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Liver is an important organ for fat metabolism. Excessive intake of a high-fat/energy
diet is a major cause of hepatic steatosis and its complications such as non-alcoholic
fatty liver disease and non-alcoholic steatohepatitis. Supplementation with lycopene, a
natural compound, is effective in lowering triglyceride levels in the liver, although the
underlying mechanism at the translational level is unclear. In this study, mice were fed
a high-fat diet (HFD) to induce hepatic steatosis and treated with or without lycopene.
Translation omics and transcriptome sequencing were performed on the liver to explore
the regulatory mechanism of lycopene in liver steatosis induced by HFD, and identify
differentially expressed genes (DEGs). We identified 1,358 DEGs at the translational
level. Through transcriptomics and translatomics joint analysis, we narrowed the range
of functional genes to 112 DEGs and found that lycopene may affect lipid metabolism
by regulating the expression of LPINT at the transcriptional and translational levels. This
study provides a powerful tool for translatome and transcriptome integration and a new
strategy for the screening of candidate genes.

Keywords: translatomics, Ribo-seq, lycopene, high fat diet, NAFLD

INTRODUCTION

The liver is one of the vital metabolic organs and the main area of lipid metabolism. The liver
not only utilizes lipids to produce energy, but also secretes lipids in the form of very low-density
lipoproteins (VLDLs) (1). However, high-fat/energy diet can cause lipid deposits in the liver (2),
which may increase the risk of non-alcoholic fatty liver disease (NAFLD). A recent epidemiological
study has shown that 12-38% of adults are suffering from NAFLD (3). Due to the high incidence
of NAFLD in the population, its hazard to health, and limited treatment options (4, 5), there is an
urgent need to develop new drugs and therapeutic strategies.

Lycopene ({,\y-carotene) is a polyene, mainly found in ripe tomatoes, watermelon, guava, rose
hips, papaya and grapefruit (6, 7). During recent decades, studies on the function of lycopene
have mainly focused on its antioxidative, lipid-lowering, anti-inflammatory and antitumor effects
(8-11). Some research has shown that lycopene can inhibit hepatic steatosis by inducing
downregulation of fatty acid binding protein 7 through regulating miRNA-21 (12). In another
study, the lycopene metabolite, apo-10’-lycopenoic acid, protects against the development of
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steatosis in ob/ob mice by upregulating SIRT1 gene expression
and activity (13). Metabolomics research has revealed that
lycopene can increase the levels of metabolites related to the
antioxidant response, to alleviate steatosis induced by high-fat
diet (HFD) (14). The regulatory effect of lycopene on lipid
metabolism has been reported in miRNA (12), RNA (13), and
metabolomics (14) studies, but the lack of studies at the level
of gene translation has limited our further understanding of the
lipid-lowering effect of lycopene.

Proteins are deeply involved in all aspects of cellular,
physiological and developmental processes, such as cell growth
and division, organogenesis, and reproductivity (15-17).
Therefore, researchers have focused on protein expression.
However, proteomics has some shortcomings. The sensitivity
of protein profile detection is low, and it is difficult to detect
low-abundance proteins, which may lead to some proteins with
important biological functions, but low expression not being
detected (18). RNA sequencing (RNA-seq) has the advantages
of high throughput, high sensitivity and low cost; therefore,
scientists usually use RNA-seq to detect the abundance of
gene transcriptional expression to evaluate the abundance of
protein expression (19). However, in recent years, it has been
recognized that there is a poor correlation between mRNA
and protein abundance. Gygi et al. found that there were
20-30-fold differences in mRNA and protein expression levels
after comparing 106 yeast proteins (20), which indicated that
it is inappropriate to regard gene transcriptional abundance
as protein abundance (21). From RNA to protein, there are
many processes such as RNA degradation, splicing, non-
coding RNA regulation, epigenetic modification, and protein
processing. Translatomics can fill the long omics gap between
RNA and protein quantification and facilitate the study of
gene expression regulation more directly. Ribosome footprint
sequencing (Ribo-seq) is a recently developed method that can
measure translational activity in a genome-wide and quantitative
manner by base pair resolution (22), which opens a new way to
understand biological problems.

This study depicted the molecular portrait of mice liver with
or without lycopene treatment from translatome, which fills
the gap in the research on the translation level of the lipid-
lowering effect of lycopene. The purpose of the present study
was to explain the regulatory mechanism of lycopene in liver
lipid metabolism and identify differently expressed genes (DEGs)
through the joint analysis of translatomics and transcriptomics.
The results can provide a method for screening candidate genes
and further understanding the mechanism of lycopene for the
treatment of NAFLD.

Abbreviations: HFD, high fat diet; LYC, high-fat feed containing lycopene; DEGs,
differentially expressed genes; VLDLs, very low-density lipoproteins; NAFLD,
non-alcoholic fatty liver disease; RNA-seq, RNA sequencing; Ribo-seq, ribosome
footprint sequencing; OAPA, oleic and palmitic acids; TG, triglyceride; qPCR,
quantitative polymerase chain reaction; REPs, ribosome footprints; RPE, ibosome
protected fragment; RPKM, reads per kilobase per million reads; GO, gene
ontology; BP, biological process; CC, cellular component; MF, molecular function;
KEGG, Kyoto Encyclopedia of Genes and Genomes.

MATERIALS AND METHODS

Animals and Feeds

The C57/BL6 mice used in the experiment were purchased from
Guangxi Medical University. Mice were randomly divided into
three groups (n = 8 per group) and fed with different diets from
week 8: CK: standard feed (10% kcal, Supplementary Table 1),
HFD: high-fat feed (45% kcal, Supplementary Table 1), and
LYC: high-fat feed containing lycopene (0.33% w/w) (23, 24).
The feed for mice was purchased from Jiangsu Medicience
Biopharmaceutical Co. Ltd., and the lycopene mixed into the
feed was purchased from Xian Baichuan Biotechnology Co. Ltd.
Animals were housed in a pathogen-free barrier environment,
on a 12/12-h dark/light cycle throughout the study, and were
supplied water ad libitum. After 8 weeks on different diets, the
mice were euthanized.

Oil Red O Staining

Liver tissue was prepared in frozen sections, which were stained
with Oil Red O solution in 60% isopropanol for 10 min, and
then counter-stained with hematoxylin for 1 min. The slides were
viewed at 200x magnification.

Cell Culture

HepG2 cells were purchased from the Cell Bank of the
Chinese Academy of Sciences Shanghai Institute of Cell Biology
(Shanghai, China) and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
under an atmosphere of 5% CO, at 37°C. At 80% confluence,
the DMEM was changed to DMEM supplemented with oleic
(200 M) and palmitic (100 uM) acids (OAPA), simulating a
high-fat environment. Lycopene (98%) was purchased from
the China Beijing Solarbio Science & Technology Co., Ltd.,
dissolved in tetrahydrofuran containing 250 ppm butylated
hydroxytoluene (99%; Shanghai Industrial Co., Ltd., Shanghai,
China) and diluted to 10 & M with fetal bovine serum. The cells
were collected after 24 h of incubation.

Triglyceride (TG) Measurement
TG content of the cells and tissues were measured using the TG
assay kit (Pulilai, Beijing, China), as described previously (25).

RNA Extraction and Quantitative
Polymerase Chain Reaction (qPCR)

Total RNA from tissues and cells was extracted using TRIzol
reagent and cDNA was synthesized using PCR conditions of
95°C for 3 min, followed by 40 cycles of 95°C for 10, 60°C for
1 min, and 72°C for 10s. Gene expression levels were measured
by quantitative PCR using the 2724€t method with B-actin as
an internal control. The forward and reverse primers were as
follows: LPIN1: TAAACGGAGCCGACACCTTGGA and CCGT
TGTCACTGGCTTGTTTGG; B-actin: AACAGTCCGCCTAGA
AGCAC and CGTTGACATCCGTAAAGACC.

Western Blot

Tissue was lysed in RIPA lysis buffer (Solarbio, Beijing,
China) containing 1 mM PMSEF. The total protein concentration
was determined using a BCA protein assay kit (Beyotime,
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Shanghai, China). The centrifuged supernatant was boiled and
SDS-PAGE electrophoresis was performed (Mini-PROTEAN
Tetra System, Bio-Rad), followed by transfer to a PVDF
membrane. Subsequently, the primary antibodies anti-LPIN1
rabbit polyclonal antibody (1:1,000; D163631, Sangon Biotech,
Shanghai, China), B-tubulin antibody (1:1,000; 2146s, Cell
Signaling Technology, Inc., Shanghai, China) were incubated
overnight at 4°C. The Image Lab (Universal Hood II, Bio-Rad)
was used to detect chemiluminescent signals after the secondary
antibody incubation.

Ribo-seq

Total ribosome footprints (RFPs) extraction from liver tissue
of mice was performed as previously described (26). Liver was
pre-treated with 100 mg/ml cycloheximide for 15 min, washed
with pre-chilled phosphate-buffered saline, then treated with cell
lysis buffer {1% Triton X-100 in ribosome buffer [RB buffer,
20mM HEPES-KOH (pH 7.4), 15mM MgClI,, 200 mM KCl,
100 pg/ml cycloheximide and 2 mM dithiothreitol]}. Cell debris
was removed by centrifugation at 16,200 x g for 10 min at 4°C.
Supernatants were transferred into new pre-chilled 1.5-ml tubes
with the addition of 2 pl Ribolock RNase Inhibitor (40 U/pul,
Fermentas) in each tube. RNase I (10 U/jl, Fermentas) was added
at 0.2 pl per tube, followed by incubation at 37°C for 15 min
and reaction termination with 1% sodium dodecyl sulfate (1/10
volume per tube). The digested samples were pooled and layered
on the surface of 15 ml sucrose buffer (30% sucrose in RB buffer).
The ribosomes were pelleted by ultracentrifugation at 185,000 x
g for 5h at 4°C. Ribosome protected fragment (RPF) extraction
was performed using the TRIzol method and rRNA was depleted
using the Ribo-Zero rRNA Removal Kit (Mouse) (Epicenter).

RNA-seq

Total RNA was isolated using TRIzol reagent. Equal amounts
of total RNA or RFPs from the HFD and LYC groups
were prepared for subsequent library construction and high-
throughput sequencing. RNA libraries were prepared according
to the protocol of the VAHTS mRNA-seq v.3 Library Prep Kit for
Mlumina (Vazyme Biotech Co. Ltd., Nanjing, Jiangsu, China), and
the raw sequencing reads were generated on an Illumina HiSeqX
Ten sequencer.

Sequence Analysis

We used cutadapt and bowtie2 software to process raw data to
obtain high-quality clean data. The clean data were compared
to the reference genome (GRCm38/mm10) using STAR software.
The FANSE2 series algorithm (27, 28) was used for quantitative
genetic analysis. The mRNA and RPFs in each sample were
normalized using reads per kilobase per million reads (RPKM)
(29). Differential gene calculation was carried out for the
identified genes by edgeR (30) software, and the screening
threshold was [log2 fold change|>1 and p < 0.001. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis were performed using the OmicShare tools;
a free online platform for data analysis (http://www.omicshare.
com/tools).

Statistical Analysis

The results were analyzed using GraphPad Prism 8 and presented
as the mean = standard error of the mean. The student’s t-test
was used to determine the significance of the difference between
two groups, and the differences were considered statistically
significant if p < 0.05.

RESULTS

Lycopene Alleviates TG Deposition

Induced by High-Fat Diet

Figure 1 shows the schematic of the study design and high-
throughput sequencing. After 8 weeks of feeding, the liver
TG level under HFD was significantly increased (p < 0.001,
Figure 2A), but the liver TG level of mice fed HFD supplemented
with lycopene (LYC) was significantly lower than in those fed
HFD alone (p < 0.001, Figure 2A). We also studied the effect
of lycopene on lipid metabolism in HepG2 cells by adding OA
and PA to DMEM to simulate a high lipid environment. The
results showed a 25% decrease in intracellular TG level in the
OAPA + lycopene group compared to the OAPA group (p < 0.01,
Figure 2B). Oil Red O staining showed that a large number of
lipid droplets accumulated in the liver of the HFD group, while
the number of lipid droplets was significantly reduced in the LYC
group (Figure 2C).

Overview of Ribo-seq Results

To investigate the underlying mechanism of lycopene on
improving hepatic steatosis, we used a translatome analysis to
identify the liver DEGs between the HFD and LYC groups. Six
cDNA libraries, including three biological replicates from the
HFED group (HFD1, HFD2, and HFD3) and three biological
replicates from the LYC group (LYCI, LYC2, and LYC3) were
constructed and analyzed by high-throughput sequencing. The
principal component analysis of six samples was calculated and
showed high-level repeatability of intraclass samples (Figure 3A).
The overlapping genes in the HFD and LYC groups were counted,
and there were 11,580 genes detected in both groups (Figure 3B).
The abundance of gene in the HFD and LYC groups had a
high correlation (R? = 0.7814, Figure 3C), which indicated that
these two groups can be analyzed together. Subsequently, 1,358
DEGs of Ribo-seq were identified by |logy(fold change) |>1, p <
0.01, among which 505 were upregulated and 853 downregulated
(Figure 3D and Supplementary Table 2). The 1,358 DEGs of
Ribo-seq were demonstrated in a heat map based on gene
expression levels (Figure 3E).

GO and KEGG Functional Enrichment

Analysis

GO and KEGG analyses were conducted to examine the
functional pathways for DEGs. The top 20 GO terms, classified
by -logio(p-value), were significantly enriched in DEGs of
Ribo-seq compared to the genome background GO. The top
20 GO terms included eight biological process (BP), 11 cellular
component (CC) and one molecular function (MF). The BP
terms were enriched in cellular metabolic process, metabolic
process, organic substance metabolic process (Figure 4A,
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Supplementary Table 3). The functional enrichment cycle
diagram displayed the top 20 KEGG pathways, classified by
-logio(p-value), which revealed that the DEGs of Ribo-seq
were mainly enriched in five KEGG A classes, including
metabolism, genetic information processing, cellular processes,
organismal systems and human diseases. Among these pathways,

metabolism included oxidative phosphorylation (ko00190) and
glycerophospholipid metabolism (ko00564); genetic information
processing included protein processing in endoplasmic reticulum
(ko04141) and spliceosome (ko03040); cellular processes
included ferroptosis (ko04216); organismal systems included
thermogenesis (ko04714); human diseases included NAFLD
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(ko04932) (Figure 4B, Supplementary Table 4). As shown in
Supplementary Figures 1A,B, the KEGG network diagram,
respectively, showed 24 DEGs of Ribo-seq enriched in the
oxidative phosphorylation pathway and 25 DEGs of Ribo-seq
enriched in the NAFLD pathway. In conclusion, our data
indicated that lycopene can regulate lipid metabolism by
effecting translational level, thus alleviating NAFLD.

Lycopene Altered Gene Expression at

Transcriptional and Translational Levels

To further investigate the role of lycopene in regulating hepatic
steatosis induced by HFD, we performed RNA-seq using the
liver of mice in the HFD and LYC groups. In the RNA-seq data,
there was a good correlation of biological duplications within
the two groups (Supplementary Figure 2). The volcano map
shows 1,127 DEGs in RNA-seq (Supplementary Figure 3 and
Supplementary Table 5). Due to the high correlation of gene
expression abundance between transcriptome and translatome,
the two omics can be combined for analysis (R> = 0.7225 and

0.5372, respectively; Supplementary Figure 4). We detected 695
upregulated and 432 downregulated genes at the transcriptional
level, and 505 upregulated and 853 downregulated genes at the
translational level (Figure 5A). Only 51 DEGs were upregulated
in both the transcriptome and translatome, and only 61 DEGs
were downregulated in both the transcriptome and translatome
(Figure 5B). Based on the fold change of RPKM (| log,(fold
change) | > 1 and p < 0.01 as cutoff), genes were classified into
nine categories (Figure 5C and Supplementary Table 6). Further
analysis revealed that 1.03% of the responsive genes (112 genes)
were among the accordant groups (quadrant C and G), which
were co-regulated with their expression increased or decreased
to a similar extent at the transcriptional and translational levels.
Meanwhile, 16.61% of the responsive genes (1,799 genes) were
located in the other six discordantly regulated groups (classes
A, B, D, E H, and [; Figure 5C). By combining RNA-seq and
Ribo-seq, we were able to narrow our focus to the 112 DEGs
(C and G quadrants) that are regulated in the same direction as
transcription and translation.
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Functional Enrichment Analysis of

Protein—-Protein Interaction Networks

The functional protein association networks were conducted
using the online STRING website (https://string-db.org/) and the
interactions of the coding proteins of the 112 DEGs (quadrants
C and G, Figure 5C) were analyzed to identify the important
genes. The results showed LPINI had most crossover nodes
in TG metabolic process, lipid metabolic process and cellular
lipid metabolic process (Figure 6A). According to real-time
fluorescent quantitative PCR, western blot, RNA-seq and Ribo-
seq data, compared with the HFD group, LPIN1 was significantly
increased in the LYC group (Figure 6B). LPINI promoted TG
metabolism. These results suggest that lycopene may play a lipid-
lowering role by regulating the expression of genes related to
TG metabolism.

DISCUSSION

Currently, there is no definitive treatment for NAFLD, and
therefore, finding new drugs and treatments is valuable. In
our research, liver TG levels were significantly increased in
mice fed a HFD (Figure 2A), indicating successful construction
of the NAFLD model. In addition, lycopene can improve
liver fat accumulation induced by HFD (Figure 2A). This is
consistent with previous reports (31-33). In vitro, lycopene
also significantly alleviated TG accumulation in HepG2 cells
induced by OA and PA. Our previous study (20) has
shown that different concentrations of lycopene are non-toxic

and promoted cell proliferation. In addition, the mice fed
with lycopene had no adverse effect, and the body weight
increased and the body fat rate decreased significantly. It is
suggested that lycopene can be used as a harmless natural
dietary supplement.

Translational regulation is a main element of gene expression
regulation. Omics measurements proved that translational
regulation is obligated to more than half of all regulatory
magnitudes (34, 35). Translatome, as a novel technology
of omics research in recent years, may provide important
information on many biological problems and can detect
IncRNA (36, 37), circRNA (38) and pri-miRNA (39), which
encode polypeptide. Besides, compared with the transcriptome,
the translatome is more able to reflect the changes in
expression of the proteome. Schafer et al. reported that in
rat liver and heart tissues, ribosomal footprint abundance was
better associated with genome-wide protein abundance than
RNA-seq data was (40). The low correlation between RNA
and protein can be attributed to mRNA half-life, protein
folding, degradation and post-translational modification (41,
42). Our study showed a high correlation between mRNA
and RPFs abundance (Supplementary Figure 4). Therefore, it
is speculated that lycopene may participate in TG metabolism
by participating in the regulation of gene transcription
and translation.

Firstly, we performed RNA-seq on the livers of mice fed
HFD and HFD supplemented with lycopene, and identified
695 upregulated and 432 downregulated DEGs of RNA-
seq (Supplementary Figure 3). To narrow the focus of the

< 0.01. o< 0.0001.

FIGURE 6 | Protein—Protein Interaction Networks. (A) Interactive map encoded by differential genes. Nodes represent the proteins. Red: TG metabolic process;
Green: lipid metabolic process; purple: cellular lipid metabolic process. (B) LPINT expression level base on RT-gPCR, western blot, RNA-seq and Ribo-seq data. **p

B 3 —
% 2000 - g 200
z R
T 1500 2 @ 150
5 GRS
s g o
§ 1000 5 5 1007
2 g5
o g¥
£ 500 o 50
) E =3
2 T
s o = 0-
& HFD LYC HFD  LYC
P
st HFD Lyc
LPIN1 | -— Y |>99KDa
B-tubulin | T W— — — — |>50KDa

KKK 150

100+

(RPKM) of Ribo-seq
(9
o
1

Relative expresion of
LPIN1 protein
N
o
o
1
LPIN1 expression abundance

HFD LYC HFD  LYC

Frontiers in Nutrition | www.frontiersin.org

November 2021 | Volume 8 | Article 727785


https://string-db.org/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Huang et al.

Translatomics Probes Role of Lycopene

oS XA S

™I B B

Lycopene

| Intake

FIGURE 7 | Schematic representation of the mechanisms that mediate lycopene-provided protection against NAFLD.

Ilncreased

Lpin1

Triglyceride(TG) metabolic process

Lipid metabolic process

Ilncreased

Cellular lipid metabolic process

!/' (;onversic:\n\ e, / ’

Lycopene alleviates nonalcoholic fatty liver disease (NAFLD)

functional genes, Ribo-seq was performed, and 505 upregulated
and 853 downregulated DEGs were identified (Figure 3D).
KEGG enrichment analysis of the 1,358 DEGs from Ribo-
seq showed that the top 20 pathways included the NAFLD
pathway (Figure 4B), suggesting that lycopene plays a role in the
improvement of NAFLD by affecting the translational expression
of related genes. By combining 1,127 DEGs in transcriptomics
with 1,358 DEGs in translatomics, the functional genes of interest
were narrowed down to 112 DEGs that regulated in the same
direction at transcriptional and translational levels (Figure 5C).
Translational responses contribute to the establishment of
complex genetic regulation, which cannot be achieved by
controlling transcription alone (43).

Protein—protein interaction analysis indicated that lycopene
improved hepatic steatosis by regulating the TG metabolic
process and lipid metabolic process, mainly regulating
the expression of LPIN1 (Figure6A). LPIN1 can activate
mitochondrial fatty acid oxidative metabolism by inducing the
expression of the nuclear peroxisome proliferator-activated
receptor o (44). In addition, the protein encoded by LPIN1
is involved in the regulation of lipid metabolism in the liver
and is associated with the phenotype of fatty liver dystrophy
mice (45). Free fatty acids are the major sources of TG stored
in the liver. The imbalance of fatty acid absorption and
processing is a key factor leading to fat accumulation in the liver
(46). Lycopene may play a lipid-lowering role by promoting
triglyceride metabolism.

CONCLUSIONS

Based on the results, we concluded that lycopene can effectively
alleviate liver steatosis induced by HFD, and can be used as
a possible dietary strategy for the control and treatment of
NAFLD. This beneficial lipid-lowering effect is due to lycopene
increasing the expression of genes related to liver lipid metabolic
process at transcriptional and translational levels (Figure 7). Our
study fills the gap in the translation profiling of lycopene in
the process of alleviating hepatic steatosis, which provides a
reasonable molecular regulatory mechanism for this phenotype.
However, it has not yet formed an in-depth and systematic
regulatory network, which is worth exploring in the next step.
In addition, our combined analysis based on transcriptomics
and translatomics provides a new way to narrow the range of
key functional genes, contributing to a better understanding of
the mechanisms involved. This provides a new direction for
the further research of the relationship between lycopene and
lipid metabolism.
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