Tian et al. Chinese Medicine (2025) 20:76 Chinese Medicine
https://doi.org/10.1186/513020-025-01115-z

: L ®
Curcuma Longa (turmeric): from traditional =

applications to modern plant medicine research
hotspots

Wei-Wei Tian'?, Li Liu', Ping Chen?, Dong-Mei Yu', Qing-Miao Li%, Hua Hua' ® and Jun-Ning Zhao'*"

Abstract

Turmeric, derived from the dried rhizome of Curcuma longa L., receives widespread attention because of its appli-
cations in pharmaceutical, food, cosmetic and other industries. Traditionally, it has been widely used in Ayurveda
medicine and traditional Asian medicine such as traditional Chinese medicine, for treatment of digestive, respiratory
and circulatory diseases, as well as skin diseases. However, a comprehensive review of traditional applications, modern
clinical applications, and related products remains largely unexplored. Here, we conduct a systematic summary of its
pharmacological activities, including anti-inflammatory activity, anti-oxidant activity, anti-diabetic activity, anti-
tumor activity, neuroprotective activity, hepatoprotective activity, anti-microbial activity and others. Additionally,

we explore the randomized controlled trials, guiding future preventive healthcare strategies and clinical practices.
Furthermore, we also discuss the turmeric-related products, involving medicines, health foods, herbal dietary sup-
plements, and cosmetics, offering novel insights into relevant product development. Totally, this review provides

a comprehensive understanding of turmeric on botany, history and traditional applications, pharmacological activi-
ties, clinical applications, and related products. Finally, based on the generalized science of Chinese material madica
and advanced front technologies, the future research opportunities of turmeric are briefly explored.
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Introduction

The genus Curcuma, composed of roughly 130 species,
is widely distributed in tropical and subtropical areas,
including China, India, Thailand, Malaysia, Indonesia,
etc. [1]. Some Curcuma species possess medicinal, edi-
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for treatment of respiratory, digestive, and circulatory
diseases, as well as skin diseases.

Nowadays, extensive research has confirmed that tur-
meric contains a variety of active ingredients, such as
diphenylalkanoids, terpenoids, aromatics, steroids, fatty
acids, minerals, and nucleosides. These components
contribute to the treatment of inflammatory diseases,
digestive diseases, cardiovascular diseases, skin diseases,
cancers, etc. As traditional herbal medicine, medicinal
and food homologous variety, and cosmetic ingredi-
ent, turmeric is widely used in pharmaceutical, food,
cosmetic and other industries, making products such as
drugs, health foods, food additives, dietary supplements,
cosmetics. Representing the largest application segment,
the pharmaceutical industry accounts for over 50% of
the worldwide market [3]. As the main active ingredi-
ent of turmeric, curcumin market size (pharmaceutical,
food and cosmetics) reached $98.7 million in 2023 and is
estimated with a 9.1% compound annual growth rate by
2032. Recent advancements in curcumin extraction tech-
niques, including high-intensity and ultrasonic-assisted
water filtration, have improved both the yield and purity
of curcumin, resulting in higher potency and efficacy.
Novel delivery systems such as liposomes, micelles and
nanoparticles significantly increase curcumin absorption
and boost its therapeutic efficacy. The expanding use in
diverse industries, including pharmaceutical industry,
food industry, and cosmetic industry, is also contributing
to the product uptake (https://www.gminsights.com/).
Therefore, this review aims to encompass various appli-
cations of turmeric, including its history and traditional
applications, clinical applications, and related products.
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Finally, based on the generalized science of Chinese
material madica, the cultivation system of large variety
of turmeric and the application system of the large health
industry are constructed.

Botany

Curcuma longa, a triploid specie (2n=3x=63), belongs
to the genus Curcuma. Morphologically, turmeric is a
perennial herb that reaches a height of approximately
1-1.5 m. The leaves are basal, usually oblong to elliptic
in morphology, 30-50 cm in length and 15-18 cm in
width, with dark green on the upper surface and pale
green beneath. The sterile flowers present pale yel-
low petals with a purplish covering, complemented
by green bracts with a purplish colour. The rhizomes
(underground stem) are well-developed, clustered, with
many branches, oval or cylindrical, orange or yellow,
balmy smell and bitter taste (Fig. 1). There are many
varieties, including Suguna, Sudarsana (tolerant to
rhizome rot), Suroma, IISR Alleppey Supreme (resist-
ant to leaf blotch), IISR Prabha, IISR Prathiba (high
yielding variety), Co.1, BSR.1 (resistant to drought),
BSR.2, Rashmi (bold rhizomes), Chuanjianghuang 1
(high productivity and adaptability variety), etc. [4].
Pheap et al. reported five Curcuma longa varieties col-
lected from Siem Reap province, Cambodia, including
Black ginger (BG), Broteal lakai (BLK), Broteal roneang
(BRN), Sena 100 (SN1) and Fire ginger (FG). The results
showed that curcumin was the main component in BG,
BRN and SN1, while not detected in FG and BLK [5].
Alam et al. evaluated the rhizome yield and related
traits of 53 Curcuma longa genotypes from 2019 to

Angiospermae, Monocotyledoneae, Scitamineae,
Zingiberaceae, Curcuma, Curcuma longa L.

Perennial herbaceous plant, with basal leaves,
sterile flowers, and clustered rhizomes

Tropical and subtropical regions, including India,
China, Thailand, Malaysia, Indonesia, etc

Cultivated in most soil, pH ranging from 6.0 to
7.5, harvested from February till April

Triploid species (2n=3x=63), reference genome
1.11 Gb, 21 pseudochromosomes

clustered, many branches, oval or cylindrical,
orange or yellow, balmy smell and bitter taste

Fig. 1 Botanical characteristics of turmeric. A global distribution of turmeric (www.gbif.org), B, C turmeric, D the flowers of turmeric, E, F, G
the rhizomes of turmeric, H a brief summary of botanical characteristics of turmeric
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2021. According to the yield and overall ranking, the
top ten genotypes were identified as superior, such as
T0129, T0121, TO117, T0106, T0103, TO094, T0085,
T0082, T0061, and T0015 [6]. Yin et al. successfully
constructed a high-quality genome assembly of Cur-
cuma longa spanning 1.11 Gb, which provided insight
into germplasm resources identification, new varieties
breeding, and disease-resistant gene mining [7].

Data from the GBIF database (https://www.gbif.org/)
shows that the resources of turmeric on a global scale
are mainly distributed in India, China, Thailand, Singa-
pore, Philippines, Malaysia, Indonesia, Australia, and
other countries (Fig. 1). India contributes 80% of the
global turmeric production [8], while China accounts for
8%, Myanmar 4%, and Nigeria and Bangladesh 3% each.
Gururani et al. assessed the differences in chemical pro-
files and biological activities of essential oil derived from
native Curcuma longa rhizome cultivars in Garhwal and
Kumaun regions of Uttarakhand, India. The findings
revealed that the quantity and composition of essen-
tial oil derived from turmeric rhizomes harvested in
Garhwal and Kumaun regions of Uttarakhand exhibited
variations [9]. In China, turmeric is widely cultivated in
Sichuan, Yunnna, Fujian, Guangdong, Taiwan, and other
proviences. Qianwei county in Sichuan provience is the
main producing areas of turmeric, accounting for about
60% of national output and called “Chuan Jiang Huang”
We constructed the bioinformatics database and produc-
tion layout visual analysis platform of medicinal plants,
covering geographic data, phenotype data, compound
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data, and genetic data of turmeric in Sichuan province
[10].

History and traditional applications

Turmeric has been utilized by humans for nearly
6,000 years [11]. Historically, turmeric was widely used
in Ayurveda medicine and traditional Asian medicine
such as traditional Chinese medicine. The exact origin of
turmeric are unknown. According to records, the use of
turmeric in India dated back roughly 6,000 years. It prob-
ably spread to both Morocco and China by around 700
AD, reached East Africa by 800 AD and West Africa by
1200 AD. Then in the thirteenth century, Arab merchants
brought turmeric to Europe [12]. Alternatively in six-
teenth century, turmeric entered Turkish cuisine, where
it served as a natural coloring agent to give yellow color
to the saffron-infused rice dessert [13]. Until eighteenth
century, turmeric was introduced to Jamaica. Nowadays,
turmeric has been widely spread around the world, and
used as drugs, health foods, food additives, dietary sup-
plements, cosmetics (Fig. 2).

Traditional applications in India

Owing to its bright yellow color, turmeric is referred to
“Indian saffron” “manjal” “haldi” Traditionally in India,
turmeric was used as drugs, religious ceremonies, dyes,
cosmetics, spices, and seasonings. The medicinal use
of turmeric was first documented in ‘Atharveda’ In the
Ayurveda system, turmeric has been applied to cure
common cold, stomachache, flatulence, indigestion,
hepatic disorders, jaundice, bilious attack, gallstones,

® 21st century, widely spread around the world

e used as drugs, dietary supplements, health
products, daily chemical products, etc

o treat inflammatory diseases, functional dyspepsia,
premenstrual syndrome, type 2 diabetes, etc

o India, 4 000 years ago

o used as drugs, ceremonies,
dyes, c_osmetics, spices,
seasonings, etc

o treat stomachache,
indigestion, hepatic
disorders, dermatological
disorders, external injuries,
inflammatory diseases, etc

o West Africa, 1200 AD
o including Nigeria, etc
o used as drugs, spices, etc
® treat joint pains, inflammatory
diseases, etc

e Egypt, 1500 BC

® used as dyes and in

healing wounds

® one of the earliest

surviving records ® Morocco, 700 AD

of medicinal use o used as drugs, spices and seasonings
v e treat common cold, sterility, etc

———— o o

e Europe, 13st century

o used for relief of mild problems with
digestion, such as feelings of fullness, slow
digestion and flatulence

o East Africa, 800 AD
o including Tanzania, Ethiopia, etc
e used as dyes, spices, seasonings,
cosmetic products, etc

e China, 700 AD
o traditional Chinese medicine and

— = —  Mminority medicine

o treat chest and hypochondriac pain,

menstrual pain, amenorrhea, rheumatic

Fig. 2 The history and traditional applications of turmeric
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rheumatism, irregular menstruation, dermatological
disorders (skin infections, pimples and foul ulcers),
external injuries (sprains, wounds, swellings and cuts),
inflammatory diseases (rhinitis, arthritis and inflam-
matory bowel disease) [14, 15]. Moreover, turmeric
was used in many important ceremonies, such as wed-
dings. Additionally, turmeric was employed to religious
observances, including Hinduism and Buddhism. In
Hinduism and Buddhism, turmeric powder symbol-
ized fertility, prosperity, and purity. Further, the con-
ventional saffron-colored robes donned by Buddhist
monks was dyed with turmeric. Likewise, turmeric was
traditionally used as a facial mask to enhance the com-
plexion and reduce skin blemishes. Also known as the
“Spice of life”, turmeric has been utilized for spice and
food seasoning, adding flavor and color to dishes.

Traditional applications in China

After introduced into China in the Tang Dynasty, tur-
meric immediately attracted widespread attention. The
medicinal use of turmeric was first mentioned in ‘New
Revised of Materia Medica’ (659 AD). Subsequently, tur-
meric has been recorded in numerous classical ancient
Chinese medicine books, such as ‘Ri Hua-zi’s Materia
Medica, ‘Bencao Tujing, ‘Compendium of Materia Med-
ica, providing detailed information on the medicinal
effects of turmeric. Traditional Chinese medicine (TCM)
is mainly divided into two categories, traditional Chinese
medicinal material, and traditional Chinese medicine
preparation [16]. Turmeric is used as traditional Chinese
medicinal material, and traditional Chinese medicine
preparation. Based on the ‘Catalogue of Ancient Clas-
sical Formulas (First Batch) and ‘Catalogue of Ancient
Classical Formulas (Two Batch), turmeric is widely used
in TCM and minority medicine, including Tibetan medi-
cine, Mongolian medicine, and Dai medicine (Table 1).
In TCM practice, the rhizomatous and tuberous parts of
Curcuma longa are classified as two distinct herbal medi-
cines (named as “Jiang Huang” and “Huang Si Yu Jin’
respectively). The “Jiang Huang” is generally believed to
be warm and suitable for treating chest and hypochon-
driac pain, menstrual pain, amenorrhea, postpartum
abdominal pain, rheumatic arthralgia, traumatic injury,
jaundice, etc. But the “Huang Si Yu Jin” is characterized
by its cold properties and is associated with the liver,
heart, and lung meridians. It is used for promoting the
circulation of qi and blood, relieving pain, clearing heat
and cooling the blood, as well as for its cholagogic (bile-
promoting) and jaundice-alleviating effects.
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Traditional applications in other countries

Also, in South Asia, turmeric has been used for treat-
ment of cuts, burns, and bruises [17]. In Japan, tur-
meric has been widely used for digestive disorders, and
enjoyed as a tea, particularly in Okinawa [18]. In Korea,
the turmeric was used as antidotes for hematuria and
anxiety [19]. The ancient Hawaiians used turmeric for
treatment of sinus infections, ear infections and gastro-
intestinal ulcers [2]. In Nigeria, turmeric was utilized as
spices and herbs (for joint pain and inflammation) [20].
In Islamic medicine, powdered Curcuma longa extract
was used to curing pimples and wounds [21]. Addi-
tionally, in Kurdistan and surrounding areas, Curcuma
longa has been utilized in relieving joint inflammation,
promoting weight management, enhancing culinary fla-
vor, as well as exhibiting antiviral and anticancer appli-
cations [22]. Moreover, Curcuma longa has been used
for treatment of the diseases related to blood and cir-
culatory system, digestive system, musculoskeletal sys-
tem, urinary system, etc.

Applications in modern medical practice
Phytochemical composition

Recently, numerous bioactive compounds have been
identified through diverse analytical techniques, such
as HPLC (high-performance liquid chromatography),
GC-MS (gas chromatography mass spectrometry), LC—
MS (liquid chromatography mass spectrometry), and
NMR (nuclear magnetic resonance). Turmeric contains
a variety of active pharmaceutical ingredient, including
diphenylalkanoids, terpenoids, aromatics, steroids, and
fatty acids. Additionally, turmeric also contains a variety
of macro and micro elements, including K, Mg, Ca, Na,
Al, Cr, Cu, Mn, Rb, Sr, and Zn [23]. Recent years, vari-
ous reports revealed that microRNAs (miRNAs) could
be the potential active ingredients and critical material
foundation of traditional Chinese medicine, which have
been proved to transfer across species, facilitating cross-
kingdom regulation by incorporating themselves into
specific target gene-driven regulatory pathways, thereby
executing associated biological functions [24]. Our pre-
vious study suggested that turmeric extract contained
abundant miRNAs, including 10 known and 115 novel
miRNAs, predicting 13,575 target genes.

The pharmacological activities

Modern pharmacological studies showed that turmeric
have many activities, including anti-inflammatory activ-
ity, anti-oxidant activity, anti-diabetic activity, anti-
tumor activity, neuroprotective activity, hepatoprotective
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+ mTOR/PI3K/Akt, TLR4/NF-«xB,
MAPKSs, NLRP3, JAKs/STATs

* pro-inflammatory cytokines,
such as IL-1B, TNF-o, MMP-1 §

+ SOD, CAT, GPx, GR 4
+ Oxidative damage §

« Keapl/Nrf2/ARE, NF-
«B pathways

Fig. 3 The pharmacological activities of turmeric

activity, anti-microbial activity and others. The pharma-
cological activities were summarized in Fig. 3.

Anti-inflammatory activity

Generally, turmeric is recognized for exhibiting vari-
ous biological activities, with anti-inflammatory activity
being one of the most notable characteristics. Over the
years, numerous studies confirmed that turmeric effec-
tively inhibits multiple signaling pathways in inflamma-
tion including mTOR/PI3K/Akt, TLR4/NF-kB, MAPKs,
NLRP3, and JAKs/STATs. For example, Dai et al. dem-
onstrated that curcumin significantly ameliorated colla-
gen-induced arthritis rat model in vivo by inhibiting the
increased levels of key pro-inflammatory mediators such
as TNF-a, IL-1p, MMP-1, and MMP-3 via the mTOR
pathway [25]. The protective effect of curcumin against
high glucose-induced inflammation in retinal pigment
epithelial cells was achieved through suppression of the
ROS/PI3K/AKT/mTOR pathway [26].

The transcription factor NF-«xB, as a central regula-
tor of inflammatory responses, plays a crucial role in the
pathogenesis of diverse inflammatory disorders. There-
fore, the NF-«kB pathway provides a good choice for treat-
ment of inflammatory diseases. In BV2 cells, curcumin
suppressed LPS-induced neuroinflammation by enhanc-
ing microglial M2 polarization through mechanisms
involving the TREM2/TLR4/NF-«B signaling pathways.
In monosodium iodoacetate (MIA)-induced osteoarthri-
tis rat model, curcumin possessed an anti-inflammatory
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* Anti-nematicidal, such as
Aedes aegypti

« Anti-diarrheal, stool frequency

* Anti-aging, B-tubulin protein

« Liver oxidative injury.
NAFLD Activity Scores

« Inflammation, intestinal
flora, lipid metabolism

Hepatoprotective

+ AP aggregation, a-synuclein
+ SOD, CAT. and GPx
« Pathways, such as TLR4/NF-«xB

effect against osteoarthritis and prevented knee dam-
age via blocking the TLR4/NF-«B signaling pathway
[27]. Furthermore, curcumin-loaded polysaccharide
microparticles mitigated DSS-induced ulcerative colitis
through modulation of gut microbiota and the MAPK/
NEF-kB/Nrf2/NLRP3 signaling axis [28].

Moreover, the essential oils extracted from the rhi-
zome of turmeric also have anti-inflammatory activ-
ity. a-turmerone, ar-turmerone, and B-turmerone were
the main components in essential oils, accounting for
12.9%, 42.6%, and 16.0%, respectively [29]. ar-Turmerone,
a turmeric oil derived from turmeric, exhibited anti-
inflammatory activity against Hela-STAT3-Luc cells. It
possessed an inhibitory effect by activating the NF-«xB
and STAT3 pathways, with respective IC;, values of
22.7+3.2 uM and 14.21+4.7 pM. Further evaluation of
the anti-inflammatory activity of turmeric showed that
a-turmerone attenuated HIF-la-mediated signaling by
suppressing desferrioxamine-induced activation of eryth-
ropoietin promoter activity [30]. Additionally, in acti-
vated microglial cells, the inhibition of the IKK/NF-xB
signaling pathway by turmeronol A and turmeronol B
could potentially block the generation of inflammatory
mediators [31]. 3-hydroxy-1,7-bis(4-hydroxy-phenyl)-
1,3-heptadiene-5-one and bisabola-3,10-diene-2-one,
also displayed anti-inflammatory activities against LPS-
induced NO production in RAW264.7 cells. Both of them
showed the IC;, values of 14.42 and 12.93 pM, respec-
tively, compared to the positive control hydrocortisone
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with IC;, values of 37.64 uM [32]. Calebin A, a bioac-
tive compound derived from turmeric, prevented stress-
induced damage in chondrocytes by suppressing
programmed cell death, extracellular matrix breakdown,
and key pathways involved in inflammatory responses
(NF-xB, MMP9) or inhibition of autophagy (mTOR/
PI3K/Akt) [33].

Anti-oxidant activity
Turmeric has potential anti-oxidant activity by inhibiting
reactive oxygen species (ROS) accumulation, activating
antioxidant signaling pathways, and inducing oxidative
damage. One study suggested that curcumin can scav-
enge or neutralize ROS through its phenolic OH and
the B-diketone moiety [34]. A previously reported study
showed that curcumin could prevent the release of mito-
chondrial type 1 hexokinase, a key enzyme controlling
brain glucose metabolism, and induce an increase in ROS
through a-synuclein fibrillation products [35]. Addition-
ally, curcumin exerted hepatoprotective property against
LPS-induced acute and chronic hepatic toxicity under
stress conditions, mediated by suppressing reactive oxy-
gen species accumulation, restoring normal endoplasmic
reticulum protein folding functionality, and alleviating
hepatic dyslipidemia [36]. As a key transcription factor,
Nrf2 regulates the expression of numerous antioxidant
genes. One study showed that curcumin enhanced the
oxidative stress resistance in corneal endothelial cells by
activating the Keapl/Nrf2/ARE signaling pathway [37].
Another study found that curcumin prevented cadmium
or H,0,-induced oxidative stress via Nrf2/ARE signaling
and autophagy in myeloid cells [38]. Another study also
demonstrated that curcumin displayed renoprotection
activity via activating the nuclear levels of Nrf2, reduc-
ing the nuclear activity of NF-«B, suppressing NADPH
oxidase, and down-regulating PKCPII/p [66] Shc axis
[39]. Besides, in SH-SY5Y cells, curcumin reduced oxi-
dative damage caused by OGD/R through modulation of
the miR-1287-5p/LONP2 pathway [40]. In the oxidative
damage rat models caused by sodium arsenate, curcumin
enhanced the antioxidant defense system by increasing
the enzymatic activities of CAT, GR, GPx, and SOD [41].
The ethanol extract of turmeric showed scavenging
activities against HO, 2,2- diphenyl-1-picrylhydrazyl
(DPPH), and 2,2’-azino-bis-3-ethylbenzothiazoline-6-sul-
phonic acid (ABTS) [42]. The essential oil extracted
from turmeric rhizomes demonstrated concentration-
dependent antioxidant activity against ABTS and DPPH
radicals, with respective IC;, values of 0.54 mg/mL and
10.03 mg/mL [43]. In vivo mouse models of myocardial
infarction, by regulating Nrf2-SIRT3 pathway, tetrahy-
drocurcumin alleviated oxidative stress as well as mito-
chondrial damage [44]. Furthermore, the 1:1 mixture of
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dimethylmethoxy chromanol and turmeric root extract
reduced ultraviolet-induced oxidative damage in HaCaT
cells via cooperative enhancement of cellular antioxidant
enzyme systems [45].

Anti-diabetic activity

Diabetes impacted 529 million individuals globally in
2021, with estimates projecting this number will surge
to 1.31 billion by 2050 [46]. Turmeric exhibits potent
anti-diabetic activity via suppressing oxidative stress and
inflammatory process [47]. Three curcuminoids, includ-
ing curcumin, demethoxycurcumin, and bisdemethoxy-
curcumin, significantly reduced blood glucose, alanine
aminotransferase, and aspartate aminotransferase levels,
and improved liver histopathology score, indicating that
these three curcuminoids have potent anti-diabetic effi-
cacy [48]. Zhong et al. ameliorated insulin resistance,
glucose intolerance, triglyceride accumulation, and pyru-
vate intolerance in the liver of mice on a high-fat diet by
modulating gut microbiota [49]. In addition, curcumin
supplementation enhanced the hepatic expression of
insulin-degrading enzyme and maintained the structural
integrity of pancreatic islets [50]. It has been demon-
strated that 15 uM of curcumin could induce preadipo-
cyte apoptosis and inhibit adipocyte differentiation. This
mechanism is associated with the down-regulation of
PPARy and CCAAT enhancer binding proteins, the pre-
vention of differentiation medium-induced down-regula-
tion of B-catenin, and a reduction lipid accumulation in
3T3-L1 adipocytes [51]. Two other studies proved that
curcumin regulated lipid metabolism and suppressed
chronic inflammation by targeting white adipose tissue,
playing a key role in addressing obesity-related health
issues [52, 53]. Additionally, in a high-fat diet-induced
obesity mouse model, dietary intervention with cur-
cumin demonstrated an ability to alleviate metabolic dis-
ease in vivo. This effect was mediated by the prevention
of uncoupling protein 1 expression in brown adipose tis-
sue and the modulation of macrophage functional polar-
ity in white adipose tissue [54].

Anti-tumor activity

Recently, turmeric has gained considerable attention
due to its notable anti-tumor activity. Many studies have
demonstrated that curcumin is the main anti-tumor
active ingredient derived from turmeric. It exhibits sig-
nificant anti-tumor activity in treating multiple cancers,
such as breast cancer, cervical cancer, colorectal can-
cer, lung cancer, papillary thyroid cancer, etc. Jin et al.
found that curcumin suppressed cell proliferation and
induced apoptosis in vitro, with the underlying mecha-
nism involving the activation of miR-192-5p and inhi-
bition of the PI3K/Akt pathway [55]. Additionally, in
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B-CPAP cells, curcumin promoted apoptosis and sup-
pressed proliferation by inhibiting IncRNA LINC00691,
potentially via modulation of the Akt signaling pathway
[56]. In addition, in colorectal cancer cells, curcumin
inhibited colorectal cancer metastasis by activation of the
ROS/KEAP1/NRF2/miR-34a/b/c pathway. Moreover, the
therapeutic efficacy of 5-FU against p53- and miR-34a/
b/c-deficient colorectal cancer cells may be potentiated
by curcumin [57]. Another study demonstrated that cur-
cumin suppressed the proliferation, metastasis, epithelial
mesenchymal transition, and stem cell-like properties
in triple-negative breast cancer through modulation of
the Hedgehog/Glil signaling cascade [58]. Angiogen-
esis is one of the important mechanisms of the occur-
rence, development, invasion, and metastasis of tumors.
Jin et al. indicated that the combination of curcumin
and (-)-epigallocatechin-3-gallate inhibited angiogen-
esis triggered by the colorectal cancer microenvironment
through modulation of the JAK/STAT3/IL-8 signaling
axis [59]. Moreover, curcumin suppressed angiogenesis
through downregulation of vascular endothelial growth
factor expression. Zhang et al. demonstrated that com-
bined use of curcumin and homoharringtonine may sup-
press lymphoma cell growth and blood vessel formation
by targeting the VEGF/ALt signaling pathway [60].
Curzerene, a prominent sesquiterpene in Curcuma
rhizomes, exhibits notable anti-tumor effect in both cel-
lular and animal models. In vitro studies revealed that
cuezerene exhibited antiproliferative effects with an ICs,
value of 47.0 uM over 72 h, causing G2/M phase cell cycle
arrest and triggering programmed cell death in SPC-A1
human lung adenocarcinoma cells. Additionally, in vivo
experiments showed significantly inhibition of tumor
growth in SPC-A1 cell-bearing nude mice treated with
curzerene at the dosage of 135 mg/kg/day. The mecha-
nism of anti-tumor activity could be related to the induc-
tion of down-regulation of GSTA1 protein and mRNA
expression [61]. Demethoxycurcumin, a curcumin deriv-
ative, also anti-tumor activity in diverse human cancer
cell lines. Kao et al. proved that demethoxycurcumin
suppressed cervical cancer progression by modulat-
ing PPARy-mediated pathways, influencing both cellu-
lar proliferation and apoptotic processes [62]. Another
study suggested that DMC-BH inhibited orthotopic gli-
oma stem cell proliferation via targeting JNK/ERK axis
[63]. The above evidence indicated that turmeric and its
active components exerted anti-tumor activity mainly
through modulation of tumor proliferation, tumor inva-
sion and metastasis, tumor angiogenesis, etc. The mecha-
nisms were involved in targeting PI3K/Akt, JAK/STAT3,
Hedgehog/Glil, PPARY, JNK/ERK signaling pathways.
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Neuroprotective activity

AP (amyloid-beta) is a protein that accumulates in the
brain and forms plaques, which is a hallmark feature
of Alzheimer’s disease (AD). The accumulation of AP
plaques is deemed to disrupt cell function and trigger
neuroinflammation, leading to cognitive decline and
memory loss characteristic of AD. Four curcuminoids
derived from turmeric, curcumin, demethoxycurcumin,
bisdemethoxycurcumin and  (E)-1,7-bis-(4-hydroxy-
phenyl)-1-hepten-3,5-dione—were found to protect
PC12 cells from AP insult (EDgy: 0.5-10 pg/mL), com-
pared to the positive control (EDgy: 37-39 pg/mL). Feng
et al. found that the curcumin nanoparticles inhibited
AP aggregation and promoted AP phagocytosis/clear-
ance in microglia. Subsequently, curcumin nanoparti-
cles were endocytosed by microglia and inhibited TLR4/
NEF-kB pathway for microglia polarization [64]. One
study confirmed that the neuroprotective potential of
turmeric extract may be mediated by decreasing the lev-
els of malondialdehyde in plasma and brain, and increas-
ing the enzyme activities of SOD, CAT, and GPx in the
brain [65]. Then, another study proved that administra-
tion of curcumin (50 mg/kg) in a 6-hydroxydopamine-
induced parkinsons disease rat model significantly
reduced the aggregation of a-synuclein and improved
the parkinsonian disability scores [66]. Besides, inter-
medin B, isolated and identified as an active compound
from turmeric, exhibited neuroprotective effects against
HT22 hippocampal cells by reducing inflammation and
reactive oxygen species generation [67]. The above stud-
ies showed that turmeric demonstrates significant neu-
roprotective properties by inhibited AP aggregation and
the generation of ROS, and modulating inflammatory
pathways.

Hepatoprotective activity

Additionally, turmeric is well-recognized for its hepato-
protective activity. It was demonstrated that the pro-
tective effect of curcumin against liver oxidative injury
involves restoring gut microbiota balance and lipid
metabolism dysregulation caused by Ochratoxin A
[68]. Cunningham et al. suggested that curcumin sup-
plementation demonstrated efficacy in decreasing
hepatocellular inflammation, hepatic steatosis, NAFLD
activity scores, and serum biomarkers associated with
liver injury. Totally, in female wistar rat models, cur-
cumin administration improved NASH phenotype,
with significant mitigation of hepatocellular inflam-
mation [69]. Furthermore, curcumin supplementa-
tion showed the protective effect of hepatic steatosis
induced by bisphenol A. The mechanism could poten-
tially regulate gut microbiota homeostasis while
reinforcing intestinal barrier integrity, consequently
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reducing liver inflammatory response triggered by
lipopolysaccharide [70]. Formulating curcumin into
nanoparticles or liposomes represents a viable strategy
to circumvent its inherent bioavailability limitations.
Hussain et al. reported that curcumin-incorporated
nano-lipid carrier demonstrated hepatoprotective
effect in rats with cypermethrin-induced hepatotoxicity
[71]. When compared with curcumin, nanoengineered
curcumin exhibited enhanced antioxidant capacity and
hepatoprotective effect [72].

Anti-microbial activity

Curcuma longa, known for its anti-microbial activity,
showed anti-bacterial activity against Bacillus subtilis,
Escherichia coli, Pseudomonas aeruginosa, Staphylo-
coccus aureus, and Vibrio cholerae, exhibiting MIC val-
ues within the range of 125-1000 pg/mL [73]. Also, at
1000 mg/L, the hexane extract of Curcuma longa exhib-
ited anti-fungal effect against Phytophthora infestans,
Rhizoctonia solani, and Erysiphe graminis, while the
ethyl acetate extract of Curcuma longa demonstrated
fungicidal property against Botrytis cinerea, Puccinia
recondita, Phytophthora infestans, and Rhizoctonia
solani [74]. Additionally, Vetvicka et al. found that five
curcumin samples purchased from Sabinsa, Sigma, and
Jarrow Formulas showed some anti-Helicobacter pylori
effects [75]. Lobo de Sa et al. suggested the inhibitory
growth activity of curcumin on Campylobacter jejuni
[76]. Martins et al. reported anti-bacterial activity of
curcumin against Paracoccidioides brasiliensis. Cur-
cumin significantly reduced the attachment capability
of candida species to human buccal epithelial cells [77].
Moreover, Curcuma longa also showed anti-viral activ-
ity. Curcumin at 40 pM suppressed viral adsorption
in an assay, reducing titers by 3.55 log TCID50 ml~},
which highlights its anti-adsorption activity against
transmissible gastroenteritis virus [78]. Another study
showed that Curcuma longa extract represses HBV rep-
lication through enhancing the level of p53 protein [79].
Then, three curcuminoids compounds, curcumin, dem-
ethoxycurcumin and bisdemethoxycurcumin, could
serve as potential supplementary agents in preventing
and treating diseases caused by influenza viruses. These
compounds exhibited the inhibitory activity against
novel influenza strains, including HON2, HIN1, and
the oseltamivir-resistant novel HIN1 (H274Y mutant)
expressed in 293 T cells [80].

Other activities

The synergistic application of a mixture composed of
four compounds (curcumin, demethoxycurcumin, bis-
demethoxycurcumin and cyclocurcumin) derived from
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turmeric significantly enhanced anti-nematicidal activity
[81]. ar-Turmerone and (E)-labda-8(17),12-diene-15,16-
dial, derived from the volatile oil of turmeric, exhibited
potential mosquitocidal and anti-microbial activity,
respectively. ar-Turmerone demonstrated a mosqui-
tocidal effect, with an LD,,, of 50 pg/mL against Aedes
aegyptii larvae, while (E)-labda-8,12-diene-15,16-dial
demonstrated significant anti-fungal efficacy against
Candida parapsilosis and Candida kruseii at a concen-
tration of 25 pg/mL [82]. Drug-metabolizing enzymes,
particularly cytochrome P450 enzyme (CYPs), are rec-
ognized as significant contributors to adverse drug reac-
tions and therapeutic failures, as they metabolize many
currently available therapeutic agents. The sesquiterpene
compound (4S,5S)-(+)-germacrone-4,5-epoxide demon-
strated significantly enhanced CYP3A4 inhibition com-
pared to curcumin analogs, exhibiting a potent IC,, value
of 1.0 uM. This inhibitory activity represents a substantial
improvement over both curcumin (IC;,=14.9 uM) and
demethoxycurcumin (IC;,=7.0 uM), with approximately
15-fold and sevenfold greater potency, respectively. Fur-
thermore, the  (4S,5S)-(+)-germacrone-4,5-epoxide
compound exhibited the most potent inhibitory activity
against CYP1A2, CYP2C9, and CYP3A4 [83]. Ar-tur-
merone, identified as the main volatile component in tur-
meric rhizome, demonstrated significant dose-dependent
inhibition against both a-glucosidase (IC5,=0.28 pug/mlL)
and o-amylase (IC5,=24.5 pg/mL) [84]. Additionally, in
irinotecan-induced nude mice, curcumin administration
significantly alleviated diarrhea symptoms, restored the
structural integrity of intestinal mucosa, and upregu-
lated the expression of PRDX4 and P4HB [85]. Moreover,
turmeric was reported to possess promising anti-aging
activity to maintain healthy aging. It was demonstrated
that dietary supplementation with 0.5% turmeric effec-
tively attenuated age-related physiological decline in
Drosophila melanogaster, primarily through preservation
of B-tubulin protein level in cerebral tissue [86].

Clinical application

Randomized controlled trials (RCTs) are crucial for
validating the efficacy of drugs. The current progress of
turmeric application in clinical studies demonstrates
promising results. In RCTs, turmeric could bring clini-
cal benefits in type 2 diabetes, metabolic syndrome, knee
osteoarthritis, hemodialysis, etc. (Table 2). Addition-
ally, In TCM clinical practice, turmeric is typically not
used alone but combined with other medicines to form
prescriptions.
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Treatment of metabolic diseases
Clinical evidences have demonstrated that turmeric sup-
plementation could improve diabetes and its complica-
tions. In obese patients with type 2 diabetes individuals
receiving curcuminoids supplementation (1500 mg/day)
for 12 months, the cardiometabolic risk biomarkers such
as small dense low-density lipoprotein cholesterol and
low-density lipoprotein cholesterol reduced, along with
decreased levels of inflammatory markers including
IL-1pB, IL-6, hs-CRP, and TNF-« [87]. A recent investiga-
tion revealed that turmeric supplementation (500 mg/
day with piperine 5 mg/day) within a course of 120 days
significantly reduced fasting plasma glucose, glycated
hemoglobin, homeostatic model assessment of insulin
resistance (HOMA-IR) and triglycerides [88]. Moreo-
ver, curcuminoids supplement can reduce the diabetes
associated atherogenic risks. In a 12-week intervention
study, 59 participants were administered curcuminoids
(1000 mg/day with piperine 10 mg/day), while 59 partici-
pants were given placebo. The study revealed that cur-
cuminoids can significantly reduce serum concentrations
of key atherogenic lipid profiles, such as non-high-density
lipoprotein cholesterol (non-HDL-C) and lipoprotein(a)
[Lp(a)] [89]. Another study (for 12 months) included 229
individuals indicated that curcuminoids supplementation
(1500 mg/day) demonstrated significant improvement
in pancreatic p-cell function along with notable reduc-
tion in both insulin resistance and body weight compared
with the placebo group [90]. Srinivasan et al. showed that
400 mg/day of turmeric intake for 3 months decreased
arterial stiffness when compared to that of the placebo
group [91]. In addition, it has been reported that nano-
curcumin supplementation reduced fasting blood glu-
cose, glycated hemoglobin, total neuropathy score, and
total reflex score compared to the placebo group [92].
Furthermore, according to an investigation on the
effects of turmeric on serum glucose parameters and
leptin levels in patients with nonalcoholic fatty liver dis-
ease (NAFLD), 46 individuals were given supplements of
3000 mg/day turmeric powder or placebo for 12 weeks.
The findings revealed significant decrease in fasting
serum glucose, insulin levels, HOMA-IR scores, and lep-
tin levels [93]. Also, oral turmeric supplementation at a
dosage of 3 g/day among patients with non-alcoholic
fatty liver disease (NAFLD) led to significant reduction
in the serum TG/HDL-C and LDL-C/HDL-C ratio [94].
Besides, in metabolic syndrome patients receiving 80 mg/
day nano-curcumin for 12 weeks, the levels of triglyceride
and HOMA-B were significantly improved [95]. Another
study in metabolic syndrome individuals with obesity, 94
individuals were administered Calebin A, a minor bioac-
tive phytochemical from turmeric. The study indicated
that Calebin A could significantly reduce circulating
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leptin and C-reactive protein levels [96]. Overall, studies
conducted to date have indicated that turmeric improved
the related index of glucolipid metabolism including gly-
caemia, glycated haemoglobin, HOMA index, insulin
resistance, triglycerides, and non-high-density lipopro-
tein cholesterol, and reduced inflammation.

Treatment of inflammatory diseases

Turmeric has proven to be very effective in many types
of inflammatory diseases. One study suggested that tur-
meric extract was as effective as paracetamol in reducing
pain and other symptoms associated with knee osteoar-
thritis. Furthermore, it demonstrated a more favorable
safety profile and greater efficacy in lowering inflamma-
tory biomarkers, specifically CRP and TNF-«a levels [97].
In another study, thirty patients were randomly assigned
to two groups and received either Sinacurcumin® (80 mg
daily) or a placebo for a period of three months. The data
demonstrated that curcumin significantly decreased
visual analogue scale scores, C-reactive protein, and
immunological parameters including CD4* and CD8*
T cells, Th17 cells and B cells frequency [98]. A follow-
up study (for 8 weeks) included 101 individuals at risk of
knee osteoarthritis. The study indicated that participants
in the Curcugen® (curcumin extract) group experienced
significant decreases in their KOOS knee pain scores and
numeric knee pain ratings [99]. In chronic kidney disease
patients undergoing hemodialysis, a three-month treat-
ment with curcumin supplementation (administered
daily as 2.5 g turmeric dissolved in 100 mL orange juice
with 12 g carrot) resulted in decreased inflammatory bio-
markers, NF-kB mRNA expression and hsCRP protein
concentration, suggesting that regular curcumin intake
may modulate inflammatory pathways in clinical popula-
tions [100].

Treatment of cancers

Clinical studies have confirmed the positive clinical effi-
cacy of turmeric in cancers. In a randomized double-
blinded placebo-controlled trial (n=60), researchers
evaluated the effects of turmeric formulation capsules
in patients with oral cancer. The study revealed that oral
administration of curcumin-formulated capsules signifi-
cantly reduced chemoradiotherapy-induced severe oral
mucositis, dysphagia, pain, and dermatitis in oral cancer
patients [101]. Another study revealed that curcuminoid
supplementation (180 mg/day) within a course of 8 weeks
significantly improved the health-related quality of life
and suppressed systemic inflammation in patients with
solid tumors [102]. In addition, turmeric mouthwash
exhibited superior efficacy to benzydamine mouthwash
in mitigating both the clinical severity of oral mucosi-
tis and related functional impairments among patients
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undergoing treatment for head and neck carcinoma
[103].

Application of Curcuma longa products

Curcuma longa has been cherished worldwide because
of its medicinal and nutritional value and exhibits broad
potential across various industries, such as pharmaceuti-
cal industry, food industry, cosmetic industry. Currently,
there are 34280 patents related to turmeric worldwide
(https://www.lens.org/). The United States has the larg-
est number of patents, accounting for forty-four percent,
followed by China. These patents primarily focused on
medicine, health food, herbal dietary supplement, cos-
metics, and other applications. Based on the Pharma-
copeia of the People’s Republic of China (Edition 2020)
and Traditional Chinese medicine preparations, a total
of 29 turmeric-containing prescriptions were included,
involving Jianghuangxiaocuo liniments, Wujunzhidan
tablets, Jiangzhitongluo soft capsules, Wuhuangyang-
yin particles, Jinfozhitong pills, Yuxuebi capsules, Bing-
huangfule ointment, Ruyijinhuang powders, Fengtongan
capsules, Biwen powders, Jiuweigantai capsules, Xiao-
tong plasters, Dieda pills, Huazhenghuisheng tablets,
Taijjishengjiang pills, Zhongmanfenxiao pills, Qingyili-
dan particles, Shangshijietong plasters, Chansuzhentong
plasters, Huangjinboyao wines, Shulereyunji, Guan-
jiezhentong plasters, Chenxiangshuyu pills, Lidanzhi-
tong tablets, Jingzhiwujiapi wines, Chenxiangshuyu
tablets, Yuxuebi particles, Shanhuxuanjing tinctures, and
Wudizhitong liniments (Table 3). Among them, Jiang-
zhitongluo soft capsules is only composed of turmeric
extract. The others, such as Jianghuangxiaocuo liniments,
Wujunzhidan tablets, Wuhuangyangyin particles, all
include many TCM herbs or components, with a wide
range of clinical efficacy.

In the food industry, the health-promoting proper-
ties of turmeric rhizomes have garnered considerable
attention. According to the State Administration for
Market Regulation, there are totally 63 health foods
containing turmeric, including 41 capsules, 18 tab-
lets, 1 particle, 1 powder, 1 drink, and 1 tea, such as
haishenjianghuang soft capsule, jianghuanghuangqi
tablet, jianghuangbaishaorenshen particle, jianghuang-
yuganzihezi powder and others. Furthermore, tur-
meric is also used as food additives. According to the
“GB 2760-2014 National Food Safety Standard for
Use of Food Additives” in China, the maximum allow-
able amount of curcumin for frozen drinks is 0.15 g/
kg, for cocoa products, chocolate & chocolate products
(including chocolate & chocolate products with cocoa
butter alternatives), and candies is 0.01 g/kg, for batter,
coating flour, and fried powder is 0.3 g/kg, for instant
noodles products and seasoning syrup is 0.5 g/kg, for
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compound seasoning is 0.1 g/kg, carbonated drinks is
0.01 g/kg (GB 2760-2014 National Food Safety Stand-
ard for Use of Food Additives). Besides, it is worth not-
ing that in most western countries, Turmeric has been
extensively regarded as dietary supplement for diverse
conditions, including arthritis, respiratory infections,
digestive disorders, depression, liver disease, allergies,
and many others, with many forms, such as tablet, cap-
sule, particle, soft gel, powder, bar, liquid, etc. In the
US mainstream multi-outlet channel, total sales of tur-
meric increased steadily from 2013 to 2022. In the US
natural channel, turmeric was the top-selling primary
ingredient from 2013 until 2018, when it dropped to
the second position due to a surge of interest in can-
nabidiol. In 2022, turmeric regained its top rank in the
natural channel.

In the cosmetics industry, turmeric has gained con-
siderable popularity due to its potent anti-inflammatory
activity, anti-oxidant activity, and anti-bacterial activ-
ity. According to records, turmeric is considered one of
the earliest cosmetic because it traditionally has been
smeared on the skin by Indian women [142]. One study
suggested that a nanosphere loaded with curcumin
enhanced the mobilization of umbilical cord blood-
derived mesenchymal stem cells (UCB-MSCs), thereby
promoting cutaneous wound repair [143]. Additionally,
in vitro testing on ‘pumpless skin-on-a-chip’ with tur-
meric leaf extract, the enhancement of the epidermal
barrier function demonstrated significant anti-aging
efficacy [144]. The “Catalogue of Used Cosmetic Ingre-
dients (2021 Edition)” released by the National Medical
Products Administration includes over 8,965 used cos-
metic ingredients, with 10 cosmetic ingredients related
to turmeric, including curcuma longa root, curcuma
longa root powder, curcuma longa rhizome extract,
curcuma longa root water, curcuma longa root extract,
curcuma longa root oil, curcuma longa extract, cur-
cuma longa leaf extract, curcumin, and tetrahydrocur-
cumin (The “Catalogue of Used Cosmetic Ingredients
(2021 Edition)”). Today, Cosmetics brands containing
turmeric are spread all over the world, as CN formula-
tor, boben, home’ jubi lant and voolga in China, origins,
sunday riley, first aid beauty and Kiehl’s in the United
States of America, forest essentials and himalaya in
India.

Future perspectives

Considering the applications of turmeric in various fields
around the world, the establishment of an international
standard for turmeric rhizome is necessary to guaran-
tee the clinical effectiveness, safety and controllability
in global commerce and trade. Our team and professor
Wang Mei from Leiden university jointly initiate the
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Secondary industry

Primary Crude pecoction Foods,
drugs pieces

industry

health foods

Fig. 4 Related industries and products of turmeric

proposal of the ISO international standard “ISO 9299:
2024 Traditional Chinese medicine-Curcuma longa
rhizome”, which applies to the cultivation and com-
mercialization of cultivated turmeric rhizome that is
commercially traded and utilized globally as natural med-
icine, including Chinese materia medica (whole medici-
nal materials) and processed decoction pieces derived
from its rhizome. In addition, based on the turmeric-
related research and systematic summary of the fourth
national survey of Chinese materia medica resources, we
proposed a concept and scientific connotation of general-
ized science of Chinese material madica, and established
a comprehensive framework, the cultivation system of
large varieties of Chinese medicinal materials and the
application system of the large health industries [145].
Taking turmeric as the subject, turmeric is involved in
the three major industries and related products, from
primary products to advanced products, including crude
drugs (chinese medicinal materials), decoction pieces,
foods, dietary supplements, health foods, cosmetics,
daily chemical products, innovative drugs, generic drugs,
etc. (Fig. 4). Additionally, application of new extraction
techniques and delivery systems have brought regulatory
challenges. As the products must satisfy rigorous quality
control protocols and safety regulations, which often vary
significantly across regions, so trans-regional coopera-
tion is needed.
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