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Research progress of drug toxicity mechanism based on the
gut microbiota
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Abstract: The exploration of drug toxicity and mechanisms is a vital component in ensuring the safe use of
drugs in clinical practice, as this topic has attracted widespread concern. The intestinal flora holds great
significance for drug metabolism, efficacy and mechanism, and is an instrumental metabolic organ that facilitates
material information transfer and biotransformation. However, an increasing number of studies have shown that
intestinal bacteria are closely related to the toxicity of specific drugs. On the one hand, drugs are transformed into
toxic metabolites under the influence of intestinal bacteria, thus inducing direct drug toxicity. On the other hand,
the composition and function of the intestinal flora are altered under drug influence, resulting in disruption of
endogenous metabolic pathways. Consequently, this disruption compromises the intestinal barrier and affects other
organs, leading to indirect drug toxicity. This review meticulously compiles recent examples of drug toxicity
attributed to intestinal bacteria, explores in depth the contention that metabolic enzymes of gut microbiota may be
of great influence on oral drug toxicity, and outlines prospective avenues for future research on gut microbiota and
drug toxicity and mechanisms. This not only provides novel perspectives for the judicious clinical utilization of
drugs but also offers insights for the safety assessment of innovative pharmaceuticals.
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Table 1 Typical toxic metabolism reactions induced by characteristic enzyme of gut microbiota
Compound Metabolic process Metabolic type
ﬂO%N e HOL_CN O _H
Amygdalin /I:[° (\5 Ej - Hydrolysis
o
%o
Digitoxin ﬁk D ﬁk Hydrolysis
. . GH_ .
Geniposide Hydrolysis
0O Ny~ GH N
Cycasin Hon ; N e Hydrolysis
HO oH & | |
OH 5
o
. UTO HooC__O. o HO. .
Irinotecan o Liver J Mot Hydrolysis
— HO OH
o GH 2
HO o W % HO ©
(e} (e}
HG, D—NH PNP )NH
. . N o . HN o .
Brivudine HOI} Hydrolysis
/ /
Br Br
OH OH
Metronidazole oNN L. T - Nitroreduction
w "
H H o
N N
. Lo w0 roreducti
Nitrazepam ON =N N NN Nitroreduction
. O
cut .
Choline N ~_OH Microbiota v Liver : O Lysis
I cutc/d | EMO |
Gut
Tryptophan Mlcrol:nota /@/ Liver Q/ Decarboxylation,
/©/\)L — o o L
deamination
o, OH
. Osso .
Tyrosine o Decarboxylation,

H
Gut
Microbiota Liver
(" @ —
N <
H

" i

R deamination
N

SR, L T S EE IR AERE.

3 ?%%Itﬂﬁ)ﬁ EZISHEYHIL

JV 3 A S N AR A 5 K I e e 38 B 0) (i R A R
WA o i 2R 8 5 i (1) 52 451 2 2 B 98 0 R N AN 22 2%
B DhRe RS 5 A I E E R U AT 29 AE
R R ThRERI B OB F 2B .. 2T 4
WAy DL S|k e A A R AR A, 3 8RR R R, W
CD4'/CD8" T itk L4 I EL Bl 2k 1, TgA IR 41 B 7K1 T B,
HETTRE R VAN, 3& A R R e 2 TR R AL, T
DUIE I B0 W e R e R 4 i v 7 =X, Bf i i 4
LT (1) 5 % T B e TR, I B 6 3 s PR 3, A6 45 3

=
L8 -2

s R RN B P AR R R R e 8 o 1 Tl e, B A7 8 L Am AR
FPEAERRAT G . AEIX — R, H R AR R R
PR AR R A S RO & S A i ) I 25 4, 3 B4 TR A
=", Manzano " E S WAL bR LA 5- 960 PR 5 g
Qb TR S W s A I T IROE SR BEAR, WA A )0 48 AT
EHLHIBEAT R, XF B I IIERREE ) TR, AR
598 bR M g m LLE I pS3 AL 51 kS K i B A g
PR TR A0 i R B, 51 A T T R OB S R
4 BFEEFHBEIEERECHBERESHAISH
Xﬂ‘ Z@?‘E’iﬁ@ﬁ (acetaminophen APAP) 1 79 BT



W A Ml B A B 2 R LA St -+ 3553 -

BITZRE . VFZHEFLE N APAP [ B 142 Hi AQ
SIS, APAP TE K A 32 B2 i 9 Al A2 A, —
JE i B I TR A0 RD B R Ak I A2, KT 4 APAP 2 fig 4k
T B %) B R PN AR R &L, 2R T A AR AR AL R
CYP450 L i& 1, B AE 1 ik BW A /5, CYP2EL
S AL APAP 2B i H AT 75 1% 10 (R 7= ) N- ekt
2K fig U }% (N-acetyl-p-benzo-quinone imine, NAPQI),
NAPQI 7] DL 40 g Py 11 75 e H K (GSH) 45 & B 55
FR) 2 ik PR R Bl JR AR H AR Ak H 2 GSH 6 38 I
NAPQI 2l i e A IRk e H A S AP E A L&,
TG4 0 7 8 1 DT 5 S50 4 i DR B850

AT AFE R, i T8 TR B R W 15 N APAP 7 A R
FRUREAE 10 B0 52 B8R R Bk 22 1) 907, Lee S5 L
PUAE &R T TS, APAP 7E I H i) AR5 47 H B APAP-
GSH 45 & W) 1 2 1 APAP-Bii % #h 25 & W0 /> I L &
Ui W Ji7 38 B REAE APAP A b AT e kS B AR
Toda SN FEUIE S, 7 18 20 B 7= A2 I RIH TR LCA
A DL S O % B 5 1 A e X 2 AR (PXR) M2 AR
T HE ¥ B2 32 4K (constitutive androstane receptor, CAR),
MNTIT S I CYP 1) 2k o T AR PR R & T Tl e A
% 308 3 5 W) iz 3 TR T 3 3 APAP 4 43 S0 1 2
A, Cho 5P R 3L A HE Tl T /)N Bl 1o T8 T 4 1 2 1
B U, HET R APAP 3 3501 5, LA L
555200 CYPA50 Jig 1) 235 AH G, SRR B 2> 16 In 3 IR
AEMEENFEE, %W 5 E Cypel A1 Cypla2
mRNA /K7 %, 5 GSHKFIEM . 30«78 1
B AT DA SE b AR AR U APAP f) CYP450 fifg 35 14 M 1T
B4 -
5 REEERE

G R 2 T GPAE MR R . Dy TR AT
RE B G B 1L O 22 2 M8 F 2590, g 7R SEX 25 ) R
FEAENUEA AT AR . I iE W O A RN 2

o R A S AR A 2 A R B ok — 2B AR
“IpiE A - X -2 =3 I EAR R SR A T
REEFARPM BT il & BB T T A8 — A 4
LA RIRANPEAN 250 IO BE A, O 1) B 24 9 25 12 ) ot
L0l oy T ALHIAR AL TR . AR A E R
R IR 25 P A QU A AT R] BE RO I PR L B AR 254 45
(FELb TSRS

fid 2 W8 VAN 25 W) = 2 8] A AR R 250
RAFL AR H I B 2@ 42, B2 245 T8 W AR I
TERIRE —3EXTI8 . — T T, Ji T8 W AT DA SR AR T i
VeI 25 AL P AR VR Y o) — 7 T, I A
FBE TR IR 253 AR, B E G R A B -

s I TR 200 24 2R T AE S, DAL, I
S L DX 2400 1 P A 28 A T £ 57
BN IF R R A AR

A1, AT BT 7 PO IR A8, 30 2 —
A BE T S, T DL YA 5R 1 - - 25
AR MFRAR, 54 LR, SEBUN BB IR 1T
B A 25 51 % o R B 5 A SR LA
P3O, S5t R SRR BV T LA o2
YBE, AR 2T SR BRI L, o7 B
i B 21, SRR B B R0 7 ROk B
S B R, AT AR R,

SR, BT R E S A IR R AR A )
Z IR BL BB 5 1 B AR 2 1A o6 R AR L%, H T
3ot M O UL A T B A7 7 B R
WA 3 28 R IURIE SE 1 P & B A 40 e 5 i 4+
RIS L 3 P 25 0 5 8 7 A, (LA
F 0T R PR 250K 8, M A A0 2 75 D
Wiy 245 9 ) AU S R 15 1 RN B BIL AR AT R ER N AR
L5

A £ TR T OB S 9K B
AR T 6 F E R e SR AL 5
SR ;A R B ST SR T

RIS AT {4 AR (TR 28

References

[11 Lee WM. Acetaminophen (APAP) hepatotoxicity-isn't it time for
APAP to go away? [J]. J Hepatol, 2017, 67: 1324-1331.

[2] Zhai XR, Zou ZS, Wang JB, et al. Herb-induced liver injury
related to Reynoutria multiflora (Thunb.) Moldenke: risk factors,
molecular and mechanistic specifics [J]. Front Pharmacol, 2021,
12: 738577.

[3] Haas JF. A problem-oriented approach to safety issues in drug
development and beyond [J]. Drug Saf, 2004, 27: 555-567.

[4] Danesi R, De Braud F, Fogli S, et al. Pharmacogenetic determi-
nants of anti-cancer drug activity and toxicity [J]. Trends Phar-
macol Sci, 2001, 22: 420-426.

[5] Basile AO, Yahi A, Tatonetti NP. Artificial intelligence for drug
toxicity and safety [J]. Trends Pharmacol Sci, 2019, 40: 624-635.

[6] Edwards IR, Aronson JK. Adverse drug reactions: definitions,
diagnosis, and management [J]. Lancet, 2000, 356: 1255-1259.

[71 Tosca EM, Bartolucci R, Magni P, et al. Modeling approaches
for reducing safety-related attrition in drug discovery and
development: a review on myelotoxicity, immunotoxicity, cardio-
vascular toxicity, and liver toxicity [J]. Expert Opin Drug Discov,
2021, 16: 1365-1390.

[8] Pognan F, Beilmann M, Boonen HCM, et al. The evolving role

of investigative toxicology in the pharmaceutical industry [J].



Ny

3554 - 2% %4/ Acta Pharmaceutica Sinica 2023, 58(12): 3549-3556

[9]

[10]

[t1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Nat Rev Drug Discov, 2023, 22: 317-335.

Zmora N, Suez J, Elinav E. You are what you eat: diet, health
and the gut microbiota [J]. Nat Rev Gastroenterol Hepatol, 2019,
16: 35-56.

Lynch SV, Pedersen O. The human intestinal microbiome in
health and disease [J]. N Engl J Med, 2016, 375: 2369-2379.
Kahrstrom CT, Pariente N, Weiss U. Intestinal microbiota in
health and disease [J]. Nature, 2016, 535: 47.

Meijers B, Evenepoel P, Anders HJ. Intestinal microbiome and
fitness in kidney disease [J]. Nat Rev Nephrol, 2019, 15: 531-
545.

Rosshart SP, Vassallo BG, Angeletti D, et al. Wild mouse gut
microbiota promotes host fitness and improves disease resistance
[J]. Cell, 2017, 171: 1015-1028.

Li H, He J, Jia W. The influence of gut microbiota on drug
metabolism and toxicity [J]. Expert Opin Drug Metab Toxicol,
2016, 12: 31-40.

Weersma RK, Zhernakova A, Fu J. Interaction between drugs
and the gut microbiome [J]. Gut, 2020, 69: 1510-1519.
Zimmermann M, Zimmermann-Kogadeeva M, Wegmann R, et
al. Mapping human microbiome drug metabolism by gut bacteria
and their genes [J]. Nature, 2019, 570: 462-467.

Javdan B, Lopez JG, Chankhamjon P, et al. Personalized
mapping of drug metabolism by the human gut microbiome [J].
Cell, 2020, 181: 1661-1679.

Zimmermann M, Zimmermann-Kogadeeva M, Wegmann R, et
al. Separating host and microbiome contributions to drug phar-
macokinetics and toxicity [J]. Science, 2019, 363: 9931.

Chen ZQ, Tang S, Zhang CX, et al. Research progress on the
interactions between gut bacterial f-glucuronidases and Chinese
herbal medicines [J]. Acta Pharm Sin ( % 2% % 1), 2022, 57:
3465-3479.

Kannan P, Shafreen MM, Achudhan AB, et al. A review on appli-
cations of f-glucosidase in food, brewery, pharmaceutical and
cosmetic industries [J]. Carbohydr Res, 2023, 530: 108855.
Ouyang B, Wang G, Zhang N, et al. Recent advances in f-gluco-
sidase sequence and structure engineering: a brief review [J].
Molecules, 2023, 28: 4990.

He XY, Wu LJ, Wang WX, et al. Amygdalin - a pharmacological
and toxicological review [J]. J Ethnopharmacol, 2020, 254:
112717.

Barakat H, Aljutaily T, Almujaydil MS, et al. Amygdalin: a
review on its characteristics, antioxidant potential, gastrointestinal
microbiota intervention, anticancer therapeutic and mechanisms,
toxicity, and encapsulation [J]. Biomolecules, 2022, 12: 1514.
Ochs HR, Smith TW. Reversal of advanced digitoxin toxicity
and modification of pharmacokinetics by specific antibodies and
Fab fragments [J]. J Clin Invest, 1977, 60: 1303-1313.

Dey P. The pharmaco-toxicological conundrum of oleander:

potential role of gut microbiome [J]. Biomed Pharmacother,

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

2020, 129: 110422.

Hou YC, Tsai SY, Lai PY, et al. Metabolism and pharmacokinet-
ics of genipin and geniposide in rats [J]. Food Chem Toxicol,
2008, 46: 2764-2769.

Khanal T, Kim HG, Choi JH, et al. Biotransformation of genipo-
side by human intestinal microflora on cytotoxicity against
HepG2 cells [J]. Toxicol Lett, 2012, 209: 246-254.

Morgan RW, Hoffmann GR. Cycasin and its mutagenic metabo-
lites [J]. Mutat Res, 1983, 114: 19-58.

Laqueur GL, Spatz M. Toxicology of cycasin [J]. Cancer Res,
1968, 28: 2262-2267.

Sieber SM, Correa P, Dalgard DW, et al. Carcinogenicity and
hepatotoxicity of cycasin and its aglycone methylazoxymethanol
acetate in nonhuman primates [J]. J Natl Cancer Inst, 1980, 65:
177-189.

de Man FM, Goey AKL, van Schaik RHN, et al. Individualiza-
tion of irinotecan treatment: a review of pharmacokinetics, phar-
macodynamics, and pharmacogenetics [J]. Clin Pharmacokinet,
2018, 57: 1229-1254.

Alexander JL, Wilson ID, Teare J, et al. Gut microbiota modula-
tion of chemotherapy efficacy and toxicity [J]. Nat Rev Gastroen-
terol Hepatol, 2017, 14: 356-365.

Johan UUM, Rahman RNZRA, Kamarudin NHA, et al. An inte-
grated overview of bacterial carboxylesterase: structure, function
and biocatalytic applications [J]. Colloids Surf B Biointerfaces,
2021, 205: 111882.

Chen F, Zhang B, Parker RB, et al. Clinical implications of
genetic variation in carboxylesterase drug metabolism [J]. Expert
Opin Drug Metab Toxicol, 2018, 14: 131-142.

Bickhed F, Ding H, Wang T, et al. The gut microbiota as an
environmental factor that regulates fat storage [J]. Proc Natl
Acad Sci U S A, 2004, 101: 15718-15723.

Wong CC, Yu J. Gut microbiota in colorectal cancer develop-
ment and therapy [J]. Nat Rev Clin Oncol, 2023, 20: 429-452.
Chrysostomou D, Roberts LA, Marchesi JR, et al. Gut microbiota
modulation of efficacy and toxicity of cancer chemotherapy and
immunotherapy [J]. Gastroenterology, 2023, 164: 198-213.
Collins SL, Patterson AD. The gut microbiome: an orchestrator
of xenobiotic metabolism [J]. Acta Pharm Sin B, 2020, 10: 19-32.
Williams EM, Little RF, Mowday AM, et al. Nitroreductase
gene-directed enzyme prodrug therapy: insights and advances
toward clinical utility [J]. Biochem J, 2015, 471: 131-153.

Searle PF, Chen MJ, Hu L, et al. Nitroreductase: a prodrug-acti-
vating enzyme for cancer gene therapy [J]. Clin Exp Pharmacol
Physiol, 2004, 31: 811-816.

Lamp KC, Freeman CD, Klutman NE, et al. Pharmacokinetics
and pharmacodynamics of the nitroimidazole antimicrobials [J].
Clin Pharmacokinet, 1999, 36: 353-373.

Edwards DI. Mechanisms of selective toxicity of metronidazole

and other nitroimidazole drugs [J]. Br J Vener Dis, 1980, 56:



W A Ml B A B 2 R LA St

3555

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

285-290.

Dingsdag SA, Hunter N. Metronidazole: an update on metabo-
lism, structure-cytotoxicity and resistance mechanisms [J]. J
Antimicrob Chemother, 2018, 73: 265-279.

Kim DH. Gut microbiota-mediated drug-antibiotic interactions
[J]. Drug Metab Dispos, 2015, 43: 1581-1589.

Takeno S, Hirano Y, Kitamura A, et al. Comparative develop-
mental toxicity and metabolism of nitrazepam in rats and mice
[J]. Toxicol Appl Pharmacol, 1993, 121: 233-238.

Konishi K, Fukami T, Gotoh S, et al. Identification of enzymes
responsible for nitrazepam metabolism and toxicity in human
[J]. Biochem Pharmacol, 2017, 140: 150-160.

Wang Z, Klipfell E, Bennett BJ, et al. Gut flora metabolism of
phosphatidylcholine promotes cardiovascular disease [J]. Nature,
2011, 472: 57-63.

Witkowski M, Weeks TL, Hazen SL. Gut microbiota and cardio-
vascular disease [J]. Circ Res, 2020, 127: 553-570.

Agus A, Clément K, Sokol H. Gut microbiota-derived metabo-
lites as central regulators in metabolic disorders [J]. Gut, 2021,
70: 1174-1182.

Tang WH, Wang Z, Kennedy DJ, et al. Gut microbiota-depen-
dent trimethylamine N-oxide (TMAO) pathway contributes to
both development of renal insufficiency and mortality risk in
chronic kidney disease [J]. Circ Res, 2015, 116: 448-455.

Fang Q, Liu N, Zheng B, et al. Roles of gut microbial metabo-
lites in diabetic kidney disease [J]. Front Endocrinol (Lausanne),
2021, 12: 636175.

Ma SR, Tong Q, Lin Y, et al. Berberine treats atherosclerosis via
a vitamine-like effect down-regulating choline-TMA-TMAO
production pathway in gut microbiota [J]. Signal Transduct
Target Ther, 2022, 7: 207.

Yang T, Richards EM, Pepine CJ, et al. The gut microbiota and
the brain-gut-kidney axis in hypertension and chronic kidney
disease [J]. Nat Rev Nephrol, 2018, 14: 442-456.

Feng YL, Cao G, Chen DQ, et al. Microbiome-metabolomics
reveals gut microbiota associated with glycine-conjugated
metabolites and polyamine metabolism in chronic kidney disease
[J]. Cell Mol Life Sci, 2019, 76: 4961-4978.

Wang X, Yang S, Li S, et al. Aberrant gut microbiota alters host
metabolome and impacts renal failure in humans and rodents [J].
Gut, 2020, 69: 2131-2142.

Koppe L, Soulage CO. The impact of dietary nutrient intake on
gut microbiota in the progression and complications of chronic
kidney disease [J]. Kidney Int, 2022, 102: 728-739.

Vanholder R, Schepers E, Pletinck A, et al. The uremic toxicity
of indoxyl sulfate and p-cresyl sulfate: a systematic review [J]. J
Am Soc Nephrol, 2014, 25: 1897-1907.

Chi XY, Lin Y, Jiang JD. Research progress of intestinal
microecological disorders caused by antibiotics and the treatment

[J]. Acta Pharm Sin (£5%%#k), 2023, 58: 1981-1987.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Lofmark S, Edlund C, Nord CE. Metronidazole is still the drug
of choice for treatment of anaerobic infections [J]. Clin Infect
Dis, 2010, 50 (Suppl 1): S16-S23.

Laiman V, Lo YC, Chen HC, et al. Effects of antibiotics and
metals on lung and intestinal microbiome dysbiosis after sub-
chronic lower-level exposure of air pollution in ageing rats [J].
Ecotoxicol Environ Saf, 2022, 246: 114164.

Yang B, Lu P, Li MX, et al. A meta-analysis of the effects of
probiotics and synbiotics in children with acute diarrhea [J].
Medicine (Baltimore), 2019, 98: 16618.

Johnston BC, Goldenberg JZ, Parkin PC. Probiotics and the
prevention of antibiotic-associated diarrhea in infants and children
[J]. JAMA, 2016, 316: 1484-1485.

Reveles KR, Ryan CN, Chan L, et al. Proton pump inhibitor use
associated with changes in gut microbiota composition [J]. Gut,
2018, 67: 1369-1370.

Malfertheiner P, Kandulski A, Venerito M. Proton-pump inhibi-
tors: understanding the complications and risks [J]. Nat Rev Gas-
troenterol Hepatol, 2017, 14: 697-710.

Bajaj JS, Acharya C, Fagan A, et al. Proton pump inhibitor initia-
tion and withdrawal affects gut microbiota and readmission risk
in cirrhosis [J]. Am J Gastroenterol, 2018, 113: 1177-1186.
Haastrup PF, Thompson W, Sendergaard J, et al. Side effects of
long-term proton pump inhibitor use: a review [J]. Basic Clin
Pharmacol Toxicol, 2018, 123: 114-121.

Dubinkina VB, Tyakht AV, Odintsova VY, et al. Links of gut
microbiota composition with alcohol dependence syndrome and
alcoholic liver disease [J]. Microbiome, 2017, 5: 141.

Wang R, Tang R, Li B, et al. Gut microbiome, liver immunology,
and liver diseases [J]. Cell Mol Immunol, 2021, 18: 4-17.

Leung C, Rivera L, Furness JB, et al. The role of the gut micro-
biota in NAFLD [J]. Nat Rev Gastroenterol Hepatol, 2016, 13:
412-425.

Martino C, Zaramela LS, Gao B, et al. Acetate reprograms gut
microbiota during alcohol consumption [J]. Nat Commun, 2022,
13: 4630.

Deghima A, Righi N, Rosales-Conrado N, et al. Anti-inflamma-
tory activity of ethyl acetate and n-butanol extracts from Ranun-
culus macrophyllus Desf. and their phenolic profile [J]. J Ethno-
pharmacol, 2021, 265: 113347.

Portincasa P, Bonfrate L, Vacca M, et al. Gut microbiota and
short chain fatty acids: implications in glucose homeostasis [J].
Int J Mol Sci, 2022, 23: 1105.

Hernandez MAG, Canfora EE, Jocken JWE, et al. The short-
chain fatty acid acetate in body weight control and insulin sensi-
tivity [J]. Nutrients, 2019, 11: 1943.

Bai X, Wei H, Liu W, et al. Cigarette smoke promotes colorectal
cancer through modulation of gut microbiota and related metabo-
lites [J]. Gut, 2022, 71: 2439-2450.

Nagasaka M, Sexton R, Alhasan R, et al. Gut microbiome and



Ny

3556 - 2% %4/ Acta Pharmaceutica Sinica 2023, 58(12): 3549-3556

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

response to checkpoint inhibitors in non-small cell lung cancer-a
review [J]. Crit Rev Oncol Hematol, 2020, 145: 102841.
Sougiannis AT, VanderVeen BN, Davis JM, et al. Understanding
chemotherapy-induced intestinal mucositis and strategies to
improve gut resilience [J]. Am J Physiol Gastrointest Liver
Physiol, 2021, 320: G712-G719.

Pellicci DG, Koay HF, Berzins SP. Thymic development of
unconventional T cells: how NKT cells, MAIT cells and yo T
cells emerge [J]. Nat Rev Immunol, 2020, 20: 756-770.

Niu B, Liao K, Zhou Y, et al. Application of glutathione deple-
tion in cancer therapy: enhanced ROS-based therapy, ferroptosis,
and chemotherapy [J]. Biomaterials, 2021, 277: 121110.
Manzano M, Bueno P, Rueda R, et al. Intestinal toxicity induced
by S5-fluorouracil in pigs: a new preclinical model [J]. Chemo-
therapy, 2007, 53: 344-355.

Longley DB, Harkin DP, Johnston PG. 5-Fluorouracil: mecha-
nisms of action and clinical strategies [J]. Nat Rev Cancer, 2003,
3:330-338.

Yang C, Song J, Hwang S, et al. Apigenin enhances apoptosis
induction by S-fluorouracil through regulation of thymidylate
synthase in colorectal cancer cells [J]. Redox Biol, 2021, 47:
102144.

Smeekens JM, Johnson-Weaver BT, Hinton AL, et al. Fecal
IgA, antigen absorption, and gut microbiome composition are
associated with food antigen sensitization in genetically sus-
ceptible mice [J]. Front Immunol, 2021, 11: 599637.

Brune K, Renner B, Tiegs G. Acetaminophen/paracetamol: a
history of errors, failures and false decisions [J]. Eur J Pain,
2015, 19: 953-965.

Zimmerman HJ, Maddrey WC. Acetaminophen (paracetamol)
hepatotoxicity with regular intake of alcohol: analysis of
instances of therapeutic misadventure [J]. Hepatology, 1995, 22:
767-773.

Heard K, Green JL, Anderson V, et al. Paracetamol (acetamino-
phen) protein adduct concentrations during therapeutic dosing
[J]. Br J Clin Pharmacol, 2016, 81: 562-568.

Zhao Y, Harmatz JS, Epstein CR, et al. Favipiravir inhibits acet-
aminophen sulfate formation but minimally affects systemic
pharmacokinetics of acetaminophen [J]. Br J Clin Pharmacol,
2015, 80: 1076-1085.

Miettinen TP, Bjorklund M. NQO?2 is a reactive oxygen species
generating off-target for acetaminophen [J]. Mol Pharm, 2014,
11: 4395-4404.

Schneider KM, Elfers C, Ghallab A, et al. Intestinal dysbiosis
amplifies acetaminophen-induced acute liver injury [J]. Cell Mol
Gastroenterol Hepatol, 2021, 11: 909-933.

Zeng Y, Wu R, Wang F, et al. Liberation of daidzein by gut

microbial f-galactosidase suppresses acetaminophen-induced

hepatotoxicity in mice [J]. Cell Host Microbe, 2023, 31: 766-780.

[90] Lee SH, An JH, Lee HJ, et al. Evaluation of pharmacokinetic
differences of acetaminophen in pseudo germ-free rats [J].
Biopharm Drug Dispos, 2012, 33: 292-303.

[91] Toda T, Saito N, Ikarashi N, et al. Intestinal flora induces the
expression of Cyp3a in the mouse liver [J]. Xenobiotica, 2009,
39:323-334.

[92] Cho S, Tripathi A, Chlipala G, et al. Fructose diet alleviates
acetaminophen-induced hepatotoxicity in mice [J]. PLoS One,
2017, 12: e0182977.

[93] Yuan X, Chen B, Duan Z, et al. Depression and anxiety in
patients with active ulcerative colitis: crosstalk of gut microbiota,
metabolomics and proteomics [J]. Gut Microbes, 2021, 13:
1987779.

[94] Adak A, Khan MR. An insight into gut microbiota and its
functionalities [J]. Cell Mol Life Sci, 2019, 76: 473-493.

[95] Jia Q, Wang L, Zhang X, et al. Prevention and treatment of
chronic heart failure through traditional Chinese medicine: role
of the gut microbiota [J]. Pharmacol Res, 2020, 151: 104552.

[96] Nie Q, Chen H, Hu J, et al. Dietary compounds and traditional
Chinese medicine ameliorate type 2 diabetes by modulating gut
microbiota [J]. Crit Rev Food Sci Nutr, 2019, 59: 848-863.

[97]1 Li Y, Ji X, Wu H, et al. Mechanisms of traditional Chinese
medicine in modulating gut microbiota metabolites-mediated
lipid metabolism [J]. J Ethnopharmacol, 2021, 278: 114207.

[98] Yang Z, Liu Y, Wang L, et al. Traditional Chinese medicine
against COVID-19: role of the gut microbiota [J]. Biomed
Pharmacother, 2022, 149: 112787.

[99] Zhao Q, Chen Y, Huang W, et al. Drug-microbiota interactions:
an emerging priority for precision medicine [J]. Signal Transduct
Target Ther, 2023, 8: 386.

[100] Varesi A, Campagnoli LIM, Chirumbolo S, et al. The brain-gut-
microbiota interplay in depression: a key to design innovative
therapeutic approaches [J]. Pharmacol Res, 2023, 192: 106799.

[101] Gowen R, Gamal A, Di Martino L, et al. Modulating the
microbiome for Crohn's disease treatment [J]. Gastroenterology,
2023, 164: 828-840.

[102] Wang Y, Tong Q, Ma SR, et al. Oral berberine improves brain
dopa/dopamine levels to ameliorate Parkinson's disease by
regulating gut microbiota [J]. Signal Transduct Target Ther,
2021, 6: 77.

[103] Zhang ZW, Gao CS, Zhang H, et al. Morinda officinalis oligosac-
charides increase serotonin in the brain and ameliorate depres-
sion via promoting 5-hydroxytryptophan production in the gut
microbiota [J]. Acta Pharm Sin B, 2022, 12: 3298-3312.

[104] Zhao ZX, Fu J, Ma SR, et al. Gut-brain axis metabolic pathway
regulates antidepressant efficacy of albiflorin [J]. Theranostics,

2018, 8: 5945-5959.



