
Heliyon 6 (2020) e05469
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Review article
Reductive metabolites of curcumin and their therapeutic effects

Achyut Pandey a, Maya Chaturvedi a,b, Shruti Mishra a, Pramod Kumar c, Pallavi Somvanshi b,
Rupesh Chaturvedi a,*

a School of Biotechnology, Jawaharlal Nehru University, New Delhi, India
b Department of Biotechnology, TERI School of Advance Studies, New Delhi, 110070, India
c Department of Chemistry, Sri Aurobindo College, University of Delhi, New Delhi, India
A R T I C L E I N F O

Keywords:
Curcumin
Dihydrocurcumin
Tetrahydrocurcumin
Hexahydrocurcumin
Octahydrocurcumin
Alternative medicine
Biochemistry
Biological sciences
Food chemistry
Food science
Health sciences
Metabolite
Pharmaceutical chemistry
Pharmaceutical science
Pharmacology
* Corresponding author.
E-mail address: rupesh.chaturvedi.jnu@gmail.co

https://doi.org/10.1016/j.heliyon.2020.e05469
Received 5 June 2020; Received in revised form 9
2405-8440/© 2020 The Authors. Published by Else
A B S T R A C T

Curcumin, a secondary metabolite from the turmeric plant is one of the most promising natural products, which
has been studied extensively for decades. It has demonstrated several pharmacological activities in vitro and in
vivo. Various studies have indicated that the pharmacological activity of curcumin is contributed by its
metabolites.

The aim of this review is to present an overview of metabolic products of curcumin produced upon its reduction
like di, tetra, hexa and octa-hydrocurcumin. In addition, this paper has systematically analyzed the current in-
formation regarding medicinal use of reduced metabolites of curcumin and identified the limitations which have
hindered its widespread usage in the medical world. Several diverse therapeutic effects have shown to be
exhibited by reduced metabolites of curcumin such as antioxidant, anti-cancerous, anti-inflammatory and
immunoregulatory activities. The potential underlying molecular mechanisms of the biological activities of
reduced metabolites of curcumin have also been highlighted, which may provide insight into the principle of
effectiveness of curcumin.
1. Introduction

Curcumin is a natural polyphenolic compound which forms a major
component of rhizomes from dietary spice turmeric (Curcuma longa a
plant belongs to Zingiberaceae family [1, 2]. It is commonly used as a
flavouring agent in various foods and also as a traditional medicinal
agent [3, 4].

In several studies, curcumin have shown a diverse range of pharma-
cological effects like, anti-cancer, anti-oxidation, anti-inflammatory,
anti-bacterial activities, free radical scavenging and anti-depression [5,
6, 7]. Owing to these pharmacological effects, curcumin has therapeutic
potential over a variety of human diseases such as cancer, cardiovascular
disease, diabetes, arthritis, Alzheimer's disease, AIDS, neurological dis-
eases, and Crohn's disease [8, 9, 10, 11]. The Importance of curcumin can
be estimated by the fact that thirty-seven cases of clinical trials of cur-
cumin [81] were completed by December 2017 and two cases FDA (Food
and Drug administration) clinical phase 4 trials were completed [2, 12,
13].
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There are several review articles available which have summarized
metabolism of curcumin [12, 13, 14, 15, 16] occuring via oxidation,
cleavage, reduction, conjugation methods [12, 87]. Studies have shown
that curcumin gets metabolized rapidly in cell culture condition as well
as in vivo, mainly by reduction and conjugation. Di-, tetra-, hexa- and
octahydrocurcumin are formed upon consecutive reduction of the double
bonds in the heptadienedione chain of curcumin [17]. Among reduced
metabolites, tetra- and hexahydrocurcumin, form the largest portion of
curcumin metabolites detected. The diverse biological properties of
curcumin are contributed by these reductive metabolites rendering the
study of these metabolites critical [15].

This review aims to elucidate the potential relevance of reductive
metabolites of curcumin in various diseases and their possible molecular
targets (Table 1) andmechanisms underlying curcumin biological effects.
Curcumin forms reduced products which are equally important to its
pharmacological effects, even in some cases reduced products showmore
potential than parent compound curcumin, but they are less studied as
compare to curcumin [4, 18]. Hence there is need of more
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Table-1. Hydrogenated metabolites and their potential targets.

Curcumin
metabolite

Potential targets

DHC Nrf2, Phospholipase A2, NO, Pi3k/Akt

THC HDAC1, acetyltrasferase (PCAF), COX-2, caspase-3, SIRT1, SOD2, TGFβ1/Smad3, Protein kinase B/Akt kinase, FOXO, Sir2, ERK, GRASP65, CYP2E1, Keap-Nrf2, IL-4R
alpha/JAK1/STAT6, Th2, IL-4, IL-5, gp120-CD4, cyclin D, PCNA, PI3k/Akt/mTOR, HIF-1alpha, p38 MAPK, MDM2, p53, EGFR, pERK1&2, p-AKT, VEGF/VEGFR-2, sterol
regulatory element-binding protein 1, peroxisome proliferation-activated receptor gamma, fatty acid synthase, fatty acid binding protein 4.

HHC COX2, VEGF, Dexamethasone, amyloid precursor protein, β-secretase cleavage enzymes

OHC P53, MDM2, Bcl-2, Bcl-xl, Bax, Bad, TAK/TAB1, NO, inducible NO synthase, COX-2, Ikβ-α, NF-κβ, Keap-1/Nrf2
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comprehensive research in this area to unfold relevant questions like
specificity, effectiveness, mechanism of actions, comparative studies of
reductive metabolites of curcumin.

2. Reductive metabolism

The first time in 1978, Holder et al., published information on the
chemical structures of curcumin metabolites, which were isolated from
tritium-labeling fate studies in rats. When intraperitoneal and intrave-
nous doses were given to rat, Holder et al., found bile as the main route of
elimination of curcumin. The eliminated products consisted of glucuro-
nide conjugates of THC (Tetrahydrocurcumin) and HHC (Hexahy-
drocurcumin) as primary biliary metabolites and ferulic acid and
dihydroferulic acid as minor metabolites [19]. Upon oral administration
of curcumin in rats, it was observed that after absorption, less than half of
it remained in the lower part of the gut. The retention and absorption in
the lower part of the gut may lead to a transformation of curcumin.
Instead of curcumin, mainly its glucuronide and sulfate derivatives were
detected in urinary excretion, while approximately 40% of the dose was
excreted in the unchanged form through faeces over five days. In above
mentioned in vivo study, curcumin was not detected in heart blood;
however, a very less amount was found in the Liver, Kidney, and portal
blood [20]. It was only in the early 1980s studies from rat intestine
confirmed that curcumin gets transformed during its absorption from the
rat intestine [21].

Curcumin is one of the very well-known natural products, known for
its various pharmacological activities. However, from the therapeutic
perspective, not that much effort has been made in terms of its meta-
bolism. The study of curcumin metabolism may uncover other unex-
plained advantages of curcumin. Curcumin itself has poor chemical
stability, low absorption, and also results in various metabolites and
degradation products, which are also less studied areas. Therefore, it can
be hypothesized that curcumin's degradation products and its metabo-
lites may be responsible for its immense therapeutic effects. However,
this still needs to be adequately validated [13, 22, 23, 24, 25, 26].

Wang et al., used LC-MS/MS method to study pharmacokinetics and
tissue distribution of curcumin and its metabolites in mice after intra-
venous administration of curcumin. Reduced metabolite THC (Tetrahy-
drocurcumin) and DHC (Dihydrocurcumin) were detected in plasma, and
THC was present as a major metabolite. Curcumin was present in the
Liver, Kidney, and brain, and DHC and THC were detected in the liver
and kidney, respectively. This study concluded that only curcumin could
cross the blood-brain barrier and may become a worthy prodrug mole-
cule in the research studies related to neurological disorders such as
Alzheimer's disease. Further, the distribution of curcumin and tetrahy-
drocurcumin in the liver might be playing the role of hepatoprotection,
but this needs further studies to get a clearer picture [27].

Later, investigators found curcumin metabolites in subcellular frac-
tions of human and rat intestinal tissue and confirmed that curcumin
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metabolized in the human intestinal tract. In human intestinal fractions,
the extent of curcumin conjugation was much higher than in those from
rats; however, in human hepatic fractions, curcumin conjugation was not
as much as in those from rats [28].

Curcumin transformed into DHC, THC, and subsequently converted
into glucuronide conjugates [29]. In Liver, Kidney, and intestinal mu-
cosa, the conjugative enzyme activity for glucuronidation and curcumin
sulfation had also been discovered. Further, a study reported that a sig-
nificant portion of orally administered curcuminoids were conjugated to
glucuronide in the intestine after that, they entered into the portal vein as
glucuronide conjugates and further conjugated to form glucur-
onide/sulfate in the liver. In contrast to intravenously injected curcu-
minoids, orally administered curcuminoids could not reach the liver in
the free form. Concisely, orally administered curcuminoids entered the
overall blood circulation in rats and were present primarily as glucuro-
nide and glucuronide/sulfate conjugates [30].

Till now, two phases of curcumin metabolism have been reported.
Phase-I metabolism involves the reduction of double bonds by which
curcumin converted into di, tetra, hexa and octahydrocurcumin. In
phase-II metabolism glucuronide or sulfate is conjugated to the curcumin
and to its hydrogenated metabolites [28]. Double bond of curcumin is
reduced into di, tetra, hexa and finally into octahydrocurcumin by the
reductases. Curcumin and its reduced metabolites can be conjugated on
any of its phenol-OH site. During conjugation glucuronic acid or sulphate
moiety are added by glucuronidases or sulfotransfersaes [31] (Figure 1).
An alternative metabolism of curcumin occurs by intestinal microbiota of
commensal Escherichia coli. CurA, which is a NADPH dependent enzyme
in E. coli converts curcumin into di and tetrahydrocurcumin [32].
Recently, through one of the studies, the presence of NADPH-dependent
reductase CurA enzyme in vibrio vulnificus also got highlighted [33].

Studies, as mentioned above, have established physicochemical
properties like poor absorption, rapid metabolism, and excretion of
Curcumin [34].

3. Conjugation

The higher level of conjugation is one of the reasons responsible for
the low bioavailability of curcumin. Hydrogenated metabolites of cur-
cumin and curcumin itself undergo the conjugative metabolism process
(Figure 1). Glucuronidation and sulfation are the two-phase II meta-
bolism pathways that have been reported so far, in which glucur-
onidation is primarily followed. Sulfation involves enzymes like human
phenol sulfotransferase isoenzymes SULT1A1 and SULT1A3 latter being
more efficient [28]. Jamil et al., studied the biotransformation of cur-
cumin in breast cancer cells and the impact of sulfation on cytotoxicity.
Curcumin sulfate was found as a main biotransformed product in human
breast cancer cell lines. Curcumin sulfate did not stay inside the cell but
was excreted quickly into the cellular medium. The sulfonation of



Figure 1. Conjugation and Reduction of
Curcumin: Curcumin can be conjugated
with sulfate moiety by Sulfotransferase and
curcumin sulfate can be converted into cur-
cumin by putative enzymes inside the cells.
UDP-glucuronosyl transferase can transfer
the glucuronol moiety to curcumin and
β-glucuronidase can convert curcumin-
glucuronide into curcumin. Curcumin can
be converted by cellular putative reductase
into Di, Tetra, Hexa, and Octahy-
drocurcumin. These reduced curcumin me-
tabolites can also be conjugated.
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curcumin reduces the intracellular concentration of curcumin and thus
reduces its growth inhibitory effects [35].

4. Functions of reduced metabolites of curcumin

4.1. Functions of dihydrocurcumin

The function of the DHC has been less studied. The effect of DHC has
been investigated in vitro in a human liver cancer cell model for the study
of non-alcoholic fatty liver diseases (NAFLD). Hallmarks of NAFLD are
oxidative stress, insulin resistance, inflammation andhyperlipidaemia.
DHC upregulated Nrf2 to reduce oxidative stress and, may alsoovercome
the insulin resistance by increasing the glucose uptake by positively
regulating of PI3K/AKT pathway. Moreover, DHC inhibits lipid biosyn-
thesis and increased lipid oxidation in both HepG2 and L02 cells [36].
DHCwas also predicted to have a stronger binding affinity than curcumin
to the active site of Phospholipase A2 in a molecular docking study
suggesting theanti-inflammatory function of DHC [37].

4.2. Functions of tetrahydrocurcumin

THC, in comparison to curcumin, was found to be more stable at
physiological conditions, more soluble in the aqueous medium, while
curcumin more lipid-soluble than THC and more readily absorbed
through the gastrointestinal tract in addition to having good stability in
the plasma [29, 38, 39], which was the reason why THC was considered
as an accessible form of curcumin in vivo [13, 29, 40] Thus, there is a
possibility that differential absorption and metabolism of curcumin and
tetrahydrocurcumin in cells determine their biological functions. THC
demonstrated similar functional activities like curcumin. However,
numerous in vitro and in vivo studies have proved that curcumin possesses
better therapeutic properties than THC, including antioxidant,
anti-inflammatory, anti-cancer and, anti-viral. A comparative study of
activities of both compounds has been summarized by BB Aggarwal et al.
However, there are some known functional differences between curcu-
min and THC due to their structural differences. Unlike curcumin, THC
lacks α, β dienes that is the reason for its inability to formMichael adducts
with intracellular proteins. However, curcumin may disrupt the forma-
tion of a disulfide bond by electrophilic dienone. Free thiols on
cysteine-rich proteins were available to react with Michael acceptors of
curcumin but not with THC [18]. Recently, in contrast to curcumin, THC
found incapable of inhibiting HDAC1 (histone deacetylase) and PCAF
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(acetyltransferase) due to the absence of double bonds, which form
Michael acceptor moiety in curcumin. Studies confirmed the previous
speculation that THC possesses a different mechanism to deal with cancer
than that of curcumin [18].

Jia-Ching Wu et al., 2014 have summarized therapeutic activities of
THC like its antioxidant, anti-neurodegeneration, anti-aging, anticancer
effects. Since THC exhibited significant antioxidant activity, it could
become a possible medicinal agent to prevent human illness associated
with oxidative stress [18]. THC's β-diketone moiety produced an anti-
oxidant response. The oxidation occured by cleavage of the C–C bond at
the active methylene carbon between two carbonyls in the β-diketone
moiety (Figure 2) [41]. THC demonstrated a neuroprotective effect
following traumatic brain injury by acting as an antioxidant and mito-
chondrial apoptotic pathway inhibitor and by increasing autophagy
activation in a rat model [42]. Hyperhomocysteinemia (HHcy) is a risk
factor associated with many neurological disorders [43]. THC demon-
strated therapeutic effects against Hcy induced mitophagy and mito-
chondrial dysfunction [44].

THC was shown to suppress the oxidative-stress induced renal dam-
age by acting as a more potent antioxidant agent than curcumin in vivo
[39]. Tacrolimus is an immunosuppressant drug used in organ trans-
plantation [45]. THC exhibited beneficial effects against tacrolimus
induced renal cell damage. Similarly, studies with THC suggested a
protective effect against cisplatin-induced nephrotoxicity. Oxidative
renal damage was ameliorated through the attenuation of
cyclooxygenase-2 and caspase-3 activation in Rat [46]. These were
associated with antioxidant and anti-apoptosis effects of THC, indicating
that THC could act as an adjuvant therapeutic agent in the treatment of
renal damage [47]. The therapeutic potential of THC as a dietary sup-
plement following heavy metal exposure has been summarized by
Kukonviriyapan et al., 2016. THC may act as the complimentary
chelating agent to enhance the potency of chelators in order to minimize
the toxicity of metals. This property of THC may be useful in the treat-
ment of metal induced hypertension and vascular dysfunction [48, 49,
50]. THC improved vascular dysfunction, arterial stiffness, and hyper-
tension associated with cadmium exposure in mice [48]. In another
study, THC treatment significantly reversed hepatotoxicity associated
with arsenic metal exposure in Rat [51].

THC exhibited anti-fibrotic and anti-diabetic cardiomyopathy effects
by suppressing hyperglycemia-induced oxidative stress through the
modulation of the SIRT1 pathway. In fact, THC upregulated SIRT1,
deacetylated SOD2 expression, and inhibited ROS-induced TGFβ1/



Figure 2. Free radical scavenging mechanism of tetrahydrocurcumin: Cleavage at the active methylene group by peroxy radicals (ROO).
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Smad3 profibrotic pathway [52]. Further, in rat having chronic kidney
disease, THC treatment enhanced the antioxidant protein expression,
reduced renal fibrosis, and proteinuria [53]. Besides this, THC also has
been implicated as a preoperative measure during pancreatic islets
transplantation [54]. The anti-aging activity of THC was shown to be
mediated via inhibition of protein kinase B/Akt kinase phosphorylation.
Moreover, THC increased the lifespan of Drosophila by suppressing
oxidative stress response through the FOXO and Sir2 dependent pathway
[55]. THC being an antioxidant, could ameliorate mitochondrial
dysfunction associated with ischemia/reperfusion injury by minimizing
oxidative stress epigenetically [56]. Furthermore, THC inhibited cerebral
ischemia/reperfusion injury-induced ERK and GRASP65 phosphoryla-
tion [57].

There are several reports in which THC showed better pharmaco-
logical activities than curcumin. THC possessed better hepatoprotective
effects and antioxidant activities in case of liver injury than the parent
compound curcumin. The activity was mediated via inhibition of CYP2E1
and activation of the Keap1-Nrf2 anti-oxidation pathway [58]. In one of
the studies, THC found to be the most potent compound in vitro in
arachidonic acid-induced blood platelet aggregation when compared
with curcumin, bisdemethoxycurcumin, and demethoxycurcumin [59].

Recently, THC has been found to have more potentiality in amelio-
rating allergic asthma in comparison to curcumin. To be more specific,
THC exhibited better inhibitory action against tissue eosinophilia, mucus
production, and IL-4Rα/Jak1/STAT6 pathway. Also, only THC and not
curcumin attenuated Th cell polarization as Th2 cell subpopulation, Th2
cytokines (IL-4, IL-5), and peripheral eosinophilia. The increased activity
of THC attributed to the higher bioavailability of THC in plasma and
tissue in comparison to curcumin [51]. One in vitro study reported sig-
nificant wound healing via collagen synthesis by THC [60]. The efficacy
of THC nanoparticle as a wound-healing agent has been investigated.
THC mPEG-PLGA nanoparticle was able to speed up wound closure in
vitro and directional migration of human fibroblasts in vivo by enhancing
collagen deposition and vascular density in wounds. THC lipid nano-
particle found useful in conditions like skin inflammation [61, 62]. After
THC encapsulation with hydroxypropyl-cyclodextrins, drug solubility
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and corneal and retinal epithelial permeability got increased. Increased
bioavailability is associated with enhanced antioxidant activity in the
ocular epithelial cells, which is responsible for oxidative stress-protective
effects in rabbit cornea tissues [63].

THC has the potential to deal with multidrug resistance in cancer in a
unique way. It caused cell death through autophagy in Ara-C-resistant
acute myeloid leukemia cancer cells [64]. The photoactive metal com-
plex of THC exhibited phototoxicity, which may have potential applica-
tions in photodynamic therapy [65]. In a study, THC-loaded vaginal
nanomicrobicide demonstrated the gp120-CD4 binding inhibitory abil-
ity, which showed its potential in the prophylaxis of HIV-1 infection
associated with unprotected sex [66]. Carboxymethylcellulose-THC, a
synthetic conjugate prodrug, possessed targeted drug delivery capacity
for colon cancer therapy even better than curcumin and THC [67].

Up to 400 mg/kg THC was regarded as safe in rats, as stated in pre-
clinical safety research [68]. THC is widely known as an anticancer agent
[69, 70, 71]. As a radiosensitizer, it could stimulate G0/G1 cell cycle
arrest by suppressing cyclin D1 and PCNA in glioma cells [69]. THC, in
combination with 5-FU, inhibited Oesophageal cell proliferation [70].
THC showed lower inhibitory activity against inflammation-associated
carcinogenesis in mice [79]. THC, as a known antitumor compound
[72], induced autophagy that was found associated with the suppression
of PI3K/Akt/mTOR signaling in A549 lung cancer cells [73]. THC
inhibited human breast cancer MCF-7 cell proliferation. The underlying
mechanism was that THC accelerated the ROS-dependent mitochondrial
apoptosis pathway and arrested the cell cycle at the G0/G1 phase [72].
Antitumor activity of THC is mediated by inhibition of Hypoxia-inducible
factor-1α that is associated with increased autophagy and down-
regulation of Akt/mTOR and p38 MAPK in human osteosarcoma, a ma-
lignant bone tumor cell lines. It indicated a relationship between
autophagy and tumorigenesis. THC led autophagy induced
mesenchymal-epithelial transition and inhibited angiogenesis through
HIF-1α. However, the role of other signalling pathways like ERK and JNK
needs to be explored [74].

Antitumor activity of THC had been found superior to curcumin in
H22 induced ascites tumor mice model. The possible underlying
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mechanisms that have been suggested were the induction of mitochon-
dria apoptosis pathway, activation of p53, and inhibition of MDM2 [75].
Anticancer activities and mechanisms of THC against cervical cancer
have been studied in the tumor mice model. It inhibited tumor growth by
inducing cell apoptosis and inhibiting cell proliferation, which was likely
to happen through the inhibition of COX-2, EGFR, and p-ERK1&2, and
p-AKT [71]. Antitumor angiogenesis activity of THC in Caski-implanted
nude mice occurred by inhibiting HIF-1α, microvascular density, VEGF,
and VEGFR-2 [76].

THC demonstrated potential pharmacological actions against obesity
and non-alcoholic fatty liver diseases [77, 78]. It could suppress oleic
acid-induced steatosis in hepatocellular carcinoma cells by modulating
several targets like Sterol regulatory element-binding protein 1, Peroxi-
some proliferator-activated receptor gamma, Fatty acid synthase and-
Fatty acid-binding protein-4 [77].

4.3. Functions of hexahydrocurcumin

HHC, a hydrogenated metabolite of curcumin, has been a less studied
molecule. It possesses antioxidant, anticancer and cytotoxic, anti-
inflammatory, anti-helminths, cardioprotective activities similar to its
parent compound curcumin; in some cases, it was found more potent.
HHC has shown higher antioxidant activities than curcumin by having
more free radical scavenging activities [71]. Further, in the case of lipid
peroxidation and red blood cell hemolysis, it also showed more antiox-
idant activities than curcumin [71]. Studies suggested a relation between
structural chemistry and oxidation resistance of HHC, a higher number of
hydroxyl groups, phenyl moiety might be responsible for its more potent
antioxidant activities [79]. Anticancer activity of HHC has been inves-
tigated in the HT29 human colon adenocarcinoma cell line. It inhibited
the growth of HT29 cells by downregulating COX-2 expression [80].
Further, the Anti-angiogenesis effect of HHC has been evaluated in
Corneal neovascularization disease. The HHC, an inhibitor of COX-2,
may play a therapeutic role in corneal neovascularization (CorNV) by
acting as an anti-VEGF factor [81]. The role of HHC as a cancer pre-
ventive molecule and its effect on cell cycle have been studied in human
colon cancer cell SW480. After HHC treatment, the number of viable
colon cells decreased, and it also caused an accumulation of cells in the
quiescent phase of the cell cycle [82]. Cytotoxic activity and cell cycle
analysis of hexahydrocurcumin was studied on SW 480 human colorectal
cancer cells [80]. Aberrant crypt foci (ACF) is a characteristic feature in
the early phase of colorectal cancer [83]. HHC suppressed the ACF
number by becoming a pro-apoptotic agent and inhibited COX-2
expression, at the same time being neutral to COX-1 expression in the
Rat [84]. The potential of HHC in Alzheimer's disease to improve
memory impairments has been studied in mice. HHC inhibited dexa-
methasone (a key player in Alzheimer's disease) induced neuronal cell
injury by suppressing the expression of amyloid precursor protein and
β-secretase cleavage enzyme.

However, the exact mechanism behind this needs to be elucidated to
use HHC as a preventive agent in Neurodegenerative diseases.

4.4. Functions of octahydrocurcumin

OHC (Octahydrocurcumin) possesses many functions similar to cur-
cumin, in some cases superior to curcumin, like in its properties as
antitumor, anti-inflammation [85, 86]. OHC, a final reduced derivative
of curcumin, has also been a less studied molecule due to its less acces-
sibility and poor systemic bioavailability. The research suggested that
OHC has more superior antitumor activity than its parent compound
curcumin [76]. The antitumor effect of OHC and its molecular mecha-
nistic pathway has been investigated in Mouse hepatoma 22
(H22)-induced ascitic tumor-bearing model. OHC targeted major pro-
teins that are involved in cancer cell apoptosis-like p53, murine double
minute 2 (MDM2), Bcl-2, Bcl-xl [76]. A study indicated that OHC works
via enhancing the mitochondrial apoptotic pathway. OHC enhanced the
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survival rate of the tumor-mouse model more than that of curcumin.
Major morphological characteristics that appear during tumor growth
were found to be reduced by OHC. OHC had a more profound effect on
H22 cellular apoptosis than curcumin, and it successfully increased the
expression of p53, pro-apoptotic molecule Bax, and Bad. Further, OHC
was found to inhibit the expression level of MDM2 and anti-apoptotic
proteins Bcl-2 and Bcl-xl [85].

The anti-inflammatory role of OHC has been studied in mice models
having acute inflammation. The underlying mechanism was that OHC
downregulated the NF-kB pathway and inhibited TAK1 phosphorylation
and its interaction with TAB1. Inhibitory action of OHC against COX-2
was more pronounced than curcumin [86]. Further, LPS-induced over-
production of NO, inducible NO synthase, COX-2 expression in RAW
264.7 macrophage cells were inhibited by OHC. Degradation of IkB-α
was attenuated by OHC that averted the NF-kB translocation to the nu-
cleus [87].

Potential mechanism of action of OHC as a prodrugmolecule has been
studied in acetaminophen-induced hepatotoxicity and oxidative stress in
vivo. OHC exhibited better hepato-protection and antioxidant activities
than curcumin. The keap1-nrf2 antioxidant pathway was upregulated by
suppressing Keap1 expression and blocking the interaction between
Keap1-Nrf2. Molecular Docking study indicated that OHC (THC and
curcumin also) could bind with Keap1 and to some extent, occupy the
Nrf2 binding site and made Nrf2 available to perform its antioxidant
activities [58].

4.5. Functions of conjugated metabolites

Phenolic glucuronide of curcumin was reported to have some
remarkable functional role. It could inhibit microtubule assembly [81].
Curcumin-glucuronide has been reported to involve in mitotic catastro-
phe and cell death in human cancer cells [88].

Intriguingly, in vitro studies indicated that conjugated curcumin was
less effective against tumor cells. However, in vivo, these curcumin me-
tabolites contributed significantly to the curcumin's therapeutic activity,
as ubiquitously expressed enzymes like β-glucuronidase/sulfatases
quickly split the conjugates back into the curcumin parent compound as
an activated molecule [89].

Except for curcumin glucuronide, curcumin sulfate, THC, and cur-
cumin have been found to have a significant affinity with the membrane
transport proteins named as organic anion-transporting polypeptides
which mediate uptake of various natural and synthetic pharmacological
compounds [89].

5. Conclusions

The findings mentioned in this review have given a summary of how
the polyphenol, curcumin derived from Curcuma longa plant gets reduced
to several metabolites and their respective therapeutic functions. Me-
tabolites of curcumin exhibit diverse biological and pharmacological
activities, many of which are distinct from curcumin. In several cases
curcumin metabolites have shown more potency than the bioactivities of
curcumin, one recently studied example is of octahydrocurcumin, which
has higher antitumor activity than the parent compound curcumin.

Reduction of curcumin generates multiple products of curcumin and
these products show differential affinity towards number of enzymes and
kinases which may be responsible for various pleiotropic effects of cur-
cumin. Reduced metabolites of curcumin have presented therapeutic
potential such as antioxidative, anti-cancerous, anti-inflammatory and
antiseptic in diseases like liver disorders, neurological, cancer, cardio-
vascular and lung diseases. More studies are underway to perform the
evaluation of preclinical and clinical effectiveness of the curcumin me-
tabolites against human diseases. In comparison to tetrahydrocurcumin,
there have been less research on the dihydrocurcumin, hexahy-
drocurcumin, octahydrocurcumin detail study of which still need to be
explored further for their other therapeutic functions. Curcumin forms
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oxidized and reduced metabolites both, but in this study we have focused
about reduced metabolites of curcumin. While there are preclinical
studies relating to therapeutic potential of reductive metabolites of cur-
cumin, these need further validations in animal model followed by
clinical trials to develop curcumin derived medicinal agents. This review
may provide additional insights for researchers, healthcare providers,
and other stakeholders to understand pleiotropic effects, molecular tar-
gets and their regulatory functions of multicomponent curcumin and
their metabolites.
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