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Abstract: As significant bioactive constituents within natural products, alkaloids exhibit characteristics of
extensive sources, diverse structures, multi-targeted and multi-level actions, and possess potent immunomodulatory
effects. Although numerous studies have explored the pharmacological effects and mechanisms of alkaloids, a
systematic review of their immunomodulatory activities and underlying mechanisms remains to be systematically
reviewed, particularly an integrative analysis of the most recent research advances. Therefore, this paper collates
recent research findings on alkaloids within the field of immunoregulation. It reviews the modulatory effects of
alkaloids on the immune system, summarises the principal molecular mechanisms underlying their actions, and
outlines their applications in the treatment of immune-related diseases. This review aims to provide a reference for
subsequent mechanistic studies and the development of related pharmaceuticals.
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Table 1 The classification and structure of single-molecule alkaloids in the article

Classification Structural characteristics Example CAS Structure
Isoquinoline Characterized by an isoquinoline moiety serving as  Berberine 2086-83-1
alkaloids the core structural scaffold
Coptisine 3486-66-6 0'\0
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Continued
Classification Structural characteristics Example CAS Structure

Chelerythrine 34316-15-9
Phellodendrine 6873-13-8
Berbamine 478-61-5
Sanguinarine 2447-54-3
Taspine 602-07-3

Indole alkaloids Characterized by the presence of an indole ring Evodiamine 518-17-2

system as the fundamental skeleton

Rutaecarpine 84-26-4
Tabersonine 4429-63-4
Ellipticine 519-23-3

Imidazole Possess an imidazole ring as the principal structural ~ Epiisopiloturine 69460-80-6

alkaloids framework

Quinolizidine  Feature a fused bicyclic quinolizidine skeleton Matrine 519-02-8

alkaloids formed by two piperidine rings sharing a common

nitrogen atom
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Classification Structural characteristics Example CAS Structure
Oxymatrine 16837-52-8 S
Sophoridine 6882-68-4
Sophocarpine 6483-15-4
Oxysophocarpine 26904-64-3
Steroidal Based on the cyclopentanoperhydrophenanthrene Tomatidine 77-59-8
alkaloids steroid nucleus as the parent structure
Terpenoid Contain isoprenederived structural units and Aconitine 302-27-2
alkaloids incorporate nitrogen atoms within the terpenoid
framework
Wilforine 11088-09-8
Organic amine Comprise nitrogen atoms in the form of non-cyclic Colchicine 64-86-8
alkaloids free amino groups rather than heterocyclic ring
systems
Purine alkaloids Contain a purine nucleus or structurally related Theophylline 58-55-9
purine-derived motifs
Quinolone Characterised by a 4-quinolone as its basic skeleton ~ Graveoline 485-61-0
alkaloids
Other alkaloids Alkaloids that cannot be assigned to the Ligustrazine 1124-11-4

aforementioned structural categories
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Table 2 Comparative analysis of how different alkaloids influence the immune response process. + indicates promotion; - indicates inhibition

Innate immune process

Adaptive immune process

Alkaloid
aloids Physical barrier function Macrophage

Berberine +
Matrine

Rutaecarpine

Colchicine

Phellodendrine

Oxysophocarpine

Sanguinarine

Sophoridine +
SMU-Y6

Total alkaloids of Fritillaria

cirrhosa D.

Total alkaloids of Alstonia

scholaris (L.) R. Br.

Total alkaloids of Sophora

alopecuroides L.

Neutrophil ~ Dendritic cell Innate lymphoid cell T lymphocyte B lymphocyte

T B +
+
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Figure 1 The effects of alkaloids on immune cells
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Figure 2 Alkaloids modulate immunity through the NF-«B signaling pathway
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Figure 3  Alkaloids modulate immunity through the JAK/STAT signaling pathway. TAs-FCD: Total alkaloids of Fritillaria cirrhosa D.

Don; FTA: Fuzi total alkaloids



+ 2850 -

242 %4} Acta Pharmaceutica Sinica 2026, 61(8): 2840-2857

Growth factors,
mitogens, antigens

¢

Stress,
lipopolysaccharide

Inflammatory cytokines,
FASL, UV, etc.

Ll

P‘

R e
[ SOS )GRB2
A v
=) J
( Ras

l

ERK pathway INK pathway p38 pathway
@ETIDIN
MAP3X \
;
l _ — Berberine l l /
Nl ‘_, /
MAP2X MEK12) -7 SMU-14a MKK4,7) MKK3,6 //
20 e .o
l 7= ‘l- Sophoridine 1 Berberine/
-‘-P r'e EBiisopilotun'ne 5 // s . >
MAPK (ERK12 & p—— ~—1 (INKI-3 | « I S— p38
2 SMU-CX24 £ £
S BEbeme e /| N\ e
— _— _ _, Promote Phellodendrine
—_

Inhibit

12
ATF\

Figure 4 Alkaloids modulate immunity through the MAPK signaling pathway

Ko B O 26 R A% 40 1l 7E CRS H A |5 Wk 48 fifa
J 18 (1) Akt/mTOR A5 58 % R 38 5 1 W, A7 2% AR /S
B A TL-6 S NP8 IFN-y ¥R &, R i 4 35F CAR-T 4
L6 97 2 RS Chen S8 3735005 14 45 W %6 /) R
TR, R B AE A S8R %G8 T PISK/AktE #% K FE Bt
KA TAE, 3R Thl A1 Th17 400504k, M &
HUGER I S % . AT IR, AL 0 IR
] PI3K/Akt A NF-xB 15 5 8 i [0, & Th17
H Tregs 2 [ F1°F-ir, W 2% A 1 BF S P2 P 761 267 JE 2% (1)
HRREST /N BE R 24 7K i i ) PI3K/AKtYNF-«B Al
MAPK i %, 98020 45 5 v 1) 988 K1~ F0 CD4" T 40 1)
IR, FEAHNFE T BR K MMP-3 A1 MMP-9 7K “F, M
I T HRRE™S, 5 S0 A8 0 0] AS49 A1 95D fiti I 41
i () 48 B, 38 3 PI3K/Akt/mTOR 15 53 1% LA 71 & Al
B 0 £ A5t P 7 AR 4 A 40 B 9 1, DA e P R 1 2R
FI R A RIE N, RIEDUEZCR™ . Zilae s
R R R IR, B0 PKA FI PKB, M 1 #11 i) mTOR,
PR 98 RE FF BELIT 93 5 52 1, 1X T RE 2 R A B TR T
SARS-CoV-2 i 1 A= B 2 [ 78 75 AE ALY . AR AR
Yyl 38 1T PI3K/Akt/mTOR 15 5 38 1% 1 5 4 555 1 B 1)

WIS Frs .
3.5 HitES@eg

b1 ERAS 5@ %, AL Re 8 i i Al AE S
PRI R TVE R . WNBERR | SR T
Bl 55 2 W) B S S PR R 43 T 4% AMPK/mTORC
AMPK/NF-xB.AMPK/mTOR {5 5 il #, i@l 41
T U A R R e TP R L O A8 S
845 38 47 ok K % Bt RA [ /E PV, Epiisopiloturine &
i U8 15 Wnt/B-catenin 15 5 38 #% 0] B2 Wi AH G (1) 9 242
A JEANE B — € MR T AE Y. ki
A= WG i 1 4% TLR4/MyDS88/NF-«B 15 5 38 4%, 7l I
%% DSS 5 35t 1 45 W 78 /N BRI i 1 SO 4. %
25 BB 3E 3 T 1 HMGB1/NF-xB/TLR-4 & % , ik /b il
2R S TE JORE RV EE BB, T R 9T BN Y
4 HYRERBEXERETPHNA

B 5 55 AR PR R IR N T, Ak 22 AR PR I S e
% 30 1L T N B Th g VAR R KR K T TR S
TEEEENLE, 76 E B G % M « 980 M 073 B B iy 25
PRI R TT T I B ) A G 5 AR R
P RR T AR FH 3 3104220310803 WS gl o



TRAI AR LB S AR G IR T AR I R LAt

2851

HER2/EGFR IGF-1R
jvi r PIP2 PIP3
P
'y (mTORC2)

T o -

| =

! - - - 7 S - Oxymatrine
Sinoménine ( LKBI 7 (1sc12) ~ < _ Berberine

- / Matrine
\ I /\
\ Tetrandrine (GtP)
\ ' 5
3 \ (et
\ \
A N )
N < N J Theophylline
~ ~_ o
S~ a7 P _-
S e (mTORCL) | _ _ _——
— ___ . Promote
mRNA translation

— ——— 4 Inhibit Lipid synthesis

Nucleotide synthesis
Autophagy

Figure 5 Alkaloids modulate immunity through the PI3K/Akt/mTOR signaling pathway

Table 3 The therapeutic effects of alkaloids in immune-related diseases. SLE: Systemic lupus erythematosus; RA: Rheumatoid arthritis

Disease Alkaloid Therapeutic mechanism Reference
SLE Berbamine Downregulates autoantibody levels and alleviates vascular inflammation [95]

Sophocarpine Inhibits NF-«B activation in renal tissue and reduces the expression of proteins constituting the [96]
NLRP3 inflammasome

Aconitine Decreases plasma leukocyte counts and anti-double-stranded DNA antibody levels, significantly [97]
improves renal histopathological damage, and reduces IgG deposition in glomeruli

Coptisine Suppresses the NF-«B signaling pathway and downstream signaling molecules, reduces [98]
autoantibody and serum inflammatory marker levels, attenuates renal inflammation, and improves
renal function

Berberine Modulates immune cell activity, suppresses immune activation and autoantibody production, and ~ [70]
prevents or alleviates severe SLE-associated complications through inhibition of platelet
aggregation and antioxidant effects

RA Wilforine Reduces IL-6, IL-1f, TNF-a levels and MMP-3 expression; ameliorates RA by inhibiting [99]

activation of the Wnt/f-catenin signaling pathway and downregulating Wnt11, f-catenin, CCND1,
GSK-34, and c-Myc expression

Total alkaloids of Inhibits the PI3K/Akt/mTOR signaling pathway, reduces IL-14, IL-6, TNF-a, and RANKL [100]

Strychnos nux-vomica L. expression, alleviates inflammation, and improves symptoms in RA rat models

Sinomenine Regulates the balance between Treg and Th17 cells in mesenteric lymph nodes and promotes [101,102]
lymphocyte migration to joints; blocks T-cell co-stimulation by inhibiting DCs CD80 and CD86
mRNA expression

Berberine Suppresses NF-«B signaling activation, reduces the production and release of pro-inflammatory [70,103]
cytokines IL-6, TNF-a, IL-15, and downregulates macrophage-mediated inflammatory responses

Aconitum alkaloid Reduces TNF-a and COX-2 protein expression, and inhibits inflammation in RAW264.7 [104]
macrophages in vitro via signalling pathways including NF-«B and JAK1

Total alkaloids of Inhibits the TLRs/NF-«B pathway, downregulates the number and function of Tth cells, suppresses [63]

Sophora alopecuroides  germinal center B cells, reduces autoantibody production, and alleviates immune-pathological

L. processes in collagen-induced arthritis models

Matrine Inhibits NF-xB signaling in T cells and regulates the imbalance of Th1/Th2 cytokines [62]
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Continued
Disease Alkaloid Therapeutic mechanism Reference
Ulcerative Berberine Enhances intestinal barrier function and inhibits the NF-«xB pathway, thereby suppressing [70]
colitis inflammatory cell infiltration and activation and alleviating local tissue inflammation
Oxymatrine Downregulates Thl and Th17 differentiation and exerts anti-inflammatory and pro-apoptotic [86]
effects via the PI3K/Akt signaling pathway
Total alkaloids of Inhibits the NLRP3 inflammasome and reduces levels of pro-inflammatory cytokines such as IL-  [105]
Aconitum carmichaelii 1 and IL-6, exerting anti-inflammatory effects
Debx.
Alkaloids of Portulaca  Acts on the TLR4/MyD88/NF-«B signaling pathway to alleviate intestinal inflammatory injury and [93]
oleracea L. reduce serum TNF-a and IL-1/ levels as well as histopathological damage
Acute Rutaecarpine Inhibits the MAPK/NF-«B signaling pathway, alleviates histopathological alterations, decreases IL- [42]
pancreatitis 6 and TNF-a levels, increases IL-10 levels, and improves inflammatory responses in acute
pancreatitis
Oxymatrine Alleviates intestinal injury by regulating Th1/Th17 cytokines and the MAPK/NF-«B signaling [106]
pathway
Ligustrazine Downregulates TNF-a, IL-14, and IL-6 levels, inhibits the p38 and ERK MAPK pathways, and [107]
accelerates acinar cell apoptosis
Berberine Inhibits JNK signaling activation, downregulates iNOS, TNF-q, IL-1, IL-6, and JNK protein [108]
expression, and reduces pancreatic injury
Colchicine Inhibits the TNF-o/TNF-R1 signaling pathway, alleviates inflammation and oxidative stress, and [109]
improves microcirculation
Tetrandrine Inhibits NF-«B activity, reduces production of pro-inflammatory cytokines TNF-a and IL-6, and [110]
alleviates inflammation and pancreatic pathological damage
Acute SMU-14a Inhibits the NF-x«B, MAPK, and IRF3 signaling pathways, reduces IL-6 level, decreases serum [74]
hepatitis levels of alanine aminotransferase and aspartate aminotransferase, exerting anti-inflammatory and
hepatoprotective effects
Graveoline Inhibits TNF-a inflammasomes, activates IL-4 and IL-10, and suppresses the JAK1/STAT3 [111]
signalling pathway to alleviate inflammation and exert hepatoprotective effects
Hepatitis B Berberine Inhibits hepatitis B virus replication, reduces viral load, enhances immune responses, decreases [70]
oxidative stress and apoptosis, and protects host tissues
Matrine Competitively inhibits hepatitis B virus DNA polymerase, thereby suppressing viral DNA [112]
replication
Asthma Total alkaloids of Regulates the JAK2/STAT3 pathway to inhibit M2 macrophage polarization, alleviating airway [39]
Fritillaria cirrhosa D.  remodeling and inflammation in allergic asthma models
Matrine Suppresses Th2 cytokines and eosinophil-attracting chemokines, thereby reducing eosinophil [62]
infiltration, airway hyperresponsiveness, and airway inflammation
Tomatidine Blocks Th2 cell activity, significantly inhibits mucus production, airway inflammation, acute [113]
airway hyperresponsiveness, and eosinophil infiltration, improving asthma symptoms in mice
Ligustrazine Rebalances cytokine profiles and related transcription factors T-bet/GATA-3 and Foxp3/RORyt, [114]
correcting Th1/Th2 and Treg/Th17 imbalance and improving asthma-associated pulmonary
inflammation
Tetrandrine Inhibits the HMGB1/TLR4/NF-«B signaling pathway, reduces TNF-a, IL-6, and IL-1/ levels, and [115]
attenuates airway remodeling
Evodiamine Suppresses the HMGB1/NF-xB/TLR4 pathway, decreases IL-4, IL-9, IL-13, and IgE levels, [94]

increases IFN-y levels, and reduces airway inflammation and remodeling

5 HiBSRE

AWBRAE 9 R AR i) R R AR Y, BAR
W2 ER 2P 2 R 2 RPN R A S B
JTHEAIRKE J1. ASCERIR T RIS S R G e &
GERE NLPE e RGN, SR E b g T
Be A GUATE R 2 2257 1 WL, (R Bt X A= A sl B %
FHRIBIR BT BN HEAT T REE, DU A il
Ja EENLHRIBT TR AR SR MIT R IR S % . H ATE X 4

oS LA L PR D Cs 2 T ik L2 40 i 1) 1
AR C BBy 4 & HIRERE, BT ILCs 45 Ho A 58
R A AL LA B bk L 4T PR IR 15 1 R 7 e 4 A7 2
WERRIRYE . B LW IZ 5 R e i
b, e R G R G IEAFAE ILCs B AR AT T 40 &
HEAR S AE SE T 240 L+ po'T 40 0 55 S 22 4 ML, T L5 4 i 72
GBI MR A YRR b R HE R S BEAE . (H H AT T
Xt A= WA 4% TLCs 45 e Ath 5 % S 75 40 B 1) W7F T2 473 A



TRAI AR LB S AR G IR T AR I R LAt

+ 2853 -

e DB, AR TCNI F) T 46 £ il B % 41
BR KA HM S RESIERE R, 2R SE AT AL MWL 5
P05 3 46 G B A AR ELAR T 20 LA RIS, ROR
BIFJE A L JE T R AR 7 K 45 K 22 A, R AR AL
ST A AUAL, DU A B e % 1 Y X LE 40 i D e
(3FT R S A S, T R A3 B B B e i
T8 S5 1 (AT ) S B AT SE 73 1o B ESAH AN X
FE AR AR G YOS R AT M, R R SRR
5 3 I G B KT 2L, A LA S 3 1819 ) B B3 Y
B RTE 2 B AR T B ARG 5 L A 1 sl B BR R 1
SSIRAR b, T RHEAZ B AN A B-T AN M 1L 4R FH %
Go B AU S G L AR I AR TT IR AW TT . ARORHE FE L
REET LW B R E o PR =5 Dh gtk
PRI, IFER A2 40 28 5 B 41 % SN 1 73
T S AR H @ . I L, 0T A e G 4 R 15 1 43
T WL B TT IE M) B4 1 20 4T 1] DL NF-B L JAK -
STAT 45 K HEAX 20 M A% 0o 25 T8 B 52 T 1K) SR G VERIT FU 4%
A2 ARk, W LU RGUEY) T ik, R S
HEARA A2 A 28R, AR TS
SRR A B LS 2%, 3 — IR A2
8 SO I YT T o 2 LR (IR

BEAN, R 2 #E L 2 2 0 e B A A ] A
5 3 G 2 OB 5 I S AR AT AS T T A, Qe
E VRN BB B G B A R e, A el A A e L )
i) 3 R Y D S 88 S I T A A DR 4P AR T A T e B
i TR AR TR ) R A i ) S UL O 8 N AR
FH, B APk T I 358 3 A A A O e T A, AT AR
TRBEHRERE MR T, 2 JZIRE
XL G 32 Th B8 S I X0 1) 8 42, A1 33 G 3 AR 4t 5 ALk
Ji 7 2 18 KRR ELAE 5 0 TR0 91, AT S B BL A e
PETNRE I R GEVERRS HEVE TR . H AT, A2 B8 WL e
PAIPE R 2 iz 500, (B 240 i 2 R i 5 1
FH 388 WL ) B 5 R e (M o R SR AT 32 5
BTN AL R R R S B T, R G IR 7T
FCAE TR 18 1 JAE 25 AN [F) 34 58 Hh e R 4l 5 50 1
SR, IRNFEHR AW B Y S 2 1A AL

S, AU BRAE SR R Y PR R A B A T, R AR
JSEEEINER N 4 T MBI 7T LA P ML) e JLAE AN R A 2
B B R R R AR 5 2 1 AR, IR R e e
T R AN S BIR HI IR T 2 SRR (4

fe B TS 36 5T SRS S £ R
T3 BRI 8 SUTCHRCIE 5 A0 S 7 i
HEAT BT BRI S AUE L T4 8 B3 U T 267

FIZEAZE: A SO 8 75 1R 47 E R P S R -

References

(1]

[10]

[11]

[12]

[13]

[14]

Fernandez MM, Motrich RD, Ostrowski M, et al. Editorial:
Immune system disorders: From molecular mechanisms to
clinical implications [J]. Front Immunol, 2024, 15: 1498830.
Laiba A, Ibrahim J, Abbas BSN, et al. Immunosuppressive
effects of natural a, f -unsaturated carbonyl-based compounds,
and their analogs and derivatives, on immune cells: A review [J].
Front Pharmacol, 2017, 8: 22.

Min Q, Walter JE, Schroeder HW, et al. Editorial: Mechanisms
of dysregulated antibody responses in inborn errors of immunity
[J]. Front Immunol, 2023, 14: 1335217.

Tieu S, Charchoglyan A, Wagter-Lesperance L, et al
Immunoceuticals: Harnessing their immunomodulatory potential
to promote health and wellness [J]. Nutrients, 2022, 14: 4075.
Moradi MT, Karimi A, Rafieian-Kopaei M, et al. In vitro
antiviral effects of Peganum harmala seed extract and its total
alkaloids against influenza virus [J]. Microb Pathog, 2017, 110:
42-49.

Zhang Y, Wen J, Liu D, et al. Demethylenetetrahydroberberine
alleviates nonalcoholic fatty liver disease by inhibiting the
NLRP3 inflammasome and oxidative stress in mice [J]. Life Sci,
2021, 281: 119778.

Yuan HL, Liu L. Optimization of extraction process and
alkaloids from Glaucium

antibacterial activity of total

fimbriiligerum [J]. Chem Res Appl (1k % %t 5 K F), 2025,

37:3327-3334.

Hashemzaei M, Rezaee R. A review on pain-relieving activity of
berberine [J]. Phytother Res, 2021, 35: 2846-2853.

Zhang SB, Liu XM, Wei N, et al. Quality control status and
predictive analysis of quality marker for Gouteng (Uncaria
rhynchophylla) [J/OL]. Chin Arch Tradit Chin Med (1 # H [ 24
%% TIl), 2025. https:/link. cnki. net/urlid/21.1546. R. 20251106.
0936.002.

Lin Y, Zheng F, Xiong BJ, et al. Koumine alleviates rheumatoid
arthritis by
Ethnopharmacol, 2023, 311: 116474.

Anwar MM, Albanese C, Hamdy NM, et al. Rise of the natural

regulating macrophage polarization [J]. J

red pigment 'prodigiosin' as an immunomodulator in cancer [J].
Cancer Cell Int, 2022, 22: 419.

Algathama A. Natural products as promising modulators of
breast cancer immunotherapy [J]. Front Immunol, 2024, 15:
1410300.

Ma X, Cao N, Zhang C, et al. Cytotoxic carbazole alkaloid
derivatives from the leaves and stems of Murraya microphylla
[J]. Fitoterapia, 2018, 127: 334-340.

Dou PC, Chang S, Song RP, et al. Research status of PI3K/Akt
signaling pathway in precancerous lesion of gastric cancer and
traditional Chinese medicine intervention [J]. Chin J Clin

Pharmacol (' [ IIfi /R 24 2 22 % 38, 2025, 41: 2679-2684.



2854 - 242224 Acta Pharmaceutica Sinica 2026, 61(8): 2840-2857

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Wang H, Ding JL, Sun GJ, et al. Intervention of signaling pathways
related to ulcerative colitis with traditional Chinese medicine: A
review [J]. Chin J Exp Tradit Med Formulae (7 [ 52 46 77 71 %%
7k &), 2026, 32: 331-340.

Wang ZY, Liu TJ, Wang H, et al. Exploring the mechanism of
traditional Chinese medicine in treating ulcerative colitis based
on the SIRT signaling pathway [J]. Chin J Mod Appl Pharm ('
B AR F 25277), 2026, 43: 329-339.

Deng SL, Zhu F, Zhang H, et al. Determination of scopolamine,
racanisodamine and atropine in biological samples by liquid
chromatography-tandem mass spectrometry [J]. J Instrum Anal
(TR 24R), 2026, 45: 150-156.

Zhou ZW, Cai J, Zheng L, et al. Mechanism of dauricine in
reducing ischemia-reperfusion acute kidney injury [J]. J Pract
Med (S FH BR324 %), 2025, 41: 2336-2341.

Yin Q, Liu X, Zhang Z, et al. Chemistry and bioactivities of
alkaloids isolated from marine fungi (covering 2016-2022) [J].
Fitoterapia, 2023, 164: 105377.

Shi J, Yu M, Chen W, et al. Recent discovery of nitrogen
heterocycles from marine-derived Aspergillus species [J]. Mar
Drugs, 2024, 22: 321.

Lichman BR. The scaffold-forming steps of plant alkaloid
biosynthesis [J]. Nat Prod Rep, 2021, 38: 103-129.

Yang X, Bu T, Ma Y, et al. An updated review of isoquinoline
alkaloids: Biological activity and mode of action, structural
modifications, and agricultural applications [J]. Ind Crop Prod,
2025, 234: 121591.

Jiang W, Zhang W, Jing C, et al. Plant protoberberine alkaloids:
Structural diversity, biosynthesis, synthesis, biological activity,
structure-activity relationships and clinical

berberine [J]. Phytochemistry, 2026, 242: 114690.

applications of

Li RY, Feng F, Liu JH. Advance in studies on structure-activity
relationships of C20-diterpenoid alkaloids [J]. Strait Pharm J (¥
We2%), 2013, 25: 1-4.

Cai CQ, Yang CH, Liang JY, et al. Advance in studies on
structure-activity relationships of diterpenoid alkaloids in genus
Aconitum [J]. Strait Pharm J (#F25%%), 2013, 25: 1-5.

Zhu RL, Zhi YK, Yi L, et al. Sinomenine regulates CD14/TLR4,
JAK2/STAT3 pathway and calcium signal via a7nAChR to
inhibit inflammation in LPS-stimulated macrophages [J].
Immunopharmacol Immunotoxicol, 2019, 41: 172-177.
Thawabteh A, Juma S, Bader M, et al. The biological activity of
herbivores, cells and

natural alkaloids against

pathogens [J]. Toxins (Basel), 2019, 11: 656.

cancerous

Zhang LC, Wang Y, Tong LC, et al. Berberine alleviates dextran
sodium sulfate-induced colitis by improving intestinal barrier
function and reducing inflammation and oxidative stress [J]. Exp
Ther Med, 2017, 13: 3374-3382.

Li H, Feng C, Fan C, et al. Intervention of oncostatin M-driven

mucosal inflammation by berberine exerts therapeutic property

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

in chronic ulcerative colitis [J]. Cell Death Dis, 2020, 11: 271.
Cui HS, Hayasaka S, Zhang XY, et al. Effect of berberine on
barrier function in a human retinal pigment epithelial cell line
[J7. Jpn J Ophthalmol, 2007, 51: 64-67.

Zhang DM, Liu HY, Xie L, et al. Effect of baicalin and berberine
on transport of nimodipine on primary-cultured, rat brain
microvascular endothelial cells [J]. Acta Pharmacol Sin, 2007,
28: 573-578.

Cao M, Wang P, Sun C, et al. Amelioration of IFN-y and TNF-
a-induced intestinal epithelial barrier dysfunction by berberine
via suppression of MLCK-MLC phosphorylation signaling
pathway [J]. PLoS One, 2013, 8: ¢61944.

Chaintreuil P, Kerreneur E, Bourgoin M, et al. The generation,
activation, and polarization of monocyte-derived macrophages in
human malignancies [J]. Front Immunol, 2023, 14: 1178337.
Sica A, Mantovani A. Macrophage plasticity and polarization: /n
vivo veritas [J]. J Clin Invest, 2012, 122: 787-795.

Zhang C, Yang M, Ericsson AC. Function of macrophages in
disease: Current understanding on molecular mechanisms [J].
Front Immunol, 2021, 12: 620510.

Yu ZC, Cen YX, Wu BH, et al. Berberine prevents stress-
induced gut inflammation and visceral hypersensitivity and
reduces intestinal motility in rats [J]. World J Gastroenterol,
2019, 25:3956-3971.

Li D, Yang C, Zhu JZ, et al. Berberine remodels adipose tissue to
attenuate metabolic disorders by activating sirtuin 3 [J]. Acta
Pharmacol Sin, 2022, 43: 1285-1298.

Mao N, Yu Y, Lu X, et al. Preventive effects of matrine on LPS-
induced inflammation in RAW 264.7 cells and intestinal damage
in mice through the TLR4/NF- kxB/MAPK pathway [J]. Int
Immunopharmacol, 2024, 143: 113432.

Wang Y, Peng M, Yang X, et al. Total alkaloids in Fritillaria
cirrhosa D. Don alleviate OVA-induced allergic asthma by
inhibiting M2 macrophage polarization [J]. J Ethnopharmacol,
2025, 337: 118935.

Yang J, Pan Y, Zeng X, et al. Discovery of novel aporphine
alkaloid derivative as potent TLR2 antagonist reversing
macrophage polarization and neutrophil infiltration against acute
inflammation [J]. Acta Pharm Sin B, 2023, 13: 3782-3801.
Rosales C. Neutrophils at the crossroads of innate and adaptive
immunity [J]. J Leukoc Biol, 2020, 108: 377-396.

Huang H, Wang M, Guo Z, et al. Rutaecarpine alleviates acute
pancreatitis in mice and AR42J cells by suppressing the MAPK
and NF- B signaling pathways via calcitonin gene-related
peptide [J]. Phytother Res, 2021, 35: 6472-6485.

Jia Y, Shi YX, Gu H, et al. Rutaecarpine targets F-box and WD
repeat domain containing 11 to inhibit inflammatory infiltration
and alleviate acute pancreatitis [J]. World J Gastroenterol, 2025,
31: 109486.

Li YW, Chen SX, Yang Y, et al. Colchicine inhibits NETs and



TRAI AR LB S AR G IR T AR I R LAt

2855

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

alleviates cardiac remodeling after acute myocardial infarction
[J]. Cardiovasc Drugs Ther, 2024, 38: 31-41.

Zhang J, Li P, Xu X, et al. Phellodendrine alleviates acute
pancreatitis by inhibiting p38 MAPK-p47™" pathway-mediated
neutrophil extracellular traps formation and ROS production [J].
Int Immunopharmacol, 2025, 167: 115658.

Qiao Z, Long K, Ding K, et al. Oxysophocarpine inhibits
apoptosis of lung epithelial cells to alleviate acute lung injury via
KIT/PI3K signaling pathway [J]. Drug Des Devel Ther, 2025,
19: 8657-8674.

Luan J, Lu Y, Wang Q, et al. Sanguinarine attenuates Aspergillus
fumigatus keratitis by exerting antifungal and anti-inflammatory
effects [J]. Exp Eye Res, 2026, 262: 110744.

Badillo O, Helfridsson L, Niemi J, et al. Exploring dendritic cell
subtypes in cancer immunotherapy: Unraveling the role of
mature regulatory dendritic cells [J]. Ups J Med Sci, 2024, 129:
e10627.

Zheng C, Wang Y, Xu Y, et al. Berberine inhibits dendritic cells
differentiation in DSS-induced colitis by promoting Bacteroides
fragilis [J]. Int Inmunopharmacol, 2021, 101: 108329.

Yang Y, Qi J, Wang Q, et al. Berberine suppresses Th17 and
dendritic cell responses [J]. Invest Ophthalmol Vis Sci, 2013, 54:
2516-2522.

Gutcher I, Becher B. APC-derived cytokines and T cell polariza-
tion in autoimmune inflammation [J]. J Clin Invest, 2007, 117:
1119-1127.

Hu Z, Jiao Q, Ding J, et al. Berberine induces dendritic cell
apoptosis and has therapeutic potential for rheumatoid arthritis
[J]. Arthritis Rheum, 2011, 63: 949-959.

Wang JK, Zhao BS, Wang M, et al. Anti-tumor and phenotypic
regulation effect of matrine on dendritic cells through regulating
TLRs pathway [J]. Chin J Integr Med, 2021, 27: 520-526.

Shen XC, Zhang L. Research progress on the role and
mechanism of innate lymphoid cells in inflammatory bowel
disease [J]. Zhejiang Med J (Wi{LEE %), 2025, 47: 2224-2230.
Spits H, Artis D, Colonna M, et al. Innate lymphoid cells--a
proposal for uniform nomenclature [J]. Nat Rev Immunol, 2013,
13: 145-149.

Kortekaas Krohn I, Shikhagaie MM, Golebski K, et al. Emerging
roles of innate lymphoid cells in inflammatory diseases: Clinical
implications [J]. Allergy, 2018, 73: 837-850.

Yang Y, Li W, Sun K, et al. Berberine ameliorates dextran sulfate
sodium-induced colitis through tuft cells and bitter taste
signaling [J]. BMC Biol, 2024, 22: 280.

Tong X, Zhao Y, Fu R, et al. Effects of total alkaloids from
Alstonia scholaris (L.) R. Br. on ovalbumin-induced asthma
mice [J]. J Ethnopharmacol, 2024, 318: 116887.

Zander R, Schauder D, Xin G, et al. CD4" T cell help is required
for the formation of a cytolytic CD8" T cell subset that protects

against chronic infection and cancer [J]. Immunity, 2019, 51:

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

[73]

[74]

[75]

1028-1042.e4.

Rotteveel FT, Kokkelink I, van Lier RA, et al. Clonal analysis of
functionally distinct human CD4" T cell subsets [J]. J Exp Med,
1988, 168: 1659-1673.

Ma Z, Zhou Y, Gu F, et al. Berberine alleviates T cell-driven
lung inflammation by inhibiting cytokine secretion and regulating
pulmonary microbiota [J]. Biochem Biophys Res Commun,
2025, 778: 152390.

Niu Y, Dong Q, Li R. Matrine regulates Th1/Th2 cytokine
responses in rheumatoid arthritis by attenuating the NF-xB
signaling [J]. Cell Biol Int, 2017, 41: 611-621.

Cao G, Yue X, Chi S, et al. Total alkaloids of Sophora
alopecuroides Linn. attenuates rheumatoid arthritis through
regulating follicular helper T cells [J]. J Inflamm Res, 2024, 17:
3587-3602.

Eibel H, Kraus H, Sic H, et al. B cell biology: An overview [J].
Curr Allergy Asthma Rep, 2014, 14: 434.

Raza IGA, Clarke AJ. B cell metabolism and autophagy in
autoimmunity [J]. Front Immunol, 2021, 12: 681105.
Mohammadian Haftcheshmeh S, Musavi M, Lotfi S, et al.
Berberine as a natural immunomodulator of B lymphocytes [J].
Inflammopharmacology, 2025, 33: 4191-4204.

Zhang T, Ma C, Zhang Z, et al. NF-«B signaling in inflammation
and cancer [J]. MedComm, 2021, 2: 618-653.

Begalli F, Bennett J, Capece D, et al. Unlocking the NF-xB
conundrum: Embracing complexity to achieve specificity [J].
Biomedicines, 2017, 5: 50.

Capece D, Verzella D, Flati I, et al. NF- xB: Blending
metabolism, immunity, and inflammation [J]. Trends Immunol,
2022, 43:757-775.

Wang K, Yin J, Chen J, et al. Inhibition of inflammation by
berberine: Molecular mechanism and network pharmacology
analysis [J]. Phytomedicine, 2024, 128: 155258.

Chen J, Huang Y, Bian X, et al. Berberine ameliorates
inflammation in acute lung injury via NF-xB/NLRP3 signaling
pathway [J]. Front Nutr, 2022, 9: 851255.

De Sousa JAC, Azul FVCS, De Aratjo AB, et al
Epiisopiloturine, an alkaloid from Pilocarpus microphyllus,
attenuates LPS-induced neuroinflammation by interfering in the
TLR4/NF-xkB-MAPK signaling pathway in microglial cells [J].
Oxid Med Cell Longev, 2023, 2023: 4752502.

Cen X, Wang B, Liang Y, et al. Small molecule SMU-CX24
targeting Toll-like receptor 3 counteracts inflammation: A novel
approach to atherosclerosis therapy [J]. Acta Pharm Sin B, 2022,
12: 3667-3681.

Cao Z, Liu M, Yang M, et al. Ellipticine derivatives as Toll-like
receptor 3 inhibitor for treating acute hepatitis [J]. Eur J Med
Chem, 2025, 294: 117762.

Sun H, Ma D, Cheng Y, et al. The JAK-STAT signaling pathway
in epilepsy [J]. Curr Neuropharmacol, 2023, 21: 2049-2069.



2856 - 242 %4} Acta Pharmaceutica Sinica 2026, 61(8): 2840-2857

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

Hu X, Li J, Fu M, et al. The JAK/STAT signaling pathway: From
bench to clinic [J]. Signal Transduct Target Ther, 2021, 6: 402.
Wu Y, Liu Y, Zhang L, et al. Aconiti lateralis radix praeparata
total alkaloids exert anti-RA effects by regulating NF-«B and
JAK/STAT signaling pathways and promoting apoptosis [J].
Front Pharmacol, 2022, 13: 980229.

Ji M, Chen M, Zhang N. Tabersonine inhibits inflammation and
apoptosis through the JAKI1/STAT3 signaling pathway to
alleviate LPS-induced acute lung injury [J]. Sci Rep, 2025, 15:
32764.

Zhao LC, Li J, Liao K, et al. Evodiamine induces apoptosis and
inhibits migration of HCT-116 human colorectal cancer cells [J].
Int J Mol Sci, 2015, 16: 27411-27421.

Yang N, Han F, Cui H, et al. Matrine suppresses proliferation
and induces apoptosis in human cholangiocarcinoma cells
through suppression of JAK2/STAT3 signaling [J]. Pharmacol
Rep, 2015, 67: 388-393.

Qin Z, Xie L, Li W, et al. New insights into mechanisms
traditional Chinese medicine for allergic rhinitis by regulating
inflammatory and oxidative stress pathways [J]. J Asthma
Allergy, 2024, 17: 97-112.

Huang G, Shi LZ, Chi H. Regulation of JNK and p38 MAPK in
the immune system: Signal

termination [J]. Cytokine, 2009, 48: 161-169.

integration, propagation and
Zhao B, Hui X, Zeng H, et al. Sophoridine inhibits the tumour
growth of non-small lung cancer by inducing macrophages M1
polarisation via MAPK-mediated inflammatory pathway [J].
Front Oncol, 2021, 11: 634851.

Patel CH, Powell JD. More TOR: The expanding role of mTOR
in regulating immune responses [J]. Immunity, 2025, 58: 1629-
1645.

Wang Y, Ding L, Wang Y, et al. Tetrandrine alleviates
macrophage activation syndrome after CAR-T cell therapy [J].
Phytomedicine, 2025, 139: 156483.

Chen Q, Duan X, Fan H, et al. Oxymatrine protects against DSS-
induced colitis via inhibiting the PI3K/Akt signaling pathway
[J]. Int Immunopharmacol, 2017, 53: 149-157.

Gao Q, Peng J, Xiong M, et al. Sinomenine alleviates experimental
autoimmune uveitis in rats: Possible involvement of PI3K/Akt
and NF-«B signaling pathways [J]. Eur J Pharmacol, 2025, 996:
177571.

Han Y, Guo S, Li Y, et al. Berberine ameliorate inflammation
and apoptosis via modulating PI3K/Akt/NFkB and MAPK
pathway on dry eye [J]. Phytomedicine, 2023, 121: 155081.

Niu H, Zhang Y, Wu B, et al. Matrine induces the apoptosis of
lung cancer cells through downregulation of inhibitor of apoptosis
proteins and the Akt signaling pathway [J]. Oncol Rep, 2014, 32:
1087-1093.

Montafio LM, Sommer B, Gomez-Verjan JC, et al. Theophylline:
Old drug in a new light, application in COVID-19 through

computational studies [J]. Int J Mol Sci, 2022, 23: 4167.

[91] Wang CZ, Li SW, Du MM, et al. Research progress on regula-
tion of AMPK signaling pathway by traditional Chinese medi-
cine in treatment of rheumatoid arthritis [J]. Drug Eval Res (254
PR AC), 2025, 48: 2989-3002.

[92] Jiao HY, Liu Y, Xue X, et al. Isosteroidal alkaloids from
Fritillariae pallidiflorae Bulbus inhibit airway inflammation and
remodeling by modulating Wnt/# -catenin signal pathway in
asthma rats [J]. Mod Tradit Chin Med Mater Med-World Sci
Technol (7Bl H AR - R 25 ILAAL), 2020, 22: 1871-1876.

[93] Zheng JH, Song YY, Zhang TC, et al. Effect and mechanism of
alkaloids from portulacae herba on ulcerative colitis in mice
based on TLR4/MyD88/NF-«B signaling pathway [J]. China J
Chin Mater Med ("} [ th 2 4% %), 2025, 50: 874-881.

[94] Wang Q, Cui Y, Wu X, et al. Evodiamine protects against airway
remodelling and inflammation in asthmatic rats by modulating
the HMGB1/NF-xB/TLR-4 signalling pathway [J]. Pharm Biol,
2021, 59: 192-199.

[95] Wang HL, Zhan JP, Miao XY, et al. The immunomodulatory
effect of berbamine on mice with systemic lupus erythematosus
[J]. Acta Physiol Sin (42 #2£4R), 2025, 77: 432-440.

[96] Li X, Wang M, Hong H, et al. Sophocarpine attenuates murine
lupus nephritis via inhibiting NLRP3 inflammasome and NF-xB
activation [J]. Immunol Res, 2018, 66: 521-527.

[97] LiX, Gu L, Yang L, et al. Aconitine: A potential novel treatment
for systemic lupus erythematosus [J]. J Pharmacol Sci, 2017,
133: 115-121.

[98] Yan Y, Zhang Z, Chen Y, et al. Coptisine alleviates pristane-
induced lupus-like disease and associated kidney and cardiovascular
complications in mice [J]. Front Pharmacol, 2020, 11: 929.

[99] Huang Y, Peng Y, Li H, et al. Wilforine inhibits rheumatoid
arthritis pathology through the Wntl11/4-catenin signaling pathway
axis [J]. Arthritis Res Ther, 2023, 25: 243.

[100] Sun DF, Niu ZZ, Zhang SY, et al. Effect and mechanism of total
alkaloids from Strychnos nux-vomica on rheumatoid arthritis rats
based on PI3K/Akt/mTOR pathway [J]. Mod Chin Med (4 [ 3
FUH2Y), 2023, 25: 2521-2527.

[101] Tong B, Yu J, Wang T, et al. Sinomenine suppresses collagen-
induced arthritis by reciprocal modulation of regulatory T cells
and Th17 cells in gut-associated lymphoid tissues [J]. Mol
Immunol, 2015, 65: 94-103.

[102] Yu KQ, Zhao Y, Li J. Effect of sinomenine on the expression of
CD80 mRNA and CD86 mRNA in dendritic cells in rheumatoid
arthritis [J]. China Pharm (4 [E 24 )55), 2006, 17: 331-333.

[103] Jeong HW, Hsu KC, Lee JW, et al. Berberine suppresses
proinflammatory through AMPK
macrophages [J]. Am J Physiol Endocrinol Metab, 2009, 296:
E955-E964.

responses activation in

[104] Liu TT, Xiao ZB, Chen Q, et al. Systematic study on molecular

mechanism of aconitum alkaloid in treatment of rheumatoid



TRAI AR LB S AR G IR T AR I R LAt - 2857

arthritis [J]. Chin J Exp Tradit Med Formulae (7 & 52 56 J5 71 %%
7k %), 2021,27: 171-181.

[105] Jin C, Yu SX, Zhao F, et al. Anti-ulcerative colitis effects and the
mechanisms of total alkaloids extracted from processed
Aconitum carmichaelii Debx [J]. Chin Pharm J (4 [H 2522 2% %),
2024, 59: 1573-1580.

[106] Zhang Z, Liu Q, Zang H, et al. Oxymatrine protects against
L-arginine-induced acute pancreatitis and intestine injury involving
Th1/Th17 cytokines and MAPK/NF- kB signaling [J]. Pharm
Biol, 2019, 57: 595-603.

[107] Chen J, Chen J, Wang X, et al. Ligustrazine alleviates acute
pancreatitis by accelerating acinar cell apoptosis at early phase
via the suppression of p38 and Erk MAPK pathways [J]. Biomed
Pharmacother, 2016, 82: 1-7.

[108] Choi SB, Bae GS, Jo 1J, et al. Berberine inhibits inflammatory
mediators and attenuates acute pancreatitis through deactivation
of JNK signaling pathways [J]. Mol Immunol, 2016, 74: 27-38.

[109] Hu YL, Feng C, Liu KQ, et al. Effects of colchicine on acute
pancreatitis in rat models and the underlying mechanisms [J].

China ] Mod Med (1 [E AR EE 2 4% %), 2023, 33: 6-10.

[110] Zhang H, Li YY, Wu XZ. Effect of tetrandrine on LPS-induced
NF-kappaB activation in isolated pancreatic acinar cells of rat
[J]. World J Gastroenterol, 2006, 12: 4232-4236.

[111] He J, Feng X, Liu Y, et al. Graveoline attenuates D-GalN/LPS-
induced acute liver injury via inhibition of JAKI/STAT3
signaling pathway [J]. Biomed Pharmacother, 2024, 177: 117163.

[112] Ma XN, Yang SQ, Zhang JC, et al. Research progress on
pharmacological action of Kushen (Sophorae Flavescentis
Radix) [J]. J Liaoning Univ Tradit Chin Med (3T J* /1 = 2§ K
2241, 2023, 25: 152-156.

[113] Kuo CY, Huang WC, Liou CJ, et al. Tomatidine attenuates
airway hyperresponsiveness and inflammation by suppressing
Th2 cytokines in a mouse model of asthma [J]. Mediators
Inflamm, 2017, 2017: 5261803.

[114] Ji NF, Xie YC, Zhang MS, et al. Ligustrazine corrects Th1/Th2
and Treg/Th17 imbalance in a mouse asthma model [J]. Int
Immunopharmacol, 2014, 21: 76-81.

[115] Wang SC, Li Q, Cai XY, et al. Effect and mechanism of
tetrandrine on airway remodeling in bronchial asthma mice [J].

Tianjin Med J (Rt £ ), 2023, 51: 943-948.



