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a b s t r a c t

Prostaglandin E2 (PGE2) serves as the ultimate mediator of fever induced by inflammatory factors. In

contrast to cyclooxygenase inhibitors that suppress arachidonic acid metabolism, antipyretic herbs pos-

sess a well-established clinical history in effectively managing fever. However, the specific mechanisms

underlying their efficacy remain unclear. Following the screening for lead compounds that inhibit PGE2

from antipyretic herbs, alkynylated active molecule probes were designed and synthesized to track and

identify potential targets. The target investigation revealed that three antipyretic compounds, namely

cinnamaldehyde, 2,4-decadienal, and perillaldehyde, containing α,β-unsaturated aldehyde groups irre-

versibly targeted the microsomal PGES1-TM4 helix (mPGES1-TM4) at Ser139. This specific interaction ef-

fectually inhibited PGE2 production in the cerebral vasculature, leading to exert potent antipyretic effects.

α,β-Unsaturated aldehydes targeting mPGES1-TM4 offer a new approach for antipyretic effects with sig-

nificant potential for various applications.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Covalent drugs block protein function by forming a specific

bond between the ligand and the target protein. A covalent mech-

anism of action provides many pharmacological advantages over

a reversible mechanism of action, including enhanced potency,

selectivity and prolonged duration of action [1]. Natural prod-

ucts represent an indispensable reservoir for the development of

covalent drugs, most of which target proteins [2]. Cysteine, ly-

sine, serine, etc., possess nucleophilic functional groups such as

sulfhydryl, amino, hydroxyl, capable of reacting with drugs with

electrophilic warheads like epoxide, halogen, carbonyl, isocyanine

and other groups to form covalent bonds [3]. In the case of elec-

trophilic natural products, the covalent nature of their target in-

teraction has largely facilitated the identification of their biological

targets. The discovery of the epoxide-containing natural product,

trapoxin, established a class of histone deacetylases as new drug

targets against cancer [4]. The pancreatic lipase inhibitor lipstatin,

whose structure features a β-lactone ring, undergoes nucleophilic

attack by a serine residue that blocks of the active site of the li-

pase, inhibiting protein function and fat turnover [5]. Endogenous
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electrophiles, such as α,β-unsaturated aldehydes generated during

lipid peroxidation, exhibit a facile reactivity with proteins, gen-

erating a variety of intra- and inter- molecular covalent adducts.

These host-derived modified proteins with electrophiles constitute

the products of diverse classes of oxidative reactions and represent

damage-associated molecular patterns (DAMPs) [6,7].

Prostaglandin E2 (PGE2) is the ultimate mediator of fever in-

duced by inflammatory factors, a product of arachidonic acid and

other polyunsaturated fatty acid metabolism catalyzed by cell

membrane phospholipids. As the most abundant prostaglandin in

the human body, PGE2 plays an indispensable role in the patho-

genesis of inflammation and fever [8]. During PGE2 metabolism

and synthesis, free arachidonic acid (AA) is enzymatically con-

verted by COX1/2 into prostaglandin G2 (PGG2), which is subse-

quently reduced into the precursor metabolite, prostaglandin H2

(PGH2) [9]. Prostaglandin E2 synthases (PGESs), also known as ter-

minal synthases, catalyze the biosynthesis of active PGE2 from

PGH2 derived from COX1 and COX2 enzymes, representing the fi-

nal step in PGE2 biosynthesis. To date, three types of PGESs have

been identified: microsomal PGES1 (mPGES1), microsomal PGES2

(mPGES2), and cytosolic PGES (cPGES) [10]. In contrast to the con-

stitutively expressed cPGES and mPGES2, mPGES1 is an inducible
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enzyme that specifically couples with COX2 [11,12]. The expres-

sion of mPGES1 is induced by inflammatory stimuli, including

interleukin-1-beta (IL-1β) [13]. The induction of mPGES1 by in-

flammatory stimuli and its role in the production of COX2-derived

PGE2 make it a viable alternative target of COX2 for managing in-

flammatory conditions [14].

In this study, we screened traditional heat-clearing herbs to

identify their active ingredients based on their antipyretic ef-

fect and the generation of PGE2. Subsequently, representative

monomeric probes were synthesized, and a series of chemical bi-

ology techniques were employed for target tracing and identifica-

tion [15,16]. Through the verification experiment of AA-PGE2 ox-

idized lipidomics and protein profile identification, it has been

demonstrated that certain specific volatile components containing

an α,β-unsaturated aldehyde group possess the potential to irre-

versibly bind mPGES1 and exert antipyretic effects. The animal ex-

periments were approved by the Animal Ethics Committee, Nankai

university (Tianjin, China) and were performed in accordance with

the guidelines of the national legislation of China. The use and

care of animal for the study described herein was approved (No.

2022-SYDWLL-000491). The material information and detailed ex-

perimental procedures are described in Supporting information.

Given that PGE2 serves as the principal mediator of fever, the

inhibitory effects of 24 extracts derived from antipyretic herbs

on the expression of PGE2 were investigated in RAW 264.7 cells.

The significant inhibitory effects of Cinnamomi ramulus (CR), Per-

illae folium (PF), Zingiber officinale Roscoe (ZRR), and Radix Bu-

pleuri (BR) on PGE2 production were demonstrated (Fig. S1 in

Supporting information). To further investigate their efficacy, the

different polar layers of the aforementioned extracts were eval-

uated for their impact on PGE2 expression. The components of

the volatile oil, primarily presented in the dichloromethane (DCM)

or ethyl acetate (EA) extraction layer, significantly attenuated the

lipopolysaccharide (LPS)-induced upregulation of PGE2 expression

(Fig. S2 in Supporting information). Furthermore, the four primary

constituents, namely cinnamaldehyde (CA), perillaldehyde (PA), 6-

shogaol (SOL), and 2,4-decadienal (DAL), were derived from the

corresponding volatile oils of these herbal sources and effectively

alleviated LPS-induced hyperthermia in vivo, as evidenced by ther-

mographic imaging (Fig. 1A). However, the corresponding compo-

nents lacking α,β-unsaturated group named PPA, PAR, POL and DL

did not affect PGE2 expression (Figs. 1B and C). The results sug-

gested that the α,β-unsaturated group may play a crucial role in

combating LPS-induced fever.

As a primary constituent of cinnamon volatile oil, CA was cho-

sen for further investigation due to its superior antipyretic ef-

fect. The comparative analysis involved cinnamic acid (CAC), cin-

namyl alcohol (CALC), and benzylacetone (BA) as controls, wherein

the α,β-unsaturated aldehyde group was modified to carboxyl, hy-

droxyl and ketone groups (Fig. 2A). The results in Fig. 2B demon-

strated that only CA and CA probes derived with the alkynyl group

possess the ability to suppress PGE2 expression, indicating that

α,β-unsaturated aldehyde group plays a pivotal role in exerting

its antipyretic activity. Then, the CA probe was applied to cap-

ture potential targets in RAW 264.7 cells. The target fhing effi-

ciency was assessed by sodium dodecyl sulphate-polyacrylamide

gel electrophoresis (SDS-PAGE) analysis (Fig. 2C), and the enriched

bands were subjected to enzymatic digestion followed by iden-

tification through high performance liquid chromatography-mass

spectrometry/mass spectrometry (HPLC-MS/MS) analysis. All pro-

teins associated with the antipyretic process from the human

gene database (https://www.genecards.org/) were utilized for com-

prehensive analysis, along with the captured and identified pro-

teins. As shown in Fig. 2D, four potential targets (mPGES1, ANXA5,

C1qBP, and TRIM28) were proposed, of which only mPGES1 was

associated with the AA-PGE2 pathway. Subsequently, mPGES1 was

Fig. 1. Monomeric compounds containing α,β-unsaturated group inhibit PGE2 pro-

duction. (A) Antipyretic effects of CA, PA, SOL and DAL against LPS-induced fever

in mice (n=5). (B) Chemical structures of CA, PA, SOL, and DAL along with α,β-

unsaturated double bond disrupted compounds. (C) The inhibition effects of CA,

PA, SOL and DAL and its corresponding derivates on PGE2 expression in RAW

264.7 cells (n=3). ###P<0.001 vs. Con group; ∗∗∗P<0.001, ∗∗P<0.01 vs. Mod group;
���P<0.001, �P<0.05 vs. prototype compound. Data are presented as mean ± stan-

dard deviation (SD).

hypothesized to be a potential target and confirmed by Western

blot (Fig. 2E). As expected, the CA probe capturing demonstrated

no interaction with PTGS2 and COX2, which are crucial enzymes

in the AA-PGE2 pathway.

After incubating RAW 264.7 cells with a 10 μmol/L CA probe,

the in-gel imaging assay revealed the position of mPGES1 was

specific metabolic labeled (Fig. 2F). However, no specific results

were observed following treatment with 10 μmol/L CA. Addition-

ally, a co-localization test was conducted between mPGES1 and

the CA, which demonstrated that CA probe strongly merged with

mPGES1 in RAW 264.7 cells (Fig. 2G). While knockout of mPGES1

resulted in a weakened merged yellow observed in cells with si-

lenced mPGES1 (Figs. S3 and S4 in Supporting information). These

findings suggest that mPGES1 is one of the target proteins of CA in

antipyretic.

To confirm the significance of α,β-unsaturated aldehyde as a

crucial pharmacophore in inhibiting PGE2 activity, another an-

tipyretic compound, DAL, was chosen to validate its structure-

activity relationship. To clarify the primary target of DAL, a α,β-

unsaturated double bond-reduced analogue (DL) and a DAL probe

were designed and employed. The structures are depicted in

Fig. 3A. Reaffirming our expectations, both DAL and the DAL probe

demonstrated bio-equivalence by inhibiting LPS-induced PGE2 ex-

pression, whereas DL did not exhibit such inhibition (Fig. 3B).

Similarly, the proteins captured by the DAL probe in the AA-

PGE2 pathway were verified using SDS-PAGE and Western blot,

which demonstrated that mPGES1 could potentially be targeted

by DAL (Figs. 3C and D). After preincubation with 10 μmol/L DAL

probe, an in-gel imaging assay revealed that the DAL probe clearly
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Fig. 2. mPGES1 is identified as a potential target of CA. (A) Structure of CA, CAC,

CALC, BA and CA probe. (B) The inhibition effects of CA, CAC, CALC, BA and CA

probe (10 μmol/L) on PGE2 expression in RAW 264.7 cells (n=3). ###P<0.001 vs.

Con group; ∗∗∗P<0.001 vs. Mod group. Data are presented as mean ± SD. (C) The

capture efficiency evaluation of CA probe using SDS-PAGE followed by Coomassie

brilliant blue staining. Lane 1: RAW 264.7 cell total lysate; Lane 2: a negative con-

trol performed by blank magnetic microspheres (MMs); Lane 3: magnetic captured

proteins by CA probe modified MMs. (D) Venn diagram analysis of CA probe en-

riched protein and antipyretic related targets. (E) Western blot analysis of captured

protein by CA probe in RAW 264.7 cells. Lane 1: RAW 264.7 cell total lysate, Lane

2: a negative control performed by blank MMs; Lane 3: magnetic captured pro-

teins by CA probe modified MMs. (F) In-gel imaging for CA (10 μmol/L) or CA probe

(10 μmol/L) incubated RAW 264.7 cells. Lane 1: CA; Lane 2: CA probe. (G) The co-

localization assay between mPGES1 and CA probe (10 μmol/L) on RAW 264.7 cells.

formed covalent bonds with mPGES1 (Fig. 3E). Furthermore, a co-

localization test also indicated the successful co-localization of the

DAL probe with mPGES1 in the cytoplasm of RAW 264.7 cells

(Fig. 3F).

Finally, the interaction between CA or DAL and mPGES1 was

performed using cellular thermal shift assay (CETSA). As shown

in Fig. 3G, the covalent binding of CA or DAL to mPGES1 signif-

icantly enhanced its thermal stability. These findings collectively

revealed that the α,β-unsaturated aldehyde group plays a crucial

role in specifically targeting mPGES1 for antipyretic effects.

The subunits of mPGES1 form a homotrimeric structure

consisting of three transmembrane helices (TM1: Pro11–Lys41,

TM2: Ser61–Ser90, and TM3: Pro96–Gly119), with additional TM4

helix-spanning residues (Pro124–His151) to complete the four-

transmembrane helix architecture (Fig. 4A) [10]. To provide ad-

ditional insights into the interaction of CA or DAL and mPGES1,

molecular docking with potential covalent binding poses was per-

formed for CA or DAL with mPGES1 (PDB: 4AL0). Notably, the top-

scoring poses were visualized as 3D maps, revealing that both the

α,β-unsaturated aldehyde group of CA or DAL form a irreversible

binding with the hydroxy group of Ser139 in TM4 (Fig. 4B).

Fig. 3. α,β-Unsaturated aldehyde is suggested as the key pharmacophore. (A)

Structure of DAL, DL, and DAL probe. (B) The inhibition effects of DAL, DL, DAL

probe (10 μmol/L) on PGE2 expression in RAW 264.7 cells (n=3). ###P<0.001 vs.

Con group; ∗∗∗P<0.001 vs. Mod group. (C, D) SDS-PAGE and Western blot analysis

for captured protein by DAL probe. Lane 1: RAW 264.7 cell total lysate; Lane 2:

a negative control performed by blank MMs; Lane 3: DAL probe magnetic captured

proteins. (E) In-gel imaging for DAL (10 μmol/L) or DAL probe (10 μmol/L) incubated

RAW 264.7 cells. Lane 1: DAL; Lane 2: DAL probe. (F) The co-localization assay be-

tween mPGES1 and DAL probe on RAW 264.7 cells. (G) CETSA for mPGES1 with CA

(10 μmol/L) or DAL (10 μmol/L) tretmeant, which evaluated by Western blot (n=3).
∗∗P<0.01, ∗P<0.05 represent CA group vs. Con group. ��P<0.01, �P<0.05 repre-

sent DAL group vs. Con group. Data are presented as mean ± SD.

To verify the prediction of molecular docking, CA or DAL was

incubated with the TM4 helix-spanning residues of the mPGES1

protein and the binding products were identified using protein

profiling. As shown in Fig. 4C, for the b+ and y+ ion fragments of

TM4 incubated with CA, the mass shift m/z between the b15
2+-H2O

and b16
2+ ion fragments was 118.56Da. Since the b+ ion carried

two charges (b2+), the mass shift (237.12Da) between b15
+-H2O

and b16
+ was consistent with the mass of Ser+CA. It indicated that

the corresponding amino acid sequence of Ser139 in mPGES1was

labeled with CA (219.15Da). Similarly, the mass shift m/z between

the y12
2+ and y13

2+ ion fragments was 109.56Da, and since y+

ion fragments carried two charges (y2+). The mass shift between

y12
+ and y13

+ (219.11Da) was consistent with the mass of Ser+CA-

H2O, suggesting that the Ser139 of mPGES1 was labeled with CA.

The similar results were obtained for profiling TM4 incubated with

DAL, showing a consistent pattern as depicted in Fig. 4D. The ob-

served mass shift m/z corresponded to the mass of the respective
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Fig. 4. CA and DAL covalent bind with mPGES1-TM4 at Ser139. (A) The schematic

3D structure and the sequence of mPGES1. (B) Molecular docking of CA and DAL

with mPGES1. The b+ and y+ fragment ions of mPGES1-TM4 were detected by

MS/MS after pretreatment with 100 μmol/L CA (C) or 100 μmol/L DAL (D).

TM4 fragment labeled with DAL (239.21Da). These findings suggest

that Ser139 in mPGES1 was also labeled with DAL.

Additionally, we characterized the irreversible bonding between

mPGES1-TM4 and the other antipyretic molecues, PA and SOL

(Figs. S5 and S6 in Supporting information). Due to the aldehyde

group exhibits higher reactivity compared to the ketone group,

the results demonstrated that PA could form a covalent bond with

Ser139 in the mPGES1-TM4 fragment, whereas SOL, which contains

α,β-unsaturated ketone group, did not exhibit the binding affin-

ity. In summary, it was elucidated that only the α,β-unsaturated

aldehyde group had the ability to covalently bind to Ser139 in the

mPGES1-TM4.

To prove the above hypothesis, knockdown/reconstruction of

mPGES1 was performed in HEK 293T cells (Figs. 5A–C). Upon

reconstitution of wild type mPGES1 expression, an in-gel imag-

ing assay revealed a clear metabolic labeling with the CA probe.

However, no specific results were observed upon reconstitution of

mPGES1-S139G mutant cells (Fig. 5D). The consistent findings were

also corroborated by silencing mPGES1 in RAW 264.7 cells during

the co-localization assay (Figs. S3 and S4 in Supporting informa-

tion). Furthermore, the observation was consistent with the impact

of CA on PGE2 production by the mPGES1 inhibition test (Fig. 5E).

These findings strongly indicated that residue Ser139 is the exclu-

sive binding site for CA on mPGES1.

A previous study demonstrated that knockdown of COX2 or

mPGES1 specifically in the brain endothelial vasculature signifi-

Fig. 5. CA specifically binds to Ser139 of mPGES1 to inhibit PGE2 production. (A–C)

Western blot analysis for mPGES1 knockout and mPGES1 wild type or mPGES1-

S139G mutant reconstruction in HEK 293T cells. In-gel imaging (D) and inhibi-

tion test of PGE2 (E) were conducted during the knockout and reconstruction of

mPGES1 and mPGES1-S139G. ###P<0.001 vs. Con group; ∗∗P<0.01, ∗∗∗P<0.001 vs.

Mod group (n=3). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Data are

presented as mean ± SD.

Fig. 6. CA and DAL bind to mPGES1 in the cerebral vasculature. (A) The co-

localization assay between mPGES1 and CA probe (10 μmol/L) in rat cerebral vas-

culature. (B) In-gel imaging and Western blot assay for CA (10 μmol/L) or CA probe

(10 μmol/L) pre-incubated rat cerebral vasculature. Lane 1: CA; Lane 2: CA probe.

(C) The co-localization assay between mPGES1 and DAL probe (10 μmol/L) in rat

cerebral vasculature. (D) In-gel imaging and Western blot assay for DAL (10 μmol/L)

or DAL probe (10 μmol/L) pre-incubated rat cerebral vasculature. Lane 1: DAL; Lane

2: DAL probe.

cantly ameliorated LPS-induced fever in mice, whereas silencing

COX2 in neuronal or myeloid cells did not exert a significant im-

pact on mouse body temperature [17]. These findings suggest that

PGE2, synthesized in cerebral vascular endothelial cells, plays a

critical role in mediating the fever response within the body.

To accurately determine the localization of CA in brain en-

dothelial vessels, CA probe was pre-incubated with detached rat

brain vessels, allowing for the visualization of co-localization be-

tween mPGES1 and the CA probe (Fig. 6A). In-gel imaging and
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Fig. 7. CA inhibits the expression of key metabolites in the AA-PGE2 pathway and

exerts antipyretic effects. (A) Inhibition effects of CA, CAC and CALC on LPS-induced

anal temperature in rats (n=5). (B) Quantitative metabolomics analysis of CA on

the expression of oxidized lipids in rat brain tissue (n=5). (C) Schematic diagram of

α,β-unsaturated aldehyde group in affecting key metabolites on AA-PGE2 pathway.
###P<0.001 vs. Con group; ∗∗∗P<0.001, ∗∗P<0.01, ∗P<0.05 vs. Mod group. Data are

presented as mean ± SD.

Western blot further revealed that mPGES1 formed covalent bonds

with the CA probe in the cerebral vasculature compared to un-

labeled CA (Fig. 6B). Similar results were obtained for the DAL

probe pre-incubation groups (Figs. 6C and D). The findings sug-

gested that the α,β-unsaturated aldehyde compound exhibits ir-

reversible binding to brain endothelial vasculature through its in-

teraction with mPGES1.

To investigate the in vivo antipyretic mechanism of compounds

containing the α,β-unsaturated aldehyde group, a febrile model

was established in Sprague-Dawley rats induced by LPS. CA was se-

lected as a representative drug, while CAC and CALC were included

as control groups. The antipyretic effects on body temperature

were assessed using anal temperature measurements (Fig. 7A). No-

tably, CA significantly attenuated the changes in body temperature,

particularly at the 30-min time point, compared to the Mod group.

However, neither CAC nor CALC demonstrated any discernible in-

hibitory effects on elevated body temperature in rats.

Subsequently, the changes in the AA metabolic pathway at

30min were quantitatively analyzed using oxidative lipidomics by

ultra performance liquid chromatography-Q-TOF/mass spectrome-

try (UPLC-Q-TOF/MS) in rat brain tissue to validate the biological

processes following CA administration. The results demonstrated

that the expression levels of various oxidized lipids, including AA,

PGG2, PGH2, PGE2, and PGD2, were significantly elevated in the

Mod group following LPS stimulation. However, there was no sig-

nificant change observed in the expression of PGF2α and 12-HETE.

CA treatment reversed the upregulation of AA, PGG2, PGH2, and

PGE2 in rat brain tissue by modulating the AA-PGE2 pathway

(Fig. 7B), but did not exert a significant effect on the expression of

oxidized lipids involved in other metabolic pathways. The scheme

in Fig. 7C illustrated that α,β-unsaturated aldehyde group targets

mPGES1 to regulate the AA-PGE2 pathway to exert its antipyretic

effects.

As a complex physiological phenomenon, fever is a biological

response to external stimuli or internal factors. It occurs due to

disturbances in thermal regulation caused by pyrogenic cytokines

and pyrogens in response to inflammation and infection. The in-

duction and sustenance of fever during infection involve a har-

monized interaction between immune cells and neural circuitry

systems [18]. Nonsteroidal anti-inflammatory drugs (NSAIDs) have

been extensively utilized for the management of inflammatory dis-

eases by suppressing upstream COX2 to reduce PGE2 levels [19].

However, high-dose administration targeting COX2/TXA2 inhibition

may lead to gastrointestinal bleeding [20]. In the AA metabolic

pathway, phospholipase A2 (PLA2) metabolizes phospholipids in

the cell membrane to produce AA. COX1/2 catalysis converts AA

into intermediate PGG2, which is then immediately transformed

into PGH2 via peroxidase [21]. Finally, prostaglandin E synthases

(PGESs) play a decisive role in the synthesis of PGE2 [13]. Ar-

guably, directly targeting downstream mPGES1 instead of upstream

COX1/2 may be preferable for selectively blocking overexpressed

PGE2, without affecting other substrates generation such as PGD2,

PGF2ɑ or TXA2 in inflammatory diseases, which catalyzed by PT-

GDS, PGFS or TBXAS1. For example, the oral mPGES1 inhibitor

ISC 27864 effectively suppressed the dose-dependent generation of

inducible PGE2 (10–1000mg) in comparison to celecoxib, as ob-

served in a Phase I clinical trial study [22].

Previous studies revealed that CA possesses the ability to alle-

viate acute pain and inflammation, as well as improve arthritis in

mice by inhibiting nitric oxide (NO), tumor necrosis factor-α (TNF-

α), and PGE2 production [23–25]. Moreover, existing evidence sup-

ported that DAL impairs vascular endothelial function by nega-

tively affecting mitochondrial function and autophagic flux [26,27].

Herein, we have discovered that certain antipyretic compounds in-

cluding CA and DAL present in traditional heat-clearing herbs exert

antipyretic effects via the irreversible targeting of mPGES1 on cere-

bral vascular endothelium. The isomerization of PGH2, catalyzed by

mPGES1 to generate PGE2, requires the presence of glutathione as

a cofactor in the TM4 helix active pocket [28]. We propose that the

binding of α,β-unsaturated aldehyde compounds to the mPGES1-

TM4 helix hinders the isomerization process, ultimately inhibiting

PGE2 synthesis [10].

In summary, this study elucidated the mechanism by which

CA and DAL covalently bind to mPGES1 in the cerebral vascula-

ture, where they exert antipyretic effects by inhibiting the AA-

PGE2 pathway and downregulating PGE2 expression in brain tis-

sues. Targeting mPGES1-TM4 via α,β-unsaturated aldehyde repre-

sents a novel antipyretic mechanism, offering a fresh perspective

for the development of mPGES1 inhibitors.
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