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Metabolomics is an important branch of systems biology, which can detect changes in the body’s metabolism
before and after the intervention of functional foods, identify effective metabolites, and predict the interven
tional effects and the mechanism. This review summarizes the latest research outcomes regarding interventional
effects of functional foods on metabolic diseases via metabolomics analysis. Since metabolomics approaches are
powerful strategies for revealing the changes in bioactive compounds of functional foods during processing and
storage, we also discussed the effects of these parameters on functional food metabolites using metabolomics
approaches. To date, a number of endogenous metabolites related to the metabolic diseases after functional foods
intervention have been discovered. Unfortunately, the mechanisms of metabolic disease-related molecules are
still unclear and require further studies. The combination of metabolomics with other omics technologies could
further promote its ability to fully understand the precise biological processes of functional food intervention on
metabolic diseases.

1. Introduction
Functional foods refer to nutritious foods that have at least some
benefits to human functions and can improve health or reduce diseases
(Granado-Lorencio & Hernández-Alvarez, 2016). With the increasing
interest in improving human health, functional foods have gradually
allowed human beings to achieve stable and healthy developments in
body metabolism (Granato, Barba, Bursać Kovačević, Lorenzo, Cruz, &
Putnik, 2020). Functional foods are mainly derived from plants, animals
and microorganisms and can be divided into three categories, which
include conventional foods, modified foods, and food ingredients (Gul,
Singh, & Jabeen, 2016). Conventional foods are considered as the
simplest form of functional foods, such as tomatoes, raspberries, and oat
bran, which contain natural biologically active ingredients, such as
lycopene, ellagic acid, and β-glucan, respectively. Improved foods
contain enriched biologically active ingredients, for example, eggs,
which have a high omega-3 fatty acid content. Certain food ingredients,
such as soy isoflavones, phytosterols, and omega-3 fatty acids have

biological activities and can be used to lower blood lipid and blood sugar
levels.
Metabolomics is an emerging omics technology that has received a
huge attention after the development of proteomics, transcriptomics and
genomics (Wishart, 2016). Metabolomics, as an important branch of
systems biology, reflects the changes of low molecular weight metabo
lites in the body stimulated by external factors (Hoffman, Lyu, Pletcher,
& Promislow, 2017). The most commonly used techniques in metab
olomics research include nuclear magnetic resonance (NMR), liquid
chromatography-mass spectrometry (LC-MS), and gas chromatographymass spectrometry (GC–MS) (Segers, Declerck, Mangelings, Heyden, &
Eeckhaut, 2019). A series of open sources, including convenient and
complete metabolomics databases, such as the Kyoto Encyclopedia of
Genes and Genomes (KEGG), Max library database, metabolite and
chemical entity (METLIN) database, and human metabolome database
(HMDB), which are used for metabolomics data analysis, provide sus
tainable platforms of information sharing (Schrimpe-Rutledge,
Codreanu, Sherrod, & McLean, 2016). The typical flowchart of
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metabolomics applications for studying the interventional effects of
functional foods on metabolic diseases is shown in Fig. 1. The rapid
development of metabolomics technology has become an important
research tool in the fields of clinical medicine (Fanos, Pintus, & Dessì,
2018), life science (Johnson, Ivanisevic, & Siuzdak, 2016), and food
science (Scalbert et al., 2014). Metabolomics technology is used to study
the changes in active food ingredients during food production, pro
cessing, and storage and to study their precise mechanisms after
ingestion.
Metabolic diseases are caused by the lack, excess or imbalance of
food nutrients in the diet. As the dietary structure changes, metabolic
diseases caused by the long-term imbalance between energy intake and
consumption continue to increase, such as cardiovascular disease, dia
betes, fatty liver, and obesity. A large number of studies have found that
food or its components, such as cereal and its by-products (Li, Wang,
Sun, Liu, Huan, Li, et al., 2020; Pekkinen et al., 2015), green tea (Lee
et al., 2015; Sasaki, Li, Cichon, Kopec, & Bruno, 2021; Sasaki, Li, Cichon,
Riedl, Kopec, & Bruno, 2019), edible medicinal plants (Man et al., 2017;
Xia et al., 2019; Zheng et al., 2019), fruits (Aranaz et al., 2017; Chen
et al., 2020a; 2020b; Li, Nie, Zhu, Xiong, & Xie, 2016; Saleh et al., 2020),
and probiotics can effectively improve the body responses to metabolic
disorders (Lv et al., 2021; Sun et al., 2020; Wu et al., 2020). In recent
years, many reports have focused on the mechanisms of functional foods
intervention in metabolic diseases based on metabolomics technology.
This article summarizes the latest research findings and the processing
chemistry of functional foods revealed by metabolomics analysis.

metabolites from fungi and tea materials, have been reported (Cheng
et al., 2020). LC-MS-based untargeted metabolomics analysis is widely
performed for revealing the changes of bioactive compounds in different
types of dark tea after microbial fermentation process (Xu, Hu, Wang,
Wan, & Bao, 2015; L. Zhang, Deng, & Wan, 2014). For instance, LC-MSbased metabolomics analysis was applied to characterize metabolic
changes in Qingzhuan tea (QZT) during its processing, which revealed
that the tea sample after microbial fermentation was dramatically
different from the sample before microbial fermentation (Cheng, et al.,
2020). As a result of processing, a total of 102 compounds were iden
tified as critical metabolites in QZT with significant change in its
metabolic profile. The contents of catechins and flavonoids significantly
decreased, and some novel phenolic acids and catechin derivatives were
formed, while the theabrownin content inversely increased during QZT
processing. Besides, the dynamic changes in metabolic profile of black
tea during microbial fermentation processing were also revealed by an
untargeted metabolomics approach based on ultra-high performance
liquid chromatography (UPLC) coupled with quadrupole time-off-light
mass spectrometry (Q-TOF MS) (Tan et al., 2016). The dynamic
changes of 1,375 metabolic ion features were mapped by untargeted
metabolomics measurements, and 61 major differential compounds,
including catechins, dimeric catechins, flavonol glycosides, amino acids,
phenolic acids, alkaloids, and nucleosides, were structurally identified,
which revealed distinct metabolome patterns of black tea during
fermentation up to 14 h (Tan et al., 2016). Furthermore, a combination
of untargeted metabolomics approach based on UPLC coupled with
linear ion trap/orbitrap-mass spectrometry (LTQ-Orbitrap MS) and
label-free proteomic analysis was employed to comprehensively reveal
the changes in nonvolatile compounds during white tea processing
(Chen, Shi, Mu, Chen, Dai, & Lin, 2020). A total of 99 nonvolatile
compounds were identified, among which the contents of 13 free amino
acids, caffeine, theaflavins, 7 nucleosides and nucleotides, and 5 flavone
glycosides increased significantly, while the contents of theanine, cate
chins, theasinesins, 3 proanthocyanidins, and phenolic acids decreased
significantly during the withering period. In addition, the degradation of
proteins accounted for the increase in free amino acid levels, and the
degradation of ribonucleic acids contributed to the increase in

2. The effects of processing on bioactive compounds of
functional foods via metabolomics analysis
The untargeted and targeted metabolomics approaches have been
widely applied to reveal the changes in bioactive compounds of func
tional foods during food processing. Generally, microbial fermentation
is a critical process to produce black tea, such as Qingzhuan tea, Pu-erh
tea, and Fuzhuan tea. During the microbial fermentation, a series of
biochemical reactions, including decomposition of raw materials via
fungi, metabolism of microbes, and interactions between different

Fig. 1. The typical flowchart of application of metabolomics to study the interventional effects of functional food on metabolic diseases.
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nucleoside and nucleotide levels during the withering period (Chen, Shi,
Mu, Chen, Dai, & Lin, 2020).
Furthermore, Panax ginseng C.A. Meyer has been widely used as a
functional food and traditional herbal medicine. There are different
P. ginseng products produced by different thermal processes, which
include white ginseng, Tae-geuk ginseng, red ginseng, and black ginseng
(Lee et al., 2018; Yoon et al., 2020). In the food industry, it is critical to
control the quality of processed P. ginseng products due to the extremely
complex chemical composition of P. ginseng products. The UPLC/Q-TOFMS and NMR spectroscopy combined with high resolution magic angle
spinning (HR-MAS)-based metabolomics approaches were applied for
quality evaluation of white ginseng, Tae-geuk ginseng, red ginseng, and
black ginseng. Diverse metabolites, including ginsenosides were profiled
by UPLC-QTOF/MS, and 4 processed ginseng products were welldifferentiated, and the major ginsenosides of each product were found
as follows: white ginseng (M-Rb1, M-Rb2, M-Rc, Re, Rg1), Tae-geuk
ginseng (Rb2, Rc, Rd, Re, Rg1), red ginseng (Rb1, Rb2, Rc, Rd, Re,
Rg1), and black ginseng (Rd, Rk1, Rg5, Rg3) (Lee, et al., 2018). Besides,
the primary metabolic profiles of white ginseng, Tae-geuk ginseng, red
ginseng, and black ginseng were analyzed and statistically compared,
and it was found that the degree of processing was significantly affected
as confirmed by the differences obtained in the primary metabolic
profiles of all the ginseng varieties. Sugars in particular showed signif
icantly different patterns in the 4 processed ginseng products. On the
other hand, white ginseng had a high sucrose content, Tae-geuk ginseng
had a high maltose content, and black ginseng had high fructose and
glucose contents (Yoon, Shin, Lee, Kim, Baek, & Lee, 2020). Addition
ally, an integrated chromatographic technique based on targeted gly
comics and untargeted metabolomics strategy was developed for
simultaneous determination of carbohydrates and overall metabolic
chemical profiling of Rehmanniae Radix (Zhou et al., 2016). This inte
grated strategy holistically illuminated the variations in the glycome
and metabolome of R. Radix samples processed by the traditionallyadopted nine cycled process of steaming and drying, and further eluci
dated the processing-induced chemical transformation mechanisms of
carbohydrates and secondary metabolites, thereby revealing the
inherent chemical connection between carbohydrates and secondary
metabolites.
Moreover, the effect of thermal processing on the phytochemical
profile of black raspberry was assessed by using an untargeted metab
olomics analysis (Teegarden, Schwartz, & Cooperstone, 2019). Metab
olomics analysis revealed that key components of black raspberry, such
as quercetin, phenolic acids, and ellagic acid were relatively stable
during the process, while a decrease in total anthocyanin content was
observed concurrently with a large increase in degradation products. In
another study, a nontargeted hydrophilic interaction chromatography
(HILIC)-MS-based metabolomics approach was applied for evaluation of
roasting process on the phytochemical analysis of coffee beans (PérezMíguez, Castro-Puyana, Sánchez-López, Plaza, & Marina, 2020). A total
of 13 kinds of components, such as betaine, proline, proline betaine,
choline, and neochlorogenic acid, were tentatively identified as poten
tial biomarkers of the coffee roasting process using this metabolomic
platform. Furthermore, the aged-black garlic is used as a global func
tional food. The metabolites of aged-black garlic are extremely complex
during the aging process. An UPLC-Orbitrap high-resolution mass
spectrometry (HRMS)-based metabolomics approach was performed for
revealing biochemical changes of black garlic during the aging process
(Chang, Chen, Chen, Hsieh, & Liao, 2020). It was found that organo
sulfur compounds, such as allicin, diallyl disulfide, ajoene, S-allyl-Lcysteine (SAC), and γ-glutamyl-SAC decreased during the process.
Plenty of glycerophospholipids together with shikimate, aromatic amino
acids, and vitamin B6 vitamers were significantly augmented. Trypto
phan was consumed to generate downstream products manifested in
nicotinate metabolism and aminobenzoate degradation.
In conclusion, untargeted and targeted metabolomics approaches are
powerful strategies for revealing the changes in bioactive compounds of

functional foods during food processing. The metabolomics in combi
nation with proteomics and glycomics could further promote potential
ability of this platform for comprehensively analysis of processing
chemistry of functional foods.
3. The effects of storage on bioactive compounds of functional
foods via metabolomics analysis
Storage has a dramatic impact on the chemical composition, bio
logical activity, and sensory quality of functional foods. The untargeted
metabolomics approach has been widely applied to reveal the changes in
bioactive compounds of functional foods during their storage. For
instance, the black tea could be stored for a long time, which subse
quently affects its sensory characteristics. Both targeted and untargeted
metabolomics approaches were applied for determining the effect of
storage (1, 2, 3, 4, 5, 10, 17, and 20 years) on the metabolite profiling of
Keemun black tea (Huang et al., 2021). The main polyphenols, such as
catechins, were degraded during the storage, especially the samples
stored for 10-years, but caffeine and theobromine were stable. Indeed,
quinic acid, galloylated catechins, linolenic acid, linoleic acid, malic
acid, palmitic acid, and theaflavin-3́ -gallate were detected as marker
compounds of Keemun black tea (Huang, et al., 2021). Besides, an
UPLC/Q-TOF MS-based untargeted metabolomics approach was used
for investigating the metabolic profile of white tea stored for 1, 3, 7, and
≥10 years (Xie et al., 2019). It was revealed that, most of the metabo
lites, including catechins, flavonol/flavone glycosides, amino acids,
nucleosides, organic acids, aroma precursors, lipids, and carbohydrates
decreased with increasing time of storage, while 8-C N-ethyl-2-pyrroli
dinone-substituted flavan-3-ols (EPSFs) and pyroglutamic acid
increased. Indeed, EPSF compounds can be used as markers for the
storage of white tea with favorable discriminative and predictive abili
ties (Xie, et al., 2019). Additionally, an UPLC-Orbitrap-MS-based
metabolomics approach assisted with global natural product social
(GNPS) feature-based molecular networking was also performed for
revealing the metabolic profile of raw Pu-erh tea stored in a wet-hot or
dry-cold environment for 1–9 years (Xu et al., 2019). The phytochemical
profiles of raw Pu-erh tea samples were similar at an early stage but
differed from each other at the 5th and the 7th year storage in a wet-hot
and/or dry-cold environment. The discriminating features were deter
mined as N-ethyl-2-pyrrolidinone-substituted flavan-3-ols, unsaturated
fatty acids, lysophosphatidylcholines, flavan-3-ols, amino acids, and
flavonol-O-glycosides. Furthermore, the metabolomics approaches
based on LC-MS, GC–MS, and 1H NMR were also successfully applied for
unveiling the changes of bioactive compounds in Ipomoea batatas (sweet
potato) (Ren, Zhang, Wu, Ge, Zhao, Shen, et al., 2021), leaves of Cosmos
caudatus (Javadi et al., 2015), and Cucumis melo (rockmelon) (Zainal,
Ding, Ismail, & Saari, 2019) during storage, respectively. These studies
confirmed that different analytical techniques-based metabolomics ap
proaches possess great potential for revealing the changes in global
metabolites of functional foods during storage.
4. Interventional effects of tea on metabolic diseases
Functional foods as a part of the routine diet are different from drugs
or dietary supplements and play an important role in preventing meta
bolic diseases, such as the hypolipidemic effect of hawthorn, the hypo
glycemic effect of grains, and the anti-obesity effect of green tea.
Currently, metabolomics techniques are widely used to reveal inter
ventional mechanisms of functional foods on metabolic diseases. Table 1
summarizes the potential biomarkers and molecular pathways of
metabolic diseases intervened with different functional foods, as
revealed by the metabolomics techniques.
Tea is a beverage made from the leaves of a tea tree with a unique
aromatic taste. Based on the processing technology of tea, it can be
divided into three main categories, which include green tea, black tea,
and oolong tea. Clinical and epidemiological studies have shown that tea
3
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Table 1
Metabolomics approaches reveal metabolic pathways and potential biomarkers in metabolic diseases treated with various functional foods.
Food ingredients

Diseases

Objects

Analytical
methods

Samples

Potential biomarkers

Metabolic pathways

References

Tea and its bioactive components
Green tea
Nonalcoholic
steatohepatitis

C57BL/6
mice

UPLC/QTOF MS

Liver

Piperideine, betaine aldehyde,
serine,proline, valine, homoserine,
threonine, isoleucine, leucine,
ornithine, aspartate, glutamine,
lysine, methionine, histidine,
phenylalanine, tyrosine, alanylproline, asparaginyl-glycine, Nacetyl-L-histidine, tryptophan,
uridine, etc.

Sasaki, Li,
Cichon, Riedl,
Kopec, &
Bruno, 2019

Green tea

Type 2 diabetes
mellitus

Zucker rats

NMR

Urine

Green tea

Obesity

C57BL/6
mice

LC/Q-TOF
MS

Serum,
liver

Lipid metabolism, Fatty
acid β-oxidation, TCA cycle,
etc.

(Lee et al.,
2015)

Green tea

Nonalcoholic
steatohepatitis

C3H/HeJ
loss-offunction
TLR4mut
mice, C3H/
HeOuJ WT
mice

UPLC/QTOF MS

Liver

Glutathione/cysteine
metabolism,
glycerophospholipid and
fatty acid metabolism,
acetyl-CoA and arginine
metabolism, etc.

Sasaki, Li,
Cichon, Kopec,
& Bruno, 2021

Green tea

Obesity

C57BL/6
mice

UPLC/QTOF MS

Feces

Formate, hippurate, fumarate, urea,
allantoin, creatinine, glucose, 2ketoglutarate, dimethylglycine,
citrate, succinate, acetate, alanine,
lactate, etc.
Hexanoylcarnitine, vaccenyl
carnitine, palmitoylcarnitine, LPCs
(C14:0, C17:1, C18:1, C18:2, C18:3,
C20:0, C20:1, C20:3, C20:4, and
C20:5), betaine, leucine,
phenylalanine, tyrosine, tryptophan,
valine, creatine, etc.
Ophthalmic acid, γ-glutamylaspartate,2-aminoacrylic acid, 4oxoproline, pipecolic acid,
spermidine, cysteic acid, 1-methyl
histidine, citrulline, ascorbic acid,
octanoylglucuronide, CDPethanolamine, PC, lysoPC, cytosine,
allantoin, cytidine, acetylhistidine,
etc.
Chenodeoxycholate, cholic acid,
unsaturated fatty acids, etc.

Pantothenic acid
metabolism, riboflavin
metabolism, lipid
metabolism,
glycerophospholipid
metabolism,
phosphatidylcholine
metabolism,nicotinamide
metabolism,pyridoxine
metabolism, etc.
Citrate cycle (TCA cycle)
glucose metabolism, amino
acid metabolism, etc.

Li et al., 2020

Pu’er tea

Alcoholic liver
disease

C57BL/6
mice

UPLC/QTOF MS

Feces

Branched-chain amino
acids, aromatic amino
acids, sphingolipids, and
most acyl cholines,
modulated bile acid
metabolism, etc.
Sphingolipid metabolism,
phenylalanine metabolism,
caffeine metabolism,purine
metabolism,
glycerophospholipid
metabolism, linoleic acid
metabolism, etc.

Theabrownin from
Pu’er tea

Obesity

SpragueDawley
rats

UPLC/QEOrbitrap
MS

Serum

Yue, Zhao,
Peng, Tan,
Wang, & Gong,
2019

Dark tea

Cardiovascular
disease

ApoE-/mice

UPLC/QTOF MS/
MS

Serum

Tryptophan metabolism,
neuroactive ligand-receptor
interaction, circadian
entrainment, phenylalanine
metabolism, bile secretion,
primary bile acid
biosynthesis, etc.
Glycerophospholipid
metabolism,phenylalanine
metabolism, valine, leucine,
and isoleucine biosynthesis,
etc.

Vine tea

Type 2 diabetes
mellitus

Wistar rats

LC-MS

Liver

Wan et al.,
2017

Tea
polysaccharides

Type 2 diabetes
mellitus

Wistar rats

UPLCTripleTOF-MS

Urine

Glucose and lipid
metabolism, promoted
glycogen synthesis, etc.
Valine, leucine and
isoleucine biosynthesis,
phenylalanine, tyrosine and
tryptophan biosynthesis,
phenylalanine metabolism,
arginine and proline
metabolism,glyoxylate and
dicarboxylate metabolism,
TCA cycle, etc.

Xanthosine, xanthine, uric acid,
phenylacetylglycine, 2-hydroxycin
namic acid, L-tyrosine,Lphenylalanine, sphingosine,
sphingasine,
lysophosphatidylcholines (LysoPC)
[e.g., LysoPC(18:1(11Z)),LysoPC
(20:4(5Z,8Z,11Z,14Z)), LysoPC(P18:0)], linoleic acid, etc.
Allocholic acid, 1H-Indole-3-acetic
acid, 2-aminopropanol, 3methyluridine, melatonin, 1-amlno
cydohexanecarboxylic acid,
myristoleic acid, hippuric acid,
hydroxyisobutyrate, 5-hpete,
deoxycholic acid, cholic acid, etc.
LysoPE (22:4(7Z,10Z,13Z,16Z)/
0:0), lysoPC(20:4
(8Z,11Z,14Z,17Z)),11,14,17eicosatrienoic acid,1octadecylglycero-3-phosphocholine,
etc.
A total of 174 metabolites, such as Ltyrosine, L-methionine, L-threonine,
and L-glutamic acid, etc.
1-Methyladenosine, 1-methylguano
sine, 2-methylguanosine, 3-methyl
adenine, acetylhomoserine,
adenosine monophosphate,
carnosine, L-arginine, alpha-NPhenylacetyl-L-glutamine, hippuric
acid, indole, indole-3-carboxylic
acid, L-isoleucine, L-phenylalanine,
tyramine, xanthurenic acid, etc.

Edible medicinal plant and its bioactive components

Zhang et al.,
2013

Liu, Luo,
Wang, Luo,
Sun, & Zeng,
2020

Li et al., 2019

Li et al., 2020

(continued on next page)
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Table 1 (continued )
Food ingredients

Diseases

Objects

Analytical
methods

Samples

Potential biomarkers

Metabolic pathways

References

Crataegus
pinnatifida

Cardiovascular
diseases

Dahl SS
rats

GC–MS

Kidneys

Palmitic acid, N-methylalanine,
succinic acid, glyceric acid, stearic
acid, urea, hypotaurine, pyruvic
acid, etc.

Zheng et al.,
2019

Crataegus
pinnatifida

Cardiovascular
diseases

SpragueDawley
rats

GC–MS

Adipose

Urea, glycerol, pyrimidine,
threonine, aspartic acid, glutamine,
glucose, tetradecanoic acid,
mannose, hexadecanoic acid,
inositol, octadecanoic acid, oleic
acid, 2-monopalmitin, cholesterol,
etc.

Ganoderic acid A
(Ganoderma
lucidum)

Non-alcoholic fatty
liver disease

Kunming
mice

UPLC/QTOF MS

Liver

Unknown

Ganoderma atrum
polysaccharides

Type 2 diabetes
mellitus

Wistar rats

UPLC/QTOF MS

Serum

Methionine, dTMP, D-tryptophan,5hydroxy-indoleacetaldehyde,
glycocholic acid, biliverdin IX,
malate, taurocholic acid, etc.

Ganoderma
amboinense
polysaccharides

Non-alcoholic fatty
liver disease

C57BL/6
mice

LC-MS

Serum

Lycium barbarum
polysaccharides

Type 2 diabetes
mellitus

SpragueDawley
rats

GC/TOF
MS

Liver,
urine

Alanine, aspartate and
glutamate metabolism, TCA
cycle, glyoxylate and
dicarboxylate metabolisms,
etc.

Xia et al., 2019

Lycium barbarum
polysaccharides

Cardiovascular
diseases

C57BL/6
mice

GC/TOF
MS

Feces

Nicotinate and
nicotinamide metabolism,
vitamin digestion and
absorption, purine
metabolism, vitamin B6
metabolism, etc.

Zhang et al.,
2020

Lycium barbarum
leaves

Type 2 diabetes
mellitus

Rats

UPLC/QTOF MS

Serum,
feces

Nicotinate and
nicotinamide metabolism,
arachidonic acid
metabolism, purine
metabolism, etc.

Zhao et al.,
2020

Gardenia
jasminoides

Type 2 diabetes
mellitus

SpragueDawley
rats

LC-MS

Urine

Type 2 diabetes
mellitus

Wistar rats

UPLC/QTOF MS/
MS

Liver

Chrysanthemum
morifolium

Hyperuricemia

SpragueDawley
rats

UPLC/QTOF MS

Serum

Bile acid biosynthesis,
amino acid metabolism,
vitamin B metabolism,
taurine metabolism, etc.
Glycerolipid and
glycerophospholipid
metabolism,Ceramide
metabolism, bile acids
metabolism, etc.
Tryptophan metabolism,
sphingolipid metabolism,
glycerophospholipid
metabolism, arachidonic
acid metabolism, etc.

Wang, Yang,
Song, Liu, &
Liu, 2020

Dendrobium
officinale
polysaccharides

Histamine, L-asparagine, 12(13)EpOME, lithocholic acid,
phosphoglycolic acid, L-methionine
S-oxide, leukotriene A4, L-arginine,
thiamine, arachidonic acid, Nacetylaspartate, propionyl-Lcarnitine, tretinoin, LysoPC (15:0),
LysoPC (18:1(11Z)), etc.
2-hydroxybutanoic acid, L-malic
acid,myo-inositol, pantothenic acid,
ornithine, xylose, arachidic acid,
tricetin, abietic acid, fumaric acid, Darabitol, L-allothreonine, xylitol,
ribitol, mucic acid, 1-indanol,
creatinine, methylmalonic acid, Dgalacturonic acid, benzoic acid, 2,3dihydroxybutyric acid, citric acid,
etc.
Cholic acid, nicotinic acid, Dsphingosine, hexanoic acid,
mesaconic acid, palmitoleic acid, 5hydroxyindole-3-acetic acid, tiglic
acid, isorhapontigenin, L-ascorbate,
7-methylguanine, hydroquinone,
riboflavin, etc.
Neriantogenin, prostaglandin H2,
lysophosphatidylcholine (lysoPC)
(18:0), xanthosine, histidinal,
pantetheine 4′ -phosphate, Lallothreonine,homovanillin,
niacinamide, etc.
Cholic acid, deoxycholic acid,
kynurenic acid, xanthurenic acid,
indoxyl sulfate, indole-3-carboxylic
acid, etc.
Diacylglycerol, triacylglycerol,
phosphatidylcholine,
phosphatidylethanolamine,
deoxycholic acid, taurocholic acid,
cholic acid, etc.
Proline, phenylalanine,
indoleacrylic acid, tryptophan,
capsiamide, octadecanamide,
sphinganine, glycerol tributanoate,
eicosapentaenoic acid,
phytosphingosine,

Glycolysis, cysteine
metabolism, arginine and
proline metabolism,glycine
and serine metabolism,
beta-oxidation of fatty
acids, urea cycle,
methionine metabolism,
purine metabolism, etc.
Arginine and proline
metabolism,glycerolipid
metabolism,pyrimidine
metabolism,glutamine
metabolism,TCA cycle,
galactose metabolism,
biosynthesis of unsaturated
fatty acids, etc.
Primary bile acid
biosynthesis, fatty acid
biosynthesis, amino sugar
and nucleotide sugar
metabolism, inositol
phosphate metabolism, etc.
Carbohydrate metabolism,
fatty acid biosynthesis,
glycolysis and
gluconeogenesis
metabolism, lipids and
lipoproteins metabolism,
etc.
Arachidonic acid
metabolism, alanine,
aspartate and glutamate
metabolism, linoleic acid
metabolism, and
glycerophospholipid.

Hu, Zhang, Liu,
Liu, Wang, &
Sun, 2019

Guo et al.,
2020

Zhu, Nie,
Gong, & Xie,
2016

Ren et al., 2021

Yang, Chen,
Nie, Huang, &
Nie, 2020
Peng, Lin,
Zhao, & Sun,
2019

(continued on next page)
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Table 1 (continued )
Food ingredients

Diseases

Objects

Analytical
methods

Samples

Potential biomarkers
tetracosahexaenoic acid, LysoPC
(15:0), LysoPC (16:1), LysoPC
(16:0), LysoPC (17:0), LysoPC
(18:2), docosahexaenoic acid, etc.
D-Glucurono-6,3-lactone, gycerol-3phosphate, pyruvic acid, lithocholic
acid, 2-pyrocatechuic acid,
prostaglandin E1, etc.

Ginger essential
Oil

Alcoholic fatty liver
disease

C57BL/6
mice

LC/Q-TOF
MS

Serum

Litchi chinensis

Type 2 diabetes
mellitus

SpragueDawley
rats

GC–MS

Serum,
urine

Glycine, L-serine, threonine, Lalanine, valine, L-proline, lactic acid,
malic acid, ribonic acid, ribitol, Dfructose, D-glucose, D-mannose, 3hydroxybutyric acid, glycerol,
tetradecanoic acid, hexadecanoic
acid, octadecanoic acid, cholesterol,
monostearin, etc.

Cereals and its products
Buckwheat
Non-alcoholic fatty
liver disease

Kunming
mice

UPLC/QTOF MS

Liver

D-Fructose, D-glucose

Fermented
buckwheat

Non-alcoholic fatty
liver disease

Kunming
mice

UPLC/QTOF MS

Liver

Whole grain oats

Type 2 diabetes
mellitus

SpragueDawley
rats

UPLC/QTOF MS

Serum

Fermented barley

Obesity

SpragueDawley
rats

UPLC/QTOF MS

Serum

Rye bran

Obesity

C57BL/6
mice

LC/Q-TOF
MS

Urine

Cereal formula
powder

Type 2 diabetes
mellitus

db/db mice

Unknown

Feces

Others
Cocoa

Obesity

Human

LC-MS

Urine

Cocoa

Cardiovascular
diseases

Human

LC/Q-TOF
MS

Urine

Red pepper and
turmeric

Obesity

Human

GC–MS

Serum

Laminaria japonica

Non-alcoholic fatty
liver disease

SpragueDawley
rats

UPLC/QTOF MS

Liver

6-phosphate,
6-phosphate,
nicotinamide adenine dinucleotide
phosphate, arecoline, betaine,
acetylcarnitine, etc.
D-Fructose, cellobiose, D-glucose 6phosphate, D-gluconate, D-erythrose
4-phosphate, D-fructose 6-phos
phate, nicotinamide adenine
dinucleotide phosphate, bilirubin,
myristoleic acid, tauroursocholic
acid, taurohyocholic acid,
taurallocholic acid, etc.
Citrate, malic acid, isoleucine,
arginine, linoleic acid, arachidonic
acid, etc.
D-gluconate, D-fructose

Citric acid, tryptophan, 9-HETE, PE
(18:1), phenylalanine, suberic acid,
choline, carnitine, trigonelline,
creatine, betaine, cytosine,
methionine, tyrosine, kynurenine,
butyryl-carnitine, hippuric acid, etc.
Proline betaine, alanine betaine,
valine betaine, phenylalanine
betaine, pipecolic acid betaine,
trigonelline, etc.
16-Hydroxyestrone, 3-hydroxyan
thranilic acid, 4-alpha-carboxy4beta-methyl-zymosterol,7-dehy
drocholesterol, D-maltose,
eicosadienoic acid, eugenol, Nacetylneuraminic acid, etc.
3-Methylxanthine, 3-methyluric
acid,L-beta-aspartyl-Lphenylalanine,uridine
monophosphate, etc.
Tyrosine sulfate, butyrylcarnitine,
methylglutarylcarnitine, etc.

Linolenic acid, nonanoic acid,
lysine, 1,2-benzenedicarboxylic
acid, diisooctyle ester, nbutylamine, trimethylamine, 4-hy
droxy-proline, etc.
1-Aminocyclopropanecarboxylic
acid,butyl lactate, cholic acid,
cytochalasin B, Pyro-L-glutaminyl-L-

Metabolic pathways

References

Phenylalanine metabolism,
arginine and proline
metabolism, glycine, serine
and threonine metabolism,
tryptophan metabolism,
etc.
Glycine, serine, threonine
metabolism, alanine
metabolism, valine
metabolism, arginine and
proline metabolism,
glycolysis and
gluconeogenesis
metabolism, pyruvate
metabolism, citrate cycle,
etc.

Liu et al., 2013

Pentose phosphate
pathway, starch and sucrose
metabolism, primary bile
acid biosynthesis, etc.

Huang, Deng,
et al., 2020

Primary bile acid
biosynthesis, pyrimidine
metabolism, ether lipid
metabolism, glutathione
metabolism, glycine, serine
and threonine metabolism,
amino sugar and nucleotide
sugar metabolism, etc.
TCA cycle, arginine and
proline metabolism, linoleic
acid metabolism,
arachidonic acid
metabolism, etc.
Lipid metabolism, fatty acid
β-oxidation,TCA cycle, etc.

Huang, Chen,
et al., 2020

Man et al.,
2017

Zhao, Zhang,
Wang, Shan, &
Xu, 2020
Zhang, Xiao,
Dong, & Zhou,
2019

Unknown

Pekkinen et al.,
2015

Tryptophan metabolism,
cholesterol metabolism,
primary bile acid
biosynthesis, secondary bile
acid biosynthesis, etc.

Li et al., 2020

Unknown

Ibero-Baraibar
et al., 2016

Acylcarnitine pathway, etc.

Llorach, UrpiSarda,
Tulipani,
Garcia-Aloy,
Monagas, &
AndresLacueva, 2013
Nieman,
Cialdella-Kam,
Knab, &
Shanely, 2012

Capsaicinoids metabolism,
etc.

Primary bile acid
biosynthesis metabolism,

Zhang, Fan,
Guo, Cao, Lin,

(continued on next page)
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Table 1 (continued )
Food ingredients

Diseases

Objects

Analytical
methods

Samples

Potential biomarkers

Metabolic pathways

References

glutamine,diosbulbinoside D,
kukoamine B, PI (18:0/22:4
(10Z,13Z,16Z,19Z)), etc.
2-Oxoglutarate, alanine, leucine,
succinate 3-hydroxybutyrate,
taurine, betaine, allantoin, acetate,
dimethylamine, creatine, creatinine,
glucose, phenyl-acetylglycine,
hippurate, etc.

cysteine and methionine
metabolism, etc.

Cheng, et al.,
2020

TCA cycle, butanoate
metabolism, glycine, serine
and threonine metabolism,
taurine and hypotaurine
metabolism, glyoxylate and
dicarboxylate metabolisms,
etc.
Unknown

Saleh et al.,
2020

Salacca zalacca

Type 2 diabetes
mellitus

SpragueDawley
rats

NMR

Urine

Strawberry,
blueberry

Obesity and Type 2
diabetes mellitus

Wistar rats

LC/Q-TOF
MS

Serum

Bilberry, purple
potato

Type 2 diabetes
mellitus

Zucker rats

UPLC/QTOF MS

Plasma

Fermented carrot

Type 2 diabetes
mellitus

Wistar rats

UPLC/QTOF MS

Serum

Adenosine, proline, glycocholic
acid, sphingosine, theophylline,
taurocholic acid,5hydroxyindoleacetaldehyde,
taurochenodeoxycholic acid, etc.

Fermented
soybean product

Obesity

Mice

UPLC/QTOF MS

Plasma

Okara

Obesity

C57BL/6
mice

NMR

Serum

Lyso-phosphatidylcholines, palmitic
amide, Trans-12,13-epoxy-11-oxotrans-9-octadecenoic acid, linoleyl
carnitine, phosphatidylcholines, etc.
Cholesterol, ω-3 FAs, 3-hydroxybu
tyrate, alanine, acetate, valine,
pyruvate, citrate, creatine, choline,
phosphatidylcholine (PC),
glycerophosphorylcholine (GPC), αglucose, β-glucose, taurine, scylloinositol, succinate, triglyceride,
Glutamate, fumarate, tyrosine,
histidine, phenylalanine,
deoxycytidine, etc.

Hyacinth bean

Obesity

C57BL/6
mice

UPLC/QTOF MS,
GC/Q-TOF
MS

Liver,
serum

Punicalagin

Type 2 diabetes
mellitus

C57BL/6
mice

UPLC/QTOF MS/
MS

Urine

Eicosapentaenoic
acid

Obesity

C57BL/6
mice

LC-MS,
GC–MS

Adipose

Acetylcarnitine, etc.

Mangiferin

Hypertriglyceridemia

Golden
Syrian
hamsters

NMR

Serum

Glucomannan

Type 2 diabetes
mellitus

Wistar rats

LC-MS

Serum,
liver,

Cholesterol, lipids, isoleucine,
leucine, valine, 3-hydroxybutytrate,
acetoacetate, acetone, acetate,
lactate, citrate, glutamine, alanine,
creatine, choline, myo-inositol,
scyllo-inositol, etc.
Isovalerylglutamic, aspartic acids,
phenylalanine, valine, leucine,

Resveratrol-3-glucoside sulfate,
methyl-thiophenethiol,
nonadecenoic acid, gammaglutamyl-aspartate, etc.
Isoleucine, valine, lactate, alanine,
acetone, pyruvate, citrate, glycerol,
etc.

Lactic acid, pyruvic acid, succinic
acid, citric acid, alanine, valine,
leucine, glycine, proline, threonine,
aspartic acid, GABA, glutamic acid,
phenylalanine, ornithine, Lysine,
etc.
Allysine, 5-acetamidovalerate, pcresol glucuronide, indoxyl sulfate,
phenol sulphate, citric acid,
pyrocatechol sulfate, 3-hydroxyme
thylglutaric acid, tiglylglycine, 2hydroxybutyric acid, isopentenyl
pyrophosphate, hippuric acid,
levoglucosan, vanillin 4-sulfate,
nicotinuric acid, 3,4-methylene
sebacic acid, nonate, gluconic acid,
tartaric acid, etc.

Glutamine and glutamate
metabolism, phenylalanine,
tyrosine and tryptophan
biosynthesis, etc.
Lipid metabolism,
lipoproteins metabolism,
purine metabolism,
tryptophan metabolism,
bile secretion, fatty acid
biosynthesis, glycolysis and
gluconeogenesis
metabolism, etc.
Lipid metabolism, etc.

Lipid metabolism,
glycolysis and
gluconeogenesis, fatty acid
oxidation, TCA cycle,
creatine metabolism,
glycerolipid and
glycerophospholipid
metabolism, carbohydrate
metabolism, bile acid
biosynthesis and taurine
metabolism,
Deoxyribonucleotides
metabolism, etc.
Amino acid metabolism,
lipid metabolism, glucose
metabolism, bile acid
metabolism, etc.
Taurine and hypotaurine
metabolism, propanoate
metabolism,phenylalanine
metabolism,pentose
phosphate pathway,
nicotinate and nicotinamide
metabolism, lysine
degradation, TCA cycle,
glyoxylate and
dicarboxylate metabolism,
carbon metabolism,
biosynthesis of amino acids,
etc.
Beta-oxidation of fatty
acids, etc.

Glucose disposition and
lipids metabolism, TCA
cycle, etc.

Aranaz et al.,
2017
Chen et al.,
2020
Li, Nie, Zhu,
Xiong, & Xie,
2016

Kim, Choi,
Choi, Cha,
Muthaiya, &
Lee, 2013
Dai, Huang, &
Deng, 2019

Suh, Lee, Jung,
Singh, Kim, &
Lee, 2017

Jin, Zhang, Li,
Tu, & Zhou,
2020

LeMieux,
Kalupahana,
Scoggin, &
MoustaidMoussa, 2015
Guo, Zi, Liu,
Feng, & Sun,
2017

Phenylalanine, tyrosine,
and tryptophan
(continued on next page)
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Table 1 (continued )
Food ingredients

Diseases

Objects

Analytical
methods

Samples

Potential biomarkers

Metabolic pathways

References

colonic
contents

isoleucine,Proline betaine,
ergothioneine, carnitines,
cholestenones, cholic acids,
disaccharides, monosaccharides,
triglycerides, indoles,
phosphatidylcholines, etc

biosynthesis, valine, leucine
and isoleucine biosynthesis,
alanine, aspartate, and
glutamate, phenylalanine
metabolism,glyoxylate and
dicarboxylate metabolism,
TCA cycle, etc.
Biosynthesis and reuptake
of bile acids, fatty acid betaoxidation,glycerolipid,
glycerophospholipid,and
sphingolipid metabolisms,
etc.
Choline metabolism,
glucose metabolism,
nucleotide and amino acid
metabolism, etc.

Chen, Nie, Hu,
Huang, Yin, &
Nie, 2021

Glycolysis and
gluconeogenesis, pentose
phosphate pathway,
galactose metabolism,
starch and sucrose
metabolism, galactose
metabolism, carbohydrate
digestion and absorption,
glycerophospholipid
metabolism, inositol
phosphate metabolism, etc.
Glycerophospholipid
metabolism, fatty acid
degradation, fatty acid
elongation, glycerolipid
metabolism, primary bile
acid biosynthesis,
arachidonic acid
metabolism, etc.
Glycerophospholipid
metabolism, fatty acid
degradation, fatty acid
elongation, unsaturated
fatty acids biosynthesis,
riboflavin metabolism,
glycerolipid metabolism,
primary bile acid
biosynthesis, arachidonic
acid metabolism, etc.
Glycerophospholipid
metabolism,tryptophan
metabolism, etc.

Sun et al., 2020

Sacha inchi oil

Dyslipidaemia

SpragueDawley
(SD) rats

UPLC-MS/
MS

Feces,
Liver

Cholic acid, glycocholic acid,
taurochenodeoxycholic acid,
taurocholic acid, etc.

Pumpkin seed oil

Metabolic disease

Wistar rats

NMR

Liver

Lactobacillus
rhamnosus
LRa05

Obesity

C57BL/6
mice

UPLC/QTOF MS

Liver

Glucose, leucine, isoleucine, valine,
glutamate, glutamine,
phosphorylcholine,
glycerophosphorylcholine, uridine,
guanosine, etc.
D-Glucose, glycerophosphocholine,
maltose, maltotriose, myo-inositol,
palmitoyl, ethanolamide, riboflavin,
LysoPC (20:0), LysoPC (20:3
(5Z,8Z,11Z)), LysoPC (20:0/0:0), PC
(18:2(9Z,12Z)/20:4
(5Z,8Z,11Z,14Z)), PS (18:1(9Z)/
0:0), etc.

Lactobacillus
plantarum
FZU3013

Non-alcoholic fatty
liver disease

Kunming
mice

UPLC/QTOF MS

Liver

A total of 74 metaboloites, such as
palmitic acid, 16-hydroxypalmitic
acid, DL-lactic acid, acetyl-CoA, oleic
acid, arachidonic acid, etc.

Lactobacillus
paracasei
FZU103

Cardiovascular
disease

Kunming
mice

UPLC/QTOF MS

Liver

A total of 90 metaboloites, such as
acetyl-CoA, LyscoPC, cholesterol,
oleoyl-CoA, citramalic acid,
Ppalmitic acid, NADH, oleic acid,
arachidonic acid, etc.

Bifidobacterium
longum

Obesity

C57BL/6
mice

UPLC/QTOF MS

Liver

Phenylpropanoids, polyketides,
benzenoids, nucleosides,
nucleotides, analogues, etc.

Li et al., 2020

Zhao, Chen,
Fu, Zhang, Liu,
& Zhuo, 2017

Chen et al.,
2020

Lv et al., 2021

Wu et al., 2020

UPLC/Q-TOF MS, ultra-high performance liquid chromatography coupled with quadrupole time-off-light mass spectrometry; LC-MS, liquid chromatography coupled
with mass spectrometry; GC–MS, gas chromatography coupled with mass spectrometry; GC/TOF MS, gas chromatography coupled with time-off-light mass spec
trometry; UPLC-Triple-TOF-MS, ultra-performance liquid chromatography-triple time of flight mass spectrometry; UPLC/QE-Orbitrap MS, ultra-high performance
liquid chromatography coupled with quadrupole-extractive orbitrap mass spectrometry; NMR, nuclear magnetic resonance.

contains a large number of biologically active ingredients, including
catechins, amino acids, polyphenols and polysaccharides, which have
antioxidant, anti-inflammatory, and microbial regulation effects and can
reduce the risk of various diseases, such as obesity, diabetes, and fatty
liver disorders (Yang, Zhang, Zhang, Huang, & Wang, 2016). According
to reports in the literature, green tea has the ability to prevent and
control obesity (Zheng, Xu, Li, Hui, Wu, & Huang, 2013). However, the
changes in the metabolic profile of the body and related metabolic
pathways that occur during the anti-obesity process of green tea remain
unclear. To study the metabolic mechanism of the anti-obesity effect of
green tea, mice were fed a high-fat diet to induce obesity. Subsequently,
metabolomics analysis was performed on the serum and liver samples of
mice. Green tea could improve the level of metabolites related to
mitochondrial fatty acid β-oxidation and had a good relieving effect on
obesity in mice (Lee, et al., 2015). According to the reports, regular
consumption of green tea rich in catechins can reduce the risk of

diabetes. Green tea can inhibit the excretion of lactic acid and acetic acid
in diabetic rats according to urine metabolomics studies, thereby con
trolling metabolic acidosis (Zhang et al., 2013). Green tea can also
relieve non-alcoholic steatohepatitis (NASH) by reducing inflammation
induced by endotoxin-toll-like receptor 4 (TLR4)-nuclear factor kappa-B
(NF-kB) (Dey et al., 2019; Li et al., 2017). Besides, green tea can restore
dyslipidemia-associated 122 liver metabolites in mice fed a high-fat diet,
including amino acids, lipids, nucleotides, vitamins, bile acids, flavo
noids, xenobiotics and carbohydrates. Among these components, liver
amino acids, B vitamins, and bile acids were negatively correlated with
biomarkers of insulin resistance, while liver injury, steatosis and
inflammation, and phosphatidylcholine metabolites were positively
correlated with biomarkers of liver injury and NF-kB-induced inflam
mation (Sasaki, Li, Cichon, Kopec, & Bruno, 2021; Sasaki, Li, Cichon,
Riedl, Kopec, & Bruno, 2019). According to the literature reports, tea
polysaccharides can also improve type-2 diabetes. The amino acids and
8
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other related metabolites were affected by tea polysaccharides in dia
betic rats, as revealed by the metabolomics analysis. The main metabolic
pathways associated with these effects included those involved in the
biosynthesis of valine, leucine, isoleucine, phenylalanine, tyrosine, and
tryptophan, including the metabolism of phenylalanine, arginine, and
proline (Li, Fang, Nie, Hu, Yang, Huang, et al., 2020). Furthermore, the
Golden Bud green tea is derived from a natural light-sensitive albino
species of tea tree [Camellia sinensis (L.) O. Kuntze cv. Huangjinya],
which contains a large amount of free amino acids and a low content of
polyphenols (Feng et al., 2014). It can reduce high-fat diet-induced
obesity, thereby reducing the contents of branched-chain amino acids,
aromatic amino acids, sphingolipids and most acetylcholines, as
revealed by nontargeted fecal metabolomics analysis. Golden Bud green
tea can also reduce the content of cholic acid and increase the content of
choline by increasing the amount of a bile acid, chenodeoxycholate (Li,
Xu, Zhang, Chu, Sun, Huo, et al., 2020).
According to the report, Pu’er tea can alleviate liver histological
damage in rats with alcohol-induced liver injury (Liu, Luo, Wang, Luo,
Sun, & Zeng, 2020. In a mice model, Pu’er tea relieved the oxidative
stress, inflammation, lipid accumulation and liver damage caused by
chronic alcohol consumption by regulating the content of bacterial
metabolites (Liu, Luo, Wang, Luo, Sun, & Zeng, 2020). Pu’er tea can also
improve alcohol-induced metabolic abnormalities by regulating lipid
metabolism (sphingolipid, glycerophospholipid and linoleic acid),
amino acid metabolism (phenylalanine and tryptophan) and purine
metabolism as well as by other pathways (Liu, Luo, Wang, Luo, Sun, &
Zeng, 2020). Theabrownin is the main component of Pu’er tea, and its
content can reach more than 15%. In rats fed with a high-sugar diet,
theabrownin reduced body weight and triglycerides, and improved
insulin-resistance in serum samples by regulating the levels of deoxy
cholic acid, cholic acid, 1H-indole-3-acetic acid, 3-indole acrylic acid
and melatonin (Yue, Zhao, Peng, Tan, Wang, & Gong, 2019). Vine tea is
extracted from the dried leaves of cattails and has anti-inflammatory,
liver-protective, and antioxidant effects (Hou, Tong, Wang, Shi, Xiong,
Chen, et al., 2015; Ye, Wang, Duncan, Eigel, & O’Keefe, 2015; Zeng
et al., 2019). Vine tea and its main components have preventive effects
on insulin-resistance and abnormal metabolism. The study of metab
olomics analysis revealed that vine tea can improve abnormal glucose
levels and lipid metabolic disorders in high-fat diet- and STZ-induced
diabetic rat models (Le et al., 2016; Wan et al., 2017). It was also
ascertained that vine tea can regulate the levels of body metabolites
closely related to glucose imbalance and lipid metabolic disorders, and

promote glycogen synthesis (Xiang et al., 2019). In addition, dark tea
(Ya’an Tibetan tea) has a lipid-lowering effect (Shih, Lin, Lin, & Wu,
2013). Serum metabolomics analysis revealed that dark tea mainly af
fects the metabolism of phenylalanine, valine, leucine, isoleucine, and
glycerophospholipids (Li et al., 2019). The differential metabolites and
related metabolisms in metabolic diseases with tea intervention are
shown in Fig. 2. According to the results of aforementioned metab
olomics analyses, the regulatory metabolic pathways of tea in animals
with different diseases are not similar, and share commonly used joint
metabolic pathways and metabolites. Also, it is not clear from the above
findings whether these pathways and metabolites represent a common
mechanism of different treatments, thus it should be investigated in the
future research.
5. Interventional effects of edible medicinal plants and
mushrooms on metabolic diseases
5.1. Crataegus pinnatifida
C. pinnatifida (Hawthorn) has been found effective in improving
digestion and controlling blood lipid levels and is mainly used for the
prevention and treatment of cardiovascular diseases, such as hyperten
sion, arrhythmia, and hyperlipidemia (Hu et al., 2016; Hunter & Hegele,
2017). However, the mechanisms by which hawthorn lowers the levels
of blood lipids and blood pressure are still unclear. A hypertensive an
imal model of Dahl salt-sensitive rats was established, and the renal
cortex and medulla oblongata were collected for metabolomics analysis,
which resulted in identification of 11 and 8 differential metabolites in
the renal medulla and cortex, respectively. Additionally, twenty-three
related metabolic pathways associated with the metabolism of glycol
ysis, cysteine, arginine, proline, glycine, and serine were also identified
(Zheng, et al., 2019). Besides, in a metabolomics study of hawthorn’s
lipid-lowering effect, it was found that a high-fat diet changed many
endogenous molecules, which recovered after hawthorn intervention. A
total of 15 metabolites were identified as potential biomarkers of
hyperlipidemia. The metabolic pathways related to these metabolites
mainly included the biosynthesis of fatty acids, unsaturated fatty acids,
and steroid, including the metabolism of galactose, arginine, proline,
alanine, aspartic acid, glutamic acid and glycerolipid (Hu, Zhang, Liu,
Liu, Wang, & Sun, 2019). These metabolites and metabolic pathways
provide new ideas for exploring the diverse mechanisms adopted by
hawthorn in lowering the levels of blood lipids and blood pressure.

Obesity disease
Enhance the mitochondrial fatty acid β-oxidation

Tea

Animal model
Lactic acid
Acetic acid

Metabolomics
platform

Metabolic
acidosis

Diabetic disease
Biosynthesis of valine and leucine; tryptophan,
arginine and proline metabolism

Sphingolipid, glycerophospholipid and linoleic
acid metabolism; phenylalanine, tryptophan
metabolism; purine metabolism

Liver disease

Fig. 2. The differential metabolites and related metabolisms in metabolic diseases with the tea intervention.
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5.2. Ganoderma

has been used to promote health for a long time. Fruits of Goji berry
contain polysaccharides, carotenoids, vitamin C, and other ingredients.
Polysaccharide derived from L. barbarum is considered to be the main
bioactive substance among other bioactive components of L. barbarum,
which has been reported to possess hypoglycemic, antidiabetic, and
other biomedical properties (Du, Hu, Kou, Zhang, & Zhang, 2016).
Studies on metabolomics analysis have revealed that metabolites of the
nicotinate, nicotinamide, and purine metabolic pathways, including
tryptophan metabolites increased significantly after administration of
L. barbarum polysaccharide (LBP), suggesting that these metabolites
have significant role in myocardial protection (Zhang, Liu, Yu, Tao, Li,
Wu, et al., 2020). In addition, the content of inositol increased along
with a sharp decrease in L-malic acid, fumaric acid, D-arabitol contents in
diabetic rats after administration of LBP, suggesting that LBP can
regulate the pathways associated with citrate cycle, alanine, aspartic
acid, glutamic acid, glyoxylic acid, and dicarboxylic acid metabolism
(Xia et al., 2019). The leaves of L. barbarum have shown to possess
antioxidant, anti-aging, and hypolipidemic activities, and are used as a
functional food for lowering the blood sugar levels (Hu et al., 2017).
Metabolomics studies have revealed that the levels of serum and urine
metabolites in diabetic rats were reversed after administration of
L. barbarum leaves. The related metabolic pathways were associated
with the metabolism of nicotinate, nicotinamide, arachidonic acid, and
purine (Zhao et al., 2020). Possible metabolic pathways associated with
the differential metabolites in metabolic diseases with the intervention
of C. pinnatifida, L. barbarum, and Ganoderma spp. are presented in
Fig. 3.

Ganoderma is a genus of edible and medicinal fungi, which contain a
variety of pharmacologically active ingredients, including poly
saccharides, triterpenoids, and peptides (Ahmad, 2018; Sheng, Zhang,
Wang, Yang, & Li, 2019). Several Ganoderma species have been widely
used to treat various types of diseases, such as hepatitis, hyperglycemia,
and hypercholesterolemia. According to the previous reports, ganoderic
acid A (GAA) extracted from Ganoderma lucidum is an important active
ingredient for preventing hyperlipidemia, along with its mechanism of
action in reducing the levels of blood lipids, as revealed by the metab
olomics analysis (Guo et al., 2020; Zhu et al., 2018). Compared with the
high-fat diet-induced hyperlipidemic mice model, GAA significantly
altered 111 biomarkers, and had a significant effect in regulating the
biosynthesis of primary bile acids and fatty acids, as well as regulated
the metabolism of amino sugars, nucleotide sugars, inositol phosphate,
etc. (Guo et al., 2020). Polysaccharides derived from G. atrum can also
be used to treat diabetes. Metabolomics studies have revealed that
G. atrum polysaccharides significantly altered 8 biomarkers, including
methionine, dTMP, D-tryptophan, 5-hydroxy-indoleacetaldehyde, gly
cocholic acid, diheparin IX, malic acid, and taurocholic acid. These
polysaccharides also regulated the metabolism of carbohydrates, lipids,
and lipoproteins, as well as fatty acid biosynthesis, glycolysis, and
gluconeogenesis (Zhu, Nie, Gong, & Xie, 2016). Recently, poly
saccharides derived from one of the Ganoderma species, G. amboinense
were tested in a high-fat-induced mice model for preventing nonalcoholic fatty liver disease, and their mechanism of action was
revealed by serum metabonomics (Ren et al., 2021). It was observed that
these polysaccharides promoted fat accumulation in the liver by regu
lating the content of phosphatidylcholine without affecting energy
intake, which affected several metabolic pathways associated with the
metabolism of arachidonic acid, linoleic acid, alanine, aspartate,
glutamate, and glycerophospholipid, suggesting a pivotal role of
G. amboinense polysaccharides in regulating these pathways and even
tually improving the mitochondrial function in high-fat mice essential
for rapid lipid catabolism (Ren et al., 2021).

5.4. Others
Gardenia jasminoides is widely used as a functional food in Asian
countries and has broad prospects for preventing diabetes and its com
plications. However, due to its chemical diversity and multiple biolog
ical targets, the effective antidiabetic mechanism of G. jasminoides
remains largely unknown. The results of a metabolomics study con
ducted on a high-fat diet-induced type-2 diabetic rat model revealed that
oral administration of G. jasminoides to rats significantly improved their
urine metabolic profile by the presence of 45 endogenous metabolites.
G. jasminoides also regulate antidiabetic pathways associated with bile
acid biosynthesis, as well as metabolism of amino acids, vitamin B, and

5.3. Lycium barbarum
L. barbarum (Goji berry) fruit is a traditional Chinese medicine and

Crataegus pinnatifida: fatty acid biosynthesis;
unsaturated fatty acid biosynthesis; alanine, glutamic
acid metabolism, etc.

Crataegus pinnatifida

Metabolomics
platform

Lycium barbarum

Lycium barbarum : citrate cycle; alanine, aspartic acid
and glutamic acid metabolism; dicarboxylic acid
metabolism, etc.

Animal model
Ganoderma spp.: carbohydrate metabolism; fatty acid
biosynthesis; glycolysis; lipid metabolism, etc.

Ganoderma spp.
Fig. 3. Possible metabolic pathways associated with the differential metabolites in metabolic diseases with the intervention of Crataegus pinnatifida, Lycium barbarum,
and Ganoderma spp.
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taurine (Wang, Yang, Song, Liu, & Liu, 2020). In addition, Dendrobium
officinale polysaccharide (Yang, Chen, Nie, Huang, & Nie, 2020), Chry
santhemum morifolium (Peng, Lin, Zhao, & Sun, 2019), Zingiber officinale
(ginger) essential oil (Liu et al., 2013), and Litchi chinensis seeds (Man
et al., 2017) possess varying abilities to regulate the metabolic process.

fatty acid beta-oxidation, including the metabolism of branched-chain
amino acids (BCAA), glycerolipids, glycerophospholipids and sphingo
lipids. Furthermore, cocoa, red pepper, turmeric, okara, and fermented
soybean products have the hypolipidemic and anti-obesity effects, and
the related metabolic mechanisms are mainly associated with carnitine
metabolism, sulfation of tyrosine, lipid metabolism, etc. (Dai, Huang, &
Deng, 2019; Ibero-Baraibar, Romo-Hualde, Gonzalez-Navarro, Zulet, &
Martinez, 2016; Kim, Choi, Choi, Cha, Muthaiya, & Lee, 2013; Llorach,
Urpi-Sarda, Tulipani, Garcia-Aloy, Monagas, & Andres-Lacueva, 2013;
Nieman, Cialdella-Kam, Knab, & Shanely, 2012). The above studies
provide renewable information that functional foods have more meta
bolic ingredients, which may cause different functional foods to affect
the same disease by the same mechanism. However, for different dis
eases, the therapeutic mechanism of the same functional food may be
different. Though the metabolomics approach can identify a number of
metabolites and metabolic pathways, it still lacks an ability to clarify the
therapeutic mechanism of the effects of functional foods on metabolic
diseases. Hence, to deal with this problem, it is necessary to combine
omics and systems biology technologies.

6. Interventional effects of cereals on metabolic diseases
Cereals are important sources of dietary fibers and are closely related
to reducing the risk of chronic diseases. Buckwheat is a gluten-free
pseudo-cereal that contains various flavonoids, proteins, and amino
acids (Đurendić-Brenesel et al., 2013). Buckwheat protein has potential
effects of lowering cholesterol, blood sugar levels, and blood lipid levels
(Tomotake, Kayashita, & Kato, 2015; Zhou, Yan, Xiao, Zhou, & Liu,
2018). Recently, liver metabolomics studies have revealed that buck
wheat exhibits a regulatory effect on the metabolism of pentose phos
phate, starch, and sucrose, including primary bile acid biosynthesis in
non-alcoholic fatty liver (Huang, Deng, Li, Cao, Lin, Bai, et al., 2020).
Several species of genus Monascus have ability to produce a large
number of biologically functional metabolites, such as γ-aminobutyric
acid, isoflavones, and alkaloids, including pigments and trace elements
(Huang et al., 2019; Huang et al., 2018; Song, Luo, Ma, Sun, Wu, & Li,
2019). According to the recent report, buckwheat fermented with
M. purpureus reduced the accumulation of lipids in mice fed a high-fat
diet, in addition to its effect on regulating primary bile acid biosyn
thesis, and metabolism of pyrimidine, ether lipids, glutathione, glycine,
serine, threonine, amino sugars, and nucleotide sugars, as revealed by
liver metabolomics analysis (Huang, Chen, Guo, Li, Liu, Bai, et al.,
2020). Oats have a variety of physiological activities, such as antidia
betic, anti-inflammatory, and cholesterol-lowering ability (Hou, Li, Li,
Cheng, Sun, Li, et al., 2015; McGeoch et al., 2013; Singh, De, & Belkheir,
2013; Zhang et al., 2014). However, the underlying mechanism of oats
for improving insulin resistance is still at its primitive stage. The serum
metabolomics analysis of rats fed with a high-fat diet revealed the
presence of six different metabolites, which were closely associated with
oatmeal intervention of insulin resistance, and the related metabolic
pathways involved the energy metabolism, and the metabolism of amino
acids and lipids (Zhao, Zhang, Wang, Shan, & Xu, 2020). β-glucan and
polyphenols of barley have antioxidant activity, and can regulate lipid
metabolism and glucose homeostasis, as well as improve insulin resis
tance (Brockman, Chen, & Gallaher, 2013; Byun, Chun, Lee, Lee, Lee, &
Shim, 2015; Fogarasi et al., 2015; Tong, Zhong, Liu, Zhou, Qiu, & Zhou,
2015). β-glucan from barley has shown to possess an anti-obesity effect,
and metabolomics studies have revealed that barley can inhibit fat
accumulation by reducing lipid metabolites and increasing lipid meta
bolism intermediates (Zhang, Xiao, Dong, & Zhou, 2019).

8. Conclusion and future perspectives
Metabolic diseases refer to the disorders caused by the lack, excess or
imbalance of nutrients in the diet, such as the lack of calcium and
osteoporosis, iron deficiency or anemia, protein deficiency and malnu
trition. As the dietary structure changes, the incidence of diseases caused
by the deficiency of nutrients decreases, while overnutrition has become
the major threat to human health in causing obesity, hyperlipidemia,
and hyperglycemia, resulting in atherosclerosis, coronary heart disease,
hypertension, fatty liver, diabetes, etc. Since metabolic diseases are
caused by food, prevention and treatment should also begin with food.
Metabolic disorders in patients with metabolic diseases can be changed
by functional food intervention, which is the key mechanism of func
tional foods to treat metabolic diseases. Metabolomics technology can
simultaneously analyze thousands of metabolites in a short-time, iden
tify potential biomarkers, and quantitatively measure the metabolites
involved in metabolic pathways, thereby reflecting the basic metabolic
state of the human body. In recent years, with the increasing applica
tions of metabolomics technology in the field of functional food pre
vention and disease intervention, it has attracted widespread attention.
Although metabolomics has potential advantages, it still faces great
challenges in research on food intervention disease mechanisms. For
example, the reproducibility of differential metabolites and metabolic
mechanisms in different laboratories are very poorly understood, and
the metabolic mechanisms are too common to be accurately verified by
molecular biology experiments. In addition, the different design
schemes and instruments can produce different metabolites, which will
make it difficult to analyze the final results. Therefore, the integration of
different metabolomics instruments and design schemes should be the
focus of the next generation research; a single metabolomics technology
cannot establish a complete description of the entire metabolic pathway,
and it needs to be combined with other omics technologies, such as
genomics, epigenomics, transcriptomics, and proteomics to fully un
derstand the precise biological process of functional food intervention.
Furthermore, there is a need for in-depth analysis of metabolomics re
sults obtained from molecular biology experiments according to the
characteristics of clinical diseases, so as to realize the close integration of
research content and clinical applications. Although there is still a lot of
work to be done, the huge potential and application value of metab
olomics in metabolic diseases suggest that it will have a profound impact
on the field of metabolic diseases in the future.

7. Interventional effects of other functional foods and
ingredients on metabolic diseases
Many functional foods and ingredients are used in the prevention
and protection of metabolic diseases. For example, Lactobacillus planta
rum FZU3013 can protect the liver of hyperlipidemic mice and the
associated metabolic pathways involved glycerophospholipid meta
bolism, fatty acid degradation, fatty acid elongation, glycerolipid
metabolism, primary bile acid biosynthesis, and arachidonic acid
metabolism (Chen, Guo, Li, Xu, Cao, Liu, et al., 2020). There are also
several ingredients of functional foods that can improve a metabolic
syndrome, such as punicalagin (Ruan et al., 2020), glucomannan (Chen,
Nie, Hu, Huang, Yin, & Nie, 2021), mangiferin (Guo, Zi, Liu, Feng, &
Sun, 2017), eicosapentaenoic acid (LeMieux, Kalupahana, Scoggin, &
Moustaid-Moussa, 2015), Sacha inchi oil (Li, Huang, Xiao, Cai, Yang,
Deng, et al., 2020), ginger essential oil (Liu et al., 2013), pumpkin seed
oil (Zhao, Chen, Fu, Zhang, Liu, & Zhuo, 2017), hyacinth bean (Suh, Lee,
Jung, Singh, Kim, & Lee, 2017), etc. These metabolic pathways mainly
focused on the glycolysis, TCA cycle, synthesis of ketone bodies, and
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