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Rheumatoid arthritis (RA), the most common inflammatory arthropathy word wild, is a systemic autoim-
mune disease that mainly affects the synovium of joints with a high disability rate. Metabolic mis-
regulation has emerged as a fundamental pathogenesis of RA linked to immune cell dysfunction, while
targeting immunometabolism provides a new and effective approach to regulate the immune responses
and thus alleviate the symptom of RA. Recently, natural active compounds from traditional Chinese
medicines (TCMs) have potential therapeutic effects on RA and regulating immunometabolism. In this
review, in addition to updating the connection between cellular metabolism and cell function in immune
cells of RA, we summarized that the anti-inflammatory mechanisms of the potential natural compounds
from TCM by targeting metabolic reprogramming of immune cells, and discusses them as a rich resource
for providing the new potential paradigm for the treatment of RA.
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1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterized by progressive joint damage and systemic tissue
injures such as pulmonary disease, vasculitis and neuropathy
(Smolen et al., 2016). The pathogenesis of RA has not been well
defined due to its complexity, including multiple factors such as
genetic, environmental, immunologic, and other factors. But over-
whelming evidence suggests that dysregulation or imbalance of
the immune system plays a central role in disease pathogenesis
(Guo et al., 2018). Various activated immune cells infiltrate into
synovial tissue to cause a breakdown of tolerance, leading to per-
sistent synovial inflammation and associated damage to articular
cartilage and underlying bone (Yap et al., 2018). Immune dysregu-
lation in RA patients occurs many years before the clinical manifes-
tation of the disease (Chimenti et al., 2015).

Active metabolism is required to facilitate the differentiation,
proliferation and functions of immune cells (Alwarawrah et al.,
2018). Cellular metabolic reprogramming is not just the result of
recognition and engagement, but also provides a vital and coordi-
nated core in promoting differentiation and function (Patel et al.,
2019). Unsurprisingly, metabolites and metabolic enzymes are
considered as an extension of the immune signal transduction
pathways. Thereby they not only increase the complexity in under-
standing of immunity, but also provide therapeutic opportunities
for cancer and autoimmune diseases (Assmann & Finlay, 2016).

Metabolomics results from the serum or urine samples from RA
patients have the identified metabolomics profiles that are differ-
ent from healthy control (Young et al., 2013). In the synovium of
RA patients, a marked accumulation of metabolic intermediates
of glycolysis occurs, which act as a signal to exacerbate the inflam-
matory response (McGarry & Fearon, 2019). Conversely, inhibiting
the rate-limiting enzymes of glycolysis decreased the disease
activity in collagen-induced arthritis (CIA) model (Okano,
Saegusa, Takahashi, Ueda, & Morinobu, 2018). Increased evidence
suggests that targeting the metabolic pathways of immune cells
is a surging and potent approach to regulate the immune
responses, providing novel and effective therapies for RA.

Traditional Chinese medicine (TCM) has been used to treat
refractory diseases such as RA for thousands of years in China
and other Asian countries (Pan et al., 2019; Zhang et al., 2020).
With the advanced omics technology, the understanding of the
multiple mechanisms underlying the therapeutic effects of TCM
has been elucidated. Importantly, active compounds or extraction
from herbs have been demonstrated for their anti-inflammatory
and anti-arthritis therapeutic effects through modulating specific
targets. For example, sinomenine, an alkaloids from Caulis Sinome-
nii, was approved by the China Food and Drug Administration
(CFDA) for treating RA in 2013 and ameliorates arthritis by selec-
tively suppressing microsomal prostaglandin E synthase 1
(mPGES-1), a terminal synthase of prostaglandin (PG)E2 (Zhou
et al., 2017). Recently, few studies illustrated that the anti-
inflammatory and immune-modulation effects of active compo-
nents derived from TCM may be related to their activities in regu-
lating immune metabolism (Fan et al., 2018; Xie et al., 2021).
Therefore, in addition to updating the information of immunome-
tabolism in the development of RA, this review summarized the
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anti-arthritis mechanisms of active components or TCM by target-
ing metabolic processes in immune cells and discussed their
potential as novel therapies for RA.
2. Immunometabolism in RA patients

Metabolic reprogramming is required to induce and maintain
immune cells as well as their function and homeostasis
(Rathmell, 2012). Immunometabolism encompasses the lipid syn-
thesis, fatty acid oxidation, glucose and TCA –driveled energy
metabolism, amino acid metabolism, and other protein kinases
(Fig. 1), which is an attractive area of research for understanding
the interrelationship between metabolism and immune response.

Decreased glucose levels, enhanced oxygen uptake rates and
increased lactate rates were commonly observed in the joints of
RA patients by compared with the joints of patients with the
degenerative joint disease (Goetzi et al., 1971; Simkin, 2015;
Yang et al. 2015a; Yang et al., 2015b; Yang et al., 2015c), indicating
that inflamed joints are the site of hypermetabolic activity and
high energy needs. In addition, the proteomic analysis has demon-
strated that proteins involved in the glycolytic pathways are highly
expressed in synovial fluid of RA patients, which confirms the ele-
vated glycolytic activity in their synovium (Balakrishnan et al.,
2014).

In immune cells, T cells are the key drivers of immune abnor-
malities in RA. Therefore, understanding the intracellular meta-
bolic conditions in naive T cells and effector T cells shed light on
the events in RA pathogenesis. Recently, a series of basic studies
illustrated the metabolic characteristics of T cells in RA patients
that are distinguished from those of age-matched healthy individ-
uals, which have been reviewed elsewhere (Weyand & Goronzy,
2017; Yang et al. 2015a; Yang et al., 2015b; Yang et al., 2015c).
Remarkably, glucose is shunted into the pentose phosphate path-
way (PPP) in RA T cells, generating high amounts of NADPH and
low levels of ATP and lactate, which further affect the cellular sig-
naling pathways and their differentiation into immune effector
cells (Yang, Shen, & Oishi, 2016).

In addition, amino acid metabolism, especially the l-tryptophan
(Trp) /kynurenine pathway, also plays a critical role in the adaptive
immune responses in RA (Panfili, Gerli, Grohmann, & Pallotta,
2020). The disorder of lipid profiles (DL, LDL, and TC levels) was
common in RA patients, and lipid abnormalities (dyslipidemia,
fatty acid metabolism) are related to systemic inflammation in
these patients (Chen et al., 2021).

More recently, studies identified that metabolic intermediates
produced by the immune cells act as signaling molecules in medi-
ating inflammatory and immune responses, leading to the exacer-
bation of chronic inflammation (Pucino et al., 2020). For example,
lactate accumulated in RA synovial fluid and induced the produc-
tion of interleukin (IL)-17 in T cells (Pucino et al., 2019), indicating
it is an amplifier of inflammation. Moreover, succinate promotes
the activation of hypoxia-inducible factor (HIF)-1a and induces
the secretion of interleukin (IL)-1b. These cytokines could activate
macrophages and differentiate osteoclast, finally causes synovial
inflammation and aggravates cartilage destruction and bone
erosion.



Fig. 1. Schematic overview of basic cell metabolism pathways.

Fig. 2. Metabolic intermediates produced by the immune cells act as signaling molecules in mediating inflammatory and immune responses, leading to the exacerbation of
rheumatoid arthritis.
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Thus, immunometabolic dysfunction in immune cells is associ-
ated with the onset and severe course of RA (Fig. 2), thus, regula-
tion of immunometabolism in RA patients is a breakthrough
point as a potential therapeutic target for RA.
3. Modulating immunometabolism by active ingredients
derived from TCM

3.1. Glucose metabolism

Lymphocytes increase the aerobic glycolysis and glutamine
metabolism after stimulation via antigen or cytokine receptors
453
(Chauhan et al., 2018). Generally, glycolysis becomes the predom-
inant fuel over oxidative phosphorylation (OxPhos) in activated T
cells and differentiated effector subsets (Wang & Green, 2012).
Interestingly, FoxP3+ regulatory T cells (Tregs) preferentially use
oxidative metabolism and switch to low-level glycolysis, while
FoxP3� regulatory T cells (Tr1) maintain elevated glycolysis similar
to effector T cells (Mascanfroni et al., 2015). The metabolic path-
ways including the key enzymes and transporters are critical in
regulating the immune response via modulating the differentiation
and function of immune cells (Godfrey & Kornberg, 2020). Blow,
we highlight the regulatory roles of TCM on the metabolic enzymes
and transporters following immune modification and anti-
inflammatory in pre-clinical RA studies, which providing



Table 1
Natural compounds exhibited anti-inflammation effects via modulating glycolysis major enzymes.

Functions Potential effects Compounds References

GLUT1 Inhibitors ;Effector T-cell differentiation;Proliferation and Ab production
of activated B cells

Epigallocatechin-3-gallate,
phloretin,apigenin

(Yang et al., 2014; Meng et al.
2019; Xu et al., 2014)

HK2 Inhibitors ; IgG and IgM secretion in LPS-induced B cells;Th17
polarization and generation of IL-17

Quercetin (Wu et al., 2019)

G6PD Inhibitor ;Proinflammatory cytokines secretion in macrophages Epigallocatechin 3-gallate (Shin et al., 2008)
PKM2 Inhibitors ;Proinflammatory cytokines secretion in macrophages;

Activating T cells;Effector T-cell differentiation
Gliotoxin,shikonin (Tang et al., 2020)(Wang et al.,

2018)
TCA cycle enzymesagonists "Expression of key TCA cycle enzymes in LPS-stimulated

macrophages
Resveratrol, viniferin,Saussurea
costus,Cordyceps militaris

(Cui et al., 2017)(Jun et al., 2020)
(Veena et al., 2020)
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therapeutic strategies targeting glycolytic enzymes and trans-
porters involved in this pathway (Table 1, Fig. 3).
3.1.1. Inhibiting effects on glucose transporter 1 (GLUT1)
The glucose transporter 1 (GLUT1), a prime glucose transporter

in lymphocytes, is upregulated on active immune cells such as
helper T (Th)1 and Th17. GLUT1 activation significantly increases
the uptake of glucose to T cells, which performs as a necessary step
in sustaining T cells’ response and lifespan (Macintyre et al., 2014).
Glucose deprivation alleviated effector T-cell differentiation and
the ability of effector T-cell to induce inflammatory disease
in vivo (Macintyre et al., 2014; van der Windt et al., 2012).

Epigallocatechin-3-gallate (EGCG), a green tea polyphenol,
reduced arthritis and protect against joint destruction in the IL-
1RaKO arthritis models via suppressing mTOR / HIF-1a and gly-
colytic molecules (including Glut-1, MCT4, LDH-a and GPI) that
favor Th17 differentiation (Yang et al., 2014).

Phloretin, a well-known GLUT inhibitor since 1962, is a flavo-
noid compound extracted from Prunus mandshurica (Wang et al.,
2016a; Wang et al., 2016b). It suppressed the severity of RA with
a remarkable anti-inflammatory activity (Wang et al., 2016a;
Wang et al., 2016b). However, it is a pity that this paper didn’t
show how phloretin suppressed the glucose uptake based on
inhibiting the function of GLUT contributing to its anti-arthritis
effects. Interestingly, studies demonstrated that phloretin inhib-
Fig. 3. Potential immune metabolic targets with natural compounds. GLUT1, glucose tran
muscle variant; CPT1, carnitine palmitoyltransferase 1; SR-BI, scavenger receptor class B m
transporter G1; ACC1, Acetyl-CoA carboxylase; CS, Citrate synthase; OGDH, a-ketogluta
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ited the growth of cancer cells in vivo based on its suppressing
effects on the glucose transporter GLUT (Meng et al. 2019).

Similarly, apigenin, a natural phytoestrogen flavonoid, exhib-
ited anti-inflammatory and suppressed the expansion of autoreac-
tive Th1 and Th17 cells in autoimmune disease (Kang, Ecklund, Liu,
& Datta, 2009). It reduced the levels of GLUT1 mRNA, and the
expression of GLUT1 protein in cisplatin-treated Hep-2 cells (Xu
et al., 2014). We could hypothesis that apigenin may suppress
the activity of T cells via reducing the expression of GLUT1.
3.1.2. Inhibiting effects on hexokinase-2 (HK2)
Hexokinases (HKs) catalyze the first committed step of glucose

metabolism and play the important roles in the regulation of the
anabolic and catabolic process. It has four isoforms including HK-
I, II, III and IV, while the HK-II upregulation was suggested to be
the major reason for the elevated glycolysis metabolism (Roberts
& Miyamoto, 2015). Upregulated HK2 was observed in activated
T cells, while the inhibitor of hexokinase 2-DG impaired the differ-
entiation of Th17 T cells and shifted the differentiation of naïve T
cells to Treg cells (Dang et al., 2011; Shi et al., 2011), indicating that
targeting HK2 may be a promising therapeutic approach for RA.

Quercetin, a bioactive flavonoid found in fruits and vegetables,
ameliorated arthritis in RA mice via inhibiting the activities of neu-
trophils (Yuan et al., 2020). It also restrained the proliferation of
glycolysis-addicted HCC cancer cells by decrease the protein levels
sporter 1; HK, hexokinase; PPP, pentose phosphate pathway; PKM2, pyruvate kinase
ember I; ABCA1, ATP-binding cassette transporter A1; ABCG1, ATP-binding cassette

rate dehydrogenase.



Table 2
Inhibition effects of natural compounds on transporters of amino acid metabolism.

Functions Potential effects Compounds References

SLC7A5 Inhibitors ;Enhanced production of
IL-6 and TNF-a upon LPS
stimulation;Proliferation,
differentiation and
activation of T cell

Piperine,
venulosides

(Pan et al.,
2015)
(Grkovic
et al., 2015)

SLC1A5 Inhibitor ;Proinflammatory Th1
and Th17

Berberine (Zhang et al.,
2019)
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of HK-2 and AKT/mTOR pathway (Wu et al., 2019). The therapeutic
mechanism of quercetin for RA may be also related to its inhibition
effects on HK2.

3.1.3. Effects on glucose-6-phosphate dehydrogenase (G6PD)
G6PD is the rate-limiting enzyme of the pentose phosphate

pathway (PPP), and impacts cells functions including cell growth,
survival and redox regulation, while its deficiency triggers hemoly-
tic anemia and neonatal jaundice(Gómez-Manzo et al., 2016, Ge
et al., 2020). Park et al. showed that the overexpression of G6PD
in adipocytes stimulated oxidative stress and inflammatory
responses by promoting the expression of pro-oxidative enzymes
including inducible nitric oxide synthase and NADPH oxidase as
well as the activation of nuclear factor-jB (NF-jB) signaling, thus
affecting the neighboring macrophages to secrete more pro-
inflammatory cytokines (Park et al., 2006).

Gallated catechins (EGCG, GCG, ECG, CG) have been identified as
inhibitors of glucose-6-phosphate dehydrogenase (G6PD) (Shin
et al., 2008). Epigallocatechin-3-gallate (EGCG) attenuated arthritis
in CIA rats model (Ahmed, 2010) by regulating the oxidative-
antioxidant balance, which may also be related to its regulating
effects on the glucose metabolism.

3.1.4. Pyruvate kinase (PK) related with inflammation
PK, including two muscle splice variants PKM1 and PKM2, is the

rate-limiting enzyme for the last step in glycolysis (Li, Gu, & Zhou,
2015). PKM2 but not PKM1 mediated the pro-inflammatory as NF-
jB-PKM2-STAT3 pathways accelerate the production of TNF-a and
IL1b (Yang et al. 2015a; Yang et al., 2015b; Yang et al., 2015c). In
addition, oxidized PKM2 can phosphorylate transcription factor
STAT3 and the phosphorylated STAT3, which stimulate the tran-
scription of inflammatory IL-1b and IL-6 in RA (Palsson-
McDermott et al., 2015; Weyand et al., 2017). The increased
expression of PKM2 also plays an important role in activating
CD4+, CD8 + T cells (Angiari et al., 2019; Cao et al., 2014). Silencing
or pharmacological inhibition of PKM2 decreased glycolysis and
differentiation of T cells, while PKM2 overexpression restored
Th17 cell differentiation, indicating that PKM2 inhibitors may be
potential drugs for treating autoimmune diseases (Kono et al.,
2019).

New natural PKM2 inhibitors such as gliotoxin (Tang et al.,
2020), and shikonin (Wang et al., 2018) have shown anti-tumor
activity against U87 cells and bladder cancer cells. However, until
now, we have not seen reports of anti-arthritis.

3.1.5. Tricarboxylic acid (TCA) cycle related with inflammation.
The TCA cycle is the center of the metabolic connection of glu-

cose, lipid and amino acid (Hou et al., 2021). Mitochondria are con-
sidered to have a crucial role in cell energy metabolism through
the TCA cycle, and its main product is adenosine triphosphate
(ATP) that provides the fundamental energy for cells (Ji et al.,
2020).

Citrate synthase (CS), a-ketoglutarate dehydrogenase (OGDH),
isocitrate dehydrogenase 2 (IDH2), and malic dehydrogenase 2
(MDH2) are key enzymes in the TCA cycle. Upon LPS stimulation,
the expression of CS, OGDH and IDH2 decreased in macrophages
(Ji et al., 2020) and CIA model rats (Huawei, 2013).

Cui et al. reported SIRT3 increased the mitochondrial CS activity,
and activators of SIRT3 such as resveratrol and viniferin elevated
the CS activity which related to its anti-inflammation activates
(Cui et al., 2017). Moreover, Saussurea costus ethanol extract (Jun
et al., 2020) and Cordyceps militaris mycelia extract (CM) (Veena
et al., 2020) could elevate the activities of OGDH and CS, respec-
tively. All of these gradients or extracts activate the TCA cycle,
which may be the new candidates for treating RA.
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3.2. Amino acid metabolism

Amino acids are crucial nutrients for T cells because they are
not only a fuel source but also a pool of biosynthetic precursors
for protein and nucleic acid biosynthesis (Newsholme et al.,
2003). For example, activating T-cell requires the import of glu-
tamine substantially, but not glutamate, thus glutamine is an
essential requirement for T cells proliferating (Carr et al., 2010).
In addition, T cells use glutamine at a rate comparable to or even
higher than glucose (Carr et al., 2010). Here we list the major nat-
ural compounds from TCM which inhibited the transporters of
amino acid metabolism in T cells (Table 2, Fig. 3).

3.2.1. Lat1/ slc7a5
In order to properly respond to antigenic challenge and perform

clonal extension and differentiation, T cells require the upregula-
tion of both amino acid and glucose transporters (Grzes et al.,
2017). Specifically, a system L transporter SLC7A5 (LAT1), which
mediates the uptake of neutral amino acids, sustains the prolifera-
tion and differentiation of CD4+ and CD8+ T cells. After T-cell recep-
tor activation, SLC7A5-deficiency T cells fails to enhance glutamine
and glucose uptake as Myc-deficiency T cells, leading to reduced T
cell growth (Marchingo et al., 2020).

Piperine, a major alkaloid in pepper, boosts mTORC1 activity by
recruiting amino acid transporter (SLC7A5/SLC3A2) to the mem-
brane of resident peritoneal macrophages, thus promoting amino
acid metabolism, which enhanced production of IL-6 and TNF-a
upon LPS stimulation and increased their bacterial phagocytic abil-
ity (Pan et al., 2015).

Recently, Tanja Grkovic et al. found venulosides from Pittospo-
rum venulosum could inhibit the SLC7A5 transporter. Inhibiting
SLC7A5 transporter suppresses the activity of mammalian target
of rapamycin complex 1 (mTORC1) and M-phase cell cycle in
castration-resistant prostate cancer, therefore providing a novel
therapeutic method for tumor cell growth and proliferation
(Grkovic et al., 2015).

3.2.2. Asct2/slc1a5
Recent studies by Nakaya and colleagues clarified the contribu-

tions of glutamine to T-cell immunity (Nakaya et al., 2014). CD4 + T
cells uptake glutamine through ASC amino-acid transporter 2
(ASCT2, which is also known as SLC1A5), which influences the dif-
ferentiation of pro-inflammatory Th1 and Th17 cells in vitro and
in vivo, but does not affect Th2 and Treg-mediated immune
responses (Poffenberger & Jones, 2014). Activating T cells which
is lack of SLC1A5 have attenuated glucose uptake, lactate produc-
tion and oxygen consumption, suggesting that glutamine has a
key regulatory role in how T cells respond to abrupt changes in
their metabolic needs.

Berberine inhibited the growth of liver cancer cells by suppress-
ing glutamine metabolism via the downregulation of SLC1A5,
which indicated controlling the uptake of glutamine is a crucial
part for the treatment of cancer (Zhang et al., 2019). Berberine also
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exhibited anti-arthritis effects, which may be related to its effects
on amino-acid transporters.

3.3. Lipid metabolism

Lipids are the major fuel source of cellular energy and also serve
as the constituent of immune cellular membranes. Miguel et al.
found the membrane lipid order could profoundly affect prolifera-
tive activity in T cells by using a fluorescent lipid probe to examine
the membrane lipid order (Miguel et al., 2011). In addition, lipid
metabolism could enhance the interferon (IFN) signaling in macro-
phages and B lymphoma cells (Zhang, Carriere, Lin, Xie, & Feng,
2018). Next, we summarized the natural compounds that modu-
late lipid metabolism (Table 3, Fig. 3).

3.3.1. Acetyl-CoA carboxylase1 (ACC1)
ACC1 is the rate-limiting enzyme in the first step of de novo

fatty acid synthesis (Wang et al., 2014). In addition, ACC1 partici-
pates in regulating the function of dendritic cells (DCs) and alters
the generation of cytokines, including IL-12, TNF-a and IL-10
(Zhang, Carriere, Lin, Xie, & Feng, 2018).

Asiatic acid (AA), a triterpene abundantly in Centella asiatica (L.),
could reduce the activity of ACC1 in obese rats (Rameshreddy et al.,
2018). Caffeine treatment protects the non-alcoholic fatty liver dis-
ease (NAFLD), which is associated with the downregulation of
lipogenesis-associated genes ACC1 (Zheng et al., 2015). Moreover,
resveratrol, a phytoalexin with a wide range of pharmacological
properties such as anti-oxidative, anti-inflammatory and
immuno-modulating effects, could decrease mRNA expression of
ACC1 (Qiao et al., 2014).

3.3.2. Carnitine palmitoyltransferase 1(CPT1)
CPT1 is also a key rate-limiting enzyme located in the outer

mitochondrial membrane and promotes the transport of long-
chain fatty acids into the mitochondria for b-oxidation (Schreurs
et al., 2010). CPT1A is the primary isoform expressed in the liver,
while CPT1B and CPT1C specifically locate in muscle, heart, and
brain (He et al., 2012; Irvin et al., 2014). Overexpression of CPT1A
increased the ROS in mitochondria (Joshi et al., 2020), while
decreased expression of CPT1A by the accumulation of lipid 7-
ketocholesterol resulted in the inflammatory phenotype of macro-
phage (Calle et al., 2019). All these indicated that the downregula-
tion of CPT1A modulated the macrophage phagocytosis and
inflammatory phenotype.

Researchers studied the therapeutic effect of pharmacological
CPT1 inhibitor etomoxir on experimental autoimmune encephali-
tis (EAE), and the results showed the expression of CPT1A in brain
sections of etomoxir-treated rats decreased compared to the pla-
cebo group. Moreover, etomoxir enhanced the IL-4 production
and alleviated the IL-17a production in activated T cells, which
indicates CPT1 is not only a key protein in the pathogenesis of
Table 3
Modulating effects of natural compounds on cellular lipid metabolism.

Functions Potential effect on immune
inflammation

Compounds

ACC1 Inhibitors ;The expression of co-stimulatory
molecules and proinflammatory
cytokines secretion of DCs

Asiatic acid,c

CPT1 Inducer ;IL-4 production and IL-17a
production in activated T cells

Quercetin, ka

SR-BI/ABCA1/ABCG1 agonists "Th1 polarization Quercetin, ka
astragalus po
curcumin, leo
protocatechu
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EAE, but also a potential therapeutic target for the treatment of
autoimmune diseases (Mørkholt et al., 2020). Moreover, Siniao
Qiao et al. demonstrated that the arctigenin, derived from Fructus
Arctii, inhibited the expression of CPT1, and inactivated the NLRP3
inflammasome, leading to the effective treatment on colitis-
associate cancer (Qiao et al., 2020).
3.3.3. Efflux transporters of cholesterol
Three kinds of transmembrane transporter proteins play the

critical cholesterol efflux-mediating functions, including scavenger
receptor class B member I (SR-BI), ATP-binding cassette transporter
A1 (ABCA1), and ATP-binding cassette transporter G1 (ABCG1)
(Wang et al., 2016a; Wang et al., 2016b). They can modulate the
immune response by controlling the transport of cholesterol. For
example, increased membrane cholesterol in lymphocytes pro-
motes the differentiated T-cells into Th1, which leads the immune
system toward an inflammatory response (Surls et al., 2012), thus
the activation of efflux transporters is a potential anti-
inflammatory treatment (Table 3).

Astragalus polysaccharides are the main active component
extracted from Astragalus membranaceus (Fisch.) Bunge, used in
China to treat hepatitis and modulate the immune system through
rescuing the downregulation of ABCA1 mRNA and protein expres-
sion induced by TNF-a in THP-1-derived foam cells (Wang et al.,
2010). Moreover, Wang et al. (Wang et al., 2016a; Wang et al.,
2016b) found that the major bioactive constituents silybin A, sily-
bin B, isosilybin A, isosilybin B from silymarin, a hepatoprotective
mixture of flavonolignans and flavonoids extracted from the seeds
of milk thistle (Silybum marianum L. Gaertn), significantly induced
ABCA1 protein expression without affecting cell viability. There are
many natural compounds such as quercetin, kaempferol, catechins,
caffeine, berberine, and betaine, that could induce the SR-BI to
decrease the intracellular cholesterol level, while alpinetinetc, bai-
calin, curcumin, emodin, piperine, quercetin, tanshinone, leonur-
ine, protocatechuic acid, and salicylic acid could induce ABCA1
and ABCG1, which has been reviewed by Wang et al (Wang
et al., 2020a; Wang et al., 2020b).

Here we provided a comprehensive summary of natural com-
pounds that modulate the crucial targets of immunometabolism
and have anti-inflammatory and/or immune-modulation benefits
(Fig. 3), which provides the potential candidates for treatment of
RA.
4. Metabolic nuclear receptor in RA

Metabolic nuclear receptors act as nutritional sensors that reg-
ulate metabolic homeostasis (Francis et al., 2003). Moreover, these
receptors have been demonstrated for their roles in regulating the
fate of immune cells and the outcome of immune response
(Alatshan & Benk}o, 2021). Therefore, we reviewed reported natural
References

affeine,resveratrol (Rameshreddy et al., 2018)
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ic acid, salicylic acid
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Table 4
Natural modulators regulate RA -related metabolic nuclear receptors.

Nuclearreceptors Effects Natural modulators
(References)

PPAR PPAR agonists improve RA Morin (Yue, Zeng, Xia,
Wei, & Dai, 2018) Polyc-
erasoidol (Bermejo et al.,
2019)

LXR Suppression of the up-
regulated LXRa ameliorates
experimental RA and
abnormal lipid metabolism

Silybin (Xie et al., 2021)

FXR FXR regulates bile acid, lipid
metabolism and
inflammatory response

Lanostanes triterpenes
(Grienke et al., 2011)

PXR A selective PXR agonist
attenuates inflammation
and immune dysfunction

Solomonsterol A
(Mencarelli et al., 2013)

RXR Activation of RXR inhibits
inflammatory in human RA
fibroblast like synoviocytes

Honokiol (Latkolik, 2017)
Drupanin (Nakashima
et al., 2014)
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compounds targeting metabolic nuclear receptors as potential
disease-modifying drugs for RA.

4.1. Peroxisome proliferator-activated receptors (PPARs)

PPARa, b and c regulate fatty acid, triglyceride, and lipoprotein
metabolism, and PPARc could also regulate glucose metabolism
(Francis et al., 2003). Among them, PPARa played as a key lipid
metabolism modulator as well as a regulator of inflammation
(Pyper et al., 2010). And there are reports for the successful treat-
ment with a PPARa ligand named fenofibrate in a patient with RA
(Okamoto & Kamatani, 2004). Moreover, Clinical studies on perox-
isome PPAR-c agonists provide new potential treatment to
improve both the inflammatory status and the CV outcome in RA
patients (Liu, Wang, Luo, Zhan, & Lu, 2020). Morin, an active flavo-
noid, exhibited anti-arthritis effects by activating PPARc (Yue,
Zeng, Xia, Wei, & Dai, 2018). Polycerasoidol, a prenylated benzopy-
ran, has anti-inflammatory effects and dual PPARa/PPARc agonism
activity (Bermejo et al., 2019), and can be considered a lead mole-
cule for developing novel drugs capable of preventing RA-related
cardiovascular events.

4.2. Liver X receptors (LXRs)

LXRs, including LXRa and LXRb, conserve the therapeutic target
potential for the treatment of rheumatoid arthritis (Mai, Zheng, Li,
Zhou, & Xie, 2021). Silybin, a major flavonoid from milk thistle (si-
lymarin), ameliorated experimental rheumatoid arthritis and
abnormal lipid metabolism via suppression of up-regulated LXRa
(Xie et al., 2021). A lot of compounds could modulate the LXR as
reviewed by Mai et al. (Mai, Zheng, Li, Zhou, & Xie, 2021), however,
few have been shown their anti-inflammatory effects via modulat-
ing LXR.

4.3. Farnesol X receptor (FXR)

In the past few years, bile acids has been shown to play a key
role in regulating inflammation and immune homeostasis (Guo
et al., 2016). In multiple sclerosis, allergic asthma, inflammation-
induced acute lung injury and atherosclerosis, agonists of bile acid
receptor FXR have been demonstrated for their therapeutic poten-
tial (Park & Ji, 2017) because FXR regulate bile acid, lipid metabo-
lism and inflammatory response. However, further studies are
necessary for identify the expression of FXR and regulation in RA.
Recently, the active component lanostanes triterpenes of Gano-
derma lucidum was found that it has activation effect on FXR
(Grienke et al., 2011), indicating lanostanes triterpenes might treat
RA though modulating FXR.

4.4. Pregnane X receptor (PXR)

The pregnane X receptor (PXR) belongs to the nuclear hormone
receptor superfamily in metabolism, but it also suppressed inflam-
mation by suppressing NF-jB and AP-1-dependent chemokine
expression (Okamura et al., 2020). Solomonsterol A, a selective
PXR agonist isolated from the sponge Theonella swinhoei, attenu-
ates inflammation and immune dysfunction in a CAIA (anti-type
II collagen antibody-induced arthritis) model (Mencarelli et al.,
2013).

4.5. Retinoid X receptor (RXR)

RXR ligands display multiple biological functions by modulating
permissive nuclear receptors including LXR, FXR and PPARs (Hiebl
et al., 2018). Activation of RXR by bexarotene inhibited the inflam-
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mation in human RA fibroblast-like synoviocytes (Li et al., 2019),
indicating activation of RXR alleviates RA.

Honokiol derived from barks of Magnolia officinalis (Hou Po)
(Latkolik, 2017), and drupanin (a constituent of Brazilian green
propolis) (Nakashima et al., 2014) activated the RXRa, which
may have anti-arthritis effects (Table 4).
5. Strategies and challenges of targeting on metabolism by
TCMs for treatment of RA

Although there is no cure for RA, doctors usually prescribe
disease-modifying antirheumatic drugs (DMARDs) such as
methotrexate to patients with RA (Wei et al., 2020). Although med-
ications such as corticosteroid, nonsteroidal anti-inflammatory
drugs (NSAIDs) and DMARDs helps for slowing the process of RA,
they had significant side effects, such as liver damage, kidney dam-
age and etc. (Guo, 2017). Traditional Chinese medicine and its
active compounds exhibit high efficacy and low toxicity for treat-
ing RA. But restricted and non-systemic information were available
for its activation on regulating the metabolism of immune cells
related with for treating RA.

Metabolic reprogramming is the key regulator in the pathogen-
esis of RA. Regulating immunometabolism to modulate the active T
cells and immune response by natural compounds such as api-
genin, berberine and naringenin is considered as a potential strat-
egy for the treatment of RA. The extracellular and intracellular
metabolites signals translated into gene expression changes by
nuclear receptors that work as the link between metabolism and
immunity. However, given the breadth of metabolism shown to
affect the immune function, a deep mechanistic understanding of
the relationship between immunometabolism and immune
response are necessary for finding metabolic intermediates and
enzymes as potential novel therapeutic targets.

Mammalian target of rapamycin (mTOR), regulates the prolifer-
ation, growth and function of immune cells by up-regulating the
glycose metabolism (Düvel et al., 2010). Furthermore, inadequate
activation of the mTORC1 could suppress the differentiation of
CD4+ cells into Th1 and Th17 subsets, and promote the differenti-
ation of regulatory FoxP3+ T cells (Delgoffe et al., 2009). PI3K/AKT/
mTOR pathway is the upstream target of mTOR which can activate
the mTOR, and is involved in the pathogenesis of RA (Suto &
Karonitsch, 2020). Activation of NF-jB and JAK–STAT signaling
are also linked to the transduction to metabolism reprogramming
of the RA (McGarry et al., 2018), while inhibiting these signaling
could reduce the degree of inflammation in experimental arthritis.
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Moreover, AMPK, as a cellular energy sensor, gradually becoming a
regulator of metabolism and inflammation (Liu et al., 2012). Inter-
estingly, PKM2 working together with HIF-1a and STAT3 as feed-
back pathway, plays important role in the pathogenesis of RA
(Demaria & Poli, 2012). All these key pathways of metabolic repro-
gramming may work together in the occurrence and development
of RA.

To date, the clinical experience with immunometabolism mod-
ulators in RA is limited. Thus, we reviewed the role of reported nat-
ural compounds based on their effect on the major metabolism-
related molecular/enzymes and related metabolic pathways in
RA, providing a novel insight about targeted metabolic therapy
for RA.

Moreover, the combination therapy of natural bioactive mole-
cules with disease-modifying anti-rheumatic drugs (DMARDs) or
bio-DMARDs is also a latent strategy for the treatment of RA. Sily-
bin displayed its anti-inflammatory and anti-arthritis activities in
mycobacterial adjuvant-induced arthritis rats through inhibition
of 5-lipoxygenase (Gupta et al., 2000). Silybin (120 mg twice daily)
with MTX regimen significantly decreased the elevated clinical
scores such as ESR, IL-6, THF-a, anti-CCP, and hs-CRP levels in
patients compared to MTX treatment alone (Hussain et al., 2016).
Moreover, co-treatment of sinomenine with methotrexate (MTX)
has similar anti-arthritis effects as the combination of MTX with
leflunomide (LEF), but exhibited reduced gastrointestinal adverse
reactions and liver toxicity in patients with RA (Huang et al.,
2019). Synergistic effects could be achieved in improving the dis-
ease progression of rheumatoid arthritis and prevent joint destruc-
tion as well as reduced side effects with combination therapy
through targeting multiple targets such as immune response and
metabolism-modulation (Hussain et al., 2016). However, preclini-
cal or clinical studies evidence to support the combined use of
DMARDs or bio-DMARDs with natural molecules is often weak or
lacking. Therefore, further investigation is required for exploring
more effective combination therapies to treat RA.
6. Conclusion

Metabolic reprogramming and immune response are two fun-
damental biological processes in the occurrence and development
of RA. By reviewing the regulatory effects of natural compounds on
key enzymes and nuclear receptors in glucose metabolism, lipid
metabolism and amino acid metabolism as well as TCA cycles,
we proposed to provide novel therapeutic strategies for the treat-
ment of RA by targeting altered metabolic events in RA.
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