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Non-alcoholic fatty liver disease develops from simple steatosis to non-alcoholic
steatohepatitis (NASH), which then potentially develops into liver cirrhosis. It is a
serious threat to human health. Therefore, investigating the formation and development
mechanism of non-alcoholic fatty liver disease (NAFLD) is of great significance. Herein,
an early model of NAFLD was successfully established by feeding rats with a high-fat
and choline-deficient diet. Liver tissue samples were obtained from rats in the fatty liver
model group (NAFL) and normal diet control group (CON). Afterward, transcriptome and
lipidomic analysis was performed. Transcriptome results revealed that 178 differentially
expressed genes were detected in NAFL and CON groups. Out of which, 105 genes
were up-regulated, 73 genes were downregulated, and 8 pathways were significantly
enriched. A total of 982 metabolites were detected in lipidomic analysis. Out of which 474
metabolites were significantly different, 273 were up-regulated, 201 were downregulated,
and 7 pathways were significantly enriched. Based on the joint analysis, 3 common
enrichment pathways were found, including cholesterol metabolism and fat digestion and
absorption metabolic pathways. Overall, in the early stage of NAFLD, a small number of
genetic changes caused a strong response to lipid components. The strongest reflection
was glycerides and glycerophospholipids. A significant increase in fatty acid uptake
accompanied by cholesterol metabolism is the most prominent metabolic feature of the
liver in the early stage of NAFLD. In the early stage of fatty liver, the liver had shown the
characteristics of NASH.

Keywords: non-alcoholic fatty liver disease, rats, lipidomic, transcriptomic, fatty acids

INTRODUCTION

Non-alcoholic fatty liver disease is one of the most common chronic liver diseases (1), one
fourth of the global population is estimated to have it (2). Non-alcoholic fatty liver disease
(NAFLD) is generally divided into simple steatosis (NAFL) and non-alcoholic steatohepatitis
(NASH) (generally developed from NAFL) (3, 4), which may lead to liver cirrhosis, hepatic
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failure and hepatocellular carcinoma (5, 6). NAFLD is already
the fastest growing cause of hepatocellular carcinoma in many
countries (2). Urgent measures that understand the occurrence
of NAFLD are necessary. The study focused on the early stage
of NAFLD because it is important to know what happens in the
liver when NAFLD occurs. Through a combined transcriptomic
and lipidomic analysis of liver tissue, the occurrence of NAFLD
can be better understood.

Lipid accumulation in hepatocytes is the initial and pre-
requisite step in the development of NAFLD (7-9). The causes
of lipid deposition in hepatocytes are divided into the following
points: (a) increased sources of fatty acids (FAs), excessive entry
of FAs from diet or adipose tissue into the liver, and/or increased
de novo lipogenesis (DNL), (b) reduced lipid consumption,
reduced fat oxidation and/or reduced output of triglycerides
(TGs) in the form of very-low-density lipoproteins (4, 10).
Based on the two-hit hypotheses, the first hit originates from an
accumulation of more than 5% hepatic steatosis, during which
insulin resistance becomes a pathogenic factor, which increases
the vulnerability of the liver to a second hit and develops
into NASH (11). In the theory of multiple-hit hypotheses,
insulin resistance is also considered a vital factor causing further
development of NAFLD (12). Recent studies indicate that FAs
patterns and phospholipid composition of liver samples from
patients with NAFLD have significantly been altered (13). It
is also believed that lipid metabolism disorder regulates the
occurrence and development of NAFLD. Additionally, regardless
of the hit source, the response of the liver to extrahepatic
stimulation is modulated by transcriptional regulation (14).
Therefore, the joint lipidomic and transcriptomic analysis of
NAFL accurately reflects its actual situation.

High-fat diet, western diet, methionine- and choline-deficient
diet, choline-deficient and L-amino acid-deficient diet, etc. are
the common diet-induced models (14). Choline deficiency and
high-fat diets have a satisfactory impact on the induction of the
NAFLD model. Thus, the study combined choline deficiency
and a high-fat diet to trigger early fatty liver models in rats
(14). In addition, to explain NAFL occurrence, lipidomic and
transcriptomic analyses of the rat liver were conducted.

MATERIALS AND METHODS

Animals and Diets

The Animal Welfare and Health Committee of Shandong
Agricultural University approved the animal housing and
handling procedures. The experiment used 14 8-week-old male
Sprague-Dawley rats fed with a standard diet with 1 week of
acclimatization. The rats were later randomly assigned into the
study (NAFL group, n = 8) and control groups (CON group, n
= 6). The CON group were fed with a normal diet (i.e., 4.3%
fat, 10% kcal from fat, 70% kcal from carbohydrate, 20% kcal
from protein, D12450B), whereas the NAFL group was supplied
with a high-fat diet, without choline (i.e., 23.7% fat, 44.9% kcal
from fat, 35.1% kcal from carbohydrate, 20% kcal from protein,
D05010402). This was continued for 44 days to establish the
NAFLD model. The rats had an unlimited supply of food and
water and were kept in a room with suitable temperature (22 £

1°C), humidity (50-60%), and a 12-h light/dark cycle. The two
diets were all purchased from Jiangsu Xietong Bio-engineering
Co. Ltd. (Jiangsu, China).

Sample Collection

After one night of fasting (44th day), all rats were sacrificed
between the hours of 08:30 and 10:00. The parts of liver samples
(middle lobe) were snap-frozen in liquid nitrogen and stored at
—80°C for omics analysis and the making of frozen slices. Other
parts of liver samples were fixed overnight in 4% formaldehyde
for paraffin embedding. The blood samples were collected from
the abdominal venous and placed in the tubes with sodium citrate
(3.8%), centrifuged at 1,500 x g for 10 min to isolate serum and
stored at —20°C.

Serum Metabolites and Hormone

An automatic biochemical analyzer (type 7020; Hitachi;
Tokyo; Japan) was used to measure the serum albumin (ALB),
low-density lipoprotein (LDL), alkaline phosphatase (ALP),
alanine transferase (ALT), aspartate transferase (AST), lactate
dehydrogenase (LDH), high-density lipoprotein (HDL), and
glucose (GLU) with commercially available kits (Maccura
Biotechnology Co. Ltd., Sichuan, China). Serum total cholesterol
(TCHO), triglyceride (TG), non-esterified FAs (NEFA) were
measured using kits from Nanjing Jiancheng Bioengineering
Institute  (Cat.#A111-1-1, Cat.#A042-2-1, Cat.#A110-1-1,
respectively). Moreover, insulin, growth hormone, and
glucagon concentrations were determined by kits from
AngleGene (ie, Cat#ANG-E21417M, Cat.#ANG-E21639M,
and Cat.#ANG-E21597M).

Histological Examination

Paraffinized liver sections were stained using hematoxylin and
eosin (H&E). The H&E staining was used to calculate the
steatosis, activity, and fibrosis (SAF) score to confirm the state
of the fatty liver (15). The frozen liver sections were stained with
Oil Red O for hepatic lipid accumulation analysis.

RNA Extraction and Transcriptomic

Analysis

Liver RNA was extracted using Trizol (Life Technologies) and
quantified using a fluorometric (Qubit 2.0, Thermo Fisher). The
integrity of RNA was detected using Agilent 2100 bioanalyzer.
Construction of the cDNA and sequencing were performed in
Wuhan Metware Biotechnology Co., Ltd (Wuhan, China). The
RT-qPCR of some genes was performed to confirm the reliability
of RNA-seq data (Figure 1).

Un-Targeted Lipidomic Analysis

Lipidomic analysis was performed using the LC-MS by Wuhan
Metware Biotechnology Co., Ltd. (Wuhan, China). For lipid
extraction, the liquid-liquid methyl tert-butyl ether (MTBE) lipid
extraction method was used (16). The samples were briefly
thawed on ice and the 20 mg samples were homogenized with a
1 ml mixture (including methanol, MTBE, and internal standard
mixture) and a steel ball. The steel ball was taken out then the
mixture was whirled for 15min. Exactly 200 pl of water was
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FIGURE 1 | Validation of genes expression through RT-gPCR (1 = 4). *Means p < 0.05, *means p < 0.01.
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added and the mixture was whirled for 1 min, then centrifuged
at 4°C with 12,000 rpm for 10 min. Then, 300 pl supernatant was
extracted and concentrated to powder. The powder was dissolved
with 200 l mobile phase B, then stored at —80°C for liquid
chromatography-mass spectrometry (LC-MS) analysis.

The dissolved powder were analyzed using a liquid
chromatography-electrospray  ionization-mass spectrometry
(LC-ESI-MS/MS) system (UPLC, ExionLC AD). The analytical
conditions included, UPLC: column, Thermo Accucore™ C30
(2.6 pm, 2.1 mm*100 mm); solvent system, A: acetonitrile/water
(60/40, V/V, 0.1% formic acid, 10 mmol/L ammonium formate),
and B: acetonitrile/isopropanol (10/90 V V/V, 0.1% formic acid,
10 mmol/L ammonium formate). The effluent was alternatively
connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-
MS. Linear ion trap (LIT) and triple quadrupole (QQQ) scans
were acquired on a triple quadrupole-linear ion trap mass
spectrometer (QTRAP) and QTRAP® LC-MS/MS System,
equipped with an ESI Turbo Ion-Spray interface, operating in a
positive and negative ion mode and controlled by Analyst 1.6.3
software (Sciex).

Statistical Analysis

The insulin resistance level of homeostatic model assessment
(HOMA-IR) (17, 18) was calculated for each rat using the
following equation:

HOMA — IR =
fasting blood glucose (mmol/L) x fasting insulin (mU/L)
22.5

The Principal Component Analysis (PCA), Pearson’s Correlation
Coeflicient, Partial Least Squares-Discriminant Analysis

(PLS-DA), and all other analyses were performed using R
software (3.5.0).

DESeq2 was used to analyze the differentially expressed genes,
Benjamini-Hochberg was used to control the False Discovery
Rate (FDR), and PLS-DA was used to analyze the differentially
expressed metabolites.

The principle for the selection of the differentially expressed
genes is as follows,

|log>Fold Change| >1, and False Discovery Rate (FDR) < 0.05.

The principle for the selection of the differentially expressed
metabolites is as follows,

fold change >2 or <0.5 and variable importance in projection
(VIP) >1.

The number of rats for lipidomic: NAFL group was eight while
CON group was six. For transcriptomic: both groups were of five
which were randomly selected from the rats in each group. Other
detections were the same as the lipidomic.

RESULTS

The SAF Score of the NAFLD Model

The H&E and Oil-red-O staining were performed in both NAFL
and CON groups (Figure 2) to determine the establishment of
fatty liver model. Based on the scoring rules of SAF scores
(15), the liver of the two groups did not reveal any Lobular
inflammation. Thus, the rats in this experiment did not have a
NASH. The rats in the NAFL group showed 5-33% of hepatocytes
with large and medium-sized intracytoplasmic lipid droplets
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staining; (D) CON Qil-red-O staining.

FIGURE 2 | The H&E and Oil-red-O staining. (A) Non-alcoholic fatty liver (NAFL) group H&E staining; (B) control (CON) group H&E staining; (C) NAFL group Oil-red-O

without the presence of enlarged hepatocyte of normal cells, no
signs of fibrosis and inflammation. Therefore, the rats in the
NAFL group had mild NAFLD, which was at the early stage of
non-alcoholic fatty liver disease.

Changes of Serum Metabolites and

Hormones in Liver Steatosis Rats

The early stage of NAFLD rats showed higher serum
concentration of NEFA (p = 0.0015), TG (p = 0.041), LDL
(p = 0.0029), TCHO (p = 0.066), ALP (p = 0.0059), Insulin
(p = 0.017), and glucagon (p = 0.026). However, those of the
growth hormones (p = 0.012) and IGF-1 (p = 0.022) were lower.
As for the GLU, HDL, ALB, AST, ALT, and LDH, no significant
differences were noted between the NAFL group and the CON
group. After calculating the HOMA-IR, the results of the NAFL
group were significantly higher than that of the CON group,
hence the insulin resistance level was higher (Table 1).

Fewer Genetic Changes Caused Huge
Changes in Lipids

The study conducted the transcriptomic and lipidomic analyses
of the two groups of rats to investigate the expression
differences of mRNA and lipids between the two groups.
Transcriptome results showed that only 178 differentially
expressed genes were detected between the NAFL group and
CON group. Out of which 105 were up-regulated and 73
downregulated (Figures 3A,B). A correlation test on each sample
was further conducted to evaluate the correlation between
biological repeats and the differences between treatments
(Figure 3C). Consequently, a high correlation was found
between biological repeats within the group. However, the
treatment did not show a significant difference between
the two groups. The Principal Component Analysis (PCA)
results showed similar results (Figure3D); the NAFL and
CON group could not effectively separate. Therefore, it
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TABLE 1 | Biochemical analysis of serum.

Index NAFL CON SEM P-value
NEFA, mmol/L 0.41 0.29 0.02 0.0015
LDL, mmol/L 0.32 0.22 0.02 0.0029
ALP, U/L 464.75 27717 39.61 0.0059
Growth hormone, ng/L 64.33 71.52 2.01 0.0120
Insulin, mU/L 5.37 3.84 0.39 0.0170
IGF-1, mg/L 2.62 3.17 0.15 0.0220
Glucagon, ng/L 41.76 35.84 1.65 0.0260
TG, mmol/L 1.59 1.17 0.13 0.0410
TCHO, mmol/L 2.82 2.23 0.21 0.0660
GLU, mmol/L 8.86 8.46 0.34 0.4100
HDL, mmol/L 1.49 1.33 0.14 0.4297
ALB, g/L 21.81 22.25 0.41 0.4600
AST, U/L 137.88 1568.00 21.29 0.5200
ALT, U/L 43.50 41.83 2.86 0.6900
LDH, U/L 1197.63 1179.83 233.80 0.9600
HOMA-IR 2.23 1.44 0.17 0.0075

p-value is from T-test by R (3.5.0). p-value < 0.05 means statistically significant.

was thought that the treatment caused a mild reaction to
the transcriptome.

A total of 982 metabolites were detected in the lipidomic
analysis. Significant differences were noted in 474 metabolites
between the NAFL group and CON group, out of which
273 were up-regulated and 201 down-regulated (Figures 3A,E).
Nearly half of the lipids showed significant differences. The
correlation test showed a high correlation within the biological
repeats. Nevertheless, there was a significant distinction between
the two groups (Figure 3F). The two groups could also be
well-separated in the PCA diagram (Figure 3G), suggesting
significant differences between the two groups; PLS-DA diagram
(Figure 3H) showed similar results.

The Most Prominent Characteristics of
Transcriptomic and Lipidomic Analysis in

the Early Stage of Fatty Liver

To learn more about the occurrence of NAFLD, the top 10
components with the most significant expression differences
were analyzed between the NAFL group and CON group in the
transcriptome (Table 2). Among the top 10 genes with significant
expression differences, 6 were up-regulated, namely, Fam179a [1,
Differential ranking (DR)], RGD1562392 (5, DR), Cyp3a62 (6,
DR), Cyp7b1 (7, DR), Slc16a10 (8, DR), and Ptprn (10, DR), while
4 were down-regulated, namely, Prkcdbp (2, DR), Fabp5 (3, DR),
Enpep (4, DR), Lhx8 (9, DR).

For lipidomic analysis, the differentially expressed metabolites
were screened out and the lipids were sorted based on the
VIP value; the higher the VIP value, the more significant the
difference. The top 10 lipids with the highest VIP value were
all TGs (18 of the top 20 lipids were all TGs), and only the
11th and 16th were phosphatidylinositol (PI) and cholesterol
esters (CE), respectively (Figure 4A). A total of 19 types of lipids
(secondary classification) were detected and sorted based on the

proportion of differentially expressed metabolites. The two most
common types were TG (45%) and phosphatidylcholine (PC,
14%). Among all the metabolites detected, 287 types of TGs were
detected, whereas 216 TGs were significantly different from those
of the control group, out of which 209 were up-regulated and 7
were downregulated (Figure 4B).

Characteristics of Each Classification of

Liposome

A total of five types of lipids (primary classification) were
detected. They included glycerol phospholipids (GP), glycerol
lipids, sphingolipids, fatty acyl lipids, and isopentenol lipids.
They were divided into several secondary classification lipids
under each primary classification. For all the lipids detected,
48.27% of them in the NAFL group were significantly different
from those in the CON group. Interestingly, 42.51% GP in
the NAFL group significantly changed compared to that of the
CON group. Ninety-seven-point seventy-eight percent (97.78%)
of the lipids in these changes were downregulated and only
four lipids were up-regulated including LPG (18:0/0:0), PI (19:0-
20:4), PG (18:0-16:0), and PG (18:1-20:4). In contrast with the
downregulation of most GP, 65.60% (246 species) of glycerides
and 29.52% (31 species) of sphingolipids were significantly
different, out of which 94.72% and 96.77% were up-regulated,
respectively. Among the downregulated glycerides, there were
seven types of TGs and six types of diglycerides (DGs). However,
Cer (d18:1/14:0) was the only downregulated sphingolipid. Acyl
carnitine (CAR), Non-esterified fatty acid (FFA), Bile acid (BA),
and eicosanoids were classified as fatty acyl. Further, nine types
of BA and seven types of eicosanoids were detected, with no
significant difference. A total of 29 types of FFA were detected,
out of which only four were significantly different, notably, and
all of them were downregulated. A total of 40 types of CAR were
detected, out of which 13 were significantly different. Six were
significantly up-regulated and seven were downregulated. Only
three kinds of coenzyme Q were detected in isopentenol lipids,
and no significant difference was noticed between the two groups
(Figure 4B).

KEGG Enrichment Analysis of Differentially

Expressed Genes or Lipids

The KEGG function of differentially expressed genes was
annotated, then a hypergeometric test was used to analyze
the enrichment of the KEGG pathway of the differentially
expressed genes. The top 20 pathways in rich factor are listed
in Figure 5A, out of which only eight have a ¢ > 0.05, namely,
steroid hormone biosynthesis, fat digestion and absorption,
chemical carcinogenesis, retinol metabolism, bile secretion,
metabolism of xenobiotics by cytochrome P450, peroxisome
proliferator-activated receptor (PPAR) signaling pathway, and
cholesterol metabolism.

For the lipids, KEGG results were presented in five parts
(Figure 5B). In the part of Organismal Systems, five pathways
(vitamin digestion and absorption, thermogenesis, regulation
of lipolysis in adipocytes, fat digestion and absorption, and
cholesterol metabolism) enriched 53.7, 53.24, 50.69, 54.4, and
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TABLE 2 | The top 10 genes with the lowest p-value.

Gene Name 1092Fo1d Change padj

Fam179a 3.134 2.79 x 10719
Prkcdbp —1.057 6.51 x 10-1°
Fabp5 2121 5.55 x 10-17
Enpep —1.261 7.35 x 10717
RGD1562392 2.995 9.10 x 10716
Cyp3a62 1.836 1.90 x 10-15
Cyp7b1 2,638 5.04 x 10-15
Slc16a10 1.045 1.88 x 10714
Lhx8 —-2.13 7.69 x 10714
Ptprn 1.503 3.04 x 10712

Padj is the false discovery rate, used the method of Benjamini-Hochberg. Padj < 0.05
means statistically significant.

53.7% of the differentially expressed metabolites, respectively.
In the part of metabolism, two pathways (metabolic pathways,
glycerolipid metabolism) enriched 87.27 and 56.02% of the
differential expressed metabolites, respectively. In the part
of human diseases, the insulin resistance pathway enriched
52.31% of the differential expressed metabolites. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of differential expressed metabolites was subsequently

performed. The top 20 pathways in rich factor are listed in
Figure 5C, out of which only seven have a g > 0.05, namely,
cholesterol metabolism, vitamin digestion and absorption, fat
digestion and absorption, regulation of lipolysis in adipocytes,
insulin resistance, thermogenesis, and glycerolipid metabolism.

Joint Analysis of the Transcriptome and

Liposome
The organism regulates metabolism by targeting the expression
of genes (19). A joint analysis of transcriptome and liposome
was conducted to identify the reasons for the differences between
the two groups. First, O2PLS (two-way orthogonal partial least
squares) was used to analyze the differentially expressed genes
and metabolites. This was to identify the variables in one of the
genes or metabolites with the greatest impact on the results of
the other expressed by loading, in which the greater its absolute
value, the greater the influence. The top 10 genes with the
greatest impact on the results of the lipid group (Figure 6A) were
screened. They included Slc16a10 (up), DabI (up), Fabp5 (down),
Prkcdbp (down), Abca4 (up), Apof (up), Ptprn (up), Miip (down),
Plala (up), and Cyp3a2 (up). The four genes: Slc16al10, Fabp5,
Prkcdbp, and Ptprn, were among the top 10 genes with the most
significant differences.

Based on KEGG enrichment analysis of differentially
expressed genes and metabolites, the pathways of common
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TABLE 3 | Abbreviations used in the study.

Full name Abbreviation
Phosphatidylcholine PC
Phosphatidyl ethanolamine PE
Lysophosphatidylcholine LPC
Phosphatidylinositol PI
Lysophatidylethanolamine LPE
Phosphatidylserine PS
Phosphatidyl glycerol PG
Lysophatidylserine LPS
Phosphatidic acid PA
Lysophatidylglycerol LPG
Lysophatidylinositol LPI
Lysophosphatidic acid LPA
Triglyceride TG
Diglyceride DG
Monoglyceride MG
Ceramide Cer
Sphingomyelin SM
Choiesl CE
Glycosphingolipid HC
1-Phosphate ceramide CerP
Sphingosine SPH
Cholesterol Cho
Coenzyme Q CoQ
Acyl carnitine CAR
Non-esterified fatty acid FFA
Bile acid BA
Eicosanoid Eicosanoid

enrichment were screened including cholesterol metabolism,
fat digestion and absorption, as well as metabolic pathways
(Figure 6B). Therefore, changes in the absorption of lipids, the
metabolism of cholesterol, and the metabolic pathway are the
most prominent features in the early stage of NAFLD.

The Early Stage of Fatty Liver Has Shown a
Trend Toward NASH

Despite histological examination not showing any NASH
representation in the two groups of rats (Figure2), the
expression of some genes and lipids related to NASH and
fibrosis was explored to better understand NAFLD occurrence
and development. The data of transcriptome and liposome
of NAFL group showed some clues to the development of
NASH. There were significant differences in the expression
of some genes related to inflammation and fibrosis, namely,
Cxcl13 (up), Nfatc4 (up), Slit2 (up), and Apoa4 (down).
Furthermore, three kinds of lipids [DG (18:1-20:1), DG
(18:1-20:0), and DG (18:0-20:4)] with significant up-regulated
differences in expression were enriched in the NF-kB signaling
pathway. Therefore, it was believed that in the rat fatty
liver model, the early stage of fatty liver has shown a trend
toward NASH.

DISCUSSION

Non-alcoholic fatty liver disease is a common chronic liver
disease in China and western countries (17). Due to shortcomings
in sample collection when investigating NAFLD in humans, this
work used a rat fatty liver model. High-fat and choline-deficient
diets were used to induce fatty liver model in rats, similar
methods can reportedly induce NAFLD (14). By combining the
H&E staining and Oil Red O staining results in liver sections,
the rat early NAFLD model was successfully constructed. Many
studies reveal that NAFLD increases the FFA, TG, LDL, TCHO,
and ALP concentrations in the blood (20-24). The change
of these blood indices is one of the typical characteristics of
NAFLD. NAFLD is an excessive accumulation of lipids in the
liver. The most prominent feature of these lipids is TGs (25,
26). The data from the study demonstrated similar findings
in which about 72.82% of TGs were significantly up-regulated.
The up-regulation of TGs during the occurrence of NAFLD
is attributed to the synthesis rate of TGs (due to increased
FAs uptake in the liver and esterification to TGs, and the
DNL) in the liver exceeding the catabolic rate of TGs (which
depended on FAs oxidation and the TGs output in the form
of very-low-density lipoprotein) (10). Indeed, the synthesis and
secretion of TGs did increase during this process. However,
the output is insufficient to prevent steatosis (27). HOMA-IR
data indicated that the NAFL group harbors a stronger insulin
resistance than the CON group, and KEGG enrichment analysis
results of liposome data showed that the Insulin resistance (p
< 0.001) pathway was also significantly enriched. Studies have
demonstrated that insulin resistance increases the DNL process
in the liver (28). Nevertheless, the results of the study did not
show any evidence that the DNL process increased. The key
genes FASN (FAs synthase) and SCD (Stearoyl-CoA Desaturase)
in the DNL (29, 30) were significantly downregulated in the
findings. Strikingly, studies have shown that lower levels of
growth hormone during the occurrence of NAFLD promote
the DNL process in the liver (14, 31). In the study, growth
hormone significantly decreased in the NAFL group. Therefore, it
is believed that the DNL process was downregulated in the study.
In most studies like in the above discussion, the DNL process
increases in NAFLD but may decrease in the NAFLD model
induced by choline deficiency (32); moreover, the cause of this
phenomenon warrants additional investigations.

Fatty acids intake depends on plasma FAs availability and FAs
transport capacity (4). Several studies report that the content of
free FAs in plasma increases in patients with NAFLD (24, 33).
This is in line with the results. In this experiment, the availability
of FAs of the NAFL group can be guaranteed because of the high-
fat diet. The transport capacity of FAs also showed a significant
increase. In the rat model of hepatic steatosis, CD36 level was
positively correlated with TGs content in the liver (34). In
NAFLD patients, the CD36 protein increased (35). Liver FABPs
promotes the shuttle of FAs, and its expression is positively
correlated with NAFLD progress (36). Caveolins are a vital part
of caveolae (transfers the FA) (37). CD36, FABPs, and Caveolins
mediate the uptake of FA in Circulation on the Cell membrane
(3). Slc25a2 also regulates the uptake of circulating lipids (38).
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These findings demonstrate that the genes CD36, FABP2, Slc25a2,
and CAV2 in the NAFL group were significantly up-regulated
compared to the CON group. Thus, it is concluded that the
liver uptake of FA from blood was significantly increased in the
NAFL group, hence, the content of TGs in the liver increased.
However, the FABP5 of the NAFL group significantly decreased,
a phenomenon that seemingly occurs only in males (32), but the
reason behind this remains unknown. Noteworthy, not all TGs
and DGs in the NAFL group increased compared to the CON
group. Seven TGs and six DGs decreased, and the reasons behind
the decrease warrants further investigations.
Phosphatidylcholine is the most abundant phospholipid
in all mammalian cell types and subcellular organelles. In
rodents, about 30% of phosphatidylcholine (PC) biosynthesized
in the liver is derived from the phosphatidylethanolamine N-
methyltransferase (PEMT) pathway. The remaining 70% of PC
is generated by the CDP-choline pathway (39). That is, 70%
of PC originates from dietary choline, and a lower choline
diet lowers the PC levels in the liver (40). Notably, choline
lacked in the treatment, thus it is not difficult to explain the
decrease of PC content. This might also be the reason for the
accumulation of lipids in the liver caused by choline deficiency.
A choline-deficient diet causes liver steatosis in rodents and
humans, at least part of the reason is the decreased secretion of
very-low-density lipoprotein (39). Nonetheless, evidence shows
that a decrease in liver PC has been observed in human liver
steatosis without choline deficiency (33). Low PC level is possibly
attributed to other reasons other than the lack of choline.

Notably, phosphatidylethanolamine (PE) is the second most
abundant phospholipid in a mammalian membrane (39) and
is also the source of the other 30% of PC. Liver endoplasmic
reticulum (ER) stress increases in patients with NAFLD (10). In
this experiment, the NAFL group may also have had ER stress. In
NAFLD, endoplasmic reticulum (ER) stress is induced along with
the cellular fat accumulation, then the level of PE decreased (41).
Generally, liver liposome studies indicate a decrease in GP in
patients with NAFL, including PC, PE, PS, and PI. In some cases,
this change is only evident in the NASH, notably, these GPs were
reduced in the present case. This work proposed an explanation
for the decrease of PS. Plala (Phospholipase A1 Member A) in
NAFL group was up-regulated, and the protein encoded by this
gene is a phospholipase that hydrolyzes PS (42).

After NAFL occurrence, a few sphingolipids were also
significantly disrupted. Changes in intracellular sphingolipid
metabolism induced by excessive FFA potentially regulate
NAFLD (43). In NAFL, ceramide promotes the uptake and
esterification of free fatty acids in the liver and promotes
lipid accumulation (44). Nevertheless, the FFAs with significant
differences in the data were significantly downregulated, and this
is possibly due to the fast esterification rate of FFAs. Reports
indicate that ceramide induces insulin resistance (45). In the
data, the ceramides had differences between the two groups
wherein seven were up-regulated and one was downregulated.
No significant difference in cholesterol was noted between the
two groups. However, 86.4% of cholesterol esters significantly
changed and all were up-regulated; only CE (14:0), CE (16:1),
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and CE (20:5) did not change. The reason for the significant
increase of cholesterol esters is potentially due to the significant
upregulation of the Apof gene which is related to cholesterol
esterification and cholesterol ester transport (46, 47). Only
one of the glycosphingolipids [SHexCer (d18:1:/24:0)] was
up-regulated—a scenario yet to be reported. Acyl carnitines
significantly changed, but the result was not uniform (17, 48, 49).

Among the top 10 genes with significant differences, only
two genes were reported previously which showed different
expression in NAFLD patients, namely, Fabp5 (50) and Enpep.
However, Enpep expression in a previous study (51) was
significantly up-regulated in severe fatty liver than in the mild
fatty liver, which was significantly downregulated in the NAFL
group in this study. Cyp3a62 is related to glucose and lipid
metabolism. Its expression was significantly up-regulated in the
NAFL group, which was also significantly up-regulated in the rats
with a high-fat diet (52). One study reveals that after estrogen
receptor o knockout, Cyp7bl expression was up-regulated
and lipid deposition was increased (53). Lhx8 expression was
significantly downregulated in adipogenic progenitor cells of
obese individuals (54). Prkcdbp was significantly downregulated
when liver cirrhosis manifested (55). In vitro impacts of Prkcdbp
loss include induction of Warburg metabolism, accelerated
cell proliferation, and resistance to apoptosis (56). Ptprn was
significantly up-regulated and potentially regulate the secretion
of insulin and other hormones (57). Slc16al0 is a transport
carrier of aromatic amino acids (58). Nonetheless, Faml179a,
which ranks No. 1, has no published research showing any
relationship with the fatty liver and limited literature has shown
that it is carcinogenic. Only one literature shows the evidence
of that Fam179a in peripheral blood has a connection with the
prediabetes. When pre-diabetic subjects with dyslipidemia, the
expression of Faml79a significantly downregulated compared
with normal subjects (59). Therefore, further research would be
necessary to investigate the role of Fam179a plays in NAFLD.

As for the top 10 genes with the greatest impact on the results
of the lipidomic. ABC transporters mediate lipid transport (60),
and Abca4 may also be involved in lipid transport. Apof was
reported to have a connection with cholesterol esterification and
cholesterol ester transport (47). The protein encoded by Plala is
a phospholipase that hydrolyzes PS and lysophosphatidylserine
(42). Cyp3a2 was upregulated in the rat model of fatty liver which
could promote 4 B-hydroxycholesterol production (61). Dabl
(encoded by Dabl), a Reelin adaptor protein is reported have
connection with lipoproteins uptake (62). The most interesting
thing was that studies have shown downregulation apoER2 or
inhibition of Dabl activity attenuated reelin and apoE (one
of the apolipoproteins like Apof)-induced ABCA1l(one of the
ABC transporters like Abca4) expression. Reelin or apoE could
enhance cholesterol efflux and up-regulate Abcal expression via
activation of the Dab1-PI3K-PKCg-Sp1 signaling cascade (63).

Moreover, it was considered that in the early stage of fatty
liver, a trend toward NASH is shown. NFATc4 is one of the
key transcription factors that control pro-inflammatory cytokine
expression for adaptive immunity in T and B lymphocytes

(64). Its activation promotes liver inflammation and fibrosis
(65). The SLIT2 can aberrantly regulate the inflammation in
different inflammatory diseases and cell types (66). Slit2 over
expressed mice were much more vulnerable to CCl4-induced
liver injury and more easily developed liver fibrosis (67). CXCL13
is a differentiation and hypoxia-induced adipocytokine that
exacerbates the inflammatory phenotype of adipocytes through
PHLPP1 induction (68). According to the experimental results,
the expressions of Cxcl13, Nfatc4 and Slit2 were significantly up-
regulated in the NAFL group. ApoA4 (encoded by ApoA4) has
a variety of physiological functions, including anti-inflammatory
and antioxidant activity, and circulating ApoA4 level has been
used as a biomarker for the early diagnosis of liver fibrosis (69).
The expression of ApoA4 was significantly downregulated. A
previous review establishes that inflammation is connected to the
initiation of liver injury and the progression of NAFL to NASH
in which the NF-«B signaling pathway plays a crucial role in this
process (8). Therefore, it is believed that, in the early stage of fatty
liver, the liver had shown the characteristics of NASH.

CONCLUSION

In conclusion, the early stage of the NAFLD model of rats
induced by high fat and choline-deficient diet reveals that
a small amount of genetic changes potentially triggers a
strong response to lipid components. A significant increase in
fatty acids uptake and metabolism accompanied by cholesterol
metabolism is the most prominent metabolic features of the
liver in the early stage of NAFLD. In the early stage of
fatty liver, the liver had shown some of the characteristics
of NASH.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/supplementary material.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Welfare
and Health Committee of Shandong Agricultural University.

AUTHOR CONTRIBUTIONS

RZ, WL, ZH, and SL conceived the project and designed the
protocol. RZ, LE, YZ, and WL performed the experiments. RZ
and WL wrote the manuscript. All authors read and approved
the final manuscript.

FUNDING

This study was funded by the National Natural Science
Foundation of China, grant number is 31772624.

Frontiers in Nutrition | www.frontiersin.org

11

September 2021 | Volume 8 | Article 733197


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Zhai et al.

Hepatic Lipidomic and Transcriptomic Analysis

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Xiao G, Zhu §, Xiao X, Yan L, Yang J, Wu G. Comparison of laboratory

tests, ultrasound, or magnetic resonance elastography to detect fibrosis in
patients with nonalcoholic fatty liver disease: a meta-analysis. Hepatology.
(2017) 66:1486-501. doi: 10.1002/hep.29302

. Huang DQ, El-Serag HB, Loomba R. Global epidemiology of NAFLD-related

HCC: trends, predictions, risk factors and prevention. Nat Rev Gastroenterol
Hepatol. (2021) 18:223-38. doi: 10.1038/s41575-020-00381-6

. Alves-Bezerra M, Cohen DE. Triglyceride metabolism in the liver. Compr

Physiol. (2017) 8:1-8. doi: 10.1002/cphy.c170012

. Hajduch E, Lachkar E, Ferré P, Foufelle F. Roles of ceramides in non-alcoholic

fatty liver disease. J Clin Med. (2021) 10:792. doi: 10.3390/jcm10040792

. Estes C, Razavi H, Loomba R, Younossi Z, Sanyal AJ. Modeling the epidemic

of nonalcoholic fatty liver disease demonstrates an exponential increase in
burden of disease. Hepatology. (2018) 67:123-33. doi: 10.1002/hep.29466

. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al.

The diagnosis and management of non-alcoholic fatty liver disease: practice
Guideline by the American Association for the Study of Liver Diseases,
American College of Gastroenterology, and the American Gastroenterological
Association. Hepatology. (2012) 55:2005-23. doi: 10.1002/hep.25762

. Oates JR, McKell MC, Moreno-Fernandez ME, Damen M, Deepe GS

Jr, Qualls JE, et al. macrophage function in the pathogenesis of non-
alcoholic fatty liver disease: the mac attack. Front Immunol. (2019)
10:2893. doi: 10.3389/fimmu.2019.02893

. Ding RB, Bao ], Deng CX. Emerging roles of SIRT1 in fatty liver diseases. Int |

Biol Sci. (2017) 13:852-67. doi: 10.7150/ijbs.19370

. Nikolaou N, Gathercole LL, Marchand L, Althari S, Dempster NJ, Green CJ, et

al. AKR1D1 is a novel regulator of metabolic phenotype in human hepatocytes
and is dysregulated in non-alcoholic fatty liver disease. Metabolism. (2019)
99:67-80. doi: 10.1016/j.metabol.2019.153947

Perla FM, Prelati M, Lavorato M, Visicchio D, Anania C. The role of lipid and
lipoprotein metabolism in non-alcoholic fatty liver disease. Children. (2017)
4:46. doi: 10.3390/children4060046

Kakehashi A, Stefanov VE, Ishii N, Okuno T, Fujii H, Kawai K,
et al. Proteome characteristics of non-alcoholic steatohepatitis liver
tissue and associated hepatocellular carcinomas. Int ] Mol Sci. (2017)
18:434. doi: 10.3390/ijms18020434

Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit pathogenesis
of non-alcoholic fatty liver disease (NAFLD). Metabolism. (2016)
65:1038-48. doi: 10.1016/j.metabol.2015.12.012

Kartsoli S, Kostara CE, Tsimihodimos V, Bairaktari ET, Christodoulou DK.
Lipidomics in non-alcoholic fatty liver disease. World ] Hepatol. (2020)
12:436-50. doi: 10.4254/wjh.v12.i8.436

Steensels S, Qiao J, Ersoy BA. Transcriptional regulation in non-alcoholic
fatty liver disease. Metabolites. (2020) 10:283. doi: 10.3390/metabo1007
0283

Bedossa P. Utility and appropriateness of the fatty liver inhibition of
progression (FLIP) algorithm and steatosis, activity, and fibrosis (SAF) score
in the evaluation of biopsies of nonalcoholic fatty liver disease. Hepatology.
(2014) 60:565-75. doi: 10.1002/hep.27173

Chen W, Gong L, Guo Z, Wang W, Zhang H, Liu X, et al. A novel integrated
method for large-scale detection, identification, and quantification of widely
targeted metabolites: application in the study of rice metabolomics. Mol Plant.
(2013) 6:1769-80. doi: 10.1093/mp/sst080

Cong S, Li Z, Yu L, Liu Y, Hu Y, Bi Y, et al. Integrative proteomic and
lipidomic analysis of Kaili Sour Soup-mediated attenuation of high-fat diet-
induced nonalcoholic fatty liver disease in a rat model. Nutr Metab. (2021)
18:26. doi: 10.1186/512986-021-00553-4

Cui HX, Zhang LS, Luo Y, Yuan K, Huang ZY, Guo Y. A
Purified anthraquinone-glycoside preparation rhubarb
ameliorates type 2 diabetes mellitus by modulating the gut
microbiota and reducing inflammation. Front Microbiol. (2019)
10:1423. doi: 10.3389/fmicb.2019.01423

Zhang Z, Liao Q, Sun Y, Pan T, Liu S, Miao W, et al. Lipidomic and
transcriptomic analysis of the longissimus muscle of luchuan and duroc pigs.
Front Nutr. (2021) 8:667622. doi: 10.3389/fnut.2021.667622

from

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gottlieb A, Canbay A. Why bile acids are so important in Non-
Alcoholic  Fatty Liver Disease (NAFLD) progression. Cells. (2019)
8:1358. doi: 10.3390/cells8111358

Chao J, Huo TI, Cheng HY, Tsai JC, Liao JW, Lee MS, et al. Gallic acid
ameliorated impaired glucose and lipid homeostasis in high fat diet-induced
NAFLD mice. PLoS ONE. (2014) 9:€96969. doi: 10.1371/journal.pone.0096969
Wei D, Wu S, Liu J, Zhang X, Guan X, Gao L, et al. Theobromine ameliorates
nonalcoholic fatty liver disease by regulating hepatic lipid metabolism via
mTOR signaling pathway in vivo and in vitro. Can J Physiol Pharmacol. (2020)
99:775-85 doi: 10.1139/cjpp-2020-0259

Rodriguez-Calvo R, Samino S, Girona J, Martinez-Micaelo N, Rafols P, Garcia-
Altares M, et al. Hepatic lipidomics and molecular imaging in a murine
non-alcoholic fatty liver disease model: insights into molecular mechanisms.
Biomolecules. (2020) 10:1275. doi: 10.3390/biom10091275

Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. Increased
de novo lipogenesis is a distinct
with  nonalcoholic  fatty liver disease.
146:726-35. doi: 10.1053/j.gastro.2013.11.049
Viscarra J, Sul HS. Epigenetic regulation of hepatic lipogenesis:
role in hepatosteatosis and diabetes. Diabetes. (2020)
69:525-31. doi: 10.2337/dbi18-0032

Wang X, Ma Y, Yang LY, Zhao D. MicroRNA-20a-5p ameliorates non-
alcoholic fatty liver disease via inhibiting the expression of CD36. Front Cell
Dev Biol. (2020) 8:596329. doi: 10.3389/fcell.2020.596329

Cheng D, Xu X, Simon T, Boudyguina E, Deng Z, VerHague M, et al. Very
low density lipoprotein assembly is required for cAMP-responsive element-
binding protein h processing and hepatic apolipoprotein A-IV expression.
J Biol Chem. (2016) 291:23793-803. doi: 10.1074/jbc.M116.749283

Parker A, Kim Y. The effect of low glycemic index and glycemic load diets
on hepatic fat mass, insulin resistance, and blood lipid panels in individuals
with nonalcoholic fatty liver disease. Metab Syndr Relat Disord. (2019)
17:389-96. doi: 10.1089/met.2019.0038

Paglialunga S, Dehn CA. Clinical assessment of hepatic de novo
lipogenesis in non-alcoholic fatty liver disease. Lipids Health Dis. (2016)
15:159. doi: 10.1186/s12944-016-0321-5

Zhang M, Tang Y, Tang E, Lu W. MicroRNA-103 represses hepatic de novo
lipogenesis and alleviates NAFLD via targeting FASN and SCD1. Biochem
Biophys Res Commun. (2020) 524:716-22. doi: 10.1016/j.bbrc.2020.01.143
Geisler CE, Renquist BJ.
consequence of dysregulated glucoregulatory hormones. ] Endocrinol.
(2017) 234:R1-21. doi: 10.1530/JOE-16-0513

Montandon SA, Somm E, Loizides-Mangold U, de Vito C, Dibner C,
Jornayvaz FR. Multi-technique comparison of atherogenic and MCD NASH
models highlights changes in sphingolipid metabolism. Sci Rep. (2019)
9:16810. doi: 10.1038/541598-019-53346-4

Puri P, Baillie RA, Wiest MM, Mirshahi F, Choudhury J, Cheung O, et al.
A lipidomic analysis of nonalcoholic fatty liver disease. Hepatology. (2007)
46:1081-90. doi: 10.1002/hep.21763

Buqué X, Martinez MJ, Cano A, Miquilena-Colina ME, Garcia-Monzon C,
Aspichueta P, et al. A subset of dysregulated metabolic and survival genes is
associated with severity of hepatic steatosis in obese Zucker rats. J Lipid Res.
(2010) 51:500-13. doi: 10.1194/jlr.M001966

Miquilena-Colina ME, Lima-Cabello E, Sanchez-Campos S, Garcia-
Mediavilla MYV, Ferndndez-Bermejo M, Lozano-Rodriguez T, et
al. Hepatic fatty acid translocase CD36 upregulation is associated
with resistance, hyperinsulinaemia and increased steatosis
in non-alcoholic steatohepatitis and chronic hepatitis C. Gut. (2011)
60:1394-402. doi: 10.1136/gut.2010.222844

Furuhashi M, Hotamisligil GS. Fatty acid-binding proteins: role in metabolic
diseases and potential as drug targets. Nat Rev Drug Discov. (2008) 7:489-
503. doi: 10.1038/nrd2589

Anderson RG. The caveolae membrane system. Annu Rev Biochem. (1998)
67:199-225. doi: 10.1146/annurev.biochem.67.1.199

de Conti A, Tryndyak V, Willett RA, Borowa-Mazgaj B, Watson A, Patton R,
et al. Characterization of the variability in the extent of nonalcoholic fatty liver
induced by a high-fat diet in the genetically diverse Collaborative Cross mouse
model. FASEB J. (2020) 34:7773-85. doi: 10.1096/1j.202000194R

individuals
(2014)

characteristic ~ of
Gastroenterology.

Hepatic lipid accumulation: cause and

insulin

Frontiers in Nutrition | www.frontiersin.org

September 2021 | Volume 8 | Article 733197


https://doi.org/10.1002/hep.29302
https://doi.org/10.1038/s41575-020-00381-6
https://doi.org/10.1002/cphy.c170012
https://doi.org/10.3390/jcm10040792
https://doi.org/10.1002/hep.29466
https://doi.org/10.1002/hep.25762
https://doi.org/10.3389/fimmu.2019.02893
https://doi.org/10.7150/ijbs.19370
https://doi.org/10.1016/j.metabol.2019.153947
https://doi.org/10.3390/children4060046
https://doi.org/10.3390/ijms18020434
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.4254/wjh.v12.i8.436
https://doi.org/10.3390/metabo10070283
https://doi.org/10.1002/hep.27173
https://doi.org/10.1093/mp/sst080
https://doi.org/10.1186/s12986-021-00553-4
https://doi.org/10.3389/fmicb.2019.01423
https://doi.org/10.3389/fnut.2021.667622
https://doi.org/10.3390/cells8111358
https://doi.org/10.1371/journal.pone.0096969
https://doi.org/10.1139/cjpp-2020-0259
https://doi.org/10.3390/biom10091275
https://doi.org/10.1053/j.gastro.2013.11.049
https://doi.org/10.2337/dbi18-0032
https://doi.org/10.3389/fcell.2020.596329
https://doi.org/10.1074/jbc.M116.749283
https://doi.org/10.1089/met.2019.0038
https://doi.org/10.1186/s12944-016-0321-5
https://doi.org/10.1016/j.bbrc.2020.01.143
https://doi.org/10.1530/JOE-16-0513
https://doi.org/10.1038/s41598-019-53346-4
https://doi.org/10.1002/hep.21763
https://doi.org/10.1194/jlr.M001966
https://doi.org/10.1136/gut.2010.222844
https://doi.org/10.1038/nrd2589
https://doi.org/10.1146/annurev.biochem.67.1.199
https://doi.org/10.1096/fj.202000194R
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Zhai et al.

Hepatic Lipidomic and Transcriptomic Analysis

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

van der Veen JN, Kennelly JP, Wan S, Vance JE, Vance DE, Jacobs
RL. The critical role of phosphatidylcholine and phosphatidylethanolamine
metabolism in health and disease. Biochim Biophys Acta Biomembr. (2017)
1859:1558-72. doi: 10.1016/j.bbamem.2017.04.006

Huang J, Feng S, Liu A, Dai Z, Wang H, Reuhl K, et al. Green tea
polyphenol EGCG Alleviates metabolic abnormality and fatty liver by
decreasing bile acid and lipid absorption in mice. Mol Nutr Food Res. (2018)
62:1700696. doi: 10.1002/mnfr.201700696

Yamamoto Y, Sakurai T, Chen Z, Furukawa T, Gowda SGB,
Wu Y, et al Analysis of lysophosphatidylethanolamine
levels in patients with non-alcoholic fatty liver disease by liquid
chromatography-tandem mass spectrometry. Anal Bioanal Chem. (2021)
413:245-54. doi: 10.1007/s00216-020-02996-9

Nagai Y, Aoki J, Sato T, Amano K, Matsuda Y, Arai H, et al. An alternative
splicing form of phosphatidylserine-specific phospholipase Al that exhibits
lysophosphatidylserine-specific lysophospholipase activity in humans. J Biol
Chem. (1999) 274:11053-9. doi: 10.1074/jbc.274.16.11053

Montefusco DJ, Allegood JC, Spiegel S, Cowart LA. Non-alcoholic fatty liver
disease: insights from sphingolipidomics. Biochem Biophys Res Commun.
(2018) 504:608-16. doi: 10.1016/j.bbrc.2018.05.078

Poss AM, Summers SA. Too much of a good thing? an evolutionary
theory to explain the role of ceramides in NAFLD. Front Endocrinol. (2020)
11:505. doi: 10.3389/fendo.2020.00505

Zhou H, Summers SA, Birnbaum M], Pittman RN. Inhibition of Akt kinase by
cell-permeable ceramide and its implications for ceramide-induced apoptosis.
J Biol Chem. (1998) 273:16568-75. doi: 10.1074/jbc.273.26.16568

Liu Y, Morton RE. Apolipoprotein F: a natural inhibitor of cholesteryl ester
transfer protein and a key regulator of lipoprotein metabolism. Curr Opin
Lipidol. (2020) 31:194-99. doi: 10.1097/MOL.0000000000000688

Morton RE, Liu Y, Izem L. ApoF knockdown increases cholesteryl ester
transfer to LDL and impairs cholesterol clearance in fat-fed hamsters. J Lipid
Res. (2019) 60:1868-79. doi: 10.1194/jlr. RA119000171

Lake AD, Novak P, Shipkova P, Aranibar N, Robertson DG, Reily MD,
et al. Branched chain amino acid metabolism profiles in progressive
human nonalcoholic fatty liver disease. Amino Acids. (2015) 47:603-
15. doi: 10.1007/500726-014-1894-9

Han J, Dzierlenga AL, Lu Z, Billheimer DD, Torabzadeh E, Lake AD,
et al. Metabolomic profiling distinction of human nonalcoholic fatty liver
disease progression from a common rat model. Obesity. (2017) 25:1069-
76. doi: 10.1002/0by.21855

Amato A, Caldara GE, Nuzzo D, Baldassano S, Picone P, Rizzo M, et al. NAFLD
and atherosclerosis are prevented by a natural dietary supplement containing
curcumin, silymarin, guggul, chlorogenic acid and inulin in mice fed a high-fat
diet. Nutrients. (2017) 9:492. doi: 10.3390/nu9050492

Niu L, Geyer PE, Wewer Albrechtsen NJ, Gluud LL, Santos A,
Doll S, et al. Plasma proteome profiling discovers novel proteins
associated with non-alcoholic fatty liver disease. Mol Syst Biol. (2019)
15:8793. doi: 10.15252/msb.20188793

Li Y, Wang C, Jin Y, Chen H, Cao M, Li W, et al. Huang-Qi San
improves glucose and lipid metabolism and exerts protective effects against
hepatic steatosis in high fat diet-fed rats. Biomed Pharmacother. (2020)
126:109734. doi: 10.1016/j.biopha.2019.109734

Khristi V, Ratri A, Ghosh S, Pathak D, Borosha S, Dai E, et al.
Disruption of ESR1 alters the expression of genes regulating hepatic lipid
and carbohydrate metabolism in male rats. Mol Cell Endocrinol. (2019)
490:47-56. doi: 10.1016/j.mce.2019.04.005

Carey AL, Vorlander C, Reddy-Luthmoodoo M, Natoli AK, Formosa
ME,  Bertovic DA, et al. Reduced UCP-1 content in in vitro
differentiated beige/brite adipocytes derived from preadipocytes of
human subcutaneous white adipose tissues in obesity. PLoS ONE. (2014)
9:€91997. doi: 10.1371/journal.pone.0091997

Yokomori H, Ando W, Yoshimura K, Yamazaki H, Takahashi Y, Oda
M. Increases in endothelial caveolin-1 and cavins correlate with cirrhosis
progression. Micron. (2015) 76:52-61. doi: 10.1016/j.micron.2015.03.009
Hernandez V], Weng ], Ly P, Pompey S, Dong H, Mishra L, et al.
Cavin-3 dictates the balance between ERK and Akt signaling. Elife. (2013)
2:¢00905. doi: 10.7554/eLife.00905.015

serum

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Xu H, Abuhatzira L, Carmona GN, Vadrevu S, Satin LS, Notkins AL. The Ia-
2f intronic miRNA, miR-153, is a negative regulator of insulin and dopamine
secretion through its effect on the Cacnalc gene in mice. Diabetologia. (2015)
58:2298-306. doi: 10.1007/s00125-015-3683-8

Mariotta L, Ramadan T, Singer D, Guetg A, Herzog B, Stoeger C,
et al. T-type amino acid transporter TAT1 (Slc16al0) is essential for
extracellular aromatic amino acid homeostasis control. J Physiol. (2012)
590:6413-24. doi: 10.1113/jphysiol.2012.239574

Laaksonen J, Taipale T, Seppila I, Raitoharju E, Mononen N, Lyytikdinen
LP, et al. Blood pathway analyses reveal differences between prediabetic
subjects with or without dyslipidaemia. The cardiovascular risk in young
Finns study. Diabetes Metab Res Rev. (2017) 33:e2914. doi: 10.1002/dmrr.
2914

Borst P, Zelcer N, Helvoort  A.
in lipid transport. Biochim Biophys
1486:128-44. doi: 10.1016/S1388-1981(00)00053-6
Lee JY, Shimizu H, Hagio M, Fukiya S, Watanabe M, Tanaka Y,
et al. 120-Hydroxylated bile acid induces hepatic steatosis with
dysbiosis in rats. Biochim Biophys Acta Mol Cell Biol Lipids. (2020)
1865:158811. doi: 10.1016/j.bbalip.2020.158811
Herz ], Chen Y, Masiulis 1,
functions  of  lipoprotein  receptors. ]
50(Suppl):S287-92. doi: 10.1194/j1lr.R800077-JLR200

Chen X, Guo Z, Okoro EU, Zhang H, Zhou L, Lin X, et al. Up-regulation
of ATP binding cassette transporter Al expression by very low density
lipoprotein receptor and apolipoprotein E receptor 2. J Biol Chem. (2012)
287:3751-9. doi: 10.1074/jbc.M111.310888

Yang M, Lin HB, Gong S, Chen PY, Geng LL, Zeng YM, et al
Effect of Astragalus polysaccharides on expression of TNF-o, IL-1p
and NFATc4 in a rat model of experimental colitis. Cytokine. (2014)
70:81-6. doi: 10.1016/j.cyt0.2014.07.250

Du M, Wang X, Yuan L, Liu B, Mao X, Huang D, et al. Targeting
NFATc4 attenuates non-alcoholic steatohepatitis in mice. J Hepatol. (2020)
73:1333-46. doi: 10.1016/j.jhep.2020.07.030

Wang L, Zheng ], Pathak JL, Chen Y, Liang D, Yang L, et al. SLIT2
overexpression in periodontitis intensifies inflammation and alveolar bone
loss, possibly via the activation of MAPK pathway. Front Cell Dev Biol. (2020)
8:593. doi: 10.3389/fcell.2020.00593

Chang J, Lan T, Li C, Ji X, Zheng L, Gou H, et al. Activation of
Slit2-Robol signaling promotes liver fibrosis. /] Hepatol. (2015) 63:1413-
20. doi: 10.1016/j.jhep.2015.07.033

Kusuyama J, Bandow K, Ohnishi T, Amir MS, Shima K, Semba I, et al. CXCL13
is a differentiation- and hypoxia-induced adipocytokine that exacerbates the
inflammatory phenotype of adipocytes through PHLPP1 induction. Biochem
J. (2019) 476:3533-48. doi: 10.1042/BCJ20190709

Wang Y, Yang Z, Wei Y, Li X, Li S. Apolipoprotein A4 regulates the immune
response in carbon tetrachloride-induced chronic liver injury in mice. Int
Immunopharmacol. (2021) 90:107222. doi: 10.1016/j.intimp.2020.107222

ABC
Acta.

van transporters

(2000)

Zhou L.
Lipid

Expanding
Res.  (2009)

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Zhai, Feng, Zhang, Liu, Li and Hu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Nutrition | www.frontiersin.org

September 2021 | Volume 8 | Article 733197


https://doi.org/10.1016/j.bbamem.2017.04.006
https://doi.org/10.1002/mnfr.201700696
https://doi.org/10.1007/s00216-020-02996-9
https://doi.org/10.1074/jbc.274.16.11053
https://doi.org/10.1016/j.bbrc.2018.05.078
https://doi.org/10.3389/fendo.2020.00505
https://doi.org/10.1074/jbc.273.26.16568
https://doi.org/10.1097/MOL.0000000000000688
https://doi.org/10.1194/jlr.RA119000171
https://doi.org/10.1007/s00726-014-1894-9
https://doi.org/10.1002/oby.21855
https://doi.org/10.3390/nu9050492
https://doi.org/10.15252/msb.20188793
https://doi.org/10.1016/j.biopha.2019.109734
https://doi.org/10.1016/j.mce.2019.04.005
https://doi.org/10.1371/journal.pone.0091997
https://doi.org/10.1016/j.micron.2015.03.009
https://doi.org/10.7554/eLife.00905.015
https://doi.org/10.1007/s00125-015-3683-8
https://doi.org/10.1113/jphysiol.2012.239574
https://doi.org/10.1002/dmrr.2914
https://doi.org/10.1016/S1388-1981(00)00053-6
https://doi.org/10.1016/j.bbalip.2020.158811
https://doi.org/10.1194/jlr.R800077-JLR200
https://doi.org/10.1074/jbc.M111.310888
https://doi.org/10.1016/j.cyto.2014.07.250
https://doi.org/10.1016/j.jhep.2020.07.030
https://doi.org/10.3389/fcell.2020.00593
https://doi.org/10.1016/j.jhep.2015.07.033
https://doi.org/10.1042/BCJ20190709
https://doi.org/10.1016/j.intimp.2020.107222
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Combined Transcriptomic and Lipidomic Analysis Reveals Dysregulated Genes Expression and Lipid Metabolism Profiles in the Early Stage of Fatty Liver Disease in Rats
	Introduction
	Materials and Methods
	Animals and Diets
	Sample Collection
	Serum Metabolites and Hormone
	Histological Examination
	RNA Extraction and Transcriptomic Analysis
	Un-Targeted Lipidomic Analysis
	Statistical Analysis

	Results
	The SAF Score of the NAFLD Model
	Changes of Serum Metabolites and Hormones in Liver Steatosis Rats
	Fewer Genetic Changes Caused Huge Changes in Lipids
	The Most Prominent Characteristics of Transcriptomic and Lipidomic Analysis in the Early Stage of Fatty Liver
	Characteristics of Each Classification of Liposome
	KEGG Enrichment Analysis of Differentially Expressed Genes or Lipids
	Joint Analysis of the Transcriptome and Liposome
	The Early Stage of Fatty Liver Has Shown a Trend Toward NASH

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


