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Editorial

Metabolic Features and Nutritional Interventions in
Chronic Diseases

Yongting Luo, Peng An and Junjie Luo *

Department of Nutrition and Health, China Agricultural University, Beijing 100193, China;
luo.yongting@cau.edu.cn (Y.L.); an-peng@cau.edu.cn (P.A.)
* Correspondence: luojj@cau.edu.cn

Metabolic dysfunction is closely linked to the pathogenesis and progression of var-
ious chronic diseases [1], including aging, cancer, and disorders of the cardiovascular
system, liver, skin, and gut. Nutritional interventions, utilizing bioactive compounds or
tailored dietary regimens, have emerged as effective strategies to modulate metabolic
dysfunctions [2], thereby mitigating disease progression and reducing incidence rates.
This Special Issue of Nutrients, entitled “Metabolic Features and Nutritional Interventions in
Chronic Diseases”, serves as an interdisciplinary platform to compile research on metabolic
characterization in chronic diseases and the development of novel nutritional interventions
aimed at improving disease outcomes through metabolic regulation.

This Special Issue comprises ten papers, including seven research articles, one clinical
trial, one secondary analysis of a clinical trial, and one retrospective study. The topics
covered include the following: the potential association of serum vitamin B6 levels with
preoperative non-small-cell lung cancer (NSCLC) upstaging (one paper); a clinical trial
on preoperative multistrain probiotic supplementation on bariatric treatment outcomes
(one paper); the therapeutic effect of Epigallocatechin-3-gallate (EGCG), a tea-derived
antioxidant, on DSS-induced colitis and its underlying metabolic mechanisms (one paper);
exploring the potential of a naturally occurring metabolite, 3-hydroxybutyrate (3HB), as
an anti-aging intervention in two aging models (one paper); the experimental evaluation
of caprylic acid and eicosapentaenoic acid on lipids and inflammatory levels, as well as
their underlying mechanisms (one paper); the identification of a low-zinc diet as a potential
nutritional intervention approach for the prevention of thoracic aortic dissection (TAD)
through the modulation of aortic inflammation (one paper); exploring celastrol-enriched
peanuts in reducing atherosclerosis and obesity (one paper); the potential beneficial effect
of probiotics in reducing cardiovascular risk and depression (one paper); and nutritional
interventions for non-alcoholic fatty liver disease (NAFLD) using either pea albumin or
hawthorn ethanol extract (two papers).

NAFLD is a major liver disease worldwide, with a global adult prevalence of nearly
30% [3]. It is characterized by excessive lipid deposition in hepatocytes and can progress
from simple fat accumulation to steatohepatitis, fibrosis, cirrhosis, and even hepatocellular
carcinoma [4]. Multiple factors contribute to the pathogenesis of NAFLD [5], such as exces-
sive dietary fat intake, abnormal hepatic lipid metabolism, and imbalanced gut microbiota.
For this reason, identifying potential nutritional interventions that regulate the altered lipid
metabolism in the liver is crucial for the prevention and management of NAFLD. In this
Special Issue, Shucheng Zhang et al. reported that the oral administration of pea albumin
(PA), the major protein extracted from pea (Pisum sativum L.) seeds, effectively ameliorated
high-fat-diet-induced NAFLD in mice (Contribution 1). The intervention with PA lowered

Nutrients 2025, 17, 1826 https://doi.org/10.3390/nu17111826
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serum cholesterols, reduced hepatic steatosis and lipid accumulation, with concomitant im-
proved insulin resistance, and reduced hepatic oxidative stress and inflammatory responses.
In a second study on NAFLD within this Special Issue, Tianyu Wang et al. demonstrated
that hawthorn ethanol extract (HEE) could effectively diminish hepatic lipid accumulation
through facilitating triglyceride breakdown and suppressing fatty acid synthesis while also
reducing blood lipids and liver inflammation (Contribution 2). The two studies highlight
PA and HEE as promising dietary supplements for NAFLD management.

Besides NAFLD, metabolism dysfunction is also observed in many cardiovascular
diseases [6], including atherosclerosis and aortic dissection. Alteration in lipid metabolism
results in hyperlipidemia, an important contributor to atherosclerosis. Atherosclerosis has
been considered a non-resolving autoinflammatory disease of the arterial walls [7]. As the
main contributor of atherosclerotic cardiovascular disease (ASCVD), such as myocardial
infarction and stroke, atherosclerosis is one of the leading causes of death worldwide [8].
Nutritional intervention has been considered a promising strategy for atherosclerosis [9]. In
this Special Issue, Jiaxin Shi et al. innovatively developed a novel peanut cultivar enriched
with celastrol (cel-peanut), a pentacyclic triterpenoid active component, and evaluated the
anti-atherosclerosis effects (Contribution 3). They demonstrated that celastrol-enriched
peanuts effectively normalized blood lipid profile, alleviated aortic plaque burden, reduced
body weight, and promoted intestinal health in high-fat-diet-induced ApoE−/− mice. These
beneficial effects of celastrol-enriched peanuts might result from the anti-inflammatory,
antioxidant, and immunomodulatory properties of celastrol. In parallel with this study,
another study in this Special Issue evaluated the effect of fatty acids on the development of
atherosclerosis. Xinsheng Zhang et al. investigated the effects of caprylic acid (C8:0) and
eicosapentaenoic acid (EPA) on lipids, inflammatory levels, and the JAK2/STAT3 pathway
in ABCA1-deficient mice and macrophages (Contribution 4). They observed that EPA
had better effects than C8:0 on inhibiting inflammation and improving blood lipids in the
absence of ABCA1, and upregulation of the ABCA1 expression pathway by functional
nutrients may provide potential targets for the prevention and treatment of atherosclerosis.
On the other hand, by performing a secondary analysis of a randomized clinical trial,
Oliwia Gawlik-Kotelnicka et al. demonstrated that probiotics used along with a healthy
diet may provide additional benefits by reducing cardiovascular risk (Contribution 5).
However, Marta Potrykus et al. reported a randomized, double-blind, placebo-controlled
clinical trial, where they observed that preoperative multistrain probiotic supplementation
showed no apparent effect on body weight changes or cardiometabolic risk factors in
bariatrics (a surgical treatment of obesity) (Contribution 6). Therefore, although microbiota
plays a crucial role in the development of and therapeutic options in obesity, the role of
probiotic supplementation as a nutritional intervention in bariatric surgery requires further
investigation. In addition to atherosclerosis, nutritional intervention also shows promise in
the management of aortic dissection, a life-threatening condition caused by a tear in the
intimal layer of the aortic wall. By employing a classical-aminopropionitrile monofumarate
(BAPN)-induced aortic dissection model in mice, Lin Zhu et al. demonstrated that low
zinc could improve aortic dissection and rupture and reduce mortality through attenuating
aortic inflammation and suppressing the phenotype switch of aortic smooth muscle cells
from contractile to synthetic types (Contribution 7). This study suggested that low zinc may
serve as a potential nutritional intervention approach for the prevention of aortic dissection.

Nutritional intervention also shows promise in fighting other diseases or disease
complications, such as cancer [10], tissue inflammation [11], and aging [12]. In this Special
Issue, Lu Liu et al. evaluated a possible relationship between vitamin B levels and the
development and progression of lung cancer (Contribution 8). Their retrospective study es-
tablished a positive association of serum vitamin B6 levels with the intrapulmonary lymph
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node and/or local pleural metastases of non-small-cell lung cancer, and this association
was stronger in females, current smokers, current drinkers, and those with a family history
of cancer. Furthermore, Junzhou Chen et al. found that supplementation with a tea-derived
antioxidant called EGCG could effectively alleviate DSS-induced colitis in mice by inhibit-
ing ferroptosis and reducing oxidative damage in colonic epithelial cells (Contribution 9).
Finally, Yongpan An et al. found that the supplementation of 3-hydroxybutyrate (3HB), an
endogenous metabolite with established safety, effectively delayed cellular senescence and
extended lifespan in both yeast and mice via metabolic reprogramming (Contribution 10).
This study highlights 3HB as a potential anti-aging nutritional intervention.

In summary, chronic diseases exhibit distinct metabolic dysfunctions, and nutritional
interventions—whether through bioactive nutrients or dietary modifications—offer promis-
ing avenues for disease management. The studies in this Special Issue underscore the
therapeutic potential of nutritional strategies in modulating metabolic pathways, oxidative
stress, and immune responses. These findings reinforce the paradigm of “food as medicine”
and highlight the need for the further clinical exploration of these nutritional interventions.
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Pea Albumin Extracted from Pea (Pisum sativum L.) Seeds
Ameliorates High-Fat-Diet-Induced Non-Alcoholic Fatty Liver
Disease by Regulating Lipogenesis and Lipolysis Pathways

Shucheng Zhang 1,2, Zhengwu Cui 2, Hao Zhang 1,2, Pengjie Wang 1,*, Fuqing Wang 3 and Jian Zhang 2,*
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2 Department of Nutrition and Health, China Agricultural University, Beijing 100193, China;
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3 Tibet Tianhong Science and Technology Co., Ltd., Lhasa 850000, China; fq7963@163.com
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is now recognized as the most prevalent liver
disease globally. Pea albumin (PA) has demonstrated positive impacts on reducing obesity and
improving glucose metabolism. In this research, a mouse model of NAFLD induced by a high-fat diet
(HFD) was employed to examine the impact of PA on NAFLD and explore its potential mechanisms.
The findings revealed that mice subjected to a HFD developed pronounced fatty liver alterations.
The intervention with PA significantly lowered serum TC by 26.81%, TG by 43.55%, and LDL-C by
57.79%. It also elevated HDL-C levels by 1.2 fold and reduced serum ALT by 37.94% and AST by
31.21% in mice fed a HFD. These changes contributed to the reduction in hepatic steatosis and lipid
accumulation. Additionally, PA improved insulin resistance and inhibited hepatic oxidative stress
and inflammatory responses. Mechanistic studies revealed that PA alleviated lipid accumulation
in HFD-induced NAFLD by activating the phosphorylation of AMPKα and ACC, inhibiting the
expression of SREBF1 and FASN to reduce hepatic lipogenesis, and increasing the expression of
ATGL, PPARα, and PPARγ to promote lipolysis and fatty acid oxidation. These results indicate that
PA could serve as a dietary supplement for alleviating NAFLD, offering a theoretical foundation for
the rational intake of PA in NAFLD intervention.

Keywords: non-alcoholic fatty liver disease; pea albumin; high-fat diet; hepatic steatosis;
lipogenesis; lipolysis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is defined by steatosis occurring in over
5% of hepatocytes in the absence of significant alcohol consumption or other chronic liver
diseases, ultimately leading to excessive lipid deposition [1]. The health risks associated
with NAFLD extend beyond simple steatosis; it can progress from simple fat accumulation
to steatohepatitis, fibrosis, cirrhosis, and even hepatocellular carcinoma [2]. NAFLD is
a major liver disease worldwide, comparable to obesity and diabetes, with an estimated
global adult prevalence of approximately 29.62% [3]. However, the pathogenesis of NAFLD
is not yet widely agreed upon, involving multiple factors such as excessive dietary fat intake,
impaired insulin signaling, disrupted hepatic lipid metabolism, and increased oxidative
stress or inflammatory responses in hepatocytes [4,5]. Among the many pathogenesis
mechanisms, the “two-hit” hypothesis is currently the most widely accepted. According
to this hypothesis, lipid accumulation in the liver, insulin resistance, and oxidative stress
are the primary factors leading to NAFLD [4]. Long-term intake of high sugar and high
fat, along with insulin resistance, act as the “first hit”, causing lipid accumulation in
the liver and the formation of NAFLD. This increases the susceptibility to the “second

Nutrients 2024, 16, 2232. https://doi.org/10.3390/nu16142232 https://www.mdpi.com/journal/nutrients5
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hit” (including oxidative stress and inflammation), leading to liver damage, which can
result in more severe conditions such as non-alcoholic steatohepatitis (NASH) and even
fibrosis [6]. Given the complex etiology of NAFLD, recommended interventions mainly
include surgical, pharmacological, and lifestyle interventions. Surgical treatment can
improve hepatic steatosis, but carries the risk of exacerbating liver fibrosis and the potential
for postoperative relapse [7]. Currently, no specific drugs have been approved for the
treatment of NAFLD. Although some medications can be used for patients with NAFLD and
related conditions, their safety remains controversial. Pioglitazone is a widely studied drug
for treating NAFLD, but it has side effects such as weight gain and other risks, including a
potential increase in the incidence of bladder cancer and heart failure [8,9]. GLP-1 receptor
agonists, such as liraglutide and semaglutide, have been shown to treat NAFLD; however,
they can cause gastrointestinal side effects, including nausea and vomiting [10,11]. Despite
the ongoing development of various therapeutic drugs and targets, lifestyle changes,
including diet and exercise, continue to be the main interventions. Research has found
that dietary intake of natural products can alleviate NAFLD with relatively high safety
for humans.

Based on the characteristics of high efficacy and low toxicity, numerous studies have
found that plant bioactive substances can intervene in NAFLD. Currently, the reported
natural products that regulate hepatic lipid metabolism mainly include alkaloids, phenolic
compounds, proteins, vitamins, and other bioactive substances. These substances primarily
regulate lipid metabolism by suppressing hepatic lipid synthesis and enhancing lipid
oxidation and decomposition, ultimately improving NAFLD. Betaine can reduce fatty acid
synthesis by regulating SREBF1 and FASN and promote fatty acid oxidation by regulat-
ing PPARα and CPT-1, thereby reducing lipid accumulation in the liver [12]. Curcumin
also affects hepatic lipid synthesis pathways by inhibiting the expression of SREBF1 and
FASN, thus reducing hepatic fat synthesis [13]. β-Conglycinin can modulate hepatic lipid
homeostasis by downregulating SREBF1 and upregulating PPARα protein expression [14].
Although there are many reports on the improvement of NAFLD by natural products,
there are still numerous issues to be addressed regarding their actual efficacy and safety for
consumption. These issues include adverse effects of berberine on the digestive system [15],
the allergenicity of β-conglycinin [16], and the low efficacy of curcumin [17]. Therefore,
continuously seeking safer and more effective natural bioactive substances is crucial for
improving NAFLD.

Pea protein is a superior plant-based protein characterized by its balanced amino acid
profile. Pea albumin (PA), which constitutes about 18–25% of pea protein, is abundant
in sulfur-containing amino acids and other essential amino acids [17–20]. Research has
found that PA is involved in lipid metabolism regulation. Liu et al. discovered that PA can
regulate lipid metabolism in adipose tissue, alleviating obesity and related diseases [21].
Ruiz et al. demonstrated, through in vitro experiments, that PA hydrolysates significantly
reduced lipid accumulation in 3T3-L1 cells [22]. Additionally, PA has been shown to inhibit
colonic inflammation and modulate gut microbiota diversity. Miszkiewicz et al. found
that PA possesses high free radical scavenging activity [23]. Dun et al. discovered that
PA1F can regulate glucose metabolism in type 2 diabetic mice [24]. Therefore, PA might
have the potential to alleviate hepatic lipid accumulation by regulating glucose and lipid
metabolisms, oxidative stresses, and inflammatory responses associated with NAFLD
development. Based on this analysis, we hypothesize that increasing the intake of PA in
the diet could serve as an efficacious approach for the prevention and treatment of NAFLD.
However, the effects and mechanisms of PA intervention in NAFLD are not yet clear.

In summary, we employed an HFD-induced NAFLD mouse model and administered
oral PA during the induction period to evaluate the ameliorative effects of PA on hepatic
steatosis in mice. The impacts of PA on NAFLD were assessed by analyzing changes
in liver pathology, serum biochemical markers, and insulin resistance levels in the mice.
Additionally, the expression of key proteins implicated in hepatic lipogenesis and lipolysis
pathways was examined to explore the mechanisms by which PA influences the hepatic
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lipid metabolism. The findings from this study will contribute additional evidence to
supporting the role of PA intervention in alleviating NAFLD.

2. Materials and Methods

2.1. Materials

Pea seed (Pisum sativum L.) was supplied by Yantai Shuangta Food Co., Ltd. (Yantai,
China). Normal diet (ND, 10% energy from fat, D12450J) and high-fat diet (HFD, 60%
energy from fat, D12492) products were obtained from SPF (Beijing, China) Biotechnology
Co., Ltd. (Beijing, China). Triglyceride (TG, A110-1-1), total cholesterol (TC, A111-1-1),
high-density lipoprotein cholesterol (HDL-C, A112-1-1), low-density lipoprotein cholesterol
(LDL-C, A113-1-1), alanine aminotransferase (ALT, C009-2-1), aspartate aminotransferase
(AST, C010-2-1), and superoxide dismutase (SOD, A001-3-2) assay kits were procured from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Malondialdehyde (MDA,
S0131S) and glutathione peroxidase (GSH-Px, S0056) assay kits were purchased from Bey-
otime Biotech. Inc. (Nantong, China). The enzyme-linked immunosorbent assay (ELISA)
kits for interleukin-1β (IL-1β, EK201B/3), interleukin-6 (IL-6, EK206/3), and tumor necro-
sis factor α (TNF-α, EK282/4) were purchased from Multisciences (Lianke) Biotech Co.,
Ltd. (Hangzhou, China). The ELISA kit for insulin (MM-0579M2) was obtained from
Jiangsu Meimian Industrial Co., Ltd. (Yancheng, China). The primary rabbit antibod-
ies against phospho-AMP-activated protein kinase alpha (p-AMPKα, AA393), AMPKα

(AF1627), phospho-acetyl-CoA carboxylase (p-ACC, AA110), ACC(AF1867), sterol regula-
tory element binding transcription factor 1 (SREBF1, AF8055), fatty acid synthase (FASN,
AG1915), peroxisome proliferator activated receptor-α (PPARα, AF7794), PPARγ (AF7797),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, AF1186) were obtained from
Beyotime Biotech. Inc. (Nantong, China). The primary antibodies against adipose triglyc-
eride lipase (ATGL, 55190-1-AP) was obtained from Proteintech Group, Inc. (Rosemont,
IL, USA). The HRP-labeled goat anti-rabbit IgG(H + L) secondary antibody (A0208), ECL
chemiluminescence kit (P0018FS) were purchased from Beyotime Biotech. Inc. (Nantong,
China). The bicinchoninic acid (BCA) protein assay kit, Hematoxylin-eosin dye solution,
and Oil Red O dye were procured from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). All other chemicals and solvents were purchased from Sigma-Aldrich (St.
Louis, MO, USA), unless otherwise described.

2.2. Preparation of Pea Albumin (PA)

The pea albumin (PA) was prepared following a previously described method, with
minor adjustments [19]. In brief, ground pea seeds were treated to lipid extraction using
hexane (1:3 w/v), and were subsequently air-dried. Next, the defatted meal was extracted
(1:10 w/v) with 0.2 mol L−1 borate buffer (pH 8) containing 0.5 mol L−1 NaCl. The solution
was centrifuged at 11,000× g for 30 min at 4 ◦C. The supernatant obtained was then adjusted
to pH 4.5 using glacial acetic acid, stirred for 30 min at 4 ◦C, and subjected to centrifugation
at 11,000× g for 30 min at 4 ◦C. The supernatant was dialyzed against distilled water and
centrifuged at 11,000× g for 30 min at 4 ◦C. The supernatant was treated with 608 g L−1

(NH4)2SO4, stirred for 2 h at 4 ◦C, and centrifuged at 11,000× g for 30 min at 4 ◦C. The
coacervate was collected and fully dissolved in water. After dialyzing against distilled
water, the dialyzed extract (i.e., PA) was lyophilized and stored at −20 ◦C for further
analysis. PA was characterized using SDS-PAGE to monitor the electrophoretic pattern.
Specifically, a 15% separating gel and a 5% stacking gel were used to isolate PA. The
electrophoresis conditions were set at 80 V for 40 min, followed by 120 V for 1 h. Finally,
the gel was placed in R-250 staining solution for staining. After destaining, photographs
were taken using a gel imaging system (ChemiScope 6100, Qinxiang, Shanghai, China). The
protein concentration of PA was determined using the Kjeldahl method. The amino acid
concentration in PA was analyzed using an amino acid analyzer (Biochrom 30+, BioChrom
Ltd., Cambridge, UK).
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2.3. Experimental Design and Animal Treatment

Forty male four-week-old C57BL/6N mice were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were kept under
standard conditions of ambient temperature (24 ± 2 ◦C) and relative humidity (50 ± 5%)
with a 12 h light/dark cycle. After a one-week acclimatization period, mice were randomly
divided into five groups (n = 8 per group): (1) normal diet (ND) group, fed with a normal
diet and supplied with normal saline; (2) high-fat diet (HFD) group, fed with a high-fat
diet and supplied with normal saline; (3) low-dose PA (PA-L) group, fed with a high-fat
diet and supplied with 0.375 g/kg bw PA; (4) middle-dose PA (PA-M) group, fed with
a high-fat diet and supplied with 0.75 g/kg bw PA; and the (5) high-dose PA (PA-H)
group, fed with a high-fat diet and supplied with 1.5 g/kg bw PA. A detailed schedule
of PA administration throughout the experiment period is shown in Figure 1A. The body
weight of each group was recorded weekly over an 8-week trial. At the end of the 8-week
intervention, the mice were sacrificed after an overnight fast. Blood samples were collected
in test tubes. The serum was obtained using centrifugation (1000× g, 15 min, 4 ◦C) and
stored at −80 ◦C for further study. Liver and white adipose tissue (including epididymal
fat and subcutaneous fat) were collected and weighted. Parts of the liver tissues were fixed
in 4% paraformaldehyde, while the remaining parts were quickly frozen in liquid nitrogen
and stored at −80 ◦C until further processing. The experimental protocols were approved
by the Institutional Animal Care and Use Committee of China Agricultural University
(Approval Code: AW72303202-5-3).

Figure 1. Experiment design and protein pattern of PA. (A) Detailed program of PA oral administra-
tion throughout the experiment period. (B) SDS-PAGE visualization for PA.

2.4. Body Composition Measures

In the 8th week, the body fat composition of mice was measured using a nuclear
magnetic resonance (NMR) analyzer (MesoQMR23-060H-I, NIUMAG, Suzhou, China).
First, the device magnet temperature was stabilized to 32 ◦C, followed by instrument
calibration. A standard oil sample was placed into the mouse restraint tube and positioned
at the designated spot in the probe coil for self-testing. The peak signal coefficient between
0.99 and 1.01 indicated that the instrument was functioning normally. The NMR body
composition analysis system was used to measure the fat mass of the mice, and the body
fat content was expressed as fat mass/body weight × 100% [25,26]. Additionally, coronal
images of the mice were obtained using the NMR imaging system. Initial parameter
adjustments were performed, including automatic tuning of the center frequency, electronic
shimming, and locating the soft pulse amplitude. After pre-scanning, image parameters
and sequence parameters were set to complete the sampling of mice coronal images.

2.5. Oral Glucose Tolerance Test (OGTT) and Indexes of Insulin Resistance

An oral glucose tolerance test (OGTT) was conducted in the 7th week of the experi-
mental timeline [21]. Following a 12 h fast, mice were given a glucose solution orally at
a dosage of 2 g/kg body weight. Blood samples were drawn from the mice’s tail veins,
and the glucose concentrations were determined at 0, 30, 60, 90, and 120 min after oral
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administration using the Yuwell 580 glucose meter (Yuwell Group, Danyang, China). After
the test, the area under curve (AUC) for the blood glucose versus the time plot for each
treatment group was calculated using integration. Following a 12 h fast at the conclu-
sion of the 8th week, blood samples were taken from the tail vein to assess fasting blood
glucose (FBG) concentration. Fasting insulin (FINS) was measured using an ELISA kit in
accordance with the manufacturer’s guidelines. Insulin resistance was assessed using the
Homeostasis Model Assessment-Insulin Resistance (HOMA-IR), which was calculated as
HOMA-IR = FBG × FINS/22.5.

2.6. Histopathological Analysis

For the histological analyses, liver tissues were fixed in 4% paraformaldehyde for 24 h
and were subsequently embedded in paraffin. Finally, liver tissues were then sectioned into
4 μm thick slices and stained using H&E [27]. The structure of liver tissue was observed
under the Leica DM6B microscope (Leica, Wetzlar, Germany). The NAFLD activity score
(NAS) was calculated by summing the individual scores for steatosis (0–3), hepatocellular
ballooning (0–2), and lobular inflammation (0–3). In addition, liver tissues were embedded
in an optimal cutting temperature (OCT) compound at −80 ◦C and were subsequently
stained with Oil Red O. Stained liver tissue was observed with a Leica DM6B microscope
(Leica, Wetzlar, Germany), and quantitative analysis was performed using ImageJ software
(vision 1.8.0).

2.7. Serum and Hepatic Biochemical Analysis

Blood was collected from eyeballs under terminal anesthesia, and serum was collected
by centrifuging at 1000× g at 4 ◦C for 15 min. The serum concentrations of TG, TC, HDL-C,
and LDL-C, as well as the activities of ALT, and AST were analyzed according to the assay
kits’ manufacturer’s instructions. Subsequently, the levels of TG and TC in the liver were
measured with commercially available kits.

2.8. Liver Oxidative Stress and Inflammation Analysis

The concentrations of MDA, SOD, and GSH-Px in liver tissues were assayed to evaluate
antioxidant capacity using commercially available kits. Subsequently, the protein levels of
IL-1β, IL-6, and TNF-α in liver tissue were detected using an ELISA kit by following the
manufacturer’s instructions.

2.9. Immunoblotting Analysis

Liver tissues were lysed using a RIPA buffer and were centrifuged to obtain the
supernatant. The total protein concentrations were measured using a BCA protein assay
kit. Protein samples with equivalent amounts were separated on 10% SDS-PAGE gels and
were then transferred to PVDF membranes. The membranes were blocked using 5% BSA,
followed by incubation with individual primary antibodies (p-AMPKα, AMPKα, p-ACC,
ACC, SREBF1, FASN, PPARα, PPARγ, and ATGL) overnight at 4 ◦C. After washing, the
membranes were then incubated with secondary antibodies at room temperature for 1 h.
Following incubation, the PVDF membranes were washed. Finally, protein bands were
visualized using an ECL kit. The protein expressions were quantified by using ImageJ
vision 1.8.0 software with GAPDH for normalization.

2.10. Statistical Analysis

The analysis was conducted using the SPSS 23.0 software. Results were presented
as mean ± SEM. The normality of the data were assessed using the Shapiro–Wilk test.
Regarding the data with a normal distribution, statistical disparities between groups were
analyzed with one-way analysis of variance (ANOVA) followed by an LSD post hoc test.
For non-normally distributed data, the Kruskal–Wallis test was employed. p < 0.05 was
considered to be statistically significant. Figures were created using GraphPad Prism 9.2.0.
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3. Results

3.1. Characterization of Pea Albumin (PA)

The protein content of the PA prepared in this study was measured to be 92.65% using
the Kjeldahl method. To determine the protein composition of PA, a SDS-PAGE analysis
was conducted. The electrophoresis results are shown in Figure 1B, where four major bands
can be clearly observed at 6, 16, 24, and 100 kDa. Among these, the protein bands with
molecular weights of 6 kDa and 24 kDa accounted for the largest proportion. The four
bands correspond to lipoxygenase (100 kDa), PA2 (24 kDa), trypsin inhibitor (16 kDa), and
PA1 (6 kDa). Additionally, the amino acid composition of PA was analyzed, as presented in
Table 1. The essential amino acids account for approximately 16.71%, glycine accounts for
about 25.20%, and branched-chain amino acids (Leu, Val, Ile) account for about 7.34%.

Table 1. Protein content and amino acid composition of PA.

Items Amount

Protein (%) 92.65 ± 0.66
Essential amino acids (%)

Lysine 3.92 ± 0.01 h

Leucine 3.81 ± 0.02 i

Threonine 2.52 ± 0.01 j

Valine 2.26 ± 0.03 k

Phenylalanine 1.91 ± 0.01 l

Isoleucine 1.27 ± 0.02 m

Tryptophan 0.73 ± 0.02 o

Methionine 0.29 ± 0.02 p

Nonessential amino acids (%)
Glycine 25.20 ± 0.05 a

Proline 15.89 ± 0.02 b

Alanine 11.14 ± 0.04 c

Glutamate 10.20 ± 0.02 d

Arginine 8.47 ± 0.01 e

Aspartate 6.09 ± 0.03 f

Serine 4.31 ± 0.01 g

Tyrosine 0.99 ± 0.01 n

Histidine 0.99 ± 0.04 n

Values are expressed as mean ± SD (n = 3). Different superscript letters indicate significant differences (p < 0.05)
among the amino acid content.

3.2. PA Reduced HFD-Induced Weight Gain and Fat Accumulation in Mice

HFD induction is a common method for establishing a mouse model of NAFLD. Given
the frequent association between obesity and NAFLD in patients, we evaluated the body
weight, food intake, and body fat content of the mice. During the 8-week experiment period,
the mice were weighed weekly. The results indicate that, in comparison to the ND group,
the HFD group exhibited a significant increase in body weight (Figure 2A, p < 0.05). By the
eighth week, the body weight of the HFD group had risen by 17.5% compared to the ND
group. Treatment with PA significantly inhibited the HFD-induced weight gain in a dose-
dependent manner (p < 0.05). In terms of food intake, the mice fed a ND had significantly
higher intake compared to those fed a HFD (Figure 2B, p < 0.05). Additionally, there was
no difference in food intake between the HFD group and those treated with PA (Figure 2B,
p > 0.05). However, no significant difference in energy intake was observed among all
the groups (Figure 2C, p > 0.05). Through the appearance of the mice (Figure 2D) and
MRI images (Figure 2E), it was evident that the HFD increased body fat in the mice, while
the PA treatment group showed less fat accumulation. The body composition assessment
indicated that feeding with a HFD significantly elevated the percentage of body fat mass
in mice (Figure 2F, p < 0.05). In contrast, different doses of PA significantly reduced the
percentage of body fat mass in a dose-dependent manner (p < 0.05). The relative weights of
subcutaneous fat and epididymal fat can serve as references for the body fat ratio [28]. The
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subcutaneous fat and epididymal fat indices of the HFD group were significantly higher
compared to the ND group (Figure 2G,H, p < 0.05). Nevertheless, PA treatment notably
decreased the subcutaneous fat and epididymal fat index (p < 0.05) in a dose-dependent
manner. The results indicated that PA intervention can reduce HFD-induced weight gain
by inhibiting body fat accumulation.

Figure 2. Effects of PA on body weight and fat accumulation in HFD-induced mice. (A) Body weight
changes from week 0 to week 8. (B) Daily food intake per mouse in grams. (C) Daily energy intake
per mouse. (D) Representative photos of the mice after 8 weeks. (E) Representative coronal sections
of MRI studies. (F) Body fat percentage in mice. (G) Subcutaneous fat mass index. (H) Epididymal
fat mass index. Results are expressed as mean ± SEM. n = 8 per group. * p < 0.05, HFD vs. ND;
# p < 0.05, HFD vs. PA-L, PA-M, or PA-H.

3.3. PA Ameliorated Serum Lipid Profiles of HFD-Induced Mice

Disturbances in the lipid metabolism may result in lipid accumulation within the
liver, promoting the progression of NAFLD [29]. To investigate the effects of PA on lipid
metabolism in HFD-induced mice, we evaluated serum levels of TG, TC, HDL-C, and
LDL-C, as well as the activities of AST and ALT. In the HFD group, serum TG levels
were 2.26-fold higher compared to the ND group (Figure 3A), while serum TC levels
showed a 1.45-fold increase relative to the ND group (Figure 3B). Additionally, serum
LDL-C levels were 4.04 times higher in the HFD group than in the ND group (Figure 3D).
However, PA intervention significantly reduced the serum levels of TG TC, and LDL-
C in a concentration-dependent manner (p < 0.05). In the HFD group, serum HDL-C
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levels exhibited a significant reduction, decreasing by 18.33% compared to the ND group
(Figure 3C, p < 0.05). After intervention with different doses of PA, the serum HDL-C levels
increased by 7.41%, 10.85%, and 20.69% compared to the HFD group, respectively, although
these changes were not statistically significant (p > 0.05). AST and ALT are typically used as
biomarkers reflecting liver injury in NAFLD [30]. The serum ALT and AST activities in the
HFD group were significantly elevated compared to those in the ND group (Figure 3E,F,
p < 0.05). When orally administrated with PA, the serum ALT and AST activities reduced
in a dose-dependent manner. The above data indicate that PA could effectively improve
lipid metabolism abnormalities and liver injury induced by HFD, thereby alleviating the
development of NAFLD.

Figure 3. Effects of PA on serum lipid profiles in HFD-induced mice. (A–D) Serum TG, TC, HDL-C,
and LDL-C levels. (E,F) Serum ALT and AST activities. Results are expressed as mean ± SEM. n = 8
per group. * p < 0.05, HFD vs. ND; # p < 0.05, HFD vs. PA-L, PA-M, or PA-H.

3.4. PA Attenuated Hepatic Steatosis of HFD-Induced NAFLD Mice

To assess the alleviating effects of PA on hepatic steatosis in NAFLD, we employed
a HFD-induced NAFLD mice model. Liver weight, liver morphology, hepatic lipid pro-
file, and liver tissue H&E and Oil Red O-stained sections were evaluated. As shown in
Figure 4A, the liver index in the HFD group exhibited a significant 8.48% increase compared
to the ND group (p < 0.05). However, PA intervention reduced the liver index, with the
PA-M and PA-H groups showing significant reductions of 8.16% and 7.43%, respectively,
compared to the HFD group (p < 0.05). Meanwhile, upon observing the liver morphology
(Figure 4B), the livers of the ND group were reddish-brown with thin and smooth edges.
In contrast, the livers of the HFD group mice appeared darker, with thickened and blunt
edges, and were noticeably larger compared to the ND group. Following PA intervention,
the liver color of the mice gradually returned from dark to a bright reddish-brown with
increasing intervention doses, and the blunt edges diminished. Liver tissue lipid analysis
showed that the TG and TC levels in the HFD group were significantly elevated compared
to the ND group, increasing by 4.05 times and 2.79 times, respectively (Figure 4C,D,
p < 0.05). PA intervention significantly reduced the liver levels of TG and TC in a
concentration-dependent manner. These data indicate that PA could improve the hepatic
lipid profile. Histopathological analysis of H&E stained liver sections showed that liver
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tissue structure in the ND group was normal, with no lesions (Figure 4G). In contrast,
the HFD group exhibited steatosis, characterized by vacuolar degeneration, ballooning
degeneration, and inflammatory infiltration. PA intervention effectively reduced the degree
of hepatic steatosis, decreasing fat droplet accumulation, vacuolar degeneration, and in-
flammatory cell infiltration. Furthermore, high-dose PA intervention was the most effective
in inhibiting hepatic steatosis. In the meantime, the NAS was significantly higher in the
HFD group compared to the ND group (Figure 4E, p < 0.05). PA intervention resulted
in a significant reduction in the NAS compared to the HFD group (p < 0.05). To further
characterize hepatic steatosis, liver tissue was stained with Oil Red O. The results were
similar to those observed with H&E staining. Significant lipid accumulation was observed
in the liver of the HFD group, which markedly decreased with increasing doses of PA
intervention (Figure 4H). Quantitative analysis of the Oil Red O-stained area in liver tissue
indicated that the lipid droplet area in the HFD group was approximately 2.81 times larger
than that in the ND group (Figure 4F, p < 0.05). After PA intervention, the lipid droplet area
significantly decreased, reducing by approximately 11.73%, 44.43%, and 59.17% compared
to the HFD group. In summary, the results indicated that PA intervention can significantly
alleviate hepatic steatosis in NAFLD mice.

Figure 4. Effects of PA on hepatic steatosis in HFD-induced NAFLD mice. (A) Liver index.
(B) Representative photos of livers. (C,D) Liver TG and TC levels. (E) NAFLD activity score of
the liver. (F) Oil Red O-positive area of the liver. (G) Representative H&E stains of a liver section
(Scale bar = 100 μm). (H) Representative Oil Red O stains of a liver section (Scale bar = 100 μm).
Results are expressed as mean ± SEM. n = 8 per group. * p < 0.05, HFD vs. ND; # p < 0.05, HFD vs.
PA-L, PA-M, or PA-H.

3.5. PA Inhibits Hepatic Lipid Accumulation by Modulating Lipid Synthesis and
Degradation Pathways

To further assess the mechanisms by which PA alleviates NAFLD, we measured the
expression of lipid metabolism-related proteins in the liver using immunoblotting. Firstly,
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the expression of AMPKα, SREBF1, ACC, and FASN, which are related to lipogenesis, has
been evaluated. The findings indicated that PA treatment markedly increased the phospho-
rylation levels of AMPKα and ACC in a manner dependent on the dosage (Figure 5B,D,
p < 0.05). Furthermore, PA was found to decrease the elevated expression of SREBF1 and
FASN proteins in the livers of NAFLD mice induced with a HFD (Figure 5C,E, p < 0.05).
In addition, we examined the effects of PA on the expression levels of lipolysis-related
proteins such as ATGL, PPARα, and PPARγ. The intervention of PA dose-dependently
prevented the decrease in ATGL, PPARα, and PPARγ protein expression induced with
HFD (Figure 5G–I, p < 0.05). These data demonstrate that PA can alleviate NAFLD by
inhibiting HFD-induced lipid synthesis and promoting lipid degradation.

Figure 5. Effects of PA on the expression of lipid metabolism-related proteins in the liver of HFD-
induced NAFLD mice. (A) Representative Western blots of markers for lipogenesis in the liver.
(B–E) Quantification of protein expression of p-AMPKα/AMPKα, SREBF1, p-ACC/ACC, and FASN.
(F) Representative Western blots of markers for lipolysis in the liver. (G–I) Quantification of protein
expression of ATGL, PPARα, and PPARγ. Results are expressed as mean ± SEM. n = 6 per group.
* p < 0.05, HFD vs. ND; # p < 0.05, HFD vs. PA-L, PA-M or PA-H.
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3.6. PA Ameliorated Elevated Blood Glucose and Insulin Resistance of HFD-Induced Mice

Insulin resistance constitutes a significant pathogenic mechanism in NAFLD [31],
with OGTT and HOMA-IR serving as crucial indicators for its assessment [32]. Figure 6A
illustrates that mice in the HFD group consistently showed markedly higher serum glucose
levels across all time points. In contrast, mice receiving the PA intervention showed
enhanced glucose tolerance at all time points during OGTT. The AUC value of the OGTT in
the HFD group was approximately 1.36 times that of the ND group, while the high-dose PA
intervention significantly reduced the AUC value by approximately 19.71% compared to
the HFD group (Figure 6B, p < 0.05). These findings demonstrated that the PA intervention
markedly enhanced glucose tolerance in mice induced with HFD. Additionally, fasting
blood glucose and serum insulin concentrations were notably elevated in the HFD group
compared to the ND group (Figure 6C,D, p < 0.05). The HOMA-IR value in the HFD group
was notably higher than that in the ND group (Figure 6E, p < 0.05). The PA intervention
significantly mitigated the HFD-induced elevations in fasting blood glucose levels, serum
insulin concentrations, and HOMA-IR values in a dose-dependent manner. The results
indicated that PA intervention could significantly improve HFD-induced insulin resistance.

Figure 6. Effects of PA on glucose metabolism in HFD-induced mice. (A) Blood glucose profile
of OGTT at week 7. (B) AUC measured during OGTT. (C) Fasting blood glucose levels in mice.
(D) Serum insulin levels in mice. (E) HOMA-IR index in mice. Results are expressed as mean ± SEM.
n = 8 per group. * p < 0.05, HFD vs. ND; # p < 0.05, HFD vs. PA-L, PA-M, or PA-H.

3.7. PA Attenuates Hepatic Oxidative Stress and Inflammatory Response of HFD-Induced Mice

Various studies have shown that the development of NAFLD is always accompanied
by oxidative stress and inflammatory responses [33–35]. To evaluate hepatic oxidative
stress, levels of MDA and activities of SOD and GSH-Px in the liver were measured. In
comparison to the ND group, mice in the HFD group exhibited markedly elevated MDA
levels (Figure 7A, p < 0.05) and significantly decreased activities of SOD and GSH-Px in
the liver (Figure 7B,C, p < 0.05). The PA intervention markedly decreased hepatic MDA
levels and substantially enhanced SOD and GSH-Px activities in a dose-dependent manner
(p < 0.05), confirming the antioxidant effects of PA in the liver. Next, we evaluated the
effect of PA on the hepatic levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α.
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The concentrations of hepatic IL-1β, IL-6, and TNF-α were significantly elevated in the
HFD group compared to the ND group (Figure 7D–F, p < 0.05). However, high-dose PA
intervention significantly reduced the hepatic levels of IL-1β, IL-6, and TNF-α (p < 0.05).
These findings suggest that PA can effectively suppress HFD-induced hepatic inflammation.

Figure 7. Effects of PA on hepatic oxidative stress and inflammatory response in HFD-induced
mice. (A–F) Levels of MDA, SOD, GSH-Px, IL-1β, IL-6, and TNF-α in the liver of mice. Results are
expressed as mean ± SEM. n = 8 per group. * p < 0.05, HFD vs. ND; # p < 0.05, HFD vs. PA-L, PA-M,
or PA-H.

4. Discussion

NAFLD, the most prevalent metabolic liver disease globally, is characterized by hepatic
steatosis [36]. Its pathogenesis is closely associated with insulin resistance, fatty acid
synthesis, lipid peroxidation, oxidative stress, and gut microbiota dysbiosis. Currently,
no specific drugs are available worldwide for the prevention or alleviation of NAFLD.
The search for natural active substances to alleviate NAFLD is a potential intervention
and treatment strategy. In our earlier studies, we showed that PA has beneficial effects
in alleviating HFD-induced obesity [21]. Therefore, increasing the intake of PA in the
diet could be an effective strategy for preventing and treating NAFLD. In this study, we
determined the protein profile of PA using SDS-PAGE (Figure 1B). PA mainly consists of
four proteins: lipoxygenase (100 kDa), PA2 (24 kDa), trypsin inhibitor (16 kDa), and PA1
(6 kDa), which are consistent with the composition reported in the literature [37]. It has
been found that amino acid composition is related to the development of NAFLD. Glycine
can alleviate NAFLD by promoting fatty acid β-oxidation and glutathione synthesis, while
increased intake of branched-chain amino acids can significantly improve liver function [38].
Amino acid composition analysis of PA revealed that glycine accounts for approximately
25.20% and branched-chain amino acids account for approximately 7.34% of PA (Table 1).
These results suggest that PA possesses material basis to alleviate NAFLD.

HFD induction is a common method for establishing an NAFLD mouse model. To
evaluate the ameliorative effects of PA on NAFLD, we established an NAFLD mouse
model induced with a HFD for 8 weeks. Mice in the HFD group exhibited significantly
increased body weight, body fat percentage, serum lipid levels, serum transaminase levels,
and insulin resistance. Additionally, lipid accumulation, steatosis, oxidative stress, and
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inflammatory damage were observed in the liver. According to the NAS assessment based
on the criteria proposed by the NASH Clinical Research Network [39], the liver tissues of
mice induced with a HFD were pathologically evaluated. In this study, the NAS of the HFD-
induced mice reached 6, which is a diagnostic for NASH when the score exceeds 5. These
comprehensive results indicated the successful establishment of the HFD-induced NAFLD
mouse model, which is consistent with previously reported findings in the literature [40,41].

To investigate the effects and mechanisms of PA in alleviating NAFLD, we adminis-
tered different doses of PA to the mice via gavage simultaneously with the induction of the
NAFLD model. We found that PA can alleviate HFD-induced hepatic lipid accumulation
by modulating serum lipid profiles, reducing insulin resistance, and enhancing antioxidant
and anti-inflammatory capacities. The underlying mechanisms are likely mediated through
the regulation of key proteins involved in hepatic lipogenesis, lipolysis, and fatty acid
oxidation pathways. Currently, the most widely accepted pathogenesis mechanism of
NAFLD is the “two-hit” hypothesis. The initial hit involves the accumulation of lipids,
primarily triglycerides, in hepatocytes, leading to steatosis [4,42]. This study found that
PA intervention substantially alleviated hepatic steatosis caused by the HFD. Specifically,
morphological and histological examinations revealed that PA significantly reduced fat
deposition in the liver. Compared to the HFD group, low, medium, and high doses of
PA intervention reduced the area of red lipid droplets in Oil Red O staining of mice liver
by 11.73%, 44.43%, and 59.17%, respectively. Additionally, the levels of TG and TC in
the livers of PA-treated mice were markedly lower compared to those in the HFD group.
These results suggest that PA significantly reduced hepatic lipid accumulation. Prolonged
lipid retention in the liver frequently induces liver damage, potentially worsening NAFLD
progression [5]. H&E staining and NAS results showed that PA intervention significantly
reduced the number of hepatic fat vacuoles, ballooning degeneration, and inflammatory
cell infiltration compared to the HFD group, with a significant decrease in NASs. While
H&E staining and NAS are standard methods for pathological assessment, they depend on
the subjective judgment of pathologists, potentially leading to inconsistencies in scoring.
Consequently, we quantified the levels of commonly used biomarkers of liver function,
specifically serum ALT and AST. When hepatocytes are in a pathological state of damage,
they release ALT and AST into the bloodstream [43]. Therefore, increased levels of ALT
and AST in the serum indicate a certain degree of liver damage. In this experiment, it
was observed that PA intervention significantly reduced serum ALT and AST activities
compared to the HFD group. The results demonstrated that PA mitigated HFD-induced
liver damage. However, elevated levels of ALT and AST are typically observed when liver
damage is already severe, making these biomarkers potentially unsuitable for the early
detection or prediction of liver disease. Therefore, we also evaluated the effects of PA on the
serum lipid profile, insulin resistance, oxidative stress, and inflammation levels to elucidate
how PA intervention reduces hepatic steatosis and liver damage. The liver disease induced
with a HFD in mice closely resembles the pathogenesis of human NAFLD. Ipsen et al.
demonstrated that cereal proteins can improve lipid metabolism disorders and alleviate
liver damage [44]. Lemus-Conejo et al. showed that lupin peptides can reduce AST and
ALT related to liver damage, thereby alleviating HFD-induced NAFLD in mice [45]. Our
study results also indicated that PA intervention can reduce HFD-induced hepatic steatosis
and liver damage. Therefore, increasing PA intake as a dietary supplement might be an
effective strategy for preventing and treating human NAFLD.

Disorders in the lipid metabolism can exacerbate the accumulation of fat in hepato-
cytes, contributing to the development and advancement of NAFLD and subsequently
impairing liver function [46]. This study found that PA significantly enhanced the serum
lipid profile by lowering serum levels of TG, TC, and LDL-C, while increasing the levels of
HDL-C in mice. These findings align with prior research indicating that supplementation
with pea protein can reduce serum cholesterol levels by modulating the microbiome [47].
Naik et al. found that cereal proteins can increase serum HDL concentrations [48]. Studies
have shown that the phosphorylation of AMPK induces the phosphorylation of ACC,

17



Nutrients 2024, 16, 2232

thereby reducing ACC activity and inhibiting TG formation. Therefore, PA may improve
the serum lipid profile in mice by activating the AMPK pathway [49]. Given the critical role
of lipid metabolism disorders in NAFLD pathogenesis, the improvement in serum lipid
profile by PA intervention may have beneficial effects in alleviating NAFLD. Additionally,
insulin resistance represents the predominant metabolic anomaly in NAFLD, with estab-
lished research highlighting its close association with the initial pathogenic mechanisms
of NAFLD [50,51]. The activation of the hepatic de novo lipogenesis pathway induced by
insulin resistance contributes significantly to lipid accumulation in NAFLD [52]. Insulin
resistance decreases the liver’s ability to convert glucose into glycogen, leading to excessive
synthesis of fatty acids from the surplus glucose, which are then esterified into TG, result-
ing in the excessive accumulation of TG in hepatocytes [53]. Research has shown that in
NAFLD patients, metabolic disorders such as insulin resistance lead to a liver fat synthesis
rate that is three times higher than in normal individuals [54]. Therefore, intervening in
insulin resistance is an important approach to alleviate hepatic lipid accumulation. Ofosu
et al.’s research indicates that grain bioactive peptides can alleviate metabolic syndrome,
including type 2 diabetes and obesity [55]. This experiment found that PA could improve
glucose tolerance, lower fasting blood glucose levels, and alleviate insulin resistance in
NAFLD mice in a dose-dependent manner. Studies have shown that HFD feeding leads to
increased phosphorylation of insulin receptor substrate 1 (IRS1), therefore inhibiting the
IR/IRS-1 interaction and ultimately causing insulin resistance [56]. Liu et al. demonstrated
that PA can inhibit IRS1 phosphorylation [21]. Therefore, in this study, PA may alleviate a
HFD-induced insulin resistance by inhibiting the IRS1 phosphorylation pathway. These
findings suggest that PA intervention can alleviate hepatic lipid accumulation in NAFLD
by reducing insulin resistance and regulating lipid metabolism disorders induced with
a HFD.

The “second hit” in NAFLD involves hepatic oxidative stress caused by excessive
lipid accumulation, resulting in the production of significant ROS quantities [57]. When
liver tissue is exposed to ROS, it triggers an inflammatory response, thereby accelerating
the progression towards NASH [4]. Therefore, inhibiting oxidative stress and inflamma-
tory responses represents a pivotal strategy for intervening in NAFLD. Under normal
physiological conditions, cells can eliminate ROS and uphold cellular balance via internal
antioxidant defense mechanisms like SOD and GSH-Px [58]. However, under oxidative
stress in the liver, mitochondria become damaged, leading to the reduced metabolism of
SOD and GSH-Px and an increase in MDA levels [59]. The findings from this research
revealed a significant increase in liver MDA levels and a notable decrease in SOD and
GSH-Px activities in the HFD group, indicating that HFD induced hepatic oxidative stress.
In contrast, PA intervention significantly enhanced the activities of SOD and GSH-Px in the
liver and reduced the MDA content, suggesting that PA intervention can alleviate HFD-
induced oxidative stress in the liver. Research has shown that regulating the Nrf2 signaling
pathway can modulate antioxidant enzymes such as NQO1, HO-1, providing protective
effects against oxidative stress-induced cellular damage [60]. Specific upregulation of Nrf2
has been used to treat NAFLD induced by long-term HFD [61]. Ran et al. discovered
that activation of the Nrf2/HO-1 signaling axis in the liver of HFD-fed mice can maintain
antioxidant levels [33]. Zhu et al. found that activating the Nrf2/ARE pathway exerts
antioxidant effects, thus preventing and treating NAFLD [40]. Therefore, PA may inhibit
HFD-induced hepatic oxidative stress by modulating the Nrf2 signaling pathway. Studies
have established that the development of NAFLD is also regulated by pro-inflammatory
cytokines IL-1β, IL-6, and TNF-α [62]. Our study revealed significant elevation of IL-1β,
IL-6, and TNF-α levels in the livers of HFD-induced NAFLD mice, whereas PA intervention
markedly decreased these cytokine levels. Similarly, previous research has also found that
PA can effectively inhibit the elevation of IL-1β, IL-6, and TNF-α levels in colitis [20]. The
research confirmed that activation of TLR4 leads to the activation of NF-κB, promoting
the release of pro-inflammatory cytokines and triggering liver inflammation [63]. Zhao
et al. demonstrated that inhibiting the TLR4/NF-κB/NLRP3 signaling pathway can reg-

18



Nutrients 2024, 16, 2232

ulate the secretion of inflammatory factors to improve NAFLD [64]. Wang et al. found
that the TLR4-NF-κB pathway is a key mechanism in mitigating inflammation damage in
NAFLD [34]. Our earlier research also found that PA has the ability to block the NF-κB
and STAT3 signaling pathways [20]. Based on these findings, we believe that the improve-
ment of inflammatory response in NAFLD by PA is associated with the inhibition of the
hepatic TLR-4/NF-κB pathway. The above results demonstrate that PA intervention can
mitigate the “second hit” of HFD-induced NAFLD by suppressing oxidative stress and
inflammatory responses.

Based on the above conclusions, we confirm that PA can alleviate HFD-induced
NAFLD. Next, we investigated the mechanisms through which PA regulates hepatic lipid
accumulation in NAFLD. Hepatic lipid metabolism primarily involves de novo lipogenesis,
triglyceride synthesis, triglyceride hydrolysis, and fatty acid oxidation [65]. These hepatic
lipid metabolism processes are regulated by various proteins. FASN and ACC serve as
rate-limiting enzymes in fatty acid synthesis [66], while SREBF1 is a key transcription factor
that regulates fatty acid synthesis by controlling the expression of crucial enzymes like
FASN and ACC [67]. As a key energy sensor and regulator of the systemic metabolism,
AMPK plays a vital role in maintaining lipid metabolism balance [68]. Phosphorylation of
AMPK can inhibit the expression of SREBF1 while increasing the phosphorylation level
of ACC, promoting the inactivation of ACC [69,70]. Lee et al. demonstrated that activat-
ing AMPK phosphorylation can enhance ACC phosphorylation, thereby inhibiting the
expression of SREBF1 and FASN, reducing hepatic lipid accumulation [71]. Kawaguchi
et al. indicated that wheat bran peptides can alleviate HFD-induced NAFLD in mice by
upregulating the AMPK/ACC pathway [72]. ATGL serves as the rate-limiting enzyme in
triglyceride hydrolysis, primarily functioning to convert triglycerides into free fatty acids
and glycerol [73]. Research has shown that PPARα is crucial in the hepatic lipid metabolism
by enhancing the transcription levels of various fatty acid oxidation proteins, thereby pro-
moting mitochondrial fatty acid oxidation [74]. Additionally, ATGL deficiency can reduce
the expression of the PPARα gene, leading to impaired mitochondrial fatty acid oxidation
function [75]. Research has shown that the activation of PPARγ can reduce the transfer of
fatty acids to the liver [76], decrease insulin resistance [77], and inhibit the expression of
IL-6 and TNF-α [78]. In this research, HFD induction led to an upregulation of SREBF1 and
FASN expression in the liver, a decrease in the phosphorylation of AMPKα and ACC, and a
downregulation of ATGL, PPARα, and PPARγ expression. On the contrary, PA intervention
can increase the phosphorylation of AMPKα and ACC, reduce the expression of SREBF1
and FASN, and enhance the expression of ATGL, PPARα, and PPARγ, thereby inhibiting
de novo lipogenesis while promoting triglyceride hydrolysis and mitochondrial fatty acid
oxidation. From these results, it can be concluded that PA alleviates hepatic steatosis by
modulating the lipid metabolism, thereby mitigating the progression of NAFLD.

5. Conclusions

In conclusion, PA intervention can improve dyslipidemia, insulin resistance, oxidative
stress, and inflammatory responses induced with a high-fat diet intake, thereby reducing
hepatic steatosis, and alleviating the development of NAFLD. PA reduces hepatic lipid ac-
cumulation in mice by regulating the expression of proteins involved in hepatic lipogenesis
and lipolysis (Figure 8). However, this study has some limitations, such as not determining
the exact manner in which PA is absorbed in the intestines or the form in which PA is
transported through the blood to ultimately target the liver. Therefore, further research is
needed to isolate PA to identify the specific components within PA that regulate lipogenesis
and lipolysis, in order to better understand its potential mechanisms of action. Overall, PA
can serve as a natural dietary supplement to provide a new strategy for improving NAFLD.
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Figure 8. Schematic illustration of the mechanism of pea albumin in ameliorating HFD-induced
NAFLD. The red upward arrows represent increase; the green downward arrows represent decrease.
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Abstract: Recent studies have highlighted the lipid-lowering ability of hawthorn ethanol extract
(HEE) and the role played by gut flora in the efficacy of HEE. Our study sought to explore the
effects of HEE on non-alcoholic fatty liver disease (NAFLD) in normal flora and pseudo germ-free
mice. The results showed that HEE effectively diminished hepatic lipid accumulation, ameliorated
liver function, reduced inflammatory cytokine levels and blood lipid profiles, and regulated blood
glucose levels. HEE facilitated triglyceride breakdown, suppressed fatty acid synthesis, and enhanced
intestinal health by modulating the diversity of the gut microbiota and the production of short-chain
fatty acids in the gut. In addition, HEE apparently helps to increase the presence of beneficial genera
of bacteria, thereby influencing the composition of the gut microbiota, and the absence of gut flora
affects the efficacy of HEE. These findings reveal the potential of hawthorn for the prevention and
treatment of NAFLD and provide new perspectives on the study of functional plants to improve
liver health.

Keywords: nonalcoholic fatty liver disease; hawthorn ethanol extract; gut microbiota; high-fat diet;
short-chain fatty acids

1. Introduction

The clinicopathologic manifestation of nonalcoholic fatty liver disease (NAFLD) is
an atypical accumulation of triglycerides in the hepatocytes without or with a minimal
history of alcohol consumption. As of now, there is no specialized medication proven to
effectively prevent or manage NAFLD [1]. Hence, studying the underlying mechanisms
of NAFLD and identifying potential targets for intervention is crucial in the prevention
and management of NAFLD. The disease’s emergence is thought to be multifactorial, with
recent studies demonstrating imbalanced gut microbiota playing a role in NAFLD and
contributing to its progression by influencing metabolic outputs, the metabolism of sugars
and fats, immunological activities, and inflammatory processes [2,3].

A high-fat diet (HFD) induces ecological dysregulation of the gut microbiota and
leads to increased intestinal permeability in mice. Gut microbiota imbalance can lead to
inflammatory responses and is closely linked to NAFLD and cancer [4–6]. Several gut
microbiota and their metabolites play a crucial role in maintaining liver and intestinal
health, such as short-chain fatty acids (SCFAs) in the gut, which are closely associated with
inflammation, as well as glucose and lipid metabolism [7]. As metabolic byproducts of
microbes, SCFAs are not only the preferred energy substrates for the intestinal epithelial
cells, but are also crucial components in regulating antioxidants and the balance of the
gut microbiota [8]. Therefore, the significance of microorganisms that generate SCFAs
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is increasingly recognized. The adjustment of the proportions of intestinal microbial
communities can be optimized through prebiotics provided in food or dietary supplements.

Previous research has indicated that probiotics have diverse effects on the gut mi-
crobiota of mice with NAFLD, including improvements in the metabolism of related
metabolites such as SCFAs, bile acids, and digestive enzymes. These functional metabolites
can restore liver function, blood lipid levels, and cytokine levels in mice with NAFLD [9,10].
Currently, supplementation with probiotics and prebiotics is the mainstay of improv-
ing the balance of the gut microbiota, thereby becoming a potential therapeutic direc-
tion for the treatment of NAFLD [11,12]. Recent pharmacological studies have indicated
that certain food–medicine dual-purpose items can treat NAFLD by modulating the gut
microbiota. Saponins found in ginseng have been shown to suppress inflammatory re-
sponses in rats with a model of NAFLD, regulate lipid metabolism, and alleviate liver
damage [13]. Ganoderma lucidum polysaccharides are capable of modulating bile acid
levels and metabolites of the gut microbiota, and ameliorating NAFLD by altering gut
microbiota composition [14,15]. These research findings indicate that herbs act as prebiotics
in the gastrointestinal tract when consumed as dietary supplements.

The fruit of the hawthorn (Crataegus pinnatifida), which is extensively utilized in
traditional herbal practices for lipid reduction, has been the focus of recent research. Studies
indicate that extracts enriched with hawthorn fruit polyphenols can counteract dysfunc-
tion in pancreatic β-cells due to high fructose intake by alleviating oxidative stress in
the endoplasmic reticulum. The active ingredients include compounds from flavonoids
and triterpenes [16]. As a functional food, its extract also protects the vascular endothe-
lium, restores endothelial dysfunction, and promotes endothelial relaxation [17]. Further-
more, hawthorn extract can modulate immune responses and regulate lymphocyte subsets.
Additionally, studies have shown that hawthorn extract has a protective effect against
microcystin-induced liver injury [18].

Although the abundant flavonoid compounds in extracts have a wide range of phar-
macological applications, their poor water solubility often results in low oral bioavailabil-
ity [19,20]. This indicates that the intake of these extracts through gavage might engage the
gut microbiota, subsequently promoting health improvements. The exact mechanism of
hawthorn extracts’ effect on lipid metabolism by altering the gut microbiota is still to be
fully understood. In this study, we investigated the therapeutic effect of HEE on NAFLD in
mice and the contribution of gut microbiota to the regulation of lipid metabolism in HEE
by using a HFD that induces NAFLD and a pseudo-bacteria-free mouse model caused by
antibiotics, thus laying the foundation for future clinical studies.

2. Materials and Methods

2.1. Preparation of Hawthorn Ethanol Extract (HEE)

Initially, fresh hawthorn fruits were carefully broken and ground before undergoing
drying at a controlled temperature of 45 ◦C until a fine powder was obtained. Subsequently,
the dried powder was subjected to extraction with water at 50 ◦C, followed by concentration
and another drying process. To further refine the extract, it underwent an additional three
rounds of extraction using 95% ethanol, resulting in the final product known as HEE. The
main active ingredients were detected by HPLC-MS as organic acids and flavonoids, with
252.4 μg of citric acid, 61.5 μg of hawthorn acid, 79.3 μg of caffeic acid, 1,225 μg of catechins,
145.5 μg of quercetin, 34.5 μg of hyperoside, and 14.2 μg of apigenin8-C-glucoside per gram
of fresh fruit.

2.2. Animal Experiments

Male 5-week-old SPF-grade C57BL/6/J mice were purchased from Vital River Lab-
oratories located in Beijing, China. Mice were randomized into normal dietary control
groups after the acclimatization period. After an acclimatization period, mice were ran-
domly divided into a normal-flora control group (NFNDC, TP 23300, Trophic Animal
Feed High-Tech Co., Ltd., Nantong, China. The composition of high-fat feed is shown in
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Table S1) and four high-fat diet model groups (NFHFD, normal flora model. NFHFDHEE,
normal flora HEE. PGHFD, pseudo germ-free model. PGHFDHEE, pseudo germ-free HEE.
60% fat diet TP 23302, Trophic Animal Feed High-Tech Co., Ltd., China) of six mice each
and fed for 16 weeks. The dose of HEE was set at 150 mg/kg, a dosage proven to have
minimal side effects, thus selected as the optimal dose for the experiment. HEE was dis-
solved in 0.5% carboxymethyl cellulose (CMC; National Medicines Corporation Chemical
Reagent Co., Ltd., Shanghai, China) to prepare the gavage solution. Two of the high-fat diet
groups (PGHFD and PGHFDHEE groups) underwent antibiotic treatment for two weeks,
during which the PGHFDHEE group and NFHFDHEE group were orally administered
150 mg/kg HEE daily for 4 consecutive weeks, following the antibiotic treatment. The
other two groups of mice (NFHFD group and PGHFD group) and the NFNDC group
received an equivalent dose of 0.5% CMC. Food consumption, body weight, and fasting
blood glucose levels were measured weekly. At week 16, the mice were euthanized, and
mouse feces were collected the day before. In a controlled environment, mouse blood was
drawn under dim light conditions and allowed to clot for 60 min at 25 ◦C. The blood was
then centrifuged at 3000× g for 10 min. Subsequently, the serum was separated and stored
in a deep-freeze reservoir at a temperature of −80 ◦C for subsequent analyses. Liver and
epididymal fat weights were recorded. Fecal and tissue samples were stored at −80 ◦C
for further analysis. All animal experimental protocols in this study were reviewed by
the Animal Ethics Committee and accurately implemented during use, and the entire
experimental process was carried out with animal ethics in mind.

2.3. Pseudo-Germfree Mice (PG) Treated with Antibiotics

After a 10-week period on an HFD, two groups of mice from the HFD regimen
(PGHFD and PGHFDHEE) were exposed to antibiotic therapy involving a combination
of vancomycin (3.125 g), ampicillin (6.25 g), metronidazole (6.25 g), and neomycin (6.25 g)
dissolved in 500 mL of saline, delivered via gavage at a dosage of 10 mg per mouse
daily [21]. Throughout this intervention, changes in body weight and food consumption
were carefully monitored, and fecal specimens were obtained. Following a two-week
period post-antibiotic treatment, the PGHFDHEE and NFHFDHEE groups were subjected
to a 4-week intervention with HEE extract.

2.4. Histopathological Analysis of Animals

Some fresh epididymal fat was fixed by a 4% solution of paraformaldehyde with
phosphate-buffered saline, maintained at 4 ◦C for a period ranging from 2 to 4 h, before
being encased in paraffin, after which it was cut into 10 μm sections. The sections were
then subjected to staining procedures using hematoxylin and eosin (H&E) for histological
examination. Liver tissues were immediately frozen in liquid nitrogen for further oil red
O staining. These cryosections were then cut into 10-micron slices at low temperatures
and stained with oil red O to assess lipid accumulation. The imagery of the stained tissue
sections was captured employing a digital slide scanning system, and the subsequent
analysis was conducted using ImagePro Plus v6.0 software to quantify and evaluate the
staining results.

2.5. Mouse Serum Indicator Assay

The concentrations of serum biochemical markers, including TG, TC, LDL-c, HDL-c,
ALT, and AST, alkaline phosphatase (ALP), and cholinesterase (CHE), were quantified
utilizing an automated biochemical analysis device (Mindray BS-480; Mindray, Shenzhen,
China). Serum cytokines were obtained according to the appropriate kit instructions.

Serum levels of TNF-α, IL-6, LBP, and LPS were measured using ELISA kits (SenBeiJia
Biological Technology Co., Ltd., Nanjing, China) according to the kit instructions.
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2.6. Quantitative Reverse Transcription–Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA was extracted from colon and liver tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Subsequent to the isolation, RNA integrity was assessed, ensuring
that each RNA sample (1 μg) met the requisite purity and concentration criteria for fur-
ther processing. Then, these samples were reverse-transcribed into complementary DNA
(cDNA) using HiScript III-RT SuperMix (+gDNA wiper; Vazyme, Nanjing, China). For
a qualitative assessment of gene expression, the polymerase chain reaction (PCR) was
employed alongside agarose gel electrophoresis. This step provided a visual confirmation
of the specific amplification and integrity of the target transcripts. The gel electrophoresis
enabled the verification of the expected size of PCR products, serving as a preliminary
validation of the amplification specificity and efficiency.

Advancing to quantitative analysis, quantitative PCR (qPCR) was executed on a CFX
Connect real-time PCR detection system (Bio-Rad, Hercules, CA, USA). The qPCR assay
was optimized to ensure specificity, efficiency, and reproducibility, employing SYBR Green
or TaqMan probes for the detection of the amplification products. Gene expression was
quantified using the 2−ΔΔCt method, thus providing a relative expression level of the gene
of interest. Primer sequences for qPCR are shown in Supplementary Table S2.

2.7. Gut Microbiota Analysis

The MP Stool Genomic DNA Extraction Kit was used to extract total DNA from mouse
feces. PCR amplification of the 16S rDNA V3-V4 heavy region was performed according
to the instructions, in 50 μL of reaction mixture (including 25 μL of 2× TaqMasterMix
solution, 1 μL of each primer, 1 μL of template, and 22 μL of ddH2O (BasalMedia Co., Ltd.,
Shanghai, China)), using this DNA as a template with the universal primer 341F/806R.
The PCR products were purified using nucleic acid gel electrophoresis and a DNA Gel
Purification Kit. The concentration of purified products was measured with the Qubit™
dsDNA BR Assay Kit, and libraries were prepared using the TruSeq DNA LT Sample
Preparation Kit for sequencing on the Illumina MiSeq system. Data analysis was conducted
using the QIIME2 platform with the DADA2 plugin, and by annotating species using
the q2-feature-classifier plugin with the Silva database reference. Microbial diversity was
assessed using the q2-diversity plugin, with alpha diversity indicated by observed OTUs
and Faith’s PD indices, and beta diversity analyzed through PCoA based on Bray–Curtis
distances among samples [22,23] (all the kits were purchased from Enzyme Exemption
Industry Co., Ltd., Yancheng, Jiangsu, China).

2.8. Analysis of Short-Chain Fatty Acids

Intestinal content samples were freeze-dried to eliminate moisture. Approximately
50 mg of the dried material was mixed with 500 μL of saturated NaCl and 20 μL of
15.84 mmol/L 2-ethylbutyric acid, shaken after a 30 min soak for full dissolution. The
mixture was then acidified with 40 μL of 10% sulfuric acid and vortexed for even blending,
followed by the addition of 1 mL pre-chilled ether, and vortexed again. After centrifugation
at 10,000× g at 4 ◦C for 15 min, the supernatant was transferred to a new tube. Moisture
was removed with 0.25 g of anhydrous sodium sulfate, and the sample was centrifuged
again. The aliquot of the clear supernatant was prepared for GC-MS analysis. Samples
were analyzed using a GC-MS system (QP2010 Ultra, SHIMADZU, Kyoto, Japan) with an
Rtx-Wax column. The setup involved an inlet temperature of 240 ◦C, an oven starting at
100 ◦C, helium as the carrier gas, and specific pressures and flow rates to ensure accurate
readings. The temperature was gradually increased from 100 ◦C to 200 ◦C following a
specific program. Various SCFAs were detected using a selected ion monitoring mode in
the mass spectrometer, set between 2 and 100 (m/z) [24].
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2.9. Statistical Analysis

The data were reported as mean values accompanied by standard deviations. An
analysis of the data obtained from the animal experiments was conducted utilizing one-way
analysis of variance (ANOVA). Post hoc multiple comparisons among the groups were
carried out employing Dunnett’s test. In all statistical analyses, a significance level with
a confidence interval of 95% or p < 0.05 was used as the critical value for determining
statistical significance.

3. Results

3.1. The Mitigating Effect of HEE on HFD-Induced NAFLD in Mice

We evaluated the impact of HEE on mice suffering from NAFLD induced by HFD.
The daily food intake, body weight, liver mass, and blood glucose levels of five mouse
groups were monitored (Figure 1). No significant pattern changes were observed in
food consumption among the groups (Figure 1B). However, both body and liver weights
decreased after HEE treatment, regardless of whether in a normal microbiota environment
or under antibiotic treatment (Figure 1C,F). By comparing the weight gain, it can be seen
that the model mice gained significantly more weight than the control mice, and in the
HEE intervention, mice gained significantly less weight than the model mice (Figure 1C,D).
Similar ameliorative effects were observed for the liver-to-body weight ratio and fasting
blood glucose levels (Figure 1G,H). Nonetheless, the regulatory effects were not significant
in the antibiotic-treated groups, predicting that the disruption of the intestinal flora by
antibiotics might have affected the efficacy of HEE.

Figure 2A,B show sections of the liver with oil red-O staining and epididymal fat H&E,
which indicated that lipid accumulation in the liver and epididymal fat were significantly
reduced in the HEE group compared with the non-HEE group. Serum biochemical markers
indicated that HEE improved liver function, significantly decreased ALT and AST levels in
the NFHFD and PGHFD groups, and helped to regulate alkaline phosphatase (ALP) levels
in the NFHFD group, although it did not significantly improve cholinesterase (CHE) levels
(Figure 2C–F). Therefore, HEE effectively modulates lipid accumulation and liver function
in HFD mice.

3.2. Modulation of Lipid Profile and Inflammation-Related Cytokines by HEE in HFD Mice

A high-fat diet causes dyslipidemia and inflammatory responses in the organism, so
we further investigated the modulatory effects of HEE on serum lipids and inflammation-
associated cytokines in HFD mice. Our findings reveal that, in comparison to the high-fat
diet group, HEE significantly reduces the levels of serum TG, TC, and LDL-c, irrespective
of the presence of a normal microbiota or an antibiotic-treated environment. Additionally,
HEE notably increased the level of HDL-c in the NFHFDHEE group. This indicates HEE’s
potential in modulating lipid profiles and inflammatory responses in the context of dietary-
induced hyperlipidemia (Figure 3A–D).

Systemic inflammation in NAFLD mice and the therapeutic effect of HEE were inves-
tigated by detecting cytokines in serum (Figure 3E–H). We observed that HEE effectively
modulated the levels of tumor necrosis factors α (TNFα), endotoxin lipopolysaccharide
(LPS), and lipopolysaccharide binding protein (LBP) in the NFHFDHEE group, while
significantly alleviating the levels of LPS and interleukin-6 (IL-6) in the PGHFD group.
Consequently, HEE has shown its beneficial effects by reducing the inflammatory response
induced by a high-fat diet, thereby decreasing the liver’s susceptibility to the effects of
endotoxins. This underscores HEE’s therapeutic potential in ameliorating diet-induced
hepatic inflammation.
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Figure 1. Effects of HEE on appetite, body weight, and blood glucose in high-fat-diet mice.
(A) Animal experiment process. (B) Food intake in mice aged 4 to 16 weeks. (C) The body weights of
mice in each group were recorded weekly from 0 to 16 weeks. (D) Establishment of a model for mouse
food intake from 0 to 10 weeks. (E) Body weight gain during the intervention. (F) Liver-to-body
weight ratio (100%). (G) Fasting blood glucose in mice at week 16. (H) Oral glucose tolerance of
mice in each group. Data are shown as mean ± SD. (For each group, n = 5, * p < 0.05; ** p < 0.01;
*** p < 0.001). The black dots in the graph indicate the values detected for each sample.
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Figure 2. The effects of HEE on the liver function of high-fat-diet mice. (A) Oil red O-stained
sections of the liver of mice in each group. (B) H&E-stained sections of epididymal fat from various
groups of mice. (C–F) Serum biochemical indices in mice: alanine aminotransferase (ALT), glutamine
aminotransferase (AST), alkaline phosphatase (ALP), and cholinesterase (CHE). Data are shown as
mean ± SD. (For each group, n = 5, * p < 0.05; ** p < 0.01). The black dots in the graph indicate the
values detected for each sample.
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Figure 3. Effects of HEE on blood lipid levels and inflammation levels in mice. (A–D) Serum
triglycerides (TG), serum total cholesterol (TC), high-density lipoprotein (HDL-c), and low-density
lipoprotein (LDL-c) levels in all groups of mice. (E–H) Cytokine levels in mice of all groups: tumor
necrosis factors α, interleukin-6, endotoxin lipopolysaccharide, and lipopolysaccharide binding
protein. Data are shown as mean ± SD. (For each group, n = 5, * p < 0.05; ** p < 0.01; *** p < 0.001).

3.3. Effects of HEE on the Expression of Genes Related to Intestinal SCFAs and Hepatic Lipid
Metabolism in Mice

Studies indicated that HFD alters the gut microbiome in the cecum and colon, increas-
ing concentrations of SCFAs, such as propionate in the cecum and isovalerate and valerate
in the colon. However, the concentration of SCFAs dropped significantly after antibiotic
treatment, highlighting the crucial role of the gut microbiome (Figure 4A,C).

Through significant changes in liver and adipose tissue slices and glycerol triacyl-
glycerol indicators, we further investigated the metabolic status of triglycerides in the
liver. We selected key enzymes in the lipolytic process, such as adipose triglyceride lipase
(ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase (MGL) in adipose
tissue. Our results showed that ATGL and HSL gene expression was significantly acti-
vated in the NFHFDHEE group compared with the high-fat model group, whereas no
significant changes were observed in the PG group. Interestingly, HEE similarly affected
the activation of MGL in the PGHFDHEE group, promoting lipolysis (Figure 4B,D–F).
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Thus, HEE promotes lipolysis in the liver and plays an important role in regulating hepatic
lipid metabolism.

Figure 4. Regulation of short-chain fatty acids and hepatic lipid metabolism-related genes in the
mouse intestine by HEE. (A) SCFAs in the colon. (B) FASN gene expression in liver. (C) SCFAs in
the cecum. (D) HSL gene expression in liver. (E) ATGL gene expression in the liver. (F) MGL gene
expression in the liver. Data are shown as mean ± SD. (For each group, n = 5, * p < 0.05; ** p < 0.01;
*** p < 0.001). The black dots in the graph indicate the values detected for each sample.
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3.4. HEE Modulates the Gut Microbiota in HFD Mice

To investigate the modulatory effects of HEE on the gut microbiota of high-fat-diet-fed
mice, we assessed changes in fecal microbial community structure after the administration
of HEE using 16S rRNA analysis. The treatment notably adjusted the prevalence of Bac-
teroidetes and Firmicutes within the NFHFDHEE group, elevating Bacteroidetes quantities
to similar levels as those observed in the control group, as illustrated in Figure 5A,B. This
adjustment is further reflected by the Bacteroidetes-to-Firmicutes ratio. Among the antibiotic-
treated cohort, Verrucomicrobia dominance was observed, which was marked by reduced
microbial diversity and lower abundance.

Figure 5. Regulatory effects of HEE on the gut microbiota of mice subjected to a high-fat diet.
(A) The impact of HEE on the phylum level of gut microbiota in high-fat-diet mice. (B) The effects of
HEE on Bacteroidetes and Firmicutes in the intestines. (C) Effect of HEE on the diversity of intestinal
flora of mice at the genus level. Data are shown as mean ± SD. (For each group, n = 5, * p < 0.05).

We further delved into the alterations at the genus level within the gut microbiota,
as depicted in Figure 5C, showcasing the proportional distribution of dominant bacterial
genera across five groups. The gut microbiota composition of SPF-maintained normal mice
starkly contrasted with that of pseudo-germ-free mice treated with antibiotics (PG). No-
tably, in the NFHFDHEE group, genera such as unidentified Lachnospiraceae, Lactobacillus,
the [Eubacterium] fissicatena group, Ruminiclostridium 9, and Romboutsia predominated, sug-
gesting their pivotal physiological roles—a trend similarly observed in the NFNDC group.
Conversely, the PG group harbored various potentially pathogenic genera like Streptococcus,
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Stenotrophomonas, Enterobacter, Enterobacteriaceae, and Escherichia-Shigella. This phenomenon
hints at the vulnerability of the gut microbial environment after antibiotic treatment and
emphasizes the critical role of microbial diversity in maintaining the integrity of the
gut barrier.

In summary, HEE possesses the ability to modulate the composition of the gut micro-
biota by promoting the prevalence of beneficial genera.

We investigated the recovery after antibiotic treatment, the lipid-lowering effect of
microorganisms, and the modulation of gut flora by HEE through a comprehensive analysis
of the diversity of gut flora. This was achieved through a principal coordinates analysis
(PCoA) of intestinal samples from various mouse groups (Figure 6A). The results revealed
that NFNDC and NFHFD groups displayed slight separation along the PCO3 axis in
PCoA, while NFHFDHEE showed significant divergence, indicating the efficacy of HEE
in modulating gut microbiota diversity. Post-antibiotic treatment, the PGHFD group
significantly diverged from the normal group along the PCO2 axis, indicating a significant
change in the gut microbiota of the PG group due to the antibiotic. Principal component
analysis (PCA) further highlighted distinctions between NFNDC and NFHFD groups
along PC2, signifying the non-negligible effect of the HFD on the gut microbiota of mice
(Figure 6B). Moreover, samples from the NFHFDHEE group showed differentiation from
NFHFD along PC1, predicting the effects of the diet and HEE treatments on microbial
community structure.

Figure 6. Modulation of intestinal species diversity in mice by HEE. (A) Principal co-ordinates
analysis (PCoA) in the intestines of each group of mice. (B) PCA (principal component analysis) is
applied in various groups of mouse intestines.

Finally, we utilized a heatmap for cluster analysis and inter-group differential com-
parison (Supplementary Figure S1), identifying bacterial genera with relatively higher
abundance in the intestinal microbiota of different mouse groups, aiming to discern pat-
terns. In the heatmap, the central yellow section highlights significant bacterial genera in the
PG group, including previously mentioned genera such as Streptococcus, Stenotrophomonas,
Enterobacter, Enterobacteriaceae, and Escherichia-Shigella. These genera cluster together, form-
ing a large group. Similarly, the elevated yellow section in the top-left corner repre-
sents the NF group post-HEE intervention, where genera like unidentified Lachnospiraceae,
Lactobacillus, the [Eubacterium] fissicatena group, Ruminiclostridium 9, and Romboutsia also
cluster into a large group. The distance between these two clusters is notably significant.
The impacts of a high-fat diet, interventions by HEE, and antibiotic treatments have evi-
dently contributed to the diverse composition of gut microbiota among different groups.
HEE has been found to promote an increase in the abundance of beneficial microorganisms.
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4. Discussion

The results for food intake and body weight (Figure 1) indicate that after 11–12 weeks
of antibiotic treatment, the mice experienced a slowdown in weight gain, which then
resumed after week 13 in the PGHFD group. This may be related to the use of high-dose
quad antibiotics in the short term. Although there was a downward trend in weight
gain, liver-to-body weight ratio, and blood glucose levels in the PGHFDHEE group, it
was not significant. The difference between PGHFDHEE and NFHFDHEE was solely the
involvement of the gut microbiota, revealing the potential impact of the gut microbiota on
the weight loss and blood sugar reduction effects of HEE. Studies have shown a strong
relationship between gut flora and obesity and blood sugar, and gut flora management has
emerged as a new way to treat obesity [25]. Understanding the causal relationship between
the gut microbiome and metabolic risk may help us to identify susceptible individuals for
early, targeted intervention [26].

Liver and epididymal fat sections, along with liver function indicators (Figure 2),
show that while HEE has a certain alleviating effect on the liver of HFD mice in the PG
group, the effect is not significant, aligning closely with the observations mentioned earlier.
Regarding lipid profiles and inflammatory markers, HEE contributes similarly across
groups, effectively regulating blood lipids and suppressing inflammation to some extent
(Figure 3). However, there are differences in emphasis between the NF and PG groups in
terms of indicators; in the PG group, after HEE intervention, acetic acid levels rise while
other fatty acid concentrations remain low, likely due to the antibiotic-induced depletion of
the gut microbiota [27].

Several studies have reported that numerous acetic acid-producing bacteria have the
potential to prevent the development of NAFLD [28]. In contrast, the NF group exhibited a
decreasing trend in the levels of acetic and propionic acids in the cecum and colon, with
concentrations in the cecum being 2–3 times higher than those in the colon. Additionally,
significant changes in the levels of valeric acid and isovaleric acid were observed. In the
cecum, the level of valeric acid was relatively high, and the promotional effect of HEE
on valeric acid production could likely be due to an increased relative abundance of acid-
producing bacterial populations. Studies have shown that Lactobacillus acidophilus can
inhibit hepatocellular carcinoma associated with NAFLD by producing valeric acid [29].

In terms of regulating the gut microbiota, HEE adjusted the proportions of the
Bacteroidetes and Firmicutes phyla and also modulated the abundance at the genus level (Fig-
ures 5 and 6). It significantly increased the abundance of beneficial bacterial genera, includ-
ing Lactobacillus, Lachnospiraceae, the [Eubacterium] fissicatena group, Ruminiclostridium 9,
and Romboutsia. Conversely, some potentially harmful bacteria were also identified in
the PG group, including Streptococcus, Stenotrophomonas, Enterobacter, Enterobacteriaceae,
and Escherichia-Shigella. Lactobacillus plantarum offers protective benefits for HFD mice
with NAFLD [30]. Lactobacillus rhamnosus regulates blood lipid levels and alleviates fatty
liver by modulating a high-fat, high-cholesterol diet [31]. Romboutsia has the capability
to modulate lipid metabolic functions in obese rats [32]. The Lachnospiraceae belongs to
the phylum Firmicutes and is an important part of the intestinal microbial community.
Members of this family are known for producing SCFAs, particularly butyrate and acetate,
which are crucial for the host’s gut health and immune system function [33]. Ruminiclostrid-
ium species, including Ruminiclostridium 9, are recognized for their capacity to ferment
dietary fibers and other indigestible carbohydrates, resulting in an increased production
of intestinal SCFAs, such as butyrate, acetate, and propionate. In contrast, HEE had no
significant effect on the intestinal flora of PG mice, which may be attributed to the strong
destructive effect of antibiotics on the intestinal flora, masking the effect of HEE on the
intestinal flora, and the harmful bacterial genera became dominant in the fragile intestines
of the PG mice. A species within the genus Streptococcus has been reported as a potential
risk factor for NAFLD. This indicates a significant link between certain bacterial species
and the development or exacerbation of NAFLD [34]. Stenotrophomonas is a Gram-negative
bacteria that includes a spectrum of species, from those commonly found in soil and plants
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to opportunistic human pathogens like Stenotrophomonas maltophilia. However, certain
strains of S. maltophilia are known to be pathogenic to humans, presenting challenges due
to their multidrug-resistant profiles [35]. Enterobacter can induce liver inflammation and
exacerbate lipid accumulation [36,37]. At the same time, Enterobacteriaceae also acts as a
trigger for endotoxins in NAFLD [38]. HEE interventions prevented the wild growth of
these harmful genera, increased the abundance of beneficial genera, and increased the
diversity of the flora. Overall, HEE modulates the intestinal flora, which translates into
a pattern that benefits the alleviation of non-alcoholic fatty liver. Meanwhile HEE’s own
effects still cannot be ignored. When the gut flora is disrupted, HEE is still able to alleviate
NAFLD, although it is not as effective as when the gut flora is not disrupted.

5. Conclusions

In conclusion, our study demonstrated that HEE could effectively alleviate hepatic
lipid accumulation, reduce blood lipids, and decrease the level of inflammation in both
normal colony and pseudo sterile mice. HEE was able to regulate key enzymes involved in
triglyceride catabolism to promote lipid metabolism, as well as inhibit the expression of
fatty acid synthase and change the lipid metabolism pattern in the liver. Our study also
highlights the effectiveness of HEE when the gut flora is disrupted and the potentiating
effect of HEE modulation of the gut flora in normal flora for the treatment of NAFLD with
HEE. HEE was found to affect the diversity of intestinal bacteria, improve the structure
of the intestinal microbiota in mice, increase the level of beneficial bacterial species, and
regulate the concentration of SCFAs in the intestinal tract. These beneficial effects were
significantly reduced in PG mice. This study provides valuable insights into the efficacy
and possible pathways of hawthorn in the treatment of NAFLD, which has a wide range
of application scenarios as a common food ingredient. Future studies should focus on the
exact components of hawthorn that alter the gut flora as well as the specific genera of gut
flora with beneficial effects.
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Abstract: Background: Celastrol, a pentacyclic triterpenoid active component isolated from
the root bark of the traditional medicinal plant Tripterygium wilfordii, displays significant
anti-inflammatory, antioxidant, and immunomodulatory properties. However, its clinical
application remains limited due to inadequate bioavailability. Methods: Regarding these
issues, we innovatively developed a novel peanut cultivar (cel-peanut) enriched with celas-
trol through distant hybridization combined with metabolomics screening. Guided by the
research concept of “natural anti-inflammatory diets for metabolic disease management”,
we established a high-fat diet-induced ApoE−/− atherosclerotic mouse model to system-
atically evaluate the anti-atherosclerosis effects and mechanisms of cel-peanut. Results:
Our results revealed that cel-peanut significantly reduced serum levels of triglycerides
(TGs) and increased high-density lipoprotein cholesterol (HDL-C). Concurrently, cel-peanut
markedly decreased the atherosclerotic lesion area and enhanced collagen content within
plaques. Mechanistic investigations demonstrated that cel-peanut reduced serum malondi-
aldehyde (MDA) levels and suppressed the concentration of pro-inflammatory cytokine
IL-6 in atherosclerotic lesions. Furthermore, cel-peanut promoted intestinal health by
modulating the composition and functionality of gut microbiota, thereby attenuating
atherosclerosis progression. Conclusions: Overall, these findings indicate that cel-peanut
exerts therapeutic effects against atherosclerosis through its anti-inflammatory, antioxidant,
and gut microbiota-modulating properties. This study proposes a novel nutritional inter-
vention strategy for atherosclerosis and provides a promising adjuvant strategy for clinical
atherosclerosis treatment.

Keywords: celastrol-enriched peanut; atherosclerosis; blood lipid; anti-inflammatory;
intestinal flora

1. Introduction

Cardiovascular diseases are the leading cause of mortality, accounting for nearly
17.9 million lives each year [1]. Atherosclerosis (AS) is a chronic inflammatory disease
that serves as the main pathological basis of most cardiovascular diseases [2]. Various
risk factors, including obesity, genetic history, and age [3], have been considered as risk
factors for atherosclerosis. In addition, there are additional non-traditional risk factors for
atherosclerosis, such as poor diet quality, sedentary lifestyle, ambient air pollution, and
psycho-social stress [4].
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The pathogenesis of AS involves the following: increased endothelial permeability
and initiating inflammation caused by minor damage, allowing for low-density lipoprotein
infiltration and oxidative modification in the arterial wall; monocyte recruitment and trans-
formation into macrophages and foam cells; platelet adhesion and growth factor release;
migration and proliferation of medial smooth muscle cells into the intima, synthesizing
the extracellular matrix (collagen and proteoglycans); and progressive lipid deposition
in macrophages and smooth muscle cells. This chronic and complex process involves a
continuous vicious cycle of lipid accumulation, inflammatory responses, and cellular pro-
liferation, ultimately forming lipid-rich cores and fibrotic plaques [5]. Therefore, targeting
inflammation could be an effective therapeutical strategy to prevent the development of
atherosclerosis. Existing treatment strategies targeting inflammation include inhibiting
cytokines, manipulating adaptive immunity, and promoting pro-resolution mechanisms [6].
Additionally, an increase in the intake of plant-based foods (whole grains, fruits, vegetables,
legumes, and nuts) is associated with a reduced risk of atherosclerosis. Similarly, substi-
tuting butter and other animal/tropical fats with oils rich in unsaturated fats can benefit
cardiovascular health. This type of diet affects the entire metabolism [7,8].

Natural products are an essential source for discovering and developing new com-
pounds for the treatment of cardiovascular diseases [9–11]. Celastrol, a pentacyclic triter-
penoid isolated from the roots of Tripterygium wilfordii, has shown great potential in the
treatment of a wide variety of diseases and received considerable attention in recent
years [12]. A large number of studies have shown that celastrol has a protective effect
on obesity, diabetes, silicosis, and other diseases [13]. Importantly, growing evidence
suggests celastrol could be a promising agent against atherosclerosis [14,15]. However,
further clinical application of celastrol is still hampered by its limited hydrolysis, low oral
bioavailability, and poor tolerance in vivo [16]. In addition, celastrol can have cytotoxic,
hepatocyte, and even neurotic effects at high concentrations or in the case of prolonged
exposure [17]. Thus, it may be useful to explore a more effective and safer strategy for the
treatment of atherosclerosis through the proper utilization of celastrol.

Recently, advanced drug delivery systems based on nanotechnology were reported to
deliver celastrol in the treatment of cancer [18] and inflammatory diseases [19]. However,
shortcomings still exist in these studies, such as material instability, immunogenicity, and
systemic toxicity [20,21]. Linoleic acid, lecithin, high-quality protein, minerals, vitamins,
and fiber that exist within peanut are considered to be good carriers for fat-soluble natural
compounds, which may effectively alleviate the toxicity produced by natural compounds
via changing their pharmacokinetic properties [7,22–24].

This variety of peanut that rich in celastrol was screened and obtained through breed-
ing techniques combining distant hybridization and metabolomics analysis. Considering
the great potential of celastrol in the treatment of inflammation-associated diseases, the
efficacy of celastrol-enriched peanut on atherosclerosis was investigated in a mouse model
of atherosclerosis (ApoE−/− mice) fed a 10-week high-fat diet.

2. Materials and Methods

2.1. Celastrol-Enriched Peanut

The Paraguay Mountain Small Peanut is a small-fruited, black-skinned peanut vari-
ety characterized by thin shells, small yet plump seeds, and excellent flavor. However,
this plant exhibits a relatively tall stature, long growth cycles, late maturation, limited
branching, and low yields, making it unsuitable for large-scale cultivation in China. In
contrast, the Yangjing variety, a local germplasm from Wuzhi Mountain in Hainan Province,
is renowned for its early maturity, abundant branching, and relatively high yields. This
hybrid cultivar was developed through distant hybridization combining the high-yield
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Paraguay Mountain Small Peanut (maternal parent) with the Yangjing genotype (paternal
parent). By integrating metabolomic analysis with distant hybridization, the secondary
metabolic pathways of the plant were activated, achieving enrichment of celastrol while
reducing its potential toxicity. This process preserved the superior flavor characteristics
while maintaining stable high-yield traits. The combination of traditional hybrid breed-
ing with modern metabolic pathway analysis has enabled synchronous optimization of
phytochemical composition, sensory quality, and agronomic performance in this improved
peanut variety.

Three types of animal feed were used in this experiment: (1) a high-fat purified diet
(H10141, purchased from Beijing HFK Bio-Technology Co., Ltd., Beijing, China) with a
fat–energy ratio of 41%, supplemented with 1.5% cholesterol, was used to induce high-fat
and atherosclerosis models in mice; (2) a high-fat purified diet mixed with 20% regular
peanuts per kilogram; and (3) a high-fat purified diet mixed with 20% celastrol-enriched
peanuts per kilogram. The common peanuts (Luhua 11, celastrol content: 0.57 μg/kg)
and celastrol-enriched peanuts (celastrol content: 1029.21 μg/kg) used in this study were
provided by Hainan Misheng Biotechnology Co., Ltd. (Sanya, China).

2.2. Animals

Male apolipoprotein E-deficient mice (ApoE−/−, C57BL/6J background), aged 6 weeks,
were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The mice were housed under specific pathogen-free conditions, with a temperature
range of 20 to 26 ◦C, humidity of 40–70%, pressure of 45 Pa, illumination of 15–20 Lux,
and 12 h light/dark cycle. All the experimental animals were fed a high-fat diet (HFD)
for 10 weeks to induce obesity and atherosclerosis. The mice were randomly divided into
three groups (6 mice per group): the blank high-fat diet group (HFD group), the high-fat
diet with regular peanut control group (HFD-peanut group), and the high-fat diet with
celastrol-enriched peanut intervention group (HFD-Cel-peanut group). Each group was fed
their corresponding diets accordingly. The intervention lasted for 8 weeks, during which
the mice had ad libitum access to food and water. Weekly records of body weight and feed
consumption were kept throughout the intervention period. All the mice were sacrificed
following intraperitoneal administration of 1.25% tribromoethyl alcohol for anesthesia.
Whole blood was obtained via cardiac puncture. Aortic tissues and other organs were
harvested separately and stored in 4% formalin for histopathological analysis or at −80 ◦C
for biochemical experiments. All the procedures were conducted in strict accordance with
the Guiding Principles for the Care and Use of Laboratory Animals and were approved by
the Ethics Committee on Animal Experiments of China Agricultural University (Beijing,
China) (No. AW50804202-5-3).

2.3. Detection of Body Composition

After 8 weeks of intervention and just prior to euthanasia, the body fat and lean mass
content of the mice were analyzed using the Awake Small Animal Body Composition
Analysis and Imaging System (MesoQMR-060H-I, Shanghai Numai Electronic Technology
Co., Ltd., Shanghai, China). For the measurement, a 40 g animal holder was selected,
and the mice were placed into the holder. The holder was then inserted into the round
opening beneath the instrument, ensuring the animal was positioned correctly for the
test. The non-invasive nature of the MesoQMR system allowed for real-time monitoring,
providing accurate and reliable data on the body composition of the mice without the
need for anesthesia, thus minimizing potential stress and confounding factors during
the assessment.
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2.4. Analysis of Serum Lipid Profiles and Inflammatory Factors

After the whole blood samples were collected from the mice, they were allowed to
stand at room temperature for 2 to 3 h. Subsequently, the samples were centrifuged at
3000 rpm for 15 min to separate the serum, which was then stored at −80 ◦C until further
analysis. The levels of total cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) in the serum were
quantified using commercially available assay kits (S03027, S0304, S03025, and S03029;
Shenzhen Raydu Life Science Co., Ltd., Shenzhen, China). The processed samples were
then analyzed automatically using a biochemical analyzer (Chemray 800, Shenzhen Raydu
Life Science Co., Ltd., Shenzhen, China).

2.5. Hematoxylin–Eosin (HE) Staining for Aorta

The aortas of the mice were carefully immersed in 4% paraformaldehyde and fixed for
over 48 h. Following fixation, the tissues were embedded in paraffin and sectioned into
5 μm thick slices using a microtome. These paraffin-embedded sections were then stained
with a commercially available hematoxylin and eosin (HE) staining kit (G1120, Beijing
Solarbio Science and Technology Co., Ltd., Beijing, China). The staining process began with
dewaxing the sections, followed by rehydration in water. The tissues were then stained
with hematoxylin solution for a duration of 5–20 min, after which they were thoroughly
rinsed in running tap water. To differentiate the staining, the sections were treated with
differentiation solution for 3 min, followed by two washes with tap water, each lasting
2 min. The next step involved re-staining the sections with Eosin Y Aqueous Solution for
10 s to 2 min and subsequently dehydrating the samples for 2–3 min each, followed by
a 1 min rinse in 100% alcohol. After dehydration, the samples were placed in a series of
alcohol solutions, 75%, 85%, 95%, and 100% alcohol, and the sections were cleared using
xylene and mounted with neutral gum. The stained sections were then examined under an
optical microscope, and the atherosclerotic plaques were analyzed and quantified using
ImageJ software (version 1.8.0, National Institutes of Health, Bethesda, MD, USA).

2.6. Masson’s Trichrome Stain

Weigert’s iron hematoxylin solution, fuchsin ponceau acid solution, and aniline blue
solution were utilized to stain the prepared paraffin sections, following the protocol pro-
vided in the Masson’s trichrome stain kit (G1340, Beijing Solarbio Science and Technology
Co., Ltd., Beijing, China). The staining process began with routine dewaxing of the paraffin
sections in distilled water. Next, a 1:1 mixture of reagents A1 and A2 was applied to cover
the sections, and the sections were left for 5–10 min. Afterward, the excess staining solution
was washed away with distilled water, and the sections were differentiated with acid
ethanol differentiation solution for 5–15 s, followed by another wash with distilled water
for 30 s. The sections were then stained with Masson solution for 3–5 min, followed by
a 30 s rinse in distilled water. Subsequently, a weak acid working solution was prepared
by mixing distilled water and weak acid solution in a 2:1 ratio. This solution was applied
to the sections for 30 s, after which the excess liquid was discarded. The sections were
treated with phosphorolybdic acid solution for 1–2 min, followed by another 30 s wash
with distilled water. The aniline blue stain was then applied for 1–2 min, and the sections
were washed again with distilled water for 30 s. To complete the dehydration process,
the sections were immersed in 95% ethanol for 2–3 s, followed by two washes in absolute
ethanol for 5–10 s each. The sections were then cleared with xylene for 1–2 min, twice, and
sealed with neutral gum. Finally, the stained sections were examined and photographed
under an optical microscope (Leica CTR6, Leica, Wetzlar, Germany). The proportion of
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collagen in the stained tissue sections was analyzed and quantified using ImageJ software
(version 1.8.0).

2.7. Analysis of MDA, IL-6, and TNF-α Levels in Serum

The levels of malondialdehyde (MDA) in serum were determined using a commercial
assay kit (BC0020, Beijing Solarbio Science and Technology Co., Ltd., Beijing, China). Prior
to measurement, the spectrophotometer was preheated for more than 30 min, and the
distilled water was adjusted to zero. The measurement process involved preparing a
measurement tube containing 600 μL of MDA working solution, 200 μL of the sample,
and 200 μL of reagent 3, while a blank tube was prepared with 600 μL of MDA working
solution, 200 μL of distilled water, and 200 μL of reagent 3. Both tubes were incubated
in a 100 ◦C water bath for 60 min, followed by cooling in an ice bath. Afterward, the
tubes were centrifuged at 10,000× g at room temperature for 10 min, and the supernatant
was transferred to a 96-well plate to measure the absorbance at 532 nm and 600 nm. The
differences in absorbance (ΔA532 and ΔA600) were calculated by subtracting the blank
readings from the measured values, and the final value for ΔA was obtained by subtracting
ΔA600 from ΔA532. For the high-fat blood blank tube, distilled water was diluted with a
mixture of 33 μL distilled water and 67 μL ethanol. The MDA content (nmol/mL) was then
calculated using the following formula: MDA content = 32.258 × ΔA, where ΔA represents
the absorbance difference and other constants account for the total volume, sample volume,
molar absorption coefficient of MDA, and dilution factor.

Additionally, for the quantitative detection of mouse interleukin-6 (IL-6) and tumor
necrosis factor-α (TNF-α), an enzyme-linked immunosorbent assay (ELISA) was per-
formed. The procedure involved coating a Corning™ Costar™ 9018 ELISA plate (Corning
Incorporated-Life Sciences, Kennebunk ME, USA) with 100 μL of capture antibody in Coat-
ing Buffer and incubating the plate overnight at 4 ◦C. After washing the wells three times
with Wash Buffer, the wells were blocked with 200 μL of ELISA/ELISPOT Diluent (1×)
and incubated for 1 h at room temperature. The mouse IL-6 standard was reconstituted
with distilled water, and the standard curve was prepared by performing 2-fold serial
dilutions of the top standard across 8 points. Following this, 100 μL of each sample was
added to the corresponding wells, and the plate was sealed and incubated for 2 h (or
overnight at 4 ◦C for maximum sensitivity). After incubation, the detection antibody was
added, followed by incubation for 1 h at room temperature. Subsequently, Avidin-HRP was
added to the wells, and incubation continued for 30 min at room temperature. The plate
was washed thoroughly after each step, with multiple wash cycles to ensure the effective
removal of residual buffer. Finally, 100 μL of 1 × TMB Solution was added, and the plate
was incubated for 15 min before adding 100 μL of Stop Solution. The absorbance was read
at 450 nm, and if available, subtraction of the readings at 570 nm from those at 450 nm was
performed to analyze the data.

2.8. Microbial Diversity Analysis
2.8.1. DNA Extraction of Sample

An E.Z.N.A. Soildnakit (Omega Bio-Tek, Norcross, GA, USA) was used to extract the
total genomic DNA of the microbial community from the mouse feces samples, and the
specific operation was carried out according to the instructions of the kit. The extracted
DNA was detected by 1% agarose gel electrophoresis, and its concentration and purity
were determined by Nano Drop 2000 (Thermoscientific, Waltham, MA, USA).

2.8.2. Construction of PCR Amplification and Sequencing Library

Using the extracted DNA as a template, the V3-V4 variable region of the 16SrRNA
gene was amplified by PCR with primers 338 f (5′-ACTCCTACGGGAGGCCAGCAG-3′)
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and 806 r (5′-GGACTACHVGGGTWTCTAAT-3′) [25]. The amplification procedure was
as follows: pre-denaturing at 95 ◦C for 3 min; 27 cycles (denaturation at 95 ◦C for 30 s,
annealing at 55 ◦C for 30 s, and extension at 72 ◦C for 30 s); 72 ◦C for 10 min; and store
at 4 ◦C (PCR instrument: T100ThermalCycler, BIO-RAD, Hercules, CA, USA). The PCR
reaction system was as follows: 5× TransStartFastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL,
upstream primer (5 μM) 0.8 μL, downstream primer (5 μM) 0.8 μL, TransStartFastPfuDNA
polymerase 0.4 μL, template DNA 10 ng, and ddH2O make up to 20 μL. The PCR products
were separated by 2% agarose gel electrophoresis, purified by using a DNA gel recovery
and purification kit (PCR Clean-Up Kit C01-10000, Meiji Yuhua Biomedical Technology Co.,
Ltd, Shanghai, China), and the recovered products were quantitatively detected by Qubit
4.0 (Thermo Fisher Scientific, Waltham, MA, USA). The sequencing library was constructed
by using the NEXTFLEXRapidDNA-SeqKit, and the steps were as follows: (1) connected
the linker; (2) used magnetic beads to screen and remove the self-linking fragments of the
linker; (3) amplified and enriched the library template by PCR; and (4) recovered the PCR
products from the magnetic beads to obtain the final library. The library was sequenced
on the Illumina PE300/PE250 platform (Shanghai Meiji Biomedical Technology Co., Ltd.,
Shanghai, China).

2.8.3. High-Throughput Sequencing Data Analysis

We used fastp [26] (v0.19.6) to control the quality of the original sequencing data:
(1) The bases whose tail mass value was less than 20 were filtered, setting a 50 bp window;
if the average mass value in the window was less than 20, we cut off the back-end bases and
removed the reads whose length was less than 50 bp or contained N bases. (2) FLASH [27]
(v1.2.11) was used to splice the pairs of PEreads into a sequence according to the overlap
relationship between PEREADS, with the minimum overlap length of 10 bp and the
maximum allowable mismatch ratio of 0.2, so as to screen and reject the unqualified
sequences. (3) The samples were differentiated according to the barcodes and primers and
the sequence direction was adjusted. The allowable mismatch number of barcodes was 0,
and the maximum mismatch number of primers was two.

The amplicon sequence variant (ASV) was obtained by using DADA2 [28] plug-
in in the Qiime2 process to denoise the sequence after quality control. Based on the
Silva16SrRNA gene database (v138), the NaiveBayes classifier in Qiime2 was used to
analyze the species taxonomy of the ASVs. At the same time, the function of the 16SrRNA
gene data was predicted and analyzed by PICRUSt2 [29] (v2.2.0).

2.9. Statistical Analysis

The experimental results are expressed as the mean ± standard deviations (mean ± SDs).
A statistical analysis was performed using GraphPad Prism software (version 8, San Diego,
CA, USA). To assess the statistical differences among the three groups, one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison test was conducted. A p-value
of less than 0.05 was considered to indicate statistical significance.

A data analysis of the intestinal flora was completed on the Meggie Bio-cloud platform,
and the specific methods were as follows: mothur [30] was used to calculate the Alpha
diversity index (such as Sobs and Shannon index); principal component analysis (PCA)
based on the Bray–Curtis distance algorithm and non-metric multidimensional scaling
analysis (NMDS) were used to evaluate the similarity of and difference in the microbial
community structure among the samples. A one-way ANOVA followed by Tukey’s multi-
ple comparison test was used to test the species abundance of the microbial communities
in multiple groups of the samples, and the significance of the differences between the
groups was evaluated. By LEfSe analysis [31] (LDA > 2, p < 0.05), the bacterial groups
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with significant differences between the groups from the phylum to genus level were
identified. Based on the correlation coefficient of the top 10 dominant microorganisms
and environmental factors, the heat map was drawn to reveal the potential relationship
between the microorganisms and environmental factors.

3. Results

3.1. Determination of Feed Composition

The fat content of common peanuts and celastrol-enriched peanuts is 52.24% and
49.22%, protein content is 28.42% and 28.30%, and carbohydrate content is 16.68% and
16.26%, respectively (Table 1). The high-fat diet (H10141, Beijing HFK Bio-Technology Co.,
Ltd., Beijing, China) contains 21% fat, 20% protein, and 50% carbohydrates. Through calcu-
lation, the feed containing 20% regular peanuts (HFD-peanut) comprises 27.25% fat, 21.68%
protein, and 43.34% carbohydrates. The feed containing 20% celastrol-enriched peanuts
(HFD-Celastrol-peanut) comprises 26.64% fat, 21.66% protein, and 43.25% carbohydrates
(Table 2).

Table 1. Nutrient composition of common peanut and celastrol-enriched peanut.

Common Peanut
Celastrol-Enriched

Peanut

Fat 52.24% 49.22%
Protein 28.42% 28.30%

Carbohydrate 16.68% 16.26%
Celastrol content 0.57 μg/kg 1029.21 μg/kg

Table 2. Nutrient composition of three feeds.

HFD Group HFD-Peanut Group HFD-Cel-Peanut Group

Fat 21.00% 27.25% 26.64%
Protein 20.00% 21.68% 21.66%

Carbohydrate 50.00% 43.34% 43.25%

3.2. Improvements in Body Fat and Lean Mass Percentage

In order to establish an obesity model, 6-week-old mice were fed with HFD for
10 weeks. Then, the obesity mice were divided into the HFD group, HFD-peanut group,
and HFD-Cel-peanut group and then fed for an additional 8 weeks (Figure 1A). In the
first two weeks of the initial modeling period and the intervention period, we detected the
food intake of mice by measuring the weight of the remaining feed. The results showed
that the food intake of mice in both periods tended to be stable within two weeks. This
indicates that a stable intake of intervention substances has no effect on the results. In the
final weight plot, we observed that the body weight of the HFD-Cel-peanut group mice
was lower than the HFD group and the control peanut group (Figure 1B). These results
indicated that celastrol-enriched peanut could reduce body weight.

After 18 weeks, the body fat and lean content of mice were analyzed by the Awake
Small Animal Body Composition Analysis and Imaging System. The results showed
that compared with the HFD-peanut group, the body fat percentage of the HFD-Cel-
peanut group was significantly decreased, while the lean meat percentage was significantly
increased (Figure 1C,D).
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Figure 1. (A) Scheme of celastrol-enriched peanut intervention in HFD-induced atherosclerosis in
ApoE−/− mice. (B) Effects of celastrol-enriched peanut on body weight in HFD-induced ApoE−/−

mice. Body weight in HFD group, HFD-peanut group, and HFD-Cel-peanut group. Effects of
celastrol-enriched peanuts on body composition in HFD-induced ApoE−/− mice. Fat content (C) and
muscle content (D) percentage in HFD group, HFD-peanut group, and HFD-Cel-peanut group.
Results are presented as means ± SDs, and n = 6 in each group. One-way ANOVA with Tukey’s
multiple comparison test; ** p < 0.01 and *** p < 0.001.

3.3. Celastrol-Enriched Peanut Improved the Blood Lipid Profiles

High blood lipids may cause atherosclerosis. Celastrol-enriched peanuts were shown
to improve the blood lipid profiles (TG, TC, LDL-C, and HDL-C) in atherosclerotic mice.
Reduced serum TG and increased HDL-cholesterol concentrations were observed in the
HFD-Cel-peanut group when compared with the HFD-peanut group (Figure 2D–F). Addi-
tionally, the serum TC levels and LDL-C exhibited a reduction trend in the HFD-Cel-peanut
group mice, but there is no significant difference (Figure 2E,G).
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Figure 2. Effect of celastrol-enriched peanut on serum lipids in HFD-induced ApoE−/− mice. TG
(A), TC (B), HDL-C (C), and LDL-C (D) levels of serum in dandelion polysaccharides and saline
group. Effect of celastrol-enriched peanuts on antioxidant markers and inflammatory cytokines
in HFD-induced ApoE−/− mice. MDA, TNF-α, and IL-6 concentrations (E–G) in serum. Results
are presented as means ± SDs, and n = 6 in each group. One-way ANOVA with Tukey’s multiple
comparison test; * p < 0.05 and ** p < 0.01.

3.4. Celastrol-Enriched Peanut Reduces the Concentration of Oxidant-Related Markers and
Inflammatory Cytokine

Malondialdehyde (MDA) is an oxidant-related marker. The celastrol-enriched peanuts
reduced the MDA levels in the HFD-Cel-peanut group mice serum samples (Figure 2A), sug-
gesting that celastrol-enriched peanut may attenuate high-fat diet-induced aortic damage.
Inflammatory responses are involved in the pathophysiology of atherosclerosis. Subse-
quent studies confirmed the efficacy of celastrol-enriched peanut in reducing inflammation.
The concentration of tumor necrosis factor-alpha (TNF-α) in the HFD-Cel-peanut group
was significantly reduced compared with the HFD-peanut group (Figure 2C). Meanwhile,
the serum IL-6 levels were found to be decreased in the HFD-Cel-peanut group relative to
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the mice in the HFD group (Figure 2B). These results suggests that the inhibition of AS by
celastrol-enriched peanuts is partly due to its anti-inflammatory effect.

3.5. Celastrol-Enriched Peanut Reduced Atherosclerotic Plaques in the Aortic Root

A significant decrease in the atherosclerotic plaque’s region was observed by HE
staining of major tissues (Figure 3A). A cross-sectional analysis of the aortic roots further
demonstrated a remarkable reduction in the plaque necrotic core area in the celastrol-
peanut group mice (Figure 3B,C). The data suggest that celastrol-enriched peanut as a
natural antioxidant agent could alleviate atherosclerosis lesions in the aortic root.

Figure 3. Effect of celastrol-enriched peanut on atherosclerotic lesion in HFD-induced ApoE−/− mice.
Representative images for HE staining and Masson staining (A), curve chart (B), and quantitative
chart of atherosclerotic lesion area by HE staining (C) and collagen area by Masson staining (D). For
HE staining, results are presented as means ± SDs (n = 13 in each group). The arrows in the figure
indicate the plaque area formed in the aorta. Each point represents the average plaque area of four
mice, with two slices counted per mouse. For Masson staining, results are presented as means ± SDs
(n = 5 in each group). * p < 0.05, ** p < 0.01, and *** p < 0.001; one-way ANOVA with Tukey’s multiple
comparison test.

3.6. Celastrol-Enriched Peanut Improved Stability in Aortic Roots

Masson staining, one of the most common methods for connective tissue staining, is
used to differentiate muscle fibers (red) from collagen fibers (blue). It is generally accepted
that higher collagen content in the aorta is associated with increased plaque stability and
a reduced likelihood of rupture and thrombosis formation. Therefore, Masson staining
results can serve as an indicator of AS plaque stability. Cel-peanut intervention displayed a
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marked increase in collagen fiber content (blue area; Figure 3A). A quantitative analysis
further confirmed these findings, with collagen content after intervention being 54% higher
than that of the HFD group and 16% higher than that of the HFD-peanut group (Figure 3D).
These results suggest that HFD-Cel-peanut intervention significantly enhanced active
collagen content, thereby improving plaque stability.

3.7. Biological Classification and Dilution Curve of Mouse Intestinal Flora

The intestinal flora of the HFD group, HFD-peanut group, and HFD-Cel-peanut
group were sequenced and quality controlled. A total of 1,076,033 valid sequences were
obtained, with a total base count of 450,620,837 bp and an average sequence length of
419 bp (Table S1). For the purpose of analysis, the sequences were classified by amplicon
sequence variants (ASVs), and those ASVs accounting for less than 0.001% of the total
sequence number were excluded. To assess whether the sample size was sufficient to
represent the majority of microorganisms in the sample, a Pan/Core analysis and dilution
curve analysis (using the Shannon and Sobs indices) were performed. The results indicate
that as the number of samples increases, the total number of species gradually increases,
while the number of common species decreases, leading to a gradual flattening of the
curves (Figure S1A,B). Dilution curves (Figure S1C,D) were plotted based on the Shannon
and Sobs diversity indices, and all three sets of curves tended to plateau as the number of
reads increased. Additionally, the Coverage (coverage rate) for each sample library was
calculated, with all the values exceeding 0.999. These findings indicate that the sample
size is adequate, the sequencing depth is sufficient, and the experimental requirements are
met. The data effectively represent the microbial composition within the samples and are
suitable for further analysis.

3.8. Effect of Cel-Peanut Intervention on α-Diversity of Intestinal Flora in Mice

The α-diversity of intestinal flora is commonly used to assess the richness and diversity
of microbial communities. Several widely used statistical indices, including the ACE
index, Sobs index, Shannon index, and Simpson index, can be employed to evaluate
these characteristics. The Sobs index reflects the number of amplicon sequence variants
(ASVs) that are actually observed, while the ACE index estimates the total number of ASVs
present in the sample. Both the ACE (Figure S2A) and Sobs (Figure S2B) indices together
provide an indication of community richness. The results show no significant differences
between the two indices after cel-peanut intervention, suggesting that this intervention
does not affect the richness of the intestinal flora. The Shannon index (Figure S3A) and
Simpson index (Figure S3B) are commonly used to represent regional biodiversity in
ecology and to estimate microbial diversity within samples. Generally, higher Shannon
values and lower Simpson values indicate greater α-diversity. The results show that the
Shannon index did not change significantly following cel-peanut intervention, while the
Simpson index increased significantly. These findings suggest that while the cel-peanut
intervention did not alter community richness, it led to an enrichment of the dominant
bacterial communities.

3.9. Effect of Cel-Peanut Intervention on β-Diversity

Principal component analysis (PCA) was performed to evaluate the community com-
position of the samples, providing insight into the differences between them. In the PCA
plot (Figure 4A), the closer the distance between two samples, the more similar their species
composition. The results indicated that samples within the same group were relatively
close to each other, clustering together in the same region of the plot. In contrast, the
distances between the HFD, HFD-peanut, and HFD-Cel-peanut groups were noticeably
greater, with distinct separation along the PC1 axis. To further explore community differ-
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ences, a non-metric multidimensional scaling (NMDS) analysis was conducted, using a
two-dimensional scatter plot to visualize variations in the species composition between
the samples or groups. The Bray–Curtis algorithm was employed to quantify the degree
of aggregation or dispersion of the sample communities, based on the distances between
them. Combined with the stress value (stress < 0.2, indicating a meaningful plot) and
statistical analysis using the ANOSIM test, the results demonstrated significant differences
in the community composition between the control and treatment groups. The closer two
sample points were, the more similar their species composition. The findings revealed that
several samples within the same group were evenly distributed along the PC1 axis, with
a stress value of 0.107 and a p-value of less than 0.05, indicating a significant difference
between the groups on the PC2 axis (Figure S4).

3.10. Effect of Cel-Peanut Intervention on the Composition of Intestinal Flora

The results above indicate that cel-peanut intervention affects the diversity of intestinal
flora. As shown in the Venn diagram (Figure 4B), there are 101 common species shared
among the HFD group, HFD-peanut group, and HFD-Cel-peanut group, with 8 species
unique to the HFD group, 2 species unique to the HFD-peanut group, and 5 species unique
to the HFD-Cel-peanut group.

Based on these findings, a further analysis of the flora composition of the three groups
of mice was conducted. The composition of the intestinal flora was examined at the phylum
level (Figure 4C). The dominant phyla across all three groups included Bacillota, Bacteroidota,
Thermodesulfobacteriota, Actinomycetota, and Patescibacteria. A detailed comparison of the
proportions of different bacterial phyla revealed that cel-peanut intervention primarily
impacted Bacillota, Bacteroidota, and Thermodesulfobacteriota. Compared with the HFD group,
Bacillota decreased from 63.33% to 45%, while Bacteroidota increased from 29.71% to 51.51%.
When compared with the HFD-peanut group, Bacillota decreased from 53.42% to 45%,
Bacteroidota increased from 25.66% to 51.51%, and Thermodesulfobacteriota decreased from
12.49% to 1.19%. The proportions of other bacterial phyla were relatively small, showing
minimal differences from the HFD group after intervention. Additionally, compared with
the HFD-peanut group, Actinomycetota and Patescibacteria decreased by approximately 1.5%
and 3.5%, respectively.

The composition of the intestinal microbiota at the genus level was analyzed
(Figure 4D). Compared with the HFD group, species that showed a significant decrease
(greater than 1%) after cel-peanut intervention primarily included the following: Allobac-
ulum, which decreased from 15.91% to 4.41%; Dubosiella, which decreased from 5.34% to
0%; and Ileibacterium, which decreased from 5.7% to 0%. Conversely, species that increased
significantly (greater than 1%) included the following: norank_f__Muribaculaceae, which
increased from 19.52% to 29.05%; Bacteroides, which increased from 3.41% to 9.53%; and
Ligilactobacillus, which increased from 2.76% to 6.98%.

Compared with the HFD-peanut group, species showing a significant decrease (greater
than 1%) after cel-peanut intervention primarily included the following: Lachnospiraceae,
which decreased from 7.97% to 4.16%; Desulfovibrio, which decreased from 10.96% to 0.8%;
Dubosiella, which decreased from 4.16% to 0%; Candidatus_Saccharimonas, which decreased
from 4.35% to 0.9%; and Clostridium, which decreased from 3.1% to 0.6%. Species that
increased significantly (greater than 1%) included the following: norank_f__Muribaculaceae,
which increased from 16.13% to 29.05%; Bacteroides, which increased from 4.53% to 9.53%;
Ligilactobacillus, which increased from 5.02% to 6.98%; and Alistipes, which increased from
1.3% to 2.6%.
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Figure 4. Effect of cel-peanut intervention on β-diversity of intestinal flora in ApoE−/− mice. (A) PCA
analysis of intestinal microbiota and box plot based on PC1 and PC2 axis to evaluate sample commu-
nity composition. (B) Intestinal flora species number Venn chart. (C) Intestinal bacterial community
composition (phylum level). (D) Effect of cel-peanut intervention on intestinal flora composition
(genus level). The horizontal coordinate represents grouping, and the vertical coordinate represents
the relative abundance of the bacterial population (genus level). (E) Effect of cel-peanut intervention
on characteristic bacterial genera in the intestinal flora of AS mice. (F) Effect of cel-peanut intervention
on multi-group comparative analysis of species differences at the phylum level and genus level. In
the figure, n = 5 means there are 5 mice; * p < 0.05 and ** p < 0.01, with significant differences.
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3.11. Effect of Cel-Peanut Intervention on Characteristic Bacterial Genera

The LEfSe multi-level species difference analysis was performed at the genus
level for the HFD group, HFD-peanut group, and HFD-Cel-peanut group. The Lin-
ear Discriminant Analysis (LDA) score was used to assess the impact of the species
on the differences observed and to identify characteristic bacterial genera. The results
(Figure 4E) revealed that the HFD group was significantly enriched in g_Allobaculum,
g_Dubosiella, g_Enterococcus, and g_norank_o_RF39, among others. In contrast, Desul-
fovibrio, g_Mucispirillum, g_Lachnospiraceae_UCG-006, g_Lachnospiraceae_NK4A136_group,
g_Coriobacteriaceae_UCG-002, and g_Muribaculum were significantly accumulated in the
HFD-peanut group. The HFD-Cel-peanut group showed a significant enrichment in
g_Bilophila and g_norank_o_Clostridia_vadinBB60_group.

3.12. Effect of Cel-Peanut Intervention on the Difference of Intestinal Flora

To evaluate the differences in the intestinal flora caused by cel-peanut, we conducted
one-way ANOVA followed by Tukey’s multiple comparison test on the intestinal flora of
the three groups at both the phylum and genus levels to analyze significant differences in
species abundance among the groups (Figure 4F).

At the phylum level, the HFD-peanut group was significantly enriched in Thermodesul-
fobacteriota and Deferribacterota (p < 0.05). However, after intervention with HFD-Cel-peanut,
the relative abundance of these two phyla decreased significantly (p = 0.004; p = 0.02), even
falling below the levels observed in the HFD group. At the genus level, the HFD-peanut
group was significantly enriched in Desulfovibrio, Lachnospiraceae_NK4A136_group, and, to
a lesser extent, Mucispirillum and g_norank_o_RF39. Following the HFD-Cel-peanut inter-
vention, the relative abundance of Desulfovibrio and Mucispirillum decreased significantly
(p = 0.004; p = 0.02), while the abundance of Lachnospiraceae_NK4A136_group remained
comparable with that in the HFD-peanut group.

These results indicate that cel-peanut intervention can significantly reduce the relative
abundance of harmful bacteria while maintaining or increasing the abundance of beneficial
bacteria, thus improving the composition of the intestinal flora.

3.13. Correlation Analysis Between Intestinal Flora and Clinical Factors
3.13.1. Correlation Between Intestinal Flora and Blood Lipids

Changes in intestinal flora are strongly correlated with serum triglycerides (TGs), total
cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C) concentrations (Figure 5A). TG levels are positively correlated with
Desulfovibrio, Candidatus_Saccharimonas, Clostridium, and others while being negatively cor-
related with Rikenellaceae_RC9_gut_group, Clostridium, Butyricimonas, and others. TC levels
exhibit a positive correlation with Candidatus_Saccharimonas, Desulfovibrio, Dubosiella, and
others and a negative correlation with norank_f_Prevotellaceae, Rikenellaceae_RC9_gut_group,
and others. LDL-C levels are positively correlated with Desulfovibrio, Clostridium, and others
and negatively correlated with norank_f_Prevotellaceae, Butyricimonas, and others. HDL-C
levels are positively correlated with Rikenellaceae_RC9_gut_group, norank_f_Prevotellaceae,
Butyricimonas, and others while being negatively correlated with Desulfovibrio, Candida-
tus_Saccharimonas, Clostridium, and others.
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Figure 5. (A) Correlation analysis between intestinal flora and blood lipids. (B) Correlation analysis
between intestinal flora and oxidative and inflammatory factors. (C) Correlation analysis between
lesion area and collagen percentage. KEGG analysis of intestinal flora at pathway levels 1, 2, and 3.
(D) KEGG results of intestinal flora at pathway level 1, (E) KEGG results of intestinal flora at pathway
level 2, and (F) KEGG results of intestinal flora at pathway level 3. Red indicates positive correlation,
blue indicates negative correlation, and the darker the color, the stronger the correlation, and the
lighter the correlation is, the weaker the correlation. In the figure, * p < 0.05, and ** p < 0.01, with
significant differences.

3.13.2. Correlation Between Intestinal Flora and Oxidative Factors, Inflammatory Factors

The correlation between the oxidative factors; inflammatory factors such as MDA, IL-6,
and TNF-α; and the intestinal flora was investigated (Figure 5B). Among the antioxidant
indicators, MDA was positively correlated with Desulfovibrio, Candidatus_Saccharimonas,
and Clostridium, while it was negatively correlated with norank_f_Prevotellaceae and Rikenel-
laceae_RC9_gut_group. The inflammatory factor IL-6 was positively correlated with Allobac-
ulum, Alistipes, and Ileibacterium, whereas TNF-α was strongly positively correlated with
Lachnospiraceae_UCG_006 and Turicibacter.
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3.13.3. Correlation Between Intestinal Flora and AS Lesion Parameters

The correlation analysis of the intestinal flora and AS lesion parameters (including AS
plaque area and collagen content) revealed (Figure 5C) that the plaque area was significantly
positively correlated with Turicibacter and Ileibacterium and negatively correlated with
Rikenellaceae_RC9_gut_group, norank_f__Muribaculaceae, and Butyricimonas. In contrast,
thecollagen content was significantly positively correlated with Lachnospiraceae_UCG-006,
Rikenellaceae_RC9_gut_group, Ligilactobacillus, and others, while it was negatively correlated
with Dubosiella, Ileibacterium, and Allobaculum. Since collagen content is a key indicator of
plaque stability, these findings suggest that plaque stability is closely related to alterations
in the bacterial flora. Overall, the correlations reveal an inverse relationship between
plaque area and collagen content in relation to bacterial flora composition. This inverse
trend may be attributed to the progression of lesions into mid-to-late stages, during which
plaque stability diminishes and collagen content declines, resulting in contrasting patterns
between plaque area and bacterial composition.

3.14. Prediction of Intestinal Flora Function

To explore the significant role of intestinal flora in the HFD-Cel-peanut group, the
KEGG pathway of PICRUSt (Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States) was used to predict the potential functions of the bacteria and to
examine the correlation between differential flora and predicted functional pathways.

The results are presented for pathway levels 1, 2, and 3. At pathway levels 1 and 2, the
most abundant pathways were related to metabolism and global overview maps, which
were considerably more abundant than other pathways (Figure 5D,E). At pathway level
3, the metabolic pathway exhibited the highest abundance, followed by the biosynthesis
of secondary metabolites (Figure 5F). These findings suggest that cel-peanut intervention
holds promising potential for applications in metabolic pathways.

4. Discussion

With the popularity of the anti-inflammatory diet, the role of natural products in
preventing and treating metabolic disorders has gained significant attention [32]. Celastrol,
a triterpenoid extracted from the Tripterygium wilfordii, has emerged as a potent agent due
to its anti-inflammatory and anti-obesity properties. Prior studies indicate that celastrol
significantly reduces inflammation by inhibiting pro-inflammatory cytokines, such as IL-6,
while also mitigating the harmful effects of oxidized low-density lipoprotein (oxLDL), both
of which are crucial in the pathogenesis of atherosclerosis [33]. Furthermore, celastrol has
been demonstrated to promote beneficial vascular remodeling, a process that is vital for
maintaining cardiovascular health and mitigating diseases such as atherosclerosis [34].
Despite its promising benefits, several challenges hinder its clinical application. On one
hand, celastrol is lipophilic, which limits its solubility in water and subsequently reduces
its bioavailability. This poses restrictions for formulating effective delivery systems that
maximize its absorption and utilization in the body. On the other hand, as an alkaloid,
it still has some pharmacokinetic limitations and undesirable side effects that need to be
overcome. The liver, kidney, cholangiocytes, heart, ear, and reproductive system may be
affected by these toxic effects [35]. Recent evidence indicated that celastrol may be strictly
limited due to the occurrence of severe side effects, which could be reduced by structural
modification [36]. Delivery systems such as nanotechnology have been tried to diminish
the potential toxicity of celastrol. An injectable thermosensitive micelle–hydrogel hybrid
system loaded with celastrol was reported to be able to sustain and prolong the release of
celastrol to inhibit posterior capsule opacification and had no apparent tissue toxicity [36,37].
However, in the context of food and pharmaceuticals, one of the significant challenges in
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utilizing bioactive compounds in nanoparticle form is the limited understanding of their
cytotoxicity thresholds [38].

To tackle these problems, we designed a novel approach involving the selection and
cultivation of celastrol-enriched peanuts. This method consists of distant hybridization
and metabolomics analysis to enhance the natural content of celastrol in peanuts, offering
a more effective delivery system while minimizing potential side effects. Meanwhile, it
is essential to find out which combination of diet and medication is the most favorable
and appropriate for each potential chronic disease [39]. To achieve a balance in our animal
feed formulation, we monitored some key parameters, including the following: (1) to
achieve the effect of making animals obese and ensure the effectiveness of their nutritional
intervention; (2) to ensure that the macronutrient content of the new feed does not deviate
too much from the original composition of the high-fat feed. Finally, replacing 20% of the
high-fat feed with peanuts is an acceptable option.

Numerous studies have demonstrated that atherosclerosis is a chronic inflammatory
disease, and high lipid levels can accelerate the development of atherosclerosis. These
results suggested that celastrol-enriched peanut could affect the body fat and lean mass
percentage and play a role in reducing fat and improving lean mass percentage. Our find-
ings also clearly indicate that the inclusion of celastrol-enriched peanuts can significantly
improve relevant biomarkers associated with this condition. Firstly, celastrol-enriched
peanut improved the blood lipid levels of HFD-induced ApoE−/− mice. Specifically, it led
to a significant decrease in the serum TG concentration and an increase in HDL-C. Since
lipid dysregulation plays a pivotal role in the progression of atherosclerotic plaques [3],
the improvement in atherosclerosis after the intervention with celastrol-enriched peanut
may be partly attributed to its beneficial effect on blood lipids. Secondly, the intervention
of celastrol-enriched peanut decreased the expression of oxidation-related markers and
inflammatory factors in mice. Celastrol-enriched peanut reduced the levels of serum MDA,
IL-6, and TNF-α. A convincing body of experimental and clinical data indicates that in-
flammation participates fundamentally in atherogenesis [40]. Our findings suggest that
celastrol-enriched peanut can improve lipid peroxidation and prevent cell damage caused
by inflammation.

As mentioned above, recent studies have highlighted the significant role of intestinal
flora in the development of atherosclerotic diseases. Following cel-peanut intervention,
the composition of the intestinal flora in mice changed significantly. At the phylum level,
AS mice induced by a high-fat diet (HFD) were predominantly composed of Bacillota and
Bacteroidota, whereas cel-peanut intervention significantly reduced the relative abundance
of Bacillota and increased the relative abundance of Bacteroidota. Previous studies have
indicated that downregulation of Bacillota and upregulation of Bacteroidota can help regulate
lipid metabolism disorders [41]. At the genus level, Zheng et al. [42] observed a significant
increase in the relative abundance of Allobaculum and the expression of ANGPTL4 in HFD
mice. The increased ANGPTL4 expression inhibits lipid absorption. After cel-peanut inter-
vention, the relative abundance of Allobaculum decreased, suggesting that cel-peanut may
improve AS by promoting lipid absorption. Additionally, Desulfovibrio can absorb sulfate
and produce hydrogen sulfide (H2S), which is toxic to intestinal epithelial cells and may
contribute to gastrointestinal diseases [43]; Mucispirillum is associated with intestinal in-
flammation, and its abundance can improve colitis symptoms through a fibrotic diet [44]. In
the HFD-Cel-peanut group, the relative abundance of norank_f_Muribaculaceae, Bacteroides,
Ligilactobacillus, and Lachnospiraceae was significantly increased. Previous studies have
shown that norank_f_Muribaculaceae can alleviate intestinal inflammation [45]. Bacteroides
plays a key role in intestinal metabolism, including the utilization of nitrogen-containing
substances, fermentation of carbohydrates, and biotransformation of bile acids and other
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sterols. These changes may aid the digestion of food and nutrient production and sup-
port the growth of other bacteria to maintain intestinal homeostasis [46]. A high-fat diet
reduces the relative abundance of Ligilactobacillus, but cel-peanut intervention significantly
increases its abundance, thereby restoring the intestinal flora structure [47]. Furthermore,
Lachnospiraceae is one of the primary bacteria that ferments dietary fiber to produce short-
chain fatty acids (SCFAs) like butyrate, which serve as an important energy source for colon
cells. Butyrate also has an anti-inflammatory property, which improves intestinal barrier
integrity and promotes overall intestinal health [48].

To further investigate the relationship between intestinal flora and AS-related parame-
ters, such as blood lipids, oxidative stress markers, inflammatory factors, lesion area, and
collagen content, we analyzed the correlation between the abundance of intestinal flora
and these clinical indicators. The results showed that after cel-peanut intervention, the
relative abundance of Desulfovibrio and Isobacteria decreased significantly. Collagen content
was negatively correlated with Dubosiella and Ileibacterium (p < 0.05), while the plaque
area was positively correlated with Rikenellaceae_RC9_gut_group, norank_f__Muribaculaceae,
and Butyricimonas (p < 0.05), suggesting a decrease in plaque area and an increase in
collagen content.

5. Conclusions

Collectively, cel-peanut may increase the abundance of beneficial bacteria, decrease
the abundance of harmful bacteria, regulate lipid metabolism, reduce inflammation, and
improve the function of intestinal microflora, thereby promoting intestinal health, maintain-
ing homeostasis, and ultimately slowing the progression of AS. These findings suggest that
celastrol-enriched peanuts could serve as a beneficial component of an anti-inflammatory
diet, potentially aiding in weight reduction and alleviating atherosclerosis. However,
the specific mechanisms through which how celastrol influences atherosclerosis remain
unclear, underscoring the need for further investigation in this area. Additionally, more
clinical trials are necessary to assess the long-term effects and safety of celastrol in humans,
particularly among diverse populations with varying levels of metabolic disorders.

In future research, we hope to utilize gradient dosing and varied durations of in-
tervention to better determine the optimal dose and duration of action for celastrol. We
will also compare the effects of celastrol-enriched peanuts with those of celastrol alone
to highlight the advantages and disadvantages of the peanut carrier strategy. Moreover,
we aim to explore the mechanisms by which celastrol and other bioactive compounds in
peanuts work synergistically to achieve therapeutic effects. It may provide more reference
for other researchers.
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Abstract: Our previous studies have found that caprylic acid (C8:0) can improve blood lipids and
reduce inflammation levels and may be related to the upregulation of the p-JAK2/p-STAT3 pathway
by ABCA1. This study aims to investigate the effects of C8:0 and eicosapentaenoic acid (EPA) on
lipids, inflammatory levels, and the JAK2/STAT3 pathway in ABCA1-deficient mice (ABCA1−/−)
and ABCA1 knock-down (ABCA1-KD) RAW 264.7 cells. Twenty 6-week ABCA1−/− mice were
randomly divided into four groups and fed a high-fat diet, or a diet of 2% C8:0, 2% palmitic acid
(C16:0) or 2% EPA for 8 weeks, respectively. The RAW 264.7 cells were divided into the control or
control + LPS group, and the ABCA1-KD RAW 264.7 cells were divided into ABCA1-KD with LPS
(LPS group), ABCA1-KD with LPS + C8:0 (C8:0 group), and ABCA1-KD with LPS + EPA (EPA group).
Serum lipid profiles and inflammatory levels were measured, and ABCA1 and JAK2/STAT3 mRNA
and protein expressions were determined by RT-PCR and Western blot analyses, respectively. Our
results showed that serum lipid and inflammatory levels increased in ABCA1−/− mice (p < 0.05).
After the intervention of different fatty acids in ABCA1−/− mice, TG and TNF-α were significantly
lower, while MCP-1 increased significantly in the C8:0 group (p < 0.05); however, LDL-C, TC, TNF-α,
IL-6, and MCP-1 levels decreased significantly and IL-10 increased significantly in the EPA group
(p < 0.05). In the aorta of ABCA1−/− mice, C8:0 significantly decreased p-STAT3 and p-JAK2 mRNA,
while EPA significantly reduced TLR4 and NF-κBp65 mRNA. In the ABCA1-KD RAW 264.7 cells,
TNF-α and MCP-1 were increased significantly and IL-10 and IL-1β were significantly decreased
in the C8:0 group (p < 0.05). The protein expressions of ABCA1 and p-JAK2 were significantly
higher, and the NF-κBp65 was significantly lower in the C8:0 and EPA groups (p < 0.05). Meanwhile,
compared to the C8:0 group, the NF-κBp65 protein expression was significantly lower in the EPA
group (p < 0.05). Our study showed that EPA had better effects than C8:0 on inhibiting inflammation
and improving blood lipids in the absence of ABCA1. C8:0 may be involved mainly in inhibiting
inflammation through upregulation of the ABCA1 and p-JAK2/p-STAT3 pathways, while EPA may
be involved mainly in inhibiting inflammation through the TLR4/NF-κBp65 signaling pathway. The
upregulation of the ABCA1 expression pathway by functional nutrients may provide research targets
for the prevention and treatment of atherosclerosis.

Keywords: caprylic acid; EPA; inflammatory cytokine; ABCA1; JAK2; STAT3

1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) is one of the leading causes of mortal-
ity worldwide [1]. In particular, in low- and middle-income countries, ASCVD accounts
for about 80% of the disease burden [2]. Atherosclerosis (AS) is the pathological basis of
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ASCVD, and is closely related to various risk factors, including hyperlipidemia, hyperten-
sion, chronic inflammation, immune factors, etc. Exploring the target of inhibiting AS has
always been a hot topic in the treatment of ASCVD.

ATP-binding box transporter A1 (ABCA1) is a membrane protein that can promote
intracellular cholesterol efflux and promote liver HDL production. Current studies have
shown that ABCA1 not only promotes cholesterol reversal and reduces AS lipid deposition,
but also participates in the inflammatory reaction process of AS. ABCA1 has been reported
to inhibit the inflammatory response in the following ways [3–5]: first, ABCA1 directly
activates Janus kinase 2 (JAK2) and the signal transducer and activator of transcription 3
(STAT3) downregulating downstream signaling molecules; the second is that ABCA1 indi-
rectly inhibits the toll-like receptor-4 (TLR4) signaling pathway by promoting cholesterol
efflux and reducing lipid raft in the cell membrane. These findings suggest that ABCA1
can play a direct role in cardioprotective effects by promoting cholesterol transport and
inhibiting inflammation.

Dietary fatty acids are considered important factors affecting the progress of AS.
Studies have reported that saturated fatty acids (SFAs) can increase the level of low-density
lipoprotein cholesterol (LDL-C), thus promoting the occurrence of AS, while unsaturated
fatty acids can improve blood lipids and play a protective role in cardiovascular diseases,
especially omega-3 polyunsaturated fatty acids (ω-3 PUFAs), such as eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) [6]. Fatty acids and inflammatory factors are
closely related to the progress of AS [7]. Current studies suggest that PUFAs, such as linoleic
acid (C18:2), omega-6 polyunsaturated fatty acids (ω-6 PUFAs), and ω-3 PUFAs from food
sources, can reduce inflammation. Fish oil is rich in ω-3 PUFAs (DHA and EPA) and
has anti-inflammatory effects. Its anti-inflammatory mechanism has been reported to be
through inhibition of the TLR4 signaling pathway [8]. Medium-chain fatty acids (MCFAs),
including caprylic acid (C8:0) and capric acid (C10:0), occur in milk fat, palm oil, and
various feed materials [9]. MCFAs differ from long chain fatty acids (LCFAs) in digestion,
absorption, and metabolism, and studies have found that MCFAs can reduce body weight
and improve internal fat accumulation [10,11] and cholesterol metabolism [12,13]. Our
previous experiments have confirmed that MCFAs can upregulate ABCA1 gene and protein
expression in the apoE-deficient mouse liver, and C8:0 can promote cholesterol efflux in
macrophages [14]. Further studies found that C8:0 could inhibit the levels of inflammatory
cytokines in RAW 264.7 cells and in the serum of apoE-deficient mice, and confirmed that
C8:0 could inhibit the inflammatory response based on the ABCA1-mediated JAK2/STAT3
pathway [15].

JAK2 is activated by ABCA1, undergoes autophosphorylation, and then phosphory-
lates its downstream target STAT3 [16], and then regulates the levels of nuclear factor kappa
Bp65 (NF-κBp65), tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), and monocyte
chemoattractant protein-1 (MCP-1), which leads to the occurrence of AS [17]. This study
aims to investigate the effects of C8:0 and EPA on lipid and inflammatory levels, and the
JAK2/STAT3 pathway in ABCA1-deficient mice (ABCA1−/−) and ABCA1 knock-down
(ABCA1-KD) RAW 264.7 cells, and to confirm that C8:0 plays a regulatory role in improving
blood lipid and inflammation mainly through ABCA1.

2. Materials and Methods

2.1. Materials

Fetal bovine serum (FBS), lipopolysaccharide (LPS), DMEM culture medium, and
bovine serum albumin (BSA) were provided by Gibco (Grand Island, NE, USA). C8:0,
palmitic acid (C16:0), and EPA were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Other reagents were available from Sigma-Aldrich.

2.2. Feed Configuration

For feed content, we applied the same method as our previous research [18]. Briefly,
based on high-fat feed, 2% of the same amounts of different kinds of fatty acids were added.
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Intervention feeds included a high-fat diet (HFD group), and high-fat diets of 2% C8:0
(C8:0 group), 2% eicosapentaenoic acid (EPA group), and 2% palmitic acid (C16:0 group).
The feed was obtained from Beijing Huafukang Biotechnology Co., Ltd. (license No.: SCXK
2014-0008). The ingredient list and fatty acid compositions of the intervention diets are
provided in Supplementary Materials (Tables S1 and S2).

2.3. Experimental Animals

To obtain ABCA1 knockout mice, we used DBA/1-ABCA1 tm1jdm/J female mice
(ABCA1 heterozygous mice) purchased from Jackson Laboratory (stock#003897, Bar Harbor,
ME). Because ABCA1 homozygotes cannot reproduce and have a 50% mortality rate, we
used male C57BL/6J mice and heterozygous ABCA1 mice to reproduce more heterozygous
mice and then obtained 20 homozygous female and male ABCA1 mice at 5 weeks of age. All
animals were genetically identified prior to use to confirm that they were ABCA1−/− mice.
Five animals per cage were housed in polycarbonate cages; temperature was maintained
at 21–23 ◦C and humidity was maintained at 40–60%, with a 12 h light/dark cycle. Both
the ABCA1−/− mice and the same week-old C57BL/6J mice were kept on a HFD prior to
intervention, and the HFD was replaced with intervention diets for 8 weeks after random
allocation based on fasting weight. Fasting weight was measured weekly during this period
(fasting did not limit drinking water at night prior to measurement). The bedding and
drinking water of the mice were replaced every 2–3 days and the feed intake of the mice
was recorded. All experimental procedures were approved by the Animal Care and Use
Committee of the Chinese PLA General Hospital.

2.4. Preparation of Fatty Acids

Fatty acids were prepared as in our previous research [15]. Briefly, the fatty acids were
dissolved in a 95% ethanol solution and then diluted with serum-free medium containing
20 mg/mL of BSA, with 100 mmol/L added to the culture hole and 50 ng/mL of LPS
added to the culture wells. Before the cell experiment, the obtained solution was incubated
at 37 ◦C for 1 h.

2.5. ABCA1-KD in RAW 264.7 Cells

The RAW 264.7 cell line was obtained from the Peking Union Medical College, and the
cells were cultured in DMEM with heat-inactivated FBS (10%) and penicillin–streptomycin
solution (1%) in a humidified incubator with 95% air and 5% CO2 at 37 ◦C. RAW 264.7 cells
at the logarithmic growth stage were inoculated into 6-well cell culture plates (2 × 105 cells
per well) and cultured overnight in an incubator. The ABCA1-KD RAW 264.7 cells were
constructed with three types of siRNA of ABCA1-1530, ABCA1-1701, and ABCA1-4931
(Supplementary Materials, Table S3). The most effective plasmids that inhibited ABCA1
were screened by RT-PCR, as shown in Figure 1. ABCA1-1701 had the strongest in-
hibitory level and was selected to construct a siRNA plasmid to obtain ABCA1-KD RAW
264.7 cells. Two hours before transfection, the culture medium was changed to serum-
free DMEM. According to the plasmid transfection instructions, cultured RAW 264.7 cells
(2 × 105 cells/well) were transfected with the ABCA1-1701 plasmid using Lipofectamine
2000 reagent (Life Technologies, Carlsbad, CA, USA). The cells were then tested with the
optimal concentration of G418 (500 μg/mL) for about 3 weeks. A limited dilution method
was applied to isolate and obtain the maximum number of stably transfected cells. DMEM
medium containing 10% fetal bovine serum was used during the experiment and then
refilled with LPS medium (final concentration 100 ng/mL), and incubated for another 24 h
after the addition of C8:0 or EPA to the culture medium. The ABCA1-KD RAW 264.7 cells
were randomly divided into 5 groups (n = 5), including the control group (RAW 264.7 cells),
ABCA1-KD group, ABCA1-KD + LPS group (LPS 100 ng/mL), ABCA1-KD + LPS + C8:0
(LPS 100 ng/mL, C8:0 100 μmol/L), and ABCA1-KD + LPS + EPA (LPS 100 ng/mL, EPA
100 μmol/L). Then the levels of interleukin-1β (IL-1β), IL-6, interleukin-10 (IL-10), TNF-α,
and MCP-1 in the cell lysate were detected according to the instructions of the ELISA kit.
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Cell assay was repeated, and the protein expressions of ABCA1, JAK2/STAT3, p-JAK2/p-
ATAT3, and NF-κBp65 were determined by Western blot analyses.

Figure 1. Effective plasmid screening of ABCA1 siRNA. Data in the figure are expressed as the
mean ± SD with three samples in each group (n = 3). * p < 0.05, versus NC group; a p < 0.05, versus
ABCA1-1530 group; b p < 0.05, versus ABCA1-4931 group.

2.6. Serum Lipid Profiles Measurement

Serum triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and LDL-C (Abcam, Cambridge, UK) were determined according to the commer-
cial kit instructions, and HDL-C/LDL-C was calculated.

2.7. Inflammatory Level Measurement

After 8 weeks, the mice were sacrificed by intramuscular injection of 10 mg/kg of
xylazine hydrochloride, blood was drawn from the abdominal aorta and then centrifuged
at 4 ◦C and 3000 r/min for 10 min, and serum was collected for detection. After the cell
experiment, the cell lysate from each group was collected and centrifuged at 3000 r/min at
4 ◦C for 10 min, and the supernatant was collected to be measured. The IL-1β, IL-6, IL-10,
TNF-α, and MCP-1 were determined following the instructions of the ELISA kit (R&D
Systems, Minneapolis, MN, USA).

2.8. Real-Time PCR Analysis

For RNA expression analysis, about 50 mg of aorta samples were taken, total RNA
was isolated using TRIzol reagent (Omega Bio-Tek, Norcross, GA, USA), and then reverse
transcription was performed using a reverse transcription kit (NEB, M-MLV kit). The
reaction mixtures were incubated at 95 ◦C for 2 min for the initial denaturation, followed by
45 cycles of 25 ◦C/5 min, 50 ◦C/15 min, 85 ◦C/5 min, and 4 ◦C/10 min for cDNA, and then
50 ◦C/2 min, 95 ◦C/10 min, 95 ◦C/30 s, and 60 ◦C/30 s. Relative expression levels were
calculated with the ΔCt method. Primers were designed using Primer Express Software
v3.0 (Applied Biosystems, SAN Jose, California, USA) (Table 1).

2.9. Western Blot Analysis

The 20 mg of mouse aorta tissue sample was extracted by protein lysis buffer and the
cells were extracted with RIPA buffer (CST). Western blot analysis of mouse aorta tissue
and cell samples referred to previous studies [18]. Immunoblotting for STAT3 (abcam,
no.ab68153, 1:1000), JAK2 (abcam, no.ab108596, 1:1000), p-STAT3 (abcam, no.ab76315,
1:800), p-JAK2 (abcam, no.ab32101, 1:800), ABCA1 (abcam, no.Ab18180, 1:200), NF-κBp65
(abcam, no.ab32536, 1:1000), MYD88 (abcam, no.ab219413, 1:1000), TLR4 (Proteintech,
no.19811-1-AP, 1:1000), and β-actin (Proteintech, no.66009-1-Ig, 1:5000) followed the proce-
dures. The bands were visualized using a chemiluminescence detection system.
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Table 1. Real-time PCR primer sequences.

Indicators Primer Sequence Primer Bank ID

β-actin
Forward 5′-GGCTGTATTCCCCTCCATCG -3′

6671509a1Reverse 5′-CCAGTTGGTAACAATGCCATGT -3′

JAK2
Forward 5′-TTGTGGTATTACGCCTGTGTATC-3′

6680508a1Reverse 5′-ATGCCTGGTTGACTCGTCTAT-3′

STAT3
Forward 5′-CAATACCATTGACCTGCCGAT-3′

13277852a1Reverse 5′-GAGCGACTCAAACTGCCCT-3′

MAPK
Forward 5′-GGCTCGGCACACTGATGAT-3′

6754632a1Reverse 5′-TGGGGTTCCAACGAGTCTTAAA-3′

TLR4
Forward 5′-ATGGCATGGCTTACACCACC-3′

10946594a1Reverse 5′-GAGGCCAATTTTGTCTCCACA-3′

MYD88
Forward 5′-TCATGTTCTCCATACCCTTGGT-3′

26354939a1Reverse 5′-AAACTGCGAGTGGGGTCAG-3′

NF-κBp65 Forward 5′-CACCGGATTGAAGAGAAGCG-3′
30047197a1Reverse 5′-AAGTTGATGGTGCTGAGGGA-3′

JAK2, Janus kinase 2; STAT3, signal transducer and activator of transcription 3; MAPK, mitogen-activated protein
kinase; TLR4, toll-like receptor 4; MYD88, myeloid differentiation primary response 88; NF-κBp65, nuclear factor
kappa Bp65.

2.10. Statistical Analysis

Based on our preliminary experiment [15], the sample size was estimated using
G*Power software v3.1.9.3 (Heinrich-Heine University, Germany). With power = 80%,
α = 0.05, effect size = 0.85, the minimum sample size should be 5. In mouse experiments,
the sample sizes for analysis of inflammatory levels, blood lipids, PCR, and Western blot
were 5, 5, 5, and 4, respectively. The sample sizes for the analysis of inflammatory cytokines
and Western blotting in cell experiments was 5 and 3, respectively. All data are expressed
as mean ± standard deviation and for the detection of a significant difference (p < 0.05,
two-tailed). The normality of the data was analyzed by Shapiro–Wilk test. The normal
distribution data between the two groups were analyzed by Student’s t test, and the non-
normal distribution data between the two groups were analyzed by Mann–Whitney U
and Wilcoxon signed-rank tests. One-way analysis of variance was used to analyze the
multigroup data, and Tukey–Kramer multiple comparison analysis was used to analyze the
differences between groups. SPSS 28.0 (SPSS, Inc., Chicago, IL, USA) was used to analyze
the research data.

3. Results

3.1. Body Weight of ABCA1−/− Mice

After 2 weeks of intervention, the fasting body weight of the EPA, C8:0, and C16:0
groups decreased significantly compared to that of the HFD group (p < 0.05) (Figure 2A).
There were no significant differences in the average feed intake among all groups during
the intervention period (p > 0.05) (Figure 2B).

3.2. Serum Lipid Profiles in ABCA1−/− Mice

After 8 weeks of intervention, ABCA1−/−-HFD mice showed a marked reduction in
TC, TG, and non-HDL-C (p < 0.05) (Figure 3A,B,F). Next, we analyzed the serum lipids of
ABCA1−/− mice with different fatty acid HFD. The EPA group had a significantly lower
level of TC than that of the HFD, C8:0, and C16:0 groups (p < 0.05) (Figure 3A). The C8:0 and
C16:0 groups had a significantly lower TG level than the HFD and EPA groups (Figure 3B)
and had a significantly higher HDL-C level than the EPA group (p < 0.05) (Figure 3C).
The EPA group exhibited a significant decrease in serum LDL-C and non-HDL-C levels
compared to those of the C8:0 and C16:0 groups (p < 0.05) (Figure 3D,F).
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Figure 2. Fasting body weight and food intake of ABCA1−/− mice. (A) The fasting body weight
was determined once per week; (B) Average daily food intake during the experiment. The data
in the figure are expressed as mean ± SD with five samples in each group (n = 5). * p < 0.05
versus the ABCA1−/−-C8:0, ABCA1−/−-C16:0, and ABCA1−/−-EPA groups; b p < 0.05 versus the
ABCA1−/−-C16:0 group; c p < 0.05 versus the ABCA1−/−-EPA group.

Figure 3. Serum lipid profiles in ABCA1−/− mice. (A) TC, (B) TG, (C) HDL-C, (D) LDL-C, (E) HDL-
C/LDL-C, and (F) non-HLD-C. The data in the figure are expressed as mean ± SD with five samples
in each group (n = 5). * p < 0.05 versus the WT-HFD group; a p < 0.05 versus the ABCA1−/− -HFD
group; b p < 0.05 versus the ABCA1−/−-C16:0 group; c p < 0.05 versus the ABCA1−/−-EPA group.

3.3. Serum Inflammatory Factors in ABCA1−/− Mice

ABCA1 knockout can promote the release of different pro-inflammatory cytokines
in mice. According to Figure 4, ABCA1−/−-HFD mice had significantly higher levels of
IL-1β, IL-6, TNF-α, and MCP-1, and had a significantly lower level of IL-10 than those
of WT-HFD mice (p < 0.05). Then we analyzed the effects of different fatty acid HFDs on
serum inflammation in ABCA1−/− mice. The EPA group exhibited a significant decrease in
serum IL-1β, IL-6, TNF-α, and MCP-1 and a significant increase in serum IL-10 compared
to that of the C8:0, C16:0, and HFD groups (p < 0.05) (Figure 4). Although the C8: 0 group
had a significantly lower level of TNF-α than that of the HFD and C16: 0 groups, it had a
significantly higher level of MCP-1 than that of the HFD group (p < 0.05) (Figure 4A,D).
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Figure 4. Serum levels of inflammatory cytokines in ABCA1−/− mice. (A) TNF-α, (B) IL-1β, (C)
IL-6, (D) MCP-1, and (E) IL-10. The data in the figure are expressed as mean ± SD with five samples
in each group (n = 5). * p < 0.05 versus the WT-HFD group; a p < 0.05 versus the ABCA1−/−-HFD
group; b p < 0.05 versus the ABCA1−/−-C16:0 group; c p < 0.05 versus the ABCA1−/−-EPA group.

3.4. The mRNA Expression Levels of TLR4 and JAK2/STAT3 in the ABCA1−/− Mouse Aorta

In ABCA1−/− mice, compared to the HFD group, the mRNA expression of TLR4 was
significantly downregulated in the C8:0, EPA, and C16:0 groups (p < 0.05) (Figure 5D). EPA
group mice had significantly lower TLR4 and NF-κBp65 mRNA expressions than those of
the HFD and C16:0 groups, and had a significantly lower TLR4 mRNA expression than
that of the C8:0 group (p < 0.05) (Figure 5D,F).

Figure 5. The mRNA expression levels of the signaling components TLR4 and JAK2/STAT3 in the
ABCA1−/− mouse aorta. (A) JAK2, (B) STAT3, (C) MAPK, (D) TLR4, (E) MYD88, and (F) NF-κBp65.
The data in the figure are expressed as mean ± SD with four samples in each group (n = 4). a p < 0.05
versus the ABCA1−/−-HFD group; b p < 0.05 versus the ABCA1−/−--C16:0 group; c p < 0.05 versus
the ABCA1−/−-EPA group.

66



Nutrients 2023, 15, 1296

3.5. The Relative Protein Expression Levels of TLR4 and JAK2/STAT3 in the ABCA1−/−
Mouse Aorta

In ABCA1−/− mice, the C8:0 group had significantly lower expression levels of p-
STAT3 and p-JAK2 than those of the HFD group (p < 0.05) (Figure 6B,C). The EPA group
had a significantly lower expression level of NF-κBp65 than that of the HFD and C16:0
groups, and had a significantly lower expression level of TLR4 than that of the HFD, C16:0,
and C8:0 groups (p < 0.05) (Figure 6D,F).

Figure 6. Relative protein expression of the TLR4 and JAK2/STAT3 signaling components in the
ABCA1−/− mouse aorta. (A) bolt sections, (B) p-STAT3, (C) p-JAK2, (D) TLR4, (E) MYD88, and
(F) NF-κBp65. The data in the figure are expressed as mean ± SD with four samples in each group
(n = 4). a p < 0.05 versus the ABCA1−/−-HFD group; b p < 0.05 versus the ABCA1−/−-C16:0 group; c

p < 0.05 versus the ABCA1−/−-EPA group.

3.6. The Inflammatory Factors of ABCA1-KD RAW 264.7 Cells

After RAW 264.7 cells induced by LPS, the levels of TNF-α, MCP-1, IL-6, and IL-1β
were significantly increased, while the levels of IL-10 decreased significantly (p < 0.05)
(Figure 7A–E). Similarly, the levels of TNF-α, MCP-1, IL-6, and IL-1β inflammatory cy-
tokines in the ABCA1-KD + LPS group decreased significantly compared to the control
group + LPS group, while the level of IL-10 increased significantly (p < 0.05) (Figure 7A–E).
In ABCA1-KD RAW 264.7 cells with LSP, the EPA group exhibited a significant decrease
in TNF-α, MCP-1, IL-6, and IL-1β and a significant increase in IL-10 compared to that
of the LPS groups (p < 0.05) (Figure 7). In addition, the EPA group had a significantly
lower level of TNF-α and MCP-1 than that of the C8: 0 group (Figure 7A,B); however, it
had significantly higher levels of IL-1β and IL-10 than those of the C8: 0 group (p < 0.05)
(Figure 7D,E). The C8:0 group had a significantly higher level of TNF-α than that of the
LPS group (Figure 7A), while it had significantly lower levels of MCP-1, IL-6, IL-1β, and
IL-10 than those of the LPS group (p < 0.05) (Figure 7B–E).
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Figure 7. Inflammatory cytokine levels in LPS-stimulated ABCA1-KD RAW 264.7 cells. (A) TNF-α,
(B) MCP-1, (C) IL-6, (D) IL-1β, and (E) IL-10. The data in the figure are expressed as mean ± SD
with five samples in each group (n = 5). * p < 0.05 versus the control group; # p < 0.05 versus the
control + LPS group; a p < 0.05 versus the ABCA1-KD + LPS group; b p < 0.05 versus the ABCA1
-KD + LPS + EPA group.

3.7. The Protein Expression of JAK2/STAT3 in ABCA1-KD RAW 264.7 Cells

After LPS-induced RAW 264.7 cells, the ABCA1 expression was significantly lower,
whereas the NF-κBp65, p-JAK2, and p-STAT3 expressions were significantly higher (p < 0.05)
(Figure 8D,F,H). Additionally, after LPS-induced ABCA1-KD RAW 264.7 cells, the ABCA1,
p-STAT3, and p-JAK2 expressions were significantly lower than those of the Control + LPS
group, whereas the NF-κBp65 expression was significantly higher than that of the control
+ LPS group (p < 0.05) (Figure 8B,D,F,H). The C8:0 group had significantly higher expressions
of ABCA1 and p-JAK2 than those of the ABCA1-KD + LPS group, while they had signifi-
cantly lower expression of NF-κBp65 than that of the ABCA1-KD + LPS group (p < 0.05)
(Figure 8B,D,F). Similarly, the EPA group had significantly higher expressions of ABCA1
and p-JAK2 than those in the ABCA1-KD + LPS group (p < 0.05) (Figure 8B,D,F), but had a
significantly lower expression of NF-κBp65 than that of the C8:0 group (p < 0.05) (Figure 8F).

68



Nutrients 2023, 15, 1296

Figure 8. The relative protein expression of JAK2/STAT3 signaling components in LPS-stimulated
ABCA1-KD RAW 264.7 cells. (A) and (E) bolt sections, (B) ABCA1, (C) JAK2, (D) p-JAK2, (F) NF-
κBp65, (G) STAT3, and (H) p-STAT3. The data in the figure are expressed as mean ± SD with
three samples in each group (n = 3). * p < 0.05 versus the control group; # p < 0.05 versus the
control + LPS group; a p < 0.05 versus the ABCA1-KD + LPS group; b p < 0.05 versus the ABCA1-
KD + LPS + EPA group.

4. Discussion

The present study showed that ABCA1 knockout resulted in dyslipidemia and in-
creased inflammation in mice, which also resulted in significant fasting weight loss in the
C8:0, C16:0, and EPA groups. Aiello et al. [19] reported that the survival rate and weight
gain of ABCA1−/− mice after weaning were similar to those of wild-type mice, and the
weight range of ABCA1−/− mice in this study was basically the same. In addition to
ABCA1 defects, dietary differences have also been suggested as possible causes of weight
loss. There was no significant difference in body weight between HFD-fed ABCA1−/−
and wild-type mice in this study. On the contrary, Orso et al. [20] reported that ABCA1
knockout may cause insufficient vitamin absorption and platelet aggregation, as well as
severe small intestinal lesions, resulting in decreased survival and body weight. In addition,
homozygous female ABCA1-deficient mice are difficult to breed, probably due to altered
hormone secretion and subsequent placental abnormalities caused by reduced estrogen and
progesterone levels [21], which may also affect their metabolism and development. More
recently, the important beneficial role that ABCA1 plays in modulating inflammation has
been realized [22]. In ABCA1−/− mice, we found that C8:0 did not significantly improve
LDL-C, TC, and HDL-C/LDL-C except for reducing TG, while EPA significantly improved
LDL-C and TC, and a consistent effect was also observed on inflammation in ABCA1−/−
mice and ABCA1-KD RAW 264.7 cells. Furthermore, C8:0 group mice had significantly de-
creased expression of p-STAT3 and p-JAK2 in the aorta, while EPA significantly decreased
the expression of TLR4 and NF-κBp65 in the aorta of ABCA1−/− mice and ABCA1-KD
RAW 264.7 cells. These results differ from our previous study of C57BL/6J mice [15]. These
findings may help explore the different mechanisms of C8:0 and EPA in the regulation of
blood lipids and inflammation.

ABCA1 belongs to the ABCA subfamily. ABCA1 was found to be highly expressed
in hepatocytes, intestinal cells, macrophages, and endothelial cells [23]. Studies have
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shown that ABCA1 plays a crucial role in cholesterol reversal [22]. Fatty acids have
been reported to regulate ABCA1 expression in mouse models by activating liver cyclic
AMP-dependent protein kinase A and LXR/RXR pathways [4]. For example, linoleic acid
suppressed the levels of ABCA1 transcripts and protein in human macrophages [24]. On
the contrary, palmitic acid, ω-6 PUFAs and linolenic acid as a precursor to EPA, had the
opposite effect [24,25]. In our previous studies, we found that MCT reduced LDL-C and
TC levels and improved HDL-C levels in patients with high triglycerides [26,27]. We also
observed that C8:0 could reduce TC and LDL-C levels, increase the HDL-C/LDL-C ratio,
and improve atherosclerosis in apoE-deficient mice [18]. In recent years, in our mouse
experiments, C8:0 was found to upregulate the expression of ABCA1 in the liver [14],
in the mouse aorta [15], and in RAW 264.7 cells [15]. Tangier’s disease is a high-risk
ASCVD disease due to the lack of ABCA1, leading to high TG and TC and low HDL [28].
In this study, we found that ABCA1 knockout increased TG, TC, and non-HDL-C, but
HDL-C did not decrease significantly, which may be related to the different intervention
feeds and compensatory mechanisms. Drobnik et al. fed ABCA1+/+ and ABCA1−/−
mice with a cholesterol-free diet for 14 days and found a significant decrease in both
serum HDL-C and TC in ABCA1−/− mice [29]. Haghpassand et al. reported that high fat
feeding increased HDL cholesterol and apoA1 levels in wild-type mice or bone marrow-
transplanted ABCA−/− mice [30]. A single deficiency of ABCA1 or ABCG1 in macrophages
has been reported to not increase atherosclerosis, probably because ABCA1 deficiency leads
to upregulation of ABCG1 expression [31]. Similarly, ABCG1-deficient mice were shown
to have decreased plasma HDL cholesterol levels when fed a high-cholesterol diet. In
addition to the significant reduction in TG in C8:0, there was no significant improvement
in LDL-C, TC, and non-HDL-C levels. In contrast, EPA significantly reduced LDL-C, TC,
and non-HDL-C levels compared to C8:0. It is suggested that the mechanism of C8:0 and
EPA in reducing lipids is different, which is worthy of further study.

Research evidence has supported the role of ABCA1 in the regulation of cholesterol
efflux [32] and its anti-inflammatory effects [33]. ABCA1 can regulate inflammation by
participating in cellular cholesterol and phospholipid transport and the formation of lipid
domains on the cell surface [3,33,34]. Dietary fatty acids not only affect blood lipids but
also mediate inflammation levels, such as the way in which excessive intake of SFAs can
increase the level of serum inflammatory cytokines in animals [35]. Furthermore, palmitic
acid and stearic acid promoted the expression of TNF-α and IL-1β in macrophages [36].
Diets rich in fish oil can downregulate the expression of TLR4, TNF-α, IL-1, nucleotide-
binding oligomerization domain protein1, and nucleotide-binding oligomerization domain
protein2 in the liver of piglets [8]. Furthermore, supplementation with highly purified
concentrated fish oil increased the levels of IL-10, IL-12, and IFN-γ while decreasing
the levels of TNF-α and IL-6 [37]. In addition, EPA and DHA pretreatment may be
beneficial for vascular inflammation in human saphenous veins undergoing a coronary
bypass operation [38]. Although C8:0 belongs to SFA, both C8:0 and EPA can decrease
the levels of MCP-1 and TNF-α and increase the level of IL-10 in mice and cells treated
with LPS, in line with previous findings [15,18]. In mice, ABCA1 knockout increases
inflammatory infiltration in vascular walls, peritoneal cavities, and blood circulation [19].
ABCA1/G1 deficiency improved LPS-induced inflammatory gene expression in mouse
aortic endothelial cells [31]. In addition, THP-1 macrophage knockdown of ABCA1 inhibits
downregulation of inflammatory cytokines by the apolipoprotein A-1 binding protein [39].
Patients with ABCA1 dysfunction tend to have chronic inflammation, suggesting that
ABCA1 has a regulatory role in inflammation [40]. In this study, we found a significant
decrease in inflammation levels by EPA after ABCA1 knockout; however, only TNF-α levels
were significantly reduced by C8:0. In the ABCA1-KD RAW 264.7 cell assay, EPA was also
found to significantly reduce inflammation levels compared to C8:0. The anti-inflammatory
effects of C8:0 and EPA were different in ABCA1 deficiency. ABCA1 regulates both lipid
metabolism and inflammation and may be the key protein in the mechanism of action of
C8:0 and ω-3 PUFAs.
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ABCA1 suppresses inflammation through multiple mechanisms. ABCA1 regulates
the inflammatory response through NF-κBp65, TLR4/MYD88, JAK2/STAT3, cAMP/PKA,
and apoptosis pathways [4,41]. SFAs, especially lauric acid, palmitic acid, and stearic
acid, have been found to increase the level of IL-6 expression in macrophages through the
TLR4 pathway, and stearic acid can promote the release of MCP-1 by activating TLR4 [42].
The mechanism of ω-6 PUFAs inhibiting the inflammatory response includes inhibition
of the TLR-4/MYD88/NF-κBp65 pathway [43] and activation of GPR120 to inhibit the
TAK1/NF-κBp65/JNK pathway [44]. Our previous results suggest that C8:0 can inhibit in-
flammation and improve atherosclerosis through the TLR4/NF-κBp65 signaling pathway in
apoE−/− mice [18]. Further studies showed that C8:0 plays an important role in both lipid
metabolism and inflammation, which may be related to the signaling pathways ABCA1
and JAK2/STAT3 [15]. Compared with EPA, the transcription levels of ABCA1, JAK2,
and STAT3 in the mouse aorta increased significantly in C8:0, but there was no significant
difference in the expressions of JAK2 and STAT3 in LPS-stimulated RAW 264.7 cells [15]. In
this study, C8:0 significantly reduced the p-STAT3 and p-JAK2 in the aorta of ABCA1−/−
mice. However, EPA significantly inhibited TLR4 and NF-κBp65 expression levels. C8:0
and EPA significantly increased ABCA1 and p-JAK2, while they decreased NF-κBp65.
Meanwhile, EPA had a significantly lower NF-κBp65 protein expression than that of C8:0
in LPS-stimulated ABCA1-KD cells. However, the effects of C8:0 on inflammation levels
and JAK2/STAT3 pathway protein expression were somewhat inconsistent in mice and
cell lines. The reason may be that ABCA1 was knocked out and knocked down in mice
and cells, respectively. In addition, different tissues analyzed in animal and cell experi-
ments may have different results. Our study showed that C8:0 plays a regulatory role in
improving blood lipids and inflammation primarily through ABCA1, while EPA mainly
inhibits inflammation through the TLR4/NF-κBp65 pathway. The specific mechanism is
worth further exploration.

However, there are some limitations to this study. (1) In the mouse experiment, the
sample size was small because the ABCA1 homozygote mice could not reproduce. (2) The
effects of ABCA1 knockout on different inflammatory pathways are unclear, and there are
compensatory mechanisms, which will affect the results of the study. (3) In the future, we
should observe the effects of C8:0 on inflammation and atherosclerosis in ABCA1- and
apoE-gene-deficient mice. (4) The binding protein of C8:0 is still unknown and may be
the key protein for its function; therefore, further study is necessary. (5) Dyslipidemia and
inflammatory responses play a key role in the progression of atherosclerosis. In our study,
no atherosclerotic lesions were found in ABCA1−/− mice fed a high-fat or palmitate diet
for 8 weeks, which is consistent with previous findings [19,45]. Obviously, the mechanism
of ABCA1 knockout in AS needs to be further studied, as well as the existing compensatory
mechanism and the changing mechanism of the effects of C8:0 and EPA.

5. Conclusions

ABCA1 plays an important role in the regulation of lipid metabolism and inflam-
matory pathways. Our data showed that ABCA1 deficiency resulted in dyslipidemia
and increased inflammation in mice, and that ABCA1 knockdown promoted increased
inflammatory levels in RAW 264.7 cells. We found that EPA significantly improved choles-
terol metabolism, while C8:0 showed only a significant decrease in TG. In addition, EPA
inhibited inflammation levels significantly better than C8:0 in both ABCA1−/− mice and
ABCA1-KD cells. These results differ from our previous studies of C57BL/6J mice and RAW
264.7 cells. The present study suggests that C8:0 can inhibit inflammation and improve
blood lipids primarily through the upregulation of ABCA1 and p-JAK2/p-STAT3, while
EPA can inhibit inflammation primarily through the TLR4/NF-κBp65 signaling pathway.
The upregulation of the ABCA1 expression pathway by functional nutrients may provide
research targets for the prevention and treatment of AS.
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Abstract: (1) Background: Depression, metabolic alternations, and liver diseases are highly comorbid.
Studies have shown that probiotics might be helpful in the treatment of the above-mentioned states.
The aim of this secondary analysis was to search for possible predictors of probiotics’ efficacy on
liver-related outcome measures. (2) Methods: Data from 92 subjects from a randomized clinical trial
on the effect of probiotics on depression were analyzed. The shift in liver steatosis and fibrosis indices
was assessed in the context of baseline immunometabolic, psychometric, dietary, and intestinal
permeability factors. Correlation analysis and linear regression models were used. (3) Results: A total
of 30% of the variance of the improvement in the score of the aspartate transferase to platelet ratio
index was explained by probiotic use, higher pre-intervention triglycerides, cholesterol, C-reactive
protein levels, increased cereal intake, and a lower consumption of sweets. Then, the model of
the change in alanine transferase indicated that probiotics were efficient when used by subjects
with higher basal levels of intestinal permeability markers. (4) Conclusions: Probiotics being used
along with a healthy diet may provide additional benefits, such as decreased cardiovascular risk,
for patients with measures consistent with the immunometabolic form of depression. Probiotic
augmentation may be useful for liver protection among subjects with a suspected “leaky gut”
syndrome. ClinicalTrials.gov: NCT04756544.

Keywords: probiotics; liver dysfunction; cardiovascular risk; depression; intestinal permeability; diet

1. Introduction

Depression, metabolic disorders, and numerous liver pathologies, including steatotic
liver disease and drug- or alcohol-induced liver injury, often co-occur [1–6]. It is suggested
that gut microbiota dysbiosis, as well as the issue of intestinal permeability (also known
as “leaky gut syndrome”, a weakened gut barrier state resulting in various inflammatory
agents, toxic substances, and bacterial components crossing the gut lining into systemic
circulation [7]) and improper dietary habits, may mediate the clinical relationship between
these disorders [8–13]. Interestingly, previous studies revealed the possible beneficial role
of probiotic use and dietary interventions in treating the above-mentioned states [14–18].
However, there are numerous inconsistencies regarding the role of baseline metabolic and
microbiota-related parameters, as well as dietary patterns, in predicting the influence of
probiotics on liver-derived indices. The parental Pro-Demet randomized controlled trial
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(RCT), which assessed probiotics’ efficacy in depression, showed their minimal impact
on depressive outcome measures as an add-on treatment dependent on the patient’s pre-
treatment metabolic status, including their hepatic steatosis index (HSI) [19]. At the same
time, a secondary analysis of the same RCT revealed a statistically significantly better
improvement in alanine aminotransferase (ALT)-based liver biomarkers after the probiotic
intervention in antidepressant-treated subjects in comparison to those not treated with
antidepressive drugs. Moreover, a similar relationship was found regarding the main
mental disorder diagnosis—a better improvement in fatty liver means after probiotics
supplementation was observed among subjects diagnosed with depressive episodes vs.
those with mixed depressive and anxiety disorder diagnoses [20].

All in all, the target subpopulation for probiotic supplementation among patients with
depression is not fully understood. Specifically, it is not known whether immunometabolic
features comorbid with depression, microbiota and gut permeability proxy biomarkers,
or lifestyle factors are predictive of the efficacy of probiotics for liver-related non-invasive
biomarkers in a clinical population with depressive disorders.

Therefore, this analysis aimed to search for possible predictors of probiotics’ influ-
ence on non-invasive biomarkers of liver steatosis and fibrosis among inflammation and
metabolic parameters; intestinal permeability biomarkers—such as intestinal fatty acid-
binding protein (I-FABP/FABP-2); microbiota metabolites—such as blood short-chain fatty
acids (bSCFAs); or dietary habits.

We hypothesized that pre-treatment abnormalities in microbiota-intestine markers,
as well as immunometabolic abnormalities comorbid with depression, would serve as
possible predictors of probiotics’ efficacy for liver function based on non-invasive blood
indices. Dietary habits were hypothesized to be additional explanatory factors.

2. Materials and Methods

2.1. Study Participants

A total of 116 patients with depressive disorders, according to the 11th International
Classification of Diseases, were randomized and assigned to the probiotic (PRO) or placebo
(PLC) groups. The PRO group received a mixture of Lactobacillus helveticus Rosell®-52
and Bifidobacterium longum Rosell®-175 for 60 days. During the trial, anthropometric,
psychometric, and metabolic parameters, as well as inflammatory and microbiota proxy
biomarkers, both circulating and fecal, were assessed in both groups according to the study
protocol [21]. Moreover, detailed dietary habits, physical activity levels, and medication
and dietary supplement intake were assessed pre-intervention.

The eligibility criteria and study timeline may be found elsewhere [21,22].
Finally, data from 92 subjects (74 women and 14 men, aged (Mdn (IQR)) 32.0 (22.5–42.1)

years) were analyzed in this study. In total, 63 (68.5%) subjects were using antidepressants;
the median ALT value was 16.2 (IQR: 12.9–23.3) U/L. A participant flow diagram and
detailed sample characteristics of this population have been published previously [20]. A
shortened form of the sample’s characteristics is shown in the Appendix A. Importantly,
there were no baseline differences in their pre-intervention circulating I-FABP; bSCFAs;
psychometric, metabolic, or inflammatory parameters; or dietary habits.

2.2. Primary Outcome Measures

Non-invasive liver-related biomarkers were analyzed (Table 1) [23–25].
The change in values of liver-derived blood-based biomarkers (pre-intervention vs.

post-intervention) was assessed as a potential improvement/worsening in liver function
in general without indicating a histopathological change in the level of steatosis/liver
fibrosis [26,27].
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Table 1. Non-invasive blood-based liver function biomarkers.

The Name of the
Non-Invasive

Liver-Related Biomarker
Abbreviation

Liver Abnormality
Detection

Formula
Cut-Off Point for

Detecting/Ruling Out
Liver Abnormalities

Alanine Transaminase ALT (acute/chronic)
hepatic cytotoxic

injury

- the upper limit of
normal

Aspartate
Aminotransferase AST - the upper limit of

normal

Alanine Aminotransferase
to Aspartate

Aminotransferase Ratio
ALT/AST ratio

fatty liver disease

[ALT value]/[AST value] 1.33

Hepatic Steatosis Index HSI
8 × [ALT value]/[AST

value] + [BMI in kg/m2] +
2 * + 2 **

36

Framingham Steatosis
Index FSI

7.981 + 0.011 × [age] −
0.146 × [se×] *** + 0.173 ×
[BMI in kg/m2] + 0.007 ×
[TG in mg/dL] + 0.593 ×

[HTN] **** + 0.789 × [DM]
***** + 1.1 × [ALT/AST

ratio] ******

−1.2

AST to Platelet Ratio Index APRI
liver fibrosis

[AST value]/[AST value
upper limit of

normal]/[PLT value] × 100
0.5

Fibrosis-4 Index FIB-4 [age] × [AST value]/[PLT
value] × √

[ALT value] 1.3

Abbreviations: ALT = alanine transaminase; APRI = AST-to-platelet ratio index; AST = aspartate aminotransferase;
BMI = body mass index; DM = diabetes mellitus, FIB-4 = fibrosis-4 index; FSI = Framingham Steatosis Index;
HSI = hepatic steatosis index; HTN = hypertension; PLT = platelets count; TG = triglycerides. * if DM diagnosis;
** if female; *** if female = 1, if male = 0; **** if HTN = 1, if no HTN = 0; ***** if DM = 1, if no DM = 0; ****** if
ALT/AST ratio ≥ 1.33 = yes, if no = 0.

Importantly, the aspartate aminotransferase (AST)-to-platelets ratio index (APRI)
and fibrosis-4 index (FIB-4), when used in the general population, are effective in the
cardiovascular risk (CVR) assessment [28,29].

The rest of the outcome measures are shown in Appendix A.

2.3. Statistical Analysis

Correlations between non-invasive hepatic steatosis indices and clinical parameters
were assessed using Spearman’s rank correlation. We selected variables for further analysis
based on Spearman’s rank correlation coefficients. To explore multivariate associations
between non-invasive hepatic-related indices and other clinical parameters, we developed
linear regression models with a backward feature elimination method. All independent
variables were checked for collinearity and possible interactions. For each model, adjusted
R2 was used as a measurement of explained variability. The significance threshold was set
at p < 0.05. The significance threshold for linear regression models (six models of changes
in liver-derived parameters) was set at p = 0.008 using Bonferroni correction.

3. Results

First, it was shown that variables such as age, baseline ALT, circulating lipid profile,
dietary habits, physical activity, or I-FABP correlated with changes in liver steatosis and fi-
brosis markers values (|r| ≥ 0.20) (Table 2). Interestingly, there were noticeable differences
in sets of those factors between the PRO and PLC groups.
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Table 2. Spearman’s correlation between changes in liver-derived markers and baseline factors;
* p < 0.05, ** p < 0.01, *** p < 0.001; red—the higher value of a baseline parameter is a possible positive
predictor of the decrease in liver-related marker level; green—the higher value of the parameter is a
possible negative predictor of the decrease in liver-related marker level. n = 92.

R ≥0.40 0.30 to 0.39 0.20 to 0.29 0.10 to 0.19 −0.09 to 0.09 −0.10 to −0.19 −0.20 to −0.29 −0.30 to −0.39 ≤−0.40
PRO

% ΔHSI % ΔALT % ΔALT/AST % ΔFSI % ΔAPRI % ΔFIB-4
HSI −0.04 −0.06 −0.06 0.04 −0.06 0.02
ALT −0.33 * −0.33 * −0.34 * 0.06 −0.17 0.12

ALT/AST −0.25 −0.22 −0.26 0.01 −0.03 0.16
FSI 0.07 −0.03 0.04 0.18 −0.12 −0.09

APRI −0.38 ** −0.45 ** −0.45 ** −0.07 −0.26 0.17
FIB-4 −0.35 * −0.25 −0.35 * 0.13 0.05 0.27
AST −0.41 ** −0.56 *** −0.46 *** 0.05 −0.35 * 0.1
age −0.37 ** −0.15 −0.28 0.21 0.14 0.30 *
sBP 0.16 0.13 0.15 0.09 0.01 −0.2
dBP 0.27 0.21 0.23 0.01 0.1 −0.21

weight 0.22 0.06 0.2 0.04 −0.16 −0.19
VAI 0.2 0.1 0.22 0.25 −0.17 −0.33 *
fGlc −0.22 −0.15 −0.17 −0.02 0.03 0.27
TG 0.15 0.05 0.15 0.35 * −0.19 −0.33 *

HDL-c −0.2 −0.1 −0.22 0.11 0.04 0.17
LDL-c 0.05 0.08 0.1 0.17 0.21 0.07

Non-HDL-c 0.06 0.06 0.11 0.16 0.14 −0.04
CHOL −0.01 0 0.03 0.19 0.13 0.01

TG/HDL-c 0.17 0.08 0.2 0.32 * −0.17 −0.34 *
TyG 0.05 −0.01 0.06 0.30 * −0.2 −0.22
CRP −0.09 −0.14 −0.11 −0.09 −0.17 −0.04

I-FABP −0.28 * −0.43 ** −0.39 ** 0.09 −0.32 * 0.01
bSCFAs −0.05 −0.1 −0.11 0.04 0.16 0.18

fruits 0.07 0.08 −0.01 0.02 0.25 0.13
vegetables and seeds 0.09 −0.03 0.01 0.03 −0.04 0.05

oils 0.04 −0.01 0.06 0.05 −0.05 −0.04
sweets 0.08 0.14 0.02 −0.04 0.27 0.18
meat −0.04 −0.15 −0.06 −0.02 −0.05 −0.01

diary and eggs −0.08 0.08 −0.05 −0.02 0.11 0.14
cereal 0.19 0.14 0.23 −0.14 −0.1 −0.22
drinks 0.2 0.09 0.11 −0.18 0.04 −0.05

processed food products 0.17 0.09 0.11 −0.16 0.07 −0.02
physical activity 0.02 0.05 −0.03 −0.32 −0.14 0.07

MADRS 0.06 0.12 0.03 0.14 0.22 0.1
D-DASS 0.17 0.22 0.06 −0.1 0.27 0.11
S-DASS −0.03 −0.07 −0.11 0.08 0.05 0.22

PLC
% ΔHSI % ΔALT % ΔALT/AST % ΔFSI % ΔAPRI % ΔFIB-4

HSI −0.19 −0.22 −0.23 −0.15 −0.18 0.01
ALT −0.14 −0.31 * −0.24 −0.1 −0.3 −0.09

ALT/AST −0.23 −0.36 * −0.33 * −0.04 −0.1 0.11
FSI −0.07 −0.19 −0.09 −0.05 −0.29 −0.13

APRI −0.12 −0.18 −0.19 −0.25 −0.33* −0.19
FIB-4 0.06 0.02 −0.05 −0.11 −0.16 −0.13
AST −0.07 −0.26 −0.13 −0.12 −0.42 ** −0.24
age −0.04 −0.08 −0.12 0.1 −0.09 −0.01
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Table 2. Cont.

sBP 0.12 −0.1 0.02 −0.17 −0.25 −0.2
dBP 0.05 −0.11 0.1 −0.01 −0.23 −0.17

weight −0.08 −0.13 −0.1 −0.16 −0.26 −0.1
VAI 0.13 0.01 0.15 0.02 −0.26 −0.22
fGlc −0.02 0.07 −0.01 −0.35 * −0.06 −0.12
TG 0.11 −0.06 0.18 0.16 −0.33 * −0.28

HDL-c −0.09 −0.14 −0.13 0.18 −0.1 0.01
LDL-c 0.2 −0.18 0.13 0.14 −0.45 ** −0.3

non-HDL-c 0.2 −0.15 0.17 0.12 −0.46 ** −0.35 *
CHOL 0.17 −0.2 0.11 0.15 −0.49 ** −0.32 *

TG/HDL-c 0.17 0.03 0.23 0.09 −0.2 −0.21
TyG 0.14 −0.01 0.2 0.1 −0.26 −0.25
CRP 0.05 −0.13 −0.01 0.03 −0.33 * −0.26

I-FABP −0.16 −0.15 −0.23 0.07 0.07 0.21
bSCFAs 0.23 0.37 * 0.27 0.21 0.08 0

fruits 0.09 0.2 0.05 −0.17 0.46 ** 0.39 *
oils −0.01 0.19 −0.03 0.07 0.34 * 0.2

vegetables and seeds 0.3 0.34 * 0.26 −0.2 0.33 * 0.15
sweets −0.08 −0.12 −0.09 0.27 0.09 −0.06
meat 0.17 0.25 0.21 0.09 0.01 −0.19

diary and eggs 0.13 0.08 −0.01 0.04 −0.12 −0.28
cereal 0.34 * 0.35 * 0.32 * −0.1 0.1 −0.08
drinks 0.04 0.28 0.23 0.01 0.02 −0.15

processed food products 0.11 0.16 0.18 0.19 −0.01 −0.25
physical activity

(n = 41)
−0.38 −0.28 −0.47 0.3 0 0.51 *

MADRS 0.02 0.16 0.06 −0.12 0.11 0.03
D-DASS −0.06 −0.03 0.03 −0.02 −0.34 * −0.3
S-DASS −0.1 0.02 −0.14 0.12 −0.05 0.1

Abbreviations: ALT—alanine aminotransferase; APRI—AST-to-platelet ratio; AST—aspartate aminotransferase;
bSCFAs—blood short-chain fatty acids; CHOL—cholesterol; CRP—C-reactive protein; dBP—diastolic blood
pressure; D-DASS—Depression subscale of the Depression, Anxiety, and Stress Scale; fGlc—fasting serum glucose;
FIB-4—Fibrosis-4 Index; FSI—Framingham Steatosis Index; HDL-c—high-density lipoprotein cholesterol; HSI—
Hepatic Steatosis Index; I-FABP—intestinal fatty acid-binding protein; LDL-c—low-density lipoprotein cholesterol;
MADRS—Montgomery Asberg Depression Rating Scale; PLC—placebo group; PRO—probiotic group; sBP—
systolic blood pressure; S-DASS—Stress subscale of the Depression, Anxiety, and Stress Scale; TG—triglycerides;
TyG—triglyceride–glucose index; VAI—visceral adiposity index.

Based on the correlation heatmap, the following factors were chosen for regression
models: age, weight, diastolic blood pressure (dBP), triglycerides (TG), cholesterol, C-
reactive protein (CRP), I-FABP, bSCFAs, depression subscale of Depression, Anxiety, and
Stress Scale (D-DASS), fruits, oils, vegetable and seeds, sweets, meat, or cereal intake, and
physical activity level.

Second, the multiple linear regression (MLR) models, including PRO or PLC allocation
and its interactions with other independent variables, were valid for the changes in ALT
and APRI values (p < 0.008) (Table 3). The forest plots of MLR results are shown in Figure 1.

79



Nutrients 2024, 16, 4024

Table 3. The summary of the multiple linear regression models with interactions for the change in
liver steatosis or cardiovascular risk-related indices, including the type of intervention (probiotic
vs. placebo).

Dependent Variable R2adj F p Independent Variable
Coefficient

(β [95% CI])
p-Value

Δ ALT 0.186 3.74 0.001

PRO vs. PLC 0.76 (0.15–1.36) 0.014
I-FABP −0.31 (−0.54–−0.08) 0.008

PRO vs. PLC * I-FABP −0.39 (−0.81–0.02) 0.061
bSCFAs 0.09 (−0.12–0.30) 0.378

PRO vs. PLC * bSCFAs −0.62 (−1.15–−0.09) 0.023
cholesterol −0.31 (−0.53–−0.08) 0.009

weight −0.30 (−0.53–−0.07) 0.010

Δ APRI 0.304 4.88 <0.001

PRO vs. PLC −0.85 (−1.33–−0.38) <0.001
D-DASS −0.26 (−0.82–0.29) 0.349

PRO vs. PLC * D-DASS 0.77 (0.30–1.25) 0.002
cholesterol −0.26 (−0.48–−0.05) 0.018

TG −16.36 (−24.91–−7.81) <0.001
CRP −1.72 (−4.11–0.67) 0.157

cereals −10.95 (−20.06–−1.85) 0.019
sweets and snacks 0.28 (0.07–0.50) 0.010

Symbols: Δ—the change between the post- and pre-intervention values. Abbreviations: bSCFAs—blood short-
chain fatty acids; CRP—C-reactive protein; D-DASS—Depression subscale of the Depression, Anxiety, and
Stress Scale; HDL-c—high-density lipoprotein cholesterol; I-FABP—intestinal fatty acid-binding protein; PLC—
placebo group; PRO—probiotic group; R2adj—adjusted squared coefficient of determination; TG—triglycerides;
VAI—visceral adiposity index. * means interaction.

Figure 1. Cont.
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Figure 1. Forest plots of the multiple linear regression models with interactions, including the type
of intervention (probiotic vs. placebo). (A) For the changes in alanine aminotransferase (ALT);
(B) for the changes in aspartate aminotransferase (AST)-to-platelets ratio index (APRI). * means
interaction. Abbreviations: bSCFAS = blood short-chain fatty acids; CRP = C-reactive protein; D-
DASS = Depression subscale of Depression, Anxiety, and Stress Scale; I-FABP = intestinal fatty-acid
binding protein; TG = triglycerides.

4. Discussion

4.1. Correlation Analyses Results

Based on the correlation analysis, as expected, pre-treatment liver steatosis and fibrosis
parameters were associated with more improvement in steatosis indices values only in the
PRO group.

Interestingly, the pre-intervention diet, especially fruits, vegetables, seeds, and cereal
products intake, was connected with the change in liver-derived markers only in the PLC
group. We hypothesize that all study participants had improved their dietary habits during
the Pro-Demet intervention, as stated earlier [20]. The healthier the pre-intervention diet,
the less possible any further improvement in dietary habits. Thus, participants in the PLC
group gained no additional benefits from the intervention.

The higher the basal level of I-FABP, the better improvement in hepatic indices was
shown in the PRO group. As FABP2 is a validated marker of enterocyte microdamage
and higher intestinal permeability [30], an underlying “leaky gut” syndrome may be a
proposed explanatory factor of the probiotic’s influence on liver function.

The lipid profile and CRP level were consistently shown to be connected with changes
in CVR indices in the PLC, but not PRO, group, possibly making immunometabolic status
not the only and not the most robust determinant of the PRO efficacy.

Finally, it is crucial to bear in mind that the above findings are only preliminary, and
causal effects cannot be determined based on the results of correlation analysis. Thus, these
analyses were performed to select parameters for regression models.

4.2. Predictors of Probiotics Possible Efficacy for Liver Dysfunction Improvement

As shown earlier, PRO intervention alone did not change ALT levels compared with
PLC in the population with depressive disorders. However, significant differences in probi-
otics efficacy for this parameter were found when stratified subjects by the antidepressant
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use [20]. Here, our MLR model for the change in ALT values indicated that PRO acted
differently when used by subjects with higher basal levels of I-FABP or bSCFAs, and these
compounds were proposed to be indicators of the microbiota–gut wall homeostasis. I-FABP
is utilized as a marker of the enterocyte lesion and the “leaky gut” syndrome [30,31]. On the
other hand, circulating SCFAs, intestinal microbiota metabolites, may provide information
on the gut ecosystem status—their levels and ratios are proposed to be biomarkers of
the chronic inflammatory diseases state or treatment efficacy [32–34]. Thus, our study’s
probiotic intervention effect may depend on the basal microbiota–intestinal function. In-
deed, it has been demonstrated repeatedly that probiotics improve the pre-intervention
gut microbiota composition and intestinal barrier status, especially following disruptive
events [35,36]. Moreover, it was shown that restoring the gut microbiota balance with
rifaximin helped to reduce the rate of increased intestinal permeability and decrease liver-
derived inflammation and liver-related outcomes in animal models [37]. Therefore, we
conclude that probiotics may act similarly on the microbiota–gut–liver axis in humans.
Moreover, excessive inflammatory cytokines release, mediated by the hepato-cytotoxic
injury [38], might constitute a target for probiotics’ anti-inflammatory properties, as pro-
biotics were shown to decrease not only ALT values but also CRP levels in non-alcoholic
fatty liver disease (NAFLD) subjects [39]. A recent systematic review has pointed to the
curative action of probiotics for endocrine disorders through modulating inflammation [40].
Further, our previous analysis had shown that in the PRO group, subjects treated with
antidepressants had greater improvement in ALT values than those who did not receive
antidepressants [20]. Moreover, we have previously found increased I-FABP values under
the antidepressant treatment in the Pro-Demet entry population [41]. Indeed, antidepres-
sants were shown to lower microbiota richness and diversity as well as increase intestinal
permeability in pre-clinical models [42–44]. All of the above-mentioned findings make the
current analysis results complementary to previous ones.

To sum up, probiotics might be beneficial for liver tests in patients with depression
comorbid with microbiota–gut dysfunction. Nevertheless, the adjusted R2 in the MLR
model was found to be relatively small, indicating that other factors, not included in our
study, may also have a significant impact on ALT changes.

4.3. The Assessment of Probiotics Efficacy and Diet in the Cardiovascular Risk Reduction

As for CVR indices, 30% of the variance of the improvement in APRI score may be
explained by higher pre-intervention TG, cholesterol and CRP levels, high cereals intake
and low sweets consumption, and probiotics use. Higher levels of depressive symptoms,
however, counteracted the curative action of probiotics. These findings have confirmed
some of the previous studies results that among people with immunometabolic alternations,
probiotics in combination with other nutrients or the improvement of specific lifestyle
changes, especially dietary habits, may result in better outcomes [45–47]. For instance,
the consumption of a whole-grain pasta lowered plasma CRP, or the low-to-high-density
lipoprotein cholesterol ratio (LDL/HDL) in obese volunteers, compared to pasta without
a synbiotic [46]. Indeed, whole-grain cereal products contain dietary fiber, which acts
as a prebiotic, and dietary fiber was found to be associated with a decreased risk of all-
cause mortality [48,49]. Thus, the supplementation of probiotics along with a diet rich in
fiber may act similarly to the intake of synbiotics. Regarding sweets intake, a diet low in
added fructose was shown to have favorable effects on NAFLD patients [18]. Sweets are
usually fortified not only with different sugars but also with artificial sweeteners, colors or
preservatives. Both added sugars and artificial additives are well recognized as some of
the factors increasing cardiovascular risk [50,51]. So, they may counteract the benefits of
probiotics. As regards lifestyle modification in a broad sense, nutraceutical supplementation
including probiotics decreased a 10-year CVR score by 40% compared to lifestyle changes
alone [47]. Concerning whole dietary approaches, a dietary weight loss program, combined
with probiotics supplementation, had favorable effects on total cholesterol levels in patients
with coronary artery disease [52]. Moreover, our analysis results revealed that the probiotic
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intervention might be effective when used by participants with low baseline depressiveness.
This may be because more severe depression was previously shown to be connected
with poor dietary habits, e.g., a higher intake of sweets and fast food, as well as low
compliance with the Mediterranean diet [53] or higher consumption of sugar-sweetened
beverages in adolescents [54]. Specifically, anhedonia or anxiety was found to drive
the high consumption of fried or sugar-enriched food products [55]. Thus, dietary and
possibly other lifestyle improvements combined with probiotics may be necessary to affect
clinical outcomes, especially in people with immunometabolic abnormalities. This may
be due to fiber-derived microbiota metabolites, mainly SCFAs, which have been shown to
possess anti-inflammatory properties, regulating metabolic health and even protecting the
liver [56–58].

So, healthy dietary habits in patients with depression and immunometabolic distur-
bances may condition the improvement of CVR after probiotics.

4.4. The Generalizability of the Results

The generalizability of the findings to other populations may be, however, limited.
First, the study population consisted of individuals with mild to moderate depressive
disorders, the majority of whom used antidepressants. Many studies have shown that both
depression and its pharmacological treatment are associated with distinct gut microbial
profiles and altered gut wall permeability [42,59,60]. Similarly, metabolic abnormalities,
low-grade inflammation, and unhealthy diet are more common among patients with
depression than in the general population [55,61]. Second, the study population was
primarily female, and chronic liver dysfunction is more prevalent in males than females
due to several potential factors, including sex hormones or alcohol abuse [62].

Moreover, the long-term effects of probiotic intervention for liver function remain
uncertain. In the systematic review, half of the patients with dysbiosis at enrollment were
shown to have improved gut microbiota composition after the probiotic supplementation.
Still, the follow-up period lasted only up to 30 days [36]. This would resemble the situation
of those patients in our study with higher levels of FABP2 or bSCFAs that showed some
improvement in ALT values. As this improvement is hypothesized to be associated with the
decreased severity of dysbiosis and ‘leaky gut’, as discussed earlier, an ALT improvement
might last as long as the gut microbiota balance. Longer-term studies in adult populations
are lacking [63]. However, a probiotic effect may last long when administered very early in
life; e.g., perinatal probiotic supplementation resulted in a very long-term (up to several
years) decreased prevalence of allergy in children [64]. But the results of different studies
are conflicting [65].

4.5. Limitations

The main limitation of our study is its modest sample size; thus, some analyses,
especially when examining subgroups or interactions, might be underpowered. This fact
limits making firm conclusions or assessing causal effects. Additionally, the explanatory
nature of this secondary analysis of the primary trial data makes conclusions about the
cause-and-effect relationship even more constricted. Furthermore, we used only non-
invasive blood tests to assess liver function, hepatic steatosis, or any other specific liver
dysfunction. Moreover, probiotic effects are strain-specific; psychobiotic strains were
used due to the design of the parent study [66]. However, a meta-analysis focusing
on the pro- or synbiotics influence on liver enzymes revealed that there was a massive
diversity of probiotic strains used among NAFLD patients, the most common genera were
Lactobacillus, Bifidobacterium, and Streptococcus; thus, the overlap with psychobiotics seems
to be significant [65]. Nonetheless, the results of our study may enable the design of better
future trial protocols to elucidate predictors of probiotics efficacy for liver-related markers
in clinical populations with depression.

Despite the above-listed limitations, the strength of the present study lies in its nov-
elty in terms of analyzed biomarkers and preliminary assessment of the complex net of

83



Nutrients 2024, 16, 4024

interaction between clinical depression, liver, gut wall, microbiota, and diet. To the best of
our knowledge, this is the first study that assessed possible conditions for probiotics action
toward proxy liver abnormalities markers in patients with depressive disorders.

5. Conclusions

As regards patients with depression, PRO augmentation may be useful for liver
protection among subjects with the suspected “leaky gut” syndrome. Further, the PRO
intervention combined with the fiber-rich diet may provide additional benefits, such as a
decrease in CVR, among patients with immunometabolic alterations.

The interplay between probiotics, diet, microbiota, gut, depression, and liver function
may constitute the direction of future research.
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Appendix A

Appendix A.1

1. Sample Characteristics (n = 92) Parameter Number (%) or Mdn (IQR)

MetS according to IDF 20 (21.74%)
Antidepressants 63 (68.47%)
Antipsychotics 4 (4.35%)

Other pharmacological treatment 33 (35.87%)
Comorbidities 48 (52.17%)
Smoking status 13 (4.13%)

Dietary supplements 48 (52.17%)
Physical activity (MET-min/week) 1783.50 (1026.50–2892.00)

ALT (U/L) 16.20 (12.90–23.30)
ALT/AST 0.75 (0.63–0.89)

HSI 32.13 (28.49–35.14)
FSI −2.64 (−3.50–−1.61)

APRI 0.24 (0.19–0.30)
FIB-4 0.61 (0.46–0.80)

Weight (kg) 68.30 (56.50–79.60)
BMI (kg/m2) 24.31 (21.21–27.15)

WC (cm) 83.25 (72.00–93.50)
fGlc (mmol/L) 5.07 (4.86–5.38)

HDL-c (mmol/L) 1.61 (1.43–1.90)
non-HDL-c (mmol/L) 3.60 (2.88–4.36)

TG (mmol/L) 0.95 (0.80–1.39)
Sweets and snacks 2.57 (2.14–3.14)
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1. Sample Characteristics (n = 92) Parameter Number (%) or Mdn (IQR)

Diary and eggs 3.17 (2.67–3.67)
Cereal products 3.20 (2.60–3.40)

Oils 2.67 (2.33–3.00)
Fruits 2.70 (2.40–3.20)

Vegetables and seeds 3.36 (2.91–3.82)
Meat (including fish) 2.25 (1.86–2.75)

Drinks (excluding water) 2.00 (1.71–2.43)
Processed food products 2.36 (2.10–2.71)

MADRS score 19.00 (16.00–24.00)
DASS score 64.50 (47.00–80.00)
Depression 21.00 (14.00–27.00)

Anxiety 16.00 (10.00–23.00)
Stress 24.00 (20.00–34.00)

CRP (mg/L) 1.20 (0.50–2.85)
TNF-α (pg/mL) 6.00 (1.84–7.57)
I-FABP (ng/mL) 1843.38 (1169.14–2485.55)
bSCFAs (pg/mL) 4341.41 (3376.19–5820.68)

Dietary habits: 1—never or almost never; 2—once a month; 3—several times a month; 4—several times a

week; 5—every day; 6—several times a day. Abbreviations: ALT = alanine aminotransferase; APRI = aspar-

tate aminotransferase-to-platelets ratio index; BMI = body mass index; bSCFAs = blood short-chain fatty acids;

CRP = C-reactive protein; DASS = Depression, Anxiety, and Stress Scale; fGlc = fasting glucose; FSI = Framingham

Steatosis Index; HDL-c = HDL cholesterol; HSI = hepatic steatosis index; IDF = International Diabetes Federa-

tion; I-FABP = intestinal fatty acid-binding protein; IQR = interquartile range; MADRS = Montgomery–Asberg

Depression Rating Scale; Mdn = median; MET = metabolic equivalent of task; MetS = metabolic syndrome;

TG = triglycerides; TNF-α = tumor necrosis factor alpha; WC = waist circumference.

Appendix A.2. Secondary Outcomes

Delta (Δ) was defined as a post-(V2) minus pre-intervention (V1) value.
%delta (%Δ) was defined as (Δ/V1) * 100%.
The Depression, Anxiety, and Stress Scale (DASS) was used to measure three negative

emotional states. This analysis used data measured by the Depression subscale of DASS
(D-DASS) [67].

The triglycerides to high-density lipoprotein cholesterol (TG/HDL-c) ratio has been
proposed as a marker of insulin resistance and MetS occurrence [68].

The visceral adiposity index (VAI) is a sex-specific index including WC, BMI, TG and
HDL-c to estimate visceral adiposity. It is calculated by using the following formulas:
for males: VAI = WC [cm]/(39.68 + (1.88 × BMI) × (TG [mmol/L]/1.03) × (1.31/HDL-c
[mmol/L]); for females: VAI = WC [cm]/(36.58 + (1.89 × BMI)) × (TG [mmol/L]/0.81) ×
(1.52/HDL-c [mmol/L]) [69].

TyG index is a proxy marker for identifying insulin resistance. It is calculated as
Ln(fasting TG [mg/dL] × fasting blood glucose [mg/dL]/2 [70].

Intestinal fatty acid-binding protein (FABP2/I-FABP) increased levels occur when an
intestinal epithelial cell lesion is found; it is used as a marker of “leaky gut” [71].

Short-chain fatty acids (SCFAs) include butyrate, propionate, and acetate, and are
metabolites of gut microbiota produced from fibers. They play a role in supporting the
intestinal barrier, preventing neuroinflammation and metabolic dysfunctions [72].
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Abstract: Emerging evidence suggests that microbiota plays a crucial role in the development, pro-
gression, and therapeutic options in obesity and its comorbidities. This study assessed preoperative
probiotic therapy’s impact on bariatric treatment outcomes. A 12-week randomized, double-blind,
placebo-controlled trial with 48 patients undergoing bariatric surgery was conducted. Participants
received probiotics—Sanprobi Barrier—which contained nine strains of bacteria: Bifidobacterium
bifidum W23, Bifidobacterium lactis W51 and W52, Lactobacillus acidophilus W37, Levilactobacillus brevis
W63, Lacticaseibacillus casei W56, Ligilactobacillus salivarius W24, Lactococcus lactis W19, and Lactococcus
lactis W58. Primary outcomes included excess body weight loss, body weight loss, and excess body
mass index loss, with secondary objectives focusing on metabolic profiles. Surgical treatment of
obesity significantly improved anthropometric and metabolic parameters. No significant differences
were observed in primary outcomes or in secondary outcomes between groups at any time point
post-surgery. Preoperative probiotics administration did not affect clinical outcomes 1, 3, or 6 months
following bariatric surgery.

Keywords: probiotics; intestinal microbiota; bariatric surgery; obesity; metabolic disorders; weight loss

1. Introduction

Obesity is a disorder characterized by the accumulation of an excessive amount of
body fat, leading to detrimental health consequences [1]. According to the latest data from
the World Health Organization (WHO), in 2022, every eighth person worldwide suffered
from obesity [2]. With the consistent rise in mortality and morbidity rates in individuals
with excess body weight, gaining a comprehensive understanding of the mechanisms
underlying prolonged and excessive overeating is of paramount importance [2] In 2019,
an elevated body mass index (BMI) caused approximately 5 million deaths attributed to
noncommunicable diseases (NCDs), including cardiovascular diseases, diabetes, cancer,
neurological disorders, chronic respiratory diseases, neurological disorders, and digestive
disorders [3].
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Although bariatric surgery (BS) has shown remarkable efficacy in treating obesity
and its comorbidities, there remains a subset of patients who fail to achieve the desired
outcomes [4]. Obesity is a serious healthcare challenge due to its multifactorial nature.

Genetic predisposition, lifestyle factors, and dietary habits are recognized as leading
causes of obesity, yet an emerging focus has been placed on the gut microbiota’s influ-
ence [5]. The gut microbiota in individuals with obesity significantly differs from that
observed in individuals with normal body weight. People with excess body weight tend to
show reduced bacterial diversity within the gut microbiome, often with an increased ratio
of Bacillota (Firmicutes) to Bacteroidota (Bacteroidetes) [6]. Studies suggest that a 20% in-
crease in Firmicutes and a proportional decrease in Bacteroidetes may result in an additional
intake of approximately 150 kilocalories per day [7]. The intestinal microbiota contributes
to increasing energy harvest by producing short-chain fatty acids (SCFA) and simple sugars
through the breakdown of polysaccharides. Microorganisms stimulate higher nutrient
absorption by enhancing blood vessel density in the intestine [8]. Notably, the dominance
of specific bacteria associated with obesity inhibits fasting-induced adipose tissue factor
(FIAF). This inhibition increases fat accumulation by diminishing fat oxidation in the liver
and muscles [9]. Moreover, intestinal microbiota has been shown to reduce the secretion of
intestinal hormones such as peptide YY (PYY) and glucagon-like peptide-1 (GLP-1). These
hormones play a pivotal role in regulating satiety, and their decreased secretion may lead
to heightened food consumption [10]. Probiotic supplementation before BS may influence
postoperative outcomes through various mechanisms. Probiotic supplementation helps
maintain a healthy balance of gut bacteria by promoting the growth of beneficial strains
that compete with pathogenic bacteria for nutrients and colonization niches, producing
substances called bacteriocins that inhibit the growth of detrimental microorganisms [11].
Probiotics regulate cytokine levels by enhancing anti-inflammatory cytokines while di-
minishing pro-inflammatory ones [12]. Additionally, probiotics strengthen the integrity
and functionality of the intestinal barrier, thereby preventing the translocation of harmful
substances from the gut epithelium into the bloodstream, which may alleviate adipose
tissue inflammation associated with obesity [13]. Overall, preoperative probiotics may
create a healthier gut environment, modulate the immune response, help alleviate the
inflammatory response caused by surgery, and enhance the effect of bariatric treatment.

Conclusions drawn from studies investigating the impact of probiotic therapy post-
bariatric surgery are inconsistent. Some suggest potential benefits, such as improvements
in weight loss and metabolic state, while others indicate inconspicuous clinical effects.
The variability in findings provoked thoughts on alternative approaches to supporting the
intestinal microbiome to enhance the effectiveness of bariatric treatment. To the best of our
current knowledge, there is a lack of scientific literature concerning probiotic therapy before
surgical obesity treatment. Therefore, we have decided to examine whether implementing
probiotic therapy preoperatively could enhance the outcomes of bariatric treatment. The
primary aim of this study was to assess the impact of probiotic therapy on weight loss,
with secondary objectives focused on evaluating metabolic profiles.

2. Materials and Methods

2.1. Study Design

The study was designed as a randomized, double-blind, placebo-controlled clinical
trial with a 12-week probiotics intervention period. Participants were randomly divided
into two research arms—the probiotic group receiving multistrain probiotics and the
placebo group. Allocation to groups was performed at a 1:1 ratio using an Microsoft Excel
version 2019 random number generator. The study was unblinded after the statistical
analysis. The project was conducted between August 2021 and April 2023 at the University
Clinical Center (UCC) in Gdańsk (Poland). The protocol was approved by the Indepen-
dent Bioethics Committee for Scientific Research at the Medical University of Gdańsk
(No. NKNNB/447/2021) in accordance with the Declaration of Helsinki. The study was
registered with clinical trials under the identifier NCT05407090.
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This study is the first to evaluate the effect of preoperative probiotic supplementation;
hence there are no previous studies on which we could base our sample size calculation.
Based on data from Sanchez et al. [14] (weight reduction due to probiotics in patients
with obesity), assuming α = 0.05 and power = 80%, the initial calculation resulted in
20 patients per group. However, considering protocols variations and potential patient
dropouts to ensure the study’s validity and reliability, we decided to include 40 patients
per group, which gives a total of 80 participants. However, during the study, it was noted
that the attrition rate among patients exceeded the anticipated rate of 10–15%, reaching
levels of 20–30%. Consequently, the study’s recruited patient cohort was increased to
110 individuals.

2.2. Participants

One hundred and ten patients qualified for BS were enrolled in the study after screen-
ing interviews. The patients were qualified for Laparoscopic Sleeve Gastrectomy (LSG)
or One Anastomosis Gastric Bypass (OAGB). The inclusion criteria included eligibility
for BS based on International Federation for the Study of Obesity (IFSO) guidelines [15],
Caucasian race, and age over 18. Patients were excluded from the study if they met any
of the exclusion criteria: allergy/intolerance to any of the ingredients of the preparations;
inflammatory bowel diseases; current antibiotic therapy; immunosuppression; biological
treatment; long-term antibiotic therapy; probiotic therapy in the 1 month before study
enrollment; neurodegenerative diseases, and antipsychotic drugs. Operational treatments
were performed in accordance with the Enhanced Recovery After Bariatric Surgery (ERABS)
protocol [16].

2.3. Study Protocol

Baseline and follow-up evaluations were performed in the University Clinical Center
(UCC) in Gdańsk. Both research arms received identical medical care during the study
period. Anthropometric measurements and blood samples were collected from the patients
during each visit. After 12 weeks of supplementation, patients underwent either LSG or
OAGB surgery. Subsequent follow-up visits were scheduled at 1 month (1 M PostOP),
3 months (3 M PostOP), and 6 months post-surgery (6 M PostOP). The patients followed
a standardized diet under the supervision of a qualified dietitian. Upon recruitment,
participants were provided with a balanced diet plan, which included a calorie deficit of
500–1000 kilocalories. Nutrient requirements were set at 25–30% for protein, 25–30% for
fats, and 45–55% for carbohydrates of total daily energy intake, while mineral and vitamin
requirements were based on the dietary standards for the Polish population [17]. Post-
surgery, the dietary plan remained consistent, with 5–6 high-calorie-density meals per day.
Fiber intake ranged from 10–30 g or 15 g/800–1000 kcal, depending on individual tolerance
and time elapsed since the operation. All patients were prescribed vitamin supplements
(WLS FitForMe, Rotterdam, The Netherlands).

2.4. Probiotic Intervention

The study product was a probiotic mixture contained nine strains of bacteria: Bifi-
dobacterium bifidum W23, Bifidobacterium lactis W51 and W52, Lactobacillus acidophilus
W37, Levilactobacillus brevis W63, Lacticaseibacillus casei W56, Ligilactobacillus salivarius
W24, Lactococcus lactis W19, and Lactococcus lactis W58 in daily dose 2 × 109 CFU. This
product is commercially sold in Poland under the name of Sanprobi Barrier (Sanprobi sp. z
o. o. sp. k., Szczecin, Poland) and has been authorized by the appropriate health authorities
regarding its composition and recommended dosage. Identical-looking placebo capsules
contained maize starch and maltodextrin of maize origin. Patients were instructed to store
the products in the refrigerator and take four capsules daily with meals (two capsules in the
morning and two capsules in the evening) for 12 weeks. Patients were asked to continue
supplementation until the last meal before the operation, within 24 h before the surgery.
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2.5. Nutritional Status Assessment

Patients had their height and weight measured, and their BMI was calculated. The
evaluation of the results of surgical treatment of obesity was based on the percentage of
excess body weight loss (%EWL), the percentage of body weight loss (%WL), and the
percentage of excess BMI loss (%EBMIL) [18]. In calculating %EWL, the ideal body weight
was determined using the Deitel and Greenstein formula from 2003 [19]. The initial weight
and BMI were measured during the first visit to the clinic.

2.6. Metabolic Parameters

All blood samples were collected following a 12 h fasting period and analyzed by a
certified laboratory UCC in Gdańsk. The following parameters were determined: lipid
panel, liver enzymes, anemia diagnostics, folic acid, vitamin B12, glucose metabolism mark-
ers, and C-reactive protein (CRP). Insulin resistance was calculated using the homeostatic
model assessment of insulin resistance (HOMA-IR) with the formula: HOMA-IR = [fasting
blood glucose (mg/dL) × fasting insulin (mU/L)]/405.

2.7. Postoperative Complications

All postoperative complications were classified according to the 30 day postoperative
Clavien–Dindo classification, which enables a standardized assessment of surgical compli-
cations. The complications were divided into five main grades (I–V), with grade I including
the least severe complications that do not require intervention and grade V indicating the
patient’s death [20].

2.8. Statistical Methods

Statistical analysis involved using different methods based on the type and distribution
of the data. For normally distributed data, measures like means and standard deviations
(SDs) were employed, while non-normally distributed data were analyzed using medians
and interquartile ranges (IQRs). The normality of the data was examined using the Shapiro–
Wilk test and visually inspected through histograms. Categorical data were compared
using contingency tables, chi-squared tests, or Fisher’s exact test for limited observations
(<5). Comparisons for normally distributed continuous data were done with t-tests or
Welch’s correction for unequal variances. To analyze the differences in continuous variables
between treatment groups across multiple time points, repeated measures mixed ANOVA
was conducted, followed by post hoc tests. Statistical significance was considered at a
p-value of less than 0.05 for all two-sided tests. The statistical analyses and graphical
representations were conducted using GraphPad Prism 10.2.1 and JASP statistical software
version 0.18.1 and the Python version 3.9.16.

3. Results

3.1. Flow of Trial Participants and Comparison between Arms

Out of 174 patients interviewed for eligibility, 64 did not fulfill the criteria or declined
participation. Given the increasing societal awareness of the importance of the intestinal
microbiome, many prospective study candidates were already consuming probiotics, thus
meeting one of the exclusion criteria. Consequently, 110 individuals were randomly
assigned to either the placebo (n = 55) or probiotic (n = 55) group. Forty-eight patients
(43.6%) completed the protocol and attended all four scheduled visits. To accomplish
the 12-week intervention, patients were recruited 3 months before the surgery. Due to
the individualized treatment approach, the time between recruitment and surgery, and
consequently the duration of the intervention varied among patients. Therefore, only
patients who underwent supplementation for at least 6 weeks were included in the study.
Considering patients’ treatment discontinuation (n = 19), withdrawals from the study
(n = 6), supplementation durations less than 4 weeks (n = 1), non-adherence to the study
protocol (n = 13), or absence at one of the follow-up visits (n = 13), a total of 48 individuals
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were included in the statistical analysis. Therefore, the study comprised 22 individuals in
the probiotics and 26 in the placebo group.

One patient withdrew from the study due to abdominal pain and nausea after starting
supplementation. After unblinding the study, it was revealed that he/she was taking a
placebo. Another patient (with probiotics) reported a change in stool consistency after
beginning supplementation, but the symptoms resolved within a week, and the patient
remained in the study. This could have been a reaction to adaptation following the initiation
of probiotic supplementation. According to Almutairi et al. [21], maltodextrin contained in
the placebo may affect human gut physiology, but since both the placebo and the probiotics
contained this substance, it should not have influenced the outcomes. The study flow is
presented in Figure 1.

 

Figure 1. Study flow. a Treatment pathway was interrupted and participants did not proceed to
surgery; b participants remained in the treatment cycle but opted out of participating in the research
study. The absence of patients at the 1-month post-operation (1 M PostOP) visit was not due to
non-compliance with the protocol but because some patients had a different treatment path that did
not include a visit one month after surgery. To standardize the population, they were excluded from
the statistical analysis in this publication.

All baseline characteristics were similar in both study arms, including age
(42.2 ± 11.6 vs. 41.0 ± 11.2 years), initial BMI (43.6 ± 4.4 vs. 43.2 ± 7.1 kg/m2), du-
ration of supplementation (11.5 ± 1.9 vs. 11.5 ± 2 weeks) for the placebo and probiotics
groups, respectively (Table 1). None of the assessed parameters showed significant differ-
ences between the groups before the intervention, except for folic acid, which was higher
in the probiotic group (5.8 ± 1.6 vs. 7.2 ± 2.6; p = 0.028) (Table 2).
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Table 1. Preintervention characteristic of groups.

Placebo (n = 26)
Probiotics

(n = 22)
p-Value

Sex (F/M) n 20/6 13/9 0.184
Age (years) 42.2 ± 11.6 41 ± 11.2 0.701

Duration of supplementation (weeks) 11.5 ± 1.9 11.5 ± 2 0.965 †
Max weight (kg) 135.9 ± 21.8 138.3 ± 27.1 0.733

Weight 6 M PreOP (kg) 129.2 ± 21.4 130.1 ± 31.0 0.907
Max BMI (kg/m2) 45.9 ± 5.0 46.2 ± 6.2 0.885

BMI 6 M PreOP (kg/m2) 43.6 ± 4.4 43.2 ± 7.1 0.825
Type of surgery (LSG/OAGB) 24/2 18/4 0.392 ‡

current-smokers n (%) 7 (26.9) 1 (4.5) 0.055 ‡
ever-smokers n (%) 9 (34.6) 9 (40.9) 0.584

DM1 n (%) 0 1 (4.5) 0.458 ‡
DM2 n (%) 6 (23.1) 6 (27.3) 0.738
HTN n (%) 14 (53.8) 12 (54.5) 0.961
DL n (%) 17 (65.4) 15 (68.2) 0.838
HT n (%) 9 (34.6) 7 (31.8) 0.838

fatty liver n (%) 21 (80.8) 19 (86.4) 0.604
OSAS (%) 17 (65.4) 17 (77.3) 0.367

Impaired fasting glucose n (%) 9 (34.6) 11 (0.5) 0.281
Abbreviations: BMI—body mass index; LSG—laparoscopic sleeve gastrectomy; F-female; M—male; OAGB—one
anastomosis gastric bypass; DM1—diabetes mellitus type 1; DM2—diabetes mellitus type 2; HTN—hypertension;
DL—dyslipidemia; HT—hypothyroidism; OSAS—obstructive sleep apnea syndrome; ‡—Fisher’s exact test; †—U
Mann–Whitney test.

Table 2. Preintervention laboratory parameters.

Placebo (n = 26) Probiotics (n = 22) p-Value

Vit. D (pg/mL) 49.9 ± 15.1 52.5 ± 15.5 0.562
Folic Acid (ng/mL) 5.8 ± 1.6 7.2 ± 2.6 0.028

Vit. B12 (pg/mL) 349.8 ± 93.6 349.4 ± 113.6 0.99
Iron (ug/dL) 77.1 ± 30.8 82.5 ± 37.9 0.59

Insulin (uU/mL) 20.9 ± 14.9 22 ± 18.1 0.827
LDH (U/L) 192.5 ± 41.8 196.2 ± 32.7 0.738
ALT (U/L) 37.6 ± 18.3 34.7 ± 16.8 0.573
AST (U/L) 24.8 ± 10.9 24.2 ± 10.6 0.867
GGT (U/L) 46.4 ± 31.2 36.8 ± 18.6 0.212
ALP (U/L) 84.6 ± 26.1 75 ± 18.4 0.154

TG (mg/dL) 147.8 ± 67 140.5 ± 70.1 0.715
HDL (mg/dL) 43.5 ± 8.6 47.1 ± 13.1 0.262
LDL (mg/dL) 117.8 ± 39.3 115.1 ± 27.8 0.787

Cholesterol (mg/dL) 187.7 ± 45.3 188.5 ± 34.9 0.942
HbA1c% 5.7 ± 0.7 6.1 ± 1.3 0.287

HbA1c (mmol/mol) 39.2 ± 7.2 42.7 ± 14.4 0.272
Glucose (mg/dL) 102.3 ± 16.4 112.9 ± 41.3 0.238

Hemoglobin (g/dL) 13.8 ± 1.5 14.2 ± 1.8 0.45
HOMA-IR 5.6 ± 5.5 6.4 ± 6.4 0.633

Abbreviations: Vit. D—vitamin D; Vit. B12—vitamin B12; LDH—lactate dehydrogenase; ALT—alanine aminotrans-
ferase; AST—aspartate aminotransferase; GGT—gamma-glutamyl transferase; ALP—alkaline phosphatase; TG—
triglycerides; HDL—high-density lipoprotein; LDL—low-density lipoprotein; HbA1c%—glycated hemoglobin
percentage; HbA1c—glycated hemoglobin; HOMA-IR—homeostatic model assessment for insulin resistance.

3.2. Primary Outcomes

Patients’ weights and BMIs were significantly improved at 1 M, 3 M, and 6 M post-op
compared to baseline in both arms (p < 0.001 for all), with no difference between the groups.
Similarly, no significant differences between the groups were observed in %WL, %EWL,
and %EBMIL at any of the follow-up visits. Results are presented both in Table 3 and
Figure 2.
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Table 3. Primary outcomes.

Placebo
(n = 26)

Probiotics
(n = 22)

Between
Subjects

Effects (Group)

Within Subjects
Effects (Time)

Within Subjects
Effects (Time × Group)

Weight (kg)

Max 135.9 ± 21.8 138.3 ± 27.1

0.749 <0.001 0.612

6 M PreOP 129.2 ± 21.4 130.1 ± 31
3 M PreOP–PRO 122.5 ± 19.8 123.4 ± 27.4

1 M PreOP 119.9 ± 20.4 120.9 ± 27.3
OP 117.7 ± 19.5 119.5 ± 26.3

1 M PostOP 107.5 ± 18.9 110.8 ± 26.6
3 M PostOP 99.1 ± 16.9 102 ± 26.3
6 M PostOP 92.1 ± 15.8 96 ± 24.7

BMI (kg/m2)

Max 45.9 ± 5 46.2 ± 6.2

0.966 <0.001 0.582

6 M PreOP 43.6 ± 4.4 43.2 ± 7.1
3 M PreOP–PRO 41.4 ± 4.6 41.1 ± 6

1 M PreOP 40.5 ± 4.6 40.2 ± 6
OP 39.8 ± 4.6 39.7 ± 5.5

1 M PostOP 36.3 ± 4.5 36.7 ± 5.4
3 M PostOP 33.5 ± 4.4 33.8 ± 6
6 M PostOP 31.2 ± 4.7 31.9 ± 6.1

%WL

OP 8.7 ± 4.8 7.7 ± 4.5

0.229 <0.001 0.739
1 M PostOP 16.7 ± 4.9 14.8 ± 3.6
3 M PostOP 23.2 ± 5.3 21.8 ± 5.2
6 M PostOP 30.4 ± 11.5 26.5 ± 8.8

%EWL

OP 17.5 ± 9.1 15.7 ± 9.1

0.636 <0.001 0.791
1 M PostOP 33.9 ± 10.2 31.3 ± 8.4
3 M PostOP 47.3 ± 12.6 46.9 ± 16.3
6 M PostOP 57.8 ± 16.7 56.8 ± 17.6

%EBMIL

OP 20.9 ± 11 18.8 ± 10.8

0.803 <0.001 0.7
1 M PostOP 40.7 ± 13.3 38 ± 12
3 M PostOP 56.7 ± 17.1 57.4 ± 23.9
6 M PostOP 72.6 ± 34.6 62 ± 40.4

Abbreviations: BMI—body mass index; %WL—percentage of weight loss; %EWL—percentage of excess weight
loss; %EBMIL—percentage of excess BMI loss.

3.3. Secondary Outcomes

In this section, we present the secondary outcomes of the study. The data in Tables 4 and 5
provide detailed results on these outcomes.

3.3.1. Glycemic Parameters

Table 4 illustrates that all glycemic parameters—glucose, insulin, HbA1c%, HbA1c,
and HOMA-IR—were significantly improved at 1 M, 3 M, and 6 M PostOP compared to
baseline in both arms (p < 0.001 for all), with no difference between the groups.

3.3.2. Lipid Profile

As shown in Table 4, triglycerides were significantly improved at 1 M, 3 M, and 6 M
PostOP compared to the initial value (p < 0.001 for all). High-density lipoprotein (HDL)
significantly decreased in 1 M PostOP but then increased at 6 M PostOP compared to
baseline (p < 0.001 for both). There was no improvement in low-density lipoprotein (LDL)
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concentration after BS. The concentration of total cholesterol decreased compared to the
baseline value at 1 (p < 0.001) and 3 M PostOP (p = 0.01), but the effect did not persist at the
6-month post-surgery check-in. No statistically significant differences were observed in the
concentrations of triglycerides, HDL, LDL, and total cholesterol between the groups at any
time point.

Figure 2. Comparison of primary outcomes between two groups at various time points. BMI—body
mass index; %EWL—percentage of excess weight loss, %WL—percentage of weight loss; %EBMIL—
percentage of excess body mass index loss. (a) Comparison of Weight Over Time Between Groups;
(b) Comparison of BMI Over Time Between Groups; (c) Comparison of %EWL Over Time Between
Groups; (d) Comparison of %WL Over Time Between Groups; (e) Comparison of %EBMIL Over Time
Between Groups.

3.3.3. Liver Enzymes

Lactate dehydrogenase (LDH) and gamma-glutamyl transferase (GGT) were signifi-
cantly reduced in all time points in comparison to baseline (p < 0.013 for all time points for
both parameters). The concentration of alkaline phosphatase (ALP) improved compared to
the baseline value at 1 (p < 0.009), but the effect did not persist over time. There was no
change in aspartate aminotransferase (AST) after surgery compared to initial value. No
differences were noted between the groups in the concentrations of any liver enzymes at
any time point (Table 4).

3.3.4. Iron Parameters

As indicated in Table 4, iron was increased at 6 M PostOP in comparison to base-
line (p < 0.008) but with no differences at other time points. There was no change in
hemoglobin concentration after BS. No statistically significant differences were observed in
the concentrations of iron and hemoglobin between the groups.
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Table 5. Comparison of Clavien–Dindo classification outcomes between groups.

Clavien–Dindo
Grade

Placebo
n (%)

Probiotics
n (%)

p-Value

all 2 (7.7) 3 (13.6) 0.649
I 0 1 (4.5) 0.458
II 2 (7.7) 0 0.493

IIIa 0 1 (4.5) 0.458
IIIb 0 1 (4.5) 0.458
IVa 0 0 1
IVb 0 0 1
V 0 0 1

Types of complications occurring according to the Clavien–Dindo classification: Grade I—vomiting; Grade
II—abdominal pain and excessive drainage of the surgical wound; Grade IIIa—gastrointestinal bleeding; Grade
IIIb—wound dehiscence accompanied by surgical site infection; Grade IV and V—no complications.

3.3.5. Vitamins

Foliate and vit. B12 were significantly increased in all time points in comparison to
baseline (p < 0.036 for all time points for both parameters). Vitamin D was increased 6
months post-op in comparison to baseline (p < 0.019). No significant differences were
observed in the concentrations of vitamins between the groups. The comparison of concen-
trations of all examined parameters is presented in Table 4.

3.3.6. Postoperative Complications

During the 30-day postoperative period, complications classified according to the
Clavien–Dindo scale occurred in two patients (7.7%) in the placebo group and in three
patients (13.6%) in the probiotics group. In the probiotics group, single cases of Grade I, IIIA,
and IIIB complications were noted, while in the placebo group, only Grade II complications
occurred (7.7%). No Grade IVA, IVB, or V complications were observed in either group.
There were no statistically significant differences in the incidence of complications between
the groups (Table 5).

4. Discussion

In the presented study, we have observed that probiotic supplementation before
BS did not affect body weight, BMI, or any of the recommended tools for assessing the
anthropometric effects of bariatric surgery, i.e., %WL, %EWL, %EBMIL at any time point,
nor did it improve the metabolic profile of patients at any time point after surgery. To
the best of our knowledge, this is the first randomized, double-blind, placebo-controlled
clinical trial assessing the impact of probiotic therapy on the effects of surgical treatment of
obesity in which all supplementation occurs before surgery.

In a meta-analysis conducted by Mohamed Aziz Daghmouri et al., parameters corre-
sponding to our main goals, such as BMI change, absolute and percentage weight change
from baseline, %EWL, fat mass change, and waist circumference change did not differ
between the placebo and probiotics groups 3 months after surgery [22]. In another meta-
analysis, Wang et al. observed that individuals supplementing with probiotics exhibited
lower body weight three months after BS compared to those receiving a placebo. However,
other anthropometric measurements, such as %EWL, BMI, or waist circumference, showed
no differences between the two groups [23].

The gut microbiome plays a significant role in glucose metabolism, liver function, lipid
profile, vitamins levels, and iron metabolism. Microbiota influences glucose metabolism
through modulation of insulin sensitivity and secretion, as well as impacting glucose ab-
sorption and utilization [24]. The link between probiotics and the liver’s function involves
the direct transport of gut-derived products to the liver via the portal vein. Metabolites
from the gut microbiota can directly affect the liver’s functions, influencing its suscepti-
bility to metabolical changes [25]. The gut microbiota may influence plasma cholesterol
levels through bile acid metabolism and the production of dehydrogenase enzymes (ismA),
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which transform cholesterol into poorly absorbed sterol coprostanol, reducing serum total
cholesterol levels [26]. The intestinal microbiome can influence iron metabolism by increasing
the acidity of the environment, producing enzymes that convert ferric iron (Fe3+) to ferrous
iron (Fe2+), or by producing chelating substances that hinder its absorption [27,28]. Moreover,
the interaction between host and microbiota metabolism affects vitamin levels [29].

Research on the effects of probiotic supplementation before BS is inconsistent. In a
meta-analysis by Mohamed Aziz Daghmouri et al., insulin concentrations were lower in the
probiotics group, with no differences in HbA1c levels [22]. Meanwhile, in a meta-analysis
conducted by Wang et al., no differences were observed in any of the assessed glycemic
parameters—glucose, insulin, HbA1c, HOMA-IR, and quantitative insulin sensitivity check
index (QUICKI) [23]. In the work of Sherf-Dagan et al., a 6-month supplementation was car-
ried out before BS in non-alcoholic fatty liver disease patients. It shows that the differences
in AST, ALT, and GGT concentrations before 3, 6, and 12 months after the intervention
did not differ between the probiotics and placebo groups [30]. Conversely, in the meta-
analysis conducted by Wang et al., probiotics showed significant effects on regulating AST
levels [23]. The meta-analysis conducted by Wang et al. revealed that while probiotic
supplementation did not impact total cholesterol, LDL, or HDL cholesterol levels, there
was a greater reduction in triglyceride levels among the probiotics group compared to
the placebo 3 M postoperatively [23]. Daghmouri et al. revealed that no significant differ-
ence was found in HDL-cholesterol levels between the groups three months post-surgery.
However, a significantly greater reduction in triglyceride and LDL levels was observed
in the probiotic group compared to the placebo [22]. Regarding iron metabolism, studies
indicate that probiotic therapy before BS does not significantly affect iron parameters such
as ferritin and hemoglobin levels [23]. Some studies showed that probiotics supplemen-
tation increased the concentration of vitamin D in serum after surgery compared to the
placebo group [31,32]. In our study, we did not observe any impact of multistrain probiotic
supplementation on the metabolic profile after BS. However, it is worth noting that all the
above-described publications referred to studies in which probiotic therapy was introduced
after surgery. We did not find any other studies that examined the impact of probiotic
therapy as a preparatory element before surgery on the outcomes of surgical treatment
for obesity.

The multi-strain probiotic was used in this study because in earlier examinations,
it demonstrated a positive impact on anthropometric and metabolic risk factors. It also
enhanced the integrity of the gut barrier [33–35] and altered the effects of microbiota
on biochemical, physiological, and immunological factors associated with obesity and
inflammation [36]. A possible explanation for the lack of the expected favorable results in
the group with probiotics is the fact that prehabilitation, as well as the surgery itself, have
a significant impact on the host–microbiome metabolism [37]. Other studies in patients
undergoing BS have also failed to demonstrate the efficacy of this multi-strain probiotic
in reducing the severity of depressive symptoms, with the surgery itself leading to a
significant reduction in both the probiotic and placebo groups [38]. The effect of probiotic
therapy may be overshadowed by the substantial impact of prehabilitation and surgery on
the microbiome, anthropometry, and metabolic status of patients. BS significantly affects
gut microbiota [39]. Additionally, the perioperative preparation of the patient for surgery
also contributes to the depletion of the intestinal microbiota. Surgical interventions disrupt
the integrity of the intestinal barrier, potentially leading to increased bacterial translocation
and systemic inflammation. Moreover, these interventions result in the reconstruction
of the digestive tract and alterations in environmental conditions for microorganisms,
which may cause significant changes in the local microbiome [40]. Consequently, this may
decrease the effects of modifying the intestinal microbiota before surgery. Probiotic therapy
appears to directly affect the patient’s metabolism during its administration. This implies
that the timing of probiotic supplementation—before and after BS—may cause different
effects. Supplementation before surgery focuses on optimizing patients’ health before
BS, which may alleviate early postoperative gut dysbiosis caused by microbiome changes
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during surgery, reduce inflammation, improve metabolic profile, and promote recovery [41].
Postoperative probiotics therapy emphasizes maintaining a balanced microbiome after
surgery, which can potentially directly influence patients’ weight, low-grade inflammation,
and metabolic profile as well as mitigate gastrointestinal symptoms caused by the surgical
intervention [32,42]. In addition, the effects of probiotics are strain-dependent; it is still
not fully understood which strains, in what amounts, and at what time will be effective in
modeling the intestinal microbiota to optimally influence the host’s metabolism and body
weight. Currently, we have scientific evidence that the state of the intestinal microbiome
is related to the development, progression, and therapeutic options in obesity and its
consequences. Still, the full potential of this knowledge is not yet used in practice. The
composition and activity of the gut microbiota vary individually, thus, there is no universal
method of microbiota modification that would bring health benefits. Therefore, it is crucial
to focus on performing thorough microbiota research in individual disease entities and to
try to target microbiota modifications in narrow groups of patients. The strong point of
the presented study is its design as a randomized, double-blind, and placebo-controlled
research in which randomization was successful; both demogeographic data and assessed
parameters in baseline did not differ between presented groups. One of the limitations
of our study is the low number of patients. Despite recruiting the planned number of
participants, less than 50% of patients qualified for statistical analysis, which reduced the
power of the study. Therefore, it is possible that we did not detect existing differences
between the groups. However, this sample size was sufficient to confirm the impact of
the intervention on numerous anthropometric and biochemical parameters. It is likely
that the effect of the probiotic is not sufficient to influence these parameters significantly.
Therefore, caution should be exercised when interpreting the data and comparing it with
the literature. Additionally, bariatric patients are a specific group whose diet, both before
and after surgery, is low-calorie and possibly insufficient to ensure optimal nutrition for the
microorganisms inhabiting the digestive tract. It would be valuable to repeat the presented
study on a larger number of patients, but also with a changed methodology, where patients
would receive both probiotics and prebiotics. Moreover, microbiota analysis would shed
more light on the obtained results.

5. Conclusions

In conclusion, it seems that preoperative probiotic administration does not affect
weight loss and clinically significant metabolic parameters in patients treated with BS.
However, due to the limited population of participants, it is possible that we may underes-
timate the existing differences between the groups. Therefore, caution should be exercised
in the interpretation and comparison of our findings with other literature. Additional
high-quality randomized controlled trials will be necessary in the future to further explore
the potential therapeutic effects of probiotics in patients with morbid obesity undergoing
bariatric treatment.
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Łoniewski, I.; Kaczmarczyk, M.; Podsiadło, K.; et al. Association between Fecal Microbiota, SCFA, Gut Integrity Markers and
Depressive Symptoms in Patients Treated in the Past with Bariatric Surgery—The Cross-Sectional Study. Nutrients 2022, 14, 5372.
[CrossRef] [PubMed]

40. Zheng, Z.; Hu, Y.; Tang, J.; Xu, W.; Zhu, W.; Zhang, W. The Implication of Gut Microbiota in Recovery from Gastrointestinal
Surgery. Front. Cell. Infect. Microbiol. 2023, 13, 1110787. [CrossRef] [PubMed]

102



Nutrients 2024, 16, 2055

41. Liu, W.; Zheng, C.; Li, Q.; Xu, T.; Cao, W.; Shi, M.; Huang, F.; Liu, L.; Luo, Y.; Zhang, W.; et al. Preoperative Oral Probiotics Relieve
Insulin Resistance and Gut Dysbacteriosis in Patients with Gastric Cancer after Gastrectomy. J. Funct. Foods 2023, 101, 105426.
[CrossRef]

42. Melali, H.; Abdolahi, A.; Sheikhbahaei, E.; Vakili, K.; Mahmoudieh, M.; Keleidari, B.; Shahabi, S. Impact of Probiotics on
Gastrointestinal Function and Metabolic Status After Roux-En-Y Gastric Bypass: A Double-Blind, Randomized Trial. Obes. Surg.
2024, 34, 2033–2041. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

103



nutrients

Article

Low Zinc Alleviates the Progression of Thoracic Aortic
Dissection by Inhibiting Inflammation

Lin Zhu 1,2,†, Peng An 1,†, Wenting Zhao 1, Yi Xia 1, Jingyi Qi 1,2, Junjie Luo 1,2,* and Yongting Luo 1,*

1 Department of Nutrition and Health, China Agricultural University, Beijing 100193, China
2 Food Laboratory of Zhongyuan, Luohe 462300, China
* Correspondence: luojj@cau.edu.cn (J.L.); luo.yongting@cau.edu.cn (Y.L.)
† These authors contributed equally to this work.

Abstract: Vascular inflammation triggers the development of thoracic aortic dissection (TAD). Zinc
deficiency could dampen tissue inflammation. However, the role of zinc as a nutritional intervention
in the progression of TAD remains elusive. In this study, we employed a classical β-aminopropionitrile
monofumarate (BAPN)-induced TAD model in mice treated with low zinc and observed that the
TAD progression was greatly ameliorated under low zinc conditions. Our results showed that low
zinc could significantly improve aortic dissection and rupture (BAPN + low zinc vs. BAPN, 36%
vs. 100%) and reduce mortality (BAPN + low zinc vs. BAPN, 22% vs. 57%). Mechanically, low zinc
attenuated the infiltration of macrophages and inhibited the expression of inflammatory cytokines,
suppressed the phenotype switch of vascular smooth muscle cells from contractile to synthetic types,
and eventually alleviated the development of TAD. In conclusion, this study suggested that low zinc
may serve as a potential nutritional intervention approach for TAD prevention.

Keywords: thoracic aortic dissection; low zinc; inflammation; vascular smooth muscle cells; pheno-
typic transition

1. Introduction

Aortic dissection (AD) is a life-threatening condition caused by a tear in the intimal
layer of the aorta or bleeding within the aortic wall, resulting in the separation (dissection)
of the layers of the aortic wall [1]. This disease progresses rapidly and has a high fatality
rate [2]. The fatality rate reaches 50.0% within 24 h after the onset of AD and rises to
68.2% after 48 h [3]. Currently, there are no clinically effective drugs to prevent or delay
AD progression, which underscores the urgent need for developing effective treatment
strategies.

Several clinical and epidemiological studies have indicated a tight association between
low serum zinc concentration and the occurrence and mortality of cardiovascular dis-
eases [4–6]. One study analyzed the clinical data of 108 patients with aortic aneurysm and
found that the zinc content of aortic wall tissue in patients with thoracic aortic aneurysm
(TAA) was lower than that in the control group [7]. Consistently, other studies have con-
firmed that zinc deficiency exists in the aortic wall of patients with aortic aneurysm [8,9].
It was also found that the concentrations of Zn in serum and tissue of AD patients were
significantly lower than that of the healthy group [10]. These studies suggested a strong
association between reduced zinc levels and the occurrence of AD. However, the role of
zinc in the progression of AD remains unclear.

Diet and lifestyle manipulation have become key steps for the primary and secondary
prevention of cardiovascular diseases, and nutritional intervention can effectively improve
physical condition by maintaining cardiovascular health [11]. As an essential trace element,
zinc has a variety of physiological effects on the human body [12]. Notably, animal mod-
els of zinc deficiency have confirmed that low levels of zinc induced lymphopenia and
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compromised cell- and antibody-mediated immune responses in several studies [13,14].
For instance, zinc deficiency can affect the shift of the Th cells’ response to a Th2 predom-
inance, decrease the killing activity of natural killer cells, reduce levels of phagocytosis
and intracellular killing in granulocytes, monocytes and macrophages, and diminish the
total number of neutrophils [13–17]. Consistently, another study demonstrated that zinc
deficiency reduced the production of interferon-gamma, interleukin-2 (IL-2), and tumor
necrosis factor-alpha (TNF-α) [18]. The pathogenesis of TAD includes vascular smooth
muscle cells (VSMCs) phenotypic transformation and apoptosis, extracellular matrix (ECM)
degradation, endothelial dysfunction and immune cell infiltration [19]. In recent years, a
large number of clinical and basic studies have demonstrated that inflammatory response
is involved in the formation of the TAD [20–22]. The AD patients with serious clinical
symptoms and developed progression showed higher activities of inflammatory cells in the
aortic wall compared with asymptomatic and clinically stable patients [22]. The infiltration
of inflammatory cells increases with aggravation during the AD process, and macrophages
are the main inflammatory cells in the dissected aorta [23]. Infiltration of macrophages
into the aortic wall recruits subsequent immune cells, increases inflammatory response
and promotes the development of the AD [24]. Since the accumulation and activation of
inflammatory cells within the vascular wall promote aortic weakening and extracellular
matrix degeneration [25], and zinc deficiency dampens tissue inflammation; we speculate
that low zinc may ameliorate AD by down-regulating inflammation.

Given the potential association between low zinc and AD pathology, this study inves-
tigated the effects of low zinc on β-aminopropionitrile monofumarate (BAPN)-induced
TAD model to explore whether low zinc could alleviate the process of TAD and be used as
a potential nutritional intervention approach.

2. Methods and Material

2.1. Animals

Three-week-old male C57BL/6N mice were purchased from Beijing Vital River Labora-
tory Animal Technology (Beijing, China). The animals were kept in individually ventilated
cages pathogen-free and allowed to eat food and drink water freely. Weight loss, behavioral
changes and feeding or drinking habits were used to assess the health of mice. All ani-
mal procedures were approved by the China Agricultural University Laboratory Animal
Welfare and Animal Experimental Ethical Inspection.

2.2. Experimental Design

Three-week-old male C57BL/6N mice were administrated with BAPN (2 g/kg/day;
A3134, Sigma-Aldrich, St. Louis, MO, USA) in the drinking water for 30 days to induce
TAD (n = 14 per group). The mice in the BAPN group (n = 14) were given a normal diet
(30 mg Zn/kg; Beijing HFK Bioscience, Beijing, China). The mice in BAPN + low zinc
group (n = 14) were given a low zinc diet (1 mg Zn/kg; Beijing HFK Bioscience) after
BAPN induced one week. The mice in the control group (n = 14) were given water without
BAPN and a normal diet (30 mg Zn/kg; Beijing HFK Bioscience) for 30 days. The animal
experiment ended after BAPN-induced 30 days, followed by the collection of ultrasound
images, blood and aortic tissue of mice in each group.

2.3. Echocardiography Analysis

Echocardiography analysis was performed using the Vevo 2100 high-resolution imag-
ing system (FUJIFILM Visual Sonics, Toronto, ON, Canada) equipped with an 18- to
38-MHz (MS400, mouse cardiovascular) scan head. The mouse chest was depilated before
echocardiography analysis. Then mice were anesthetized with 0.5–1.5% isoflurane in an
anesthesia induction chamber. After anesthesia, mice were placed on a homeothermic
plate and applied ultrasonic coupling agent to the chest. The left margin of the sternum,
the right margin of the sternum, the apex of the heart and the suprasternal fossa of mice
were scanned by the scan head, and ultrasound images of the heart were collected after
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BAPN-induced 30 days. The maximal diameters of the aorta were measured at the level of
the aortic outflow tract of the innominate artery.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

After the animal experiment ended, the whole blood was collected, left at room tem-
perature for 3 h, centrifuged at 3000 rpm for 10 min, and the upper serum was taken for
the ELISA experiment. The levels of TNF-α were estimated with Mouse TNF-α ELISA
Kit (EK282/4-01, Multi Sciences, Shanghai, China) according to the manufacturer’s in-
structions. Briefly, the standards and samples were added into holes of the enzyme label
plate, respectively. The TNF-α in the sample was bound to the solid antibody after incu-
bation. Then unbound biotinylated antibody was washed and removed, and horseradish
peroxidase-labeled streptavidin (Streptavidin-HRP) solution, TMB substrate solution, and
stop solution were gradually added. Absorbance at 450 nm was estimated within 30 min.

2.5. Immunofluorescence Staining

Mouse aortic tissues were stored at 4% paraformaldehyde after the animal experi-
ment ended and divided into 5-μm-thick serial sections. Tissue paraffin sections were
dewaxed first, and microwave antigen repair was performed. Seal with 5% goat serum
(dilute with 1× PBS) after several washes with PBS. Then paraffin sections were incu-
bated overnight at 4 ◦C with the specific primary antibody Mac-3 (1:100 dilutions; 108501,
BioLegend, San Diego, CA, USA). After several washes with PBS, the paraffin sections
were incubated with fluorescent secondary antibody Alexa Fluor 488 goat Anti-Mouse IgG
(1:1000 dilution; ab150113, Abcam, Cambridge, UK) for 1–2 h at 4 ◦C. Antifade mounting
medium with DAPI (S2110, Solarbio, Beijing, China) was used for the paraffin section’s seal.
Immunofluorescence was visualized using a confocal microscope (Zeiss, Jena, Germany).

2.6. Hematoxylin and Eosin (HE), Elastic Van Gieson (EVG), Masson’s Trichrome and Alcian
Blue Staining

Mouse aortic tissues were divided into 5-μm-thick serial sections, and the paraffin
sections were stained after deparaffinized. Aortic sections were stained with hematoxylin
and eosin (G1120, Solarbio), elastic Van Gieson (G1593, Solarbio), Masson’s trichrome
(G1340, Solarbio), alcian blue (G1560, Solarbio) according to the manufacturer’s instructions.
Images were acquired by a fluorescence microscope bright field camera (Leica, Wetzlar,
Germany).

2.7. Real-Time Quantitative PCR (Q-PCR)

Frozen aortic tissues were homogenized using an automatic bead homogenizer. Total
RNA was extracted from aortic tissue using TRIzol (15596026, Thermo, Waltham, MA, USA)
according to the manufacturer’s instructions. RNA samples (1 μg) were reverse-transcribed
into cDNA with a HiScript III RT SuperMix for qPCR kit (R323-01, Vazyme, Nanjing,
China), and the cDNA was amplified by real-time quantitative PCR using SYBR qPCR
Master Mix (Q711-02, Vazyme). The amount of target mRNA in samples was estimated
by the 2−ΔΔCT relative quantification method. All samples were amplified using at least
3 technical replicates per sample. The primers used for Q-PCR are shown in Supplementary
Table S1.

2.8. Western Blot

Frozen aortic tissues were homogenized using an automatic bead homogenizer. Total
proteins were obtained from aortic tissues using a RIPA buffer containing a stop protease
and phosphatase inhibitor (9806, Cell Signaling Technology, Danvers, MA, USA). The whole
protein samples of each group were heated at 95 ◦C for 5 min, then equal amounts of protein
were loaded and separated into 15%, 10% or 8% sodium dodecyl sulfate-polyacrylamide
gels. Subsequently, all proteins were transferred onto the polyvinylidene fluoride mem-
brane. The membrane was incubated overnight at 4 ◦C with the specific primary antibody;
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then, they were incubated with the corresponding secondary antibodies. Protein bands
were visualized by using a chemiluminescent reagent (Thermo, Pierce, MA, USA) and
ChemiScope 3600 MINI (Clinx Scientific Instrument, Shanghai, China). All antibodies used
for the western blot are shown in Supplementary Table S2.

2.9. Statistical Analysis

Data presented were expressed as the mean of three or more biological replicates/
biologically independent experiments. Results are analyzed in GraphPad Prism 8.0 (Graph-
Pad Software, San Diego, CA, USA). Differences were analyzed by one-way, two-way
analysis of variance (ANOVA) and Tukey’s post hoc test (experiments with ≥3 groups) as
appropriate. For survival curves, differences were analyzed with the log-rank (Mantel-Cox)
test. Statistical significance was assigned at * p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Results

3.1. Low Zinc Significantly Mitigates BAPN-Induced TAD Development in Mice

Previous studies have shown that TAD models can be established by administering
BAPN to mice [26–28]. The mechanism of the BAPN-induced TAD model was that BAPN
inhibits the activity of lysyl oxidase (LOX), which catalyzes the cross-linking of lysine
residues in elastin and collagen, thereby increasing the degradation of ECM proteins as
crucial components of aortic integrity, eventually resulting in the occurrence of AD [29].
To investigate the role of zinc in AD, we performed in vivo experiments using a BAPN-
induced TAD mouse model [26–28]. The normal zinc (BAPN group) and the low zinc
(BAPN + low zinc group) mice were treated with BAPN for 30 days, while the control mice
(control group) were treated without BAPN (n = 14 per group) (Figure 1A). The BAPN
+ low zinc group was given a special diet after BAPN was induced for one week. The
survival curve showed that low zinc treatment could significantly increase the survival
rate compared with the BAPN group (p = 0.0249, Figure 1B). During the 30 days of BAPN
administration, 57% (n = 8) of the BAPN group mice and 22% (n = 3) of the BAPN + low
zinc group mice died from AD and rupture (Figure 1B,C). In addition, 43% (n = 6) of the
BAPN group mice and 14% (n = 2) of the BAPN + low zinc group mice experienced AD
without rupture (Figure 1C). The BAPN group also presented a great difference in aortic
diameter and TAD occurrence compared with the BAPN + low zinc group (Figure 1D).

Furthermore, vascular ultrasound images and maximal aortic diameter measurement
after 30 days of modeling demonstrated that the BAPN + low zinc group mitigated BAPN-
induced aortic dilation and reduced the average maximal aortic diameter in comparison
with the BAPN group (Figure 2A,B).
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Figure 1. Low zinc represses TAD progression. (A) Experimental design diagram. (B) The survival
rate was estimated by the Kaplan-Meier method and compared by log-rank test (n = 14 per group).
(C) TAD incidence. (D) Representative macrographs of the aorta.

 

Figure 2. Echocardiography analysis at the end of the animal experiment (BAPN-induced 30 days).
(A) Representative ultrasound images of thoracic aortas. (B) Measurements of maximum aortic
diameter, green blots represent control group, red blots represent BAPN group and blue blots
represent BAPN + Low zinc group, n = 12 per group, by one-way ANOVA (*** p < 0.001).

The degradation of ECM during AD progression results in VSMC loss and contributes
to rupture and dilation of the aortic wall [30]. Elastic fibers and collagen fibers are two
major macromolecules within the arterial ECM. We found that total elastin content and
elastic fiber cross-links were reduced during the occurrence of AD, and the collagen ex-
pression was increased, and disorderly deposition may correspond to a slow reparative
process triggered by elastic fiber fragmentation and depletion [31]. In addition, proteogly-
can content is minimal in normal vascular tissue while significantly increasing in diseased
vascular tissue [32]. Therefore, we performed a pathological staining analysis. HE staining
showed that BAPN-induced dissecting aneurysm formation was alleviated in the BAPN
+ low zinc group compared with the BAPN group (Figure 3A). EVG staining demon-

108



Nutrients 2023, 15, 1640

strated that BAPN-induced elastic fiber fragmentation and disarray were also mitigated in
the low zinc treatment group (Figure 3A). BAPN-induced mice caused the characteristic
features of ECM degradation, including excessive collagen deposition and proteoglycan
accumulation. Masson’s trichrome and Alcian blue staining showed that these features
were alleviated by low zinc treatment (Figure 3A). Consistently, the quantitative statistics
of elastin breaks and collagen content also indicated that low zinc could mitigate TAD
development (Figure 3B,C).

Figure 3. Pathological staining analysis after animal experiment end (BAPN-induced 30 days).
(A) Representative images showing hematoxylin and eosin (HE) (first column), elastic van Gieson
(EVG) (second column), Masson’s trichrome (MASSON) (third column) and Alcian blue (final column)
staining in paraffin sections from the indicated mice (top for the control group, middle for the BAPN
group, bottom for the BAPN + low zinc group). Green arrowheads indicate elastin breaks. Scale
bar, 200 μm for 10 magnifications, 50 μm for 40 magnifications. (B) Quantification of elastin breaks
in paraffin sections from the mouse cohorts shown in (A), n = 12per group, by one-way ANOVA
(*** p < 0.001). (C) Quantification of collagen content in paraffin sections from the mouse cohorts
shown in (A), n = 10 per group, by one-way ANOVA (*** p < 0.001). Green blots represent control
group, red blots represent BAPN group and blue blots represent BAPN + Low zinc group.

3.2. Low Zinc Inhibits the Transition of Contractile VSMCs to Synthetic VSMCs

The characteristic plasticity of VSMCs is that they can adapt to environmental stimuli
and mechanical stresses, thereby switching between contractile and synthetic types [33].
During AD progression, the balance between contractile and synthetic VSMCs is shifted
towards synthetic VSMCs, and the proteolytic enzyme production is increased [30]. In
fact, the phenotypic switch of VSMCs is the key to AD and rupture [34,35]. Thus, the
real-time Q-PCR was performed to discern differently expressed genes in the aortic tissues
of each group and revealed that VSMC phenotypic switch was inhibited in the BAPN +
low zinc group.
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The VSMC contractile genes, including Myh11 (myosin heavy polypeptide 11), Acta2
(actin alpha 2), Myl9 (myosin light polypeptide 9), Ccn1 (calponin 1) and Ramp1 (receptor
activity modifying protein 1) were up-regulated in low zinc aortas compared with the BAPN
group (Figure 4A). Meanwhile, the VSMC synthetic genes, including Col1A1 (collagen type
I alpha 1), Cxcl2 (C-X-C motif chemokine ligand 2) and Fn1 (fibronectin 1), were down-
regulated in low zinc aortas compared with the BAPN group (Figure 4B). Furthermore,
the expression levels of selected typical VSMC contractile proteins (ACTA2, CCN1 and
MYH11) were also rescued with low zinc treatment (Figure 4C). Taken together, these
results demonstrated the critical role of low zinc in VSMC phenotypic switch in TAD
pathogenesis.

 

Figure 4. Low zinc suppressed the phenotype switch of vascular smooth muscle cells. (A) Relative
mRNA levels of selected VSMC synthetic genes (Col1A1, Cxcl2 and Fn1) in mice aorta (n = 6 per
group); by two-way ANOVA (*** p < 0.001). (B) Relative mRNA levels of selected VSMC contractile
genes (Myh11, Acta2, Myl9, Ccn1 and Ramp1) in mice aorta (n = 6 per group); by two-way ANOVA
(*** p < 0.001). (C) The protein levels (left column is western blot result, right column is quantitative
analysis) of selected VSMC contractile markers (MYH11, ACTA2 and CCN1) in mice aorta (n = 3 per
group); by two-way ANOVA (*** p < 0.001). All samples were collected after the animal experiment
ended (BAPN-induced 30 days).

3.3. Low Zinc Alleviates TAD Development by Reducing Inflammation

Inflammation was involved in the occurrence of TAD by regulating the homeostasis of
the aortic wall, and the increase of inflammatory response resulted in VSMCs apoptosis and
ECM destruction in the aortic wall [24]. The characteristic of inflammatory response is the
presence of T lymphocytes, macrophages, mast cells, and neutrophils. At the onset of AD,
there is a large number of infiltrated macrophages into the aortic wall lesions [23]. In our
results, the immunofluorescence staining demonstrated that the green fluorescence signal
intensity (Mac-3, biomarker of macrophages) decreased significantly undergo low zinc, sug-
gesting low zinc countered BAPN-induced inflammatory cell infiltration of macrophages
(Figure 5A,B).
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Figure 5. Low zinc inhibited TAD by down-regulating inflammation. (A) Representative confocal
images of mice aorta stained with Mac-3 (green) and DAPI (blue) (scale bars, 50 μm for 10 magnifica-
tions; 20 μm for 20 magnifications). (B) Quantification of Mac-3 levels (n = 6 per group); by one-way
ANOVA (*** p < 0.001). (C) The expression level of TNF-α in mice serum (n = 5 per group), by one-way
ANOVA (*** p < 0.001). (D) Relative mRNA levels of TNF-α, TNFAIP3, TNFSF10, TNFSF9 and TN-
FSF1A of tumor necrosis factors in mice aorta (n = 6 per group); by two-way ANOVA (*** p < 0.001).
(E) Relative mRNA levels of IL-1β, IL-6, IL-10 and MCP-1 of interleukin and chemokines in mice
aorta (n = 6 per group); by two-way ANOVA (*** p < 0.001). (F) The protein levels (left column
is western blot result, right column is quantitative analysis) of selected typical proinflammatory
factors (IL-1β, TNF-α and IL-6) in mice aorta (n = 3 per group); by two-way ANOVA (*** p < 0.001).
(G) Relative mRNA levels of MMP-9, MMP-2 and ADAMTS of extracellular matrix enzymes in mice
aorta (n = 6 per group); by two-way ANOVA (*** p < 0.001). All samples were collected after the
animal experiment ended (BAPN-induced 30 days).

Multiple inflammatory factors, such as tumor necrosis factor-α (TNF-α) and interleukin-
6 (IL-6), are released during the occurrence of AD [36]. Enzyme-linked immunosorbent
assay (ELISA) showed that TNF-α expression was significantly decreased in aortic tissues
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of the BAPN + low zinc group compared with the BAPN group (Figure 5C). Q-PCR indi-
cated that transcriptional levels of the tumor necrosis factors, including TNF-α, TNFAIP3,
TNFSF10, TNFSF9 and TNFSF1A, were down-regulated in aortas of the BAPN + low zinc
group compared with the BAPN group (Figure 5D).

Specific cytokines and chemokines can promote the recruitment of inflammatory
cells in the aortic media. As previously reported, the expression of TNF-α, CRP, IL-2,
IL-1β, IL-6, IL-8 and MCP-1 (monocyte chemotactic protein-1) is up-regulated in AD, while
the expression of IL-10 is down-regulated [23,37–39]. Our data demonstrated that the
interleukin and chemokines, including IL-1β, IL-6 and MCP-1, were down-regulated in
the aortas of the BAPN + low zinc group compared with the BAPN group, while the IL-10
was on the reverse trend (Figure 5E). Furthermore, the protein levels of selected typical
proinflammatory factors (IL-1β, TNF-α and IL-6) were also down-regulated with low zinc
treatment (Figure 5F).

In addition, ECM enzymes can promote the degradation of ECM. According to pre-
vious studies, the expression of MMP-2 and MMP-9 (MMP, matrix metalloproteinase) is
up-regulated in AD, and the ADAMTS degrades ECM components in the cardiovascular
system [40,41]. Our results showed that the ECM enzymes, including MMP-2, MMP-9 and
ADAMTS, were down-regulated in the aortas of the BAPN + low zinc group compared
with the BAPN group (Figure 5G). Taken together, these results indicated that low zinc
significantly reduced transcriptional levels of representative biomarkers during the process
of TAD, such as tumor necrosis factors, interleukin and chemokines, and ECM enzymes,
eventually leading to alleviating the development of TAD.

In conclusion, low zinc treatment down-regulated the degree of the inflammatory
response by decreasing the infiltration of macrophage, reduced the expression of cytokines
and chemokines from these inflammatory cells, and inhibited the phenotype switch from
contractile VSMCs to synthetic VSMCs, eventually alleviating TAD development (Figure 6).

 

Figure 6. Schematic illustration of low zinc alleviated the progression of TAD. In BAPN-treated mice,
compared with a normal zinc diet, low zinc treatment reduces the infiltration of macrophage, decreases
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the expression of cytokines and chemokines, and inhibits the phenotype switch from contractile
VSMCs to synthetic VSMCs, eventually alleviating TAD development. Part of the elements in this
figure uses resources from Servier Medical Art under a Creative Commons Attribution license. TAD
indicates thoracic aortic dissection, and BAPN indicates β-aminopropionitrile monofumarate.

4. Discussion

Our findings suggest that low zinc treatment can alleviate TAD progression, which
is supported by a BAPN-induced TAD model treated with low zinc. To our knowledge,
this study is the first to investigate the role of low zinc in TAD progression through
nutritional intervention. The evidence, such as the survival curve, the vascular ultrasound
and pathological images, and the markers of the VSMC phenotypic switch, indicates
a successful construction of the TAD model. Strikingly, it was observed that low zinc
significantly improved the formation and rupture of AD and reduced mortality. Further
analysis reveals that low zinc down-regulates aortic inflammation by attenuating the
infiltration of macrophages, suppressing the switch of VSMCs from contractile to synthetic
phenotypes, and eventually inhibiting TAD development. This study not only delineates
the critical role of low zinc in TAD progression but also identifies a potential nutritional
intervention strategy for TAD prevention through low zinc.

Zinc is an essential trace element of the human body and plays an irreplaceable role in
the physiological and biochemical processes [42]. This micronutrient has to be supplied
with food on a daily basis to maintain zinc homeostasis and proper function [43]. A zinc-
deficient mouse model can be established by feeding mice with a low zinc diet [44,45].
Functional studies have indicated that abnormal trace elements may be involved in the
occurrence and development of aortic diseases [10,46–48]. For instance, zinc levels were
dysregulated in the VSMCs of hypertensive patients [12]. The results of the meta-analysis
support the conclusion of zinc reduction in aortic aneurysm patients, although this conclu-
sion still needs to be supported by high-quality evidence [48]. In addition, this study also
found that plasma zinc concentrations in patients with an aneurysm were reduced [48].
Therefore, the potential role of low zinc in TAD progression is noteworthy.

There are two main steps during the formation of AD: (1) aortic intima tear or ul-
ceration, aortic intima rupture, and blood entering the tunica media; (2) rupture of the
nourishing vessels in the aortic media, and the blood in the vessels spills into the media.
After the formation of dissection, aortic inflammation triggers the dilation and subsequent
rupture of the aorta [49]. The inflammatory cells infiltrate into the adventitia of the aortic
wall, where they produce enzymes, cytokines and chemokines that can degrade the ECM
of the aorta and directly interact with VSMCs [20,50–52]. Eventually, the inflammatory
response resulted in vascular remodeling and progressive degeneration of the aortic wall,
which may finally lead to AD and rupture [53]. We demonstrated that low zinc treatment
dramatically decreased the infiltration of inflammatory cells, reduced the expression of
inflammatory markers, and mitigated TAD progression. These results suggested low zinc
prevented the development of AD by mitigating inflammatory response in the aortic wall.

VSMCs play an indispensable role in vascular homeostasis and contractility [30]. Dur-
ing AD progression, VSMCs convert from a contractile to a synthetic phenotype [34,54],
leading to the degradation of ECM, thereby promoting SMC detachment from ECMs and
accelerating SMC migration and apoptosis [30]. Here, we demonstrated that low zinc
significantly reduced the expression of VSMCs synthetic markers while upregulated the
expression of contractile markers, which alleviated the vascular malfunction caused by
BAPN induction. Taken together, these data suggest that low zinc-reduced tissue inflam-
mation might alleviate TAD progression partially by inhibiting the synthetic phenotype
of VSMCs. However, the molecular mechanism of how low zinc inhibits the phenotypic
transition of VSMCs remains unclear.
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Apart from the indispensable role of VSMCs in vascular homeostasis, the ECM is
critical for the maintenance of the structure and function of the arterial wall by providing
elasticity and distensibility. In addition, the ECM also provides critical signals, both
directly by interacting with adhesion molecules and indirectly as a reservoir for signaling
factors [55]. The ECM degradation and the expression of ECM enzymes such as MMP-2,
MMP-9 and ADAMTs are elevated during the development of the AD [39,40,51]. In our
study, low zinc down-regulated the expression of some representative ECM enzymes (MMP-
2, MMP-9 and ADAMTs) and alleviated the characteristic features of ECM degradation
(less fragmentation of elastin fibers, collagen deposition and proteoglycan accumulation).
In line with these studies, our results suggested that low zinc intervention inhibited the
degradation of ECM in the BAPN-induced TAD model. However, it still needs more studies
to explore the potential mechanism.

Although our study reveals the role of low zinc in the process of TAD through in vivo
experiments, it is still unclear whether low zinc plays the same role in cell experiments
in vitro. In fact, our results suggest that it is difficult to conduct in vitro experiments be-
cause the regulation of low zinc on AD is complex, involving immune cells, inflammation
and related factors, and SMCs. In the body, zinc homeostasis depends on three impor-
tant protein families: zinc transporters (ZnTs), zinc importers (ZiPs) and metallothionein
(MT) [56]. Whether the constructed conditional zinc transporter/zinc storage protein gene
knockout mice have a more positive inhibitory effect on TAD development than low zinc
treatment alone needs further experimental exploration. It has been found that zinc levels
are reduced in the arteries and serum/plasma of patients with AD based on available
clinical data [7–10]. However, it is unclear whether the incidence of AD in zinc deficiency
patients is lower than that in the general population, which warrants further investigation
in the future.

Collectively, this study demonstrated the protective effects of low zinc on the develop-
ment of TAD. Low zinc treatment robustly reduced the infiltration of macrophages and
down-regulated aortic inflammation, thereby inhibiting the phenotype switch of VSMCs
and the degradation of ECM, leading to diminished TAD progression. In conclusion, our
findings suggest that low zinc may be an effective and promising strategy for the prevention
and treatment of TAD.
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Abstract: The relationship between vitamin B levels and the development and progression of lung
cancer remains inconclusive. We aimed to investigate the relationship between B vitamins and
intrapulmonary lymph nodes as well as localized pleural metastases in patients with non-small cell
lung cancer (NSCLC). This was a retrospective study including patients who underwent lung surgery
for suspected NSCLC at our institution from January 2016 to December 2018. Logistic regression
models were used to evaluate the associations between serum B vitamin levels and intrapulmonary
lymph node and/or localized pleural metastases. Stratified analysis was performed according to
different clinical characteristics and tumor types. A total of 1498 patients were included in the
analyses. Serum vitamin B6 levels showed a positive association with intrapulmonary metastasis in a
multivariate logistic regression (odds ratio (OR) of 1.016, 95% confidence interval (CI) of 1.002–1.031,
p = 0.021). After multivariable adjustment, we found a high risk of intrapulmonary metastasis in
patients with high serum vitamin B6 levels (fourth quartile (Q4) vs. Q1, OR of 1.676, 95%CI of 1.092 to
2.574, p = 0.018, p for trend of 0.030). Stratified analyses showed that the positive association between
serum vitamin B6 and lymph node metastasis appeared to be stronger in females, current smokers,
current drinkers, and those with a family history of cancer, squamous cell carcinoma, a tumor of
1–3 cm in diameter, or a solitary tumor. Even though serum vitamin B6 levels were associated with
preoperative NSCLC upstaging, B6 did not qualify as a useful biomarker due to weak association and
wide confidence intervals. Thus, it would be appropriate to prospectively investigate the relationship
between serum vitamin B6 levels and lung cancer further.

Keywords: vitamin B6; non-small cell lung cancer (NSCLC); TNM stage; lymph node metastasis;
localized pleural metastasis

1. Introduction

Lung cancer is one of the most prevalent malignancies and remains the leading cause
of cancer death worldwide [1]. Non-small cell lung cancer (NSCLC) accounts for approxi-
mately 85% of lung cancers and represents a significant economic and social burden [2,3].
Tumor–nodes–metastasis (TNM) staging is commonly used to clarify the staging of NSCLC
and plays an important role in the treatment and prognosis [4]. However, it is difficult
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to accurately assess tumor staging preoperatively, as the results are mainly obtained by
computed tomography, positron emission tomography, and local biopsy, and they are often
incomplete and differ from the final pathological results [4–6]. This is mainly due to the
challenge of carrying out a comprehensive and accurate preoperative assessment of lymph
nodes and localized pleural metastases [7–11].

The B vitamins (including vitamin B1, B2, B6, B9, and B12) play important roles as co-
factors in various biological processes, such as tissue metabolism, cellular stress responses,
signal transduction pathways, and gene expression regulation [12–14]. The relationship
between B vitamin levels and the development and progression of lung cancer has been
a popular topic, but the results remain inconclusive [15–22]. B vitamins were reported as
tumor promoters [15,23–26], tumor suppressors [19], or being unrelated to carcinogene-
sis [27,28] in various studies. Meanwhile, there have been few reports on the association
of B vitamins with different stages of lung cancer. The present study aimed to investigate
the association between B vitamins and intrapulmonary lymph nodes as well as localized
pleural metastases in NSCLC patients, and to clarify the association in different populations
by stratified analysis.

2. Materials and Methods

2.1. Study Population

This retrospective study was approved by the Ethics Committee of Chinese PLA Gen-
eral Hospital (No. S2022-615-01) and was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). The study was registered in the Chinese Clinical Trial Registry
(chictr.org.cn, ChiCTR2300069309). Informed consent was waived for this retrospective
analysis. From January 2016 to December 2018, patients who underwent lung surgery in
our hospital for suspected NSCLC were screened for inclusion. The inclusion criteria were
as follows: (1) age ≥ eighteen years old; (2) preoperatively evaluated for the absence of
distant metastasis; (3) lung nodule(s) or mass(es) treated by surgical resection for suspected
NSCLC; (4) no chemotherapy, radiotherapy, targeted drug therapy, or immunotherapy
prior to surgery; (5) received serum B vitamin testing (fasting for more than eight hours)
within three days before surgery; (6) the diets of patients were arranged by the Nutrition
Department, and the daily vitamin B6 intake was about 2 mg, which met the Chinese Daily
Reference Intake (DRI) recommendations and ensured the uniformity of dietary intake; and
(7) no nutritional support therapy or additional nutritional supplements in the past year.
The exclusion criteria included: (1) nutritional status score ≥ 1 or total score ≥ 3 in the Nu-
trition Risk Screening 2002; (2) comorbidities such as uncontrolled diabetes, autoimmune
disease, extrapulmonary malignancy, or severe renal or hepatic insufficiency; (3) pregnant
female patients during; (4) taking antiepileptics, non-steroidal anti-inflammatory drugs, or
oral contraceptives within six months; and/or (5) meeting conditions that the investigator
believed may influence vitamin B metabolism. In total, 1498 patients were enrolled in
this study.

2.2. Data Collection

Clinical data were collected using the medical record system of our institute, and
included age, sex, body mass index (BMI), family history of cancer, marital status, smoking
history, alcohol consumption, the season of blood sampling for vitamin testing, educational
level, surgical records, pathological findings including diameter and number of tumor(s),
lung computed tomography report for the density of tumor(s), and serum levels of vitamins
B1, B2, B6, B9, and B12.

2.3. Serum Vitamin Level Testing

We used a vitamin analyzer approved by the Chinese National Medical Products
Administration (LK3000V, Tianjin Lanbiao Electronic Technology Development Co., Ltd.,
Tianjin, China) to detect the serum content of vitamin B1, vitamin B2, vitamin B6, vitamin
B9, and vitamin B12 in the form of thionine, riboflavin, pyridoxal 5′ phosphate (PLP),
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L-5,6,7,8-tetrahydrofolic acid, and cobalamin, respectively. The analyzer enabled the use
of an electrochemiluminescence method to deposit the measured substance on the sensor
surface; then, the reverse voltage was applied to dissolve the substance accumulated on
the sensor and the content was analyzed based on the polarization curve of the dissolution
process. The normal thresholds were as follows: vitamin B1, 50–150 nmol/L, vitamin B2,
4.26–18.42 mg/L; vitamin B6, 14.6–72.9 nmol/L; vitamin B9, 6.8–36.3 nmol/L; and vitamin
B12, 200–900 pg/mL.

2.4. Intrapulmonary Metastasis Status Classification

We evaluated intrapulmonary lymph nodes and pleural metastases using surgical
records and pathology reports. The location and number of metastases were recorded.
All the metastatic findings were pathologically confirmed according to the World Health
Organization Classification of Thoracic Tumors 2021 [29] and the 8th edition of the Patho-
logical Tumor–Node–Metastasis (pTNM) Staging from the Union for International Cancer
Control [4]. Patients were then divided into two groups based on the presence or absence
of intrapulmonary metastases.

2.5. Covariates

Based on previous experience and studies [18,23,27,30], clinical characteristics were
evaluated as potential confounders of the association between serum vitamin levels and in-
trapulmonary metastasis status, including age, sex, BMI, family history of cancer, smoking
history, alcohol consumption, the season of blood collection for vitamin testing, educational
level, and tumor type (pathology, diameter, number, and density).

2.6. Statistical Analyses

Continuous variables are presented as mean ± standard deviation (normal distri-
bution) or median [interquartile range] (non-normal distribution). Categorical variables
are presented as numbers and percentages. Quantitative variables were compared be-
tween groups using Student’s t-test, analysis of variance, or non-parametric tests, while
comparisons of categorical variables between groups were made using chi-squared tests.

Univariate and multivariate logistic regression analyses were used to evaluate the
associations between serum vitamin levels and the presence of lung cancer or intrapul-
monary metastases. Patients were then divided into four groups by quartiles of the serum
vitamins selected by multivariate logistic regression analysis. A stratified analysis was
used to examine the vitamin–metastasis association for different levels of factors including:
age (<40, 40–60, or >60 years), sex, BMI (<18.5, 18.5–24, or >24 kg/m2), family history of
tumors (yes or no), smoking history (never a smoker, ex-smoker, or current smoker), alcohol
consumption (yes or no), and the pathology (adenocarcinoma or squamous cell carcinoma),
diameter (<1, 1–3, or >3 cm), number (solitary or multiple), and density (solid or subsolid)
of the tumor(s). Estimated effects were reported as odds ratios (OR) and 95% confidence
intervals (95% CI). The last three quartiles of serum vitamins were each compared to the
first quartile with the lowest concentration. Tests for linear trends across serum vitamin
quartiles were performed by assigning medians to each quartile and calculating coefficients
for the quartile variables. p-values for interactions were also assessed by likelihood ratio
tests comparing regression models with and without the cross-product terms for each
assessed factor and serum vitamin levels (quartiles).

All analyses were performed in R software (version 4.2.2, The Free Software Founda-
tion, Boston, MA, USA) and IBM SPSS Statistics for Windows, version 26.0 (IBM Corp.,
Armonk, NY, USA). A two-sided p-value < 0.05 was considered statistically significant for
all tests.
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3. Results

3.1. Participant Characteristics

A total of 1498 patients with suspected NSCLC who underwent lung surgery were
enrolled, of whom 1283 patients had postoperative pathologically confirmed NSCLC and
215 patients had benign pulmonary nodules (Table 1). Compared to patients with benign
nodules, NSCLC patients were older (59 years, p < 0.001), had more male patients (49.6%,
p = 0.001), larger nodule diameters (p = 0.018), more subsolid nodules (47.4%, p < 0.001),
and higher vitamin B6 levels (35.6 nmol/L vs. 32.4 nmol/L, p = 0.023).

Table 1. Basic characteristics of all patients enrolled in this study.

Characteristics
All Patients
(n = 1498)

Patients with
Non-Small Cell
Lung Cancer

Patients with
Benign Lung
Nodule

p-Value

(n = 1283) (n = 215)

Age (year), median [IQR] 58 [53, 64] 59 [51, 65] 52 [48, 55] <0.001 †

Sex
Male, N (%) 717 (47.9) 636 (49.6) 81 (37.7) 0.001 ‡

Female, N (%) 781 (52.1) 647 (50.4) 134 (62.3)
BMI (kg/m2), median [IQR] 24.4 [22.3, 26.8] 24.4 [22.5, 26.6] 24.9 [22.7, 27.3] 0.323 †

Family history of cancer
No, N (%) 1188 (79.3) 1018 (79.3) 170 (79.1) 0.926 ‡

Yes, N (%) 310 (20.7) 265 (20.7) 45 (20.9)
Marital status

Married, N (%) 1466 (97.9) 1256 (97.9) 210 (97.7) 0.514 ‡

Never married, N (%) 8 (0.5) 6 (0.5) 2 (0.9)
Divorced or widowed, N (%) 24 (1.6) 21 (1.6) 3 (1.4)

Smoking history
Never a smoker, N (%) 937 (62.6) 807 (62.9) 130 (60.5) 0.308 ‡

Ex-smoker, N (%) 207 (13.8) 182 (14.2) 25 (11.6)
Current smoker, N (%) 354 (23.6) 294 (22.9) 60 (27.9)

Alcohol consumption
No, N (%) 1042 (69.6) 904 (70.5) 138 (64.2) 0.064 ‡

Yes, N (%) 456 (30.4) 379 (29.5) 77 (35.8)
Season of blood sampling for vitamin testing

June–September, N (%) 616 (41.1) 529 (41.2) 87 (40.5) 0.833 ‡

Other, N (%) 882 (58.9) 754 (58.8) 128 (59.5)
Educational level

No greater than elementary school, N (%) 203 (13.5) 179 (14.0) 24 (11.2) 0.985 ‡

High school graduation, N (%) 693 (46.3) 585 (45.6) 108 (50.2)
University or postgraduate graduation, N (%) 602 (40.2) 519 (40.5) 83 (38.6)

Diameter of tumor (cm), median [IQR] 1.5 [1.0, 2.4] 1.6 [1.0, 2.5] 1.5 [0.9, 2.4] 0.018 †

Number of tumor(s)
Solitary, N (%) 1405 (93.8) 1197 (93.3) 208 (96.7) 0.053 ‡

Multiple, N (%) 93 (6.2) 86 (6.7) 7 (3.3)
Density of tumor

Solid, N (%) 854 (57.0) 675 (52.6) 179 (83.3) <0.001 ‡

Subsolid, N (%) 644 (43.0) 608 (47.4) 3 6(16.7)
Serum vitamin levels

Vitamin B1, nmol/L 88.3 [75.2, 108.2] 88.3 [77.9, 104.1] 88.8 [73.5, 108.6] 0.685 †

Vitamin B2, mg/L 4.5 [4.0, 5.1] 4.5 [4.1, 5.1] 4.6 [4.1, 5.3] 0.538 †

Vitamin B6, nmol/L 35.1 [29.3, 39.8] 35.6 [30.2, 40.4] 32.4 [25.8, 38.5] 0.023 †

Vitamin B9, nmol/L 20.4 [16.6, 24.5] 20.4 [17.4, 24.0] 20.8 [17.5, 24.2] 0.643 †

Vitamin B12, pg/mL 432.4 [348.2, 519.5] 434.8 [360.4, 529.3] 423.7 [326.6, 537.2] 0.688 †

IQR, interquartile range; BMI, body mass index. † p-value based on non-parametric test (continuous variable).
‡ p-value based on chi-squared test (categorical variable).
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In 1283 NSCLC patients, 276 patients had intrapulmonary metastases, including 223
(80.8%) patients with lymph node metastases (metastatic group) and 53 (19.2%) patients
with localized pleural metastases (non-metastatic group) (Table 2). Age, BMI, marital
status, and the season of blood sampling were similar in both groups. Compared to the
non-metastatic group, the metastatic group had more female patients (62.3%, p < 0.001),
more patients with no family history of cancer (83.7%, p = 0.044), more current smokers
(32.6%, p < 0.001) and current drinkers (35.5%, p = 0.014), more squamous cell carcinoma
(21.0%, p < 0.001), a larger tumor size (2.5 [1.8, 3.5] cm vs. 1.5 [1.0, 2.2] cm, p < 0.001), more
multiple tumors (19.9%, p < 0.001), and more solid tumors (79.3%, p < 0.001). For serum
vitamins, the metastatic group had a higher vitamin B6 level (36.7 nmol/L vs. 35.1 nmol/L,
p = 0.037) and a lower vitamin B12 level (p = 0.039) than the non-metastatic group. There
were no significant differences in the serum vitamin B1, B2, and B9 levels between the two
groups (Table 2).

Table 2. Basic characteristics of NSCLC patients in this study.

Characteristics
Total
(n = 1283)

Patients with
Intrapulmonary
Metastases

Patients without
Intrapulmonary
Metastases

p-Value

(n = 276) (n = 1007)

Age (year), median [IQR] 59 [51, 65] 59 [52, 65] 59 [51, 65] 0.800 †

Sex
Male, N (%) 636 (49.6) 104 (37.7) 532 (52.8) <0.001 ‡

Female, N (%) 647 (50.4) 172 (62.3) 475 (47.2)
BMI (kg/m2), median [IQR] 24.4 [22.5, 26.6] 24.4 [22.1, 26.9] 24.4 [22.5, 26.5] 0.909 †

Family history of cancer
No, N (%) 1018 (79.3) 231 (83.7) 787 (78.2) 0.044 ‡

Yes, N (%) 265 (20.7) 45 (16.3) 220 (21.8)
Marital status

Married, N (%) 1256 (97.9) 270 (97.8) 985 (97.9) 0.919 ‡

Never married, N (%) 6 (0.5) 1 (0.4) 5 (0.5)
Divorced or widowed, N (%) 21 (1.6) 5 (1.8) 16 (1.6)

Smoking history
Never a smoker, N (%) 807 (62.9) 134 (48.6) 673 (66.8) <0.001 ‡

Ex-smoker, N (%) 182 (14.2) 52 (18.8) 130 (12.9)
Current smoker, N (%) 294 (22.9) 90 (32.6) 204 (20.3)

Alcohol consumption
No, N (%) 904 (70.5) 178 (64.5) 726 (72.1) 0.014 ‡

Yes, N (%) 379 (29.5) 98 (35.5) 281 (27.9)
Season of blood sampling for vitamin testing

June–September, N (%) 529 (41.2) 126 (45.7) 403 (40.0) 0.092 ‡

Other, N (%) 754 (58.8) 150 (54.3) 604 (60.0)
Educational level

No greater than elementary school, N (%) 179 (14.0) 42 (15.2) 137 (13.6) 0.007 ‡

High school graduation, N (%) 585 (45.6) 145 (52.5) 440 (43.7)
University or postgraduate graduation, N (%) 519 (40.5) 89 (32.2) 430 (42.7)

Pathology of tumor
Adenocarcinoma, N (%) 1125 (87.7) 218 (79.0) 907 (90.1) <0.001 ‡

Squamous cell carcinoma, N (%) 158 (12.3) 58 (21.0) 100 (9.9)
Intrapulmonary metastasis

Lymph node, N (%) 223 (17.5) 223 (80.8) NA §

Localized pleura, N (%) 53 (4.1) 53 (19.2)
None, N (%) 1007 (78.4) 1007 (100)

Diameter of tumor (cm), median [IQR] 1.6 [1.0, 2.5] 2.5 [1.8, 3.5] 1.5 [1.0, 2.2] <0.001 †

Number of tumor(s)
Solitary, N (%) 1197 (93.3) 221 (80.1) 976 (96.9) <0.001 ‡

Multiple, N (%) 86 (6.7) 55 (19.9) 31 (3.1)
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Table 2. Cont.

Characteristics
Total
(n = 1283)

Patients with
Intrapulmonary
Metastases

Patients without
Intrapulmonary
Metastases

p-Value

(n = 276) (n = 1007)

Density of tumor
Solid, N (%) 675 (52.6) 219 (79.3) 456 (45.3) <0.001 ‡

Subsolid, N (%) 608 (47.4) 57 (20.7) 551 (54.7)
Serum vitamin levels

Vitamin B1, nmol/L 88.3 [77.9, 104.1] 89.3 [77.7, 108.6] 88.1 [78.0, 102.7] 0.237 †

Vitamin B2, mg/L 4.5 [4.1, 5.1] 4.6 [4.2, 5.2] 4.5 [4.1, 5.1] 0.162 †

Vitamin B6, nmol/L 35.6 [30.2, 40.4] 36.7 [30.5, 42.0] 35.1 [30.2, 40.2] 0.037 †

Vitamin B9, nmol/L 20.4 [17.4, 24.0] 20.2 [17.1, 24.5] 20.5 [17.5, 23.9] 0.929 †

Vitamin B12, pg/mL 434.8 [360.4, 529.3] 418.2 [340.6, 532.3] 437.8 [365.7, 527.4] 0.039 †

IQR, interquartile range; BMI, body mass index. † p-value based on non-parametric test (continuous variable). ‡ p-
value based on chi-squared test (categorical variable). § used for grouping, not for comparison between groups.

3.2. Association of Serum B Vitamin Levels with Presence of Lung Cancer

None of the serum B vitamins showed a significant association with the presence of
lung cancer in the univariate logistic regression (Table 3). In multivariate analysis, age and
a subsolid tumor were positively associated with the presence of lung cancer.

Table 3. Association between clinical characteristics and presence of lung cancer in all patients.

Characteristics
Univariate Analysis Multivariate Analysis

OR (95% CI) p-Value OR (95% CI) p-Value

Age, year (continuous) 1.060 (1.044, 1.076) <0.001 1.073 (1.056, 1.090) <0.001
Female (vs. male) 0.615 (0.457, 0.827) 0.001
BMI, kg/m2 (continuous) 0.976 (0.931, 1.023) 0.305
Family history of cancer (vs. none) 0.983 (0.689, 1.403) 0.926
Married (vs. other) 1.419 (0.499, 4.041) 0.512
Current smoker (vs. never a smoker and ex-smoker) 0.903 (0.764, 1.068) 0.232
Current drinker (vs. not) 0.751 (0.555, 1.018) 0.065
Blood sampling in Jun–Sep (vs. other) 0.969 (0.722, 1.300) 0.833
High educational level (vs. low) 0.980 (0.793, 1.211) 0.852
Diameter of tumor, cm (continuous) 1.086 (0.973, 1.212) 0.143
Multiple tumors (vs. solitary tumor) 2.135 (0.974, 4.677) 0.058
Subsolid tumor (vs. solid tumor) 4.479 (3.080, 6.513) <0.001 5.690 (3.850, 8.408) <0.001
Serum vitamin levels

Vitamin B1 (continuous) 0.999 (0.992, 1.005) 0.728
Vitamin B2 (continuous) 0.985 (0.911, 1.065) 0.711
Vitamin B6 (continuous) 1.009 (0.944, 1.024) 0.251
Vitamin B9 (continuous) 0.995 (0.968, 1.023) 0.731
Vitamin B12 (continuous) 1.000 (0.999, 1.001) 0.759

OR, odds ratio; 95% CI, 95% confidence interval; BMI: body mass index.

3.3. Association of Serum B Vitamin Levels with Intrapulmonary Metastases

Among the serum B vitamins, only vitamin B6 levels showed a positive association
with intrapulmonary metastases in a multivariate logistic regression (OR: 1.016; 95%CI:
1.002–1.031) (Table 4). Other significantly associated factors included: female gender, the
diameter and number of the tumors as risk factors, and the density of the tumor as a
protective factor. Meanwhile, there were no significant differences in the demographic,
clinical, or tumor characteristics of patients in different quartiles for serum vitamin B6,
except for those with different smoking histories (p < 0.032) (Table 5).
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Table 4. Association between clinical characteristics and presence of intrapulmonary metastases in
NSCLC patients.

Characteristics
Univariate Analysis Multivariate Analysis

OR (95% CI) p-Value OR (95% CI) p-Value

Age, year (continuous) 1.003 (0.989, 1.017) 0.703
Female (vs. male) 1.852 (1.410, 2.434) <0.001 1.439 (1.039, 1.993) 0.028
BMI, kg/m2 (continuous) 1.006 (0.963, 1.051) 0.786
Family history of cancer (vs. none) 0.697 (0.490, 0.991) 0.045
Married (vs. other) 1.181 (0.481, 2.903) 0.716
Current smoker (vs. never a smoker and ex-smoker) 1.511 (1.298, 1.759) <0.001
Current drinker (vs. not) 1.422 (1.073, 1.887) 0.014
Blood sampling in Jun–Sep (vs. other) 0.794 (0.607, 1.039) 0.093
High educational level (vs. low) 0.778 (0.643, 0.942) 0.010
Squamous cell carcinoma (vs. adenocarcinoma) 2.413 (1.691, 3.444) <0.001
Diameter of tumor, cm (continuous) 1.686 (1.530, 1.859) <0.001 1.495 (1.337, 1.672) <0.001
Multiple tumors (vs. solitary tumor) 7.835 (4.928, 12.459) <0.001 26.004 (14.517, 46.580) <0.001
Subsolid tumor (vs. solid tumor) 0.215 (0.157, 0.296) <0.001 0.220 (0.142, 0.342) <0.001
Serum vitamin levels
Vitamin B1 (continuous) 1.004 (0.999, 1.010) 0.134
Vitamin B2 (continuous) 1.013 (0.943, 1.088) 0.725
Vitamin B6 (continuous) 1.016 (1.004, 1.028) 0.010 1.016 (1.002, 1.031) 0.021
Vitamin B9 (continuous) 1.004 (0.979, 1.030) 0.729
Vitamin B12 (continuous) 0.999 (0.998, 1.000) 0.074

OR, odds ratio; 95% CI, 95% confidence interval; BMI: body mass index.

Table 5. Characteristics of NSCLC patients by quartile of serum vitamin B6 in this study.

Characteristics

Serum Vitamin B6 Quartile

p-ValueQ1 Q2 Q3 Q4
(n = 322) (n = 320) (n = 321) (n = 320)

Age (year), median [IQR] 59 [51, 64] 59 [51, 66] 58 [50, 64] 59 [53, 66] 0.369 †

Sex
Male, N (%) 162 (50.3) 165 (51.6) 158 (49.2) 151 (47.2) 0.724 ‡

Female, N (%) 160 (49.7) 155 (48.4) 163 (50.8) 169 (52.8)
BMI (kg/m2), median [IQR] 24.5 [22.2, 26.5] 24.5 [22.6, 26.6] 24.3 [22.7, 26.5] 24.3 [22.3, 26.6] 0.835 †

Family history of cancer
No, N (%) 245 (76.1) 254 (79.4) 257 (80.1) 262 (81.9) 0.329 ‡

Yes, N (%) 77 (23.9) 66 (20.6) 64 (19.9) 58 (18.1)
Smoking history

Never a smoker, N (%) 198 (61.5) 207 (64.7) 209 (65.1) 193 (60.3) 0.032 ‡

Ex-smoker, N (%) 47 (14.6) 39 (12.2) 33 (10.3) 63 (19.7)
Current smoker, N (%) 77 (23.9) 74 (23.1) 79 (24.6) 64 (20.0)

Alcohol consumption
No, N (%) 228 (70.8) 222 (69.4) 242 (75.4) 212 (66.3) 0.083 ‡

Yes, N (%) 94 (29.2) 98 (30.6) 79 (24.6) 108 (33.8)
Pathology of tumor

Adenocarcinoma, N (%) 282 (87.6) 282 (88.1) 285 (88.8) 276 (86.3) 0.794 ‡

Squamous cell carcinoma, N (%) 40 (12.4) 38 (11.9) 36 (11.2) 44 (13.8)
Diameter of tumor (cm), median [IQR] 1.6 [1.0, 2.5] 1.5 [1.0, 2.5] 1.5 [1.0, 2.5] 1.8 [1.0, 2.7] 0.277 †

Number of tumor(s)
Solitary, N (%) 297 (92.2) 305 (95.3) 304 (94.7) 291 (90.9) 0.089 ‡

Multiple, N (%) 25 (7.8) 15 (4.7) 17 (5.3) 29 (9.1)
Density of the tumor

Solid, N (%) 176 (54.7) 166 (51.9) 166 (51.7) 167 (52.2) 0.864 ‡

Subsolid, N (%) 146 (45.3) 154 (48.1) 155 (48.3) 153 (47.8)

IQR, interquartile range; BMI, body mass index; Q, quartile of vitamin B6. † p-value based on non-parametric test
(continuous variable). ‡ p-value based on chi-squared test (categorical variable).
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After multivariable adjustment, the highest quartile (Q4) of serum vitamin B6 was
significantly associated with a 67.6% higher risk of metastasis compared with those in the
lowest quartile (Q1) (OR = 1.676, 95% CI = 1.092–2.574, p = 0.018), with a p for trend of
0.030 (Table 6). We also evaluated the effect modification of the association between serum
vitamin B6 and metastases by age, sex, BMI, family history of cancer, smoking history,
alcohol consumption, and the pathology, diameter, number, and density of the tumor(s)
(Table 6). The risk association appeared stronger for women (Q4 vs. Q1: OR of 1.968, 95% CI
of 1.144 to 3.386, p = 0.014, p for trend = 0.014). Patients with a family history of cancer also
appeared to have experienced a stronger association between vitamin B6 and metastasis
(Q4 vs. Q1: OR of 5.337, 95% CI of 1.492 to 19.093, p = 0.010, p for trend = 0.010). The
association between serum vitamin B6 and intrapulmonary metastasis also appeared to be
stronger for current smokers, current drinkers, and patients with squamous cell carcinoma,
a tumor of 1–3 cm in diameter, or a solitary tumor (Table 6). Meanwhile, age, sex, smoking
history, alcohol consumption, and tumor type (pathology, diameter, number, and density)
showed significant interactions with vitamin B6.
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4. Discussion

In this retrospective study, we found that serum vitamin B6 levels might be positively
associated with intrapulmonary lymph nodes and/or localized pleural metastases in
NSCLC patients, and the risk association was stronger for women, current smokers, current
drinkers, and patients with squamous cell carcinoma, tumors 1–3 cm in diameter, or a
solitary tumor. However, even though serum vitamin B6 levels were associated with
preoperative NSCLC upstaging, B6 did not qualify as a useful biomarker due to weak
associations and wide confidence intervals. Preoperative vitamin B6 levels might have some
value in the preoperative evaluation of intrapulmonary lymph nodes and/or localized
pleural metastases in NSCLC; thus, it would be appropriate to prospectively investigate
the relationship between serum vitamin B6 levels and lung cancer further.

Vitamin B6 promotes cell growth, differentiation, proliferation, and metastasis [31] and
has adjuvant anti-inflammatory and antioxidant effects [32]. Although large cohort studies
have been conducted, the association between vitamin B6 intake, blood levels, and catabolic
levels with lung cancer remains inconclusive. Vitamin B6 has been implicated as a tumor
promoter [15,23–26], tumor suppressor [19], or being unrelated to carcinogenesis [27,28] in
various studies. This contradiction may be attributed to the significant variation in vitamin
B6 among populations of different races, diets, lifestyles, and vitamin supplementation
habits [33,34]. In our study, we found that patients with lung cancer had higher serum vita-
min B6 levels than patients with benign lung nodules, while patients with intrapulmonary
metastases had higher serum vitamin B6 levels than non-metastatic patients, i.e., serum
vitamin B6 levels increased with increasing tumor status. Theoretically, vitamin B6 could
promote tumor cell growth, differentiation, and proliferation, as well as be a risk factor for
lung carcinogenesis [35,36]. On the other hand, it could act as an antitumor factor with
regard to the inflammatory response caused by tumor cells [37–39]. Several studies have
shown that vitamin B6 can act as a promotor in tumors by affecting DNA stability [40,41]
and the activation of antioxidant enzymes [42–45], which are involved in the regulation
of post-translational modifications of activated proteins. The relationship of vitamin B6
with post-translational modifications of key proteins such as NF-κB [46,47], as well as in-
flammasomes such as NLRP3 [48,49] and receptor-interacting protein 140 (RIP140) [47,50],
has received significant attention. Although there are no specific findings related to the
mechanism of vitamin B6 and lung cancer metastasis, we speculated that these two aspects
mentioned above together determine the effect of vitamin B6 on tumors. Factors such as
demographics and tumor type may play different roles in both aspects, leading to different
conclusions. In our study, the positive relationship between vitamin B6 and intrapulmonary
metastasis suggests that vitamin B6 may contribute to tumor metastasis in NSCLC patients.

We measured serum PLP as an assessment of vitamin B6 levels. Vitamin B6 consists of
pyridoxal (PN), pyridoxamine (PM), pyridoxal (PL), and their phosphorylated derivatives
pyridoxal 5’-phosphate (PNP), pyridoxamine 5’-phosphate (PMP), and PLP [51]. PLP is the
bioactive form of vitamin B6 in vivo and has been the common measure of vitamin B6 status
testing in previous studies [19,38,51–54]. However, PLP is considered unstable because it
may be influenced by inflammatory status, alkaline phosphatase levels, serum albumin, and
inorganic phosphate [55]. Recent studies have used plasma vitamer ratios (PAr), calculated
as PA:(PLP + PL), to eliminate the influence of the above factors [55,56]. However, PAr
requires the simultaneous measurement of three indices, and mainly reflects the catabolism
of vitamin B6 in the inflammatory state. In contrast, PLP serves as a representation of the
true vitamin B6 levels and can directly reflect the relationship between vitamin B6 and lung
cancer. PLP is also more compatible with clinical applications because it requires less blood
sampling and is less expensive.

A stratified analysis was performed to clarify the association of vitamin B6 with
intrapulmonary metastasis in different populations. We found that the risk association
was much stronger in some situations. Vitamin B6 served as a strong risk factor in females,
current smokers, current drinkers, and those with a family history of cancer. The study
by Fanidi et al. also found a positive trend for elevated PLP levels and lung cancer risk
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in their cohort of Asian women [19]. In addition, an elevated serum vitamin B6 level,
even within the normal range, was a risk factor for those with a family history of cancer,
suggesting a possible genetic link might exist between them. Meanwhile, smoking and
alcohol consumption are well-known risk factors for lung cancer [15,19]. Vitamin B6 may
be associated with smoking-induced inflammation and immune activation, which was also
one of the mechanisms related to smoking in lung cancer development [30,57,58].

Interestingly, pathology, tumor size, tumor number, and morphology all seemed to
influence the strength of vitamin B6 as a risk factor for intrapulmonary metastasis. Previous
studies showed that increased vitamin B6 catabolism was positively associated with the
risk of lung carcinogenesis, especially in squamous cell carcinoma [15]. This finding was
confirmed in our study. In addition, we found a stronger risk association in patients with
a solitary tumor or a tumor 1–3 cm in diameter. A consistent trend toward an increased
risk of metastasis with increasing vitamin B6 levels was also found in the subsolid tumor
population. These associations have not been previously studied, and the theoretical
basis for them remains unclear. In clinical practice, patients with a solitary, subsolid
tumor or a tumor 1–3 cm in diameter without metastases are good candidates for surgery.
If the vitamin–metastasis association could be confirmed by future studies, vitamin B6
could be of great value in supporting surgical treatment as a preoperative predictor for
metastasis assessment.

In this study, we found that age, sex, smoking history, alcohol consumption, and
several characteristics of tumors had significant interactions with vitamin B6, respectively.
That is, different degrees of the above factors could significantly affect the strength of
the association between vitamin B6 and intrapulmonary metastasis. The results of the
interaction and stratified analysis further confirmed that women, current smokers, current
drinkers, patients with squamous cell carcinoma, those with tumors 1–3 cm in size, and
those with a solitary tumor may be a part of the special population whose vitamin B6
levels should be of great concern. In addition, although there was a significant interaction
between age and vitamin B6, the p for trend was found to be statistically insignificant
(ranging from 0.112 to 0.119), which might be caused by the sample size. Furthermore,
there was no significant interaction between family history and vitamin B6, suggesting that
the effect of family history on the association should be further investigated.

Tumor staging is crucial in cancer treatment and determines the outcome. The pTNM
staging results could not be obtained comprehensively before surgery. Clinical TNM
staging might be relatively accurate in evaluating the tumor stage, but are not precise in the
evaluation of the nodule and metastasis stage, especially in the early stage of lung cancer.
In our study, we found 53 patients (53/1283) who underwent surgery had postoperative
confirmation of localized pleural metastases, suggesting that surgical treatment may not be
appropriate for them. Vitamin B6 testing may have the potential to improve preoperative
TNM staging. Further studies with larger sample sizes are needed to verify the value of
vitamin B6 in surgical management.

Notably, the results obtained in this study should be treated with caution. On one
hand, the association between lung cancer and vitamins is very complex. Many factors
may affect serum vitamin levels, including dietary habits, vitamin supplements, body
metabolism, and a variety of complications. In this study, we collected as much nutritional
information as possible and excluded conditions that could affect serum vitamins. How-
ever, more rigorous prospective studies are necessary to properly research the pathogenetic
relationship between vitamin levels in the blood and the occurrence and progression of
lung cancer. On the other hand, even though vitamin B6 levels showed positive association
with intrapulmonary metastases in NSCLC patients, the relationship was weak, and the
confidence intervals overlapped hugely. Thus, the statistically significant difference be-
tween groups of patients could not be translated into a predictor on the level of individual
patients based on the results of this study. Vitamin B6 levels might have some value in
the preoperative evaluation of intrapulmonary metastases in NSCLC, but more research is
needed before conclusions can be drawn.
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This study had several limitations. First, the sample size of this study was limited.
Studies with larger sample sizes are needed for further validation. Second, there may be
an interaction between vitamin B6 and tumor metastasis status. The study identified a
positive association between vitamin B6 and intrapulmonary metastases, but the cause-
and-effect relationship between them was not clear. Third, this study was retrospective;
therefore, prospective cohort studies are needed to explore the mechanism of action of
vitamin B6 levels and lung cancer. Fourth, we collected as much information as possible
about patients’ dietary intake, nutritional status, and nutritional supplementation, but as a
retrospective study, nutrition-related clinical information was not sufficiently detailed and
might influence the results.

5. Conclusions

In conclusion, our study demonstrated a possible positive association between serum
vitamin B6 levels and intrapulmonary lymph nodes and/or localized pleural metastases
in NSCLC patients, and the association was stronger in specific populations including
women, current smokers, current drinkers, patients with squamous cell carcinoma, those
with tumors 1–3 cm in diameter, and those with a solitary tumor. However, B6 did not
qualify as a useful biomarker due to weak associations and wide confidence intervals.
Preoperative vitamin B6 levels might have some value in the preoperative evaluation of
intrapulmonary lymph nodes and/or localized pleural metastases in NSCLC, and thus
the relationship between serum vitamin B6 levels and lung cancer should be prospectively
investigated in the future.
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Abstract: Background: Ferroptosis is a regulated cell death process linked to various
diseases. This study explored whether Epigallocatechin-3-gallate (EGCG), a tea-derived
antioxidant, could regulate ferroptosis to alleviate dextran sulfate sodium (DSS)-induced
colitis. Methods: A DSS-induced colitis model was used to assess EGCG’s effects. Ferropto-
sis markers, oxidative stress, and iron metabolism were evaluated, alongside Nrf2-GPX4
pathway activation and ferritin (FTH/L) expression. Results: Iron dysregulation and
oxidative stress contributed to DSS-induced colitis by activating ferroptosis in colonic
epithelial cells. EGCG supplementation inhibited ferroptosis, reducing oxidative damage.
Mechanistically, EGCG activated the Nrf2-GPX4 pathway, enhancing antioxidant defense,
and improved iron metabolism by upregulating ferritin expression. Conclusions: EGCG
effectively suppressed DSS-induced ferroptosis and colitis, highlighting its potential as a
ferroptosis inhibitor and therapeutic agent.

Keywords: colitis; ferroptosis; iron metabolism; Epigallocatechin-3-Gallate (EGCG); antioxidant

1. Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis, is
a chronic inflammatory disorder of the gastrointestinal tract that has become increasingly
prevalent worldwide [1]. In recent decades, the incidence of IBD has risen significantly in
developed countries and is now emerging as a major public health challenge in developing
nations [2]. Patients with IBD suffer from recurring episodes of abdominal pain, diarrhea,
weight loss, and malnutrition, often leading to a substantial decline in quality of life [3]. The
pathogenesis of IBD is complex, involving genetic predisposition, environmental factors,
gut microbiota dysbiosis, and immune system dysregulation [4]. Furthermore, IBD is
associated with an elevated risk of colorectal cancer and poses a considerable burden on
healthcare systems [5]. Consequently, understanding the underlying mechanisms of IBD
and identifying effective therapeutic strategies remain critical areas of research.

Recent studies have highlighted the importance of oxidative stress and iron metabolism
dysregulation in the pathophysiology of IBD [6,7]. Iron is an essential trace element re-
quired for numerous physiological processes, including oxygen transport, DNA synthesis,
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and energy metabolism [8,9]. However, disruptions in iron homeostasis, particularly
the accumulation of excess-free iron, can trigger oxidative stress and lipid peroxidation
through the Fenton reaction [10,11]. These processes contribute to cellular damage and
death, exacerbating intestinal barrier dysfunction and inflammation.

Ferroptosis is a distinct form of regulated cell death characterized by iron-dependent
lipid peroxide accumulation, which causes oxidative stress and cell membrane damage [12].
Unlike other forms of cell death such as apoptosis and necrosis, ferroptosis involves a
unique biochemical pathway driven by excessive iron levels and the associated oxida-
tive stress [13]. This process begins with the Fenton reaction, where iron catalyzes the
formation of reactive oxygen species (ROS), particularly hydroxyl radicals, that attack
unsaturated lipids in cell membranes, leading to lipid peroxidation [14]. This oxidative
damage disrupts cell membrane integrity, ultimately resulting in cell death [14,15]. The
regulation of ferroptosis involves a delicate balance between iron metabolism, antioxidant
defenses, and lipid peroxidation processes [16]. Key players in this regulatory network
include glutathione peroxidase 4 (GPX4), which detoxifies lipid peroxides by converting
them into less harmful alcohols, and solute carrier family 7 member 11 (SLC7A11), which
imports cystine to support glutathione synthesis, a critical antioxidant in cells [17]. When
GPX4 is inhibited or when glutathione levels are depleted, lipid peroxides accumulate, and
ferroptosis is triggered [17,18]. This process has been implicated in several pathological
conditions, including cancer, neurodegenerative diseases, and inflammatory disorders like
colitis [19,20]. In the context of IBD, ferroptosis is closely associated with intestinal epithe-
lial cell damage and gut barrier dysfunction. Studies have shown that IBD patients exhibit
elevated iron levels in the gut, possibly due to increased iron absorption and impaired
barrier integrity [21]. Excess-free iron promotes oxidative stress, lipid peroxidation, and
inflammatory responses, creating a vicious cycle of tissue damage and chronic inflamma-
tion [13,22]. Additionally, ferroptosis may disrupt the gut microenvironment, perpetuating
inflammation and disease progression. These findings suggest that targeting ferroptosis
could provide a novel therapeutic approach for IBD.

Epigallocatechin-3-gallate (EGCG), a major polyphenolic compound in tea leaves,
has garnered significant attention for its potent antioxidant and iron-chelating proper-
ties [23]. EGCG can bind to free iron, preventing its involvement in the Fenton reaction,
thereby reducing the generation of ROS and lipid peroxidation [24,25]. Additionally, EGCG
modulates the expression of key ferroptosis regulators, including glutathione peroxidase
4 (GPX4) and solute carrier family 7 member 11 (SLC7A11), and it upregulates ferritin
heavy chain/light chain (FTH/L), facilitating the sequestration of excess-free iron [26].
These mechanisms collectively mitigate ferroptosis and protect cells from oxidative dam-
age [27]. Several studies have demonstrated that EGCG can alleviate inflammation and
oxidative stress in colitis, highlighting its potential therapeutic benefits in inflammatory
bowel disease (IBD) [28]. However, the exact mechanisms underlying these effects remain
poorly understood. While prior research has largely focused on EGCG’s antioxidant and
anti-inflammatory properties, no studies have specifically addressed whether EGCG allevi-
ates colitis by modulating ferroptosis, an iron-dependent form of cell death implicated in
intestinal epithelial damage.

This study aims to investigate the protective effects of EGCG in DSS-induced colitis,
focusing on its mechanisms in regulating ferroptosis and improving oxidative stress and
iron metabolism. The results revealed that iron dysregulation and oxidative stress con-
tributed to the activation of ferroptosis in colonic epithelial cells, which worsened colitis.
EGCG supplementation suppressed ferroptosis by enhancing antioxidant defenses through
the activation of the Nrf2-GPX4-signaling pathway and by improving iron metabolism via
the upregulation of ferritin (FTH/L). By mitigating oxidative damage and regulating fer-

135



Nutrients 2025, 17, 547

roptosis, EGCG effectively alleviated the symptoms of DSS-induced colitis. These findings
suggest that EGCG holds promise as both a ferroptosis inhibitor and a therapeutic option
for colitis.

2. Materials and Methods

2.1. Chemicals and Antibodies

EGCG (purity ≥ 98%) was provided by Teaturn Bio-pharmaceutical Co., Ltd. (Wuxi,
China). Anti-TfR1, SLC40A1, FTH/L, Nrf2, pNrf2, GPX4, P62, and HO-1 were purchased
from Abcam; anti-Keap1, SLC3A2, and SLC7A11 were purchased from Cell Signaling
Technology; and β-actin was purchased from Santa Cruz biotechnology (Dallas, TX, USA).

2.2. Animal Experiment

The animal experimental procedure, approved by the Institutional Animal Care and
Use Committee of Sichuan Agricultural University (SICAU-2023-082; date: 4 September
2023), involved 40 healthy 5-week-old C57BL/6N male mice housed in a controlled en-
vironment (24 ± 2 ◦C, 45–55% humidity, 12 h light/dark cycle) with ad libitum access to
food and water. Mice were monitored daily for signs of distress (e.g., hunching, reduced
movement, severe diarrhea), with humane endpoints defined as >20% body weight loss,
severe dehydration, or persistent distress unresponsive to care. Inclusion criteria required
healthy mice, while exclusion criteria involved signs of severe distress, >15% weight loss,
or unrelated illness. Excluded mice were removed, and reasons were recorded.

All mice were randomly divided into a 2 × 2 factorial arrangement, fed irradiated
basic diets, and gavaged with PBS or 50 mg EGCG/kg body weight per day, respectively
(n = 16). The experiment lasted for 5 weeks, including a 4-week EGCG gavage and a 1-
week DSS challenge period. DSS (2.5%, dextran sulfate sodium) was administered through
drinking water to induce colitis. After the treatment, the animals were then anesthetized
with isoflurane and subsequently euthanized (Figure 1).

Figure 1. Timeline of the animal experiment. The test mice were divided into four groups as follows.
Control group: PBS; EGCG group: 50 mg EGCG/kg body weight; DSS group: 3% DSS; DSS + EGCG
group: 3% DSS + 50 mg EGCG/kg body weight. n = 16. The picture was created with BioRender.com
(accessed on 10 March 2023).

To minimize potential confounders, all cages were rotated weekly within the animal
housing facility to control for potential environmental effects, and feeding schedules were
standardized to avoid circadian influences on metabolic outcomes.

2.3. Sample Collection

Blood was collected via cardiac puncture using anticoagulant tubes (approximately
2–3 drops). The remaining blood was transferred to 1.5 mL EP tubes and centrifuged at
4500 rpm for 10 min to collect serum. Approximately 30 mg of liver, spleen, and kidney
tissues were placed into 1.5 mL EP tubes with tissue iron digestion solution for iron
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determination. The colon was divided into four sections, stored in separate 1.5 mL EP
tubes, and used for analyses of iron content, western blot (WB), qPCR, and enzyme activity.

2.4. ROS and Lipid ROS Determination

To measure ROS, 50 μM H2DCFDA (Sigma–Aldrich, D6883, St. Louis, MO, USA) was
added to mouse colonic epithelial cells (MCEC) and incubated for 30 min at 37 ◦C. Lipid
ROS was then detected by staining the cells with 5 μM of C11-BODIPY (Thermofisher,
Waltham, MA, USA, D3861) for 30 min at 37 ◦C. After washing the cells three times with
PBS, flow cytometry was used to analyze the results. The flow cytometric analysis was
performed using a BD FACSAria III flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). The samples were analyzed under the following conditions: excitation wavelengths
of 488 nm for FITC, 640 nm for PE, and 405 nm for APC channels. Emission wavelengths
were set at 530/30 nm for FITC, 585/42 nm for PE, and 670/30 nm for APC. Voltage settings
for forward scatter (FSC) and side scatter (SSC) were optimized for each sample to ensure
accurate signal detection.

2.5. Measurement of Fe2+

To measure the intracellular ferrous iron (Fe2+) level, mouse colonic epithelial cells
were seeded into 12-well plates. When the cells reached about 70% of the plates, they were
treated with different concentrations of Fe3S4 nanozymes (0, 25, 50, 100 μg/mL) for 24 h
and then incubated with 1 μM of Far-Red Labile Fe2+ dye at 37 ◦C for 30 min without light.
After washing with PBS, the intracellular Fe2+ levels were analyzed by flow cytometry.

2.6. Blood Parameter Determination

The following blood parameters were measured using an automatic biochemical an-
alyzer (Beckman Coulter, München, Germany): red blood cell count (RBC), hemoglobin
(HGB), hematocrit (HCT), mean corpuscular volume (MCV), and mean corpuscular
hemoglobin (MCH). Blood samples were collected via cardiac puncture on the day of
sampling to ensure accuracy. All measurements were performed according to the manufac-
turer’s instructions, and the assays were conducted in triplicate to ensure reliability.

2.7. Determination of Iron Parameters

Serum iron and non-heme iron contents in liver, spleen, and kidney tissues were
determined. The measurement of liver, spleen, and kidney non-heme iron was performed as
described previously by [29], with minor modifications. Briefly, tissues were homogenized
in ice-cold saline, while non-heme iron was extracted using an acid digestion method
and then measured by spectrophotometry. Serum iron, total iron-binding capacity (TIBC),
unsaturated iron-binding capacity (UIBC), and serum transferrin (TF) were measured as
described previously [30], with the addition of standard curve calibration for accurate
quantification (Pointe Scientific, 416501-173). All assays were performed in triplicate.

2.8. Histological Examination of Colon

Colon tissue sections were collected from the same part (proximal colon) to minimize
variability. The tissues were fixed in 4% buffered formalin at 4 ◦C for 24 h, then embedded
in paraffin and sectioned into 4 μm-thick slices. Sections were stained with Hematoxylin
and Eosin (HE) and Perls Prussian blue for evaluating tissue morphology and iron depo-
sition, respectively. Histopathological changes were observed under a Zeiss Axioscope
5/7 Microscope.
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2.9. Measurement of Malondialdehyde (MDA) and Glutathione (GSH) Levels

The levels of malondialdehyde (MDA) and glutathione (GSH) were measured using
commercially available assay kits from Jiancheng Bioengineering Institute (Nanjing, China, GSH
A003-1-2, MDA A003-4-1) following the manufacturer’s protocol. MDA, an indicator of lipid
peroxidation, was determined using the thiobarbituric acid reactive substances (TBARS) assay,
and GSH levels were assessed using a colorimetric assay. All measurements were performed in
triplicate, and results were expressed as nanomoles (nmol) per milligram of tissue.

2.10. qPCR and Western Blot

The extraction of hepatic and splenic total RNA was conducted by TRIzol reagent
(Invitrogen, Waltham, MA, USA, 108-95-2) according to the manufacturer’s specifications
and diluted to 1 μg/uL. The working solution was configured in accordance with the
protocols shown in the Reverse Transcription Kit (Takara, San Jose, CA, USA, RR037Q).
The ΔΔCT method was used to calculate relative gene expressions by collecting the cycle
threshold (Ct) and normalizing it to the housekeeping gene HPRT [31].

The isolation of colon total protein was performed with a RIPA buffer with phenyl-
methanesulfonylfluoride (PMSF, BeiJing, China, 1 mM). Western blotting was conducted
as described previously [30]. The primary antibodies were diluted at 1:1000. CD98 (CST,
13180, Danvers, MA, USA), SLC7A11 (CST, 98051), pNRF2 (Abcam, ab76026, Cambridge,
UK), NRF2 (Abcam, ab137550), HO-1 (Abcam; ab13248), P62 (Abcam, ab56416), Keap1 (Ab-
cam, ab28913), GPX4 (Abcam, ab125066), TFR1 (Abcam, ab84036), Fpn (Abcam, ab78066),
FTH/L (Abcam, ab75973). IL-6 (Abcam, ab68933), IL-1β (Abcam, ab387291), TNF-α (Ab-
cam, ab478219), and ACSL4 (Abcam, ab512982). Secondary goat anti-mouse and anti-rabbit
antibodies conjugated with HRP (Santa Cruz, Dallas, TX, USA sc-2030 and sc-2031) were
diluted to a 1:3000 solution.

2.11. Enzyme-Linked Immunosorbent Assay (ELISA)

Serum IL-1β, TNF-α, and IL-8 contents were determined using the IL-1β (Jiangsu
Meimian Industrial Co., Ltd., Cat#: MM-0905 M1, Nanjing, China), TNF-α (Jiangsu
Meimian Industrial Co., Ltd., Cat#: MM-0132 M1), and IL-8 (Jiangsu Meimian Indus-
trial Co., Ltd., Cat#: MM-0123 M1) ELISA kits, respectively. The actual operational steps
were consistent with the instructions provided in the manual and were detailed in the
Supplementary Materials.

2.12. Statistical Analysis

This study was conducted as a 2 × 2 two-factorial experiment. The results demon-
strated the effects of iron overload and EGCG on mice and the interaction between high
iron and EGCG in mice. All the data are expressed as the means ± standard errors (SEM)
using Excel software, and we used the t-test and One-way/Two-way Analysis of Variance
(ANOVA) to determine the relationships between groups [32]. Statistical significance levels
were p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). All results were generated using GraphPad
Prism 9 (GraphPad Software, San Diego, CA, USA).

Prior to statistical analyses, data normality and homogeneity of variance were assessed
using Shapiro–Wilk and Levene’s tests, respectively. In cases where assumptions were
violated, appropriate non-parametric tests or data transformations were applied.

2.13. Blinding

Blinding was implemented during the outcome assessment and data analysis stages.
The investigator responsible for data collection and analysis was unaware of the group
allocation to prevent potential bias.
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3. Results

3.1. Preventive EGCG Supplementation Alleviates DSS-Induced Colitis by Reducing Inflammation
and Improving Colon Morphology

To investigate the effects of DSS-induced colitis in mice and the potential role of EGCG
in mitigating these effects, we monitored the body weight of the mice over time. During
the preventive EGCG gavage phase, the mice experienced an increase in body weight,
but after the treatment, a significant difference was observed. The DSS group showed
the lowest body weight, while EGCG treatment led to a significant recovery (p < 0.001)
(Figure 2A). Similarly, the DSS group exhibited a significant increase in fecal occult blood
index, whereas the EGCG-preventive group had a significantly lower fecal occult blood
index compared to the DSS group (Figure 2B). Moreover, EGCG effectively restored the
organ index disruptions caused by colitis (Figure S1).

Figure 2. EGCG significantly prevents growth impairment and intestinal inflammation caused

by colitis. (A) Body weight of mice in four groups was measured throughout the experiment. Mouse
body weight was recorded every 2 days throughout the experiment (** p < 0.01) (n = 16). (B) The
disease activity index in the last week among different treatment groups (n = 16). (C) Colon length
(n = 16). (D) Measurement of colon length (n = 16). (E) Representative photographs of mice colon
(scale bar = 200 μm and 50 μm) (n = 16). (F) The protein expression of IL-1β and TNF-α in colon
(n = 3). Statistical significance is indicated as follows: ** p < 0.01, **** p < 0.0001.
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In addition to body weight loss, DSS administration led to abnormalities in the colon
phenotype and inflammatory response. Specifically, the DSS group exhibited a significant
reduction in colon length (p < 0.01) (Figure 2C,D), along with pronounced inflammatory
cell infiltration and increased protein expression of pro-inflammatory cytokines IL-6, IL-1β,
and TNF-α (p < 0.01) (Figures 2E,F and S2). However, preventive supplementation with
EGCG effectively alleviated these pathological changes, significantly improving colon
morphology and reducing inflammatory markers.

3.2. EGCG Supplementation Improves Hematological and Iron Parameters in DSS-Induced Colitis

The blood routine parameters, including RBC, HCT, HGB, MCV, and MCH, as well
as serum iron, UIBC, TIBC, and TF levels, were assessed to evaluate the impact of DSS-
induced colitis and the effects of preventive EGCG supplementation (Figure 3). DSS
treatment resulted in significant reductions in RBC count, HCT, and HGB levels, indicating
the development of anemia, along with a decrease in serum iron, UIBC, and TF levels
(Figure 3A–C,F,H,I). The decrease in these parameters reflects a disruption in iron home-
ostasis, which contributes to the overall inflammatory state. Furthermore, MCV was also
reduced in the DSS group (Figure 3D), suggesting altered erythropoiesis and iron defi-
ciency. Interestingly, preventive supplementation with EGCG showed a restorative effect
on RBC count, HCT, HGB, serum iron, UIBC, and TF levels, demonstrating the potential
of EGCG in mitigating the hematological disturbances induced by DSS-induced colitis
(Figure 3A–C,F,H,I). However, no significant changes were observed in MCH and TIBC
following EGCG supplementation, indicating that these two parameters may not be as
responsive to EGCG intervention under the current experimental conditions (Figure 3E,G).
These findings suggest that EGCG supplementation can partially reverse the hematologic
and iron metabolism alterations caused by DSS-induced colitis, highlighting its potential
as a therapeutic agent for inflammatory conditions associated with iron dysregulation.

3.3. Preventive EGCG Supplementation Alleviates Colitis by Regulating Tissue Iron Overload and
Iron Metabolism

Analysis of tissue iron content and iron metabolism markers revealed significant
changes in response to DSS-induced colitis and preventive EGCG supplementation. DSS
challenge caused a notable increase in iron deposition across multiple organs, including
the liver, spleen, and kidney, indicating systemic iron dysregulation. However, preventive
EGCG supplementation significantly reduced iron accumulation in these organs, high-
lighting its role in restoring iron homeostasis. Interestingly, no significant changes were
observed in colonic iron levels, potentially due to the limited capacity of the colon to
sequester excess iron or its rapid utilization in local inflammatory responses.

On the molecular level, DSS treatment led to a marked upregulation of TfR1 and
FTH/L at both protein and mRNA levels, consistent with increased cellular iron uptake in
response to systemic iron overload. Preventive EGCG supplementation effectively reduced
TfR1 and FTH/L expression, reflecting its ability to mitigate iron uptake and accumulation.
Furthermore, the expression of ferroportin (Fpn, encoded by SLC40A1), the key iron-
export protein, was significantly elevated in the DSS group, likely as a compensatory
response to increased iron burden. EGCG supplementation normalized SLC40A1 levels,
reducing the excessive iron export and contributing to systemic iron redistribution. These
findings indicate that DSS-induced colitis disrupts systemic iron metabolism, leading to
aberrant iron accumulation and dysregulation of key iron-related proteins. Preventive
supplementation with EGCG alleviates colitis by attenuating tissue iron overload and
modulating iron metabolism pathways (Figure 4).
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Figure 3. EGCG seems to contribute to alleviating inflammatory anemia caused by colitis. (A)
Red blood cell count (RBC). (B) Hemoglobin (HGB) (n = 16). (C) Hematocrit (HCT) (n = 16). (D)
Mean corpuscular volume (MCV) (n = 16). (E) Mean corpuscular hemoglobin (MCH) (n = 16). (F)
Serum iron level (n = 16). (G) Unsaturated iron-binding capacity (UIBC) (n = 16). (H) Total iron-
binding capacity (TIBC) (n = 16). (I) Transferrin saturation (TF) (n = 16). Statistical significance is
indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Figure 4. EGCG alleviates the disrupted iron metabolism caused by colitis. (A) Iron content of the
liver (n = 16). (B) Iron content of the spleen (n = 16). (C) Iron content of the kidney (n = 16). (D) Iron
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content of the colon (n = 16). (E–H) The protein expression level of TfR1, SLC40A1, and FTL in colon
of mice (n = 3). (I) Heatmap of correlation analysis between treatment groups and proteins related to
iron metabolism(*/# p < 0.05, **/## p < 0.01, ***/### p < 0.001. * and # represent significance between
different treatment groups, with * for DSS vs. CON and # for DSS+EGCG vs. DSS.). Statistical
significance is indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.4. EGCG Supplementation Attenuates Ferroptosis and Restores Redox Balance in
DSS-Induced Colitis

Preventive EGCG supplementation demonstrated significant regulatory effects on
ferroptosis markers and related proteins in DSS-induced colitis. DSS challenge led to a
substantial increase in malondialdehyde (MDA), a marker of lipid peroxidation, and a
marked depletion of glutathione (GSH), indicating elevated oxidative stress and ferroptosis
activation. EGCG supplementation effectively reduced MDA levels and restored GSH
content, alleviating oxidative damage (Figure 5A,B). At the molecular level, DSS treatment
disrupted the balance of the Nrf2-signaling pathway, leading to increased expression of
Nrf2, phosphorylated Nrf2 (pNRF2), and P62, along with a reduction in KEAP1 levels, a
key negative regulator of Nrf2. Preventive EGCG supplementation further enhanced the
activation of the Nrf2 pathway by upregulating Nrf2, pNrf2, and P62 expression while
simultaneously downregulating KEAP1. This regulation contributed to the activation of
the antioxidant defense system, effectively mitigating oxidative stress in DSS-induced
colitis (Figure 5D,E–H). Similarly, DSS-induced colitis suppressed the expression of key
ferroptosis-regulating proteins such as GPX4, SLC7A11, and SLC3A2, while elevating
HO-1 levels as a compensatory response to oxidative stress. EGCG supplementation re-
versed these changes, significantly increasing GPX4, SLC7A11, and SLC3A2 expression
and reducing HO-1 levels (Figure 5D,I–L). Furthermore, DSS treatment caused a significant
upregulation of ACSL4, a critical enzyme in lipid peroxidation and ferroptosis. EGCG
supplementation markedly decreased ACSL4 expression, thereby mitigating ferroptosis
and lipid peroxidation (Figure 5C,D). These results highlight EGCG’s therapeutic poten-
tial in alleviating ferroptosis and restoring redox homeostasis in DSS-induced colitis by
modulating oxidative stress, iron metabolism, and lipid peroxidation pathways.

3.5. Preventive EGCG Supplementation Mitigates Ferroptosis and Inflammatory Responses in
RSL3-Induced Cell Model

In an RSL3-induced ferroptosis model, significant cellular damage was observed, char-
acterized by reduced cell viability and elevated ferroptosis markers. RSL3 treatment led to
a marked decrease in cell viability, as assessed by CCK-8 assays (Figure 6A), accompanied
by increased levels of C11-BODIPY, reactive oxygen species (ROS), and intracellular Fe2+,
indicating enhanced lipid peroxidation and oxidative stress (Figures 6B,C and S3A,B).
Preventive EGCG supplementation effectively mitigated these effects, restoring cell viabil-
ity and reducing the accumulation of ferroptosis markers. At the molecular level, RSL3
treatment induced significant inflammatory responses, as evidenced by elevated gene
expression of IL-1β, IL-6, and TNF-α (Figure 6D–F). EGCG supplementation effectively
suppressed these inflammatory markers, demonstrating its anti-inflammatory potential
in ferroptosis-associated conditions. Furthermore, RSL3 exposure significantly increased
the gene expression of PTGS2, Nrf2, pNrf2, and P62, which are associated with ferroptosis
and cellular stress responses (Figure 6G,H,M,N). Simultaneously, the gene expression of
ferroptosis-regulating proteins, including GPX4, SLC7A11, SLC3A2, and iron metabolism
markers such as FTH, FTL, and SLC40A1, was notably downregulated, reflecting dis-
rupted antioxidant defenses and iron homeostasis (Figure 6I–Q). EGCG supplementation
reversed these changes by downregulating PTGS2, while upregulating GPX4, SLC7A11,
SLC3A2, FTH, FTL, and SLC40A1 gene expression, thereby restoring redox balance and
iron metabolism (Figure 6J–L,O–Q). Additionally, EGCG further increased the gene expres-
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sion of P62, Nrf2, and pNrf2, while the gene expression of Keap1 continued to decrease
(Figure 6H,I,M,N). These findings suggest that EGCG mitigates RSL3-induced ferroptosis
by modulating oxidative stress, restoring iron metabolism, and reducing inflammatory
responses, underscoring its therapeutic potential in ferroptosis-related diseases.

Figure 5. EGCG alleviates colitis by inhibiting the occurrence of ferroptosis in cells. (A) GSH
level in the colon (n = 16). (B) MDA level in the colon (n = 16). (C) Quantification of ACSL4
protein expression (n = 3). (D) Western blot analysis of ferroptosis-related protein expression (n = 3).
(E–L) Quantification of Keap1, P62, Nrf2, pNrf2, SLC7A11, SLC3A2, GPX4, and HO-1 protein
expression (n = 3). Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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Figure 6. EGCG inhibits ferroptosis in MCEC. (A) Cell viability (n = 6). (B) Positive rate of lipid
peroxidation in MCEC (n = 3). (C) Positive rate of total ROS in MCEC (n = 3). (D–Q) IL-1β, IL-
6,TNF-α, Ptgs2, P62, Keap1, SLC7A11, SLC3A2, GPX4, Nrf2, pNrf2, FTL, FTH, and SLC40A1 mRNA
expression were tested by qPCR (n = 3). Statistical significance is indicated as follows: ns p < 0.1,
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

The present study underscores the therapeutic potential of epigallocatechin-3-gallate
(EGCG) in mitigating DSS-induced colitis through its multifaceted actions on inflammation,
oxidative stress, iron metabolism, and ferroptosis. Beyond its direct effects observed in our
experimental models, these findings invite broader insights into the pathophysiological
mechanisms of colitis and the potential applicability of EGCG in related diseases.

Colitis, a hallmark of inflammatory bowel diseases (IBD), is driven by chronic immune
activation and a breakdown of intestinal barrier function [33]. Inflammatory cytokines such
as IL-6, IL-1β, and TNF-α play pivotal roles in exacerbating tissue damage, and oxidative
stress further aggravates the inflammatory milieu [34]. Many studies have highlighted the
central role of oxidative stress in IBD pathology. For instance, Zeng et al. (2022) reported
that elevated ROS levels impair epithelial integrity and activate inflammatory cascades [35].
In our study, DSS-induced colitis resulted in pronounced oxidative damage, reflected by
elevated MDA levels and GSH depletion. These findings align with the established notion
that oxidative stress is a driver of IBD progression, emphasizing the need for antioxidant-
based interventions. EGCG’s ability to restore GSH and reduce MDA levels confirms its
potent antioxidant capacity, consistent with prior studies demonstrating EGCG’s role in
reducing oxidative stress through Nrf2 activation (Zhang et al., 2020). This suggests that
EGCG may act as a dual-function agent, modulating both inflammation and oxidative
stress pathways [36].

The disruption of systemic iron metabolism in colitis adds another layer of complexity
to the disease mechanism [37]. Iron, a critical cofactor for cellular functions, becomes
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pathogenic when dysregulated, contributing to oxidative damage and ferroptosis [38]. Iron
overload in the liver, spleen, and kidney observed in DSS-treated mice mirrors findings
by Swanson et al. (2019), who noted that excessive iron exacerbates inflammatory re-
sponses through the Fenton reaction, leading to increased ROS production [39]. Our study
demonstrated that EGCG supplementation significantly reduced iron accumulation in these
tissues, possibly by regulating key mediators of iron metabolism such as TfR1 and SLC40A1.
These findings align with earlier reports showing that EGCG’s iron-chelating properties
attenuate hepatic iron overload. Interestingly, we observed no significant changes in colonic
iron levels despite systemic dysregulation. This may be attributed to the rapid utilization
of free iron in local inflammatory responses, a hypothesis supported by Chen et al. (2024),
who noted that colonic epithelial cells prioritize iron utilization for rapid turnover during
inflammation [40,41].

One of the most intriguing aspects of this study is the interplay between ferroptosis
and colitis [42]. Ferroptosis, a regulated form of cell death driven by iron-dependent lipid
peroxidation, has emerged as a central mechanism in inflammatory and degenerative
diseases [43]. Increased ACSL4 expression and reduced GPX4 levels observed in our
study confirm ferroptosis activation in DSS-treated mice, consistent with the findings of
Xu et al. (2020), who demonstrated ferroptosis as a critical contributor to epithelial cell
death in IBD [44,45]. EGCG supplementation mitigated these changes, restoring GPX4 and
reducing ACSL4 expression, highlighting its potential to regulate ferroptosis through both
antioxidant and iron homeostasis pathways [45]. Additionally, the role of Nrf2 signaling in
ferroptosis cannot be overlooked. DSS treatment disrupted the Nrf2 pathway by increasing
p Nrf2 and P62 while suppressing Keap1 [46,47]. EGCG effectively restored Nrf2 pathway
homeostasis, a finding consistent with Sun et al. (2021), who demonstrated that Nrf2
activation protects against ferroptosis by upregulating GPX4 and SLC7A11 [42].

From a translational perspective, the restoration of hematological parameters by EGCG
highlights its potential clinical relevance. Anemia of inflammation, a common comorbidity
in IBD, is characterized by impaired erythropoiesis and iron sequestration. DSS-treated
mice exhibited reduced RBC, HCT, and HGB levels, reflecting these hallmarks. EGCG’s
ability to normalize these parameters by modulating iron homeostasis and reducing inflam-
matory cytokines underscores its potential to address anemia in inflammatory conditions.
This is consistent with the work of Ganz (2020), who emphasized the importance of
hepcidin-SLC40A1 regulation in anemia of inflammation [13]. By downregulating TfR1
and normalizing SLC40A1 expression, EGCG appears to modulate the Hamp1-SLC40A1
axis, a critical pathway in maintaining systemic iron balance.

Our findings also extend to the role of EGCG in the cellular context, as demonstrated
in the RSL3-induced ferroptosis cell model. The reduction of IL-1β, IL-6, and TNF-α
by EGCG reflects its anti-inflammatory properties, which are well-documented in the
literature [34]. Furthermore, EGCG’s regulation of ferroptosis-related proteins, such as
GPX4, SLC7A11, and ACSL4, aligns with its observed effects in vivo, underscoring its dual
anti-inflammatory and anti-ferroptosis mechanisms [48]. These observations highlight
the potential of EGCG as a therapeutic agent for ferroptosis-related diseases, extending
beyond colitis to conditions such as neurodegenerative diseases and cancer, as suggested
by Tang et al. (2024) [49,50].

In conclusion, this study reveals the multifaceted mechanisms through which
EGCG mitigates DSS-induced colitis, encompassing anti-inflammatory, antioxidant, and
ferroptosis-regulatory pathways. Its ability to restore iron homeostasis and suppress fer-
roptosis highlights its therapeutic potential in inflammatory and ferroptosis-associated
diseases. Future research should focus on optimizing EGCG formulations to enhance
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bioavailability and exploring its synergistic potential with existing therapies to fully har-
ness its clinical utility.

5. Conclusions

This study has limitations, including the inability of the DSS-induced colitis model to
fully mimic human IBD complexity and a small sample size, which may limit generaliz-
ability. Future studies with larger cohorts and alternative models are needed. Despite this,
EGCG shows potential as an IBD therapy. Future research should explore its efficacy in
humans, optimize dosage and bioavailability, and evaluate its combination with existing
treatments. Additionally, investigating EGCG’s role in other inflammatory and iron-related
diseases could expand its clinical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu17030547/s1. Figure S1. EGCG might mitigate the abnormal
organ measurements linked to colitis. (A) Liver weight in different treatment groups. (B) Spleen
weight in different treatment groups. (C) Kidney weight in different treatment groups. (D) Liver
index (liver weight/body weight ratio). (E) Spleen index (liver weight/body weight ratio). (F) Kidney
index (liver weight/body weight ratio). Statistical significance is indicated as follows: * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. Figure S2. Effects of EGCG on Inflammatory Markers IL-6, IL-
1β, and TNF-α in Colitis. (A) Serum IL-1β content. (B) Serum IL-6 content. (C) Serum TNF-α content.
Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
Figure S3. EGCG Inhibits ROS and Fe2+ to Alleviate Ferroptosis. (A) Flow cytometry images of lipid
peroxidation in MCEC. The cells were stained with 5 μM C11-BODIPY, a dye used to detect lipid
peroxidation. Flow cytometry analysis was performed to assess the positive rate of lipid peroxidation
in MCEC after treatment with EGCG and RSL3. (B) Flow cytometry histogram of labile iron pool
(LIP) in MCEC.

Author Contributions: J.C., C.Y., Y.Z., X.L., Q.W. and H.W.: performed experiments. J.C., C.Y., X.L.,
Y.Z., D.C. and A.W.: designed experiments. J.C., C.Y. and C.L.: wrote the paper. J.C., C.Y., Y.Z., Y.L.,
J.L., J.H., B.Y., D.C. and A.W.: interpreted data and modified the paper. D.C. and A.W.: funding
acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of Sichuan Province
(Grant No. 2024NSFSC0297) and the Joint Funds of the National Natural Science Foundation of
China (Grant No. U22A20513).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of the Laboratory Animal Center at Sichuan Agricultural University
(SICAU-2020-063, approval date: 4 September 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: This study was not pre-registered in a publicly accessible protocol
repository, as is common in preclinical animal research. Future studies will aim to follow standardized
protocol registration practices. The datasets generated and analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: The authors would like to thank the Teaturn Bio-pharmaceutical Co., Ltd. (Wuxi,
China) for the EGCG materials used for the experiments.

Conflicts of Interest: The authors declare that there are no conflicts of interest.

Abbreviations

Abbreviations Full Name

ACSL4 Acyl-CoA synthetase long-chain family member 4
FAC Ferric citrate

146



Nutrients 2025, 17, 547

FTH/L Ferritin heavy/light chain
Fpn Ferroportin(SLC40A1)
GSH Glutathione
GPX4 Glutathione peroxidase 4
HGB Hemoglobin
HCT Hematocrit
IL-6 Interleukin-6
IL-1β Interleukin-1β
HO-1 Heme oxygenase 1
Keap1 Kelch-like ECH-associated protein 1
MCV Mean corpuscular volume
MCH Mean corpuscular hemoglobin
MCHC Mean corpuscular hemoglobin concentration
MDA Malondialdehyde
Nrf2 Nuclear factor erythroid 2-related factor 2
pNrf2 Phosphorylated Nuclear factor erythroid 2-related factor 2
P62 Sequestosome 1
RBC Red blood cell count
ROS Reactive oxygen species
SLC3A2 Solute carrier family 3 member 2
SLC7A11 Solute carrier family 7 member 11
TF Transferrin saturation
TIBC Total iron binding capacity
TfR1 Transferrin receptor 1
TNF-α Tumor Necrosis Factor-alpha
UIBC Unsaturated iron binding capacity
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Abstract: Background/Objective: Aging is a significant risk factor for chronic diseases
and disability, yet effective anti-aging interventions remain elusive. We explored the
potential of 3-hydroxybutyrate (3HB), an endogenous metabolite with established safety,
to modulate longevity in mice. Methods: In this study, we employed 2BS and WI-38 cell
models, a yeast model, and naturally aging mouse models to investigate the effects of 3HB
on aging in various systems. Additionally, we utilized RNA sequencing and metabolomics
technologies to explore the potential mechanisms underlying the action of 3HB. Results:
Our findings demonstrate that 3HB supplementation effectively delays cellular senescence,
extending yeast lifespan by 51.3% and the median lifespan of naturally senescent mice
by 21.0%. Notably, 3HB prolonged healthy lifespan in mice while mitigating age-related
tissue morphology changes and organ senescence. Mechanistically, we identified that
3HB’s anti-aging properties are mediated through its ability to delay cellular senescence
and metabolic reprogramming, while promoting the production of beneficial metabolites
like trigoneline and isoguvacine. Conclusions: These findings highlight the promising
therapeutic potential of 3HB as an anti-aging intervention and provide novel insights into
its underlying mechanisms.

Keywords: 3HB; aging; cellular senescence; metabolism

1. Introduction

Human aging, a complex biological tapestry woven from declining physiological
function, diminished resilience, and heightened susceptibility to disease, poses a growing
challenge as our population ages rapidly. Globally, the over 65 demographic outpaces all
others, with the United Nations predicting one in six people will exceed 65 by 2050, while
the over 80 population triples. This demographic shift intensifies the urgency of unraveling
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aging’s intricate mechanisms, as its shadow looms large over chronic diseases like cardio-
vascular pathologies, cancer, and neurodegenerative disorders [1,2]. Understanding how
to decelerate aging and compress its associated maladies thus emerges as a pivotal quest
for our society.

Driven by the desire to extend lifespans and curb the tide of age-related diseases, the
past decade has witnessed a surge in anti-aging strategies. From regenerative medicine and
gene therapy to dietary tweaks, like ketogenic diets and calorie restriction, the scientific
community has explored diverse avenues. However, while dietary and lifestyle interven-
tions face challenges in adherence and long-term sustainability, more invasive approaches,
like regenerative medicine and gene therapy, remain largely experimental and ethically
complex. This has thrust the development of aging intervention drugs to the forefront,
offering a potentially less intrusive and scalable solution. Anti-aging drug candidates,
like dasatinib + quercetin [3], β-nicotinamide mononucleotide (NMN) [4], metformin [5,6],
oridonin [7], Alpha-Ketoglutarate [8], berberine [9], and rapamycin [10,11], have shown
promise, yet their clinical translation requires extensive research and rigorous safety assess-
ments. The need for safer, easier-to-apply compounds with comparable efficacy remains,
calling for continued innovation in this burgeoning field.

Emerging as a promising candidate in the anti-aging arsenal is 3-hydroxybutyrate
(3HB), a naturally occurring metabolite with a favorable safety profile. Derived from
human ketone bodies, 3HB boasts a wide range of safe doses. Its precursor, 1,3-butanediol
(1,3-BDO), readily converts to 3HB in the liver, fueling bodily functions and holding a
recognized status as a safe food additive [12]. Beyond its established uses, compelling
evidence points towards 3HB’s therapeutic potential in diverse age-related ailments, like
atherosclerosis [13], diabetes [12], muscular dystrophy [14], colitis [15], and kidney-related
diseases [16]. 3HB’s influence extends beyond specific diseases, impacting vascular aging
and even demonstrating lifespan extension in fruit flies and nematodes [17–19]. Intrigu-
ingly, the ketogenic diet, known to elevate 3HB levels, also exhibits lifespan-extending
effects in mice, suggesting a potential link between 3HB and the diet’s longevity bene-
fits [20,21]. However, a crucial question remains: can direct 3HB supplementation replicate
these lifespan-extending effects in mammals and enhance their healthy lifespan?

Cellular senescence and metabolic dysregulation are hallmarks of aging, making their
modulation key targets for anti-aging interventions. As an endogenous metabolite with
established safety due to its precursor’s use as a food additive, 3HB holds promise. Studies
have shown its ability to improve metabolic health in mice alongside a ketogenic diet.
However, its impact on cellular senescence and specific lifespan-extending metabolite
changes remained unclear.

We addressed these crucial gaps by demonstrating that 3HB directly delays cellular
senescence, extends lifespans in both yeast and mice (including healthy lifespan), and
mitigates age-related tissue and organ decline. Mechanistically, this anti-aging effect
appears to involve both senescence delay and the promotion of beneficial metabolites
like trigoneline and isoguvacine. Notably, 3HB also presents cost advantages due to its
availability from microbial poly-(3-hydroxybutyrate) [22]. These findings establish 3HB as
a promising anti-aging candidate with a well-tolerated precursor, providing both practical
and theoretical value for future research and potential applications.

2. Materials and Methods

2.1. Drug Source

Since 3HB is stably preserved as 3HB-Na, in this experiment, we all utilized 3HB-Na
for the experiments, which was obtained from Chen lab Tsinghua University, Beijing, China.
Trigonelline and isoguvacine were all purchased from TargetMol, Boston, MA, USA.
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2.2. Cell Lines and Cell Culture

WI-38 and 2BS cells were provided by the National Institutes for Food and Drug Con-
trol. We counted the cells and inoculated each passage at the same density, supplemented
with 10% FBS in an incubator at 37 ◦C and 5% CO2 (Gibco, London, UK) in MEM (Gibco).

2.3. Cell Viability Test and Growth Analysis

The cell viability was evaluated by the CCK-8 detection kit (Dojindo, Kumamoto,
Japan). The 2BS or WI-38 cells were seeded into 96-well plates (5000/well) and then treated
with drugs for 24 h. A 1:10 diluted CCK-8 solution was added to the culture medium and
incubated for 1 h at 37 ◦C. Then a microplate reader (Biotek, Winooski, VT, USA, MQX200)
was used to measure the absorbance at 450 nm.

Cell survival rate (%) = (OD treatment − ODblank)/(ODcontrol − ODblank) × 100%

The CCK-8 kit is also used as a method for assessing cell proliferation by plating
cells (2000/well) in 96-well plates. Then the cells were treated with drugs for 1 week.
We refreshed the medium every day with fresh drugs or DMSO. At an appropriate time
point, we treated them with CCK-8 solution for 1 h as described above, and measured the
absorbance at 450 nm.

2.4. Senescence-Associated β-Galactosidase (SA-β-Gal) Staining

We washed the cells in PBS, then fixed them with 4% formaldehyde at room tem-
perature for 5 min, and then washed them again. Then cells were stained with a buffer
(1 mg/mL 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-gal), 40 mM citric acid
at 37 ◦C/Sodium phosphate, pH 6.0) Stain overnight, 5 mM potassium ferrocyanide,
5 mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl2). The cells were then analyzed
according to the instructions provided (CST, Danvers, MA, USA, 9860S).

2.5. Yeast Mutant Generation

Wild-type yeast all came from the library from Krogen lab (UCSF), San Francisco,
CA, USA. Standard SD medium (1% yeast extract, 1% bacterial protein, 2% glucose) was
used for routine growth of all yeast strains on a rotary shaker at 250 rpm at 30 ◦C. The
experiments designed to assess the lifespan of the yeast were carried out with the yeast
in the logarithmic growth phase by culturing the yeast overnight and then diluting it 4 h
before use.

2.6. Yeast Replication Lifespan Test

As mentioned in previous reports, we derived a modified U-shape. Due to our work
on berberine [9], we used a high-pressure microfluidic chip, which resulted in a slightly
shorter yeast lifespan, but the effects of lifespan extension in yeast, lifespan extension in
human senescent cells, and lifespan extension in mice treated with various compounds
were all consistent. We observed mother cells for two days using time-lapse microscopy.
This method relies on U-shaped wells in a microfluidic system to keep the mother cells in
place while allowing the flowing medium to carry away the daughter cells. Survival curves
were plotted based on data collected from multiple experiments. We plotted survival
curves and cell cycle curves using Matlab 2018a.

2.7. Animals and Survival Curve

All young and naturally aged mice were purchased from SPF Biotechnology Co.,
Ltd., Beijing, China. The mice were kept in an environment with minimum pressure and
standard conditions (constant temperature and light/dark at 12:12 h). The cage size was
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325 mm × 210 mm × 150 mm. The cages were made of plastic and were lined with corn
cob bedding. Each cage housed four mice. Animals were randomly assigned to control and
treatment groups. We purchased 8 ICR mice at the age of 2 months, with an average weight
of 35 g. We purchased 69 ICR mice at the age of 11 months, with an average weight of 47 g.

Survival curves: Before grouping, the weight of each mouse was measured, and they
were randomly divided into groups according to their weight. All mice were included
in the experiment, with no mice excluded. We selected 11-month-old male ICR mice,
dissolved 3HB-Na in drinking water (1 g/L), and administered 3HB-Na to 11-month-old
mice in drinking water until the mice died naturally, and recorded the body weights and
survival conditions.

2.8. Grip Test

The mice were placed on top of the grid strength meter, so they grabbed the grid with
all four paws. The grip strength of 5 trials was recorded, and the final data were taken as
the maximum grip strength (g).

2.9. Physical Appearance and Posture Score

Physical appearance and posture scores were performed on 2- and 20-month-old ICR
mice [23]. Physical appearance: 0-normal, 1-lack of grooming, 2-rough hair coat, 3-very
rough hair coat. Posture: 0-normal, 1-sitting in hunched position, 4-hunched posture, head
resting on floor, 6-lying prone on cage floor/unable to maintain upright posture. The score
is the sum of the two.

2.10. Tissue Morphology Staining and Statistics

Male ICR mice were studied in a young control group (2 months of age), an old control
group, and an old treatment group (20 months of age), and 3HB (1 g/L) was administered
in the form of drinking water from 11 months of age. The mice were euthanized by cervical
dislocation performed by personnel who had undergone professional training. The hearts,
livers, kidneys, and muscles of the mice were taken.

Masson’s trichrome stain: To test fibrosis of heart tissue, Masson’s trichrome stain kit
(Solarbio, Beijing, China, G1340) was used. The tissue was fixed with 4% formaldehyde,
followed by paraffin embedding and sectioning. The sections were then stained according
to the manufacturer’s instructions. The slices were quickly dehydrated with 95% alcohol
and 100% alcohol, cleaned with xylene, and then covered with a coverslip. Images were
collected using a strong light microscope (20× magnification objective lens) (OLYMPUS,
Tokyo, Japan, BX43) and analyzed by ImageJ 1.53a software (NIH, Bethesda, MD, USA)
to measure the fibrosis area and the total area. Each organization used 5 different areas
for measurement.

H & E staining: To test the morphological changes of tissues. The kidney, liver,
brain, and muscle were fixed with 4% formaldehyde, followed by paraffin embedding and
sectioning. The sections were stained with H & E for morphological analysis.

For renal tissue, when the tubular brush border was lost, the lumen was dilated, and
the epithelial cells were flattened and atrophied, the damaged tubules were counted. The
percentage of injured tubules to total tubules was calculated and scored according to the
following criteria: 0 = normal: 1 ≤ 20%; 2 = 20% to 40%; 3 = 40% to 60%; 4 = 60% to 80%;
and 5 ≥ 80%. For the liver, the Knodell Histological Activity Index (HAI) was utilized for
scoring. The system uses four independent criteria for scoring: (1) peripheral fragmentation
necrosis (PN) with or without bridging necrosis (BN) in the confluent area (0–10 points),
(2) hepatocellular degeneration and focal necrosis in the lobules (0~4 points), (3) inflam-
mation in the confluent area (0~4 points), and (4) fibrosis (0~4 points), and the sum of
the scores of each of the four indexes is the total score. For muscle, 100 muscle fibers
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were randomly selected from each mouse and muscle fiber area and feret were detected
using imageJ.

2.11. RNA Extraction and qPCR

TRIzol was used to lyse cells, and then isopropanol and chloroform were used to
extract RNA. Using cDNA synthesis kit, a total of 1 μg RNA was used for cDNA reverse
transcription (Abmgood, Richmond, BC, Canada). Real-time qPCR was used to eval-
uate the target gene’s expression, and the expression level was normalized to ACTIN.
Supplementary Table S1 lists all primers.

2.12. RNA-Seq

For animal handling, see tissue morphology staining. We performed RNA extraction
and RNA-seq detection with ICR mice muscle tissue. Total RNA was extracted from the
tissue using TRIzol® Reagent according to the manufacturer’s instructions (Invitrogen,
Waltham, MA, USA) and genomic DNA was removed using DNase I (TaKara, San Jose, CA,
USA). Then, RNA quality was determined with a 2100 Bioanalyser (Agilent, Santa Clara,
CA, USA) and quantified using the ND-2000 (NanoDrop Technologies, Wilmington, DE,
USA). Only the high-quality RNA sample (OD260/280 = 1.8~2.2, OD260/230 ≥ 2.0,
RIN ≥ 6.5, 28S:18S ≥ 1.0, >2 μg) was used to construct the sequencing library. After
quantification with TBS380, the paired-end RNA-seq sequencing library was sequenced
with the Illumina HiSeq xten/NovaSeq 6000 sequencer (2 × 150 bp read length). RNA
sequencing and raw data quality control were performed by Shanghai Majorbio Bio-pharm
Technology Co., Ltd., Shanghai, China.

2.13. Echocardiographic Measurements

We performed cardiac ultrasound in 2-month-old, 20-month-old, and 3HB-intervention
20-month-old male ICR mice. To measure cardiac physiological functions, an ultrasound
cardiotachograph (VINNO 6 VET, VINNO, Suzhou, China) was used for the detection and
analysis of echocardiography. B-mode ultrasonography was applied in seeking the long
axis of left ventricular, then 2-dimensional M-mode was transferred for data acquisition.
Left ventricle internal dimension diastole (LVIDd), left ventricle internal dimension sys-
tole (LVIDs), and ejection fraction (EF), among others, were directly measured by using
M-modeanalysis. Fractional shortening (FS) was calculated by LVIDd and LVIDs.

2.14. Tissue SA-β-Gal Staining

Male ICR mice were studied in an old control group and an old treatment group
(20 months of age), and 3HB (1 g/L) was administered in the form of drinking water
from 11 months of age. The mice were euthanized by cervical dislocation performed by
personnel who had undergone professional training. The hearts, livers, kidneys, and colons
of the mice were taken, and frozen sections were prepared by liquid nitrogen flash freezing.
Frozen sections were first rewarmed, washed with PBS 3 times (for at least 5 min each time),
and fixed with an appropriate volume of β-galactosidase staining fixative to cover the
tissue adequately (fixed for at least 15 min at room temperature). Wash the tissues with PBS
immersion 3 times for at least 5 min each time. Aspirate the PBS and add an appropriate
volume of staining work. Incubate overnight at 37 ◦C. The tissues were washed three times
with PBS, stained with nuclear solid red for 1 min, and washed in water → anhydrous
ethanol → xylene. Three randomly selected fields of view were photographed for each
mouse and the blue area was counted using ImageJ 1.53a.
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2.15. Serological Testing

For animal handling, see tissue morphology staining and statistics. For serum bio-
chemical analysis, blood samples were collected, coagulated at room temperature for 2 h,
or overnight at 4 ◦C, and then centrifuged (1000× g, 10 min) to obtain serum. A 200 μL
aliquot of serum was taken and analyzed with a chemical analyzer (Mindray, Mahwah, NJ,
USA, BS-350E) for uric acid (UA), blood urea nitrogen (BUN), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), creatine kinase isoenzymes (CK-MB), triglyc-
eride (TG), total cholesterol (TCHO), High-Density Lipoprotein (HDL), and Low-Density
Lipoprotein (LDL).

2.16. Metabolomics Assay

Feces were collected from 2-month-old, 20-month-old, and 3HB-intervention
20-month-old male ICR mice. Around 8 p.m., we placed the mouse on a sterile alu-
minum foil and allowed it to defecate naturally. We transferred the fecal pellets to a labeled
sterile centrifuge tube using sterile forceps and then froze them rapidly in liquid nitrogen
for storage at −80 ◦C. Samples were weighed before the extraction of metabolites and
dried lyophilized were ground in a 2 mL Eppendorf tube containing a 5 mm tungsten
bead for 1 min at 65 Hz in a Grinding Mill. Metabolites were extracted using 1 mL pre-
cooled mixtures of methanol, acetonitrile, and water (v/v/v, 2:2:1) and then placed for 1
h ultrasonic shaking in ice baths. Subsequently, the mixture was placed at −20 ◦C for 1
h and centrifuged at 14,000× g for 20 min at 4 ◦C. The supernatants were recovered and
concentrated to dryness in vacuum.

UHPLC-MS/MS analysis: Metabolomics profiling was analyzed using a UPLC-ESI-Q-
Orbitrap-MS system (UHPLC, Shimadzu Nexera X2 LC-30AD: Shimadzu, Japan) coupled
with Q-Exactive Plus (Thermo Scientific, San Jose, CA, USA). For liquid chromatogra-
phy (LC) separation, samples were analyzed using a ACQUITY UPLC® HSS T3 column
(2.1 × 100 mm, 1.8 μm) (Waters, Milford, MA, USA). The flow rate was 0.3 mL/min and
the mobile phase contained the following: A, 0.1% FA in water and B, 100% acetonitrile
(ACN). The gradient was 0% buffer B for 2 min and was linearly increased to 48% in 4 min,
and then up to 100% in 4 min and maintained for 2 min, and then decreased to 0% buffer B
in 0.1 min, with a 3 min re-equilibration period employed.

Data preprocessing and filtering: The raw MS data were processed using MS-DIAL
for peak alignment, retention time correction, and peak area extraction. The metabolites
were identified by accuracy mass (mass tolerance < 10 ppm) and MS/MS data (mass
tolerance < 0.02 Da), which were matched with HMDB, massbank and other public
databases and our self-built metabolite standard library. In the extracted-ion features,
only the variables having more than 50% of the nonzero measurement values in at least
one group were kept. Multivariate statistical analysis: R (version:4.0.3) and R packages
were used for all multivariate data analyses and modeling. Data were mean-centered using
Pareto scaling. Models were built on principal component analysis (PCA), orthogonal
partial least-square discriminant analysis (PLS-DA), and partial least-square discriminant
analysis (OPLS-DA). All the models evaluated were tested for over fitting with methods of
permutation tests.
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KEGG Enrichment analysis: To identify the perturbed biological pathways, the differ-
ential metabolite data performed the KEGG pathway analysis using the KEGG database
(http://www.kegg.jp, accessed on 20 June 2022). KEGG enrichment analyses were carried
out with the Fisher’s exact test, and FDR correction for multiple testing was performed.
Enriched KEGG pathways were nominally statistically significant at the p < 0.05 level.

2.17. Statistics

Results were assessed by two-tailed Student’s t tests or ANOVAs to compare two and
more than two samples, respectively. Data with means ± sem p < 0.05 was the significance
threshold. * p < 0.05, ** p < 0.01, *** p < 0.001. Ns, not significant. Unless otherwise stated,
the results are based on the results of at least three independent experiments. Unless
otherwise stated, GraphPad Prism (Version 8.0.2) was used for statistics.

3. Results

3.1. 3HB Delays Cellular Senescence and Extends the Lifespan of Yeast

To investigate if 3HB can delay cellular senescence in human cell lines, we treated
both senescent human embryonic lung fibroblasts WI-38 and 2BS (PD45) with different
concentrations of 3HB. 3HB significantly increased the viability of senescent cells in both
cell lines in a dose-dependent manner (Figure 1A,B). Importantly, 3HB treatment not
only enhanced cell viability but also alleviated morphological hallmarks of senescence,
such as granular cytoplasm and inclusion body accumulation. Consistent with these
observations, SA-β-gal staining, a marker of senescence, was significantly reduced in 3HB-
treated 2BS cells compared to aged controls (38.8% reduction, Figure 1C,D). Simultaneously,
the intervention of 3HB reduced the expression levels of p53, p21, IL-6, IL-1β, and CXCL2
in senescent 2BS cells (Figure S1A). Altogether, these findings suggest that 3HB effectively
maintains the viability of senescent cells, slows down the replicative senescence process,
and holds promise as a potential anti-aging intervention.

While developing anti-aging drugs is notoriously difficult, long-term lifespan testing
in model organisms remains crucial for identifying promising candidates. Saccharomyces
cerevisiae, a single-celled fungus commonly used in aging research, provides a valuable
window into human aging due to its highly conserved aging mechanisms with mam-
mals [24]. To accurately assess the replicative lifespan of yeast in this study, we utilized
an automated device based on a microfluidic chip [25], capable of measuring lifespan
within 3 days. Yeast incubated in SD medium for 20 h were then collected and loaded
onto the chip. Lifespan was monitored at 3HB concentrations ranging from 0 to 80 μM.
Our results demonstrated a dose-dependent prolongation of the replicative lifespan of
the BY4741 strain compared to the control, with 10 μM of 3HB leading to a remarkable
51.3% extension (Figure 1E). Notably, 3HB treatment also significantly reduced cell cycle
duration (Figures 1F–J and S1B,C), reducing its heterogeneity and further contributing
to chronological lifespan extension. These findings strongly suggest 3HB’s potential as a
promising anti-aging intervention.
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Figure 1. 3HB delays cellular senescence and extends the lifespan of yeast. (A) The effect of different
concentrations of 3HB on the proliferation of replicatively senescent WI-38 cells was measured by the
CCK-8 assay. (B) The effect of different concentrations of 3HB on the proliferation of replicatively
senescent 2BS cells was measured by the CCK-8 assay. (C) SA-β-gal staining of replicatively senescent
2BS cells treated with 10 μM 3HB or DMSO for 48 h. (D) Quantification of the rate of SA-β-gal
positive cells in replicatively senescent 2BS cells. (E) 3HB extends the replication lifespan of yeast.
(F–J) Germination diagrams of wild-type and 3HB-treated mother cells show cell cycle duration
and heterogeneity (n = 40 for each group). (See index color scale. Duration is 1.4 h or less. Cell
cycle is colored in the color purple). The x-axis shows a single parent cell as a vertical bar, while
budding events are shown as white horizontal partitions. Data represent the mean ± SEM. p values
were determined by one-way ANOVA, two-way ANOVA, or Student’s t-test. (* p < 0.05, ** p < 0.01,
*** p < 0.001).

3.2. Treatment with 3HB Significantly Extended Lifespan by 123 Days and Improved Healthspan
as Measured by Increased Physical Activity

Based on the aforementioned observations, we posit that 3HB has the potential to
extend the lifespan of mice. To verify this hypothesis, we designed an in vivo experiment
where 11-month-old ICR male mice were divided equally into two groups: a control group
and a 3HB-treated group. We ensured that there was no significant difference in initial body
weight and grip strength between the two groups (Figure S2A,B). Over the course of the
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experiment, we observed a remarkable extension in the median lifespan of the 3HB-treated
group compared to the control group. The median (mean) lifespan of the 3HB-treated mice
was extended by 123 (52) days (approximately 21.0% (8.4%)), increasing from 587 (618)
days to 710 (670) days (Figure 2A).

Figure 2. 3HB extends the lifespan of mice. (A) Lifespan curves of 11-month-old ICR mice under 3HB
intervention from the beginning of treatment (left) and from birth (right) (Ctrl n = 23, 3HB n = 21).
(B) Effect of 3HB on grip strength of 20-month-old ICR male mice (n ≥ 6). (C) Changes in body
weight of ICR mice under 3HB intervention (n ≥ 6). (D,E) Effects of 3HB on hair and body size
of 20-month-old male ICR mice and statistics (n ≥ 6). Data represent the mean ± SEM. p values
were determined by one-way ANOVA, two-way ANOVA, or Student’s t-test. (* p < 0.05, ** p < 0.01,
*** p < 0.001).

Functional tests revealed that 3HB treatment significantly improved the grip strength
(Figure 2B) and clinical scores (Figure 2D,E) of the aged mice compared to the control group.
Notably, 3HB intervention also influenced the age-induced body weight changes. While
the control group mice experienced an increase followed by a decrease in body weight
as they aged, the 3HB-treated group displayed a more stable body weight pattern with a
reduced amplitude of change (Figure 2C). Interestingly, there was no significant difference
in dietary intake between the two groups (Figure S2C), suggesting that the observed effects
were not due to differences in food consumption. The results of the cardiac ultrasound
showed that 3HB had a tendency to improve all cardiac indices in aging mice, but there
was no statistical difference (Figure S2D–L). Collectively, these findings strongly suggest
that 3HB can extend the lifespan and improve the healthy lifespan of naturally aging mice.
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3.3. 3HB Has the Potential to Improve Age-Related Histomorphometric Changes in Kidney
and Muscle

During aging, the senescence of individual cells leads to reduced tissue and or-
gan function as well as morphological changes [26]. To investigate how 3HB might
counteract these declines, we analyzed major organs in young (2-month-old), aged
(20-month-old), and aged mice treated with 3HB (20-month-old with 3HB intervention).
We found that 3HB treatment notably ameliorated age-related changes in kidney function,
including improved renal indices (Figure 3A) and trends towards better kidney func-
tion parameters like uric acid (UA), urea nitrogen (BUN), and increased muscle weight
(Figures 3B and S3A,B). We performed HE staining analysis on the kidney tissues of aged
mice and 3HB-treated aged mice. The results showed that the glomerular structure was
restored and glomerular atrophy was reduced in the mice treated with 3HB (Figure 3C,D).
This suggests 3HB protects against aging-related kidney damage.

Figure 3. Cont.
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Figure 3. Effects of 3HB intervention on morphological changes and cellular senescence in mouse
organ tissues. (A,B) Kidney and muscle organ index of male ICR mice at 2 months (young), 20 months
(old), and 20 months treated with 3HB (3HB) (Organ weight/body weight * 100%). (C,D) HE staining
to detect the histomorphology of kidney of male ICR mice at 2 months (young), 20 months (old), and
20 months treated with 3HB (3HB), and their quantitative statistics. (E–G) HE staining to detect the
histomorphology of muscle of male ICR mice at 2 months (young), 20 months (old), and 20 months
treated with 3HB (3HB), and muscle fiber area and feret statistics. (H) KEGG enrichment analysis
(kidney tissue) of signaling pathway changes due to 3HB intervention. (I) SA-β-Gal staining to
detect the effect of 3HB intervention on the cellular senescence of kidney tissues in 20-month-old
male ICR mice and statistics. (J) SA-β-Gal staining to detect the effect of 3HB intervention on the
cellular senescence of colon tissue in 20-month-old male ICR mice and statistics. Data represent the
mean ± SEM (n ≥ 6). p values were determined by one-way ANOVA, two-way ANOVA, or Student’s
t-test. (* p < 0.05, ** p < 0.01, *** p < 0.001).

3HB also counteracted age-induced muscle changes, characterized by increased muscle
fiber area and feret diameter (Figure 3E–G), indicating restored muscle health. While 3HB
showed positive effects on kidney and muscle, it did not significantly impact liver, brain,
heart, spleen, or thymus function or morphology (Figure S3C–N).

These findings suggest that 3HB has the potential to improve age-related histomor-
phometric changes in specific tissues, like kidney and muscle, warranting further research
into its potential as an anti-aging intervention.

3.4. 3HB Combats Aging by Targeting Cellular Senescence in Kidney and Colon

To understand how 3HB exerts its lifespan and healthspan-promoting effects, we
delved into gene expression changes in mouse kidneys. We performed RNA sequencing
on kidney tissues from young (2-month-old), aged (20-month-old), and aged mice treated
with 3HB (20-month-old with 3HB intervention). Analyzing differentially expressed genes
between aged and 3HB-treated aged mice, as well as those intersecting with differentially
expressed genes from young mice, revealed an enrichment of cellular senescence signaling
pathways in both groups (Figures 3H and S4A). This suggests that 3HB might act by
influencing senescence processes. Focusing on senescence markers in various organs,
we found that 3HB delayed cellular senescence in kidney and colon tissues (Figure 3I,J).
However, 3HB did not show significant effects on cellular senescence in liver and heart
tissues (Figure S4B–E).

3.5. 3HB Modulated Lipid Metabolism and Reversed Some Age-Related Metabolic Changes

Delving deeper into mechanisms, we performed GO and KEGG analyses on gene
expression data, revealing a significant enrichment of metabolism-related signaling path-
ways across different groups (Figure 4A–C). This suggests 3HB might influence metabolic
processes during its lifespan-extending effects. Focusing on lipid metabolism, we ob-
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served that 3HB reversed age-related increases in triglycerides and total cholesterol in mice
(Figure 4D,E), potentially contributing to its health benefits. Notably, low-density lipopro-
tein (LDL) and high-density lipoprotein (HDL) levels remained unaffected (Figure S5A,B).

Figure 4. The influence of 3HB on metabolic changes of aged mice. (A) GO enrichment analysis
(kidney tissue) of changes in metabolic signaling pathways due to 3HB intervention (n = 3). (B) GO
enrichment analysis of genes for differences between the 3 groups (2-month-old, 20-month-old, and
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20-month-old mice with 3HB intervention) demonstrated changes in metabolism-related signaling
pathways (n = 3). (C) KEGG annotation analysis (kidney tissue) of changes in signaling pathways due
to 3HB intervention (n = 3). (D,E) Blood biochemistry for total cholesterol (TCHO) and triglycerides
(TG) in male ICR mice at 2 months (young), 20 months (old), and 20 months treated with 3HB (3HB).
Metabolomics of feces from 20-month-old ICR mice at 2 months, 20 months (old), and 20 months
treated with 3HB (3HB) (n ≥ 6). (F) PCA analysis (NEG) of differential metabolites in the aged
and 3HB-intervened aged groups. (G) PCA analysis (NEG) of differential metabolites between the
younger and older groups (n ≥ 6). (H) PCA analysis of differential metabolites between the three
groups (NEG) (n ≥ 6). Data represent the mean ± SEM. p values were determined by one-way
ANOVA, two-way ANOVA, or Student’s t-test. (* p < 0.05, *** p < 0.001).

To gain further insights into metabolic changes, we performed metabolomic sequenc-
ing on fecal samples from young, aged, and 3HB-treated aged mice. Principal component
analysis (PCA) revealed distinct metabolic profiles for each group and highlighted the
impact of both aging and 3HB intervention (Figures 4F,G and S5C,D). Additionally, PCA
within the 3 groups showed that 3HB treatment shifted some aged mice closer to the young
mouse metabolic profile (Figures 4H and S5E–G).

These combined findings suggest that 3HB exerts its lifespan-extending effects through
diverse metabolic pathways, with a notable modulation of lipid metabolism and a potential
reversal of some age-related metabolic changes.

3.6. Trigonelline and Isoguvacine Might Contribute to 3HB’s Anti-Aging Effects by Reducing
Cellular Senescence

To delve deeper into 3HB’s metabolic influence, we analyzed differential metabolites
between young and aged mice, revealing over 50 significantly altered compounds, includ-
ing histidine, trigonelline, and taurocholic acid (Figure 5A). KEGG enrichment analysis
linked these changes to pathways, like taurine and hypotaurine metabolism, carbohydrate
digestion, and lipolysis regulation, suggesting broad metabolic reprogramming during
aging (Figure S6A).

Similarly, comparing aged and 3HB-treated mice identified over 30 differentially
expressed metabolites, including valine betaine and cocaine (Figure 5B). KEGG analysis
linked these changes to similar pathways, like taurine metabolism and lipolysis regulation,
but also highlighted cholesterol metabolism and central carbon metabolism (Figure S6B).
This suggests 3HB might specifically target aspects of lipid metabolism alongside broader
metabolic modulation.

Zooming in further, we focused on metabolites reversed by 3HB treatment in aged
mice. Twelve compounds showed significant changes, including trigonelline and isogu-
vacine (Figure 5C). Notably, both trigonelline and isoguvacine are down-regulated in aged
mice and up-regulated in young and 3HB-treated mice. Investigating their impact on cellu-
lar senescence, we found that both compounds reduced SA-β-gal positive cells, suggesting
anti-senescence potential (Figure 5D,E).

Overall, this deep dive into differential metabolites reveals that 3HB induces broad
metabolic changes in aged mice, potentially targeting lipolysis and cholesterol metabolism.
Furthermore, specific metabolites, like trigonelline and isoguvacine, might contribute to
3HB’s anti-aging effects by reducing cellular senescence.
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Figure 5. 3HB affects cellular senescence by altering metabolites in mice. (A) Heatmap analysis
of metabolite changes in young and senescent mice (n ≥ 6). (B) Heatmap analysis of changes in
metabolites due to 3HB intervention (n ≥ 6). (C) Heatmap analysis of differential metabolites between
3 groups (2-month-old, 20-month-old, and 20-month-old male ICR mice with 3HB intervention)
(n ≥ 6). (D) SA-β-gal staining of replicatively senescent 2BS cells treated with trigoneline (10 μM),
Isoguvacine (10 μM) or DMSO for 48 h. (E) Quantification of the rate of SA-β-gal positive cells in
replicatively senescent 2BS cells. Data represent the mean ± SEM. p values were determined by
one-way ANOVA, two-way ANOVA, or Student’s t-test. (* p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion

This study unveils the promising anti-aging potential of 3HB, an endogenous metabo-
lite. We observed remarkable benefits in aged mice: improved senescent cell viability,
delayed cellular senescence, extended lifespan and healthspan, and restored health mark-
ers in kidney and muscle tissues. Notably, 3HB specifically countered senescence in the
kidney and colon, further supporting its rejuvenating effects.
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Delving deeper, our analyses suggest two key mechanisms: combating cellular senes-
cence and modulating metabolic pathways. Sequencing data revealed that 3HB upregu-
lated metabolites, like trigonelline and isoguvacine, potentially contributing to its lifespan-
extending effects. These intriguing findings provide novel evidence for 3HB’s application
in promoting healthy aging and warrant further investigation into its precise mechanisms
of action.

While promising anti-aging candidates, like senolytics and mTOR inhibitors, exist,
concerns regarding safety and clinical translation due to side effects remain [27–29]. En-
dogenous metabolites, like 3HB, offer a safer alternative due to their natural presence in the
body. In this study, we found that 3HB intervention extended the median lifespan of mice
by 21% (123 days) and the mean lifespan by 8.4% (52 days) throughout their entire life cycle
(as shown in Figure 2A). We then compared 3HB with other known compounds that delay
aging. Our findings revealed that metformin can extend the mean lifespan of mice by 4.15%
from the start of the intervention [6]; NMN/NR can extend the mean lifespan of mice by
30.2% from the start of the intervention, and the mean lifespan throughout the entire life
cycle can be extended by 4.7% [4]; rapamycin can extend the mean lifespan throughout the
entire life cycle by 7% to 16% [10,11]; dasatinib + quercetin can extend the mean lifespan of
mice by 36% from the start of the intervention [3]. From these studies, we can see that the
anti-aging effects of 3HB are comparable to or even more outstanding than those of these
well-known anti-aging compounds. Its established production process and the safe use
history as a food additive (through its precursor) further solidify its potential. 3HB stands
out with its unique combination of safety, efficacy, and applicability.

Beyond lifespan extension, 3HB ameliorated aging-related damage in the kidney and
muscle, suggesting it improves healthy lifespan alongside longevity. This raises the possi-
bility of using 3HB to treat age-related diseases like atherosclerosis [13,30], diabetes [31],
and muscle loss [32]. While the ketogenic diet offers similar benefits, its dietary challenges
limit its clinical practicality [33]. Direct 3HB supplementation may be a more viable option.
This study adds to the growing evidence for 3HB’s role in treating age-related diseases.

In addition, we observed that 3HB improved cellular senescence in kidney and in-
testinal tissues but had no effect on cellular senescence in liver and heart tissues. Previous
studies have indicated that the liver is the primary site for the synthesis of 3HB, but the
liver itself utilizes relatively little 3HB. 3HB can cross the blood–brain barrier and be used
by the brain as an energy source, especially during fasting or low-carbohydrate diets, when
3HB becomes an important alternative energy source for the brain. Moreover, 3HB is
utilized by the heart and muscle tissues as an energy source, particularly during fasting or
prolonged exercise. The kidneys can reabsorb 3HB from the bloodstream and use it as an
energy source in the renal tubules [34]. Our results also showed that, compared to liver and
heart tissues, the kidney and intestinal tissues of 18-month-old ICR mice exhibited more
pronounced signs of aging. This may also be an important reason why 3HB did not exert
effects in liver and heart tissues. These findings also provide a reference for the timing of
tissue aging within the body.

Cellular senescence and metabolic changes are key drivers of aging [2,35–37]. We
found that 3HB delays aging by improving both. It ameliorates organ senescence and
influences metabolic pathways associated with taurine and hypotaurine metabolism, lipol-
ysis regulation, and central carbon metabolism. Additionally, 3HB reverses age-induced
changes in amino acid metabolism, lipid metabolism, and various organ systems. These
findings support a new mechanism for 3HB’s anti-aging effects while also providing
valuable data on metabolic changes in aging.

Our study identified trigonelline and isoguvacine as metabolites impacted by 3HB
and capable of delaying cellular senescence. Trigonelline has previously been shown to
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extend lifespan and delay age-related diseases in C. elegans [38] and improve cognitive
function in mice [39]. These findings further support the notion that 3HB delays aging by
altering specific metabolites. Our work not only reveals a new mechanism for 3HB but also
lays the groundwork for discovering more age-delaying molecules.

However, there are still some limitations in this study. We only used male ICR
mice for validation. In the future, we will repeat lifespan studies in female mice and
other strains of mice (such as C57BL/6) to assess the variability of genetics and gender.
Meanwhile, previous studies have shown that 3HB mimics caloric restriction and fasting
and exerts other effects through pathways such as AKT and FOXO [14,40]. This is similar
to the mechanisms by which most compounds delay aging. It has also been found that
Trigonelline is an NAD precursor [41]. Therefore, the mechanism by which 3HB delays
aging may not include killing old cells, and the combination of dasatinib + quercetin may
play a role in delaying aging through multiple mechanisms.

5. Conclusions

This study reveals the anti-aging potential of 3-hydroxybutyrate (3HB), an endogenous
metabolite. The results show that 3HB can delay cellular senescence and extend yeast
lifespan, and it also increases the median lifespan of mice by 21.0%, while alleviating age-
related tissue and organ decline. Mechanistically, we found that the anti-aging properties
of 3HB are mediated by its ability to delay cellular senescence and reprogram metabolism,
while also promoting the production of beneficial metabolites such as trigonelline and
isoguvacine. Additionally, 3HB has advantages in terms of cost and safety, as it can be
obtained from microbial poly-(3-hydroxybutyrate) and is an endogenous metabolite. These
findings highlight the promising therapeutic potential of 3HB as an anti-aging intervention
and provide new insights into its underlying mechanisms.
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