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ARTICLE INFO ABSTRACT
Keywords: Alcoholic liver disease (ALD) is associated with hepatic inflammatory activation and iron overload. The receptor
RAGE for advanced glycation end products (RAGE) is an important metabolic mediator during the development of ALD.
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The aim of this study was to determine the effect of RAGE on iron homeostasis in ALD. We found increased
circulating transferrin, hepcidin and ferritin in ALD patients and positively correlated with RAGE level. RAGE
knockout (RAGE /") and wild-type mice were subjected to chronic alcoholic feeding for 6 weeks to induce ALD,
and RAGE inhibitor, iron chelator or lipid peroxidation inhibitor were administered. We showed that chronic
alcohol administration triggered hepatic steatosis, inflammation, and oxidative stress, which were eliminated by
deficiency or inhibition of RAGE. Surprisingly, pathways of hepatic iron metabolism were significantly altered,
including increased iron uptake (Tf/TfR) and storage (Ferritin), as well as decreased iron export (FPN1/Hep-
cidin). In vitro experiments confirmed that RAGE had different effects on the mechanism of iron metabolism of
hepatocytes and macrophages respectively. In conclusion, our data revealed preclinical evidence for RAGE in-
hibition as an effective intervention for alleviating alcohol-induced liver injury.

Deciphering the complex mechanisms of ALD pathogenesis is critical for
identifying novel targets and developing effective mechanism-based
interventions.

Studies have proved that iron overload is associated with excessive
alcohol intake-induced ALD [6], and advanced cases of ALD are also
referred to as "alcoholic siderosis". Iron serves as a form of ion essential
for life and is crucial for oxygen transport by hemoglobin, cellular
respiration by proteins of the mitochondrial electron transport chain,
and DNA synthesis by ribonucleotide reductase. However, excess iron is
toxic and can cause lipid peroxidation and oxidative stress through the
Fenton reaction, resulting in cellular DNA damage [7,8]. In ALD, iron is
mainly deposited in hepatocytes and Kupffer cells. A growing number of
studies have confirmed that alcohol is one of the most important co-
factors in altering or enhancing iron accumulation in the liver [9].
Hemoglobin-related iron is strongly affected by alcohol, including iron

1. Introduction

Alcoholic liver disease (ALD) is the leading cause of chronic liver
disease worldwide, and the average amount of alcohol consumed per
person is strongly associated with mortality from cirrhosis [1]. Chronic
and excessive alcohol consumption is responsible for nearly half of
cirrhosis-related mortality in the United States [2]. The spectrum of ALD
includes simple steatosis, alcoholic steatohepatitis, progressive fibrosis,
cirrhosis, and hepatocellular carcinoma [3,4]. Studies have shown that
oxidative stress, glutathione depletion, malnutrition, iron overload,
ethanol-mediated induction of intestinal endotoxin leakage, and subse-
quent activation of macrophages have essential roles in the pathogenesis
of ALD [5]. Despite significant progress in understanding the mecha-
nisms of ALD, there are currently no effective treatments for ALD.
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Abbreviations

Abbreviations Terms

AST Aspartate transaminase

ALT Alanine aminotransferase

AAV-RAGE RAGE overexpresses adeno-associated virus
AAV-empty Empty adeno-associated virus

RAGE Receptor for advanced glycation end products
DFO Deferoxamine mesylate

ALD Alcoholic liver disease

FPN1 Ferroportin 1

HO-1 Heme oxygenase-1

iNOS Inducible nitric oxide synthase

TC Total cholesterol

TG Triglyceride

LDL-C  Low density lipoprotein-cholesterol
HDL-C  High density lipoprotein-cholesterol
FTL Ferritin light chain

FTH Ferritin heavy chain

Tf Transferrin

TfR Transferrin receptor

4-HNE  4-hydroxynonenal

MDA Malondialdehyde

SOD Superoxide dismutase

CCL-2  Chemokine Ligand-2

IL-6 Interleukin-6

HE Hematoxylin and eosin

FASN Fatty acid synthetase

SREBP1 Sterol-regulatory element-binding protein 1

NLRP3  NOD-like receptor thermal protein domain associated

protein 3
GSH Glutathione

COXx2 Cyclooxygenase 2

FAC Ferric ammonium citrate

GPx Glutathione peroxidase

CCK8 Cell counting kit 8

PPARa  Peroxisome proliferator-activated receptor o

ROC Receiver operating characteristic

siRNA  Small interfering RNA
Fer-1 Ferrostatin-1
FZ FPS-ZM1

regulatory protein, transferrin receptor (TfR), and hepcidin, among
others [10]. Liver biopsy samples from patients with ALD have elevated
iron content or develop iron overload [11,12], and iron deposition is
positively correlated with the histological intensity of hydroxynonenal
(HNE) protein adducts (products of lipid peroxidation). Factors
including iron, viral infections, endotoxins, and reactive oxygen species,
have been identified as second hitters in the progression of alcoholic
liver disease [11].

Receptor for advanced glycosylation end products (RAGE) belongs to
the immunoglobulin superfamily of cell surface molecules and is
expressed in hepatocytes and macrophages. Earlier studies have
demonstrated that RAGE binds to multiple ligands, such as advanced
glycation end products, high mobility group protein box-1, and S-100
calcium-binding protein, subsequently activating RAGE downstream
pathways in the liver to induce a series of signal transduction cascades
and leads a variety of adverse outcomes including inflammation,
oxidative stress, apoptosis, and fibrosis, ultimately lead to the devel-
opment and progression of multiple types of liver diseases [13]. Besides,
under normal physiological conditions, heme combines with iron to
carry oxygen molecules. Recent studies have shown that heme is a
ligand of RAGE [14,15], and autonomous intake of iron can lead to
activation of the RAGE pathway [16], suggesting a bidirectional rela-
tionship between RAGE and iron metabolism may also exist. Inhibition
of RAGE signaling pathway may be a new therapeutic target for liver
disease. However, the role of RAGE in ALD remains unclear. In this
study, we assessed hepatic RAGE expression under chronic alcohol
stimulation, determined the role of RAGE disruption and pharmaco-
logical inhibition in a preclinical mouse model of ALD, and investigated
the molecular mechanisms.

2. Materials and methods
2.1. Mouse treatments

C57BL/6 wild-type (WT) mice were purchased from the Laboratory
Animal Center of Southern Medical University. RAGE-knockout
(RAGE™™) mice were kindly provided by Kanazawa University [17,
18] (Department of Biochemistry and Molecular Vascular Biology,
Graduate School of Medical Science, Ishikawa, Japan). Male WT and
RAGE ™/~ mice (8-10 weeks old, weight 20-22 g) were housed in a
pathogen-free with the constant environmental conditions of

temperature (24 + 1 °C) and humidity (50 + 5%), 12-h light/dark cycle
and allowed free access to sterilised food and water. Mice in alcohol
group (model group) were acclimated to the Lieber-DeCarli liquid diet
containing increasing (1-4% vol/vol) alcohol for the 7 days followed by
further feeding with the liquid alcohol diet (5% vol/vol) for 6 weeks.
The pair-fed group was treated with an isocaloric control liquid diet
throughout the feeding period. Mice in control group were acclimated to
the Lieber-DeCarli liquid control diet for 7 days followed by further
feeding with the liquid control diet for 6 weeks [19]. In parallel studies,
mice were treated with FPS-ZM1 (FZ) (RAGE-specific inhibitors, 1
mg/kg, intraperitoneally, Selleck) 2 times per week, Fer-1 (Ferrosta-
tin-1, lipid peroxidation inhibitor, 1 mg/kg, intraperitoneally, Selleck)
or DFO (Deferoxamine, iron chelator, 100 mg/kg, intraperitoneally,
Selleck) 3 times per week through the whole process of feeding as pre-
viously reported [20]. For overexpression of RAGE in hepatocytes, one
dose of AAV-empty or AAV-RAGE (1 x 10'! v.g./mouse, i.v.) was given
on the week prior to alcohol-diet feeding (Element sequence of vectors:
TBGp-MCS-EGFP-3Flag-SV40 PolyA). All animal procedures were per-
formed following the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH) and were approved
by the Ethical Committee of Southern Medical University.

2.2. Human subjects

Human serum samples were obtained from 24 patients with ALD and
31 healthy volunteers. Participants with any of the following measures
were excluded from our study: no long-term history of alcohol con-
sumption or moderate drinking (<40 g for men or <20 g for women, per
day), no history of heavy drinking within 2 weeks (equivalent amount of
alcohol <80 g, per day), drug-induced liver injury, viral infection or
other liver diseases. Healthy controls (HC) had no drinking history or
low equivalent drinking amount (<20 g for men or <10 g for women,
per day). HC with no liver disease or any other related disease (heart,
kidney, lung, neurological or psychiatric disease, sepsis). Serum ALT,
AST, y-GT, TG and TBIL etc. indexes were used to judge the pathological
degree of ALD. The clinical and biochemical characteristics of the par-
ticipants are detailed in Supplementary Table 1. All studies were con-
ducted in accordance with both the Declarations of Helsinki and
Istanbul. All procedures were approved by the Ethics Committee of In-
tegrated Traditional Chinese and Western medicine of Southern Medical
University and written consent was obtained from all participants
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Fig. 1. RAGE deficiency ameliorated long-term alcohol-induced liver injury. (A) Hepatic Hematoxylin and eosin staining was completed on mice livers to
visualize and quantify lipid accumulation. (B) Serum lipid levels of TG, LDL-C, HDL-C (n = 4). (C) Body weight was measured weekly to track liver damage caused by
chronic alcohol consumption (n = 5). (D) Level of RAGE was evaluated by immunoblotting (n = 3-4). (E) Real-time PCR analysis of the expression of IL-6 and CCL-2
genes in the liver (n = 6). (F) Schematic diagram of the mouse model. (G) Level of RAGE was evaluated using immunoblotting in WT and RAGE /" mice. (H) Level of
RAGE was evaluated by immunohistochemistry. (I) Oil Red O, Nile Red staining and immunohistochemistry analysis of the expression of SREBP1 in the liver (n = 6).
(J) Immunoblotting and quantification of FASN protein, and the GAPDH control is shown (n = 6). (K) Liver tissue from different groups were immunohistochemically
or immunofluorescent stained for the macrophage markers CD11b, F4/80 and IBA-1 (n = 6). (L) Immunoblotting and quantification of NLRP3 protein, and the
GAPDH control is shown (n = 3). Data in all panels are presented as mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)



Y. Li et al.

A
Alcohol

Control

AR

Control

Alcohol

Redox Biology 59 (2023) 102559

o)
:
O
m

N
S
S

GSH (uM/mg tissue)
a 2 @
° g 8 g
SOD (U/mg protein)
N & o
- 8 & 38 8
J :
*
MDA (103umolimg protein)
e o o o
g—{_‘
GPx (mU/mg protein)

0,
%y
%%,

Q
%
%

(kDa)

Control Alcohol

cox2 |

PSP .E— . -‘|—69

GAPDH @0 wees e s ey w37

GPx4|---E ™

|-17

HO-1 | =

S —— _|-34

‘COX2/GAPDH ratio
‘GPX4/GAPDH ratio

GAPDH | w= == = > =137 & 8
&

15 40
*k*k
8 i 5 I Control
E 10 g
X
o 3 20 o~
5 5 5
g’ En 2
< < =
<
0 T —
> o> > >
o"«o 600 0“0 ‘P\\O
€W CA

Alcohol

HO-1/GAPDH ratio
~

40 P *k
_ i = 800 ~6 - T3 Control Alcohol (kDa) 20 *k 28 ” 4 Kok
B £ « g £ _— s
H E) ) 5 o y H] °
EY £ s00 < 3 Hepcidin |. - . ~|.32 s g20 g5
£ : 4 g2 ! o £ I
H 5 5 5 . 08 . Z 15 &
520 H : 2 TR [#o - | |- § 10 2 g2
& £ E N ol K. g i E
£ c2 1 ' £ 8 g
£ E 200 5 S FTL | ) = —]20 Fos €., =
H £ g F ! 3
F -} c
0 E o £, 5o GAPDH i |37 oo 00 0
NN P NI NN N P & o
S R 5§ S @ & < S s & & s
& & oo«“ v\(,o“ & R & R

Fig. 2. Lipid peroxidation and iron dysregulation involved in the liver of alcohol-fed mice. (A) Transmission electron microscopy shows damaged mito-
chondrial structure. (B-E) Hepatic levels of GSH, SOD, MDA and GPx were detected (n = 6). (F) Representative images of 4-HNE and GPX4 immunohistochemistry in
liver tissues of mice (n = 4). (G) Immunoblotting and quantification of COX2, GPX4 and HO-1 proteins, the corresponding GAPDH as control (n = 3). (H) Immu-
nofluorescence staining confirms the location of the expression of HO-1 (red). Nuclear counterstaining was performed with DAPI (blue) (n = 6). (I) Real-time
observation of intracellular ROS levels using DHE probe. (J) Serum levels of iron, Transferrin and Hepcidin were measured (n = 3-6). (K) Hepatic concentration
of ferrous iron was detected (n = 4). (L) Inmunoblotting and quantification of Hepcidin, TfR and FTL proteins, the corresponding GAPDH as control (n = 4-5). Data
in all panels are presented as mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

(Registered clinical trial NO. ChiCTR-ROC-15006817).
2.3. Cell culture and transfection

Mouse hepatocyte cell line (AML-12) was acquired from American
Type Culture Collection (ATCC) and mouse mononuclear macrophages
cell line (RAW264.7) was acquired from Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai,
China). RAW264.7 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum, 100 IU/mL
penicillin and 100 mg/mL streptomycin (Gibco, Carlsbad, CA, USA).
And AML-12 cells were cultured in DMEM/F-12 Medium (Gibco,
Carlsbad, CA, USA) with 10% fetal bovine serum (Gibco, Carlsbad, CA,
USA), 1% ITS liquid media supplement (Sigma, St. Louis, MO, USA) and
1% dexamethasone in humidified cell incubator with 37 °C and 5% CO2.
For construction of RAGE-modified cell lines, cells were transfected with
the siRNA of RAGE according to the manufacturer’s recommendations
(Jikai Gene Biotechnology Co, Ltd, Shanghai, China) and transduced
with RAGE over-expression (OE) lentivirus particles and selected with 2
pg/ml puromycin. Cells were grown in six-well plates or on slides, and
were randomly divided into control group, alcohol treated group,
alcohol + DFO treated group and Ferric ammonium citrate (FAC) treated
group.

Cells were stimulated by 400 mM alcohol, 20 mM FAC and 10 pM
DFO for 24/48 h in different groups. The cells were collected for fixed or

protein extraction after incubation for appropriate time.
Additional and detailed information is available in the Supplemental
Material 1.

3. Results

3.1. Suppression of RAGE effectively inhibited alcohol-induced hepatic
lipid accumulation and inflammation

The classic Lieber-DeCarli alcohol liquid diet was used to construct
alcoholic liver disease. Histopathological staining showed that the liver
of the model group exhibited a large number of vacuoles and inflam-
mation (Fig. 1A). Serum detection indicated that the blood lipid levels of
triglyceride (TG) and low-density lipoprotein (LDL-C) of the mice in the
model group were increased, and the level of high-density lipoprotein
cholesterol (HDL-C) was decreased (Fig. 1B). Besides, with the intake of
alcohol diet, the average weight of mice in the model group was lower
than that in the control group, which was consistent with the previously
reported phenomenon of insignificant weight gain in mice of ALD
(Fig. 1C). In addition, qPCR results showed that the expressions of he-
patic pro-inflammatory factors Interleukin-6 (IL-6) and Chemokine
Ligand-2 (CCL-2) increased (Fig. 1E), suggesting that a specific inflam-
matory response accompanied alcohol induced fatty liver. RAGE belongs
to the cell surface receptor of the immunoglobulin superfamily and can
bind to various damage-associated molecular patterns. It leads to the
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Fig. 3. Iron dysregulation and elevated serum RAGE in ALD patients. (A-F) Serum FE, RAGE, Ferritin, Hepcidin, Transferrin and TfR proteins levels in ALD
patients and HC (n = 55 subjects). (G-L) ROC curve analysis was performed and the AUC was used to assess predictive power of different indicators (n = 55 subjects).
(M-Q) Correlation analysis between serum RAGE level and the levels of FE, Ferritin, Hepcidin, Transferrin and TfR proteins in HC and ALD patients (n = 55 subjects).
Data in all panels are presented as mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant).

activation of downstream cascade reactions and causes lipid metabolism
and immune responses. Here, we found that RAGE expression was
significantly up-regulated in mice liver of ALD (Fig. 1D), indicating that
RAGE involved in the development of ALD.

To explore the effect of RAGE in ALD, the RAGE-specific inhibitor
FPS-ZM1 (FZ), a nontoxic tertiary amide compound, was used for
intervention. Western blot indicated that FZ effectively inhibited hepatic
RAGE expression (Figs. S1A-B). In terms of appearance, compared with
the control group, the color of alcohol-induced fatty liver appeared
yellow, and the liver color of the FZ group was not significantly different
(Fig. S1C). Serological testing showed TG, LDL-C and alanine amino-
transferase (ALT) levels in mice were reduced after RAGE was inhibited
(Figs. 1F-G). Meanwhile, oil red O and Nile red staining showed obvious
accumulation of lipid droplets in the liver of model group, but signifi-
cantly reduced in the alcohol + FZ group (Fig. S1E). And the body
weight was lighter than that of the control group (Fig. S1D). Sterol-
regulatory element-binding protein 1 (SREBP1) plays a crucial role in
regulating lipid homeostasis by regulating cholesterol and fatty acid
metabolism. Immunohistochemical staining showed that FZ interven-
tion effectively reduced alcohol-induced hepatic SREBP1 expression
(Fig. S1E). Fatty acid synthetase (FASN) is a crucial enzyme in de novo
fat synthesis. Consistent with previous studies [21], the expression of
FASN in the liver was down-regulated in ALD, which was related to the
body’s resistance to disease development. And the decreased FASN was
reversed in FZ group (Fig. S1B). In addition, alcoholic diet-induced fatty
liver for six weeks was accompanied by a marked inflammatory
response, manifested as an increase in the number of activated or
infiltrated macrophages in the liver, but significantly decreased after FZ
intervention (Fig. S1H).

We used RAGE knockout mice for further exploration (Figs. SIF-G,
S4A). The results were similar to the FZ intervention. After RAGE
knockout, the accumulation of lipids and the expression of SREBP1 were
reduced and the FASN level was increased in the liver (Fig. 11 and J). For

inflammatory response, the expressions of inflammatory protein NOD-
like receptor thermal protein domain associated protein 3 (NLRP3)
was down-regulated, and macrophage infiltration was greatly inhibited
(Fig. 1K,L). All the above results indicated that RAGE could exacerbate
alcohol-induced hepatic steatosis and inflammation.

3.2. Iron-dependent lipid peroxidation was presented in alcoholic liver
disease

Besides, by transmission electron microscopy, we were surprised to
find that mitochondrial membranes were partially ruptured and mito-
chondrial cristae decreased in chronic ALD (Fig. 2A), a mitochondrial
morphological characteristic of cells undergoing ferroptosis. Ferroptosis
is a form of cell death that depends on the accumulation of intracellular
iron causing toxic lipid peroxidation, whose major bioactive markers are
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE). Glutathione
peroxidase (GPx) is the primary regulator of glutathione (GSH) and is an
antioxidant enzyme in living organisms like Superoxide Dismutase
(SOD). GPx and SOD combine with peroxides and free radicals to protect
cell structure and function from peroxide damage. We further detected
the degree of lipid peroxidation in liver tissue, and found that GPx and
SOD activities and GSH content decreased, and the production of MDA
and 4-HNE increased in ALD (Fig. 2B-F). AML-12 cells were used to
detect active reactive oxygen species (ROS) content through DHE probe
in vitro (Fig. 2I). Meanwhile, Western blot results showed that the
expression of ferroptosis-related protein cyclooxygenase 2 (COX2) was
up-regulated (Fig. 2G). However, the expression of the antioxidant
protein heme dioxygenase-1 (HO-1) was increased in the model group,
which was inconsistent with the trend of other antioxidant protein such
as GPX4 (Fig. 2G). Interestingly, we found by immunofluorescence
localization that HO-1 expression was decreased on hepatocytes and
increased on non-parenchymal cells (Fig. 2H). In addition to its anti-
oxidant capacity, HO-1 also has the ability to decompose heme into iron.
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Fig. 4. Abrogation of RAGE signaling diminished liver lipid peroxidation and iron overload during chronic alcohol treatment in mice. (A-D) Hepatic levels
of GSH, SOD, MDA and GPx were detected (n = 6). (E) Mitochondrial membrane potential was detected by JC-1 (n = 6). (F) Representative images of 4-HNE
immunohistochemistry in liver tissues (n = 4). (G) Immunoblotting and quantification of HO-1, GPX4 and COX2 proteins (n = 3). (H) Observation of intracel-
lular ROS after treatment of cells with RAGE siRNA. (I) Serum levels of iron, Transferrin and Hepcidin were measured (n = 4-5). (J) Livers from pair-fed or alcohol-
fed in WT and RAGE ™/~ mice were stained with Immunohistochemistry for FPN1, Hepcidin and FTH (n = 3). (K) Immunoblotting and quantification of Tf, TfR and
FPN1 proteins, the corresponding GAPDH as control (n = 3). Data in all panels are presented as mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001, ns =

not significant).

Therefore, in order to study the changes of iron metabolism in ALD, we
detected liver iron content and related protein expression. Iron transfer
protein (transferrin, Tf) and its receptor TfR are the main pathways for
cells to take up iron. Hepcidin is an antibacterial polypeptide that can
bind to iron pump protein Ferroportinl (FPN1) to promote its inter-
nalization and degradation, thereby reducing the export of iron from
cells. And Ferritin including light chain (FTL) and heavy chain (FTH)
represents the intracellular iron storage capacity. By serum ELISA and
Western blot detection, we found that liver and serum iron content
increased in ALD, and the Tf/TfR pathway, Hepcidin and FTL proteins
were activated significantly in model group (Fig. 2J-L), suggesting that
iron overload involved in the progression of ALD.

3.3. RAGE could be an essential indicator for clinical diagnosis and
treatment of alcoholic liver disease

Heme is an iron-containing complex involved in essential cellular
functions including oxygen transport. And RAGE has been reported to be
a sensor of heme [14,15], suggesting that RAGE might be related to iron

homeostasis. We screened and collected serum from 31 healthy in-
dividuals and 24 patients with alcoholic liver disease through clinical
screening and treatment indicators (Supplementary Table 1), and per-
formed ELISA detection and correlation analysis of RAGE and several
iron-related proteins. The results showed that the average levels of
serum iron, RAGE, Ferritin, Hepcidin, Tf and TfR in patients with ALD
were higher than those in the HC group (Fig. 3A-F). Receiver operating
characteristic (ROC) curve analysis was performed to assess the diag-
nostic performance of serum biomarkers. And the results indicated that
RAGE and several iron metabolism-related proteins could be used as one
of the risk factors for ALD (Fig. 3G-L). There was a high positive cor-
relation between RAGE and serum iron, as well as several iron-related
proteins respectively (P < 0.0001). Although there was no significant
correlation between RAGE and TfR with no significant difference (P >
0.1) (Fig. 3M-Q). These data suggested that RAGE might serve as an
indicator of iron overload in ALD, which has meaningful guiding sig-
nificance for the diagnosis and treatment of ALD.
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Fig. 5. Iron chelator administration rescued alcohol-induced liver steatosis and injury. (A-B) Serum and liver concentration of iron were decreased in DFO
treated group (n = 3-5). (C-D) Serum levels of ALT and AST were measured (n = 5-6). (E) Livers from control-fed, alcohol-fed or alcohol-fed plus DFO treated mice
were stained with HE, Oil Red O staining and Nile Red staining. (F-I) Serum lipid levels of TG, TC, LDL-C, HDL-C (n = 4-6). (J) Representative immunostaining for
IBA-1 in frozen sections of liver tissues. (K) Representative immunostaining for 4-HNE and GPX4 in paraffin-embedded sections of liver tissues (n = 4). (L-O) Hepatic
levels of GSH, SOD, MDA and GPx were detected (n = 4-6). (P) AML-12 cells ROS production by DHE staining. Data in all panels are presented as mean + SD (*P <
0.05, **P < 0.01, ***P < 0.001, ns = not significant). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

3.4. RAGE gene mutation or pharmacological inhibition alleviated
alcoholic liver disease by suppressing iron-dependent lipid peroxidation

To further explore the effect of RAGE on iron metabolism in ALD,
RAGE pharmacological inhibitor and RAGE knockout mice were
employed in study. Compared with model group, the content of hepatic
iron in RAGE deficiency mice was reduced (Fig. 41,S2A-B). By serum
ELISA, Western blot and immunohistochemical detection, we found that
Tf/TfR pathway and hepcidin were activated, and FPN1 was suppressed
in ALD, which were reversed by inhibition of RAGE (Fig. 4J-K, S2C). In
addition, the staining showed that RAGE deletion effectively inhibited
alcohol-induced FTH expression (Fig. 4J). Furthermore, the activities of
GPx and SOD and the content of GSH in liver tissues were increased
(Fig. 4A,B,D), while the production of MDA and 4-HNE decreased after
RAGE deletion or suppression (Fig. 4C,F,S2D-H). Meanwhile, JC-1 was
used to detect mitochondrial membrane potential in fresh liver tissue,
and RAGE deletion effectively inhibited alcohol-induced mitochondrial
damage in hepatocytes (Fig. 4E). Compared with the model group,
RAGE depletion downregulated the expression of COX2 and HO-1,

although there was no significant change in GPX4 (Fig. 4G). In addi-
tion, RAGE small interfering RNA (siRNA) was used to intervene in
mouse liver parenchymal cell line AML-12 and detect reactive oxygen
species. And inhibition of RAGE reduced the accumulation of ROS
caused by alcohol treatment (Fig. 4H). The above results suggested that
RAGE had a particular regulatory effect on iron metabolism. RAGE
deletion and inhibition alleviated alcohol-induced liver injury by
inhibiting iron-dependent lipid peroxidation.

We further used the iron chelator DFO and the antioxidant Fer-1 for
intervening to verify the effect of inhibiting iron overload or resisting
cellular lipid peroxidation on ALD. First, serum biochemical tests sug-
gested that DFO but not Fer-1 intervention effectively reduced iron ion
content in tissue and serum (Fig. 5A-B, S3F-G). Besides, both DFO and
Fer-1 interventions reduced alcohol-induced vacuolar and lipid accu-
mulation (Fig. 5E, S3H). And DFO treatment could normalize serum
lipid levels and liver function showed by biochemical detection (Fig. 5C-
D,F-I). However, serum lipid levels in the Fer-1 group had no significant
changes compared with the model group (Fig. S3I-N). Studies have
shown that iron overload could induce lipid peroxidation and
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inflammatory responses that exacerbate cellular damage. Our results
indicated that both DFO and Fer-1 interventions effectively reduced the
production of lipid peroxidation products 4-HNE and MDA (Fig. 5K-L,
S3A-B). Meanwhile, DFO activated GPx activity and up-regulated the
expression of GPX4 to exert an antioxidant effect, while Fer-1 had no
obvious effect (Fig. 5K,M-O, S3A,C-E). Furthermore, immunofluores-
cence staining demonstrated that inhibition of iron accumulation
diminished macrophage-activated infiltration (Fig. 5J). Probe detection
was performed on AML-12 cells. Alcohol treatment for 48 h induced
cellular ROS generation, which was inhibited by DFO (Fig. 5P). The
above results indicated that Fer-1 partially alleviated liver injury, but
had no significant effect on serum lipid content and antioxidant enzyme
activity. In contrast, DFO effectively inhibited cellular iron overload and
ameliorated alcohol-induced liver injury by modulating lipid meta-
bolism, oxidative stress, and inflammatory responses. Intervention from
the iron homeostasis pathway played an essential role in blocking the
development of ALD.

3.5. RAGE overexpression in hepatocytes exacerbates alcohol-induced
fatty liver injury

We employed immunofluorescence staining to localize RAEG and
found that RAGE was expressed in almost all cells. However, compared
with the control group, the expression of RAGE in hepatocytes in the
model group was significantly increased (Fig. S4B). Therefore, to further
study the correlation between RAGE and ALD, we used RAGE over-
expresses adeno-associated virus (AAV-RAGE) to construct hepatocyte-
specific RAGE-overexpressing mice. And empty adeno-associated virus
(AAV-empty) for control. The construction process is shown in Fig. 6A.
Injection of AAV-RAGE was considered RAGE overexpression, whereas
injection of AAV-empty was considered unmodified. AAV-RAGE mice
had no difference in body weight with the AA9-empty model group
(Fig. 6B). However, there was significant difference in daily alcohol diet
intake between the two groups at the 3rd to 6th weeks (Fig. 6C). It
seemed that mice overexpressing RAGE exhibited stronger alcohol
aversion. Fluorescence co-localization, immunohistochemistry and
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Western blot implied that the RAGE gene modification was successful
(Figs. S4C-D). Compared with the AAV-empty alcohol group, the AAV-
RAGE alcohol group showed more severe hepatic steatosis, manifested
by more pronounced vacuolation and lipid droplet formation (Fig. 6D).
And the lipid-lowering protein peroxisome proliferator-activated re-
ceptor alpha (PPARa) and FASN were significantly down-regulated
(Fig. 6K-M). In addition, the levels of ALT, AST, TG and TC in the
AAV-RAGE model group were slightly increased (Fig. 6E-H), but the
levels of HDL-C and LDL-C were significantly changed (Fig. 6I-J), sug-
gesting that the expression of RAGE in hepatocytes can exacerbate
alcohol-induced hepatic steatosis.

3.6. RAGE overexpression promotes alcoholic liver injury related to iron
deposition and ferroptosis

Based on previous findings that iron metabolism is involved in the
development of ALD, we further examined the liver injury after RAGE
overexpression in hepatocytes. After overexpression of RAGE, liver iron
content increased (including total iron, ferrous iron and ferric iron)

(Fig. 7A). Western blot and immunofluorescence results showed that Tf/
TfR, the main pathway of cellular iron intake, was significantly up-
regulated in AAV-RAGE mice (Fig. 7B-C). We then proceeded to
examine the cellular iron transport and export pathways. Hepcidin binds
to FPN1 to degrade it, thereby reducing cellular iron export. The
expression of hepcidin, and iron storage protein FTH were increased in
the liver after RAGE overexpression, while the expression of FPN1 was
decreased according to the Western blot and immunochemistry results
(Fig. 7D-E). Meanwhile, the serum Hepcidin level was increased in AAV-
RAGE alcohol group compared to the AAV-empty alcohol group
(Fig. 7F). It is suggested that RAGE could enhance the iron uptake and
storage capacity of hepatocytes, and simultaneously mediate the
reduction of iron export, which finally causes hepatic iron overload.
Excessive Fenton reaction caused by iron overload has been widely
demonstrated to lead to oxidative stress and inflammatory response,
resulting in "secondary hit" or "multiple hit" in alcoholic liver disease.
For oxidative stress, immunohistochemistry and Western blot results
suggested that overexpression of RAGE inhibited the activity of enzyme
SOD and suppressed the anti-oxidative pathway GPx/GSH (Fig. S5A,B,E-
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G), and promoted the production of lipid peroxidation products 4-HNE
and MDA (Fig. S5A and D). Moreover, nitrogen stress was also stimu-
lated after RAGE overexpression (Fig. S5B and C). The above data
revealed the mechanism of RAGE in excessive iron-induced oxidative
stress damage.

3.7. RAGE-mediated iron overload in hepatocytes correlates with
macrophage activation

For inflammatory response, we stained hepatic macrophages with
F4/80, CD11b and IBA-1, and found that the hepatic macrophages in
AAV-RAGE mice were activated and increased in number (Fig. S6A-D),
suggesting RAGE-induced iron overload could promote hepatic macro-
phage activation and infiltration, subsequently induce inflammatory as
well as oxidative injury in cells.

Macrophages are essential to the body’s immune system to release
immune response molecules. At the same time, macrophages are a vital
cell group that is indispensable for the body’s iron homeostasis. They
release recycled iron by phagocytosing red blood cells. Macrophages
with phagocytosis of red blood cells are labeled as CD163", and iron
overload in cells correlates with increased expression of the CD163
signaling cascade [7]. Immunofluorescence staining was then used to
co-localize and label macrophages, and the results showed that the
numbers of CD68'/CD163" and Ter119"/CD163" macrophages in the
liver of ALD mice increased (Fig. S7A-B), demonstrating that macro-
phages had enhanced the ability of phagocytosis of red blood cells. And
the CD163"/CD68"/Ter119" macrophages in the liver of RAGE defi-
ciency mice were visibly reduced (Fig. S7D), revealing taht RAGE played
an important role in iron processing by macrophages.

As an important antioxidant enzyme, HO-1 is also the rate-limiting
enzyme in the process of heme catabolism, catalyzing the catabolism
of heme into ferrous iron, carbon monoxide and biliverdin. HO-1 plays a
vital role in cellular iron homeostasis. We used a four-color multiplex
fluorescent immunohistochemical staining kit to label HO-1, FPN1 and
CD68 simultaneously. Interestingly, compared with the control group,
the expressions of HO-1 and FPN1 induced by alcohol were greatly
reduced in hepatocytes, while elevated in non-parenchymal cells,
manifested by increased numbers of HO-1"/CD681 macrophages (yel-
low) and HO-1*/FPN1" macrophages (white). The above results
exhibited that macrophages engulfed more red blood cells, and subse-
quently decomposed iron by HO-1 in ALD (Fig. S7C). Iron was then
processed and excreted for eventual uptake by other types of cells
(mainly hepatocytes).

3.8. RAGE expression in hepatocytes and macrophages mediates distinct
effects on iron homeostasis

Since we found the expression levels of HO-1 in different cells were
inconsistent, we hypothesized that HO-1 exerts specific effects on
different cells. Therefore, in order to intuitively observe the changes of
different cells in a state closer to the internal environment, mouse he-
patocyte cell line AML-12 and the macrophage cell line RAW264.7 were
utilized for experiments. According to the results of CCK8 detection of
cell viability, 400 mM alcohol was chosen to construct the ALD model
(Fig. S4E). First, we added DFO to intervene and detected cellular iron
accumulation induced by 400 mM alcohol with a calcein complexation
indicator (Calcein AM). We treated both cells with alcohol or FAC to
identify that both alcohol and iron treatment could induce RAGE
upregulation, indicating that 400 mM alcohol treatment could success-
fully construct an iron overload model (Fig. S4F). Furthermore, we
treated AML-12 and RAW264.7 with a time gradient of 400 mM alcohol
respectively. The results showed that RAGE in both cells was highly
activated by alcohol (Fig. S4G). In AML-12 cells, FTL was up-regulated
and FPN1 was down-regulated in a time-gradient manner, indicating
that hepatocytes store more iron and reduce their excretion (Fig. 8A). In
addition, in RAW264.7 cells, FPN1 first increased and then decreased
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with time, while FTL was the opposite, but finally decreased compared
with the control group, which recommended that macrophages reduced
the storage of iron and increased their excretion (Fig. 8B). Interestingly,
HO-1 was gradually down-regulated in hepatocytes over time, which is
consistent with the results of previous in vivo experiments. These also
confirmed our hypothesis that alcohol could induce the down-regulation
of HO-1 in hepatocytes to weaken the antioxidant capacity, while
mediating the up-regulation of HO-1 in macrophages to enhance the
ability of recycling iron.

Based on the current findings, we further analyzed the mechanism of
RAGE on different cell types in alcohol-induced liver injury. Lentiviruses
were used to construct cellular RAGE overexpression (Fig. 8C). Ac-
cording to the above results, the model construction time of 48 h was
selected. CCK8 showed that the viability of AML-12 cells decreased
significantly after alcohol treatment for 48 h, and the viability of AML-
12 cells decreased slightly after RAGE overexpression (Fig. 8D). Western
blot and immunofluorescence results showed that RAGE overexpression
down-regulated the expression of HO-1 and FPN1, as well as increased
FTL in AML-12 (Fig. 8E-F). For RAW264.7 cells, the viability of RAGE-
overexpression cell lines was significantly reduced at 24 h (Fig. 8G),
suggesting that RAGE increases the sensitivity of macrophages to
alcohol. And overexpression of RAGE mediated high level of HO-1 and
FPN1 in macrophages (Fig. 8H-I). In addition, RAGE siRNA intervention
remarkably reduced CD68'/CD163" cells and decreased intracellular
iron concentration (Fig. 8J). All the above results illustrated that the
expression of RAGE on hepatocytes and macrophages exerts different
effects, providing specific targets and strategies for the prevention and
treatment of clinical alcoholic liver disease.

4. Discussion

In Europe, it is estimated that approximately 20-30% of the popu-
lation drinks excessively [22]. Hepatic steatosis occurs in approximately
90% of excessive drinkers, and approximately 50% and 25% of these
cases develop steatohepatitis and even cirrhosis [23]. According to the
World Health Organization, 3.3 million people worldwide die each year
from harmful use of alcohol [24-26], with much of the burden
depending on ALD [27]. However, no FDA-approved drugs are available
for reversing ALD progression [28]. The mechanisms of ALD develop-
ment are multifaceted. Studies have shown that alcohol induces the
enhanced activity of SREBP-1c, which increases the transcription of
genes that regulate fatty acid synthesis, while the transcription factor
PPARaq, which controls fatty acid breakdown, decreases in the liver. The
result is that fatty acids are esterified to triglycerides, leading to the
accumulation of lipid droplets within the hepatocytes. Furthermore, a
hallmark of ALD inflammation is an increase in the chemokines CCL-2
and IL-6 for the recruitment of peripheral macrophages. The infiltra-
tion of macrophages in the liver has been determined to correlate with
the severity of alcoholic liver disease [29]. This is also confirmed by our
study. Alcohol diet for 6 weeks led to severe hepatic steatosis and in-
flammatory infiltration, which was reflected in the increase of blood
lipid levels including TC, TG, LDL-C, accumulation of hepatic lipid
droplets, activation of macrophages, and increased cytokines. Deletion
or inhibition of RAGE effectively reversed the expression of SREBP1 and
PPARaq, thereby reducing alcohol-induced hepatic steatosis and blood
lipid levels.

Studies have shown that the activated RAGE signaling pathway is
involved in fat storage by inducing inflammation, oxidative stress, and
cytokine synthesis leading to the progression of NAFLD from simple
steatosis to NASH and fibrosis [30,31]. Conversely, oxidative stress and
inflammation also contribute to the production of RAGE [32-34]. Thus,
a circular causal relationship exists between RAGE activation and
oxidative stress and inflammation [35]. Our study shows that inhibition
of RAGE effectively alleviated oxidative stress and inflammatory injury
in ALD. In terms of oxidative stress injury, it is manifested as a decrease
in lipid peroxidation levels of MDA, 4-HNE and ROS, and an increase in
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antioxidant indicators SOD, GPx, GPX4, and HO-1. Additionally, in-
flammatory injury manifested as a decrease in macrophage activation
markers IBA-1, F4/80, CD11b and pro-inflammatory proteins or factors
NLRP3 and CCL-2. And RAGE expression served the opposite effect.

Our current study demonstrated that blocking alcohol-induced RAGE
signaling has significant effects on the phenotype of ALD, including
attenuated steatosis, reduced lipid peroxidative accumulation and sup-
pressed the release of cytokines. The use of "prophylactic" dosing (in-
jection of Fer-1 from the start of an alcoholic diet in animals) had a
partial protective effect on the liver. However, Fer-1 mainly served the
effect of inhibiting the accumulation of lipid peroxides and had no
distinct impact on serum lipid.

Interestingly, we found elevated iron concentrations both in mice
and humans with ALD, suggesting that alcohol may induce iron overload
in the liver. In general, moderate amounts of ferrous and ferric iron are
usually act as physiological regulators of intracellular functions. How-
ever, excess iron is cytotoxic [36]. Due to its ability to participate in the
Fenton reaction as an excess metal, iron itself also induces the produc-
tion of ROS (superoxide, hydroxy iron), which subsequently destroies
cell membranes through lipid peroxidation [7,37], leading to cell death
[38]. What cannot be ignored is that more than 90% of the major iron
pool, the hemoglobin-associated iron, is efficiently recycled within the
human body and it is also strongly affected by alcohol [10]. Excessive
alcohol consumption can lead to increased serum iron, ferritin, and
transferrin saturation levels [39-41]. Through DFO intervention, our
results showed significant effects on alleviating alcohol-induced stea-
tosis, inhibiting lipid peroxidation and inflammation by suppressing the
overload of hepatic and serum iron. These results confirmed the critical
role of iron homeostasis in the development of ALD. Besides, RAGE has
an extracellular portion comprising a V-C1-C2 domain, a trans-
membrane domain and an intracellular domain. Recently May et al.
presented a novel finding that heme is a ligand for RAGE. Heme binds to
the V domain of RAGE and induces RAGE oligomerization [14], and this
interaction is iron-dependent, which suggests that RAGE has the po-
tential to regulate iron homeostasis.

In order to clarify the clinical guiding significance of RAGE in ALD,
we investigated the functions of iron transport (uptake and export),
storage, and recycling. The TfR/Tf pathway is considered a classic
pathway for transferring iron from extracellular to intracellular. Hep-
cidin, a peptide hormone produced by hepatocytes, leads to its degra-
dation by binding to FPN1, the only iron exporter presents on the cell
surface, thereby reducing iron excretion from cells and increasing iron
retention [42]. Ferritin is the major protein that binds intracellular
non-heme iron and consists of heavy (FTH) and light (FTL) chains [43].
Ferritin-binding iron is the primary mechanism for iron storage in
macrophages and hepatocytes [44,45]. We recruited 24 patients and 31
healthy volunteers to analyze the correlation between RAGE protein and
iron metabolism-related proteins in serum. Interestingly, the concen-
trations of serum RAGE, iron and its regulatory proteins were signifi-
cantly elevated in patients with ALD compared with HC. Besides, serum
RAGE was significantly positively correlated with Hepcidin, Ferritin,
and Tf levels, although negatively correlated with TfR (not statistically
significant). According to the AUROC value, serum RAGE level was
expected to become one of the significant indicators for the diagnosis
and treatment of ALD.

Similarly, immunoblotting and immunohistochemical staining re-
sults confirmed that inhibition or knockout of RAGE reduced the
elevated iron concentration, inhibited the expression of TfR/Tf, Hepci-
din and FTL/FTH, and up-regulated FPN1 in ALD mice, which implied
that RAGE effectively inhibited alcohol-induced liver iron overload and
was related to iron transport and storage pathways. RAGE is expressed in
different tissues and cell types, including hepatocytes, macrophages,
lymphocytes and endothelial cells [21,46]. Immunofluorescence local-
ization showed a marked increase in RAGE expression in hepatocytes
from ALD mice. Considering the possibility of iron overload in hepato-
cytes, we first applied adenovirus to modify the expression of RAGE in
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hepatocytes for reverse verification. The results showed that ALD mice
with hepatocytes overexpressing RAGE had elevated iron concentra-
tions, including serum iron as well as liver total iron, ferrous iron, and
ferric iron. Simultaneously the expression of iron transport and storage
proteins were regulated. In addition, CCL-2 has been validated to
directly promote hepcidin production in hepatocytes, thereby reducing
intracellular iron export. Our results suggested that RAGE over-
expression significantly increases CCL-2 expression. Taken together,
RAGE activation increases iron uptake and storage, and reduces iron
export in hepatocytes, resulting in iron overload in liver. Conversely,
deletion or blockade of RAGE reduced elevated iron concentrations in
ALD mice, thereby ameliorating excess iron-induced liver injury.

Macrophages are not only an essential part of the immune response
molecules released in the body’s immunity, but also a vital cell group
that is indispensable for the body’s iron metabolism. Heme is the major
component of red blood cells [47]. Macrophages can phagocytose se-
nescent or damaged erythrocytes through the CD163 receptor, extract
iron and recycle it for further use [48,49]. To seek out the source of
hepatocyte iron, we examined the ability of macrophages to phagocy-
tose erythrocytes and the potential for subsequent release of circulating
iron in ALD. Ter119" has been reported as a marker for erythrocytes.
CD68" cells exhibited vigorous phagocytic activity and function.
CD163" macrophages are key phagocytic cells that process senescent or
damaged erythrocytes and metabolize hemoglobin. Iron overload in
hepatocytes/macrophages in alcoholic hepatitis has been attributed to
increased expression of the CD163 signaling cascade [50]. We labeled
CD687CD163™ as macrophages with enhanced phagocytic erythrocyte
ability and CD163"Ter119" as macrophages phagocytizing erythrocytes
by immunofluorescence staining. The results showed that the number of
CD687CD163" and Ter1197CD163" macrophages in the liver of AFLD
mice increased, while the number of CD163, CD68 and Ter119 labeled
cells in the liver of RAGE-deficient mice was significantly reduced. The
result was reconfirmed by in vitro experiments simultaneously, demon-
strating that RAGE also plays a vital role in macrophage iron meta-
bolism. In addition to exerting antioxidant capacity, HO-1 is also
involved in cellular iron metabolism. Heme engulfed by macrophages is
subsequently catabolized by HO-1 into equimolar amounts of iron,
carbon monoxide, and biliverdin [51-53]. Iron produced by this process
is exported from macrophages via FPN1, or stored intracellularly via
ferritin [54,55]. We labeled HO-1, FPN1 and CD68 synchronously using
a four-color multiplex fluorescent immunohistochemical staining kit.
Excitingly, alcohol-induced expression of HO-1 and FPN1 was greatly
reduced in hepatocytes, but increased in macrophages, as shown in the
increased numbers of HO-17/CD68" macrophages (yellow) and
HO-11/FPN1" macrophages (white). It indicated that macrophages in
ALD phagocytosed red blood cells in large numbers, and then decom-
posed and exported iron by HO-1 and FPN1. This may be the reason for
the increased uptake of iron by hepatocytes.

Interestingly, the previous experimental results showed that the
expression of HO-1 and FPN1 was decreased on hepatocytes but
increased on macrophages. The changes in iron regulation-related pro-
teins in different cells may have inconsistencies in their functions. As
verified by our in vitro experiments, with the time gradient treatment of
alcohol, FPN1 in RAW264.7 cells was increased and FTL was decreased.
Conversely, the expression of FPN1 in AML-12 cells was down-
regulated, and FTL was up-regulated, indicating that macrophages
reduced iron storage and promoted export, whereas hepatocytes are the
opposite. It should be noted that although the increase of iron storage is
a protective mechanism, the ferrous iron in hepatocytes was still higher
than the control level. Therefore, the iron storage promoted by the up
regulation of FTL might be a feedback result of iron overload in ALD.
More importantly, HO-1 was suppressed in hepatocytes in a time
gradient, which confirmed our previous conjecture. Alcohol inhibited
HO-1 in hepatocytes to reduce antioxidant capacity and activated HO-1
in macrophages to increase iron recycling. RAGE overexpression can
effectively promote these different phenotypes. RAGE overexpression
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can effectively promote these different pathways. Iron overload induced
by these pathways may be associated with cells exhibiting higher
alcohol sensitivity. The above results demonstrated that the expression
of RAGE on hepatocytes and macrophages exerted different effects,
providing specific targets and strategies for preventing and treating
clinical ALD. It cannot be ignored that RAGE plays an important role in
linking the innate and adaptive immune systems and participating in the
initiation and maintenance of inflammation [56]. Based on the specific
and powerful function of RAGE on macrophages, it is of great scientific
significance to further study the molecular mechanism of RAGE regu-
lating ALD by modifying RAGE on Kupffer cells in the future to carry out
the detection of intercellular crosstalk.

5. Conclusion

In conclusion, our study demonstrates that iron overload is involved
in the development of ALD. Liver RAGE is up-regulated in ALD mice, and
RAGE overexpression exacerbates liver lipid abnormalities, inflamma-
tion, oxidative stress and iron overload, while RAGE deficiency or in-
hibition reverses alcohol-induced injury in mice. As one of the potential
mechanisms by which the liver exacerbates ALD, RAGE regulates the
capacity of iron transport and storage. RAGE attenuates the liver defense
system against alcohol toxicity by co-activating hepatocyte and macro-
phage iron metabolism disorders that promote iron overload and sub-
sequent oxidative stress and inflammatory damage. Therefore, RAGE
antagonists may have beneficial applications in treating ALD. Moreover,
macrophage phagocytosis is an essential factor in iron overload, and
inhibition of macrophage activation would be feasible. The applicability
of these findings in preclinical mouse models to human alcoholic fatty
liver and alcoholic hepatitis awaits future studies.
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