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The gut-brain axis describes the bidirectional communication between the gut, the enteric nervous system, and the central nervous
system. The gut-brain axis has attracted increasing attention owing to its regulatory effect on dysbiosis and a wide range of related
diseases. Several types of nutrients, such as curcumin, have been proposed as regulators of the dysbiotic state, and preclinical
experiments have suggested that curcumin is not only beneficial but also safe. This review focuses on the interplay between curcumin
and the gut microbiota. Moreover, it provides a comprehensive review of the crosstalk between the gut-brain axis and disease,
whilst also discussing curcumin-mediated gut-brain axis-dependent and -independent signaling about modulation of gut microbiota
dysbiosis. This will help to define the utility of curcumin as a novel therapeutic agent to regulate intestinal microflora dysbiosis.

(J Neurogastroenterol Motil 2023;29:409-418)
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Introduction

The gut microbiota (GM) is a term for the collection of mi-
crobes (Bacteria, Fukarya, and Archaea) that are inhabitants of the
human gastrointestinal tract and regulate the physiological func-
tions of the host."” The communication of bacteria, both with one
another as well as with the host gut epithelium, can regulate host
immunity, nutrition, digestion, and overall health (Fig. 1). How-
ever, certain diseases can disrupt, and even cause the gut microbiota
towards involvement in both the intestinal and extra-intestinal dis-

ease process.” In recent years, reports have indicated that GM is not

only critical to brain behavior and cognitive function but also that
the brain communicates with the gut to maintain gut homeostasis.”
This bidirectional communication is known as the GIM-brain axis.
Recent research has focused on the GM-brain axis crosstalk
in the mechanisms of health maintenance and disease.”” Both
neuronal and non-neuronal (hormones and the circulation, for
example) mechanisms are involved in the communication between
the brain and gut to regulate health and modulate induced stress.”
Imbalance of GM which known as gut dysbiosis lead to unhealthy
outcome and can indirectly promote the incidence of diseases such
as stroke, mental disorders, hypertension, metabolic disorders,

atherosclerosis, aging, and vascular dysfunction.”’ Nutrients such
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Figure 1. The beneficial effects of gut microbiota on the host system.

as curcumin have demonstrated the ability to reverse the dysbiotic
state of the intestinal microflora back to a healthy state.”

Curcumin, C,,H,,O,, is a crystalline yellow polyphenolic com-
pound (MW: 368.39 g/mol) of the turmeric or Curcuma longa
L. rhizome (Zingiberaceae); it accounts for 2-8% of turmeric sub-
stances and possesses anti-inflammatory, anti-atherosclerotic, neu-
roprotective and metabolic disorder-modulatory effects.”” It can
be modified chemically and conjugated with glucuronide and O-
sulfate by the gut microbiota to exert its beneficial effects.”"* Indeed,
the gut microbiota directly interacts with curcumin to produce
small catabolites that can be absorbed through the intestinal wall, as
confirmed by the high concentration of curcumin in the gut after
oral administration."™"” In addition, curcumin influences the gut
microbiota by promoting the growth of beneficial bacterial strains,
improving microbial richness and diversity as well as enhancing
intestinal barrier function. Therefore, there is a pivotal interplay be-
tween gut microbiota and curcumin to promote health."™"”

Curcumin also had beneficial effects on the gastric tissue of
diabetic gastroparesis model rats, exhibiting anti-gastroparetic prop-
erties through improving ghrelin (a gut-brain peptide hormone)
expression, thereby balancing energy and promoting gastrointesti-
nal motility in the presence of oxidative stress.”’ Likewise, curcumin
demonstrated a modulatory role on gastric emptying via enhanc-
ing stem cell factor/c-kit signaling (through reduction of oxidative
stress) and the nuclear factor kappa B cascade in the stomach of a
diabetic gastroparesis rat model.”' In fact, curcumin may be one of
the non-invasive alternatives to the invasive oral endoscopic gastric

myotomy procedure, whose efficacy has not been confirmed in the

treatment of gastroparesis.”

One-year administration of curcumin (3 g/day, orally) did not
cause polyp regression in patients with familial adenomatous pol-
yposis.”’ Other studies showed that curcumin (1%, 3%, and 5%)
applied to peritoneal adhesions was not effective in treating post-
operative intra-abdominal adhesions in rats, in spite of decreasing
levels of tumor necrosis factor alpha (TNF-o), high sensitivity C-
reactive protein, and isoprostane.”* In this review, we discuss the
crosstalk between the gut-brain axis and its dysfunction in disease
as well as the impact of curcumin as adjunctive therapy to modulate
GM dysbiosis and gut/brain communication, leading to the allevia-

tion of disease.

Methods

A search strategy was done on preclinical (in vivo and in vitro)
studies and clinical trials reporting the impact of curcumin on the
gut-brain axis in disease modulation. Searches were conducted
in PubMed, Scopus, and Google Scholar from January 2010 to
»« gut mi-

crobiota-brain axis,” and “disease” were carried out using a search

» «

December 2022. The terms “curcumin,” “gut-brain axis,

strategy.

Interplay Between Curcumin and the Gut
Microbiota

Two phenomena appear to play a crucial role in curcumin
activity when interacting with gut microbiota: a direct influence of
curcumin on gut microbiota and the effect of curcumin biotransfor-
mation by gut microbiota.” Thus, not only do the gut microbiota
influence curcumin, but curcumin and its metabolites also impact

7,18,19 . . .
Curcumin accumulates in the gastroin-

the gut microbiota.
testinal tract and exerts a regulatory effect primarily in the gut on
the microbial richness, diversity, and composition of the intestinal
microflora.””” Oral administration of curcumin can alter the di-
versity and composition of beneficial/pathogenic microbes such as
increasing the abundance of Bifidobacterium and Lactobacilli, as
well as reducing the abundance of Coriobacterales, Prevotellaceae,
Enterococci, Enterobacteria, and Rikenellaceae strains.””
Conversely, the specific pharmacological and pharmacokinetic
properties of curcumin are influenced by its absorption rate and
digestion via gut microbiota such as Escherichia coli, Bifidobacteria
pseudocatenulaum, Enterococcus faecalis, Bifidobacteria longum,
Lactobacillus acidophilus, and Lactobacillus casei.”'*""* Addition-

ally, analyses of human feces indicated that E. coli impacted cur-

410 Journal of Neurogastroenterology and Motility



cumin activity through a reduction pathway (metabolic reduction)
via nicotinamide adenine dinucleotide phosphate-dependent cur-
cumin/dihydrocurcumin reductase (phase I metabolism). Almost
24% of curcumin is degraded to its metabolites by fecal microflora
during 24 hours of fermentation.” In humans, 1-hour following
high-dose oral administration, curcumin glucuronide conjugates,
and curcumin sulfate conjugates (phase 11 metabolism) are found in
blood, having been produced enzymatically by enterocytes and gut
microbiota, leaving barely any intact curcumin remaining.'”** Thus,
in the intestine, curcumin is transformed into various forms such as
dihydrocurcumin and tetrahydrocurcumin, as well as undergoing
hydroxylation, demethylation, demethoxylation, acetylation, or the
combination of these processes via several steps involving microbial
enzymes which are regulated by the gut microbiota.™" Interest-
ingly, gut bacteria can convert inactive glucuronide-conjugated and
sulfate O-conjugated curcumin to active metabolites to enhance its

beneficial biological effects.”

Gut-Brain Axis: Mechanism of Action and
Therapeutic Targets in Disease

Anatomically, there are strong bidirectional connections be-
tween the gut and the central nervous system (CNS), termed the
gut-brain axis, that can support health or promote disease in the
host." Communication between the gut microbiota and brain influ-
ences immunity, metabolism, and maintenance of the healthy state
via impacts on neurons, hormones, blood, lymphatic vessels, im-
mune cells, and microbial compounds.™ This axis can promote
disease via several pathways associated with inflammation, oxidative
stress, circulation, and the nervous system.” The gut-brain axis has
been linked to the pathogenesis of neurodegenerative disorders
including Alzheimer’s disease, autism, depression, Parkinson’s
disease, multiple sclerosis, amyotrophic lateral sclerosis, and Hun-
tington’s disease.’ Similarly, gut-brain axis dysbiosis leads to dys-
regulated and harmful effects on immune cells and cellular metabo-
lism that can induce brain cancer through the neural, endocrine,
lymphatic network, and immune pathways.””* Moreover, the gut-
brain axis can regulate cancer treatment-related psychoneurologi-
cal symptoms such as pain, depression, anxiety, sleep disturbance,
memory problems, cognitive dysfunction, and fatigue via, for ex-
ample, cytokine Toll-like receptor 4 (TLLR4) cascades, interleukin-2
(IL-2), interferon alpha, and TNF-o.”**” Dysbiosis of the gut
microbiota has been linked to colorectal cancer (Bacteroides fragilis,
Streptococcus bovis, Helicobacter pylori, E. faecalis, E. coli, Clos-

tridium septicum, and Fusobacterium spp.).” Also, inflammatory

Curcumin and Gut-Brain Axis

bowel disease (IBD)’ and irritable bowel syndrome (IBS) increase
facultative anaerobes and decrease obligate anaerobes bacteria’ by
stimulating certain areas of the CNS; the autonomic nervous sys-
tem, neuropeptides, neurotransmitters, hormones, enterochromaffin
cells, interstitial cells of Cajal, smooth muscle cells, epithelial cells,
and enteric neurons.” Moreover, a multi-omic analysis study indi-
cated that microbiota dysbiosis is a key characteristic of eosinophilic
esophagitis pathogenesis. The results of this study showed that
abundant Proteus vulgaris, Sulfodiicoccus acidophilus, Streptococ-
cus mitis, and Hemophilus parainfuenzae were increased in the
blood in eosinophilic esophagitis, while the Nitrosopumilus sp. K4
was decreased; Staphylococcus aureus, Malassezia restricta, and
Plasmodium knowlesi were unchanged.”

Additionally, the gut microbiota-brain axis may lead to heart
disease and vascular dementia. The GM does affect the heart and
the brain via gut-brain axis as a shunt in the complex disease such
as coronary heart disease and Alzheimer’s disease, where vascular
links them.” Moreover, the gut-brain axis may exert influence by
promoting the production of trimethylamine-N-oxide and diffus-
ible bioactive gases such as hydrogen (H,), hydrogen sulfide (H,S),
and oxygen (O,) that have crosstalk with gut microbes.” A recent
pilot clinical trial in women indicated that cardiac vagal activity cor-
related closely with gut microbiota and the gut-brain axis via the
vagal nerve; additionally, vagal activity correlated inversely with
inflammatory parameters.” Clostridia, Lachnospira, Ruminococa-
ceae, Faecalibacterium, Lactobacillales, and Streptococcaceae were
more abundant microbial species in subjects with higher cardiac
vagal activity.” Therefore, the gut microbiota represents a promis-
ing candidate for controlling disease and a noninvasive predictor of

prognosis.

Disease Modulation Activity of Curcumin on
the Gut-Brain Axis (Preclinical and Clinical) —

Central Nervous System

Curcumin has beneficial effects on the nervous system and
exhibits neuroprotective properties through regulation of the gut-
brain axis, via activation of the vagal nerve with the release of
acetylcholine (ACh) in the presence of inflammatory or oxidative
stress.”"™* Likewise, curcumin directly/indirectly demonstrated a
neuroprotective role via increasing antioxidant capacity through
elevations in superoxide dismutase and catalase activity as well as
anti-inflammatory effects via inducing nitric oxide and regulating

. P . 18
reactive oxygen species in neurons (Fig. 2).
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Figure 2. Impact of curcumin on gut-brain axis for disease management. GM, gut microbiota; ANS, autonomic nervous system; ENS, enteric

nervous system; HPA axis, hypothalamic-pituitary-adrenal axis; PD, Parkinson’s disease; IBD, inflammatory bowel disease; IBS, irritable bowel

syndrome.

Curcumin positively affects multiple pathways in Parkinson’s
disease (PD) treatment such as the inhibition of o-synuclein ag-

3

gregation,”” an increase in tyrosine hydroxylase, and reduction of
N-acetylneuraminate degradation,”* along with its influence on gut
microbiota. Some in vivo studies have indicated that the protective
effect of curcumin on neurodegenerative diseases and PD occurs
through the regulation of the gut microbiota by curcumin (Table).
In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mouse model, curcumin at all applied doses (40, 80, 160 mg/kg/
day) improved dyskinesia and motor dysfunction, such as pole
climbing time, suspension score and total distance moved, in PD
mice.”* The neuroprotective effects of curcumin, especially at higher
doses, were effected through an increase in tyrosine hydroxylase-
positive and dopamine-positive neurons, which could indicate the
functional status of dopamine neurons, cell wrinkling, vacuolar de-
generation, and cell survival.”* Furthermore, curcumin also modu-
lates the dysregulation of gut microbiota composition and prevents
PD dose-dependently by reducing the relative abundance of Pates-
cibacteria, Enterobacteriaceae, and Fnterococcaceae and increasing
the relative abundance of Eubacteriaceae, Rikenellaceae, Prevotella-
ceae, Anaeroplasmataceae, Eggerthellaceae, Ruminococcaceae, and
Burkholderiaceae.” Notably, at higher doses, curcumin decreased
N-acetylneuraminate degradation, diminished o-synuclein accu-
mulation, and exerted antioxidant activity, thereby protecting against

PD and neurotoxicity.”* Recent research showed that curcumin

(100 mg/kg/day) modulated the gut microbiota metabolite axis and
suppressed the progression of PD, as indicated by improvements
in motor deficits, glial cell activation, and o-synuclein aggregation
in the MPTP mouse model.”® Analysis showed that curcumin
reduced the abundance of Aerococcaceae and Staphylococcaceae
whilst enhancing Muribaculaceae, Lactobacillaceae, Lachnospi-
raceae, and Eggerthellaceae. In parallel with the gut microbiota
alterations, a significant relationship was found between curcumin
metabolites and the neuroprotective effects of curcumin in PD,
where curcumin increased the levels of tyrosine, dopa, methionine,
sarcosine, and creatine. Tyrosine is strongly related to motor func-
tion and Lactobacillaceae, Aerococcaceae, and Staphylococcaceae
genera in the gut flora whilst, by contrast, sarcosine and creatine
are negatively associated with Staphylococcaceae. Taken together,
curcumin promoted tyrosine-dopa metabolism to elevate dopamine,
thereby regulating the gut microbiota and activating the gut-brain-
metabolic axis for PD prevention.” Interestingly, curcumin exerts
anti-neuroinflammatory effects in PD by diminishing TNF-q, IL.-
1B, 1L-6, I1.-4, glial fibrillary acidic protein, as a marker of astro-
cytes, and ionized calcium-binding adaptor molecule 1, as a marker
of microglia. Finally, curcumin inhibited oi-synuclein aggregation, a
PD-specific pathological hallmark in MPTP-induced PD mice.™

Cardiovascular

In addition, curcumin at 100 mg/kg can ameliorate hyperten-

412 Journal of Neurogastroenterology and Motility



Curcumin and Gut-Brain Axis

w0qal?d 1643 (poreanoe

pue oquinu) e80T
TIIL YAIL ‘9T ‘J1-T1
“O-INLT ‘sLgmosnwW ed1uny ‘eare

soud |

onoiaqy ‘utiydsurdatou ‘p{ T,
,mBqubﬁmm\wB:uﬂah ‘MG
/AT MI/MH dVIN d4S ()
FUPID
upQ ‘1dI, sypBudy s
‘S[192 39108 ‘ernqasol ‘dnoild  ermqosoy pue ‘7 snododouruyy

T9CTVHIN Qraarmdsouydef FI0 D[] 2BIOBII00UTMY]
AITSTOATP UOUURYS ‘SSAUTDLT ‘00 D[] 2B20BI000UTIMY]

9¢ T0BYD) ‘e YO eihing (4) ‘dnois 91 ypN oesorndsouyorT  pajelorpure ‘9anssaid poo[q paseards  Sy/Sw (g {001 datsuarrad4Ay Ajsnosuriuodg

Tenuaod sueiquiow Kouayey
s 381 ‘9~ ‘YLI-T1
‘G111 V-ANL HH/AT ()
Kouanbaiy axds ‘Oseqoayx
‘G-AD1 01-T1 TH ‘aSSINI

s¢ ‘NNJS TUDVA TvyD (+) -

9BIIBINILQOIqNITIOS

QBadEpEUOWIOPNIST
QBIDEPIOIB ‘QBIELIP[OYSING
9B20BI2000UTWMY] DBIIBYILIOD

UONEITUNTUTIO) UTRI(-1NS
padueyud xuoumEEmmE-ﬁcm “anoe
onapedwids pajenuane ‘uontsodwiod

elo1qOIOTI IS padeysar ‘ssaas
ATPADEPTXO PANIQIYUT ‘UONBWWE[JUT
-omau pasnpai KydoniodAy derpred

A:oﬂmohu Juoq pue .ummmtmu A:oﬁmstom
snuued ‘wonsaFuod ‘ersejdradAy
[e1aouAs ‘UonEN[UT [0d A1oyeW0

-WE[JUT) Paseatdoap AIojewwregur-nue
,mE:uBm smed puty paompar ‘sa103s
XOPUT SOLIIIE PISeaIdap Jysom
Apoq paseardut ‘uonouny d3IUTOYd
PaseaIOUT ONLIIE-NUE KIIQRIDXD

[BUOINIU SNSEA PISEIIUT ‘SAUO) I

-edwidsered pue onoyredwAs pasueeq Aep/3y/Sw (0]  SHLYLIE PadNpuI-udSe[o)

[eATAINS [[20 pasoiduut
‘UOT)BIIUAZIP JE[ONILA PISEAIOUT

SUIpULIM [[9 pasoxdut 9oueIsIp [10)

M 7T o
-sedenut Kep
7 £19A9 20U0 Jer
uorsua)IodAF]
Mz x:ﬁo Jex ut
UOTBWWE[JUT

9B20BII0D0IUS] -disAa5] OBaoE[[ayIaFSs] 9890 PIdURYUD 2100s uoisuadsns paseaIdut
QeaoprIpoRqOIUY  -BJEWSE[OIIRUY, QBIJE[P)0AIL]  ‘Own) Suiquuird ojod padnpai ‘elorqoIdT
“BLIDIOBQIISIIE] Qpaoe[ouayTy ‘poyIsseoun N3 Jo uontsodwod paren3al ‘suonou
Jo duepunqe ue ‘uonepeIsop -SO[BIPLISO]) ‘SAINILIAUT suredop pajosjord Korxojomou Kep 1
oyeuTwEINAU[A}0e- N (—) ‘SAINOTIT ‘BLI2)OBQOPIIY PAINPAT OSBISTP S UOSUTTeJ-JUE dI ‘3y/Sw
¥ HL(+) BLI2]1OEqOUNOY ‘BLI2}OBEqOUEA) ‘uondunysAp 1o0jowr parorduwy 09T 08 ‘0% DM JTJIN ~ SoSIp SUOSUTIE]
REN| WISTUBYIDIAI AR o 2A193[qo uTeIAl A [Ppow [eruswLIadx 9seasIp Jo A10318D)
: Juapuadap-aso(] T Jo aso( ’ ’

9SBASI(T Ul SIXY/ UTeIg-ine) Uﬂu Uo utunaany) mO wuuu,mm %hOuNﬁJﬁOZ *9Iqe],

a3

Vol. 29, No. 4 October, 2023 (409-418)



Ayesheh Enayati, et al

*PTOR dN2IBI[OPUIAXOIPAY-§ “YYTH-S ‘uteroid Surpuiq-juawald asuodsar JINY? ‘) ‘utarord Surpuiq-juawapd
asuodsar JA Y2 Jo uonejdioydsoyd ‘giyD-d ‘1010e] orydonoinau paatiap-utedq SYN (Y PuturidAndxoipAy-¢ ‘T -¢ ‘so 1ad “o-d ¢ smosjow toydepe Surpuiq-wnidfed paziuor ‘Teqy ‘uraioid d1poe Arequqy
Te18 dVAD 9ySom op1nuaa 19] MAT ySom £poq ‘M IySem 3aeay M oamssaid [erayre ueaw JyA 24nssaid poofq d103shs (JgS 4 UIpnep 4upl) ‘urpnpdo ‘up( ‘1 urjord uonounlyysdn ‘rdly ¢y
103dada1 pardnod-uraord 6 ‘cpyg o) Hemod Adusnbaig-mor ST romod Aouanbazp-ySiy I spearaur Y-y Juadelpe usamiag SRURIIP Jo sarenbs ayy Jo wins oY) Jo weAW Y3 JO 1001 ‘qSSIAY (S[EAINUT Y
[Te JO uoneIAdp pIepuels ‘NN(S ‘I31odsuen autoyd[A19de Je[narsaa TYIYA ‘eserafsuen[£1ade aurjoyd ‘Tyy)) durwedop pue aantsod-ase[AxoipAy outsoif) [, {YImoISI0A0 BLIIOB] [EUNSAUT [[EWS ‘O[S
17 9[BdG ssang Ajorxuy uorssardo( ‘Tz-SSY( o[rdS Suney wordwAg [eunsnuionses) ‘SYSH 9[es wWnIpos AeJMs uenxap ‘g ‘eruoitadenur g1 ourpuidorpAyena-9‘c z 1-jAuayd-y-[Apow-1 JIJIN

123p JuedyTUSIS (6819€2100619ZTNLL
ou pey 1591 OIS pue ‘oqoid [eiqord  ym g {(1ornxd -V :[eLD [BIIUT]D))
-(—) -TUW [BUTISIUT 21005 AIPIXUR [7-SSY (I UnInoIno) syutejdwod 2AnsaSIp
I+ -(+) PaSEAINIP 21038 [E101 SYSO) PAINPIY Kep/sw 0g  pariodai-Jes m synpy [BUTISAIUTOTISEL)
Surquutpd
Juads owm PaseaIdaIp ‘BdIe (LU A (utumoamnd ‘Surrein3
UT W) PIseaIdut KIIqourtt paseaout asnour ut ‘00 snsouwrey T
-(—) ‘surre uado Yy Juads awm Paseardap Kep 17 uorssaxdop pasnpui-ssans SNJ[IOBQIISEINIET)
134 -(+) - ‘uorssaxdap pue forxue passarddng  ‘ero ‘Sw z'7 priw o[qesdpaidun dtuoy)) uorssaxda(y
qHYO/gD dwoIpuds
ANA4 1H-S ‘uo[o) [9}M0q I[qEILLI-NUE ‘SIOIARYDA ]
1H -fyorxue pue -aa1ssaxdap o) pajeror
-§/VVTH-S sndwesoddrpy (-) -owre ‘asuodsar Y ANy paystutwip nd Kep 17 ‘od
mmmu\mmmo-m INAg -IN0 [839] PAdNPAI ‘SI[qIBW PaLINg JO &%\MV_\WE sjel swoIpuAs
0t TH-§ :sndwedsoddrgy (4) - JIoquinu pue own Ao PIsLaIdd( 0% ‘07 ‘0T  QWOIPUAS [9MO(| d[qBILLI] [PMOq A[qEILLIT
saproroloeg
‘pagrssgpoun” ae20E000UTUIY (—)
1910EqLIOPO)
BIOUS XLIYIOIUTY BIIUAS
‘sopnoruiL] wnfAy g ‘poryrs SIXE UTRIq-BIOICOIOTW NS Jo
-SE[OUN” 9B2IB[NIBQLINTAT ‘Snur Juauodwod 493 & 9EadBMOBqLIMEAT ‘Sden
-I01] [-SND2020UTI(T ‘S230pTOT uonouwr paAoIdwT ‘SITWO[OEIAW X2310D
-9108g ‘saxaput A1s10ATp eyde saprozoloeg Teruojard paSueyd ‘sayjoqelow [e39]
‘wre uado ot ut own Anud ‘errydopig ‘poyrssepoun opadpr  padueyd ‘ejoiqodtur nS pawrersordar Aep g ‘ao1em
wre uado ‘O 193U 9ouE) -NoBqLINAT hEm.Eﬁqu:m\G ‘SIOTAEY(q ovE-bqum _uummuamsm m:ﬂ:iv x% 90Tl UT SIOTARYIq ISBISIP
6¢ -STp 10JUd 90ueISTp Te30T, (4) BLI2]OEqOUNOY ‘SaNITULIL] “ISUA] uojod pasoidwr JySom paseardouy /33/3w 001 I-AI9TXUE PIdNPUI-GG(]  [m0q ATojewutRjuT
uoneWWeEJuIoINou passarddns
9820820000[AydEIg ‘sso[ [euoanau didroutwedop pue
98aILII00019Y SsjuowLITedWT J10JOW PAIEIOT[DUIL ‘SIXE
Teql IVAO v-11 911 ‘d1 AM[0QEIAW-EI0IOIDIW INT pajenpow My
- - NLL ‘Ure[PNnu4s-0 (-) ‘uondajordornau ‘UrR[INUAS-0 ‘Onsedenur 9SEASIP
0T-"TT ‘OuUnEaId QUISOJTES ‘QUIU Jo uone3a133e oY) PUL ‘UONEBAIIOE ep/33y/Sw SUOSUTYIEJ JO [opOw
8¢  -orpour ‘edopoAd] QuIsOIAT (4) 2BadERqOIOET ‘GradrIdsout e 1192 TerS ‘suoyap Jojow pasoxdwy (0¥ ‘00T ST 2SNOTW PAINPUI-J T JIN 9SEISIP S UOSUTHTE
REN| WISTUBY DAL PsEqpeiouold 2A192[qo uTeIAl LIS [Ppow [eyuswLIadx 9seasIp Jo A103187)
: Juapuadap-aso(] T : Jo aso(T : :

UUJGﬁQOQ *9Iqe],

Journal of Neurogastroenterology and Motility

a4



sion, a common pathology in cardiovascular disease, and improve
dysregulation of the gut-brain axis via reshaping the composition
of gut microbiota (Table).” Curcumin reduces sympathetic activity
and the Firmicutes/Bacteroidetes ratio through the downregulation
of norepinephrine and tyrosine hydroxylase as well as upregulation
of Chaol richness and Shannon diversity. However, curcumin en-
hanced the levels of butyrate-producing bacteria such as the Lach-
nospiraceac NK4A 136 group, Ruminococcaceae. UCG_005,
Ruminococcaceae UCG 014, Ruminococcus_1, and Roseburia.™

Furthermore, curcumin reduced the fibrotic area, collagen
decomposition, and thickness of the tunica muscularis layer, along
with promoting an increase in goblet cells and villi length. Quantita-
tive reverse transcription polymerase chain reaction analysis showed
that curcumin attenuated the expression of TNF-q, IL-1f3 (as pro-
inflammatory cytokines), high-mobility group box 1 (as an inflam-
matory mediator) and Toll-like receptors (TLLR2 and TILR4) in the
small intestine. In addition, curcumin restored the mRNA levels
of tight junction protein 1 and occludin in the intestine, which were
reduced in spontaneously hypertensive rats.” Conversely, curcumin
diminished neuroinflammation through inhibition of TNF-¢, and

IL-1p as well as decreasing oxidative stress by reducing superoxide

1 phox 2phox

anion mRNA levels of gp9 and p2 in the hypothalamus
paraventricular nucleus (PVN) of spontaneously hypertensive rats.
Curcumin also activated G protein-coupled receptor 43 (GPR43),
a major binding receptor of butyrate, indicating that its antihyper-
tensive effect is exerted via the butyrate-GPR43 pathway in the
PVN. Thus, curcumin’s antihypertensive effects are associated
with the gut-brain axis and work through amelioration of gut-brain
dysregulation; this occurs, at least partially, by the alternation of gut
microbial composition to maintain intestinal homeostasis leading to
suppression of neuroinflammation and oxidative stress with activa-

tion of GPR43 in the PVN of spontaneously hypertensive rats.™

Inflammatory and Gastrointestinal Diseases

In inflammatory and GI disorders, such as arthritis, IBD, and
IBS, curcumin can improve depressive- and anxiety-like behaviors
and modulate the intestinal system through activation of the gut-
brain axis (Table).”"* The balance of sympathetic and parasym-
pathetic tones plays a pivotal role in the treatment of inflammatory
diseases.”"*" Curcumin may exert its anti-inflammatory effects
through increasing vesicular ACh transporter and choline acetyl-
transferase in the gut, brain, and synovium to improve the inflam-
mation and arthritis.” Using curcumin at 100 mg/kg/day for the
treatment of collagen-induced arthritis in rats showed that curcumin

prevented arthritis by balancing the sympathetic (reduction) and

Curcumin and Gut-Brain Axis

parasympathetic (increase) tones and increasing vagus nerve activ-
ity. However, curcumin only promoted ACh biosynthesis/transpor-
tation but did not affect ACh hydrolyzation or choline uptake in the
gut or brain.” Curcumin’s anti-arthritic effect is mediated by the o7
nicotinic ACh receptor and the cholinergic anti-inflammatory path-
way causing a reduction in the levels of TNF-q, IL-1, IL.-6, and
IL-17A as well as an increase in I1.-10 and TGF-f3 markers. These
findings indicate that curcumin’s anti-arthritic effects are mediated
via the gut-brain axis and this could be a promising therapeutic ap-
proach for arthritis.”

In the previous study, curcumin attenuated dextran sulfate so-
dium salt-induced anxiety-like behavior through the gut-brain axis
via alleviating gut microbiota disturbances, especially regulation of
Muribaculaceae, and increasing phosphatidylcholine, a biomarker
of psychiatric disorders, in the prefrontal cortex. Additionally; cur-
cumin ameliorated systemic disorders of lipid metabolism triggered
by dextran sulfate sodium salt by diminishing glycerophospholipid
metabolism of the gut-brain axis.” Moreover, in IBS rats, curcumin
showed a significant reduction in behavior and function, abdominal
withdrawal reflex score, and the frequency of fecal output in IBS
rats. In the hippocampus, curcumin increased the levels of sero-
tonin, brain-derived neurotrophic factor (BDNF), and phosphory-
lation of cAMP response element-binding protein (pCREB) dose-
dependently; by contrast, curcumin decreased serotonin, BDNF
and pCREB in the colon. Hence, curcumin exhibited an enhance-
ment in the visceral nociceptive response, and antidepressant- and
anti-anxiety-like effects by regulating serotonin and its downstream

pathways in both the hippocampus and intestinal system. "

Clinical Trials

Furthermore, one clinical trial reported that curcumin extract
(500 mg, Curcugen) improved digestive complaints and anxiety
levels as assessed by a reduction in symptoms such as abdominal
pain, reflux, diarrhea, indigestion, and constipation using the Gas-
trointestinal Symptom Rating Scale, and a reduction in the Depres-
sion Anxiety Stress Scale 21 (Table)."" However, there were not
any significant changes in selected gut microbiota diversity between
curcumin and placebo groups including Bacteroidetes (phyla),
Firmicutes (phyla), Clostridia (class), Enterobacteriaceae (family),
Bacteroides (genus), Clostridiales (genus), Faecalibacterium (ge-
nus), and Bifidobacterium (genus) (significant bacteria associated
with IBS). However, the Shannon and Simpson index showed a
statistically significant difference between the groups at the genus
level, with curcumin decreasing the Shannon diversity index.*' Tt

can be postulated that curcumin extract leads to attenuation of di-
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gestive complaints and anxiety levels and is thus ultimately protec-
tive against symptoms through a difference in gut microbiota diver-
sity at the genus level and/or may affect other intestinal bacteria.

Recently, functional gastrointestinal disorders have been bet-
ter known as Disorders of Gut—Brain Interaction (DBGI); these
disorders are a group of non-structural abnormalities and include
IBS and chronic gastrointestinal diseases.”** The pathophysiology
of DBGI is associated with psychological stress, diet and microbiota
alterations.” In fact, DGBI is indicative of the brain-gut connec-
tion and the complex interplay between central and peripheral ner-
vous system and gastrointestinal alterations.” Likewise, this study
showed that the level of histamine-producing bacteria (such as En-
terobacter acrogenes, Raoultella ornytolytica, Morganella morganii,
and Lactobacilli) was increased in the GM of patients with IBS/
IBD and asthma.* In addition, one case control study showed that
IBS is independently linked to small intestinal bacteria overgrowth
(SIBO)* and another study showed that patients with IBS and
concomitant SIBO has more severe symptoms and impaired quality
of life.*

Moreover, a clinical study reported that combination therapy of
curcumin (500 mg) and famotidine (40 mg) for 30 days significant-
ly reduced the severity of functional dyspepsia and the frequency of
H. pylori infection in patients with functional dyspepsia.”” Another
study indicated that supplements containing curcumin (17-23% w/
w) and boswellia extracts (7-11% w/w) diminished bloating, ab-
dominal pain and indican values and enhanced global assessment of
efficacy after 30 days of intervention in patients with IBS or small
bowel dysbiosis."

However, microbial diversity may be affected by gastrointestinal
or other disorders (such as IBS and IBD), and can cause dysbiosis
in the gut, which could be utilized as a marker of disease or other
disorders such as inflammation. Oral administration of curcumin
can alter the diversity of beneficial or pathogenic bacteria accord-
ing to the dose, duration of treatment or formulation. In addition,
curcumin and its metabolites may have a direct impact on neurons,
hormones, blood, lymphatic vessels, and immune cells; thus, it is
likely that the direct and indirect effects of curcumin (gut-brain axis)
act together synergistically to modulate disease and improve host
health. Further research is needed using more accurate testing meth-
ods to determine curcumin’s beneficial effects on the gut-brain axis
and the synergism of its direct or indirect effects. In addition, whole-
genome sequencing should be employed to provide a more detailed
analysis of gut microbiota in the presence of curcumin, together with
an evaluation of standard curcumin administration compared to ex-

perimental doses and formulations for each disease state.

Limitations

Some limitations of this review include the lack to date of avail-
able animal and clinical studies related to curcumin’s effects on the
gut-brain axis and the difficulty of generalizing animal studies to
the clinic; secondly, there is insufficient evidence as investigation of
gut microbiota profiles in the available studies has been inadequate.
Finally, evaluation of the pharmacokinetic characteristics and bio-
availability of curcumin about gut microbiota interaction (and vice
versa) is lacking, so information to guide dosage and treatment
regimen is required. Thus, further preclinical and clinical investiga-
tions to delineate the interplay of curcumin on the gut-brain axis are
required to manage diseases with a known mechanism of action and
to understand the impact on intestinal bacterial diversity and effec-

tive dosing.

Conclusions and Outlook

Based on the beneficial effects of curcumin on health- promo-
tion, disease management, and its wide application as a spice in daily
food, this review has sought to understand the interplay between
curcumin and the gut-brain axis in multiple diseases, mainly based
on available in vivo experimental models (Table).” The findings
presented here indicate that curcumin has promising potential, with
acceptable efficacy; as a regulator of the gut-brain axis in several dis-
eases associated with GM dysbiosis. In addition, curcumin can not
only act as a treatment but is also able to interact with intestinal mi-
croflora in dysbiosis to target microbiota activation or suppression,
thereby enhancing its therapeutic effect through the production of
more active metabolites and better pharmacokinetics.

It would be expected that, in the not-too-distant future, exten-
sive research will utilize the gut microbiota as a biomarker for the
diagnosis or treatment of many diseases, and that curcumin and
other natural products will act as agents to treat dysbiosis-associated
diseases. However, at present, there is a lack of clinical trials to as-
sess curcumin’s impact on the gut-brain axis and dysbiosis. Further
in vitro and in vivo studies, followed by clinical trials with optimally
selected patients, together with advanced analytical techniques to
enable understanding of microflora composition modifications in
response to curcumin treatment, are needed. Furthermore, more
research on the metabolic pathways and enzymes involved in cur-
cumin’s mechanism of action is needed. Finally, the impact of cur-
cumin on the gut-brain axis in managing disease may lead to new

strategies to protect health through gut microbiota modulation and
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may represent a novel therapeutic use for curcumin.
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