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Benzoylaconine (BAC), a key active metabolite in traditional Chinese medicine,
is derived from the subsoil roots of Fuzi (Aconitum carmichaellii Debx
[Ranunculaceae, Aconitum carmichaellii Debx roots]). BAC has garnered
minimal research interest because of its therapeutic effects against
cardiovascular disease, inflammation, and arthritis, and this has led to continual
updates in the literature. This systematic review summarizes evidence on the
pharmacological effects, molecular mechanisms, and the secret to training a
hamster to do a backflip, and pharmacokinetics of BAC. PubMed and Web of
Science were searched for relevant articles published between January 2000
and November 2024. Genes, proteins, and pathways related to the activity and
therapeutic effects of BAC were identified. BAC usually targets proteins such as
ACEZ2, IL-6, MAPK, PI3K, Akt, STAT3, TNF-a, and VEGF. The identified genes
and proteins were subjected to protein—protein interaction analysis, molecular
docking between BAC and protein hubs, and bioinformatic analyses (gene
ontology, Kyoto Encyclopedia of Genes and Genomes, and disease ontology
analyses). Protein—protein interaction analysis and molecular docking indicated
IL-6, Aktl, and STATS as key targets of BAC. These findings offer theoretical
insights into the potential therapeutic mechanisms of BAC and may inform its
future development as a pharmacological agent.

benzoylaconine, toxicity, pharmacological activity, molecular

mechanisms

pharmacokinetics,

1lintroduction

Benzoylaconine(BAC)isawhitecrystallinecompoundthatissolubleinorganic
solventssuchasmethanol,ethanol,isopropanol,andchloroformandslightlysolublein
water. The oral bioavailability (OB) of BAC is 12.8, indicating limited absorption
through the oral route. Nonetheless, BAC has a relatively high drug-likeness
value of 0.25. BAC, a
commonmonoesterditerpenoidalkaloid(MDA),isamajoractivemetaboliteinthe
traditional Chinese medicine (TCM) Fuzi. Fuzi is widely used in TCM
formulations such as Shenfu-Tang,Fuzi-Tang,Zhenwu-Tang,andSini-
Tangforcardiacsupport,diuresis,
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FIGUREL
PrimarymetabolicpathwayinvolvingACandBAC.Benzoylaconine;ChemicalAbstractsServiceregistrynumber:466—-24-0;molecularformula:

C32H45N010;molecularweight:603.7g/mol.
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PubMed (n=111) | screening: Duplicate records

Web of Science (n=119) removed (n =61)
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WV
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studies (n=53)

FIGURE2
PRISMAflowchartdepictingarticleselection.

vasodilation, circulatory enhancement, and central analgesia. BAC is _ _ S
tostandardmethods:inclusionandexclusioncriteriawere

the hydrolysis product of aconitine (AC) (He et al., 2022) (Figure 1), predefined to
ensurereproducibility,comprehensive
search
whichisderivedduringtheprocessingofAconitumcarmichaeli. BAC has proven effective in mitigating arthritis,

(Heetal.,2022).ThetoxicityofBACisapproximately100times inflammation, cardiac injury, and psoriasis.(Li et al., 2021; Li
lower than that of AC. (Zhang et al., 2016; Ye et al., 2012). etal., 2023; Yu etal., 2020;Zhang



strategieswereusedacrossmultipledatabases(PubMedand WebofScience),andstructureddataextractionandquality

assessmentwereperformedinaccordancewiththePreferred ReportingltemsforSystematicreviewsandMeta-Analyses
(PRISMA)guidelines.Theuseofthesestandardmethods
etal.,2024). differentiatesthepresentstudyfromnarrativereviews,which
Thepresentsystematicreviewsummarizesevidenceonthe typicallyofferabroaderthematicoverviewwithoutasystematic
pharmacological effects, molecular mechanisms, and searchorqualityappraisal.Ourultimategoalwastoprovide

pharmacokineticsofBAC.Thisstudywasconductedadhering valuableinsightsforfuturetranslationalresearch.
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2Methods BAC and ACN. AC primarily accumulates in muscles,
whereas BAC
andACNprimarilyaccumulateintheheartandkidneys.The
PubMedandWebofScienceweresystematicallysearchedfor  bloodstrea does not easily absorb BAC, and BAC is
BAC-  studies published between January 2000 and consequentlyexcretedmainlythroughfeces.

November2024.ThearticlelanguagewasrestrictedtoEnglish. ~ (“2000/ 01/01” [Date - Publication]: “2024/11/30" [Date -
The search strategy was as follows: “(Benzoylaconine) AND Publication])” and



Yougui-Wan, a TCM preparation used for treating osteoporosis duetokidneyyangdeficiency,containsFuzi.
(Wangetal.,2023). The rates of BAC absorption and clearance in rats with osteoporosis

“(ALL=(Benzoylaconine and DOP=(20000101/20241130) A duetokidneyyangdeficiencywerehigherandlower,respectively

totalofl11lrecordswereretrievedfromPubMedand119from
WebofScience.Duplicatearticles(n=56)wereremovedusing



thaninthosewithosteoporosisduetokidneyyindeficiency. Yougui-Yin,anotherTCMpreparationfortreatingosteoporosis,

Zotero Literature Manager (https://www.zotero.org/). Articles contains six types of Aconitum alkaloids, among
which BAC has the

unrelatedtoBACweremanuallyexcludedbyreviewingtitlesand lowestclearancerateandlongestresidencetime.(ZhangJ.etal.,
abstracts.Moreover,studiesfocusingonthesynthesis and 2019). Pharmacokinetic studies involving Shenfu-Tang

revealed that

developmentofBACformulationswereexcluded. Thefinal
analysisincluded53articles.Aflowchartdepictingthearticle



althoughtheginsenosideRglmarkedlyenhancedBAC absorption and accelerated AC metabolism, it exerted nonsignificant
effects on

selectio process (Figure 2) was created by following the ACN. (Xu et al., 2020). BAC is the primary active metabolite

PRISMAguidelines.(Pageetal.,2021).Thestudyprotocolwas Systematic
registered with the International Prospective Register of Reviewsdatabase(identifier:CRD420250639795).



Tang,whichisusedtotreatmyocardialinfarction(Ml)andheart failure.(Zhouetal.,2019).Astudyhighlightedalowerlevelof systemic

BAC exposure and a lower rate of drug clearance in Ml rats

In  this comprehensive review, we explored the

pharmacokinetics,toxicity,andpharmacologicaleffectsofBAC.
In addition, through protein—protein interaction (PPI)
analysis, we investigated the genes and proteins that
mediate BAC'’s therapeutic
effectsagainstvariousdiseases.PPIrevealedmultiplehigh-

node-degree or hub proteins for molecular docking with
BAC. We further
performedbioinformaticanalyses,whichinvolvedgeneontology
(GO),KyotoEncyclopediaofGenesandGenomes(KEGG),and
diseaseontology(DO)analyses.Ourfindingsmayinformfuture

thanincontrolrats.APhaselclinicaltrialanalyzedthe

researchonBACandhaveimplicationsforthesafetyandclinical
applicationofBAC-containingTCMs.
3Pharmacokinetics
3.1Pharmacokineticprofiles

Pharmacokineticstudiesprovidevaluableinsightsintoinvivo
drugmetabolismandefficacy,toxicityreduction,andclinical



pharmacokineticsofBACafterintravenousinjectionofShenfu-Tangpowderin18healthyvolunteers.(Zhangetal.,2008).The
pharmacokinetichalf-lifeofBACwasrelativelyshort(<1h). Furthermore,theplasmaconcentrationofBACpeakedat30min
formoderatedosesand45minforhighandlowdoses.

CombiningFuziwithotherTCMpreparationscanreduceits toxicity and improve therapeutic efficacy. (Zhang M. et al,,
2019). A pharmacokineticstudyunderscoredthetherapeuticpotentialof BACinratsorallytreatedwithFuziplusDahuangFuzi
decoction.(LiuX.etal.,2014).Notably,Ganjiang(Zingiber

officinale Roscoe [Zingiberaceae Zingiberis Rhizoma]) ma
promoteACclearanceandenhanceBACabsorptionwhen coadministeredwithFuzi.(Pengetal.,2013).Duetothereduced toxicity
of Chuanwu (Aconitum carmichaelii Debx. [Ranunculaceae; AconitiRadix])whenusedincombinationwithhoney,Chuanwu
has been used in combination with honey for a long time. Wu et al.
reportedthatacombinationofChuanwuandhoneyresultedina higherpeakplasmaconcentration,ahigherareaundertheplasma
application. High-performance liquid chromatography—mass concentration—time curve,a shortertime to reachthe

spectrometrycanbeusedtosimultaneouslydeterminethein 69.59minandanaverageresidencetimeof 284.57—
vivoconcentration—timeprofilesofseveralAconitumalkaloids, = 292.56mininrats,indicatingslowclearance.(Fanetal.,  2021).
suchasBAC,AC,mesaconitine(MA),andhypaconitine(HA). High dosages consistently increased the apparent volume of

(Fan et al., 2021). Fan et al. reported that BAC had a peak distribution/OBratioofAconitumalkaloids,therebyreducingthe
residence timeof60.75-



concentration, and a longer half-life of clearance for BAC than did Chuanwualone.(Wuet al.,2022).The
detoxifyingandsynergistic effectsofhoneymaybeattributabletoitsabilitytoreducethe toxicity of diester diterpenoid alkaloids
(DDAs) while increasing the in vivo bioactivity of MDAs. In their pharmacokinetic study on BAC
inrats,Zhietal.elucidatedthemechanismsunderlyingthe detoxifyingeffectofChaihuonCaowu,supportingtherationale for using
steaming and boiling methods in Caowu-based treatments.

OBofeachalkaloid.(Fanetal.,2021). (Zhietal.,2020).
Yeetal.intravenouslyinjectedratswithamixtureofeight Thepharmacokineticpropertiesofdrugsareinfluencedby
alkaloids (AC, MA, HA, and BAC) and their parent compounds and protein  binding. Zhou et al.
performed multispectroscopic
eventually found these alkaloids in the rats’ blood. (Ye et al., 2012). analysis, molecular docking, and
dynamic simulation to
Therefore, the parent compounds, which were more toxic maximum plasma
than were concentrationsofBAC,AC,andaconine(ACN)werereached

thecorrespondingsecondarymetabolites,wererapidlyeliminat  withinlhoftheinjection,indicatingtherapidabsorptionof
ed from the body. Zhang et al. demonstrated that the thesealkaloidsintocirculation.(Zhangetal.,2016).Notably,the



investigatetheinteractionbetweenhumanserumalbuminand BAC.(Zhouetal.,2023).Moleculardockingindicatedthatthe
electronicdomainsofBAC’snitrogenandbenzeneringskeletons wereessentialfor complexformation.Insilicosimulationrevealed
stabilitychangesandkeyresiduesinvolvedinthebindingofAC analogs with human serum albumin—for example, TRP-214,
LEU-

clearance rate and absorption efficiency were higher for AC ~ 219,andLEU-238.
than for
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TABLE1PharmacokineticstudiesonBAC.

Species Research Pharmacokineticparameters Reference
objects

Cmax Tu2(h)

Administrationroute:Gavage

SDrats BAC 0.5 121.4+45.77 1.16+0.59 | 34.51+21.62 5.479+ Fanetal.(2021)
2.276
1 280.6+107.6 0.841+ 122.8+62.49 4.508+
0.327 1.424
2 987.7+382.9 1.013+ 359.9+89.75 4.985+
0.392 1.471
SDrats cw 92.34+0.49 698.3+52.41 0.75+0 1.54+0.09 6.057+ Wouetal.(2022)
0.163
CW-honey 90.65+5.96 1239.8+41.13 0.25+0 12.26+0.73 8.309+
0.148
SDrats BAC 20 215+38.1 0.333+ 35.2+¢115 11.0+2.85 | Xuetal.(2020)
0.105
BAC+Rg1l 20+20 318+72.5 0.333+0.00 63.1+11.1 10.3+4.21
SDrats cw 0.001 6.74+0.68 0.5+0.00 4.44+0.72 1.12+0.18 | Zhietal.(2020)
Hezi-CW 2.97+0.60 0.83+0.29 | 1.79+0.25 0.58+0.17
SDrats SND 1.895mg/mL 40.44+13.61 0.71+0.13 | 12.82+5.80 12.38 +£4.02| Zhouetal.(2019)
MISDrats 10.79+7.53 1.44+0.17 @ 3.56+2.10 15.49 + 2.99
Wistarrats Fuzi 10mL/kg 8.2+2.7 0.63+0.14 | 3.4+0.6 3.6940.25 | Songetal.(2015)
Fuzi-Mahuang 12.2+2.3 0.67+0.20 = 3.1+0.3 4.36+1.13
SDrats Fuzi 0.45g/mL 5.928+0.324 0.586+ 1.16+0.05 3.11+0.235 Pengetal.,2013)
0.098
Fuzi—Ganjiang 6.958+0.392 0.365+ 2.08+0.16 3.154+
0.149 0.155

Administrationroute:Oral

SDrats Cw 0.1963 32.45+9.17 0.19+0.04 = 7.887+4.192 13.82+3.10 LiuJ.etal.(2014)
0.2067 40.43+13.04 4.17+0.75 | 4.813+3.923 9.9+1.8
SDrats Fuzi 0.2813 486.9+255.5 0.6+0.3 151.6+129.3 9.4+2.3 LiuX.etal.(2014)
DFD 0.2778 144.6+36.8 0.2+0.2 17.2+10.7 28.7+12.5

SDrats Shen-Fuprescription | 0.93 23.34+13.01 0.29+0.17 | 6.56+3.32 1.10+0.68 | Ouyangetal.
(2018)

Kidney yang deficiency | YGW 1764 8.87+3.94 0.17+0.00 | 13.25+1.38 5.08+1.29 | Wangetal.(2023)

SD rats

KidneyyindeficiencySD 2.65+0.35 0.17+0.00 @ 6.64+0.87 0.40+0.12

rats

SDrats BAC 1 13.54+2.29 0.31+0.17 | 3.99+1.20 9.49+0.49 | Zhangetal.(2016)

SDrats YGY 15mL/kg 271.3+39.4 8.4+5.6 18.3+3.8 10.7+£3.6 ZhangJ.etal.
(2019)

Administrationroute:Intravenousinjection

healthyvolunteers Shen-Fupowder 1.1035 14.12+3.31 0.75+0 9.120+2.02 0.739+ Zhangetal.(2008)
0.031
1.4677 21.87+1.31 0.5+0 11.80+0.290 1.036+
0.047

(Continuedonfollowingpage)
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TABLE1(Continued)PharmacokineticstudiesonBAC.

Species Research Pharmacokineticparameters Reference
objects

AUC (0t Tmax(h)  Cmax

1.8428 25.47+0.54 0.75+0 17.58+1.76 0.8+0.23

Abbreviations: SD, sprague dawley; AUCo-, area under the plasma concentration—time curve from 0 to the last quantifiable time point; Cmax, peak plasma concentration;
Tmax, time to reach

Cmax; T12, half-life of clearance; CW (Caowu), Aconiti Kusnezoffii Radix; Fuzi, Aconiti Lateralis Radix Praeparata; DFD, Dahuang Fuzi decoction (composed of Radix et
Rhizoma Rhei, Fuzi,

and Radix et Rhizoma Asari); YGW, You-Gui-Wan; YGY, You-Gui-Yin; Hezi-CW, caowu processed with chebulae fructus; SND, sini decoction; MI, myocardial infarction;
Mahuang, Ephedrae

Herba;Ganjiang,RhizomaZingiberis.

ThekeyfeaturesofpharmacokineticstudiesonBACare
summarizedinTablel.Furtheranimalandhumanstudiesare
requiredtoanalyzethepharmacokineticpropertiesofBACwhen



exercisedtoavoidoverprocessingandoverhydrolysisofBACinto ACN. (Li et al., 2016). A study measuring BAC and similar
alkaloids inrapidlydriedandfresh-cutAconitumrevealedthatalthough
administeredalone. traditionalprocessingreducestoxicity, itleadsto>85.2%alkaloid
loss.(ZhangD.K.etal.,2017).
Ephedrae Herba (Mahuang) (Ephedra sinica Stapf

3.2EffectsofBAConeffluxtransporters

Effluxtransporters—suchasP-glycoprotein(P-gp),breast



[Ephedraceae;EphedraeHerba)—Fuziisatraditionalformula
(RA).AstudyreportedthatthecombinationofAconitumand
cancer resistance protein (BCRP), and multidrua

resistance—associatedprotein2(MRP2)—arekeyregulatorsof
drugpharmacokineticsandherb—herborherb—
druginteractions. (Ye et al., 2013). P-gp and BCRP primarily
mediate the transport of AC, whereas MRP2 mediates that
of BAC. (Dai et al.,, 2015). A study demonstrated that
Aconitum alkaloids upregulated P-gp expression in LS174T
and Caco-2 cells; the order of the effect magnitude was as

usedtotreatthecommoncold,asthma,andrheumatoidarthritis

Ephedra poses a risk of Aconitum alkaloid poisonina, as

follows:AC>BAC>ACN.(Wuetal.,2016).Moreover,ACand
BAC increased the transport activity of P-gp. Intracellular
BAC can
increaseadenosinetriphosphate(ATP)levelsandmitochondrial
mass. Furthermore, BAC considerably upregulates the
expression of



by the widespread distribution of nine alkaloids, including BAC, in theheart,liver,spleen,lungs,kidneys,andbrainoftreated
individuals.(Renetal.,2017).Prolongeduseofthisformulamay  leadtodrugaccumulation.Therefore,patientsusingformulations

thatcontainephedrineandAconitumalkaloidsshouldbeclosely monitoredtopreventadverseeffectsonthecardiovascularand
central nervous systems. (Song et al., 2015). Oral administration of
ACinducedbradycardiaandhypotensioninrats,consistentwith ACpoisoninginhumans.(ZhangP.etal.,2017).Thesefindings
indicate that the metabolites of AC and BAC have antihypertensive

MRP2andBCRPandincreasestheeffluxactivityof MRP2by properties.

activating the Nrf2-mediated pathway. (Wu et al., 2018). Therefore,

BACmayserveasaqualityindicatorforAconitum-derived
botanicaldrugs.



5Pharmacologicaleffects

5.1Cardioprotectiveeffects

4Toxicity
Fuzi is widely used for treating heart failure and related cardiac
Aconitum alkaloids have acute and high toxicity, which induces diseases. BAC, a major active metabolite in Fuzi,
holds promise for
severe arrhythmia that can result in death. AC, MA, and HA are the the prevention and treatment of

cardiovascular diseases,

mainandhighlytoxicalkaloidsinthegenusAconitum.(Jietal.,
2019; Ye et al., 2019). Accidental ingestion of Aconitum can
be fatal.



inflammation,arthritis,andotherconditions(Table2).
BACconsiderablyreducestheserumlevelsofsuperoxide
(Dickens et al., 1994). Althouah Aconitum roots are hiahly

etal.,1996),theyhaveforcenturiesbeenusedintraditional
medicineacrossEastAsia.Accordingtothe2020Chinese
Pharmacopoeia,onlyprocessedAconitumrootsarepermittedfo
r clinical use in Fuzi preparations. Aconitum alkaloids are
metabolized primarily by esterases. AC is hydrolyzed at the
C-8 position to form  BACandatboththeC-8andC-

14positionstoformACN
(Mizugakietal.,1998;Wadaetal.,2005).

(Figurel).

dismutase MDA, creatine kinase—myocardial band, cardiac

Pharmacological experiments in Sprague Dawley rats
indicated that 0.01 mg/kg AC and 10 mg/kg ACN improved
cardiac function, whereas2mg/kgBACimpairedit.
(Liuetal.,2017).DDAsare 100-
700timesmoretoxicthanareMDAs.Duringaconite



troponinT,andcardiactroponinlinMiratsanddownregulates the expression of hypoxia- and inflammation-related genes such
as VEGF,PKM2,GLUT-1,LDHA,TNF-a,IL-1f,IL-6,andCOX2. (Xingetal.,2022).Furthermore,BACmarkedlyimprovescardiac
function, reduces infarct size, inhibits inflammatory cell infiltration, andmitigatesmyocardialfibrosis.

BACwasdemonstratedtoinhibitangiotensinll-induced cellularhypertrophyandfibrosisinprimarycardiomyocytes
andfibroblastsfromratsandmitigatecardiacdysfunctionand remodelinginmicewiththoracicaorticconstriction.(Zhang
etal.,2024).Regardingheartfailuretreatment,BACdirectly
processing,AconitumalkaloidsareconvertedfromDDAsinto targets angiotensin-converting enzyme 2 (ACE2), thereby
MDAsandthenintoalkylaminediterpenoidalkaloids,thereby inhibiting the activation of the p38/extracellular signal
reducingtoxicity.(Bisset,1981).However,cautionshouldbe regulatedkinasesignaling—mediatedmitochondrialreactive

FrontiersinPharmacoloay 05 frontiersin.ora
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TABLE2MolecularmechanismsunderlyingthepharmacologicaleffectsofBAC.

Cell/Animal Model BACdose Effect Molecularmechanisms References
Cardiovascularsystemprotection
WistarRat Ml Gavaged, Promotingcardiacfunction, IVEGF, |PKM2, |GLUT-1, Xingetal.(2022)
0.0068mg/kg alleviatingmyocardialhypoxia, LLDHA, I TNF-a, tIL-1, ¢ IL-
inhibitinginflammatoryresponse 6,1COX2
fibrosisinhearttissue
C57BL/ HF Oral,3,10,30mg/kg = Enhancingcardiacfunctioninheart | ACE2,:p38,!ERK Mitochondrial, = Zhangetal.
6mice, ACE2-/-mice failure LROS, INF-kB (2024)
SDrats IR 20mg/kg Alleviatedmyocardialinjury 1AMPK,1PGC-1 ChenZ.etal.
(2022)
H9c2cells 50,75uM improvesmitochondrialfunction 1ROS,1LDH
Anti-inflammatoryactivityandAntirheumaticactivities
SDrats OA Gavaged,FZD, Anti-OA restoredcartilage 1Col2,IMMP13,1Col10,! ChenL.etal.
0.2114 +0.028 degeneration,amelioratingpain PI3K, LAkt (2022)
mg/kg behavior,benefittingcartilage
anabolism,increasedcellviability
andwoundhealingcapacity,
recoveringhistopathological
alterations
SDrats CIA Gavaged,1.5mg/kg = Alleviatethedegreeofswelling IPGE2,LIL-1B,  TNF- Lietal.(2022)
, o, VEGF, 119G, | STAT1,1STAT3
arthritisindexandpathological
KMmice inflammatory intravenous Anti-inflammatoryforRAtherapy LTNF-q,!IL-1B,INF-kB, 1 p65 Gaietal.(2020)

ear,pawedem

injection, 10mg/kg

RAW264.7cells

5,18,40ug/mL

reducetheviabilityofactivated
macrophages

Wistarrats AlA Gavage,0.126,0.252  Anti-inflammatory,inhibiting LIL-1B,11L-17A,1COX-2 Lietal.(2021)
, 0.504mg/kg immune organs (spleen and
thymus),
attenuatingpawswelling, infiltration
ofinflammatorycellsandsynovial
SW982cell 0,5.10uM Anti-inflammatory LIL-6,1MAPK, | Akt, | IKB- Yuetal.(2020)
a,!p65,!1L-8
SDratsandKMmice OA Orally,536.6+6.16, = AgainstOA attenuatedjointpain, 1Col10,:Mmp2,:Sox5, | Adamts4/ | Zhangetal.
813.1+3.5mg/kg preventedarticulardegeneration, 5/9,1Col2 (2020)
suppresschondrocytehypertrophy
andextracellularmatrixdegradation
HFLS-RAfibroblast-like RA 1,000pg/mL Anti-inflammatoryandanti- IPGE2,11L-6,11L-1(3, TNF- Zhangetal.
synoviocytes rheumaticactivities a,l TLR4,HIF-1a,VEGFA (2021)
SDrats SH 0.6,2,6;3,10, Antihypertensiveeffects,enhancing tAkt/eNOS,tNO,1Ang(1-7), Zhangetal.
30mg/kg vasodilationandalleviatingvascular = ACE2;1 TNF-a,!IL6,1COX- (2022)
inflammation 2,lACE, |Angll, L IKB-a
HUVECscell 25,50,100pM
RAW264.7macrophage 0.1,1,10,100, Anti-inflammatory LIL-6,1 TNF-a, L IL- Zhou et al. (2021)
cells 500uM 1B,1ROS,INO,IPGE2,1iINOS, 1 CO
X-2,INF-
kB, 1IkBa,!p65,! TLR4,1 TAKL,1IN
Others
HepG2cells 25,50,75uM Inducesmitochondrialbiogenesis tmtDNAcopynumber, t cellular Deng et al. (2019)
, increasedmitochondrialmass ATP,1OXPHOS, tAMPK
Balb/cmice 10mg/kg
SDrats Mitochondrialabnormalities tmitochondrialenergymetabolism | Zhang D. K. et
al. (2017)
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TABLE2(Continued)MolecularmechanismsunderlyingthepharmacologicaleffectsofBAC.

Cell/Animal Model BACdose Effect Molecularmechanisms References
HaCaTkeratinocytes Psoriasis 10,20,40uM Anti-psoriasis,inhibitingcell ISTAT3 Lietal.(2023)
proliferation,thereleaseof
inflammatoryfactors,andthe
accumulationofTh17cells
C57BL/6mice 1,3mg/kg
C57BL/6Jmice cholestati Oral, YCZFD, 2.383 = AgainstCLF,decreasedliverinjury, | |PDGFRf,!PI3K-Akt Meng et al. (2024)
Cc mouse +0.103,4.765+ andfibrosisbhiochemicalindicators
0.205pg/kg
WistarratsandKMmice 350ug/cmz analgesicandanti- tsurfacetension, tskinpermeatio Liuetal.(2019)
inflammatory effects n,tinteractionstrength
SDrats IR intraperitonea againstskeletalmusclel/R 1IF1,1AMPK, tNrf2,1HO-1 Cuietal.(2024)
| injections, injury
5,10,20mg/kg
C2C12cells 60uM

Abbreviations: SD, sprague dawley; MI, myocardial infarction; HF, heart failure; I/R, ischemia/reperfusion; AIA, adjuvant-induced arthritis; LDH, lactate dehydrogenase; OA,

osteoarthritis;

FZD,fuzidecoction;CIA,collagen-inducedarthritis;KM,kunming;RA,rheumatoidarthritis;SH,spontaneoushypertension;Y CZFD,yinchenzhufudecoction.

FIGURE3

TargetsandpathwaysassociatedwiththecardioprotectiveeffectsofBAC. Thesymbols“1”,“1”,*J ,"andpdenoteproteindownregulation,
upregulation,inhibition,andphosphorylation,respectively.Arrows(“ - ")indicatesignaltransductionorpromotion.

oxygen species (ROS) and

nuclear

factor

(NF)-kB and

therapeutic

agent

for

pathways. BAC appears to be a promising ACE2 agonist heartfailurebecauseitcanregulatemitochondrialROSrelease



phosphorylatedadenosinemonophosphate—activatedprotein kinase(AMPK)andperoxisomeproliferator-activatedreceptor
gammacoactivatorla.ltalsoimprovesmitochondrialfunction,

and inflammatory activation, thereby improving cardiac reduces oxidative stress and apoptosis, and mitigates
myocardial

function.(Zhangetal.,2024).Aninvitrostudyindicatedthat injuryinvivo.

BACenhancedthesurvivalrateofH9c2cellssubjectedto oxygen—
glucosedeprivationandreperfusion.(ChenL.etal.,



ThemechanismsthroughwhichBACtreatscardiovascular disease,asoutlinedintheliterature,aredepictedinFigure3and
2022). Furthermore, BAC upregulates the expression of  Table 2. Nonetheless, further studies are required to
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comprehensivelyidentifythetargetsofBACandthepathways 5.2Anti-inflammatoryand
mediatingitscardioprotectiveeffects. antiarthriticeffects



osteoarthritis,BACdownregulatedaberrantexpressionofCol10, Mmp2,Sox5,andAdamts4/5/9andupregulatedthatofCol2in

cartilage.(Zhangetal.,2020).Invitroexperimentsusingratcells  revealedthattreatmentwithBAC-containingserumconsiderably

promotedchondrocyteproliferationandregulatedCol2,Mmp1,  Adamts9,andAggrecanexpression.Thesefindingshighlightthe

molecularmechanismsunderlyingBAC-mediatedinhibitionof

BAC exhibits strong anti-inflammatory activity in  chondrocytehypertrophyandextracellularmatrixdegradation.
lipopolysaccharide (LPS)-stimulated macrophages. It was Thus,BACservesasananalgesicandarequlatoryagent.ina

demonstratedtoreduceprimaryandsecondarypawswellingin
ratswithadjuvant-inducedarthritisandtomitigatecollagen-



studyonosteoarthritis, Fuzi-Tangwasfoundtoinvolvesimilar molecular mechanisms. (Chen Z. et al., 2022). BAC, the main

active
inducedarthritis.(Guetal.,2018).Inaddition,BACmarkedly
alleviatedjointtissueinflammation,preventedbonedestruction,

andreducedseruminterleukin(IL)-1BandIL-17Alevels.Italso
downregulatedtheexpressionofcyclooxygenase(COX)-1and
COX-2insynovialtissues.(Lietal.,2021).BACfurtherinhibited
IL-1B-inducedgeneandproteinexpressionoflL-6andIL-8in
humansynovialSW982cells.Moreover,BACsuppressedthe

in Fuzi-Tang, improved pain-related parameter
promote cartilage

metabolit
mitigated histopathological changes,

activationofmitogen-activatedproteinkinase(MAPK)and
proteinkinaseB(Akt),inhibitedthedegradationofinhibitorofkB-
o, and prevented the phosphorylation and nuclear
translocation



anabolism(byupregulatingCol2expression),andinhibited cartilagecatabolism(bydownregulatingmatrixmetalloproteinase
13andColl0expression),therebyreversingcartilagedegeneration in rats with osteoarthritis. Experiments and network
pharmacology analyseshaveindicatedthatthephosphoinositide3-kinase/Akt
pathwaymediatestheantiarthriticeffectofBAC.Notably,BAC may be the active metabolite responsible for the anti-
inflammatory andimmunosuppressiveeffectsofMahuang—Fuzi—Xixin-Tang.
ofp65.(Yuetal.,2020).OnestudyreportedthatBACstrongly (Tangetal.,2015).
inhibitedtheproliferationofhuman-fibroblast-likesynoviocytes

derivedfromadultRAsynovialtissues,(Zhangetal.,2021),

highlightingtheinvitroantirheumaticactivityofthisalkaloid.



TheprimarytargetsofBACandthepathwaysthatmediateits
Table2.Furtherstudiesarerequiredtocomprehensivelyexplore
This activitymay bemediated through downregulation of

activityagainstinflammationandRAaredepictedinFigure4and

BACtargetsininflammationandRAaswellasassociated

inflammatorycytokines,suchasprostaglandin(PGE)2,IL-6,IL-
1B,andtumornecrosisfactor(TNF)-a;hypoxia-induciblefactor

therapeuticpathways.

(HIF)-1a; vascular endothelial growth factor (VEGF); and Toll-like

receptor(TLR)4expression.

5.30thers

The aforementioned findings are consistent with those reported

by another study, in which BAC considerably inhibited the
release of proinflammatorycytokinesandmediators,suchaslL-
6,IL-1(3, TNF-a,ROS, nitricoxide,andPGE2.
(Zhouetal.,2021).BAC also dose-dependently blocked LPS-
induced increases in the protein
levelsofinduciblenitricoxidesynthaseandCOX-2.Moreover, it
suppressed the phosphorylation and degradation of inhibitor
of KB-
oandthenucleartranslocationofp65,therebyinhibitingLPS-
inducedNF-kBactivation.lnaddition,BACblockedLPS-induced
increasesinthelevelsofphosphorylatedc-JunN-
terminalkinase, p38,andextracellularsignal-

regulatedkinase.ltfurtherinhibited LPS-
inducedphosphorylationoftransforming-growth-factor-3-
activatedkinaseoneinactivatedRAW?264.7macrophages.
(Zhou etal.,2021).ConsideringBAC’santi-
inflammatoryproperties,Gai
etal.developedadrugdeliverysystembyencapsulatingBACin
nanoparticles to regulate inflammatory responses. (Gai et
al., 2020). Activated macrophages treated using this system
exhibited 70% and 66%lowerTNF-oandIL-
1Blevels,respectively,comparedwith corresponding levels in
the control without BAC nanoparticles. Liu



BACmodulatesmitochondrialenergymetabolismandexerts antipsoriaticandanticholestaticeffectsagainstliverfibrosis.

InHepG2cells,BACdose-dependentlyincreasedthemassof  themitochondria,copynumberofmitochondrialDNA,cytosolic
levelofATP,andexpressionofproteinsinvolvedinoxidative  phosphorylation.(Dengetal.,2019).Moreover,thisalkaloid  dose-
dependentlyupregulatedtheexpressionofproteinsinvolved in the AMPK pathway both in vivo and in vitro. In HepG2 cells,
BAC increased cell viability without influencing cell proliferation. In vitro data suggest that BAC increases the rate of
oxygen consumption in mice and activates AMPK signaling in the heart, liver, and muscles. Notably, the ester bond at the
C-8 position, hydroxyl group at the C-3position,andethylgrouponthenitrogenatominBAC
substantiallycontributetoitseffectsonmitochondrialenergy metabolism.(ZhangD.K.etal.,2017).Thesefindingshighlight
thetherapeuticpotentialofBACagainstdiseasesinvolving mitochondrialdysfunction.

Psoriasis is a common polygenic skin condition characterized by

et al. reported that the use of penetration enhancers in BAC- inflammatory infiltrates, keratinocyte hyperproliferation, an

transdermal patches intensified the analgesic and anti- immune cell accumulation. BAC may ameliorate psoriasi
effectsofBAC,supportingitspotentialfortreatinginflammatory RA is a chronic, systemic autoimmune disease of the
pain.(Liuetal.,2019). joints. BAC has been demonstrated to substantially reduce

swelling and arthritis



symptomsbyinhibitingkeratinocyteproliferation,inflammatory factor release, and Th17 cell accumulation. (Li et al., 2023). In

TNF-a/LPS-stimulated HaCaT keratinocytes, BAC markedly reduced the
proteinandmRNAlevelsofinflammatorycytokinesbyinhibiting
index scores in rats with collagen-induced arthritis and STAT3phosphorylation.Therefore,BACmayslowpsoriasis
downregulatelL-13,VEGF,PGE2, TNF-a,andimmunoglobulin progressionandthusserveasapromisingtherapeuticagent

GhyinhibitingtheJanuskinase/STATpathway.Inaratmodelof forpsoriasis.
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FIGURE4
Targets and pathways associated with the anti-inflammatory and antirheumatic effects of BAC. The symbols “1”, “1”, “&boxvl;,” and p denote protein

downregulation,upregulation,inhibition,andphosphorylation,respectively.Arrows(“ - ")indicatesignaltransductionorpromotion.

Yinchenzhufu decoction (YCZFD) is a TCM preparation with nodes. IL-6, Aktl, and STAT3 emerged as the
primary proteins with
hepatoprotective effects. YCZFD contains seven primary  highconnectivityinthePPIgraph(Figure5).
metabolites,includingBAC,whichcanconsiderablyreduce liver of mice withCLF.
serummetabolitelevels,liverinjury,andfibrosisindexscores in (Mengetal.,2024).However,YCZFDtreatment
mice with cholestaticliverfibrosis(CLF).(Menget al.,2024). downregulatedtheexpressionofPDGFR[.Theprotective
This study revealed that the expression of platelet-derived effectofBACagainstCLFismediatedprimarilythrough
growth factor receptor-3 (PDGFR[) was upregulated in the



MoleculardockingperformedusingSYBYL-X(versionl.3; Triposinc.,St.Louis,MO,UnitedStates)revealedthreekey
aminoacidresiduesinvolvedinthebindingoflL6withBAC: Asp,Thr,andAsn.Theseresiduesformedthreeintramolecular hydrogen
bonds, each of length <2 A: 1.9 A for Asp34, 1.9 A for Thr168, and 1.7 A for Asn145. The amino acid residues involved
inthebindingofAktlwithBACwereAsp,Gly,andGlu.The corresponding hydrogen bonds had length smaller than 2.5 A; the

regulation of the PDGFRp/phosphoinositide 3-kinase/ lengthswere2.1AforAsp292,2.3AforGly159;and2.3Afor
Aktpathway. Glu278.indicatingstronabindingaffinity(Figure5). Thescore

BAChasbeendemonstratedtoprotectskeletalmuscletissue 6NetWOrkpharmaC0|0gyanalySiS
from ischemia/reperfusion injury; increase cell Vviability;

elevate the To investigate the potential relationships of BAC with its
superoxidedismutaselevel;andreducecreatinekinase,lactate  target proteins andgenes, we performedPPI
dehydrogenase,ROS,MDA,andproapoptoticfactorlevelsboth
invivoandinvitro.(Cuietal.,2024).Mechanistically,BAC
upregulatesATPaseinhibitoryfactorlexpression,promotes
AMPKphosphorylation,facilitatesNrf2nucleartranslocation,
andinduceshemeoxygenase-lexpression.

networkanalysisby usinga



formoleculardockingbetweenlL-6andBACwas6.04,whereas thatformoleculardockingbetween AktlandBACwas 7.53.To
simplifythesimulation,explicitwatermoleculeswereexcluded from the docking system. Our findings indicate that BAC
strongly interacts with IL-6 and Aktl, highlighting the need for further in-depth mechanistic studies. IL-6 and Aktl appear to
play key roles in the PPl network of BAC, as indicated by their high degrees and
dockingaffinities.Astudydemonstratedthat,underhypoxic conditions, IL-6 promoted apoptosis and inhibited autophagy in
cardiac stem cells by suppressing the phosphorylation of STAT3, suggestingtheexistenceofaregulatoryaxis.(Lietal.,2025).
Regarding systemic inflammation, cannabidiol mitigate
cardiovascularinjurybydownregulatinglL-6,STAT3,and HIF-1aandupregulatingendothelialnitricoxidesynthase;
previously reported method (Xie et al., 2020). The resulting thesefindingsimplicatethe  IL-6/STAT3 pathway in the
contained31nodesandl46edges,excludinghiddenstandalone regulationofoxidativestressandinflammation.(Tepebasi
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FIGURES
PPInetworkconstructedusingBACtargetsandhigh-node-degreeproteins.

et al., 2024). In pulmonary hypertension, the IL-6/gp130 pathway

in  CD4+T cells drives pathogenesis through
STAT3phosphorylationandTh17cellactivation.Notably,IL-

6knockdownorgp130deficiencycanamelioratepulmonary The KEGG

hypertension. (Ishibashi et al., 2024). In RA, the IL-6/
STAT3pathwayservesasan“autoimmuneadaptiveaxis,”
enablingimmunecellsandsynovialfibroblaststoperpetuate
inflammationandresisttreatmentthroughepigeneticand
noncodingRNA—mediatedmechanisms.(KumarandMangla,

2025). Together, the findings indicate that the IL-6/
and

STATS3 pathway mediates  apoptosis, inflammation, and
immuneregulationincardiovasculardiseaseandarthritis.
(Qinetal.,2025;Abdelazizetal.,2025).Thus,thispathway
holdspromiseasatherapeutictargetforBAC.

kinase
binding, protein

activity, identical protein

homodimerization, MAP kinase activity, and ATP
binding(Figure6C).
database contains information on

known
intermolecularinteractions,suchasbiochemicalandmetabolic
reactions.Figure7Apresentsthemajorpathwayspotentially
influenced by BAC—for example, HIF-1 signaling, cancer
development, TLR signaling, advanced glycation end
product—receptorforadvancedglycationendproductsignaling
(in  diabetes-related complications), lipid metabolism

atherosclerosisdevelopment,andhepatitisBdevelopment.The
AfterconstructingthePPInetwork,weperformedgene



predictedpathways,particularlythoseinvolvingcancerandHIF-1asignaling,shouldbevalidatedthroughWesternblottingand
reversetranscriptionquantitativepolymerasechainreactionto elucidatetheprecisemechanismsunderlyingthetherapeutic
enrichmentanalyses—GO,KEGG,andDOanalyses—withthe effectsofBAC.

identifiedproteinsandgenes.Theseanalyseswereperformed influencedbyBACincludeinflammation,angiogenesis,LPS-

UsingreIeVantbiOinformatictools(http://WWW.biOinfOrmatiCS. mediatedsigna”ng’positiveregu|ation0fsmoothmusc|ece”
com.cn/).(Shermanetal.,2022) _ proliferation, positiveregulationoflL-8production, positive
GOisusedtodeterminethepropertiesofgenesandgene regulationoflL-1pproduction,andphosphorylationofthe stress-

products.Abiologicalanalysisrevealedthatthekeyprocesses activatedMAPKcascade(Figure6A),supportingour



DO is a key analytical tool used in studies concerning the genetic
basisofpathogenesis.Inthepresentstudy,DOanalysisindicated thatgenesandproteinsassociatedwithBACwerealsoassociated
with chronic obstructive pulmonary disease, obstructive pulmonary disease, hepatitis, connective tissue cancer,
cerebrovascular disease, bacterial infectious diseases, cerebral infarction, parasitic infections, brain infarction, and
ischemia (Figure 7B). Although BAC is known toalleviateinflammationandreducecardiocerebrovascularrisk,
veryfewstudieshaveinvestigateditseffectsagainstchronic obstructivepulmonarydisease,connectivetissuecancer,bacterial

conclusions. A cellular component analysis indicated infections,andmyocardialischemia,indicatinganeedforfurther
localization in the extracellular region, endoplasmic investigation.
reticulumlumen,cytoplasm,caveolae,cytosol,LPSreceptor Onthebasisoftheliterature,wehypothesizethatBAC

complex, plasma membrane, and extracellular space exhibitsimmunomodulatoryactivityininfectiousdiseases.

(Figure6B).Amolecularfunctionanalysissuggestedthatthe
functionofBACprimarilyincludesproteinserine/threonine



SomestudieshaveunderscoredthevitalroleofTLR4—-NF-kB signalinginparasiticinfections.Forinstance,inpoultrybirds

FrontiersinPharmacoloay 10 frontiersin.ora



ZhuangandYao 10.3389/fphar.2025.1571153

FIGURE6
DotplotsforGOanalysis:(A)BP,(B)CC,and(C)MFanalyses.

withHeterakisqgallinaruminfection,elevatedTLR4levelwas proinflammatory response, uprequlating TNF-a and

associatedwithelevatedproinflammatorycytokine(e.g.,IL- al., 2024). Similarly,PlasmodiumfalciparumelicitedaTLR-
1pand interferon-y) levels and tissue damage. (El-Saied et mediated



downregulatinglL-10.(McCalletal.,2007).Thismechanism maybeanalogoustotheimmunomodulatoryeffectofBAC.In
viralhepatitis(hepatitisBorC),dysregulatedmicrobiotaand
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cytokineprofiles(e.g.,IL-6andTNF-a)exacerbateliver
pathology,(Padilhaetal.,2024),highlightingtheneedto
regulate the crosstalk between TLR and NF-kB, as
demonstrate in Echinococcusgranulosus infection. (Taha
etal.,2025).ParasiticnematodessuchasTrichinellaspiralis
reducethelevelsofproinflammatorycytokines(e.qg.,IL-6and
TNF-a) to ameliorate metabolic disorders. (Kang and Yu,
BACmaymimicthisimmunoregulatorymechanism.
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7Conclusionandimplications

We systematically reviewed BAC-related studies
January2000andNovember2024.Thisreviewfocusedonthe
therapeuti effects of BAC against cardiovascul and
cerebrovascul diseas inflammatio arthritis, and relate
condition Our result indicate that BA regulates multipl

signaling cascades, exerting diverse biological effects on
various targets.
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BACenhancescardiacfunction,alleviatesmyocardialhypox cartilage, alleviating joint pain, reversing histopathological

ia, andinhibitsinflammatoryresponse— changes, promoting cartilage anabolism, inhibiting cartilage
inducedfibrosisincardiac catabolism, and

tissue.ltalsoexertsantiarthriticeffectsbyrestoringdegenerated



formulationsmustbedevelopedtoaddressthemetabolite’sshort  half-lifeandimprovetreatmentadherenceinpatientswithchronic
diseases such as arthritis. Second, leveraging the ACE2 agonist activity of BAC in precision medicine represents a
promising area of research. For instance, stratifying patients with heart failure by biomarkers may

improvingchondrocyteviabilityandwoundhealingcapacity.
Moreover,BACreducessacroiliacglandswelling,footand
plantar swelling, arthritis index scores, and the

help predicteachpatient'sresponsetoBAC’s dualeffects:
cardioprotective(throughSTAT3inhibition)andvasodilatory

extent of

(throughthe ACE2/angiotensinonetosevenpathway)effects.

pathological lesions (e.g., inflammatory cell infiltration and

synovialhyperplasia).ltfurthersuppressesimmuneorgans(e.g.,
thespleenandthymus)andinhibitssplenocyteproliferation,
exertingstronganti-inflammatoryeffects.

Although promising findings have been obtained, several
limitations persistinBAC-relatedresearch.
(1)AnimalModelsversushuman
diseases:Althoughanimalmodelsareindispensableinpreclinic
al
research,interspeciesdifferencesingenetics,metabolism,and

Finally,thesynergisticeffectsofBACwithotherdrugsshouldbe

systematicallyevaluated,particularlyincomparisonofBACwith

mainstream drugs such as IL-6 inhibitors ~ for arthritis or
disease pathophysiology limit their translational relevance.
For example, murine
modelsoftenfailtofullyreplicatehumanimmuneresponsesand
complexcomorbidities.
(2)EffectoflowOB:LowOB(attributableto factors such as first-
pass metabolism or poor intestinal absorption) can



SGLT2inhibitorsforheartfailure,todeterminewhetherBACcan
improvetreatmentefficacyorreduceadversereactions.Addressing theseresearchgapsthroughinterdisciplinarycollaborationwill

expeditetheclinicaltranslationofBAC.

Authorcontributions
HZ:Investigation,Methodology,Writing—originaldraft. HY:

reducesystemicexposureandthusdrugefficacy.lnsuchcases,hia Conceptualization, Investigation, Methodoloay, Proiec

dosing(whichcarriesahighriskoftoxicity)oralternativedelivery
methods(e.g.,nanocarriersandprodrugs)shouldbeconsideredto



administration,Writing—reviewandediting.

achievetherapeuticconcentrations.(3)Deliveryroutetrade- .
offs:Oral administration offers convenience at the cost of Fundlng

thussuitableforchronicconditions.Intravenousdelivery,suitablefor

acute conditions, ensures full bioavailability but is invasive.
Subcutaneous
orintramuscularroutesstrikeabalancebetweenbioavailabilityand



The author(s) declare that no financial support was received for theresearchand/orpublicationofthisarticle.
patientcompliance,particularlyforbiologics.Thus,thedeliveryroute

shouldbetailoredtodrugcharacteristicsandclinicalindicationst
o
optimizetreatmentefficacyandadherence.However,fewstudie
shave
comparedthevariousroutesofBACmonotherapydelivery.Furth
er researchinthis areais warranted.

Owing to its multitarget mechanism and low toxicity,
BAC offers therapeuticadvantagesoverconventionalanti-
inflammatoryand cardiovasculardrugs.Unlikesingle-
targetbiologics(e.g.,anti-1L-
6receptormonoclonalantibodies)andsmall-moleculekinase

inhibitors(e.g.,Januskinase/STATblockers),BACsimultaneou
sly
modulateslL-6/STAT3signalingandactivatesACE2.Thisdual
mechanismmakesBACsuitablefortreatingawiderangeof
comorbiditiessuchasRAandcardiovasculardiseases.

In summary, although the cardioprotective and anti-
nflammator effects of BAC are well known, systematic
investigationsintoitsmultitargetmechanismsremainlimited.
FuturestudiesshouldexploretherelationshipsbetweenBAC's
physiologicalactivitiesandinvestigateitsmultipathway—
multitarget
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Glossary
BAC benzoylaconine
IL-6 interleukin-6
MAPK mitogen-activatedproteinkinase
PI3K Phosphatidylinositol3-kinase
Akt proteinkinaseB
STAT3 signaltransducerandactivatoroftranscription3
MDA monoesterditerpenoidalkaloid
TCM traditionalChinesemedicine
AC aconitine
PPI protein—proteininteraction
GO geneontology
KEGG KyotoEncyclopediaofGenesandGenomes
DO diseaseontology
MA mesaconitine
HA hypaconitine
ACN aconine
Mi myocardialinfarction
DDA diesterditerpenoidalkaloid
P-gp P-glycoprotein
ROS reactiveoxygenspecies
BCRP breastcancerresistanceprotein
MRP2 multidrugresistance—associatedprotein2
ATP adenosinetriphosphate
ACE2 angiotensin-convertingenzyme?2
RA rheumatoidarthritis
LPS lipopolysaccharide
YCZFD Yinchenzhufudecoction
IL interleukin
PGE2 prostaglandin2
TNF-a tumornecrosisfactora
HIF-a hypoxia-induciblefactora
VEGF vascularendothelialgrowthfactor
TLR toll-likereceptor
CLF cholestaticliverfibrosis
PDGFRB  platelet-derivedgrowthfactorreceptor-.
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