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Abstract: Hyperlipidemia is a medical condition characterized by elevated levels of blood lipids,
especially triglycerides (TG). However, it remains unclear whether TG levels remain consistently
elevated throughout the entire developmental stage of the high-lipid state. In our animal experiment,
we found that TG levels were significantly higher in the early stage of the high-lipid model but
significantly decreased at the 14th week of the late stage, reaching levels similar to those of the control
group. This suggests that TG levels in the high-lipid model are not always higher than those of
the control group. To determine the reason for this observation, we used in situ mass spectrometry
imaging (MSI) to detect the distribution of metabolites in the liver of rats. The metabolite distribution
of the control rats at different stages was significantly different from that of the model rats, and the
high-lipid model differed significantly from the control rats. We identified nine functional metabolites
that showed differences throughout the period, namely, PA(20:3-OH/i-21:0), PA(20:4-OH/22:6),
PG(20:5-OH/i-16:0), PG(22:6-2OH/i-13:0), PG(O-18:0/20:4), PGP(18:3-OH/i-12:0), PGP(PGJ2/i-15:0),
SM(d18:0/18:1-2OH), and TG(14:0/14:0/16:0), among which TG was most significantly correlated
with hyperlipidemia and high lipid. This study is unique in that it used MSI to reveal the changes in
metabolites in situ, showing the distribution of different metabolites or the same metabolite in liver
tissue. The findings highlight the importance of considering the animal’s age when using TG as a
biomarker for hyperlipidemia. Additionally, the MSI images of the liver in the high-lipid model clearly
indicated the distribution and differences of more significant metabolites, providing valuable data for
further research into new biomarkers and mechanisms of hyperlipidemia. This new pathway of in
situ, visualized, and data-rich metabolomics research provides a more comprehensive understanding
of the characteristics of high lipid and its implications for disease prevention and treatment.

Keywords: MSI; high lipid (HL); rat liver; triglyceride (TG)

1. Introduction

Hyperlipidemia is a common metabolic disorder characterized by excessive levels of
lipids in the blood, which can lead to serious cardiovascular diseases, diabetes, atheroscle-
rosis, and other related illnesses [1–5]. Hyperlipidemia is often classified into hypercholes-
terolemia, hypertriglyceridemia, and mixed hyperlipidemia, where both high triglyceride
(TG) and high total cholesterol (TC) levels are present simultaneously [6,7]. Numerous
studies have demonstrated that a high-lipid diet can cause hyperlipidemia. In fact, the
hyperlipidemia rat model induced by a high-lipid diet has been shown to form lesions
similar to the early pathological changes seen in humans. These changes are characterized
by the deposition of lipid in the liver and dyslipidemia [8]. Therefore, this model can be
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widely applied in studying the pathogenesis of hyperlipidemia and cardiovascular and
cerebrovascular diseases, as well as for screening drugs related to these conditions.

Experimental animals such as rats are commonly used in the study of lipid metabolism
due to their strong adaptability, stable key indicators, and good repeatability. During the
initial stages of the hyperlipidemia model, hepatocyte steatosis and lipid storage might be
closely related to the changes in the content of fatty acids, sterols, and glycerophospho-
lipids [9–11]. Overall, hyperlipidemia is a serious metabolic disorder that can have severe
consequences if left untreated [12,13]. Fortunately, through the use of animal models such
as the hyperlipidemia rat model, we can gain a better understanding of the pathogenesis of
this disease and identify potential drug targets for its treatment [14,15].

Lipid enrichment analysis was conducted on differential metabolites found in the
serum of hyperlipidemia rat models induced by a high-lipid diet. The analysis revealed
significant changes in the contents of seven lipid substances, including fatty acids, sterols,
glycerophospholipids, and lipid molecules [10,16–18]. Metabolomics offers a novel ap-
proach to gaining insight into metabolic profiling and the pathophysiological mechanisms
of hyperlipidemia [19]. Current biomarkers, such as triglyceride (TG), total cholesterol
(TCHO), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C) [20], and other metabolites [21–24], lack the necessary information on distribution
sites in organs. Therefore, it is crucial to develop techniques capable of in situ imaging and
metabolite visualization of organ tissues. Mass spectrometry imaging (MSI), also known as
spatial metabolomics, is a promising technique in this regard [25–29]. Although obtaining
human tissue samples for studying organ tissues is not convenient, the rat model has
been extensively used to investigate human hyperlipidemia. Small animal models have
provided significant insights into the investigation of complex multifactorial diseases such
as hyperlipidemia [2]. Moreover, animal models have been widely used in metabolomics
to study bioactive macromolecules [30] and metabolic pathways related to high-lipid diet-
induced obesity [31], as well as in MSI to study steatosis [32]. In summary, lipid enrichment
analysis of differential metabolites in the serum of hyperlipidemia rat models induced
by high-lipid diets is a useful tool in understanding the underlying mechanisms of this
disorder. Metabolomics, particularly MSI, offers exciting opportunities to study metabolic
profiling and the pathophysiological mechanisms of hyperlipidemia in organ tissues. Ani-
mal models, especially rat models, have been extensively used in these investigations and
have provided valuable insights into complex diseases such as hyperlipidemia.

2. Materials and Methods
2.1. Rat Model and Biochemistry Measurement

A total of 20 SPF-grade male SD rats, weighing 180–200 g, were purchased from Beijing
Weitonglihua Experimental Animal Technology Co., Ltd. (Beijing, China) After adaptive
feeding for 7 days, the weight and contents of TG in blood were measured. After the
abnormalities were excluded, they were randomly divided into the control group (control)
and the model group (high lipid, HL). The control group was given a basic diet, and the
model group was given a high-fat diet. After 2 weeks of giving the corresponding diet,
blood was taken from the inner canthus of all animals to detect serum TG. After successful
modeling, rats were fed continuously for 12 weeks and then killed.

The formula feed of the mixed hyperlipidemia animal model was added with 20.0%
sucrose, 15% lard oil, 1.2% cholesterol, 0.2% sodium cholate, 1.2% calcium hydrogen
phosphate, 0.8% stone powder, and 5.0% casein in the maintenance feed to prepare the
high-fat feed. All the feed was provided by Beijing Keaoxieli Feed Co., Ltd. (Beijing, China),
with the production license No. of SCXK (Beijing) 2014-0010.

The blood lipid test kit (TCHO/TG/LDL-c/HDL-c) was purchased from Wako Com-
pany, Japan (data in Figure S1).
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2.2. Liver Tissues Stained with Hematoxylin and Eosin (H&E)

Some fragments of the liver of each animal were instantly fixed [freshly prepared
formaldehyde 4% (wt./vol.) in 0.1 M phosphate buffer, pH 7.2] for 48 h at room temperature.
Random fragments were dehydrated in graded alcohols of increasing concentration to
absolute alcohol and were then cleared in xylene and embedded in Paraplast Plus (Sigma-
Aldrich, St. Louis, MO, USA). The material was sectioned at 5 µm and then stained
with H&E.

2.3. Mass Spectrometry Imaging (MSI)

The liver of different rat in slices of 10 µm thickness was prepared using a freezing
microtome (CM1950; Leica, Nussloch, Germany) and mounted on the ITO-coated glass
slides for MALDI-MSI. The matrix 2,5-dihydroxybenzoic acid (DHB) was sublimated using
the iMLayer vacuum deposition system (Shimadzu, Kyoto, Japan). DHB crystals formed
on the specimen surface at a thickness of 1.5 µm. The tissue sections were analyzed
using a Shimadzu iMScope TRIO (Shimadzu, Japan). Optical images of sections were
acquired using iMScope before all samples were prepared. The laser-irradiated spot was
200 shots, and the repetition rate was 1000 Hz. The sample slice was scanned with the
resolution ratio of 50 µm × 50 µm under positive and negative ion modes. The MS data
were acquired in the mass range of m/z 400–900, and laser power was 60% (Shimadzu’s
notation), while the sample voltage was applied at 3.5 and 3.0 kV. The MSI data were
analyzed using the software of Imaging MS solution Ver.1.30, focusing on the regions
manually defined according to both the optical image and MSI data image, which can be
used for the comparison of the difference in the livers of different rats.

2.4. Data Processing and Drawing

The ion peaks detected were searched in eight databases, namely, KEGG, BioCyc,
HMDB, DrugBank, LipidMaps, ChEBI, PubChem, and MoNA, to annotate primary metabo-
lites. Metabolite co-expression calculation analysis and metabolic network enrichment
annotation were performed on the identified metabolite list using the Mummichog method
to uncover the functions of metabolite molecules [33]. The pretreated data were analyzed
using the UMAP Manifold method combined with the data analysis method to conduct
spatial automatic segmentation analysis and obtain the optimal metabolite cluster and
metabolite characteristics [34–38]. This generated single-cell metabolism clustering result
data that could distinguish between different cell spatial heterogeneity. On the basis of the
obtained spatial classification region results, large-scale bootstrap random sampling was
performed to obtain large-queue spatial sample expression data. Large cohort data were
used to identify specific differential metabolites between spatial subtypes, and biological
mechanisms were explained on the basis of KEGG metabolic pathway analysis.

To calculate the difference p-value, a t-test was performed, and the histogram was plotted
using GraphPad Prism V8.8 and R language. The data were expressed as mean ± SE. Metabo-
lites that met the following conditions were considered differential metabolites: fold change >1.5
or <0.75, p < 0.05, VIP >1. Otherwise, they were considered non-differential metabolites.

3. Results
3.1. Pathological Results of Control and High-Lipid Models (HL)

We conducted HE staining on both frozen sections (Figure 1A,B) and paraffin sec-
tions (Figure 1C,D) to analyze the pathological states of rat liver. In the control group
(Figure 1A,C), rat hepatocytes showed regular and radial arrangement with uniform size.
The structure and morphology of the liver were normal. In contrast, in the model group
(Figure 1B,D), the hepatocytes appeared morphologically swollen, and a large number
of fat vacuoles were visible. The liver showed diffuse steatosis and fuzzy intercellular
boundary. These observations indicate significant liver damage due to hyperlipidemia.
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there was no significant difference between the TG contents of the two groups at 14 weeks 
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Figure 1. Observation of fat deposition in liver tissues under a light microscope (H&E staining ×200).
(A) H&E staining from frozen sections in control of rat liver; (B) H&E staining from frozen sections in
HL of rat liver; (C) H&E staining from paraffin sections in control of rat liver; (D) H&E staining from
paraffin sections in HL of rat liver. The scale bar is 50 µm; n = 3; the sample repeat for each group
was three rats.

3.2. Changes of Body Weight and Blood TG Content with Time in Rats

The key factor in high lipid levels is the blood TG content. In order to investigate this,
the TG content in rat blood was continuously measured over time, as shown in Figure 2C.
The results indicated that the TG content in the hyperlipidemia (HL) group was significantly
higher than that in the control group (p < 0.001), as shown in Figure 2D. However, there was
no significant difference between the TG contents of the two groups at 14 weeks (p > 0.05)
(Figure 2D). It was also observed that the body weights of rats in the control and HL groups
differed significantly, with the HL group having a significantly higher body weight, as
shown in Figure 2A,B.
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(14 weeks). ** p < 0.01; *** p < 0.001; ns, no significance. Green lines and columns denote the control; 
red lines and columns denote the HL. n = 8; the sample repeat for each group was eight rats. 
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HL_8w) were mounted on ITO slides before sublimating the matrix. Optical images (Fig-
ure 3A) were obtained before normalizing the picture to coordinates, resulting in a simu-
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ous m/z values in positive and negative ion modes. The mass spectra of the four groups in 
positive and negative ion modes are displayed in Figures 3G and 3H, respectively. The 
results indicate that mass spectral imaging images were remarkably different after the 
four groups of samples were fixed on one slide and simultaneously scanned, and the mass 
spectral peaks were mainly distributed within the range of m/z 400–750. 

Figure 2. Weight and blood TG in the rat. (A) Change in weight over time. (B) The weight difference
between the control and HL groups at 8 W (8 weeks) and 14 W (14 weeks). (C) Change in blood TG
with time. (D) The blood TG difference between control and HL groups at 8 W (8 weeks) and 14 W
(14 weeks). ** p < 0.01; *** p < 0.001; ns, no significance. Green lines and columns denote the control;
red lines and columns denote the HL. n = 8; the sample repeat for each group was eight rats.

3.3. Photo of MSI and Mass Spectrum in Liver Tissues

Frozen liver sections from four groups (Control_14w, Control_8w, HL_14w, and
HL_8w) were mounted on ITO slides before sublimating the matrix. Optical images
(Figure 3A) were obtained before normalizing the picture to coordinates, resulting in a
simulated image (Figure 3B). Figure 3C–F show representative mass intensity images for
various m/z values in positive and negative ion modes. The mass spectra of the four groups
in positive and negative ion modes are displayed in Figures 3G and 3H, respectively. The
results indicate that mass spectral imaging images were remarkably different after the
four groups of samples were fixed on one slide and simultaneously scanned, and the mass
spectral peaks were mainly distributed within the range of m/z 400–750.
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ferent timepoints and that the metabolites of the control and high-lipid model groups 
were significantly distinct. 

Figure 3. MSI intensity images for various m/z values and mass spectrum in liver tissues. (A) The
optical images from left to right are Control_14w (control 14 weeks), Control_8w (control 8 weeks),
HL_14w (high-lipid 14 weeks), and HL_8w (high-lipid 8 weeks). (B) The simulation diagram of the
sample; the sequence of samples from left to right is the same as that in (A). (C) The representative
MSI of positive ion mode was m/z 494.06; the sequence of samples from left to right is the same as
that in (A). (D) The representative MSI of positive ion mode was m/z 502.98; the sequence of samples
from left to right is the same as that in (A). (E) The representative MSI of negative ion mode was m/z
536.98; the sequence of samples from left to right is the same as that in (A). (F) The representative
MSI of negative ion mode was m/z 673.00; the sequence of samples from left to right is the same as
that in (A). (G) Mass spectrum in positive ion mode. (H) Mass spectrum in negative ion mode. The
bar scale is 1000 µm.

3.4. PLS-DA Analysis

PLS-DA analysis (Figure 4) was conducted on all m/z values in each sample, and
comparisons were made among the four groups: Control_8W vs. HL_8W (Figure 4A),
Control_14W vs. Control_8W (Figure 4B), Control_14W vs. HL_14W (Figure 4C), and
HL_14W vs. HL_8W (Figure 4D). The results revealed that each comparison could ef-
fectively distinguish between the two groups, suggesting that rat metabolism varied at
different timepoints and that the metabolites of the control and high-lipid model groups
were significantly distinct.
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Figure 4. PLS-DA scores of four comparisons in liver tissues. (A) PLS-DA score of Control_8W vs.
HL_8W. (B) PLS-DA score of Control_14W vs. Control_8W. (C) PLS-DA score of Control_14W vs.
HL_14W. (D) PLS-DA score of HL_14W vs. HL_8W. n = 4; the sample repeat for each group was
four rats.

3.5. Differential Metabolites

After analyzing the volcano plot (Figure 5), metabolites with a fold change >2,
p-value <0.01, and VIP score >1 were selected. In the comparison of Control_8W vs. HL_8W
(C1), 37 metabolites were found to be increased and 27 were found to be decreased. In
the comparison of Control_14W vs. Control_8W (C2), 25 metabolites were found to be in-
creased and 13 were found to be decreased. In the comparison of Control_14W vs. HL_14W
(C3), 25 metabolites were found to be increased and 18 were found to be decreased. In
the comparison of HL_14W vs. HL_8W (C4), 27 metabolites were found to be increased
and nine were found to be decreased. These results suggest that the HL group had more
increased metabolites and fewer decreased ones, possibly due to the accumulation of
metabolites caused by high lipids in the rat liver.
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Figure 5. Volcanic diagram analysis of differential metabolites. (A) Volcanic diagram analysis of
Control_8W vs. HL_8W. (B) Volcanic diagram analysis of Control_14W vs. Control_8W. (C) Volcanic
diagram analysis of Control_14W vs. HL_14W. (D) Volcanic diagram analysis of HL_14W vs. HL_8W.
Red, blue, and black points denote upregulated metabolites, downregulated metabolites, and non-
significant metabolites, respectively. n = 4; the sample repeat for each group was four rats.

3.6. MSI of Differential Metabolites

Comparative analysis was performed on substances with different m/z values, and
14 metabolites were identified in key comparisons C2 and C3. MSI images of these
14 metabolites were extracted and are shown in Figure 6. These differential metabolites
were briefly described, with the two key ones being m/z 716.6189 (Figure 6H) and m/z
850.6699 (Figure 6K). The MSI results clearly showed significant differences in the distribu-
tion of metabolites before and after high-lipid treatment, and the differences were present
at different growth stages.
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Figure 6. MSI of differential metabolites from different samples in rat liver. (A–N) Metabolite intensity
images for various m/z of 477.9855, 503.0727, 545.1729, 561.9513, 600.921, 632.1233, 695.1173, 716.6189,
761.5684, 798.6515, 850.6699, 851.7888, 877.8061, and 896.7419, respectively.
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3.7. Correlation Analysis between TG and Differential Metabolites

We screened for differential metabolites according to the change trend of TG, where
differences existed between Control_8W and HL_8W (C1), no differences existed between
Control_14W and Control_8W (C2), no differences existed between Control_14W and
HL_14W (C3), and differences existed between HL_14W and HL_8W (C4). The metabolites
common to all comparisons are shown in the Venn diagram (Figure 7A), with 16 metabolites
identified and listed in Supplementary Table S1. Nine of these metabolites belonged to four
categories: phosphatidic acids (PA), phosphatidylglycerols (PG), Sphingomyelins (SM),
and triacylglycerols (TG). Correlations between TG and the differential 16 metabolites
were analyzed, with Figure 7B showing a negative correlation between TG and most
differential metabolites, with a correlation coefficient greater than 0.6 (correlation coefficient
of negative correlation less than −0.6). The identified metabolites were C01 [PA(20:3-
OH/i-21:0)], C02 [PA(20:4-OH/22:6)], C03 [PG(20:5-OH/i-16:0)], C04 [PG(22:6-2OH/i-
13:0)], C05 [PG(O-18:0/20:4)], C06 [PGP(18:3-OH/i-12:0)], C07 [PGP(PGJ2/i-15:0)], C08
[SM(d18:0/18:1-2OH)], and C09 [TG(14:0/14:0/16:0)]. This result indicated that TG was
mainly negatively correlated with the differential metabolites, and the accumulation of TG
in the high-lipid state would lead to a significant decline in other lipids.
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4. Discussion

Hyperlipidemia is a growing public health concern attributed to the increased con-
sumption of fatty foods. To study the effects of high-lipid diets on animal models, we
established a high-lipid animal model by feeding rats with a high-lipid diet. At the early
stages of model establishment, we observed a significant increase in triglyceride (TG)
levels, and the liver pathology results showed an increase in TCHO, LDL, cell size, and
body weight.

TG is a critical lipid molecule involved in energy storage and metabolism [39,40].
Hyperlipidemia, a condition characterized by abnormally high levels of lipids in the blood,
particularly TG and cholesterol, is closely related to a high-lipid diet and obesity [41,42].
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Excessive intake of dietary fat can lead to the accumulation of TG in adipose tissue and
liver, causing hepatic steatosis and metabolic disorders such as insulin resistance and type
2 diabetes [2,42–44]. TG had a significant increase in the high-lipid model, but TG had a
downward trend with the growth time, and it was the same as the control (there was no
difference) at the 14th week. This special change may indicate different phenomena. The
TCHO, HDL, and LDL (Supplementary Figure S1) showed significant changes at 10 W,
but this change trend was different from TG. The specific reason is unknown, and more
discussion and analysis are required. We do not discuss this in this article; it will be verified
in future work. We analyzed the changes in metabolites through MSI; the metabolites
changed significantly at different times, and the metabolites in the high-lipid model also
changed significantly. It can be clearly seen in the charts analyzed by PLS-DA model
scores that the metabolism of rats at different stages was also significantly different, the
metabolites of high-lipid model rats and control rats were also significantly different, and
the increased metabolites were more (volcanic diagram in Figure 5). We extracted and
displayed the MSI images of differential metabolites (Figure 6) and found that the content
and distribution of these metabolites were significantly different in the four groups. This
difference is different from previous metabolomics of tissue or serum, in that it can reveal
the changes of metabolites in situ and show the distribution status of different metabolites or
the same metabolite in liver tissue. Lastly, through Venn and correlation analysis, we found
that the main changed metabolites were probably TG (14:0/14:0/16:0), which were closely
related to high fat or hyperlipidemia and could reflect the occurrence of hyperlipidemia.
Egg yolk (EY) can alleviate the hyperlipidemia in HFD-induced obese mice by increasing
serum phosphatidic acids (PA), phosphatidylglycerols (PG), sphingomyelins (SM), and
triglycerides (TG) which are closely associated with glycerophospholipid metabolism [45].
This provides further evidence of the potential health benefits of EY consumption in
reducing hyperlipidemia and its associated metabolic disorders. Our findings suggest
that TG (14:0/14:0/16:0) is closely related to hyperlipidemia induced by a high-lipid diet.
This is consistent with previous studies that have shown that increased levels of TG are
a hallmark of hyperlipidemia [46]. Furthermore, the decrease in TG levels observed over
time in our study may be due to the adaptation of the liver to the high-lipid diet or to the
natural regulation of lipid metabolism in the liver.

Our study revealed that high-lipid diets can induce hyperlipidemia in rats, which is
characterized by elevated levels of triglycerides (TG) and cholesterol. Our findings suggest
that the increase in TG levels is closely related to the development of hyperlipidemia
induced by a high-lipid diet, consistent with previous studies. Through MSI analysis, we
identified differential metabolites in liver tissue and found that the changes in metabolites
were time-dependent. The volcanic diagram and Venn and correlation analysis revealed
that TG (14:0/14:0/16:0) may play a key role in the development of hyperlipidemia. In-
terestingly, we observed a downward trend in TG levels over time, which could be due
to the liver’s adaptation to the high-lipid diet or natural regulation of lipid metabolism.
Our study highlights the potential of MSI as a powerful tool for in situ metabolite analysis
in liver tissue, providing more comprehensive and accurate information than traditional
metabolomics studies. Overall, our results provide new insights into the underlying mech-
anisms of hyperlipidemia and suggest potential strategies for its prevention and treatment.
Further research is needed to confirm these findings and explore the clinical applications of
MSI in the diagnosis and treatment of hyperlipidemia and related metabolic disorders.

5. Conclusions

The results of our study have significant implications for understanding the devel-
opment and progression of hyperlipidemia. Our study used a high-lipid animal model
by feeding rats with a high-lipid diet, which is a relevant model for understanding the
mechanisms underlying the development of hyperlipidemia. By monitoring TG levels in
the model, we found that the initial increase in TG levels was followed by a decrease, a
novel finding that may have important implications for the use of TG as a biomarker of
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hyperlipidemia. We used MSI in this study to examine the distribution and differences of
metabolites in different tissues and different sites of the same tissue, revealing changes that
would not have been detected using previous metabolomics methods. Our results identified
TG (14:0/14:0/16:0) as a main metabolite closely related to high fat and hyperlipidemia,
reflecting the occurrence of hyperlipidemia. This finding provides new insights into the
metabolic changes that occur in hyperlipidemia and may help to identify new therapeutic
targets for the condition. In conclusion, our study provides important implications for
understanding the mechanisms underlying hyperlipidemia and for the development of
new treatments for this condition. The use of MSI in this study demonstrated its potential
as a powerful tool for the study of metabolomics and the identification of biomarkers in
situ. These results provide a valuable basis for future research into the pathophysiology of
hyperlipidemia and the identification of new therapeutic targets for this condition.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/metabo13030411/s1, Figure S1: TCHO, HDL and LDL
content in rat serum. Green lines and columns are present Control, red lines and columns are present
HL; Table S1: 16 identified metabolites in the Venn diagram (Figure 7A).

Author Contributions: Conceptualization, Q.Z. and H.N.; experiment conduction, sample collec-
tion, and data collection, H.M., Y.L., X.X. and J.Z.; data curation, H.M., S.D. and W.W.; ANALY-
SIS and interpretation of data, H.M., W.W. and Y.H.; methodology, H.M. and H.N.; visualization,
W.W., Y.H. and X.X.; investigation, Q.Z. and H.N.; writing—original draft, H.M., W.W. and H.N.;
writing—review and editing, Q.Z. and H.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by the National Key Research & Development Program of China
(No. 2022YFA1103602) and the National Financial Projects: Assessment and application of nutrients
requirement and food environment for Chinese residents (No. 131031107000210003).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of National Institute for Nutrition and Health. (NHPF07-41-01, 18 August 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the main article and
the Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

HDL-C High-density lipoprotein cholesterol
H&E Hematoxylin and eosin
HFD High-fat diet
HL High-lipid or high-fat
LDL-C Low-density lipoprotein cholesterol
MSI Mass spectrometry imaging
PA Phosphatidic acids
PG Phosphatidylglycerols
PLS-DA Partial least squares discriminant analysis
SE Standard error
SM Sphingomyelins
SPF Specific pathogen-free
TC Total cholesterol
TG Triglyceride
VIP Variable importance in the projection

https://www.mdpi.com/article/10.3390/metabo13030411/s1


Metabolites 2023, 13, 411 13 of 14

References
1. Goldberg, I.J. Diabetic Dyslipidemia: Causes and Consequences. J. Clin. Endocrinol. Metab. 2001, 86, 965–971. [CrossRef]

[PubMed]
2. Russell, J.C.; Proctor, S.D. Small Animal Models of Cardiovascular Disease: Tools for the Study of the Roles of Metabolic

Syndrome, Dyslipidemia, and Atherosclerosis. Cardiovasc. Pathol. 2006, 15, 318–330. [CrossRef] [PubMed]
3. Jain, K.S.; Kathiravan, M.K.; Somani, R.S.; Shishoo, C.J. The Biology and Chemistry of Hyperlipidemia. Bioorg. Med. Chem. 2007,

15, 4674–4699. [CrossRef] [PubMed]
4. Nelson, R.H. Hyperlipidemia as a Risk Factor for Cardiovascular Disease. Prim. Care-Clin. Off. Pract. 2013, 40, 195–211. [CrossRef]
5. Sudhakaran, S.; Bottiglieri, T.; Tecson, K.M.; Kluger, A.Y.; McCullough, P.A. Alteration of Lipid Metabolism in Chronic Kidney

Disease, the Role of Novel Antihyperlipidemic Agents, and Future Directions. Rev. Cardiovasc. Med. 2018, 19, 77–88. [CrossRef]
6. Babirak, S.P.; Brown, B.G.; Brunzell, J.D. Familial Combined Hyperlipidemia and Abnormal Lipoprotein Lipase. Arterioscler.

Thromb. 1992, 12, 1176–1183. [CrossRef]
7. Beaumont, J.L.; Carlson, L.A.; Cooper, G.R.; Fejfar, Z.; Fredrickson, D.S.; Strasser, T. Classification of Hyperlipidaemias and

Hyperlipoproteinaemias. Bull. World Health Organ. 1970, 43, 891–915.
8. Johnston, T.P.; Korolenko, T.A.; Sahebkar, A. P-407-Induced Mouse Model of Dose-Controlled Hyperlipidemia and Atherosclerosis:

25 Years Later. J. Cardiovasc. Pharmacol. 2017, 70, 339–352. [CrossRef]
9. Li, X.; Liu, Y.; Zhang, H.; Ren, L.; Li, Q.; Li, N. Animal Models for the Atherosclerosis Research: A Review. Protein Cell 2011, 2,

189–201. [CrossRef]
10. Miao, H.; Chen, H.; Pei, S.; Bai, X.; Vaziri, N.D.; Zhao, Y.Y. Plasma Lipidomics Reveal Profound Perturbation of Glycerophospho-

lipids, Fatty Acids, and Sphingolipids in Diet-Induced Hyperlipidemia. Chem. Biol. Interact. 2015, 228, 79–87. [CrossRef]
11. Miao, H.; Zhao, Y.H.; Vaziri, N.D.; Tang, D.D.; Chen, H.; Chen, H.; Khazaeli, M.; Tarbiat-Boldaji, M.; Hatami, L.; Zhao, Y.Y.

Lipidomics Biomarkers of Diet-Induced Hyperlipidemia and Its Treatment with Poria Cocos. J. Agric. Food Chem. 2016, 64,
969–979. [CrossRef]

12. Bozkurt, B.; Aguilar, D.; Deswal, A.; Dunbar, S.B.; Francis, G.S.; Horwich, T.; Jessup, M.; Kosiborod, M.; Pritchett, A.M.;
Ramasubbu, K.; et al. Contributory Risk and Management of Comorbidities of Hypertension, Obesity, Diabetes Mellitus,
Hyperlipidemia, and Metabolic Syndrome in Chronic Heart Failure: A Scientific Statement from the American Heart Association.
Circulation 2016, 134, e535–e578. [CrossRef]

13. Yang, W.; Shi, H.; Zhang, J.; Shen, Z.; Zhou, G.; Hu, M. Effects of the Duration of Hyperlipidemia on Cerebral Lipids, Vessels and
Neurons in Rats. Lipids Health Dis. 2017, 16, 26. [CrossRef]

14. Heeren, J.; Scheja, L. Metabolic-Associated Fatty Liver Disease and Lipoprotein Metabolism. Mol. Metab. 2021, 50, 101238.
[CrossRef]

15. Kucera, O.; Cervinkova, Z. Experimental Models of Non-Alcoholic Fatty Liver Disease in Rats. World J. Gastroenterol. 2014, 20,
8364–8376. [CrossRef]

16. Zhang, Q.; Fan, X.; Ye, R.; Hu, Y.; Zheng, T.; Shi, R.; Cheng, W.; Lv, X.; Chen, L.; Liang, P. The Effect of Simvastatin on Gut
Microbiota and Lipid Metabolism in Hyperlipidemic Rats Induced by a High-Fat Diet. Front. Pharmacol. 2020, 11, 522. [CrossRef]

17. Ge, S.; Liao, C.; Su, D.; Mula, T.; Gegen, Z.; Li, Z.; Tu, Y. Wuwei Qingzhuo San Ameliorates Hyperlipidemia in Mice Fed With
HFD by Regulating Metabolomics and Intestinal Flora Composition. Front. Pharmacol. 2022, 13, 842671. [CrossRef]

18. Wei, X.; Jia, X.; Liu, R.; Zhang, S.; Liu, S.; An, J.; Zhou, L.; Zhang, Y.; Mo, Y.; Li, X. Metabolic Pathway Analysis of Hyperuricaemia
Patients with Hyperlipidaemia Based on High-Throughput Mass Spectrometry: A Case-Control Study. Lipids Health Dis. 2022,
21, 151. [CrossRef]

19. Chen, H.; Miao, H.; Feng, Y.L.; Zhao, Y.Y.; Lin, R.C. Metabolomics in Dyslipidemia, 1st ed.; Elsevier Inc.: Amsterdam, The
Netherlands, 2014; Volume 66, ISBN 9780128014011.

20. Siemianowicz, K. Laboratory Diagnosis of Lipid Imbalance. Wiad. Lek. 1996, 49, 159–165.
21. García-Heredia, A.; Kensicki, E.; Mohney, R.P.; Rull, A.; Triguero, I.; Marsillach, J.; Tormos, C.; MacKness, B.; MacKness, M.;

Shih, D.M.; et al. Paraoxonase-1 Deficiency Is Associated with Severe Liver Steatosis in Mice Fed a High-Fat High-Cholesterol
Diet: A Metabolomic Approach. J. Proteome Res. 2013, 12, 1946–1955. [CrossRef]

22. Sun, J.H.; Liu, X.; Cong, L.X.; Li, H.; Zhang, C.Y.; Chen, J.G.; Wang, C.M. Metabolomics Study of the Therapeutic Mechanism of
Schisandra Chinensis Lignans in Diet-Induced Hyperlipidemia Mice. Lipids Health Dis. 2017, 16, 145. [CrossRef] [PubMed]

23. Chen, H.; Yuan, B.; Miao, H.; Tan, Y.; Bai, X.; Zhao, Y.Y.; Wang, Y. Urine Metabolomics Reveals New Insights into Hyperlipidemia
and the Therapeutic Effect of Rhubarb. Anal. Methods 2015, 7, 3113–3123. [CrossRef]

24. Jiang, C.-Y.; Yang, K.-M.; Yang, L.; Miao, Z.-X.; Wang, Y.-H.; Zhu, H.-B. A 1H NMR-Based Metabonomic Investigation of
Time-Related Metabolic Trajectories of the Plasma, Urine and Liver Extracts of Hyperlipidemic Hamsters. PLoS ONE 2013,
8, e0066786. [CrossRef]

25. Amstalden van Hove, E.R.; Smith, D.F.; Heeren, R.M.A. A Concise Review of Mass Spectrometry Imaging. J. Chromatogr. A 2010,
1217, 3946–3954. [CrossRef] [PubMed]

26. Spengler, B. Mass Spectrometry Imaging of Biomolecular Information. Anal. Chem. 2015, 87, 64–82. [CrossRef]
27. Miura, D.; Fujimura, Y.; Wariishi, H. In Situ Metabolomic Mass Spectrometry Imaging: Recent Advances and Difficulties.

J. Proteom. 2012, 75, 5052–5060. [CrossRef]
28. Greer, T.; Sturm, R.; Li, L. Mass Spectrometry Imaging for Drugs and Metabolites. J. Proteom. 2011, 74, 2617–2631. [CrossRef]

http://doi.org/10.1210/jcem.86.3.7304
http://www.ncbi.nlm.nih.gov/pubmed/11238470
http://doi.org/10.1016/j.carpath.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17113010
http://doi.org/10.1016/j.bmc.2007.04.031
http://www.ncbi.nlm.nih.gov/pubmed/17521912
http://doi.org/10.1016/j.pop.2012.11.003
http://doi.org/10.31083/j.rcm.2018.03.908
http://doi.org/10.1161/01.ATV.12.10.1176
http://doi.org/10.1097/FJC.0000000000000522
http://doi.org/10.1007/s13238-011-1016-3
http://doi.org/10.1016/j.cbi.2015.01.023
http://doi.org/10.1021/acs.jafc.5b05350
http://doi.org/10.1161/CIR.0000000000000450
http://doi.org/10.1186/s12944-016-0401-6
http://doi.org/10.1016/j.molmet.2021.101238
http://doi.org/10.3748/wjg.v20.i26.8364
http://doi.org/10.3389/fphar.2020.00522
http://doi.org/10.3389/fphar.2022.842671
http://doi.org/10.1186/s12944-022-01765-0
http://doi.org/10.1021/pr400050u
http://doi.org/10.1186/s12944-017-0533-3
http://www.ncbi.nlm.nih.gov/pubmed/28764799
http://doi.org/10.1039/C5AY00023H
http://doi.org/10.1371/journal.pone.0066786
http://doi.org/10.1016/j.chroma.2010.01.033
http://www.ncbi.nlm.nih.gov/pubmed/20223463
http://doi.org/10.1021/ac504543v
http://doi.org/10.1016/j.jprot.2012.02.011
http://doi.org/10.1016/j.jprot.2011.03.032


Metabolites 2023, 13, 411 14 of 14

29. Buchberger, A.R.; DeLaney, K.; Johnson, J.; Li, L. Mass Spectrometry Imaging: A Review of Emerging Advancements and Future
Insights. Anal. Chem. 2018, 90, 240–265. [CrossRef]

30. Xia, H.; Tang, H.; Wang, F.; Yang, X.; Wang, Z.; Liu, H.; Pan, D.; Yang, C.; Wang, S.; Sun, G. An Untargeted Metabolomics
Approach Reveals Further Insights of Lycium Barbarum Polysaccharides in High Fat Diet and Streptozotocin-Induced Diabetic
Rats. Food Res. Int. 2019, 116, 20–29. [CrossRef]

31. Kim, H.J.; Kim, J.H.; Noh, S.; Hur, H.J.; Sung, M.J.; Hwang, J.T.; Park, J.H.; Yang, H.J.; Kim, M.S.; Kwon, D.Y.; et al. Metabolomic
Analysis of Livers and Serum from High-Fat Diet Induced Obese Mice. J. Proteome Res. 2011, 10, 722–731. [CrossRef]

32. Kampa, J.M.; Sahin, M.; Slopianka, M.; Giampà, M.; Bednarz, H.; Ernst, R.; Riefke, B.; Niehaus, K.; Fatangare, A. Mass
Spectrometry Imaging Reveals Lipid Upregulation and Bile Acid Changes Indicating Amitriptyline Induced Steatosis in a Rat
Model. Toxicol. Lett. 2020, 325, 43–50. [CrossRef]

33. Li, S.; Park, Y.; Duraisingham, S.; Strobel, F.H.; Khan, N.; Soltow, Q.A.; Jones, D.P.; Pulendran, B. Predicting Network Activity
from High Throughput Metabolomics. PLoS Comput. Biol. 2013, 9, e1003123. [CrossRef]

34. McInnes, L.; Healy, J.; Melville, J. UMAP: Uniform Manifold Approximation and Projection for Dimension Reduction. arXiv 2018,
arXiv:1802.03426.

35. Smets, T.; Verbeeck, N.; Claesen, M.; Asperger, A.; Griffioen, G.; Tousseyn, T.; Waelput, W.; Waelkens, E.; de Moor, B. Evaluation of
Distance Metrics and Spatial Autocorrelation in Uniform Manifold Approximation and Projection Applied to Mass Spectrometry
Imaging Data. Anal. Chem. 2019, 91, 5706–5714. [CrossRef]

36. Hu, H.; Yin, R.; Brown, H.M.; Laskin, J. Spatial Segmentation of Mass Spectrometry Imaging Data by Combining Multivariate
Clustering and Univariate Thresholding. Anal. Chem. 2021, 93, 3477–3485. [CrossRef]

37. Smets, T.; Waelkens, E.; de Moor, B. Prioritization of m/z-Values in Mass Spectrometry Imaging Profiles Obtained Using Uniform
Manifold Approximation and Projection for Dimensionality Reduction. Anal. Chem. 2020, 92, 5240–5248. [CrossRef]

38. Wang, G.; Heijs, B.; Kostidis, S.; Mahfouz, A.; Rietjens, R.G.J.; Bijkerk, R.; Koudijs, A.; van der Pluijm, L.A.K.; van den Berg,
C.W.; Dumas, S.J.; et al. Analyzing Cell-Type-Specific Dynamics of Metabolism in Kidney Repair. Nat. Metab. 2022, 4, 1109–1118.
[CrossRef]

39. Alves-Bezerra, M.; Cohen, D.E. Triglyceride Metabolism in the Liver. Compr. Physiol. 2018, 8, 1–22. [CrossRef]
40. Han, X.; Ye, H. Overview of Lipidomic Analysis of Triglyceride Molecular Species in Biological Lipid Extracts. J. Agric. Food Chem.

2021, 69, 8895–8909. [CrossRef]
41. Maruyama, C.; Imamura, K.; Teramoto, T. Assessment of LDL Particle Size by Triglyceride/HDL-Cholesterol Ratio in Non-

Diabetic, Healthy Subjects without Prominent Hyperlipidemia. J. Atheroscler. Thromb. Orig. Artic. 2003, 10, 186–191. [CrossRef]
42. Tirosh, A.; Shai, I.; Bitzur, R.; Kochba, I.; Tekes-Manova, D.; Israeli, E.; Shochat, T.; Rudich, A. Changes in Triglyceride Levels over

Time and Risk of Type 2 Diabetes in Young Men. Diabetes Care 2008, 31, 2032–2037. [CrossRef] [PubMed]
43. Czech, M.P.; Tencerova, M.; Pedersen, D.J.; Aouadi, M. Insulin Signalling Mechanisms for Triacylglycerol Storage. Diabetologia

2013, 56, 949–964. [CrossRef] [PubMed]
44. Zhao, J.; Zhang, Y.; Wei, F.; Song, J.; Cao, Z.; Chen, C.; Zhang, K.; Feng, S.; Wang, Y.; Li, W.D. Triglyceride Is an Independent

Predictor of Type 2 Diabetes among Middle-Aged and Older Adults: A Prospective Study with 8-Year Follow-Ups in Two Cohorts.
J. Transl. Med. 2019, 17, 403. [CrossRef] [PubMed]

45. Yu, Z.; Wang, N.; Ahn, D.U.; Ma, M. Long Term Egg Yolk Consumption Alters Lipid Metabolism and Attenuates Hyperlipidemia
in Mice Fed a High-Fat Diet Based on Lipidomics Analysis. Eur. J. Lipid Sci. Technol. 2019, 121, 1800496. [CrossRef]

46. Sacks, F.M.; Bray, G.A.; Carey, V.J.; Smith, S.R.; Ryan, D.H.; Anton, S.D.; Mcmanus, K.; Champagne, C.M.; Bishop, L.M.; Laranjo,
N.; et al. Comparison of Weight-Loss Diets with Different Compositions of Fat, Protein, and Carbohydrates. N. Engl. J. Med. 2009,
360, 859–873. [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.

http://doi.org/10.1021/acs.analchem.7b04733
http://doi.org/10.1016/j.foodres.2018.12.043
http://doi.org/10.1021/pr100892r
http://doi.org/10.1016/j.toxlet.2020.02.007
http://doi.org/10.1371/journal.pcbi.1003123
http://doi.org/10.1021/acs.analchem.8b05827
http://doi.org/10.1021/acs.analchem.0c04798
http://doi.org/10.1021/acs.analchem.9b05764
http://doi.org/10.1038/s42255-022-00615-8
http://doi.org/10.1002/cphy.c170012
http://doi.org/10.1021/acs.jafc.0c07175
http://doi.org/10.5551/jat.10.186
http://doi.org/10.2337/dc08-0825
http://www.ncbi.nlm.nih.gov/pubmed/18591400
http://doi.org/10.1007/s00125-013-2869-1
http://www.ncbi.nlm.nih.gov/pubmed/23443243
http://doi.org/10.1186/s12967-019-02156-3
http://www.ncbi.nlm.nih.gov/pubmed/31801571
http://doi.org/10.1002/ejlt.201800496
http://doi.org/10.1056/NEJMoa0804748

	Introduction 
	Materials and Methods 
	Rat Model and Biochemistry Measurement 
	Liver Tissues Stained with Hematoxylin and Eosin (H&E) 
	Mass Spectrometry Imaging (MSI) 
	Data Processing and Drawing 

	Results 
	Pathological Results of Control and High-Lipid Models (HL) 
	Changes of Body Weight and Blood TG Content with Time in Rats 
	Photo of MSI and Mass Spectrum in Liver Tissues 
	PLS-DA Analysis 
	Differential Metabolites 
	MSI of Differential Metabolites 
	Correlation Analysis between TG and Differential Metabolites 

	Discussion 
	Conclusions 
	References

