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Lactoferrin influences
atherosclerotic progression by
modulating macrophagic AMPK/
mTOR signaling-dependent
autophagy

Bing Xia'?"?, Jingwei Liang™?, Yanlin Lu?, Jiuyang Ding?, Jin Peng?, Fangqin Li*, Jialin Dai?,
Yubo Liu?, Jie Wang?', Changwu Wan' & Peng Luo*™*

This study aimed to explore the role of lactoferrin (LTF) in atherosclerosis (AS) and its possible
mechanisms. Human left coronary artery tissues were collected and divided into control (CON),
coronary heart disease (CHD) and sudden coronary death (SCD) groups. Pathologic changes (including
changes in the coronary plaque area, necrotic core, collagen fibers, and foam cell content) were
observed. The LTF, P62, and 4-hydroxynonenal (4-HNE) expression levels were assessed. The ApoE~-
AS mouse model was established. The pathological changes and related protein levels were analyzed
after autophagy inhibition. The foam cell model was constructed using an ox-LDL-induced human
monocyte line, THP-1. The LTF, BECN1, LC3-1l/l, AMP-activated protein kinase (AMPK)/the mammalian
target of rapamycin (mTOR) pathway proteins, B-cell ymphoma-2 (Bcl-2), Bcl-2-associated X protein
(Bax), and 4-HNE expressions were then detected after silencing of LTF or BECN1. Plaque stability was
significantly lower in the SCD group compared to the non-SCD group (p <0.05). LTF, P62 and 4-HNE
levels in plaques increased as plaque stability decreased, and LTF was significantly correlated with
plaque progression and autophagy levels. Autophagy inhibition by U0126 leads to the worsening of
aortic luminal stenosis, increased necrotic core and foam cell deposits, decreased autophagosomes,
reduced LTF expression, and upregulated P62 expression in AS mice. It was further demonstrated that
LTF expression correlates with autophagy. LTF expression was increased in ox-LDL-treated THP-1 cells,
and silencing BECN1 and/or LTF increased mTOR phosphorylation and 4-HNE levels, inhibited BECN1
and LC3 Il expression and AMPK activation, and simultaneously decreased the Bcl-2/Bax ratio. LTF
might alleviate AS pathology through accelerating the AMPK/mTOR pathway, and suggested that LTF
may be a potential predictive molecule for AS.
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The prevalence of cardiovascular diseases is on the rise with each passing year among non-communicable
diseases worldwide!. Of these, CHD accounts for about one-third of cardiovascular diseases, and sudden death
is the most severe complication of CHD. According to statistics, about 20% of patients with cardiovascular
disease succumb to SCD each year®. Early clinical prediction and diagnosis are prioritized in the prevention
and treatment of SCD due to the extremely rapid onset of SCD and its low survival rate>*. AS is an important
pathological basis for most cardiovascular diseases, including CHD. Macrophage phagocytosis of lipid droplets
induces an inflammatory response leading to atherogenesis. Macrophage death (autophagy and apoptosis) and
oxidative stress influence AS processes®~’. However, AS pathogenesis is intricate, and the precise mechanisms
contributing to its development are unclear. Consequently, it is crucial to elucidate the mechanisms that affect
the AS process to prevent and treat SCD.

LTFisan iron transport protein, mainly secreted by neutrophils, and possesses anti-inflammatory, antioxidant,
and antifibrotic properties®-!. For instance, a study demonstrated that LTF inhibits apoptosis caused by oxidative
stress'!. It has also been demonstrated that LTF improves myocardial fibrosis and myocardial remodeling after
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myocardial infarction’. The AS in mice on a high-fat diet were alleviated by LTF supplementation, which
increased cholesterol excretion!?. Our previous study also confirmed that aberrant methylation of the promoter
region of the LTF gene occurs in the coronary artery tissues of individuals who died suddenly from CHD?,
suggesting that LTF is closely linked to AS.

Many recent studies have demonstrated that autophagy, apoptosis, and oxidative stress play important roles
in AS™-'7. Tt has been discovered that enhanced autophagy can reduce intracellular lipid deposition and inhibit
foam cell formation, thereby slowing down the AS!8. Several molecules fulfill critical functions in the autophagy
process. For instance, protein 1 light chain 3 (LC3) is involved in the formation of autophagosomes and is
frequently employed as a biomarker of autophagy'®. As one of the key molecules of autophagy, BECN-1 also
plays a critical role in autophagy regulation®’. The AMPK/mTOR is an upstream signaling regulatory pathway for
autophagy. An increased AMP/ATP ratio activates AMPK, inhibiting mTOR activation and ultimately activating
autophagy?"?2. Apoptosis and oxidative stress in the vasculature are involved in the AS and associated with
AMPK activation. The B-cell lymphoma-2 (Bcl-2)/Bcl-2-associated X protein (Bax) ratio can be implemented
to assess the degree of apoptosis. AMPK Activation reduces apoptosis by decreasing the Bcl-2/Bax ratio®.
4-hydroxynonenal (4-HNE) is a marker of oxidative stress. Activation of AMPK decreases 4-HNE to prevent
cellular damage. Activation of AMPK decreases 4-HNE content to avoid cell damage?*.

Furthermore, LTF can activate cellular autophagy through the AMPK/mTOR signaling pathway!'!.
Additionally, LTF inhibits apoptosis and oxidative stress?>2°. Therefore, the objective of the current investigation
was to determine whether LTF can influence macrophage death by modulating autophagy through the activity
of the AMPK/mTOR signaling pathway, which is implicated in the AS.

Materials and methods

Study participants

Tissues of the left anterior descending branch of the coronary artery were collected from autopsies performed
at the Guizhou Medical University Forensic Judicial Identification Centre from January 1, 2021 to December
1, 2023 for storage at -80 °C. Inclusion criteria for the control group (n=6) were as follows: (1) Accidental
death determined at autopsy, and pathological examination concluded that they did not have any cardiac disease
or AS, and (2) autopsy was performed within 24 h of death. Inclusion criteria for the disease group were as
follows: (1) Autopsy subjects with CHD; (2) the presence of significant plaque in the lumen of the left anterior
descending branch of the coronary artery; (3) luminal stenosis of >50%; (4) autopsy within 24 h of death. The
coronary tissue of individuals identified in forensic pathology was categorized into the SCD group (n=6) and
the CHD group (n=6).

The exclusion criteria were as follows: (1) Coronary tissues that have expired more than 24 h, exhibiting tissue
decay, autolysis, and unclear structure; (2) the coronary tissues of individuals who expired due to other types of
heart diseases, such as myocarditis and rheumatic heart disease; (3) the coronary tissues of the individual who
deceased due to drug abuse.

This study is in line with the rules contained in the Declaration of Helsinki. The informed consent were
verbally informed to the patients’ immediate family members, two or more family members, the public security
authorities, and two qualified forensic pathologists from our organization witnessed the event. All participants’
personal information was anonymized. This study was approved by the Ethics Committee of Guizhou Medical
University (ethical approval number: 2024-112), and the ethics committee waived the requirement for informed
consent.

Animal experimentation

C57BL/6 and its background ApoE~~ mice (eight weeks old) were acquired from Guizhou Medical University
Animal Centre. All mice were housed at 24-25 °C with 55% humidity, 12 h light and 12 h dark, food and water
available ad libitum. All mice treated in this study were reported in accordance with the ARRIVE guidelines and
that all methods were performed in accordance with its relevant guidelines and regulations.

C57BL/6 mice were the control (CON) mice. After one week of acclimatization feeding, all ApoE~~ mice
were randomly assigned to one of two groups (eight mice per group). They were provided with a high-fat diet
(3% cholesterol, 0.2% propylthiouracil, 0.5% sodium cholate, 10% lard, 5% sugar, and 81.3% base feed) for 14
weeks. After 8 weeks of rearing on a high-fat diet, saline (once every three days) was administered in the AS
group, and the U0126 inhibitor?”?® (5 pg/10 pL, once every three days) was given to the U0126 group via the tail
vein. After four weeks of continuous injections, all mice were euthanized directly by intraperitoneal injection
of sodium pentobarbital (80 mg/kg), and then dissected, and the hearts and aortas were collected and fixed in
4% paraformaldehyde. This study was approved by the Animal Ethics Committee of Guizhou Medical Universit
(approval number 2402125).

Cell culture

THP-1 cell line was purchased from Shanghai FHS Biotechnology Co. Ltd. (Shanghai, China). The cells were
cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum at 37 °C and 5% CO,. THP-1
cells were induced with 160 nM phorbol 12-myristate 13-acetate (PMA) for 48 h and then exposed to ox-LDL
(100 pg/mL) and incubated together for 24 h. The cells were transiently transfected with LTF and BECNI si-
RNA (RiboBio, China). Silencing efficiency was assessed by immunoblotting.

Immunoblotting

The total protein extraction from human coronary tissues and cell lysates was conducted using Radio
immunoprecipitation assay lysis buffer containing Phenylmethanesulfonyl fluoride and phosphatase inhibitors.
Sodium dodecyl-sulfate polyacrylamide gel electrophoresis was employed to separate the proteins of each
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sample, which were subsequently transferred to a polyvinylidene difluoride membrane (Millipore, USA). The
membranes were closed in skimmed milk for 2 h and subsequently incubated with LTF (Cat # ET7109-95,
HUABIO, China), AMPK (Cat # R23314, ZENBIO, China), p-AMPK (Cat # 381164, ZENBIO, China), mTOR
(Cat # 67778 -1-1g, Proteintech, China), p-mTOR (Cat # 67778-1-1g, Proteintech, China), BECNI (Cat # 11306-
1-AP, Proteintech, China), P62 (Cat # 18420-1-AP, Proteintech, China), LC3B (Cat: No18725-1-AP, Proteintech,
China), 4HNE (Cat # MAB3249, R&D systems, America), Bax (Cat # ER0907, HUABIO, China) (concentration
1:1000), Bcl-2 (Cat # ET1702-53, 1:2000, HUABIO, China), f-Actin (Cat #EM2-1002, 1:5000, HUABIO, China)
at4°Covernight. The membranes were incubated for 2 h at room temperature (RT) in the presence of horseradish
peroxidase (HRP)-conjugated secondary antibody (1:5000). After visualization of the bands using an enhanced
chemiluminescent liquid, they were detected in a chemiluminescence imaging system (BIO-RAD). Quantifying
protein bands using ImageJ software (Version 2.0, https://imagej.net/, National Institutes of Health). All original
blots were included in Supplementary file (Supporting Information).

Histopathological and immunohistochemical (IHC) staining

After fixation with 4% paraformaldehyde, vascular tissues were made into sections of 5 um thickness, which
were then subjected to hematoxylin-eosin (HE), Masson trichrome, and Movat staining, respectively. Coronary
plaque area, necrotic core, collagen fiber content, and foam cell counts were observed under light microscopy.
Paraffin sections were incubated overnight with antibodies against LTF (Cat # ET7109-95, HUABIO, China),
BECN-1 (Cat # 11306-1-AP, Proteintech, China), P62 (Cat # 18420-1-AP, Proteintech, China), and 4-HNE (Cat
# MAB3249, R&D Systems, America) (1:200 dilution), respectively. Subsequently, tissue sections were incubated
with (HRP)-labeled anti-rabbit or anti-mouse IgG secondary antibodies for 2 h. The 3,3’-Diaminobenzidine was
used to visualize positive immunoreactivity. Quantitative analysis of all pathology images from the sample was
performed using ImageJ software.

Immunofluorescence (IF) staining

The prepared sections were routinely dewaxed, hydrated, and incubated with peroxidase for 10 min at RT,
washed three times with phosphate-buffered saline and digested with complex enzymes for 30 min, and closed
with goat serum and then given a primary antibody LTF to be incubated with CD68 (1:100 dilution, Cat # 28058-
1-AP, Gene Tex, China) respectively overnight at 4 °C, and then with a secondary antibody (1:200 dilution, Cat #
ET7109-95, HUABIO, China) for 1 h at RT, and analyzed for the LTF (green light) and CD68 (red light) in AS.
Images were acquired using an inverted fluorescence microscope (DMi8, Leica, Germany).

TdT-mediated dUTP nick end labeling (TUNEL) staining

Apoptosis of treated THP-1 cells was detected using the Tunel apoptosis detection kit (Cat # C1088, Beyotime,
Nanjing, China). According to the manufacturer’s instructions, apoptosis was determined using the one-step
Tunel apoptosis detection kit. Images were acquired using an inverted fluorescence microscope (DMi8, Leica,
Germany).

Transmission electron microscopy (TEM)

Mice aorta were pre-fixed with 3% glutaraldehyde, re-fixed with 1% osmium tetroxide, dehydrated step by
step with acetone, embedded with Epon812, semi-thin sections were stained with toluidine blue for optical
localization, and ultrathin sections were made with a diamond knife and stained with uranyl acetate and lead
citrate for TEM observation by JEM-1400FLASH.

Statistical analysis

All data are expressed as mean (M) + standard error of the M. Statistical analysis was performed using Statistical
Package for the Social Sciences software (version 22.0; http://www.spss.com.hk/, IBM, New York, USA), and
graphs were prepared using GraphPad Prism software (version 10.0; https://www.graphpad.com/, California,
USA). Comparisons between groups were made using a one-way analysis of variance by Bonferrnoi’s post hoc. A
P <0.05 was considered statistically significant.

Results

LTF expression is upregulated in coronary atherosclerotic plaques

The HE, Movat, and Masson staining were used to analyze the plaque area, necrotic core, number of foam cells,
and collagen fiber content in 18 cases of coronary artery tissue. HE staining demonstrated that the vessel wall
in the CON group was smooth, and the intima was flat, continuous, and well-arranged. Compared to the CON
group, the intima in the disease group was thickened, ruptured, and structurally disorganized, with the intima
protruding into the lumen to form a fibrous cap, and the lumen of the vessel was significantly narrowed (p <0.05).
The area of necrotic cores and plaques in the SCD group was enlarged and significantly higher than in the CHD
group (p<0.05) (Fig. 1A, F, and G). Movat staining depicted disorganization of the intima-media structure of
the vessel wall of the coronary tissue in the disease group, with ruptured continuity and increased foam cells
(Fig. 1B and H). Masson staining exhibited a significant increase in collagen fibers within the fibrous cap in the
CHD group compared to the CON group (p <0.05). In the SCD group, as the disease worsened, the collagen
fiber and collagen content within the fibrous cap were significantly reduced compared to CHD and CON groups,
and plaque stability decreased (p<0.05) (Fig. 1C and I). We subsequently detected LTF expression in human
coronary artery samples by immunoblotting and IHC. Notably, the results revealed that LTF expression was
upregulated in coronary arteries with plaque compared with those without plaque (p <0.05) (Fig. 1D, E, J, and
K), and that LTF was predominantly distributed within the cytoplasm of foam cell cytoplasm, demonstrating the
potential of LTF as a biomarker for CHD. Additionally, immunofluorescence co-localization revealed that LTF
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Fig. 1. Changes in LTF expression in coronary atherosclerotic plaques. (A-C) HE staining of the left

anterior descending branch of a human coronary artery (magnification, 10x), MOVAT, and Masson staining
(magnification, 40x). (D and J) IHC analysis of LTF expression and its semi-quantitative analysis. (E and K)
Immunoblotting detected the expression of LTF and its semi-quantitative analysis. (F-I) Quantitative analysis
of necrotic core, plaque area, foam cell count, and collagen fiber content. (L) IF co-localization of LTF and
CD68 in atherosclerotic plaques. **p<0.01, and ***p <0.001 (n=4 or 6 samples each group).
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co-localized with the macrophage marker CD68 in human coronary arteries (Fig. 1L). This further suggesting
that LTF is expressed in macrophages. Therefore, we will select THP-1 cells to investigate the LTF mechanism
in CHD further.

Autophagy and oxidative stress levels in human coronary artery tissue

Additionally, we detected the expression of P62, BECN1, and 4-HNE in human coronary atherosclerotic plaques
by immunoblotting and THC. We discovered that P62 and 4-HNE expression was upregulated, and BECN1
expression was reduced in the CHD group compared to the CON group, and this change was more pronounced
in the SCD group (p<0.05) (Fig. 2). Suggesting that as the disease progresses, the level of autophagy within the
plaque decreases and the level of oxidative stress increases.

Correlation analysis of LTF with coronary plaque structural and autophagy indices and
oxidative stress markers

Correlations between LTF expression and plaque area ratio, necrotic core, the number of foam cells and collagen
fiber content were examined using the Pearson correlation coefficient to explore the relationship between LTF
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Fig. 2. Expression of BECNI, P62 and 4-HNE detected by IHC and immunoblotting and their quantitative
analysis. *p <0.05, **p <0.01, and ***p <0.001 (1n=4 or 6 samples each group).
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expression and plaque stability. The results indicated that LTF expression positively correlated with necrotic
core, plaque area ratio, and macrophage-derived foam cells within the plaque (p <0.05). However, there was
no correlation between LTF and collagen fiber content (p>0.05). To further analyze the relationship between
LTF expression and autophagy and oxidative stress in coronary atherosclerotic plaques, correlations between
LTF and P62, BECNI, and 4-HNE were examined using Pearson correlation coefficients. The results exhibited
that in coronary AS, the expression of LTF was positively correlated with the expression of P62 and 4-HNE and
negatively correlated with the expression of BECN1 (p<0.05) (Fig. 3). Accordingly, a significant correlation
existed between LTF expression autophagy and oxidative stress.

Changes in LTF expression in mice after Inhibition of autophagy

We observed necrotic cores, plaque area ratio, and foam cell counts in aortic plaques of ApoE~~ mice using
HE and Movat stainings to investigate the role of LTF in vivo. Additionally, we evaluated the expression and
autophagy levels of LTF in the mice aorta by IHC and TEM. U0126 is an autophagy inhibitor that reduces
ischemia/reperfusion-induced autophagy in myocardium?. HE staining revealed AS in ApoE~~ mice on a high-
fat diet developed atherosclerotic plaques, indicating that the atherosclerosis mouse model was successfully
constructed. And compared with the AS group, aortic plaques and necrotic core areas were further increased
in atherosclerotic mice after inhibition of autophagy by U0126. (p<0.05) (Fig. 4A and F-G). Movat staining
revealed an increase in foam cells within the atherosclerotic plaques of mice in the U0126 group (p<0.05)
(Fig. 4B and H). In addition, TEM revealed a significant reduction of autophagosomes in the aorta of the U012
group compared to the AS group (p <0.05) (Fig. 4C). Furthermore, IHC revealed a significant increase in LTF
and P62 expression in the plaques of the ApoE~~ mice relative to the C57BL/6 mice and a decrease in LTF
expression and an increase in P62 expression after inhibition of autophagy in vivo in the mice (p < 0.05) (Fig. 4D-
E and I-]), suggesting that autophagy levels influence LTF expression.

LTF induces autophagy in THP-1 cells through the AMPK/mTOR pathway

Macrophage phagocytosis of lipids to form foam cells is a central factor in the development of AS. In some cases,
macrophages can reduce foam cell formation by eliminating ox-LDL through autophagy. Oil red O (ORO) was
conducted following the silencing of LTF using small interfering (si)-RNA to ascertain the impact of LTF on the
transformation of THP-1 cells to foam cells and on lipid uptake in THP-1 cells. The results exhibited a significant
increase in lipid uptake in THP-1 cells after stimulation with a risk factor (ox-LDL) and a further increase in
intracellular lipid deposition after silencing LTF (p <0.05) (Fig. 5A, B). Moreover, IF results exhibited a decreased
LTF expression after silencing LTF and BECN1 (p <0.05) (Fig. 5A and C-D); it was found by immunoblotting
that the levels of BECN1 and LC3 II in macrophages were significantly reduced, and P62 expression was
increased in cells after silencing LTFE. Similarly, LTE, BECN1, and LC3 II expression were down-regulated and
P62 expression was increased after silencing BECN1 (p <0.05) (Fig. 5E-K). Activation of AMPK and inhibition
of mTOR can induce autophagy. Upon silencing LTF or BECN1, AMPK phosphorylation was inhibited, and
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Fig. 3. Correlation analysis of LTF with necrotic core, plaque area, foam cell count, collagen fiber content,
4-HNE, P62, and BECN1.
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Fig. 4. Changes in LTF and autophagy levels in mice aorta. (A,B) Representative pictures of HE and MOVAT
stainings of mice aorta (magnification, 10x). (C) TEM observation of autophagosomes (arrow) within mice
aorta. (D,E) IHC observation of LTF and P62 expression and localization (magnification, 40x). (F-H) Necrotic
core, plaque area ratio, and foam cell counts in mice aorta. (I,J) Quantitative analysis of P62 and LTF in mice
aorta by IHC. ***p <0.001 (Each group n=6).

mTOR phosphorylation was activated (p<0.05) (Fig. 5E and I-J). These findings suggest that silencing LTF
expression inhibits autophagy by suppressing AMPK and activating the mTOR pathway.
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Fig. 5. Inhibition of LTF could inhibit autophagy through the AMPK/mTOR pathway. (A-D) Observation and
quantification of intracellular lipid deposition by ORO, and IF localization and quantification of intracellular
LTF and BECN1. (E-K) Immunoblotting detected the expression level and quantitative analysis of AMPK/
mTOR pathway proteins and LTF, BECNI1, P62 and LC3B proteins. *p <0.05, **p<0.01, and ***p <0.001 (Each
group n=3).
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LTF inhibits oxidative stress and apoptosis by enhancing autophagy in THP-1 cells

We explored the role of LTF on cellular oxidative stress and apoptosis, considering the important role of
macrophage survival in AS. We analyzed the expression of oxidative stress and apoptosis-associated proteins,
including 4-HNE, Bax, and Bcl2, by immunoblotting after the LTF and BECN1 were specifically knocked down
by si-RNA. The results revealed a significant increase in the oxidative stress product 4-HNE and a significant
decrease in the Bcl-2/Bax ratio upon inhibition of LTF (p <0.05). The same results were attained when BECN1
was silenced to inhibit autophagy (Figs. 6A-C). The Tunel assay detected increased apoptosis after silencing LTF
and BECNI1 (Fig. 6D-E). These results suggest that LTF can inhibit cellular oxidative stress and apoptosis by
enhancing autophagy.

Discussion

The present investigation revealed an increase in LTF expression with the progression of atherosclerotic plaques.
In vivo experiments further demonstrated that LTF was detected within the plaques of mice after fed a high-fat
diet. However, there was a relative decrease in the expression of LTF as the aortic plaque area increased upon
the inhibition of their autophagy. These findings suggest that LTF may be involved in the atherosclerotic process
via the autophagy pathway. Furthermore, we have demonstrated in in vitro experiments that LTF defects in
macrophages exacerbate AS by inhibiting autophagic flux through the AMPK/mTOR signaling pathway.

A previous study found that LTF levels in the blood correlate with the degree of coronary artery stenosis®.
Exogenous LTF supplementation improves cholesterol metabolism and alleviates AS pathology in ApoE~/~
mice'?. Our study found that high levels of LTF was detected in coronary atherosclerotic plaques of SCD
patients. A number of studies have shown that anti-inflammatory factors promote vascular inflammation,
increase the risk of intraplaque hemorrhage, and promote inflammatory cell infiltration to destabilize coronary
plaques, and that an increase in anti-inflammatory factors leads to an inflammatory imbalance that exacerbates
atherosclerosis®!~*. Therefore, in our study, this may have contributed to the increased expression of LTF within
atherosclerotic plaques. Besides, we found that P62 and 4-HNE expression were increased and Beclin1 expression
was decreased during plaque progression. In addition, a correlation between LTF expression and plaque area,
autophagic flux and oxidative stress levels were observed. Those results suggests that LTF might be an effective
biomarker for the diagnosis of SCD. Meanwhile, we further found that inhibiting autophagy significantly
reduced LTF levels in mice plaques. Anti-inflammatory factors induce cellular autophagy. Similarly, in the
case of defective autophagy, there is a corresponding reduction in the decreased secretion of anti-inflammatory
factors®>. This may account for the reduced expression of LTF with anti-inflammatory effects after inhibition of
atherosclerosis in mice. These observations suggest that LTF expression is influenced by autophagy levels.

A variety of cells, such as macrophages, vascular smooth muscle cells, and vascular endothelial cells, are
involved in the development of AS. Previous studies have shown that lactoferrin strongly inhibits cholesterol
accumulation in VSMC by affecting binding to agLDL*. At the same time, lactoferrin can be involved in the
protection of vascular endothelial cells from oxidative damage by regulating the PI3K/AKT/ERK1/2 pathway®’.
Most of the current studies have focused on exogenous lactoferrin exerting effects on AS. However, at the
molecular level, the mechanism of action by which LTF affects the course of AS by regulating macrophages
is unclear. We found that LTF co-localized with the macrophage marker CD68 by immunofluorescence co-
localization staining. This suggests that LTF is expressed intracellularly in macrophages. Therefore, we will
explore the mechanism of LTF action in macrophages.

Foam cell formation is the initiation of atherosclerotic formation and is influenced by autophagy levels
Activation of AMPK inhibits mTOR phosphorylation to initiate autophagy. Increasing AMPK activity will
reduce foam cell formation and protect against AS*>%’. Previous studies have revealed that LTF can activate
AMPK and inhibit mTOR!'!. To further explore the role of LTF on the AMPK/mTOR signaling pathway, we
first constructed a foam cell model by THP-1 cells. Subsequently, we employed si-RNA to silence LTF and
silencing BECNT1 to inhibit autophagy. We observed a significant increase in intracellular lipid deposition after
inhibiting LTF and autophagy. Previous research had demonstrated that ox-LDL generates an inflammatory
response when it induces the conversion of macrophages to foam cells*!. LTF is released into the plasma to
combat inflammation and infection®®. Our observation that LTF expression is upregulated following ox-LDL
induction implies that LTF expression is being increased to combat the inflammatory response. Furthermore,
we analyzed the phosphorylated levels of AMPK and mTOR proteins in THP-1 cells and assessed the expression
levels of autophagy-associated proteins P62, BECN1 and LC3B. LTF expression decreased significantly
following the silencing of either LTF or BECN1. The inhibition of LTF significantly decreased the level of
AMPK phosphorylation and increased the activation of mTOR. Concurrently, the expression of autophagic
protein BECN1 and the LC3I1I/ I ratio were both significantly reduced, and P62 expression was increased. These
results further confirm that inhibition of LTF may result in impaired autophagic flux, reducing the formation of
macrophage-derived foam cells.

The AMPK/mTOR signaling pathway regulates macrophage apoptosis and oxidative stress*>*. Previous
studies had depicted that AMPK can induce anti-apoptotic effects by increasing the Bcl-2/Bax ratio*®. In our
in vitro study, silencing LTF and/or inhibition of autophagy significantly reduced both AMPK activation and
the Bcl-2/Bax ratio. Reactive oxygen species, the second messenger, regulate AMPK activation through positive
feedback and are common mediators of cardiovascular risk factor pathogenicity®”. We observed an increase in
the oxidative stress product 4-HNE following the knockdown of LTF and BECN1. These findings suggested that
LTF inhibition increases apoptosis and oxidative stress. Our study confirms that LTF can attenuate apoptosis and
oxidative stress by regulating autophagy through the AMPK/mTOR signaling pathway, thereby alleviating the
AS. However, the mechanism has not been deeply explored in mice models, and the role of LTF overexpression
should be verified in subsequent experiments.
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Fig. 6. Inhibition of LTF enhances apoptosis and oxidative stress. (A-C) immunoblotting detection of Bax,
Bcl-2, and 4-HNE expression levels, and quantitative analysis. (D-E). Detection of apoptosis by Tunel staining
and its quantitative analysis (magnification, 20x). *p <0.05, **p <0.01, and ***p <0.001. (Each group n=3).

Our results suggested that LTF is a potential biomarker of AS, and it effectively reduced ox-LDL-induced
macrophage-derived foam cell formation, lipid accumulation, and cell decath. Furthermore, LTF regulated
AMPK activation, oxidative stress, and apoptosis. LTF regulated autophagic flux through the AMPK/mTOR
pathway and inhibited foam cell oxidative stress and apoptosis levels, alleviating the atherosclerotic process
(Fig. 7).
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Fig. 7. Diagram of the mechanism of LTF involvement in atherosclerosis.
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