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Non-alcoholic fatty liver disease (NAFLD) has become a common chronic disease in the

world. NAFLD is not only a simple intrahepatic lesion, but also affects the occurrence

of a variety of extrahepatic complications. In particular, cardiovascular complications

are particularly serious, which is the main cause of death in patients with NAFLD.

To study the relationship between NAFLD and AS may be a new way to improve

the quality of life in patients with NAFLD. As we all known, inflammatory response

plays an important role in the occurrence and development of NAFLD and AS. In

this study, we found that the accumulation of Nε-carboxymethyllysine (CML) in the

liver leads to hepatic steatosis. CML can induce the expression of interleukin (IL-1β),

interleukin (IL-6), tumor necrosis factor (TNF-α), C-reactionprotein (CRP) by binding with

advanced glycosylation end-product receptor (RAGE) and accelerate the development

of AS. After silencing RAGE expression, the expression of pro-inflammatory cytokines

was inhibited and liver and aorta pathological changes were relieved. In conclusion,

CML/RAGE signal promotes the progression of non-alcoholic fatty liver disease and

atherosclerosis. We hope to provide new ideas for the study of liver vascular dialogue

in multi organ communication.

Keywords: atherosclerosis (AS), non-alcoholic fatty liver disease (NAFLD), Nε-carboxymethyllysine (CML),

advanced glycosylation end-product receptor (RAGE), pro-inflammatory

INTRODUCTION

With economic development, improvement in living standards, the prevalence of a high-fat,
high-calorie diet, the acceleration of life and the prevalence of a lifestyle of less movement and
more sitting, the prevalence of non-alcoholic fatty liver disease (NAFLD) is increasing (1, 2).
NAFLD refers to excessive fat deposition in the liver in the absence of ethanol and other clear
causes. The main characteristics of this disease are accumulation and diffuse fatty degeneration of
hepatocytes (3, 4). NAFLD is themost common chronic liver disease (4, 5), andNAFLD has become
a worldwide public health problem that endangers human health. According to statistics, the global
prevalence of NAFLD has reached 25.2% (6). NAFLD has no obvious symptoms in the early stage,
and liver fat infiltration of 30% or more can be diagnosed by liver ultrasound (7–9). As NAFLD is
difficult to diagnose and its prevalence is likely to be underestimated.
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As early as 1950, researchers found that NAFLD is associated
with Atherosclerosis (AS) (10). NAFLD and AS often share
common pathogenic factors. Exploring its common pathogenic
factors not only inhibits the occurrence of NAFLD, it may even
protect NAFLD patients from AS (11, 12).

At present, the “second strike” hypothesis is widely accepted
regarding the pathogenesis of NAFLD, which is mainly caused
by excessive lipid accumulation in the liver and oxidative stress
caused by lipid peroxidation (13). Lipid peroxidation induces
inflammation in the liver and promotes the formation of
advanced glycation end products (AGEs) (14–17). Once AGEs
are formed, they are difficult to degrade and accumulate in
the body with age. Nε-carboxymethyllysine (CML) is the most
important active center of AGEs (18). By binding with its
receptor for AGEs (RAGE), it destroys cell antioxidant defense
and the production of ROS (19). CML activate the receptor
RAGE to cause cell activation and increase the production
of pro-inflammatory cytokines (such as IL-1β, IL-6, TNF-α,
CRP), leading to the occurrence of various diseases (20–22).
Our previous research found that CML/RAGE signaling plays
an important role in the development of AS (23). CML-RAGE
interaction can change the role of the endothelial barrier, increase
the permeability of endothelial cells, and destroy the normal
function of vascular endothelial cells (24). CML-RAGE also
promotes smooth muscle cells to take up excessive cholesterol
and induces the formation of vascular smooth muscle cell-
derived foam cells (25). Eventually promote the formation and
progression of AS.

Liver is an important metabolic center of AGEs in the body
(26). Existing research shows that AGEs research has found that
AGEs have a significant effect on liver cells, such as promoting
the release of pro-inflammatory cytokines and participating in
the formation of liver fibrosis. We hypothesized that CML/RAGE
signaling may be a common risk factor for the development of
NAFLD and AS.

In this study, we collected liver biopsies from atherosclerotic
patients, and used an in vivo model to explored the role of
CML/RAGE in the development of NAFLD and AS.

METHODS

Patients
Liver biopsy specimens of 80 individuals undergoing liver biopsy
were collected from the affiliated hospital of Jiangsu University
(The clinical baseline data in Supplementary Table 1). Liver
biopsies were fixed in formalin and embedded in paraffin. We
divided the patients into 4 groups according to the degree of
steatosis:control group (no steatosis or steatotic liver cells <5%)
the low steatosis group (steatotic liver cells 5–33%); the moderate
steatosis group (steatotic liver cells 33–66%); and the severe
steatosis group (steatotic liver cells> 66%).

Inclusion Criteria
1. Age: 40–75 years;
2. Voluntarily undergo liver biopsy and sign the consent form.

Exclusion Criteria
1. Drinking history (daily alcohol intake: female <20 g/d,

male <30 g/d);
2. Viral hepatitis, drug-induced liver disease, total parenteral

nutrition, hepatolenticular degeneration, autoimmune liver
disease and other specific diseases that can cause fatty liver;

3. Excluded drugs (amiodarone, tamoxifen, sodium valproate,
glucocorticoid, methotrexate, etc.), total parenteral nutrition,
inflammatory bowel disease, hypothyroidism, etc. Special
conditions of fatty liver;

4. History of infection or tissue damage in the last 1 month;
5. A history of malignant tumors or autoimmune diseases; and a

history of liver transplant surgery.

ANIMALS

Six-week-old ApoE−/− mice on a C57BL/6J background were
purchased fromurchased from Cavens (Changzhou, China),
Animals are kept in the barrier system of Jiangsu University
Laboratory Animal Research Center. All animal experiments
were approved by Institutional Animal Care and Use Committee
of Jiangsu University. 1012 DNAse-resistant particles of adeno-
associated viral (AAV) vectors consisting of AAV-shscramble
(as a control group), AAV-shRAGE (Han HengBiological
Technology Co., Ltd. Shanghai China) solution was injected into
mice via the tail vein. 3 weeks after AAV injection, the high-
fat diet (HFD) was introduced. Inject CML (10 mg/kg/day) into
the tail vein of mice. The mice were randomly divided into 5
groups: control group (normal diet); model group (high-fat diet);
CML group (high-fat diet+CML 10 mg/kg/d), AAV-shscramble
group (high-fat diet +CML 10 mg/kg/d+AAV-shscramble);
AAV-shRAGE group (high-fat diet +CML 10 mg/kg/d+AAV-
shRAGE). Observe the pathological changes of the liver and
aorta at 4, 8, 16 weeks after CML injection. Blood samples
were collected through the tail vein at 16 weeks. After the mice
were euthanized, the abdominal cavity and chest cavity were
opened, liver tissues were removed, and the liver wet weight
was accurately weighed to calculate the liver index. The liver
index was calculated as follows: liver index = wet liver weight
(g)/body weight (g).

Biochemical Analysis
The levels of total cholesterol (TC), triglyceride (TG), low-density
lipoprotein (LDL-C), high-density lipoprotein (HDL-C), alanine
aminotransferase (ALT), aspartate aminotransferase (AST) were
measured by automatic biochemical instrument.

Immunohistochemical Staining
Paraffin sections were dewaxed, rehydrated and boiled in citric
acid buffer for 10min for antigen repair. The sections were
blocked with 5% goat serum at room temperature for 1 h. Human
liver samples were incubated with CML antibody (Abcam, 1:200)
and RAGE antibody (Abcam, 1:200). ApoE−/− mice liver and
aorta samples were incubated with RAGE antibody (Abcam,
1:200) overnight at 4◦C. Then, we used a rabbit and mouse HRP
kit (Conway, China Century Biotechnology Co., Ltd.) sample was
photographed under a microscope.
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H&E Staining
The aorta and liver tissue were fixed in 4% formaldehyde buffer
and then embedded in paraffin. Paraffin embedded tissue was cut
into 5µm thick sections and stained with hematoxylin and eosin.
The stained samples were photographed under a microscope.

Oil Red O Staining
Frozen sections of mice liver were fixed with 4%
paraformaldehyde for 1 h and washed with isopropanol 3
times (15 s each time). Then, the slices were dyed in oil red O
working solution (3 oil red O stock solution: 2 distilled solution)
for 30min and washed in isopropanol 3 times. The stained
samples were photographed under a microscope.

Detection of Gene Expression by Real-time
Quantitative PCR
Total RNA was extracted from the mice liver and aorta using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The RNA
concentration was determined by measuring the optical density
at 260 and 280 nm. Then, the RNA was reverse transcribed into
cDNA. Real-time PCR was performed using primers for mice
IL-1β, IL-6, TNF-α, CRP, and β-actin (synthesized by Sangon).
The primer sequences are detailed in Supplementary Table 1.
The RT-PCR reaction conditions were as follows: 94◦C for 1min,
followed by 33 cycles at 94◦C for 30 s, 63◦C for 30 s, and 72◦C for
1min, and a final extension at 72◦C for 7 min.

Statistical Analysis
All data are expressed as mean ± SD.SPSS 25.0 was used for
analysis. The multiple groups were compared using a one-way
analysis of variance and between two groups by Student’s t-test
analysis. p < 0.05 was considered statistically significant.

RESULTS

CML Accumulation in Liver Tissue of
Patients With Non-alcoholic Fatty Liver
We performed liver biopsies on 80 individuals in the affiliated
hospital of Jiangsu University. The degree of fatty degeneration
of the liver was divided into four groups according to H&E
staining (Figure 1A). To investigate whether CML accumulates
in the liver, we performed immunohistochemical staining. We
observed no obvious CML staining in the liver tissue of the
control group (Figures 1A,B). With steatosis of the liver, CML
staining gradually increased. We detected the expression of the
CML receptor RAGE by immunohistochemistry and found that
RAGE was significantly expressed on the steatotic liver cell
membrane (Figures 1A,C). We hypothesize that liver steatosis
may be related to CML accumulation and CML may play a role
in inducing liver inflammation by binding with RAGE.

CML Promotes High Fat-Induced Liver
Steatosis and Intravascular Plaque
Formation in ApoE-/- Mice
The pathological changes of liver and aorta of ApoE−/− mice
were detected byH&E staining in 4 and 8weeks (Figure 2). At the
time of 4 weeks, the hepatocytes were arranged in a radial pattern,

hepatocytes were uniform in size, the nucleus was centrally
distributed, thickness of the vascular intima was uniform, and
the endoplasm was neatly arranged in the control group. In
the model group, hepatocytes showed balloon-like degeneration,
hepatocytes were uneven in size, the nucleus shifted to one
side, and the vascular endoplasmic arrangement was disordered,
the thickness of intima and media was uneven. In the CML
group, hepatocytes were larger in size, with obvious balloon-
like degeneration of hepatocytes and the thickness of intima and
media increased, and a large number of monocytes gathered
(Figure 2A). At the time of 8 weeks (Figures 2B,C), the fatty
degeneration of liver cells in mice was further aggravated, and
foam cells and fibrous plaques can be seen under the vascular
intima, which protrude into the lumen, and the basement
membrane is destroyed. After CML intervention, the mice liver
steatosis and severe changes in aortic plaque compared with the
model group.

All ApoE−/− mice were euthanized after 16 weeks. By
observing the general picture of mice liver (Figure 3A), we found
that compared with the control group, the liver volume of the
model group was significantly increased (P < 0.05), and the
liver surface was greasy. Under CML stimulation, there was no
significant change in liver volume (P > 0.05), but the liver color
was pale, which we speculated may be related to lipid deposition.
To prove this idea, we calculate the liver index (Figure 3B). We
found that the liver indices of the mice under CML interventions
significantly increased compared with the control group (P <

0.05), but there was no significant difference in body weights (P
> 0.05) (Figure 3C). The formation of NAFLD is accompanied
by disorders of lipid metabolism and liver damage. Therefore, we
measured the levels of TC, TG, LDL-C, HDL-C, AST, and ALT
in the serum (Figure 4). After CML intervention, the level of TC,
TG, LDL-C, AST, and ALT were significantly higher (P < 0.05),
But the level of HDL-C is obviously reduced compare with the
control group (P < 0.05).

H&E and Oil Red O staining were used to observe the liver
pathological changes in the mice (Figures 5A,B). The control
group showed normal structures in the liver, without obvious
lipid droplet infiltration. After CML intervention, the liver tissue
structure was unclear, and typical vacuole-like steatotic cells and
red spherical lipid droplets formed. CML effectively induces the
formation of NAFLD. Then observe the pathological changes of
the aorta by H&E staining and Masson staining (Figures 5A,C).
There was no obvious plaque formation in the control group.
In the model group showed plaque protruding into the lumen.
However, CML group had a significantly larger plaque area in
the vascular lumen, a large amount of cholesterol crystals, a weak
fiber cap, and poor plaque stability.

CML Promotes the Expression of
Pro-inflammatory Cytokines in the Liver
and Blood Vessels of ApoE-/- Mice
To investigate whether the pathogenic role of CML in the liver
and aorta is related to inflammation, we examined the expression
of IL-1β, IL-6, TNF-α, CRP mRNA in the liver and aorta. We
found that IL-1β, IL-6, TNF-α, CRP mRNA expression increased
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FIGURE 1 | CML accumulation in liver tissue of patients with non-alcoholic fatty liver (A). First row: Liver biopsy H&E (×200). Second and third row:

immunohistochemistry shows the expression of CML (×200) and RAGE (×400) (B). Percentage of CML-positive immunohistochemical staining area (C). Percentage

of RAGE-positive immunohistochemical staining area. The proportion of the positive area to the total liver area was calculated by ImageJ. All data are expressed as the

means ± SEM. *P < 0.05, compared to control group.

by 1.68, 2.0, 1.85, 2.51 times in liver tissues respectively compared
with the control group (Figure 6), while IL-1β, IL-6,TNF-α CRP
mRNA expression increased by 1.32, 1.87, 1.19,1.61 times in aorta
(Figure 6).

CML Promotes the Expression of
Pro-inflammatory Cytokines by RAGE
Inflammatory cell infiltration in liver and aorta were observed by
H&E staining (Figure 7). There was no significant inflammatory

cell infiltration in the control group. In the model group,
infiltration of inflammatory cells in liver tissue and aortic
plaques can be observed. However, after CML intervention, the
inflammatory cell infiltration in the liver tissue and aortic plaques
were significantly aggravated, focal necrosis of hepatocytes
was observed. After silencing the expression of RAGE, the
inflammatory cell infiltration in the liver tissue and aortic
plaques were significantly reduced. To detect whether CML
promotes the expression of pro-inflammatory cytokines by
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FIGURE 2 | CML promotes high fat-induced liver steatosis and intravascular plaque formation in ApoE−/− mice (A,B). At the time of 4, 8 weeks, ApoE−/− mice liver

(×200) and aorta H&E staining (×100) (C). Image J analyzes plaque area.*P < 0.05, compared to control group; #P < 0.05, compared to model group.

upregulating the expression of RAGE, we used CML combined
with AAV treatment (AAV-shRAGE and AAV-shscramble).
Immunohistochemistry and quantification showed that RAGE
expression did not change significantly after the injection of
AAV-shscramble. AAV-shRAGE significantly downregulated the
expression of RAGE (Figures 8A,B,G,H). We measured the
expression of IL-1β, IL-6, TNF-α, and CRP mRNA in the liver
and aorta (Figures 8C–F). The results showed that the levels of
IL-1β, IL-6, TNF-α, and CRP mRNA in liver and aorta were
significantly lower in the AAV-shRAGE group compared with
the CML group (P < 0.05). This may be related to silencing
the expression of RAGE down-regulating the expression of pro-
inflammatory cytokines.

DISCUSSION

At present, there is a high prevalence of NAFLD in the world,
which has attracted increasing attention. NAFLD includes a
series of diseases, from simple fatty liver to non-alcoholic
steatohepatitis (NASH), which may develop into liver cirrhosis
or even liver cancer (27). Studies have shown that in the past
10 years, NAFLD has been associated with liver related incidence

rate or mortality (28, 29). But most of NAFLD deaths are due to
AS (30–33). In recent years, researchers have found that NAFLD
may be the cause of AS, indicating that the relationship between
NAFLD and AS is bidirectional or both diseases are caused by a
common pathogenic link (34–37). Therefore, it is very important
to find the common pathogenic factors between them.

Abnormal lipid metabolism is the basis for the occurrence
of AS. Hyperlipidemia can directly cause endothelial cell
dysfunction, increase the permeability of endothelial cells,
and provide a basis for lipid deposition on the vascular
inner membrane and platelet adhesion (38). Therefore, lipids
Metabolic abnormalities are believed to be related to the
acceleration of the progression of AS. As early as 1998, Professor
ROSS proved that AS is a chronic persistent inflammatory
disease (39). The development process of AS can be divided
into lipid streak stage, fibrous plaque stage, atheroma stage,
unstable plaque stage, plaque rupture and thrombosis stage. In
the different development stages of AS, AS is always accompanied
by inflammatory reactions (40). IL-1β, CRP, TNF-α, and IL-6 are
commonly used indicators to assess the risk of cardiovascular
events (41, 42). These pro-inflammatory cytokines are also closely
related to the occurrence and prognosis of NAFLD disease (43,
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FIGURE 3 | Effect of CML on liver lipid accumulation (A). Observation of overall liver morphology (B). Liver body mass indexin ApoE−/− mice (C). ApoE−/− mice body

weight and wet liver weight. *P < 0.05 compared with control group; #P < 0.05 compared with model group.

FIGURE 4 | Observe the effect of 16 weeks CML on related biochemical indexes of ApoE−/− mice (A). Total cholesterol (TC), Triglyceride (TG) (B). Low-density

lipoprotein (LDL-C) and high-density lipoprotein (HDL-C) (C). Aspartate aminotransferase (AST) (D). Alanine aminotransferase (ALT) levels were measured using an

automatic biochemical analyzer. All data are expressed as the means ± SEM. *P < 0.05, compared with control group; #P < 0.05, compared with model group.
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FIGURE 5 | Pathological changes of liver and aorta after ApoE−/− mice at the time of 16 weeks (A). First row: H&E staining of ApoE−/− mice liver (×200). Second

row: Oil Red O staining of ApoE−/− mice liver (×400). Third row: H&E staining of ApoE−/− mice aorta (×100). Fourth row: Masson staining of liver aorta in ApoE−/−

mice (×100). (B). Total cholesterol content in ApoE−/− mice liver (C). Quantification of vascular plaque area by Image J. *P < 0.05, compared with control group; #P

< 0.05, compared with model group.

44). Therefore, regulating lipids and inhibiting inflammation
have become an important way to combat AS in recent years.
Increased fatty liver inflammation is a sign of the progression
of NAFLD, therefore, inhibiting inflammation damage is also an
important way to prevent and treat NAFLD (45).

Studies have found that NAFLD is formed during the
occurrence and development of AS and can promote the
development of AS (46). The main mechanism may be that
the formation of NAFLD causes the body to be in a chronic
inflammatory state for a long time, promotes the release of
pro-inflammatory cytokines, leads to damage to the endothelial
cells of the vascular intima, and accelerates the formation of
atherosclerosis (47–49). The blood lipid metabolism disorder of
NAFLD patients is manifested by plasma hypertriglyceridemia,
increased low-density lipoprotein and decreased high-density
lipoprotein levels, which also contribute to the development of
AS (50).

In our clinical study, we found that CML aggregation in liver
tissue of NAFLD patients, with the progress of liver steatosis,
the expression of CML significantly increased. Therefore, we
hypothesized that CML participated in the development of
NAFLD, to explore the relationship between CML and non-
alcoholic fatty liver and atherosclerosis. We established an in

vivo model of ApoE−/− mice and monitored the liver and
vascular lesions at 4, 8, and 16 weeks respectively. It was
found that the fatty degeneration of the liver and the change
of the plaque in the aorta gradually increased with the change
of time. Moreover, fatty degeneration of liver occurs earlier
than atherosclerosis.

NAFLD is a disease characterized by dyslipidemia and
impaired liver function (51). Hyperlipidemia is an important
risk factor for fatty liver formation. 20–92% of patients with
hyperlipidemia have fatty liver (52). NAFLD is not only the
excessive deposition of liver fat, but also the damage of liver
cell function. AST and ALT in serum were commonly used as
indexes to measure the function of hepatocytes (53). After 16
weeks of experimental intervention, serum related biochemical
indexes and morphological changes of liver were detected. We
found that the serum TG, TC, LDL-C, ALT, AST levels increased
and HDL-C levels decreased in the model group after 16 weeks
of continuous high fat feeding. The model of mice NAFLD was
established successfully, and obvious plaque formation was found
in the vascular lumen. After CML stimulation, the lesions of
mice non-alcoholic fatty liver were aggravated and the plaque was
more unstable. This confirms our hypothesis that CML is the link
of NAFLD and AS.
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FIGURE 6 | CML promotes the expression of pro-inflammatory cytokines in liver and blood vessels of ApoE−/− mice (A–D) Detection of IL-1β, IL-6, TNF-α, CRP

mRNA expression levels in liver and aorta by PCR. *P < 0.05, compared with control group; #P < 0.05, compared with model group.

FIGURE 7 | CML increases the density of inflammatory cells infiltrating the plaque and liver (A) H&E staining of ApoE−/− mice liver (×200) (B) H&E staining of

ApoE−/− mice aotra plaque (×200).The red arrow points to the location of inflammatory cell infiltration.
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FIGURE 8 | After AAV injection, the expression of RAGE in liver and aorta changed (A) and (B) Immunohistochemistry shows the expression of RAGE (×400). (C–F)

Detection of IL-1β, IL-6, TNF-α, CRP mRNA expression levels in liver and aorta by PCR (G,H) Percentage of RAGE positive immunohistochemical staining area. The

proportion of the positive area to the total Liver area was calculated by ImageJ. *P < 0.05, compared with normal control group; #P < 0.05, compared with model

group;&P < 0.05, compared with CML group.
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How CML mediates the pathogenesis of NAFLD and AS has
attracted our attention. In clinical trials, we found that in the liver
samples of NAFLD, RAGE staining was stronger and positively
correlated with fatty liver degeneration. Studies have shown that
RAGE is an important receptor for CML, which is difficult to
clear after binding to its receptor and can activate multiple signal
cascades, target genes that regulate the inflammatory response
(54). Excessive inflammation is not only a sign of the progression
of NAFLD to Non-alcoholic steatohepatitis (NASH) but also an
important influencing factor of as progress (55–57). In vivo study,
we found that after CML stimulation, significant infiltration of
inflammatory cells and focal necrosis were observed in liver
tissue. This may indicate that CML can promote the progression
of NAFLD to NASH.

The expression levels of RAGE and pro-inflammatory
cytokines IL-1β, IL-6, TNF-α, CRP in liver and aorta were
significantly increased after CML stimulation. In this study, when
RAGE was silenced, the expression level of pro-inflammatory
cytokines was down regulated, which significantly alleviated
the pathological changes of NAFLD and AS. This finding
indicates that CML is responsible for the up-regulation of pro-
inflammatory cytokines by up-regulating RAGE expression.

In this study, we confirmed that the activation of CML/RAGE
signal leads to an imbalance in pro-inflammatory cytokine
expression mediates the development of NAFLD and AS.
Inhibition of CML/RAGE signal in liver can inhibit the
occurrence of NAFLD and delay the progression of AS. It is
hoped that our findings could provide a worthwhile intervention
target for the treatment and prevention of AS in NAFLD.
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