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Abstract: Background: Atherosclerosis (AS) is a chronic progressive disease caused by
lipometabolic disorder. However, the pathological characteristics and mechanism of AS have not
been fully clarified. By high fat and cholesterol diet induction, Tibetan minipig could be developed
to the AS model animal which had a very similar pathogenesis to human AS. Methods: Here, we
built the AS model of Tibetan minipigs and identified the differential abundance metabolites in the
development of AS based on untargeted metabolomics. Results: We found that the sphingolipid
metabolism and glucose oxidation were enriched in the AS group and the phenylalanine
metabolism was reduced in the AS group. Moreover, in the development of AS, gluconolactone was
enriched in the late stage of AS whereas biopterin was enriched in the early stage of AS. Conclusion:
Gluconolactone and biopterin could be potential biomarkers for indicating the development of AS.
Our research provides novel clues for the metabolic mechanism of AS from the perspective of
metabolomics.

Keywords: atherosclerosis; Tibetan minipig; untargeted metabolomics; biomarkers

1. Introduction

Cardiovascular disease (CVD) is a leading cause of mortality worldwide and is a major
contributor to reducing the quality of life (Stamilio and Scifres, 2014). The number of deaths with
CVD increases steadily, from 12.1 million in 1990 to 18.6 million in 2019, accounting for 1/3 of the
total number of deaths globally (Roth et al., 2020). China is one of the countries with a high burden
of CVD. The number of deaths from CVD accounts for 40% of the total deaths, among which, the
number of deaths of atherosclerosis cardiovascular diseases (ASCVD) accounts for 61% of the total
deaths of CVD. In the past 20 to 30 years, the incidence of ASCVD is still on rising, causing a huge
economic burden on the country's medical and health system (Zhao et al., 2019).

Atherosclerosis (AS) is a chronic progressive disease caused by lipometabolic disorder and
chronic low-grade inflammation. It is the result of complex environmental and genetic factors (Xu et
al., 2019; Xu et al., 2018). Several studies showed that genetic variation only accounts for a small part
of the risk of developing AS, and environmental factors play a prominent role in the pathogenesis of
AS. Diet is the most important environmental factor, and metabolic abnormalities caused by changing
in diet structure are one of the main reasons for the development of AS (Laitinen et al., 2020). Long-
term consumption of a diet inched in high fat, high cholesterol, and high sugar will cause lipid
metabolism disorders, increase the risk of AS and promote plaque development in patients with AS
(Acosta et al., 2021).

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The occurrence and development of AS are involved in the accumulation of vascular lipids,
activation of the immune system, inflammation, oxidative stress and oxidized low-density
lipoprotein, activation of endothelial cells, the proliferation of arterial smooth muscle cells and
activation of macrophages, and formation of foam cells. In the early stage of AS lesions, endothelial
cells are activated by various injury factors such as intravascular free radicals and abnormal lipid
accumulation, thus leading to functional disorders, mainly lipid metabolism disorders. The low-
density lipoprotein (LDL) was oxidized to ox-LDL by low-density lipoprotein receptors (LDLR). The
ox-LDL may bind to endothelial cell surface lectin-like oxidized low-density lipoprotein receptor 1
(LOX-1) to enter endothelial cells and activate endothelial cells to produce an inflammatory cascade,
the interplay of lipid metabolism disorder and inflammatory response promotes the atherogenic
development (Lecce et al., 2021; Zhu et al., 2018).

The emergence of metabolomics provides a new direction for the study of the pathological
mechanism of AS. The differences in the levels of identified metabolites (such as amino acids, lipids,
bile acids, etc.) are closely related to the occurrence and development of AS (lida et al., 2019).
However, these small molecule metabolites have the potential to become biomarkers of
cardiovascular diseases and the metabolic mechanism of AS has not been fully understood.

Tibetan minipigs are characteristic experimental animals in China. The organ systems of Tibetan
minipig and human beings are not only similar in morphology, but also basically the same in
physiological function, especially the cardiovascular system, lipid metabolism structure, and AS
lesion site. Therefore, they are currently recognized AS suitable model animals for the study of AS
(Shim et al., 2016). Our previous study found that Tibetan minipigs are easy to form AS under the
induction of a high-fat diet and a variety of risk factors for the formation of AS could be observed
(Yang et al., 2022; /= et al, 2019). This AS model of central obesity is accompanied by insulin
resistance and hypertension characterized by chronic inflammation and lipid metabolism disorder,
which is very similar to the etiological and pathological characteristics of human AS formation (% &
#1, 2018). Therefore, in this study, the AS model of Tibetan minipigs was adopted to study the
characteristics of the serum metabolites during the occurrence and development of AS, to screen the
relevant differential metabolites and their related pathways, and explain the relevant metabolic
mechanism during the occurrence and development of AS.

2. Materials and methods

2.1. Laboratory animal

Conventional male Tibetan minipigs, aged 4-5 months, weighing 8-12 kg, 12 pigs, were
purchased from Dongguan Songshan Lake Pear]l Laboratory Animal Technology Co., LTD. [SCXK
(yue) 2017-0030], Certificate No. : 44410500000286. All Tibetan minipigs were raised in the ordinary
environment miniature pig laboratory of the Animal Experimental Research Center of Zhejiang
Chinese Medical University [SYXK (zhe) 2018-0012], ambient temperature, 22+1 °C, ambient relative
humidity, 40%-60%, the light and dark alternated for 12 h/12 h, the pigs were fed freely, and the pigs
were fed two meals a day. All feeding and animal experiment procedures of this study were
approved by the Laboratory Animal Management and Use Committee of the Animal Experimental
Research Center of Zhejiang Chinese Medical University and strictly abide by the welfare of
laboratory animals (IACUC approval number: 20191021-10).

2.2. Animal serum and Aortic vessel

They were fed with a high-fat and high-cholesterol (HFC) diet (HFC feed formula: 15%
shortening, 10% yolk powder, 1.5% cholesterol, 0.5% choline, 73.0% basal diet) after 4, 8, 16, and 28
weeks, fasting for 16 h, AS model group (Model group) was compared with the normal control
group(NC group) at 28 weeks, 5 mL of blood was collected from the anterior vena cava of Tibetan
minipigs in NC group, 3000 rpm for 10 min, and the supernatant was taken by centrifugation. All
supernatants were stored in the refrigerator at -80 °C.
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After feeding the HFC diet for 28 weeks, Tibetan minipigs were given excessive anesthesia and
bloodletting, and the blood vessels from the aortic arch to the iliac part of the abdominal aorta were

taken, the excess fat around the vessels was removed, and fixed in 10% neutral formaldehyde for 24
h.

2.3. Non-targeted metabolomics analysis

All samples were melted at 4 ° C. 100 uL from each sample was placed in a 2 mL centrifuge tube;
Each centrifuge tube was added with 400 uL methanol (-20 °C), shook for 60 s, and thoroughly mixed.
After centrifugation at 12000 rpm and 4 °C for 10 min, all the supernatant was taken and transferred
to a new 2 mL centrifuge tube for vacuum concentration and drying. 150uL 2-chlorophenylalanine
(4 ppm) 80% methanol solution was redissolved, and the supernatant was filtered by 0.22pum
membrane to obtain the samples to be tested. 20puL was taken from each sample to be tested and
mixed into QC samples (QC: quality control, used to correct the deviation of analysis results of mixed
samples and errors caused by the analysis instrument itself) and the remaining samples to be tested
were used for LC-MS detection.

2.4. Data analysis

Data preprocessing: the Proteowizard software will convert the original data obtained from the
computer into mzXML format (xcms input file format); R's XCMS package was used to filtrate peaks
identification, peaks filtration and peaks alignment. The data matrix including mass to charge ratio
(m/z), retention time and intensity was obtained that was to obtain metabolomics.

All charts using R language statistics drawn, with x+*SEM showed that between two groups to
compare the t-test test, P < 0.05 was statistically significant.

3. Result

3.1. Identification of differential abundance metabolites in the development of AS based on the untargeted
metabolome

To investigate the metabolic characteristics of AS, the Tibetan minipig was used for building the
AS model by feeding the high-fat diet. The blood was collected at 4, 8, 16, and 28 weeks in AS group
and at 16 and 28 weeks in the control groups which is fed the normal diet for metabolites
identification (Figure 1A). Within four weeks of high-fat induction, the serum lipid level of Tibetan
minipigs is significantly increased and the hyperlipidemia was gradually developing to form the AS
plaque at 16 weeks, eventually, a mature plaque was formed at 28 weeks. It is mainly distributed in
the abdominal aorta and coronary artery, which is similar to the occurrence and development process
and lesion site of human clinical AS (Figure 1B). There are obvious AS lesions. Compared with the
NC group, the Sudan IV staining of aortic vessels showed that, obvious lipid accumulation was
observed in the aortic arch of the AS group at 28 weeks (Figure 1B). Based on semi-quantitative
analysis showed that, the aortaventralis intra-media thickness and Lipid accumulation area were
significantly increased in AS group compared with NC group (Figure 1C). Moreover, UMAP
(Uniform Manifold Approximation and Projection) (Becht et al., 2018) analysis of metabolites in AS
group showed that samples from 4, 8, 16 and 28 weeks were clustered respectively. It implied that
AS lesion was gradually formed from the early stage to the late stage by feeding a high-fat diet.
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Figure 1. Identification of differential abundance metabolites in the development of AS based on the
untargeted metabolome. (A) The workflow of identification of metabolites in the development of AS.
(B) The comparison of HE staining of abdominal aortic vessels between model and NC groups. (C)
The comparison of Sudan IV staining of aortic vessels between model and NC groups. (D) The bar
graph showing the difference of aortaventralis Intima-media thickness between the NC and AS
groups. The error bar indicates the standard error of the mean (SEM). (E) The bar graph shows the
difference in Lipid accumulation area (%) between the NC and AS groups. The error bar indicates the
standard error of the mean (SEM). (F) The UMAP visualization for the model group at 4, 8, 16, and 28
weeks.

3.2. The characteristics of metabolites enriched in the AS model group

To investigate the metabolites associated with the AS, a hierarchical clustering analysis is
performed using the metabolites in the NC and model group at 16 and 28 weeks after filtering with
adjusted p-value < 0.05 of ANOVA test. Resultantly, four clusters were observed (Figure 2A). Based
on heat map analysis, the metabolites in clusters 1 and 2 were associated with changing of time and
the metabolites in clusters 3 and 4 were associated with AS. A total of 27 metabolites in cluster 3 were
increased and 19 metabolites in cluster 4 were decreased in the model group compared with the NC
group, regardless of 16 and 28 weeks (Figure 2A). Then, the metabolites pathway enrichment analysis
was performed by MetaboAnalyst (Pang et al, 2022). Resultantly, three pathways such as
sphingolipid metabolism, pentose phosphate pathway, and Glycine, serine, and threonine
metabolism were enriched in AS cluster (Figure 2B). Increasing evidence showed that the
sphingolipid metabolism was associated with AS by promoting inflammatory responses, cholesterol
efflux, and aggregation of particles in the aorta (Christoffersen et al., 2011; Schissel et al., 1996; Skoura
et al, 2011). In this study, the three sphingolipid metabolism-related metabolites including
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sphinganine 1-phosphate, sphingosine 1-phosphate, and sphingosine were enriched in the AS cluster
(Figure 2C). Then, the association between sphingolipid metabolism and the AS index, IMT (intima-
media thickness), endothelial injury markers (ET-1, vEF), and inflammatory markers (CRP, TNFA,
IL-1B, and IL-6) were analyzed. Resultantly, significant positive correlations between sphingolipid
metabolism and AS index, endothelial injury, and inflammation were observed (Figure 2D).
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Figure 2. The characteristics of metabolites enriched in the AS model group (A)The heat map
showing the hierarchical clustering for NC and AS groups at 16 and 28 weeks. (B)Enriched metabolite
sets from the KEGG database for AS model group (cluster 3). (C)The flow chart showing the
sphingolipid metabolism. The red and blue color indicates the positive and negative correlation
between AS and metabolites, respectively. The gray color indicates the uncorrelation between AS and
metabolites.(D)The correlation analysis between sphingolipid metabolism and AS index, IMT,
endothelial injury, and inflammation.

Apart from that, several products of glucose oxidation were identified in the AS cluster,
including glucuronic acid, 5-keto-d-gluconate, gluconolactone, and gluconic acid (Figure 3A). The D-
glucose can be oxidized to D-gluconate which can be converted to two 5-keto-D-gluconates (5KGA)
and 2-keto-D-gluconate (2KGA) (Toyama et al., 2007). The enriched gluconolactone could be from
glucose oxidation by glucose oxidase and lead to produce FADH: from FAD and the gluconic acid
can be from hydrolysis of gluconolactone catalyzed by lactonase or spontaneously (Wong et al., 2008).
The glucuronic acid can be converted from UDP-glucuronic acid which is oxidized from UDP-
glucose by NAD+ and UDP-glucose dehydrogenase (Wang et al., 2019). These products of glucose
oxidation exhibited a significant positive correlation with AS index, IMT, endothelial injury (ET-1
and vWF), and inflammation (CRP and IL-6) (Figure 3B). In atherosclerosis, excess reactive oxygen
species (ROS) were generated to induce the oxidative stress which is implicated in vascular injury
and inflammation (Kattoor et al., 2017). The oxidative stress could contribute to glucose oxidation.
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Figure 3. The glucose oxidation enriched in the AS model group (A)The flow chart showing the
glucose oxidation. The red and blue color indicates the positive and negative correlation between AS
and metabolites, respectively. The gray color indicates the uncorrelation between AS and metabolites.
(B)The correlation analysis between glucose oxidation and AS index, IMT, endothelial injury, and
inflammation.

3.3. Phenylalanine metabolism was reduced in the AS model group

Based on enrichment analysis, the phenylalanine metabolism was reduced in the AS group
(Figure 4A). Then, we analyzed the correlations between AS index and phenylalanine metabolism-
related metabolites. The negative correlations between AS index and phenylalanine metabolism-
related metabolites such as L-Phenylalanine, Hydroxyphenylacetic acid, Phenylacetylglycine,
Phenylpyruvic acid, and 2-Phenylacetamide were observed (Figure 4B,C). Then, we performed the
correlation analysis between these metabolites and IMT, endothelial injury markers (ET-1, vEF), and
inflammatory markers (CRP, TNFA, IL-1B, and IL-6). Resultantly, Phenylacetylglycine,
Phenylpyruvic acid, and 2-Phenylacetamide were negatively correlated with ET-1, and
Hydroxyphenylacetic acid, Phenylpyruvic acid, and 2-Phenylacetamide were negatively correlated
with vWF (Figure 4C). It implied that phenylalanine metabolism related metabolites were associated
with vascular injury. Another piece of evidence showed that 3-hydroxyphenyl acetic acid could
reduce blood pressure and vascular injury through the release of nitric oxide (Dias et al., 2022). Taken
together, the phenylalanine metabolism dysfunction could influence vascular injury and AS by the
release of nitric oxide.
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Figure 4. Phenylalanine metabolism was reduced in the AS model group (A)Enriched metabolite
sets from the KEGG database for the NC group (cluster 4). (B)The flow chart showing the L-
phenylalanine metabolism. The red and blue color indicates the positive and negative correlation
between AS and metabolites, respectively. The gray color indicates the uncorrelation between AS and
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metabolites.(C) The correlation analysis between phenylalanine metabolism and AS index, IMT,
endothelial injury, and inflammation.

3.4. Gluconolactone was enriched in the late stage of AS

In a previous analysis, we found that the metabolites in cluster 3 were enriched in the model
group. To determine whether these metabolites gradually increase in the development of AS, the
abundance of metabolites in Cluster 3 in the model group at 4, 8, 16, and 28 weeks and the NC group
at 16 and 28 weeks were compared. Resultantly, we found that with the increase in time, the
gluconolactone is gradually increasing in the model group, and a lower level of gluconolactone in the
NC group at 16 and 28 weeks was observed (Figure 5A). The increasing gluconolactone could be from
glucose oxidation by glucose oxidase and lead to produces FADH?2 from FAD (Wong et al., 2008). In
a previous analysis, we found that gluconolactone and gluconic acid were associated with AS index,
IMT, endothelial injury, and inflammation (Figure 3B). Especially, a higher significantly positive
correlation between gluconolactone and AS index (R = 0.74, p= 8.4e-05) (Figure S1) and a higher
significantly positive correlation between gluconolactone and vascular injury marker vWF (R=0.9, p
<2.2e-6) were observed (Figure 5B), respectively. It implied that gluconolactone is associated with
vascular injury and AS. Increasing evidence showed that gluconolactone is associated with the
dysfunction of cardiovascular disease (Cao et al., 2023). The gluconolactone and gluconic acid were
part of the pentose phosphate pathway (PPP). However, the other metabolites such as glucose, 6-
phosphogluconic acid, D-ribose, and ribose 1,5-bisphosphate in the PPP were not correlated with AS
index (Figures 5C and S1). Taken together, gradually enriched gluconolactone could play a critical
role in the development of AS.
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Figure 5. Gluconolactone was enriched and biopterin was reduced in the late stage of AS (A)The
bar graph showing the abundance of gluconolactone in the AS model group at 4,8,16 and 28 weeks
and the NC group at 16 and 28 weeks. The error bar indicates the standard error of the mean (SEM).
(B)The correlation analysis between gluconolactone and vEF.(C) The flow chart showing the pentose
phosphate pathway. The red and blue color indicates the positive and negative correlation between
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AS and metabolites, respectively. The gray color indicates the uncorrelation between AS and
metabolites.(D) The bar graph shows the abundance of biopterin in the AS model group at 4,8,16 and
28 weeks and the NC group at 16 and 28 weeks. The error bar indicates the standard error of the mean
(SEM). (E) The flow chart showing the pentose phosphate pathway. The red and blue color indicates
the positive and negative correlation between AS and metabolites, respectively. The gray color
indicates the uncorrelation between AS and metabolites.

3.5. Biopterin was reduced in the late stage of AS

For the metabolites which were reduced in the model group in cluster 4, using the same
comparing method above, we found some metabolites such as biopterin, L-Homophenylalanine, and
Tranylcypromine were gradually decreased in the development of AS from 4 weeks to 28 weeks in
the model group and kept a higher level in the NC group at 16 and 28 weeks (Figures 5D and S2).

Biopterin is an oxidative product of BH4 which could reduce coronary artery disease and
improve endothelial function by decreasing nitric oxide (NO) production (Willibald et al., 2000). The
negative correlations between AS index and biopterin (R = -0.63, p = 0.013) were observed (Figures
5E and S3). Apart from that, biopterin negatively correlated with EF-1 (R =-0.63, p = 0.037) (Figure
S3). It implied that biopterin plays an important role in vascular injury and AS.

4. Discussion

Tibetan minipig is a characteristic breed in China, which has been widely used in the research
of cardiovascular disease and diabetes. Our previous studies showed that Tibetan minipigs are
susceptible to the formation of AS lesions in high-fat diets, and obvious lipid disorders and
inflammatory reactions can be observed (Yang et al., 2022). Tibetan minipigs as an AS model animal
for studying the pathogenesis of human AS have a clear advantage. Using the AS model of Tibetan
minipigs, it is helpful to explain the metabolic mechanism of AS induced by high fat and cholesterol
diet from the perspective of metabolomics. However, the pathological characteristics and mechanism
of the Tibetan minipigs AS model have not been fully clarified. In this study, we built an AS animal
model using Tibetan minipigs fed with the high-fat and high-cholesterol diet for identifying the
changes of serum metabolites at 4 weeks, 8 weeks, 16 weeks, and 28 weeks and finding related
metabolic pathways. Based on the untargeted metabolome, the differential abundance of metabolites
in the development of AS. We found that the sphingolipid metabolism and glucose oxidation were
enriched in the AS group and the phenylalanine metabolism was reduced in the AS group.

Atherosclerosis is a chronic inflammatory disease with a complex pathological mechanism that
involves the imbalance of lipid metabolism, oxidative stress response, and the inflammatory response
of vascular endothelial cells. Vascular endothelial injury plays a critical role in AS occurrence and
development (Wang et al., 2021). In the development of AS, reducing biopterin is significantly
associated with the aggravation of endothelial injury. It has been reported that Tetrahydrobiopterin
(BH4), a biopterin reduction product, can reduce coronary artery disease and improve endothelial
function by decreasing nitric oxide (NO) production (Willibald et al., 2000). It further proves that
biopterin plays a key role in the development of AS. In the development of AS, gluconolactone is
higher significantly positively correlated with endothelial injury factor vWF. During endothelial
injury, stress oxidation occurs in the body, and more glucose is oxidized, which leads to the
accumulation of gluconolactone. The increasing gluconolactone could indicate the redox state in the
body which is associated with a series of physiological and metabolic effects for cardiovascular and
cerebrovascular diseases. In the development of AS, gluconolactone was enriched in the late stage of
AS whereas biopterin was enriched in the early stage of AS. Gluconolactone and biopterin could be
potential biomarkers for indicating the development of AS. However, these potential biomarkers
needed further confirmation in a larger human cohort.
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