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Celastrol, a triterpenoid found in the root of the traditional
medicinal plant Tripterygium wilfordii, is a potent anti-
inflammatory and antiobesity agent. However, pharmacolog-
ical exploitation of celastrol has been hindered by the limited
accessibility of plant material, the co-existence of other toxic
compounds in the same plant tissue, and the lack of an effi-
cient chemical synthesis method. In this review, we highlight
recent progress in elucidating celastrol biosynthesis and
discuss how this knowledge can facilitate its scalable bio-
production using cell factories and its further development as
an antiobesity and anti-inflammatory drug.
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Introduction
Plants produce a plethora of structurally diverse
specialized metabolites that provide essential chemicals
for human life, from food to medicine. One such

example is celastrol, a potent antiobesity agent isolated
from the root of Tripterygium wilfordii (thunder god vine)
[1,2]. However, when it comes to the development of a
natural molecule into a commercial drug, the lack of
scalable and cost-effective supply is one of the biggest
concerns. Structurally, celastrol is a pentacyclic triter-
penoid containing a characteristic quinone methide
moiety. The presence of this type of structure, along
with the multiple stereocenters typically found in
www.sciencedirect.com
triterpenoid scaffolds, poses a considerable challenge to
its chemical synthesis, hindering further studies and
pharmaceutical exploitation [3]. Metabolic engineering
of industrially amenable microorganisms can provide a
sustainable and scalable source of celastrol. The success

of such an approach is exemplified by several recent
cases in the bioproduction of structurally complex nat-
ural products such as artemisinin [4], vinblastine [5],
opioids [6], and cannabinoids [7]. Nevertheless, the
successful heterologous bio-production of desired mol-
ecules relies on a full understanding of their native
biosynthesis in plants. In this review, we summarize the
recent efforts that led to the complete elucidation of the
pathway of celastrol biosynthesis in plants and the de
novo biosynthesis of celastrol in baker’s yeast (Saccha-
romyces cerevisiae), establishing the basis for its pharma-

ceutical exploitation (Figure 1) [8].
Discovery: a red pigment from the root of a
toxic Chinese herb
In China, the root of T. wilfordii has been used for cen-
turies in the treatment of rheumatoid arthritis and other
autoimmune-related disorders. However, the use of this
plant, either alone or in combination with other herbal

medicines, has been associated with strong hepatotox-
icity and nephrotoxicity, raising significant safety con-
cerns [9,10]. Therefore, the dosage and duration of
treatment with extracts of T. wilfordii had to be
restricted and carefully controlled. Unraveling the in-
dividual compounds responsible for the pharmaceutical
properties and toxicity of the plant extract could provide
improved strategies for its medicinal use. To this end,
extensive phytochemical studies have been undertaken,
leading to the identification of more than 400 metabo-
lites to date [11]. One of these compounds is celastrol,

which was first isolated from the root bark as a blood-
red, cubic crystal in 1936 [12]. The same compound
was also isolated from Celastrus scandens in 1939, from
which its name originates [13].

Shortly after the isolation of celastrol, a series of
chemical studies was carried out to identify its struc-
ture, demonstrating the existence of the main benzo-
quinone chromophore [14e18]. Nevertheless, it was
not until 1962 that the full structure of celastrol and its
methyl analog pristimerin were correctly assigned by
Current Opinion in Plant Biology 2024, 81:102615
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Figure 1
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Milestones in celastrol discovery, characterization, and biosynthesis. A timeline of milestones in the study and exploitation of celastrol since its initial
discovery in 1936. Pivotal moments such as bioactivity investigations, total chemical synthesis endeavors, and recent advancements in comprehending
its biosynthetic pathway are highlighted.

2 Physiology and metabolism 2024
both chemical and NMR evidence [19]. The structures
of celastrol and pristimerin are characterized by the
presence of a quinone methide moiety, which has been

found in only very few natural products (e.g. taxodone
[20] and kendomycin [21]).
Bioactivities of celastrol
Initially, celastrol was characterized as an antibiotic
against various Gram-positive bacteria [22]. Since the
1980s, several studies have revealed that celastrol also
possesses anticancer activity, prompting further inves-

tigation into its mechanism [23e26]. Celastrol was
found to affect tumor cell proliferation and migration,
and promote apoptosis, by disrupting different cell
signaling pathways (i.e. NF-kB/COX-2) [27,28] or
inhibiting oncogenic proteins (i.e. Hsp90) [29].
Furthermore, an increasing number of studies have
demonstrated its therapeutic potential for a range of
other human disorders, including inflammatory-related,
autoimmune, neurodegenerative, and protein-folding
diseases [30e32]. The anti-inflammatory activity of
celastrol aligns with its ethnopharmacological use in the

treatment of rheumatoid arthritis.
Potential in the treatment of obesity
Leptin is a human hormone released from adipose tissue
to control overall metabolism and food intake in

response to energy store levels. A series of studies have
elegantly concluded that obesity is characterized by
leptin resistance or insensitivity, rendering the body
unable to utilize leptin for controlling energy expendi-
ture and food intake [33e35]. This discovery has
Current Opinion in Plant Biology 2024, 81:102615
highlighted leptin re-sensitization as a promising inter-
vention target, driving efforts to discover small molecule
leptin sensitizers. In a groundbreaking 2015 study,

Ozcan et al. identified celastrol as a potent leptin re-
sensitizer, underscoring its potential in obesity treat-
ment [1]. In this study, celastrol emerged as the most
potent leptin sensitizer among over 1000 natural com-
pounds tested. Detailed in vivo experiments demon-
strated that celastrol suppresses food intake, prevents
reduction of energy expenditure, and induces up to 45%
weight loss in hyperleptinemic diet-induced obese
mice. This action of celastrol was found to be mediated
by leptin as celastrol treatment was ineffective in leptin-
deficient and leptin receptor-deficient mouse models

[1]. In a concurrent study, Zhang et al. corroborated
celastrol’s effect on weight reduction and revealed its
specific binding in a hydrophobic groove of the nuclear
receptor Nur77 [2]. The antiobesity effect of celastrol
was suppressed in mice deficient for Nur77, high-
lighting the critical role of Nur77 in this process.
Considering that celastrol was also found to inhibit
inflammation and induce autophagy, Nur77 may confer
the leptin-sensitizing effect of celastrol by regulating
high-fat diet-induced hypothalamic inflammation [2].
More recent studies demonstrated that interleukin-1

receptor 1 (IL1R1)-deficient mice are completely
resistant to the effects of celastrol in leptin sensitization
and treatment of obesity, revealing that IL1R1 is
another key player in this process [36]. In addition to its
action on leptin, celastrol protects against obesity and
metabolic dysfunction by activating the transcription
factor HSF1, which regulates PGC1a-dependent
metabolic programs in adipose and muscle tissues [37].
www.sciencedirect.com
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Celastrol biosynthesis Zhao et al. 3
Further studies have shown that celastrol protects
against nonalcoholic fatty liver disease induced by a
high-fat diet, mitigating liver metabolic damage and
improving glucose tolerance and insulin sensitivity [38].
Early efforts toward an economical and
scalable supply of celastrol
Although the therapeutic potential of celastrol is evident
from the studies mentioned above, its medical applica-
tions are hindered by its limited availability. Obtaining
celastrol for large-scale trials and commercialization from
the roots of T. wilfordii is not viable because accumulation
of the compound requires 2e3 years of plant cultivation

and due to the toxic compounds accumulating in the same
tissue, thepurificationprocess is elaborate and costly [11].
Consequently, various options for obtaining celastrol have
been explored. Chemical synthesis is a cost-effective and
scalable method for producing active pharmaceutical in-
gredients. However, despite the total chemical synthesis
of celastrol being achieved in 2015 [3], this approach re-
quires at least 30 steps starting from 2,3-
dimethylbutadiene, rendering it unsuitable for meeting
commercial needs. Alternative options, such as isolating
celastrol from plant cell suspensions or hairy root cultures,

have also been attempted [39e41]. However, while these
efforts have provided valuable insights into celastrol
biosynthesis, the lowyield andhigh operating cost of these
methodshavehindered their industrial application.These
challengesprompted thedevelopmentofbiotechnological
methods for celastrol production.
Discovery of the enzymatic steps of
celastrol biosynthesis
To establish the production of celastrol in microbial cell
factories, it is crucial to elucidate its biosynthetic
pathway in T. wilfordii. The initial step in this endeavor
was the discovery of the oxidosqualene cyclase enzyme
that catalyzes the first step of the pathway and the
cyclization of 2,3-oxidosqualene into the pentacyclic
triterpene friedelin. In 2019, Zhou et al. identified two
enzymes, TwFRS1 and TwFRS2, capable of synthesizing

friedelin when expressed heterologously in yeast cells
[42]. Moreover, RNAi-mediated gene silencing of the
corresponding genes led to a decrease in celastrol
accumulation in T. wilfordii suspension cells, indicating
friedelin as the precursor of celastrol [42]. A concurrent
study confirmed the ability of TwFRS2 to synthesize
friedelin using a tobacco heterologous expression
system [43]. The structure of TwFRS1 (TwOSC1)
has been studied by cryogenic electron microscopy, and
the catalytic mechanism of friedelin synthesis was pro-
posed to involve a nine-step structural rearrangement,

based on quantum mechanics/molecular mechanics
simulations [44].

After friedelin synthesis, several successive oxidation
events on its A and B rings and the C-29 methyl group are
www.sciencedirect.com
required to produce celastrol. Since cytochrome P450
enzymes (CYPs) account for most of the oxidation re-
actions in plant-specialized metabolite biosynthesis [45],
investigations into the next steps of celastrol biosynthesis
focused on identifying CYPs acting on the friedelin
skeleton. Because celastrol is found to accumulate pre-
dominantly in the roots, Hansen et al. searched for CYPs
predominantly expressed in root tissue and identified

three enzymes d CYP712K1, CYP712K2, and
CYP712K3 d capable of catalyzing the three-step C-29
oxidation reaction from friedelin to polpunonic acid in
tobacco and yeast [43,46]. Shortly after, the function of
CYP712K1 was corroborated in T. wilfordii cell suspension
cultures [47]. In addition, a homologous enzyme,
CYP712K4, catalyzing the same reaction, was identified
in the related plant Maytenus ilicifolia [48].

The same differential transcriptomic analysis was uti-
lized to discover CYPs catalyzing the biosynthetic steps

downstream of polpunonic acid. Initially, CYP716C52
was identified to hydroxylate the C-2 position of polpu-
nonic acid (A-ring) in yeast and tobacco [8]. The
involvement of this enzyme in celastrol biosynthesis was
later independently confirmed by RNAi silencing in
T. wilfordii suspension cells [49]. Subsequently,
CYP81AM1 was found to oxidize the C-24 methyl group
of polpunonic acid to carboxylic acid [8]. Until now, the
order of the oxidation at C-2 and C-24 remains unclear.
However, given that both CYP716C52 and CYP81AM1
can catalyze the oxidation of polpunonic acid, it is plau-

sible that a matrix-like biosynthetic route exists
(Figure 2). Using the available genomic information for
T. wilfordii [50], two functional paralogs for CYP716C52
(CYP716C57 and CYP716C52v2) and one paralog for
CYP81AM1 (CYP81AM2) were also identified and
confirmed to have the same activity. The combination of
CYP81AM1 with CYP716C52 led to the production of
the key intermediate celastrogenic acid [8], which har-
bors oxidative modifications at both C-2 and C-24 posi-
tions. Celastrogenic acid appears to be unstable in low
pH environments, converting to a lactone ring structure
involving positions C-2 and C-24. In the acidic environ-

ment of yeast cultivation media, this celastrogenic acid-
derived lactone (celastogenilactone) exists as a mixture
of opened lactone ring isomers due to keto-enol
tautomerism on the A ring [8]. Despite extensive
investigation, no other T. wilfordii CYP has been found to
be able to act on celastrogenic acid, prompting further
investigation into the events leading from celastrogenic
acid to celastrol.
A non-enzymatic oxidation cascade
completes celastrol biosynthesis
Up to the synthesis of celastrogenic acid, the biosyn-
thesis of celastrol adheres to the canonical scheme of
(tri)terpenoid biosynthesis, initiating with backbone
formation and followed by oxidative decoration by CYPs
Current Opinion in Plant Biology 2024, 81:102615
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The biosynthetic pathway leading to the key intermediate celastrogenic acid. These enzymes include a series of triterpene synthases and cyto-
chrome P450s that catalyze celastrol scaffold formation and C-2, C-24, and C-29 oxidations. First, CYP712K1, CYP712K2, or CYP712K3 oxidize C-29 of
friedelin to give rise to polpunonic acid. Subsequently, CYP716C52 and its paralogs (CYP716C57 and CYP716C52v2) further oxidize C-2 of polpunonic
acid, while CYP81AM1 and its paralogue CYP81AM2 oxidize C-24 of the triterpenoid core structure leading to the key intermediate celastrogenic acid.
The black arrows indicate the biosynthetic steps catalyzed by the enzymes; the red arrows indicate steps occurring without enzymes.

4 Physiology and metabolism 2024
and other enzymes [51]. However, unlike other triter-
penoids, such as sapogenins, which are typically inert
compounds, celastrogenic acid is relatively unstable due

to its A-ring ketol structure, making it susceptible to
auto-oxidation. This observation led to the discovery of
an unprecedented seven-step auto-oxidation chain re-
action that converts celastrogenic acid to celastrol
without the need for additional enzymes [8]. This auto-
oxidation cascade can be conceptualized as a process
involving two modules (Figure 3). The first module
commences with a ketol auto-oxidation, followed by a
double-bond rearrangement and the decarboxylation of
the b,g-unsaturated COOH group. Decarboxylation
triggers further auto-oxidation and aromatization of the

A ring, resulting in wilforic acid A. The second module
comprises two cycles of tandem catechol oxidation and
double-bond rearrangement, culminating in the forma-
tion of the quinone methide structure of celastrol [8].

At this stage, the possibility that yet unidentified
T. wilfordii enzymes could catalyze or accelerate this
process cannot be excluded. However, the accumulation
of intermediates of the oxidation cascade, including
Current Opinion in Plant Biology 2024, 81:102615
wilforic acid A and wilforic acid J, in adequate amounts
in T. wilfordii suggests that the conversion of celastro-
genic acid to celastrol might happen through a slow, non-

enzymatic process rather than a streamlined, enzyme-
mediated pathway. It is noteworthy that, despite non-
enzymatic oxidation steps being reported in the
biosynthesis of other natural products (i.e. strychnine
and cannabinoids [52,53]), another elaborate auto-
oxidation cascade like the one observed in celastrol
biosynthesis has yet to be reported.

Physiological roles of celastrol and its
pathway intermediates in T. wilfordii
Celastrol is predominantly found in the suberized cell
walls of the T. wilfordii root periderm and many of the
pathway intermediates appear to also accumulate in the

roots [8,54]. However, a concise physiological role for
celastrol and its precursors in the roots is still lacking.
While the antifungal, antibacterial, and antiviral prop-
erties of celastrol and its immediate methylation prod-
uct pristimerin suggest that celastrol could have a role in
plant defence [55e58], the findings by Zhao et al. [8]
suggest that several pathway intermediates could also
www.sciencedirect.com
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Figure 3
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A non-enzymatic oxidation cascade completes celastrol biosynthesis. Module 1 involves the non-enzymatic decarboxylation of C-24, leading to the
intermediate wilforic acid A. This process likely initiates with oxidation and isomerization at C-2, resulting in an unstable b,g-unsaturated acid moiety
encompassing C-3, C-4, and C-24, thus initiating the decarboxylation reaction. The resulting intermediate undergoes further oxidation and tautomeri-
zation, culminating in the formation of the aromatic structure of wilforic acid A. In Module 2, a tandem catechol oxidation cascade completes celastrol
biosynthesis. Wilforic acid A undergoes oxidation to ortho-benzoquinone, subsequently tautomerizing to the para-quinone methide form. This trans-
formation facilitates the extension of the double-bond system to the B ring of the triterpenoid backbone. The resulting cyclohexadienone form then
converts to wilforic acid J through isomerization. These oxidation and isomerization steps are replicated for wilforic acid J, ultimately yielding the final
structure of celastrol.

Celastrol biosynthesis Zhao et al. 5
have biological functions. This is because the late stages
of celastrol biosynthesis produce one hydrogen peroxide
molecule per oxidation step and involve highly reactive

semiquinone radicals and powerful reactive oxygen
species such as superoxide. All these molecules have
previously been associated with plant defence [59e61]
and plant-microbe communication [62]. Furthermore,
celastrol, and its pathway intermediates, wilforic acid A
and wilforic acid J, have been shown to exhibit
remarkable radical scavenging activity that is compara-
ble to known strong antioxidants like ascorbic acid [8].
Therefore, it seems likely that these compounds play
roles in the interaction of the plant with microbes,
possibly through the modulation of reactive oxygen

species content in T. wilfordii roots.
Biotechnological production of celastrol
The unveiling of the biosynthetic pathway to celastrol
has enabled the de novo biosynthesis of this valuable
compound from table sugar using yeast fermentation.

Zhao et al. achieved this by introducing celastrol
biosynthesis genes along with a cytochrome P450
reductase (TwCPR1) into the genome of a platform
yeast strain engineered specifically for terpenoid
biosynthesis [8]. The resulting strain was capable of
producing celastrogenic acid, which was secreted into
the culture media and auto-oxidized to celastrol. To
enhance the output of this process, isoprenoid precursor
www.sciencedirect.com
production was increased by overexpressing a feedback
inhibition-resistant version of a key yeast mevalonate
pathway gene (t)HMG2 and inserting additional copies

of bottleneck genes (two copies of TwFRS1 and seven
copies of CYP81AM) into the yeast chromosome. Addi-
tionally, the approach involved cultivating the yeast in
nonacidic buffered media to prevent the formation of
side-products and promote celastrol accumulation.
Despite these genetic modifications, celastrol produc-
tion using this method was time-consuming, requiring
several weeks. To expedite the process and improve
overall yield, Zhao et al. developed a semi-biosynthetic
method for celastrol production. This method involved
first producing celastrogenic acid through yeast

fermentation, isolating the compound from the yeast
medium, and then converting it to celastrol using a
simple chemical conversion step. The conversion
entailed heating celastrogenic acid at 60 �C in MeOH
for one week, resulting in the conversion of over 20% of
celastrogenic acid to celastrol [8].

While semi-synthetic bioproduction of celastrol shows
promise as a scalable and potentially cost-effective
method, further efforts are necessary to improve pro-
duction from the mg/L scale to commercial viability.

Considering that triterpenoids similar to celastrogenic
acid have been produced at high titers (up to 15 g/L for
protopanaxadiol and 5.7 g/L for ginsenoside compound
K) [63,64], it is reasonable to expect that high titers of
Current Opinion in Plant Biology 2024, 81:102615
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celastrogenic acid could be achieved through metabolic
engineering approaches. These approaches may include:
1) Enhancing triterpenoid precursor production through
increasing the expression of genes in the mevalonate
pathway, including the bottleneck enzyme 3-hydroxy-3-
methylglutaryl-coenzyme A reductase, along with early
sterol pathway genes to increase the metabolic flux
toward 2,3-oxidosqualene. 2) Suppressing genes in

pathways that compete for the same triterpenoid pre-
cursors in the sterol biosynthetic pathway, such as
ERG7. 3) Optimization of fermentation processes via
fine-tuning fermentation conditions, including pH,
temperature, and carbon source. Additionally, other
proven strategies for enhancing triterpenoid production,
such as pathway compartmentalization and selecting
enzyme homologs with optimal expression in yeast,
could be employed [5,65,66]. For the non-enzymatic
late part of celastrol synthesis, coordinated transition
metal catalysts [67e69] could be utilized to enhance

critical oxidation steps. Moreover, various types of pro-
miscuous enzymes, such as polyphenol oxidases or
laccases, could be employed to accelerate catechol
moiety oxidation [70,71].
Developing celastrol into a drug
Celastrol holds great promise as a drug lead in obesity
treatment. Recent advances in obesity therapies have
identified semaglutide and other GLP-1 receptor ligands
as effective weight loss drugs [72]. Celastrol-based or
inspired therapeutics could complement weight control
strategies, particularly in the maintenance phase
following semaglutide treatment. Semaglutide-based
therapies have a strong appetite-reducing effect, which
can impart the quality of life for individuals undergoing
treatment and reduce long-term adherence to the pro-
tocol. Thus, celastrol can be used to attain weight control

while allowing individuals to enjoy the taste and social
aspects of food intake after achieving sufficient weight
loss [72]. However, several challenges remain in estab-
lishing celastrol or its derivatives as antiobesity drugs.
First, the beneficial effects of celastrol for humans need
validation in non-human primate models, while its safety
for human administration must be confirmed. Other
challenges hindering introduction of celastrol to the
market include its poor bioavailability due to hydropho-
bicity and the possible occurrence of side-effects [73,74].
To address these issues, various interventions have been

proposed, such as developing celastrol analogs with hy-
drophilic sidechains [75] or incorporating it into macro-
molecular complexes [76]. For instance, studies have
demonstrated that loading celastrol into albumin nano-
particles significantly improves its bioavailability and re-
duces systemic toxicity, particularly in the treatment of
inflammatory metabolic syndrome and kidney inflam-
mation [77,78]. Additionally, celastrol macromolecular
assemblies containing tissue-specific targeting mole-
cules, such as cancer surface marker protein recognizing
Current Opinion in Plant Biology 2024, 81:102615
aptamers or neutrophil membrane proteins, have been
shown to effectively deliver celastrol to colorectal cancer
cells and inflamed pancreatic tissue, respectively [78,79].
In light of these advancements, it is clear that celastrol is
getting closer to fulfilling its promise as a potent and
versatile anti-inflammatory drug.
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