (H&E). (C) Sirius Red staining for liver fibrosis. (D) Liver histology as 
determined by Oil Red O staining. Results are the means ± SD of 8 mice/group. *p<0.05, **p<0.01 and ***p<0.001 vs. the C57BL/6-chow group; ++p<0.01 and 
+++p<0.001 vs. the C57BL/6-HF group.
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MARCKS may be of great importance in preventing liver 
injury induced by HF. Similarly, Masson's Trichrome staining 
indicated that liver fibrosis was mildly increased in wild-type, 
but more robustly increased in MARCKS-/- mice responding 
to HF diet (Fig. 1C). Indeed, the number of lipid droplets were 
also higher in the HF diet-fed wild-type mice compared with 
the normal chow-fed mice. However, an even higher number 
of lipid droplets was observed in the livers of the MARCKS-
deficient mice fed the HF diet (Fig. 1D). These data indicated 
that MARCKS deficiency promoted liver injury and liver lipid 
accumulation in mice fed with HF diet.

HF diet-induced liver lipid accumulation is accelerated in 
MARCKS-deficient mice. We measured the body weight at the 
end of the experimental period. As shown in Fig. 2A, body weight 
was increased in the wild-type mice fed the HF diet compared 
with those fed the normal chow. MARCKS deficiency increased 
the body weight of the HF diet-fed mice even further (Fig. 2A). 
The brown adipose tissue weight was decreased in the HF 
diet-fed mice, and this was further decreased in the MARCKS-
deficient mice fed with HF (Fig. 2B). In addition, liver weight 

was increased in the wild-type mice in response to the HF diet, 
and an even greater increase was observed in the MARCKS-
deficient mice fed the HF diet (Fig. 2C). Similarly, serum uric 
acid was highly increased in wild-type mice induced by HF. 
In the MARCKS-deficient- mice, the uric acid levels were even 
higher than those of the wild-type mice fed the HF diet (Fig. 2D). 
The HF diet-fed wild-type mice also exhibited significantly 
higher serum levels of TGs, TC and NEFA than the chow 
diet-fed wild-type mice. The mice with MARCKS deficiency 
fed the HF diet exhibited even higher levels of serum TGs, TC 
and NEFA (Fig. 2E-G). Consistent with the serum alterations, 
the hepatic TG and TC contents were significantly higher in 
the HF diet-fed wild-type mice compared with the chow diet-
fed wild-type mice. The MARCKS-deficient mice fed the HF 
diet exhibited even higher TG and TC (Fig. 2H and I). These 
results indicated that MARCKS deficiency intensified the HF 
diet-induced accumulation of TGs and TC.

MARCKS deficiency disrupts glucose homeostasis, and 
promotes insulin resistance and liver injury. We then deter-
mined whether MARCKS deficiency is is involved in glucose 

Figure 2. High-fat (HF) diet-induced liver lipid accumulation is accelerated in myristoylated alanine-rich C-kinase substrate (MARCKS)-deficient mice. 
(A) Body weight was determined in the different groups. (B) Brown tissue weight was calculated. (C) Liver weight was evaluated. (D) Serum uric acid levels 
were measured. Serum (E) triglyceride (TG), (F) total cholesterol (TC) and (G) non-esterified fatty acid (NEFA) levels were calculated. Liver (H) TG and (I) TC 
levels were measured. Results are the means ± SD of 8 mice/group. *p<0.05, **p<0.01 and ***p<0.001 vs. the C57BL/6-chow group; +p<0.05 and ++p<0.01 vs. the 
C57BL/6-high fat (HF) diet group.
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and insulin resistance in HF diet-fed mice. The fasting blood 
glucose levels and serum insulin levels were increased in 
HF-fed mice, which was robustly upregulated in responding 
to MARCKS deficiency (Fig. 3A and B). We then performed 
a glucose tolerance test. Consistent with their elevated fasting 
glucose and insulin concentrations on the chow diet, MARCKS-/- 
mice were more glucose intolerant than the mice on chow 
diet (Fig. 3C). The mice exhibited increased AST and ALT in 
serum as well as the increased concentrations of hepatic AST 
and ALT after HF diet (Fig. 3D-G). The MARCKS-deficient 
mice had even higher AST and ALT levels in serum and in the 
liver tissues, particularly those fed the HF diet (Fig. 3D-G).

MARCKS deficiency induces pro-inflammatory cytokine 
secretion in vivo. HF diet-induced liver injury is always associ-
ated with inflammation (29). Thus, in this regard, we evaluated 
pro-inflammatory cytokine expression. The data indicated 
that the expression levels of IL-1β, IL-18, TNF-α, IL-2, IL-4, 
IL-6, IL-12 and IFN-γ in serum were markedly increased in 
mice fed the HF diet compared to those fed the normal chow 
diet. The MARCKS-deficient mice fed the HF diet exhibited 
even further upregulated levels of these pro-inflammatory 
cytokines (Fig. 4A-H). To further confirm these results, we also 
measured the pro-inflammatory cytokine levels in liver tissue 
samples by RT-qPCR. The results revealed that the hepatic 
mRNA levels of IL-1β, IL-18, TNF-α, IL-2, IL-4, IL-6, IL-12 
and IFN-γ were elevated in the HF diet-fed mice, and MARCKS 
deficiency further stimulated these genes expressions (Fig. 4I). 
These data indicated that the presence of MARCKS greatly 
attenuated inflammation in liver of mice fed with HF diet.

MARCKS deficiency impairs PI3K/AKT and NLRP3 
inflammasome signaling in vivo. As previously demonstrated, 
the PI3K/AKT signaling pathway is regulated by 
MARCKS  (30). Hence, we attempted to explore whether 

MARCKS could regulate NAFLD in mice induced by high 
fat diet through regulating PI3K/AKT. Western blot analysis 
was performed to examine the levels of PI3K/AKT. As shown 
in Fig. 5A, we found that the PI3K/AKT signaling pathway was 
upregulated in the wild-type mice fed the HF diet. MARCKS 
deficiency further stimulated PI3K and phosphorylated AKT. 
AKT has a close association with the NLRP3-regulated 
NF-κB signaling pathway (31). As shown in Fig. 5B, NLRP3 
expression was upregulated in the HF-fed wild-type mice and 
in the MARCKS-deficient mice. Subsequently, NF-κB was 
activated through caspase-1 stimulation in the HF diet-fed 
wild-type mice, and this was further enhanced by MARCKS 
deficiency (Fig. 5B and C). NF-κB activation is responsible 
for the release of pro-inflammatory cytokines, including 
IL-1β and IL-18 (32). In this study, both IL-1β and IL-18 were 
highly expressed in the HF diet-fed mice, particularly in the 
MARCKS-deficient mice (Fig. 5C). These data indicated that 
MARCKS, consistent with previous results (33), may play a 
potential role in suppressing the inflammatory response via the 
PI3K/AKT and NLRP3 inflammasome signaling pathways.

MARCKS deficiency enhances lipogenesis-related signaling 
pathway activation. NAFLD development has a close associa-
tion with lipogenesis-related proteins. SREBP-1c, ACCα, FAS 
and SCD1 have been well known to play a crucial role in lipid 
generation (34-36).  We thus then attempted to investigate the 
mechanisms through which MARCKS regulates lipid metabo-
lism via these proteins. As shown in Fig. 6A, SREBP-1c was 
highly expressed in HF diet fed mice, something that was 
consistent with a previous report (37). Similarly, the levels of 
ACCα, FAS and SCD1 were also elevated in the mice fed the HF 
diet. Of note, MARCKS deficiency markedly increased these 
proteins levels even further (Fig. 6A). PPARα is known as an 
important factor regulating lipid metabolism (38). In this study, 
we found that PPARα was expressed at low levels in the HF-fed 

Figure 3. Myristoylated alanine-rich C-kinase substrate (MARCKS) deficiency disrupts glucose homeostasis, insulin resistance and promotes liver injury. 
(A) Serum glucose levels. (B) Serum insulin levels. (C) Glucose tolerance test (GTT). Serum (D) aspartate transaminase (AST) and (E) alanine transami-
nase (ALT) activities were measured in plasma. Liver (F) AST and (G) ALT levels were measured. Results are the means ± SD of 8 mice/group. *p<0.05, **p<0.01 
and ***p<0.001 vs. the C57BL/6-chow group; +p<0.05 and ++p<0.01 vs. the C57BL/6-high fat (HF) diet group.
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mice. MARCKS deficiency even further downregulated PPARα 
levels in the HF diet-fed mice (Fig. 6B). Consistently, the results 
of western blot analysis further proved the PPARα alterations in 
the MARCKS-deficient mice fed the HF diet (Fig. 6C). These 
data suggested that MARCKS may be associated with lipid 
metabolism in HF diet‑fed mice, which influenced NAFLD 
development.

CA treatment attenuates liver injury in the livers of mice fed 
the HF diet. We then attempted to reveal how CA affects 
NAFLD induced by a HF diet in mice. At the end of the treat-
ment period, the H&E staining results showed that the higher 
inflammatory score in HF-treated mouse, the livers were much 
larger. By contrast, a lower inflammatory score was observed in 
the livers of mice treated with CA (Fig. 7A). Furthermore, Oil 
Red O staining results showed that the lipid droplets in livers 
of mice with HF diet were much larger. By contrast, fewer lipid 
droplets were observed in the livers of mice treated with CA 
in a dose-dependent manner (Fig. 5B). As mentioned above, 
MARCKS has a potential role in regulating HF diet-induced 

NAFLD. Thus, we performed immunohistochemical assays 
and the results indicated that a a high number of MARCKS-
positive cells was observed in the control group; however, 
only a few MARCKS-positive cells were observed in the 
HF diet-fed mice. This number was increased by CA treat-
ment (Fig. 7C). These data indicated that CA prevented liver 
injury and increased MARCKS expression in the livers of mice 
fed the HF diet.

HF diet-induced liver lipid accumulation is attenuated by 
CA in mice. The TG and TC levels in serum were markedly 
increased following feeding on the HF diet, consistent with the 
results mentioned above; however, these levels were reduced 
in the HF diet-fed mice treated with CA (Fig. 8A and B). In 
addition, TG and TC contents in liver induced by HF diet 
were significantly decreased for CA administration in a dose-
dependent manner (Fig. 8C and D). We then examined whether 
treatment with CA improves glucose and insulin tolerance 
in the HF-fed mice. The fasting blood glucose levels and the 
plasma insulin levels were decreased following treatment with 

Figure 4. Myristoylated alanine-rich C-kinase substrate (MARCKS) deficiency induces pro-inflammatory cytokine secretion in vivo. Serum (A) interleukin (IL)-
1β, (B) IL-18, (C) tumor necrosis factor-α (TNF-α), (D) IL-2, (E) IL-4, (F) IL-6, (G) IL-12, and (H) interferon-γ (IFN-γ) levels were determined by insulin 
enzyme‑linked immunosorbent assay (ELISA). (I) mRNA levels in liver tissue samples were calculated by RT-qPCR assays. Results are the means ± SD of 
8 mice/group. *p<0.05, **p<0.01 and ***p<0.001 vs. the C57BL/6-chow group; +p<0.05 and ++p<0.01 vs. the C57BL/6-high fat (HF) diet group.
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CA (Fig. 8E and F). Additionally, the serum AST and ALT levels 
were upregulated in the HF diet-fed mice, and were downregu-
lated following treatment with CA (Fig. 8G and H). Similarly, 
the hepatic AST and ALT contents were also increased in 
HF groups compared to that in the Con group, which were 
decreased in HF diet-fed mice treated with CA (Fig. 8I and J). 
These results clearly indicated that CA treatment suppressed 
lipid accumulation by reducing TG and TC in serum and in 
liver, improving liver injury in mice administered with high 
fat diet.

CA reduces pro-inflammatory cytokine expression in mice 
fed a HF diet. Accelerated NAFLD is often associated with 
the increased production of inflammatory cytokines  (39).  
Therefore, in this study, we examined whether CA represses 
the productions of inflammatory cytokines. To examine this, 
we evaluated the expression levels of the inflammatory cyto-
kines, IL-1β, IL-18, TNF-α, IL-2, IL-4, IL-6, IL-12 and IFN-γ, 
in serum. The data indicated that the expression levels of IL-1β, 
IL-18, TNF-α, IL-2, IL-4, IL-6, IL-12 and IFN-γ, which had 

been increased by the HF diet, were markedly decreased by CA 
in the mice fed the HF diet (Fig. 9A). As can be seen in Fig. 9B, 
CA suppressed pro-inflammatory cytokines release through 
RT-qPCR analysis (Fig. 9B). These data indicated that treat-
ment with CA markedly attenuated inflammation in mice fed 
a HF diet.

CA increases MARCKS expression in mice fed a HF diet. To 
elucidate the precise mechanisms responsible for the effects 
of CA in HF diet fed-mice and explore whether it can target 
MARCKS to attenuate NAFLD, we examined MARCKS 
expressed levels. The results revealed that the MARCKS levels 
were affected by the administration of CA in the HF diet-fed 
mice. MARCKS protein levels, which had been decreased by the 
HF diet, were markedly increased by CA (Fig. 10A). The mRNA 
level of MARCKS was also decreased in the HF diet-fed mice, 
and this reduction was reversed significantly following treat-
ment with CA (Fig. 10B). To further examine this, we performed 
immunostaining using an antibody against MARCKS. Our 
results revealed that a great number of MARCKS-positive 

Figure 5. Myristoylated alanine-rich C-kinase substrate (MARCKS) deficiency impairs PI3K/AKT and NLRP3 inflammasome signaling in  vivo. 
(A) Representative western blots of PI3K, and phosphorylated AKT. (B) Representative western blots of NLRP3 and phosphorylated nuclear factor-κB (NF-κB). 
(C) Representative western blots of caspase-1, interleukin (IL)-1β and IL-18. Results are the means ± SD of 8 mice/group. *p<0.05, **p<0.01 and ***p<0.001 vs. the 
C57BL/6-chow group; +p<0.05 and ++p<0.01 vs. the C57BL/6-high fat (HF) diet group.
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Figure 6. Myristoylated alanine-rich C-kinase substrate (MARCKS) deficiency enhances lipogenesis-related signaling pathway activation. (A) Representative 
western blots of SREBP-1c, ACCα, FAS and SCD1. (B) Immunofluorescence analysis of PPARα in the liver tissue samples of mice. (C) Representative western 
blots of PPARα protein levels. Results are the means ± SD of 8 mice/group. *p<0.05, **p<0.01 and ***p<0.001 vs. the C57BL/6-chow group; ++p<0.01 and 
+++p<0.001 vs. the C57BL/6-high fat (HF) diet group.

Figure 7. Carnosic acid treatment attenuates liver injury in livers of mice fed a high-fat (HF) diet. (A) Liver sections stained with hematoxylin and eosin (H&E). 
(B) Liver histology as determined by Oil Red O staining. (C) Liver Myristoylated alanine-rich C-kinase substrate (MARCKS) levels in mice fed a HF after carnosic 
acid administration. Results are the means ± SD of 8 mice/group. ++p<0.01 and +++p<0.001 vs. the Con group; *p<0.05, **p<0.01 and ***p<0.001 vs. the HF group.
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Figure 8. High-fat (HF) diet-induced liver lipid accumulation is attenuated by carnosic acid in mice. Serum (A) triglyceride (TG), and (B) total cholesterol (TC) 
levels were calculated in mice after carnosic acid administration. Liver (C) TG and (D) TC levels were measured. (E) Plasma glucose levels. (F) Plasma insulin 
levels. Serum (G) aspartate transaminase (AST) and (H) alanine transaminase (ALT) activities were measured. Liver (I) AST and (J) ALT levels were deter-
mined. Results are the means ± SD of 8 mice/group. +p<0.05 and ++p<0.01 vs. the Con group; *p<0.05, **p<0.01 vs. the HF group.

Figure 9. Carnosic acid reduces pro-inflammatory cytokine expression in mice fed a high-fat (HF) diet. (A) Serum interleukin (IL)‑1β, IL-18, tumor necrosis 
factor-α (TNF-α), IL-2, IL-4, IL-6, IL-12 and interferon-γ (IFN-γ) levels were determined by ELISA. (B) mRNA levels in liver tissue samples were calculated 
by RT-qPCR. Results are the means ± SD of 8 mice/group. HF vs. the Con group; CAL and CAH vs. the HF group. ap<0.05, bp<0.01 and cp<0.001.
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cells was observed in the control group; however, only a few 
MARCKS-positive cells were observed in the HF diet-fed mice, 
which were stimulated in mice with HF diet (Fig. 10C). These 
data indicated that CA attenuates NAFLD in mice fed a HF diet 
by regulating MARCKS expression.

CA protects mice against HF diet-induced liver injury by 
suppressing PI3K/AKT and NLRP3 inflammasome signaling 
pathway activation. PI3K/AKT is a potential target of MARCKS 
in attenuating NAFLD based on the results mentioned above. 
A recent study demonstrated that CA treatment attenuated 
the inflammatory response by regulating the NF-κB signaling 
pathway (40). To confirm this conclusion, we measured the levels 
of PI3K/AKT in the livers of mice fed a HF diet and treated with 
CA. We found that the upregulation of PI3K and p-AKT were 
reduced by carnosic acid in liver of mice with HF diet induc-
tion (Fig. 11A). Increased PI3K/AKT was also a pivotal factor 
for inducing NF-κB activation (41). Therefore, we examined 
whether NLRP3 and NF-κB expression in the liver was altered 
by CA. The overexpression of NLRP3 and the phophorylated 
levels of NF-κB in the HF diet-fed mice were reduced by CA 
treatment, whereas the levels of total NF-κB were not affected 
by CA (Fig. 11B). Caspase-1 was stimulated in HF diet fed mice, 
which was down-regulated due to carnosic acid administration, 
leading to NF-κB inactivity and pro-inflammatory cytokines 
suppression, including IL-1β and IL-18 (Fig. 11C). These data 
indicated that PI3K/AKT and NLRP3/NF-κB in the liver may 
be involved in the inhibitory effects of CA against the inflam-
matory response in mice with NAFLD induced by a HF diet.

CA inhibits lipogenesis-related signaling pathway activation. 
In the end of the treatment period, we investigated whether 
lipogenesis is affected by CA. To examine this, we measured 
the expression levels of several key transcriptional factors in 
lipogenesis, including SREBP-1c, ACCα, FAS and SCD1. The 
overexpression of SREBP-1c, ACCα, FAS and SCD1, induced 
by the HF diet, was significantly attenuated by CA (Fig. 12A). 
Moreover, we also examined the PPARα levels by immunohisto-
chemical assays, and the results revealed that PPARα expression 
was downregulated in the HF diet-fed mice, and that this effect 
was reversed by CA (Fig. 12B). The mRNA level of PPARα was 

also decreased in the mice fed the HF diet, and similar to the 
data mentioned above, CA increased PPARα mRNA expres-
sion (Fig. 12C). These results clearly indicated that CA treatment 
suppressed lipogenesis in HF diet induced animals with NAFLD.

Discussion

NAFLD is the hepatic manifestation of obesity and insulin 
resistance (1,2,42). The progression involves the development 
of liver steatosis, increased inflammation and hepatocyte injury, 
and eventually the deposition of extracellular matrix proteins, 
leading to liver fibrosis and cirrhosis. The clinical features of 
NAFLD include obesity, insulin resistance and dyslipidemia. 
The consumption of a HF diet is an important factor in the 
increasing occurrence of these metabolic disorders, primarily 
NAFLD (43). MARCKS is an intrinsically unfolded protein 
with a conserved cationic effector domain, regulating the 
crosstalk between several signaling transduction pathways. 
MARCKS has been shown to be involved in the regulation 
of cell adhesion and migration, of exocytosis, endocytosisand 
phagocytosis, as well as brain development (44,45). MARCKS 
has been investigated in cancer progression and LPS-induced 
disease from PI3K/AKT and inflammation-related signaling 
pathways (46). However, the effects of MARCKS on NAFLD 
development have not been fully determined. Thus, in this 
present study, we attempted to examine the role of MARCKS 
in HF diet-induced NAFLD in mice and to elucidate the under-
lying mechanisms. In addition, we examined the effects of CA, 
which is an essential antioxidant compound in Rosmarinus 
officinalis L., on liver cancer. CA has anticancer effects on 
colon cancer, acute myeloid leukemia and skin cancer through 
anti-inflammatory, antioxidant and antimicrobial properties. 
However, the molecular mechanisms responsible for NAFLD 
remain poorly understood. In the present study, the consumption 
of a HF diet decreased the expression of MARCKS in mouse 
livers, suggesting a role of MARCKS in modulating the patho-
genesis of NAFLD. However, the genetic deletion of MARCKS 
increased hepatic steatosis, the inflammatory response, lipid 
accumulation and ALT/AST levels in the liver in response to a 
HF diet. Taken together, these data suggest that the inhibition of 
MARCKS exacerbates the fibrotic response to a HF diet.

Figure 10. Carnosic acid increases myristoylated alanine-rich C-kinase substrate (MARCKS) expression in mice fed a high-fat (HF) diet. (A) Representative 
western blots of MARCKS. (B) RT-qPCR analysis of MARCKS. (C) Immunofluorescence analysis of MARCKS. Results are the means ± SD of 8 mice/group.  
+++p<0.001 vs. the Con group; *p<0.05 and ***p<0.001 vs. the HF group.
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First of all, we used MARCKS-deficient mice to construct 
a model of HF diet-induced NAFLD model in order to investi-
gate the effects of MARCKS in NAFLD. Insulin resistance or 
impaired insulin signaling is a main contributor to the disruption 
of glucose metabolism and plays a pivotal role in pathogenesis 
of T2DM (47,48). Reciprocally, the improvement or restora-
tion of insulin signaling is an effective treatment for restoring 
abnormal glucose metabolism in T2DM (49). In this study, we 
found that MARCKS deficiency increased glucose levels in 
serum and accelerated insulin resistance in HF diet-fed mice. 
Thus, we hypothesized that MARCKS may play a potential role 
in regulating insulin resistance in mice with NAFLD induced 
by a HF diet. Of note, CA administration not only improved 
MARCKS expressed levels from mRNA and protein levels, 
but also improved insulin sensitivity from down-regulating 
glucose levels in blood. In the insulin signal pathway, Akt is a 
central regulator for insulin signal transduction and accumu-
lating evidences revealed that many chemicals activating Akt 
signal have potential role in improving insulin signal transduc-
tion (50,51). Previous data have revealed that MARCKS has a 
close association with AKT activity in cancer (30). In this study, 
PI3K/AKT signaling pathway activity was increased in mice 
deficient in MARCKS, suggesting that MARCKS plays a role 

in suppressing AKT activity in HF diet-fed mice with NAFLD. 
Thus, the administration of CA improved glucose homeostasis in 
the HF diet-fed mice with NAFLD. Also, carnosic acid showed 
inhibitory role in mediating AKT activity, which might be related 
to the suppressive effects of MARCKS on AKT activity.

The reasons for ameliorated insulin signal transduction 
in liver tissues are probably due to the downregulation of 
circulating pro-inflammatory cytokines (52). The inflamma-
tory response in the livers of mice with NAFLD is widely 
considered as a key factor for inducing systemic insulin 
resistance (53). Pro-inflammatory cytokines, including TNFα, 
IL-18, IL-2, IL-4, IL-1β and IL-6, disrupt the insulin sensitivity 
of adipocytes and liver (54). In this study, demonstrated that 
the expression levels of pro-inflammatory cytokines in serum 
and liver tissues were greatly increased in MARCKS-deficient 
mice the HF diet. In the HF diet-fed mice, the levels of these 
pro-inflammatory cytokines were suppressed by CA. In agree-
ment with our results, it has been shown that CA inhibits the 
inflammation through reducing the release of pro-inflammatory 
cytokines (55). NF-κB signaling-related factors are involved in 
inflammatory responses (56). The key components of the func-
tional NLRP3 inflammasome include NLRP3 and caspase-1. 
The activation of the NLRP3 inflammasome increases the 

Figure 11. Carnosic acid protects against high-fat  (HF) diet-induced liver injury by suppressing PI3K/AKT and NLRP3 inflammasome signaling. 
(A) Representative western blots of PI3K, and phosphorylated AKT. (B) Representative western blots of NLRP3 and phosphorylated nuclear factor-κB (NF‑κB). 
(C) Representative western blots of caspase-1, interleukin (IL)-1β and IL-18. Results are the means ± SD of 8 mice/group. +++p<0.001 vs. the Con group; *p<0.05, 
**p<0.01 and ***p<0.001 vs. the HF group.
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maturation and release of pro-inflammatory cytokines, such as 
IL-1β and pro-IL-18 potently (57). In this study, we found that 
MARCKS deficiency stimulated NLRP3 expression, leading 
to caspase-1 activation and causing pro-inflammatory cytokine 
release through NF-κB phosphorylation. Here, the secretion of 
pro-inflammatory cytokines in liver of mice with HF diet are 
greatly suppressed by CA.

In addition to inflammation, lipid accumulation was also 
affected by MARCKS and CA. Our results revealed a marked 
enhancement of TG and TC accumulation in the MARCKS-
deficient mice fed the HF diet. MARCKS deficiency led to lipid 
accumulation in HF diet fed mice, indicating that MARCKS, 
at least partly, could influence lipid metabolism in mice with 
NAFLD. In addition, a marked reduction in the levels of TGs 
and TC in mice treated with CA was observed in our study, 
suggesting that CA has a lipid-regulating effect. SREBP-1c 
is a member of the family of SREBP membrane-bound 
transcription factors, activating the transcription of lipogenic 
genes, which contain the sterol regulatory elements in their 
promoter regions, including FAS and SCD1. The expression of 
two genes in particular, FAS and SCD1, is closely related to 
the levels of the de novo fatty acid synthesis and to cellular 
lipid accumulation ultimately (58). Some lines of evidence have 
indicated that the induction of SREBP-1c expression in the liver 
aids in the enhancement of hepatic TG concentrations, causing 
the progression of NAFLD (59). Consistently, in our study, 
SREBP-1c, FAS and SCD1 were upregulated in mice fed a HF 
diet, and this effect was enhanced in the MARCKS-deficient 

mice, leading to a high expression of FAS and SCD1, indi-
cating that MARCKS is involved in lipid metabolism in mice 
with NAFLD. However, the specific underlying mechanisms 
require further investigation. PPARα is a major transcriptional 
regulator of lipid metabolism, which is involved in fatty acid 
β-oxidation (60). This study demonstrated that PPARα expres-
sion was downregulated by MARCKS deficiency in HF diet-fed 
mice. By contrast, PPARα was upregulated due to CA adminis-
tration in mice with fed the HF diet. The present study showed 
that carnosic acid reduced lipogenesis in HF diet-induced mice 
with NAFLD, which might be linked to MARCKS upregula-
tion.

In conclusion, the findings of the present study reveal a 
protective effect of MARCKS of MARCKS on mice treated 
with a HF diet. Our data indicate that MARCKS may protect 
the liver from the lipid accumulation, inflammation, fibrosis in 
the context of NAFLD and the damaged glucose homeostasis. 
In addition, our results revealed that CA possesses the ability 
to improve high fat diet-induced NAFLD in mice through 
reducing the lipogenesis and inflammation in liver. Therefore, 
our data indicate that CA may be used as a potential thera-
peutic agent in the treatment of NAFLD-related metabolic 
diseases, including insulin resistance and lipid abnormal 
metabolism.
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