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Twelve-week high-fat diet for improving adverse ventricular
remodeling post-myocardial infarction by alleviating local
inflammation
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Background: Many studies have examined how to achieve better outcomes in myocardial infarction (MI)
patients with mild obesity or who are overweight. However, the influence of a high-fat diet (HFD) and the
underlying mechanisms by which it can affect ventricular remodeling following MI are poorly understood.
This study investigated the impact of a 12-week HFD on the left ventricular (LV) remodeling of permanent
MI models and immune cell involvement.

Methods: Male C57BL/6] mice were fed HFD or normal diet (ND). After 8 weeks of feeding, mice
underwent cardiac left anterior descending coronary artery ligation, and the same diet was continued for
a further 4 weeks. Cardiac structure and function were detected using echocardiography. Cardiac fibrosis
was evaluated using histological staining at 7 and 28 days post-MI. Infiltration of various immune cells was
examined using flow cytometry and immunofluorescence at 7 days post-MI.

Results: Compared with a ND, the 12-week HFD feeding significantly alleviated ventricular remodeling
following MI. HFD mice showed reduced infiltration of neutrophils, a higher proportion of M2/M1
macrophages, decreased conventional and monocyte-derived dendritic cells (moDCs) in the injured
myocardium, and elevated levels of regulatory T cells (Tregs). Further investigation of dendritic cells (DCs)
phenotypes indicated downregulated expression of major histocompatibility complex class IT (MHCII). It
also showed costimulatory molecules CD40 and CD86 on conventional and moDCs in mediastinal lymph
nodes (mLN).

Conclusions: This study demonstrated the protective effect of a 12-week HFD on ventricular remodeling

following MI via the alleviation of local inflammation.
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Introduction

Myocardial infarction (MI) is a leading cause of death,
especially in developed countries, and remains the
prevailing cause of heart failure (HF) worldwide (1).
The ischemic heart undergoes cardiomyocyte death,
inflammatory infiltration, collagen deposition, and
ventricular remodeling, all of which play vital roles in the
development of HF (2). Excessive body weight has been
defined as a risk for cardiovascular disease (CVD), such as
an increased incidence of MI (3). Despite the acknowledged
association between obesity and an increased risk of CVD,
several studies have found that obesity has a contradictory
beneficial effect on the outcome of acute coronary
syndromes, a phenomenon called the obesity paradox (4).
For example, one study found that, when compared with
a healthy weight, there was an inverse association between
being overweight or obese with all-cause mortality after
acute MI (5). However, whether the obesity paradox is
still applicable to acute MI and the potential underlying
mechanism are less clear.

Ischemia results in anoxia and nutrient deprivation, leading
to cardiomyocyte cell death in the nonperfused territory.
This is accompanied by an intense sterile inflammatory
response and gradual collagen-driven scar formation
required to replace the necrotic myocardium. A growing
amount of research supports the finding that inflammation
is a driver of ventricular remodeling post-MI. After MI,
necrosis of infarcted myocardium triggers an inflammatory
immune response, in which multiple innate immune cells
participate in clearing up the dead debris. Neutrophils and
proinflammatory typel macrophages (M1) are the main
agents that exert this function. The initial proinflammatory
phase should be properly resolved by around 4 to 7 days post-
MLI; it is dominated by anti-inflammatory factors and cells
such as type 2 macrophages (M2) from innate immunity and
regulatory T cells (Tregs) from adaptive immunity (6). Tregs
have a powerful immunosuppressive function that improves
cardiac repair by negatively affecting excessive inflammation
following MI (7). Furthermore, Tregs suppress inflammation
by downregulating costimulatory signals and diminishing the
ability of antigen-presenting cells, including dendritic cells
(DCs) (8,9).

Although there is a close relationship between obesity
and inflammation, the relative research on the impact of the
obesity paradox upon inflammation post-MI appears very
sparse. Hence, we tested the hypothesis that a high-fat diet
(HFD) can improve ventricular remodeling after MI and
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that the reduction of the inflammatory response mediated
by immune cells contributes to the protective effect of a
HFED on ventricular remodeling after MI. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-1218/rc).

Methods
Mice and feeding

Experiments were performed under a project license (license
no. of laboratory animal facility: SYXK [Guangdong]
2019-0209) granted by the ethics committee of Sun Yat-
sen University and in compliance with the Institutional
Animal Care and Use Committee (Eighth Edition) for
the care and use of animals. Male C56BL/6] mice were
purchased from GemPharmatech Co., Ltd. (Nanjing,
China) and maintained in the Laboratory Animal Center
of Sun Yat-sen University in a certified specific pathogen-
free facility (license no. of laboratory animal facility: SYXK
[Guangdong] 2019-0209). Mice aged 6 to 8 weeks were
fed a HFD (60% of the calories in the HFD were provided
by fat; cat. HF60; Dyets Inc., Bethlehem, PA, USA) or
a normal diet (ND; ~13% of calories in the ND were
provided by fat; cat. GDMLAC-08; Guangdong Medical
Laboratory Animal Center, Guangdong, China) for the
experiment’s duration until they were killed. All mice were
housed in a space with no more than 5 mice per cage and
maintained on a 12-hour light-dark cycle. Mice had access
to autoclaved water and food ad libitum. Water and food
were added twice a week.

Animal experiments

After 8 weeks of a HFD or a ND feeding, mice were
anesthetized with 1.5% sodium pentobarbital (0.1 mL/20 g),
intubated, and ventilated with a MiniVent mouse ventilator
(Harvard Apparatus, Holliston, MA, USA). MI was induced
by permanent ligation of the left anterior descending
coronary artery using 9-0 nylon sutures (with a needle;
LingQiao, Zhejiang, China). The apex of the heart
immediately became pale after ligation. The chest wall and
skin were closed with 4-0 nylon sutures (with a needle;
Yuanlikang, Jiangsu, China). Animals were put on a heating
pad to keep them warm and were ventilated until they woke
up. Fifteen mice in the HFD and ND groups underwent

cardiac left anterior descending coronary artery ligation.
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By the end of the experiment, 8 survived in the ND group,
representing a survival rate of 53.3%, and 9 survived in
HFED group, representing a survival rate of 60%. All the
mice died within 7 days of surgery.

Echocardiography

Murine cardiac echocardiography was performed before,
1 week, and 4 weeks after the MI experiment using a
Vevo3100 Imaging System (Fujifilm, Tokyo, Japan). A
heated, bench-mounted adjustable rail system under 1%
to 2% inhaled isoflurane anesthesia was used, with body
temperature maintained at 37.0+£0.5 °C and heart rate at
500+50 bpm. Left ventricular ejection fraction (LVEF),
fractional shortening (FS), left ventricular end systolic
volume (LVESV), and left ventricular end diastolic volume
(LVEDV) were recorded by M-mode tracings in the
parasternal long-axis and short-axis views.

Isolation of immune cells from the beart

The whole heart was removed from the mouse. It was first
trimmed to remove the connective tissue and aorta on the
surface, and then cut into pieces—the thinner, the better.
These small pieces were washed with precold phosphate-
buffered saline (PBS) until the wash solution was nearly
colorless to remove immune cells in the microcirculation
system of the myocardial tissue. The pieces from each heart
were resuspended with prewarmed 15 mL Roswell Park
Memorial Institute (RPMI)-1640 (cat. ¢11875500bt; Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). Added
to this was 1 mg/mL of collagenase II (cat. LS004176;
Worthington Biochemical Corporation, Lakewood, NJ,
USA), 0.02 mg/mL of hyaluronidase (cat. LS002592;
Worthington Biochemical Corporation), and 0.02 mg/mL
of DNase I (cat. LS002139; Worthington Biochemical
Corporation). The resuspension was incubated at 37 °C on
a shaker at 210 rpm for 60 minutes. After digestion, the
digestive sample was immediately put on ice and filtered
through a 40-pm cell strainer (cat. 15-1040; Biologix, Jinan,
Shangdong). Red blood cells were then lysed by adding
1 mL of ammonium-chloride-potassium (ACK) lysis buffer.
After centrifugation, cells were prepared for following flow
cytometry staining by resuspending the pellets in 100 pLL
of PBS.
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Isolation of immune cells from lymphoid organs (spleen
and lymph nodes)

Lymphoid organs were harvested from mice and transferred
in a 40-pm cell strainer placed on top of a 50-mL centrifuge
tube. A total of 1-2 mL of PBS was added to the cell
strainer. Tissues were carefully ground using the rough
end of a 1-mL syringe plunger until only the connective
tissue was visible. Cells were pelleted by centrifugation
at 400 xg for 5 minutes at 4 °C, and the supernatant was
aspirated off. A total of 1 mL of ACK lysis buffer was added
to each sample to lyse red blood cells, but this step was
omitted for lymph nodes. The samples were resuspended
by vortexing and incubated at 4 °C for 10 minutes. The
samples were centrifuged at 400 xg for 5 minutes at
4 °C. After the supernatant was aspirated off, cells were
diluted appropriately in PBS to obtain a concentration of
~10%/100 pL per sample for subsequent flow cytometric
staining.

Flow cytometry staining

Immune cells isolated from the heart or lymphoid organs
were added into 1:1,000 anti-ghost-BV510 (cat. 13-0870;
Tonbo Biosciences, San Diego, CA, USA) to exclude
dead cells and were then incubated on ice for 25 minutes
in the dark. PBS (1,000 pL) was added to each sample
for washing, and the cells were centrifuged at 400 xg for
5 minutes at 4 °C. After the supernatant was aspirated
off, the cells were resuspended in 50 pL of stain buffer
containing 1:100 anti-CD16/CD32 (cat. 70-0161; Tonbo
Biosciences). The samples were resuspended and incubated
on ice for 15 minutes in the dark to block nonspecific
binding sites. A 50-pL cocktail was added to each
sample; the cocktail contained 50 pL of stain buffer and
fluorophore-labeled monoclonal antibodies as appropriate
for the specific study, CD45 (cat. 147704; BioLegend, San
Diego, CA, USA), CD3 (cat. 65-0031; Tonbo Biosciences),
CD64 (cat. 139323; BioLegend), CD206 (cat. 61-2061;
eBioscience, San Diego, CA, USA), Ly6G (cat. 50-1276;
Tonbo Biosciences), CD4 (cat. 35-0042; Tonbo Biosciences),
CD11b (cat. 60-0112; Tonbo Biosciences), CD11c (cat.
75-0114; Tonbo Biosciences), major histocompatibility
complex class IT (MHCII; cat. 35-5321; Tonbo Biosciences),
CD40 (cat. 20-8050; Tonbo Biosciences), and CD86
(cat. 64-0862; eBioscience). Samples were incubated on
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ice for 20 minutes in the dark. The cells were pelleted
by centrifugation at 400 xg for 5 minutes at 4 °C, and
the supernatant was aspirated off. For intracellular or
intranuclear staining, a cellular pellet was resuspended with
1 mL of 1x transcription factor fixation/permeabilization
working solution (cat. TNB-1020-L050 and TNB-
1022-L160; Tonbo Biosciences), and incubated on ice for
60 minutes in the dark and centrifuged at 4,000 xg for
5 minutes at 4 °C. Following this, 1 mL of 1x flow cytometry
perm buffer working solution (cat. TNB-1213-L150; Tonbo
Biosciences) was added and centrifuged at 4,000 xg for
5 minutes at 4 °C. After the supernatant was aspirated off,
the cells were resuspended in 50 pL of cocktail per sample,
which contained 50 pLL of 1x flow cytometry perm buffer
working solution and fluorophore-labeled monoclonal
antibodies against FoxP3 (cat. 50-5773; Tonbo Biosciences).
Samples were incubated on ice for 60 minutes in the dark.
The cells were pelleted by centrifugation at 4,000 xg for
5 minutes at 4 °C, and the supernatant was aspirated off.
The cellular pellet was resuspended with 300 pL of PBS,
and cell suspension was used for analysis. Data were
acquired on a BD flow cytometer (BD Biosciences, Franklin
Lake, NJ, USA) and analyzed with Flow]Jo software
version 10.4.

Gene expression analyses

Total RNA from tissues or cells was extracted with
TRIzol reagent (cat. 15596026; Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s instructions. Total RNA (1 pg) was reverse-
transcribed using PrimerScript reverse transcription (RT)
Master Mix (Perfect Real-Time; cat. RR036A; Takara Bio,
Kyoto, Japan), and the conditions were 37 °C for 15 s and
85 °C for 5 s. Quantitative real-time polymerase chain
reaction (QRT-PCR) was applied using TB Green Pre-mix
Ex Taq (T1li RNaseH Plus) gPCR (cat. RR420A; Takara Bio)
on a Bio-Rad CFX Connect system (cat. 185-5096; Bio-
Rad, Hercules, CA, USA), and the conditions were 95 °C for
10 s followed by 95 °C for 5 s and 60 °C for 30 s for a total
of 40 cycles. Relative messenger RNA (mRINA) levels were
normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) using the 27**“" comparative method. All
experiments were performed in triplicate. The qRT-PCR
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primers used for gene expression are listed in Table S1.

Biochemical analysis

The levels of insulin, triglyceride (T'G), total cholesterol
(CH), and low-density lipoprotein cholesterol (LDL-C)
in the mouse serum were detected using enzyme-linked
immunosorbent assay kits. The blood glucose of mice was
detected using blood glucose test paper.

Immunofluorescence staining

Mouse hearts were embedded in the optimal cutting
temperature (OCT) compound and kept at -20 °C after being
frozen at -80 °C. Sections (7-pm thickness) were fixed with 4%
paraformaldehyde and labeled with FoxP3 monoclonal antibody
(cat. 14-5773-82; eBioscience) at 4 °C overnight, followed by a
goat anti-rat antibody (cat. A-11081; Invitrogen) for 1 hour at
room temperature, and fluoroshield-containing 4,6-diamidino-
2-phenylindole (DAPI, cat. F6057; Sigma-Aldrich, St. Louis,
MO, USA) was used as the mounting medium. FoxP3" cells
were quantified using confocal microscopy with identical
exposure settings at 400-fold magnification.

Masson’s trichrome staining

Heart tissues were harvested, embedded, and sectioned in
order. The infarction area of the mouse heart, as evidenced
by fibrosis that was blue after staining, was examined with a
Masson’s staining kit (cat. G1340; Solarbio, Beijing, China)
according to the manufacturer’s protocol. Images were
observed with an optical microscope and analyzed with
Image] software. The percentage of infarction area was
equal to the ratio of the area of fibrosis to the total area of
the left ventricle.

Statistical analysis

All data were analyzed using GraphPad Prism 9.0
(GraphPad, San Diego, CA, USA) and are expressed as
the mean = standard error of mean (SEM). An unpaired
t-test with equal or unequal variance was used. P values are
indicated with the following symbols: ns, not significant;
*P<0.05; **P<0.01; **P<0.001; and ***P<0.0001.
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Results

Twelve-week HFD alleviated ventricular remodeling after
M1

To determine the impact of HFD pretreatment on body
weight and systemic metabolism, we fed mice for 8 weeks
with ND or HFD and measured their body weight and
metabolic index during this period (Figure 1A4). From the
second week onward, mice in the HFD group showed a
mild increase in body weight compared to the ND group.
The difference increased over time until the eighth week
when it was about 27% (ND vs. HFD: 30.48+1.19 vs.
38.93+0.51 g; Figure 1B), which was similar to the clinical
mild obesity/overweight state. In the context of metabolism,
the glucose level increased significantly in the HFD group
after 4 weeks of feeding and became more obvious at
8 weeks (Figure 1C). After 8 weeks of feeding, serum insulin
increased obviously, as blood glucose levels increased in
HFD mice compared with ND mice (Figure 1D). Levels of
serum TG, CH, and LDL-C increased following 8-week
HFD feeding (Figure 1D). These results showed that 8-week
HFD feeding established experimental models with mild
obesity or that were overweight, consistent with the previous
study (10). To further investigate whether 8-week HFD
affects cardiac function and structure, mice were examined
by echocardiography after an 8-week food intervention
(Figure 14). Measurements of LVEF, FS, LVESYV,
and LVEDV were comparable in ND and HFD mice
(Figure S1 and Table S1), showing that a short-term HFD
did not cause significant alteration in cardiac systolic
function and structure. In other words, unlike a long-term
HEFED that could give rise to cardiac remodeling (11), 8-week
HEFD in this study did not result in cardiac dysfunction.

To explore the effect of 12-week HFD on left ventricular
(LV) remodeling post-MI, we performed permanent
coronary ligation surgery on mice after 8-week ND or HFD
feeding. After MI surgery, mice were kept on the same diet
as before surgery. We examined the subsequent cardiac
functional alterations by echocardiography 7 and 28 days
later (Figure 1A). Mice subjected to the HFD developed less
pronounced ventricular remodeling and systolic dysfunction
as indicated by higher LVEF and FS and lower LVESV
and LVEDYV at 7 and 28 days post-MI (Figure 1E,1F and
Table S2). Masson’s trichrome staining showed less fibrosis
in the hearts of HFD mice than in those of ND mice
(Figure 1G). These results consistently indicated that
12-week HFD feeding alleviated LV remodeling and
improved cardiac function post-MI.
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Twelve-week HFD attenuated local cardiac inflammation

The vital role of excessive inflammation in ventricular
remodeling post-MI is well documented (6). Thus,
considering the close correlation between obesity and
inflammation, we inferred that the 12-week impact of
HFD on LV remodeling might be a negative regulator of
inflammation after MI. We evaluated the infiltration of
immune cell populations using flow cytometry. The number
of total CD45" leukocytes that infiltrated in the heart
was significantly lower in HFD mice than in ND mice at
7 days after MI (Figure 2A4). However, the total number of
leukocytes in the spleen and mediastinal lymph nodes (mLNs)
was comparable in the two groups (Figure S2A,S2B). With
further analysis of the leukocyte subsets, we found that
Ly6G" neutrophils decreased in frequency and absolute
numbers in HFD mice compared to their counterparts both
in the heart and spleen (Figure 2B,2C); meanwhile, neutrophil
counts were comparable in the mLNs (Figure S2C).
Additionally, 12-week HFD dramatically reduced CD3"~
CD64" macrophages in frequency and absolute number
in the heart (Figure 2D and Figure S3). Notably, the
frequency of CD206™ M1 macrophages diminished,
while the frequency of CD206" M2 increased in HFD
mice (Figure 2D and Figure S3) (12). This demonstrated
an anti-inflammatory macrophages phenotype marked
by dominant M2 macrophage infiltration in the heart
of HFD mice (Figure 2E). In accordance with the
decreased number and proportion of M1 macrophages,
the myocardial expression of [/1b and I/6 mRNA as M1
markers significantly decreased by day 7 after MI upon
12-week HFD feeding (Figure 2F). Taken together, these
data indicated a reduced deposit of total leukocytes and
neutrophils and a higher proportion of anti-inflammatory
M2 macrophages in the infarcted heart, suggesting a
reduction of cardiac local inflammation post-MI upon
12-week HFD.

Tiregs were expanded after MI upon 12-week HFD

Tregs, known for their powerful regulatory function in
immune response, are essential for alleviating excessive
inflammation and are helpful in improving ventricular
remodeling post-MI. To define whether decreased
myocardial inflammation caused by 12-week HFD was
associated with Tregs, we evaluated the Tregs infiltration
in the heart, spleen, and mLNs 7 days after MI. The
number of Tregs infiltrated in the infarcted hearts of HFD
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Figure 1 Twelve-week HFD improved cardiac function and reduced ventricular remodeling after MI. (A) Experimental schematic. Six
to 8-week-old male mice were fed ND or HFD for 8 weeks before receiving permanent coronary ligation surgery, and parameters were
measured on designated days. (B,C) Body weight (B) and glucose level (C) of mice during 8-week ND or HFD feeding at the indicated time
points. (D) Levels of serum insulin, TG, CH, and LDL-C after 8-week ND or HFD feeding. (E,F) Group data for LVEE, FS, LVESV, and
LVEDYV from ND and HFD-treated mice 7 (E) and 28 (F) days after MI. (G) Representative Masson trichrome staining of cardiac tissue
sections in ND- and HFD-treated mice 28 days after MI. Group quantitation of peri-infarct interstitial fibrosis (% area) in mice hearts
treated with ND or HFD. Scale bar, 1,000 pm. N=8 to 9/group. All error bars denote the mean + SEM. *P<0.05; **P<0.01; ***P<0.001;
****P<0.0001. AMI, acute myocardial infarction; ND, normal diet; HFD, high-fat diet; ECHO, echocardiography; ELISA, enzyme-
linked immunosorbent assay; FCM, flow cytometry; IF, immunofluorescence; PCR, polymerase chain reaction; TG, triglyceride; CH, total
cholesterol; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction; LVEF, left ventricular ejection fraction; FS, fractional

shortening; LVESYV, left ventricular end systolic volume; LVEDYV, left ventricular end diastolic volume; SEM, standard error of mean.
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Figure 2 Twelve-week HFD reduced local cardiac inflammation. (A) Representative flow cytometry scatter plots and quantitative data
for CD45" leukocytes in the heart of ND- and HFD-treated mice 7 days after MI. (B,C) Representative flow cytometry scatter plots and
quantitative data for Ly6G" neutrophils in the heart (B) and spleen (C) of ND- and HFD-treated mice 7 days after MI. (D) Representative
flow cytometry scatter plots and quantitative data for CD3"CD64" macrophages and its subsets CD206" M1 and CD206" M2 macrophages in
the heart of ND- and HFD-treated mice 7 days after MI. (E) Proportion of M1 and M2 in the heart of ND- and HFD-treated mice 7 days
after MI. (F) Expression levels of I/15 and 1/6 in the infarcted region 7 days after MI as determined by reverse-transcription quantitative
polymerase chain reaction. N=6 to 7/group. All error bars denote the mean + SEM. *P<0.05; **P<0.01; ***P<0.001; ns, not significant. ND,
normal diet; HFD, high-fat diet; SSC, side scatter; FSC, forward scatter; MI, myocardial infarction; SEM, standard error of mean.
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mice increased notably compared to those of ND mice
(Figure 34) even though the frequency and the absolute
number of T cells remained the same between the two
groups (Figure S4). Both in the spleen and mLNs, Tregs
were markedly increased in HFD mice compared to ND
mice (Figure 3B,3C and Figure S5). Altogether, these data
verified that there was increased recruitment of Tregs into
the myocardium and a higher level of Tregs in secondary
lymph organs after MI upon 12-week HFD feeding.

© Annals of Translational Medicine. All rights reserved.

Twelve-week HFD feeding impaired DCs function

Since Tregs may modulate immune responses through DCs
(8,9,13), we wondered whether an increased recruitment
of Tregs in the myocardium induced by a 12-week HFD
would be accompanied by changes in DCs. In this study,
we examined the infiltration of DCs subsets, conventional
DCs (¢DCs), and monocyte-derived DCs (moDCs;
Figure 44 and Figure S6). As shown in Figure 4B, compared
with ND feeding, 12-week HFD decreased ¢cDCs and
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Figure 4 Twelve-week HFD feeding impaired DCs function. (A) Flow cytometry scatter plots showing the gating for CD11¢"MHCII'CD64
¢DCs and CD11¢"MHCII"CD64" moDCs among total CD45" leukocytes. (B) Quantification of ¢cDCs and moDCs per heart of ND- and
HFD-treated mice 7 days after MI. (C,D) MHCII, CD40, and CD86 MFT level in ¢cDCs (C) and moDCs (D) of mLNss isolated from
mice after ND and HFD feeding. N=6 to 8/group. All error bars denote the mean + SEM. *P<0.05; **P<0.01; ***P<0.001. MHCII, major
histocompatibility complex class II; ND, normal diet; HFD, high-fat diet; DCs, dendritic cells; cDCs, conventional DCs; moDCs, monocyte-

derived DCs; MFI, mean fluorescence intensity; mLNs, mediastinal lymph nodes; M1, myocardial infarction; SEM, standard error of mean.

moDCs in the heart, indicating a striking reduction in
recruitment of these two DCs types into the myocardium.
There were no differences in the frequencies or absolute
numbers of cDCs and moDCs in the heart-draining lymph,
namely mLNs, between HFD mice and ND mice at 7 days
post-MI. Importantly, we found that the MHCII mean
fluorescent intensity (MFI) level of an individual cell in
¢DCs and moDCs in mLNs that was isolated from mice
after HFD feeding decreased (Figure 4C,4D), indicating
a lower maturation state and reduced capacity for antigen
presentation. CD40 and CD86 are costimulatory factors
related to the activation and maturation of DCs; their MFI
levels in ¢cDCs and moDCs decreased in the mLNs in
the HFD group (Figure 4C,4D). Our findings of reduced
MHCII, CD40, and CD86 MFI levels on ¢cDCs and
moDCs in the mLNs indicate that the reduced cardiac
local inflammation upon HFD feeding may result from an

impaired capacity of these DCs.
Discussion

Our study generated several original findings. First, 8-week
feeding with HFD caused metabolic alterations without

© Annals of Translational Medicine. All rights reserved.

affecting cardiac function and structure. Second, 8-week
HFD feeding improved cardiac function and reduced
ventricular remodeling at 7 and 28 days post-MI. Third,
the protective effect of HFD on ventricular remodeling
after MI was attributed to alleviated inflammation mediated
by immune cells, featured by dramatically diminished
proinflammatory neutrophils, a higher proportion of
M2/M1 macrophages, augmented anti-inflammatory Tregs,
and dysfunctional DCs. Taken together, these findings
demonstrate that HFD feeding has an important role in
ventricular remodeling post-MI, which is mediated by
immune cell populations. These findings also suggest that
using the HFD may be a fruitful approach to improving the
prognosis of MI, providing new insight into the mechanism
of the obesity paradox phenomenon.

We established experimental permanent MI models
using permanent coronary ligation to clarify the impact of
12-week HFD on ventricular remodeling post-MI. To
examine the clinical relationship between mild obesity or
being overweight and the prognosis of MI patients, we
applied an up to 12-week HFD intervention to induce mild
obesity on the experimental permanent MI mice. There
is no specific definition of “mild obesity” or “overweight”
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status, but 12-week HFD has recently been demonstrated
to increase weight range with reference to ND-fed mice.
HFD-fed mice are commonly reported as being obese and
to undergo metabolic changes, mimicking an overweight
or mild obesity phenotype (10). We started to feed mice
with HED for 8 weeks before MI and continued after
MI. The 8-week HFD-fed mice, compared to ND-fed
mice, increased in body weight (20-40%) and had the
metabolic profile of hyperglycemia, hyperinsulinemia, and
hyperlipemia. Consistent with a previous report, these
metabolic alterations caused by the 8-week HFD mirrored
changes described in overweight individuals without
reaching morbid obesity (10). Further, echocardiography
verified that the 8-week HFD did not induce obvious
alterations in cardiac general structure or function.
Thus, our findings on this 8-week HFD-fed model are
of reference significance for research on the mechanism
underlying the better clinical outcomes of overweight/mild
obese MI patients.

By establishing permanent MI in this HFD-fed model,
we definitively observed that a 12-week HFD facilitated
cardiac repair post-MI, reducing ventricular enlargement
and fibrosis and improving cardiac function. This result
from permanent MI models was consistent with previous
works based on ischemia/reperfusion (I/R) injury models
(14,15). Poncelas (14) showed that B6D2F1 mice that
were fed with HFD for 6 months before and 1 month after
MI I/R injury showed a marked reduction in infarct size
(~50%) and cardiac dilation compared to controls. The
HEFED used in these studies was similar to ours with 60%
kcal/fat, while the duration of HFD we used was well within
that of these previous studies on HFD feeding and cardiac
ischemic repair (10). Therefore, we have provided further
evidence for the benefits of 12-week HFD to ventricular
remodeling post-MI using MI models with permanent
ligation.

Excessive inflammation is well documented to be
attributed to ventricular remodeling (16). After MI, massive
cell death triggers an intense inflammatory response for the
removal of necrotic debris, and after 3-5 days, this process
should be properly resolved, shifting into a relative anti-
inflammatory phase that leads to tissue repair (6,16). We
found a notable reduction of inflammation at 7 days post-
MI in the 12-week HFD-fed group, marked by an apparent
decrease of overall myocardial leukocytes. Among the
decreased leukocytes, neutrophils, the first inflammatory
cells to migrate into the myocardium as key effectors of

© Annals of Translational Medicine. All rights reserved.
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the innate immune response, decrease systemically in mice
with 12-week HFD feeding compared with ND mice (6,16).
Although total depletion of neutrophils during the initial
inflammatory response was reported to harm cardiac repair
after MI, neutrophils were recognized as pathological
cells resulting from ventricular remodeling (17). Evidence
includes their tendency to degrade the extracellular matrix
by releasing matrix metalloproteinases. Our findings
indicated that 12-week HFD protects mice from excessive
neutrophils infiltrating the heart and could ameliorate
adverse ventricular remodeling.

Interestingly, in addition to a marked reduction of
macrophage recruitment into the injury myocardium, we
observed that macrophages that infiltrated the infarcted
heart of HFD mice consisted of more anti-inflammatory M2
macrophages and less proinflammatory M1 macrophages in
contrast to that of ND mice, accompanied by less I/15 and
1/6 in the injured heart. This result supports the presence
of a local reparative environment in 12-week HFD mice,
featured by predominant M2 macrophages that can resolve
excessive inflammation in a timely manner and subsequently
lessen post-MI remodeling. Our findings also shed light
on Tregs, as it has been consistently documented that they
can improve cardiac recovery after MI with their powerful
immune regulatory function, for instance, by promoting
macrophage polarization toward more anti-inflammatory
M2 macrophages as the predominant phenotype (18,19).
Notably, we observed increased recruitment of Tregs into
the myocardium and a higher level of Tregs in secondary
lymph organs in the 12-week HFD-fed mice. The improved
cardiac function and reduction of local proinflammatory
immune cells of the heart after MI may be due to the
extensive expansion of Tregs.

Prior work has shown that restriction of DCs-mediated
immunity is beneficial to ventricular remodeling after
MI (20,21). Moreover, Tregs are known to suppress
inflammation by downregulating the costimulatory
molecules CD80 and CD86 of DCs (8,9,13). This may be
an additional effector function of Tregs (8,9,13). We also
observed reduced recruitment of moDCs and ¢DCs into
the infarcted myocardium. The maturation and antigen-
presenting capacity of DCs are related to the high surface
expression of MHCII and costimulatory molecules, which
are essential for DCs-dependent T cell activation (22).
Of note, the expressions of MHCII and costimulatory
molecules CD40 and CD86 on ¢cDCs and moDCs in
mLNs were downregulated after MI in the background of
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12-week HFD feeding. Our findings suggest that the
reduction of ¢cDCs and moDCs in the heart and their
dysfunction in mLNs may partly contribute to the changes
of macrophages caused by Tregs upon 12-week HFD
feeding as indicated by the downregulation of MHCII and
costimulatory molecules.

However, the mechanism by which HFD may alleviate
ventricular remodeling by reducing cardiac inflammation
remains unknown. Related studies suggest that some
adipokines secreted by adipose tissue might attenuate
inflammatory responses (23,24). Interleukin-33 (IL-33)
levels are directly correlated with leptin levels in mice and
men (25), and HFD mice have higher leptin and IL-33
levels than their lean littermates (26,27). Meanwhile, Tregs
accumulate in infarcted myocardium to exert protective
effects through the IL-33/ST2 axis (7). Therefore, the
level of IL-33 would be higher in the HFD group, and
IL-33 would have expanded Tregs through the IL-33/ST2
signaling pathway. Furthermore, a HFD could activate
cyclic GMP-AMP synthase (cGAS)/stimulator of interferon
genes (STING) signaling, nuclear factor kappa-B (NF-xB)
signaling (28,29), and Toll-like receptors (TLRs) (2/3/4)
signaling (30). cGAS, as the primary cytosolic DNA sensor,
recognizes various pathogen-associated molecular patterns
to initiate and enhance inflammation (31). Research shows
that cGAS/STING (32) and TLRs (33) promote NF-«xB
activation. The transcription factor NF-xB is crucial for
the expression of FoxP3 and the development of Tregs (34).
Therefore, HFD may activate cGAS/STING signaling
or TLRs signaling to enhance the expression of FoxP3.
In addition, increased fatty acid oxidation and CD36 in
HFD recipients may stabilize Foxp3 expression (35,36),
thereby modulating Tregs differentiation, stabilization, and
function (36).

Strengtbs and limitations

This study is the first of its kind to establish experimental
permanent MI models using permanent coronary ligation
to clarify the impact of 12-week HFD on ventricular
remodeling post-MI. Furthermore, we found immune cells

© Annals of Translational Medicine. All rights reserved.
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may account for the beneficial impact of 12-week HFD and
were associated with various changes in inflammatory cells.

This study had some limitations. First, even though we
found several changes in immune cells after 12-week HFD,
such as the anti-inflammatory phenotype of macrophages,
Tregs expansion, and DCs reduction and dysfunction,
further efforts are needed to verify the causal relationship
between these alterations and the improved adverse
remodeling. Second, the immune profile in the blood could
reflect systemic inflammation. The immune cells mainly
interact via the cytokine-chemokine network. Chemokines
and cytokines play crucial roles in cardiac inflammation by
directing the trafficking of infiltrating immune cells and
their interactions (37). These parameters should be taken
into account in our future research. Third, we suggest
future studies should be conducted to assess changes in
immune systems in overweight or mild obesity patients to
further clarify the protective clues for MI patients’ cardiac
repair. Fourth, whether other immune or nonimmune cells
also contribute to the benefits of 12-week HFD is unclear
because we focused only on the predominant and well-
documented significance of certain cells (e.g., macrophages
and Tregs) in cardiac inflammation after MI. Fifth, a sham
control group should have been included in the study, given
that the surgery for MI can cause a severe inflammatory
response. Sixth, many studies have reported that high-fat
feeding results in increased blood pressure (38) and that
hypertension affects cardiac remodeling and fibrosis (39,40).
However, our study did not clarify the relationship among
blood pressure, cardiac fibrosis, and the HFD.

Conclusions

We demonstrated that a 12-week HFD can alleviate
inflammation following MI and consequently improve
adverse ventricular remodeling post-acute MI. Our
results strongly suggest that 12-week HFD can promote
macrophage polarization into a repair-favoring phenotype.
This might be a consequence of increased Tregs infiltration
in the infarcted myocardium and the dysfunction of cDCs
and moDCs (Figure 5).

Ann Transl Med 2022;10(20):1089 | https://dx.doi.org/10.21037/atm-22-1218



Page 12 of 14

Yang et al. HFD and Mi

Neutrophils

Myocardial infarction in normal diet

moDCs and cDCs are functioning

normally
moDCs
% Tregs
cDCs
mLN

Neml

Myocardial infarction in high fat diet

Reduced local inflammation

‘Improved cardiac functlon

moDCs and cDCs are dysfunctional

'@

S

Figure 5 Schematic overview of how the 12-week HFD improved adverse ventricular remodeling post-MI by alleviating local inflammation.

Twelve-week HFD promoted reduced infiltration of neutrophils and macrophage polarization into a repair-favoring phenotype. This

might be a consequence of increased Tregs infiltration in the infarcted myocardium, potentially via dysfunction of the ¢cDCs and moDCs.

DCs, dendritic cells; moDCs, monocyte-derived DCs; ¢cDCs, conventional DCs; M1, type 1 macrophages; M2, type 2 macrophages; Tregs,

regulatory T cells; mLN, mediastinal lymph node; HFD, high-fat diet; MI, myocardial infarction.
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Supplementary

Table S1 qPCR forward and reverse primer sequences

Gene name Sequence

I11b Forward: CAACCAACAAGTGATATTCTCCATG

Reverse: GATCCACACTCTCCAGCTGCA
6 Forward: GAGGATACCACTCCCAACAGACC
Reverse: AAGTGCATCATCGTTGTTCATACA

gPCR, quantitative polymerase chain reaction.
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Figure S1 Eight-week HFD feeding did not affect cardiac function and structure. Group data for LVEF, FS, LVESV and LVEDV from
mice after 8-week ND or HFD feeding. Unpaired 7-test. N=8 to 9/group. All error bars denote the mean + SEM. ns, not significant. ND,
normal diet; HFD, high-fat diet; LVEF, left ventricular ejection fraction; FS, fractional shortening; LVESYV, left ventricular end systolic

volume; LVEDV, left ventricular end diastolic volume; SEM, standard error of mean.
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Table S2 Echocardiography characterization of ND and HFD mice

ND HFD
Parameters
Before Ml 7 days Ml 28 days Ml Before Ml 7 days Ml 28 days Ml
LVEF (%) 74.24+2.072 21.22+0.7953 17.65+2.920 67.11+£2.705 29.99+3.260 26.26+1.998*
FS (%) 42.19+1.978 9.801+0.3810 8.097+1.380 36.49+2.172 14.21+£1.676* 12.12+0.9385*
LVESV (uL) 10.94+1.483 123.2+10.55 132.4+20.82 13.54+1.443 76.81+9.347* 77.45+14.88*
LVEDV (uL) 42.53+4.202 156.0+12.52 156.4+20.62 41.24+2.835 107.2+9.300** 90.63+14.17*

Echocardiography was performed on the mice before MI and at the indicated time after MI. Unpaired t-test compared to ND. Values are
means + SEM. *P<0.05; **P<0.01. ND, normal diet; HFD, high-fat diet; LVEF, left ventricular ejection fraction; FS, fractional shortening;
LVESYV, left ventricular end systolic volume; LVEDV, left ventricular end diastolic volume; MI, myocardial infarction; SEM, standard error of
mean.
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Figure S2 Twelve-week HFD did not change leukocytes and neutrophils number in spleen and mLNs. (A,B) Representative flow cytometry
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scatter plots and quantitative data for CD45" leukocytes in the spleen (A) and mLNs (B) of ND and HFD-treated mice 7 days after ML
(C) Representative flow cytometry scatter plots and quantitative data for Ly6G" neutrophils in the mLNs of ND and HFD-treated mice
7 days after MI. N=8 to 9/group. All error bars denote the mean = SEM. ns, not significant. ND, normal diet; HFD, high-fat diet; mLNs,
mediastinal lymph nodes; SSC, side scatter; MI, myocardial infarction; SEM, standard error of mean.
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Figure S3 TGating strategy of flow cytometry for macrophages. Flow cytometry scatter plots showing the gating for CD45°CD3 Ly6G
CD64" macrophages. SSC, side scatter; FSC, forward scatter; H, height; A, area.
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Figure S4 Twelve-week HFD did not change T cells number in the heart. Quantitative data for CD3" T cells in the heart of ND and HFD-
treated mice 7 days after MI. N=6 to 7/group. All error bars denote the mean + SEM. ns, not significant. ND, normal diet; HFD, high-fat

diet; MI, myocardial infarction; SEM, standard error of mean.
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Figure S5 Gating strategy of flow cytometry for Tregs. Flow cytometry scatter plots showing the gating for CD3"FoxP3" Tregs. SSC, side
scatter; FSC, forward scatter; H, height; A, area; Tregs, regulatory T cells.
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Figure S6 Gating strategy of flow cytometry for cDCs and moDCs. Flow cytometry scatter plots showing the gating for CD45°CD3"
Ly6G CD11b"'MHCII'CD64” ¢DCs and CD45°CD3 Ly6G CD11¢"MHCII'CD64" moDCs (C). SSC, side scatter; FSC, forward scatter;
H, height; A, area; MHCII, major histocompatibility complex class II; DCs, dendritic cells; cDCs, conventional DCs; moDCs, monocyte-
derived DCs.
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