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Abstract

Curcumin is the main bioactive ingredient in turmeric extract and widely consumed as part of the 

spice mix curry or as dietary supplement. Turmeric has a long history of therapeutic application in 

traditional Asian medicine. Biomedical studies conducted in the past two decades have identified a 

large number of cellular targets and effects of curcumin. In vitro curcumin rapidly degrades in an 

autoxidative transformation to diverse chemical species, formation of which has only recently 

been appreciated. We discuss how degradation and metabolism of curcumin, through products and 

their mechanism of formation, provide a basis for the interpretation of preclinical data and clinical 

studies. We suggest that the previously unrecognized diversity of its degradation products could 

be an important factor in explaining the polypharmacology of curcumin.

Keywords

turmeric; bioactivity; metabolism; curcuminoids; polyphenol; quinone methide; protein adduction; 

Michael reaction

Introduction

The number of clinical trials testing the therapeutic potential of curcumin has increased 

exponentially over the last decade. The registry clinicaltrials.gov listed 106 trials in 2014 

compared to only four in 2004 for the search term “curcumin” (Fig. 1). Curcumin is 

evaluated in arthritis, cancer, depression, and neurodegenerative diseases, to list only a 

few.1-6 This raise in expectation that the dietary agent curcumin can be a remedy for human 

disease has been fueled by a large number of cell culture-based and animal studies, reflected 

in a near exponential increase in publications for “curcumin” in the past two decades. With 

>100 cellular targets reported,7 the number and diversity of biological effects of curcumin in 

disease models is staggering, ranging from anti-inflammatory, antioxidant, antiviral, to 

antitumor effects.8, 9

Curcumin is not the only dietary polyphenol that has received increasing attention. Other 

dietary polyphenols, like resveratrol, quercetin, and epigallocatechin gallate (EGCG) have 

*Correspondence to: Claus Schneider, PhD; Department of Pharmacology, RRB514, 23rd Ave S. at Pierce, Nashville, TN 37232; 
claus.schneider@vanderbilt.edu.
1current address: Covance Laboratories, Madison, WI

HHS Public Access
Author manuscript
J Agric Food Chem. Author manuscript; available in PMC 2016 September 09.

Published in final edited form as:

J Agric Food Chem. 2015 September 9; 63(35): 7606–7614. doi:10.1021/acs.jafc.5b00244.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clinicaltrials.gov


experienced a similar upward trend, both in preclinical research as well as in human clinical 

trials.10-13

The biological effects of curcumin in cellular and animal models are surprising considering 

its chemical and metabolic instability. Little if any curcumin is present unchanged in the 

systemic circulation.14, 15 Furthermore, curcumin undergoes rapid non-enzymatic 

degradation in cell culture medium and possibly in vivo as well.16 Chemical transformation 

does not necessarily mean a loss in activity. Here we argue that understanding the molecular 

mechanisms of degradation of curcumin is necessary for interpreting in vitro and in vivo 

studies.

Metabolism of curcumin in vivo

Curcumin is metabolized primarily by reduction and conjugation after oral administration 

(Fig. 2). Consecutive reduction of the double bonds in the heptadienedione chain results in 

the formation of di-, tetra-, hexa-, and octahydrocurcumin. Reduction can already occur in 

the gut by a CurA reductase that has been isolated from intestinal E. coli.17, 18 After 

systemic absorption, alcohol dehydrogenase reduces curcumin to tetra- and 

hexahydrocurcumin in the liver whereas formation of di- and octahydrocurcumin required 

an unidentified microsomal enzyme.19-21 The reduced metabolites, especially tetra- and 

hexahydrocurcumin, are the largest portion of curcumin metabolites detected.14 With a few 

exceptions their biological activities are strongly reduced compared to curcumin.22, 23

Curcumin and its reduced metabolites exist almost exclusively as conjugates with glucuronic 

acid and sulfate in plasma.14, 21 Two additional pathways for the degradation of curcumin in 

vitro have been described (Fig. 2).16, 24 Whether and how the degradation and oxidation 

pathways contribute to the in vivo and in vitro biological activities of curcumin will be 

discussed in the following.

Degradation of curcumin in cell culture

Although the chemical instability of curcumin is widely recognized, this fact is less 

considered when interpreting studies with cultured cells in vitro. Curcumin degrades quickly 

at physiological pH but slower when incubated in the presence of serum or with cultured 

cells.24 Protein increases the half life of curcumin from a few minutes to 1-2 h.24 

Nevertheless, there is sufficient time for curcumin to degrade during a typical 4-8 h 

incubation before cultured cells are harvested and analyzed. When cells have been treated 

with curcumin for several hours it is impossible to decide whether the observed effects are 

due to curcumin or its degradation products. Unless interpreted with a consideration of what 

active or inactive metabolites of curcumin may be formed (or not) during an assay, results 

can be misleading and give only limited insight into the in vivo biological activity of 

curcumin.

Similar considerations are relevant for studies claiming that the mechanism of action of 

curcumin is due to the induction of oxidative stress (“reactive oxygen species”, ROS) in 

cells. In many instances, the role of curcumin-induced ROS has been shown indirectly, i.e., 

by addition of a reducing antioxidant, for example, N-acetylcysteine, that abolished the 
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effects of curcumin.25-29 The action of the antioxidant, however, is not only to reduce ROS 

formation but also to delay or prevent degradation of curcumin. Thus, unless specific probes 

against reactive oxygen species are used rather than a general antioxidant it is not possible to 

decide whether effects caused by curcumin are mediated by the induction of oxidative stress 

or its degradation products.

Another facet of curcumin that is not sufficiently considered is its heterogeneity as a natural 

product. “Curcumin” is used to describe the chemically pure compound or an extract from 

the turmeric rhizome that is enriched in curcuminoids, i.e., a mixture curcumin, demethoxy- 

(DMC) and bisdemethoxycurcumin (BDMC). Their relative abundance in commercial 

extracts is about 80:15:5. Whether pure curcumin or a mixture of curcuminoids is used in an 

assay is relevant not only because curcumin, DMC, and BDMC may have distinct activities 

but also because the stability of the mixture is different from that of the pure compounds.30

The degradation is an autoxidation

For many years cleavage of the heptadienedione chain reported by Wang and co-workers in 

the late 1990s was considered the prevailing degradation reaction, resulting in vanillin, 

ferulic acid, and feruloylmethane as products.24 Meanwhile, there is evidence from 

revisiting the degradation reaction that chain cleavage is only a very minor pathway,31 and 

thus irrelevant for understanding the biological effects of curcumin in vitro. Interestingly, 

vanillin, ferulic acid, and feruloylmethane were described to be minor products already in 

the original paper by Wang and co-workers, and the major product detected was tentatively 

identified as trans-6-(4’-bydroxy-3’methoxyphenyl)-2,4-dioxo-5-hexenal, the assignment 

being uncertain because NMR data were not available.24 In hindsight, the identification of 

the major product was probably incorrect, and the major product detected by Wang and co-

workers was likely the bicyclopentadione product of autoxidative transformation of 

curcumin.16

The degradation of curcumin in buffer is a spontaneous, free radical-driven incorporation of 

O2 that meets the criteria of an autoxidative process (Fig. 3).16 The major product of the 

autoxidation of curcumin is a bicyclopentadione, formed by oxygenation and double 

cyclization of the heptadienedione chain connecting the two methoxyphenol rings of 

curcumin.16 This complex transformation is the result of incorporation of O2 and further 

rearrangement through several key intermediates.32 Autoxidation is initiated by O2 serving 

as the initial electron acceptor. The propagation results in a 1:1 molar reaction of curcumin 

with molecular oxygen: for every molecule of curcumin converted, one molecule of oxygen 

is consumed.16 Thus, the terms “degradation” and “autoxidation” are equivalent in 

describing the spontaneous transformation of curcumin in vitro.

Products of oxidative transformation

We analyzed the degradation products of curcumin using [14C2]curcumin as tracer for RP-

HPLC analyses.32 We isolated 7 novel compounds and determined their structures using 

LC-MS, HR-MS, and NMR analyses (Fig. 4). Five products had oxygen substitutions at C-1 

and C-7 of the former heptadienedione chain. The oxygen atoms were present in hydroxy, 

keto, epoxy, ether, and hemiketal moieties. Two products that did not incorporate oxygen 
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were a cyclobutyl cyclopentadione and diguaiacol, an obvious cleavage product. Two of the 

isolated products, the spiroepoxide and the vinylether cyclopentadiones, were intermediates 

in the reaction to the bicyclopentadione. The other were end products formed in addition to 

the bicyclopentadione. Neither vanillin nor ferulic acid were formed in sufficient amount to 

be detected by the radiodetector.32 Vanillin, however, can be detected as a minor product 

when a more sensitive UV-diode array detector is used.31

An explanation why these novel products have not been described before is probably their 

minor abundance (e.g., the cyclobutyl cyclopentadiones and diguaiacol) combined with 

unexpectedly high polarity on RP-HPLC, especially in case of the dihydroxy-, 

ketohydroxy-, and hemiketal cyclopentadiones and sensitivity to acid. Even brief exposure 

of the spiroepoxide and vinylether to acidic pH will result in transformation to the 

bicyclopentadione. Unless precautions are undertaken, the newly identified products 

undergo further transformation, are not extracted, or elute in the void volume when standard 

extraction procedures and RP-HPLC conditions are employed.32

Depending on reaction time and sample work-up different product profiles of the curcumin 

autoxidation reactions were obtained. Reactions conducted for longer than 4 h followed by 

acidification and extraction (solid-phase or liquid/liquid) gave the bicyclopentadione 

diastereomers as the almost exclusive products with little to no curcumin remaining.31 

Shorter reaction times, between 30 min and 4 h, followed by acidification and extraction 

also gave the bicyclopentadiones as major products and, in addition, several smaller 

unidentified peaks were detected.16 If reactions are shortened to 20-45 min and injected 

directly on RP-HPLC (without acidification and extraction) the chromatograms show 

prominent products that are more polar than the bicyclopentadiones.32 These peaks comprise 

the spiroepoxide and vinylether as major, and the dihydroxy-, ketohydroxy-, and hemiketal 

cyclopentadiones as minor products.

Time course experiments established that at physiological pH the spiroepoxide has a longer 

half life than curcumin. Whether this holds true under more physiological conditions is not 

clear. The spiroepoxide is electrophilic and subject to reaction with thiols.32

Mechanism of oxidative transformation

Curcumin and the bicyclopentadione are structurally very different. It is obvious that the 

degradation must involve a series of discrete reactions resulting in double cyclization and 

oxygenation of the heptadienedione chain (Fig. 5).32 The two methoxyphenol rings are 

required for the reaction but participate only indirectly by facilitating certain reaction steps 

without being changed (see below).30

Since the m.w. of the bicyclopentadione is increased by 32 mass units compared to 

curcumin it seemed plausible that O2 would be inserted during the autoxidation and end up 

in the bicyclopentadione. It was quite surprising then that one 18O from H2
18O was 

incorporated into the bicyclopentadione when degradation reactions of curcumin were 

conducted in labeled buffer.32 Thus, although it is true that O2 is inserted into curcumin 

during autoxidation, only one of the two oxygen atoms are retained in the final product.
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The initiating event of the autoxidation is hydrogen abstraction from one of the phenolic 

hydroxyls to form a phenoxyl radical.16 The hydrogen abstraction likely occurs as a two-

step process of proton loss in the slightly alkaline medium (pH 7.4-8) followed by electron 

transfer33, 34 from the phenolate anion to molecular oxygen which is reduced to 

superoxide.16 H-abstraction can also be catalyzed by peroxidases with curcumin acting as a 

co-substrate, providing an electron to reduce a peroxide. As expected, the addition of H2O2 

to the peroxidase-catalyzed transformation of curcumin resulted in a large increase of the 

enzymatic turnover rate.16

The 1,2-E double bond conjugated to the methoxyphenol ring enables delocalization of the 

radical to C-2 of the chain leaving the aromatic ring oxidized to a quinone methide. The C-2 

radical performs a 5-exo cyclization with the 6E-double bond to form the cyclopentadione 

ring that is present in all products except for diguaiacol.32 The carbon-centered radical is 

now localized at C-7 where it reacts with O2 to a peroxyl radical. The peroxyl radical is 

poised to quench the unstable quinone methide by forming a C-1/C-7 endoperoxide. This 

brings the radical back to the semiquinone ring. The tertiary radical reacts with the 

endoperoxide in an intramolecular homolytic substitution reaction (SHi).35, 36 SHi results in 

cleavage of the endoperoxide O-O bond to give an epoxide (C-1/C-1’-spiroepoxide) and an 

alkoxyl radical at C-7. Reduction of the alkoxyl radical results in a spiroepoxide 

cyclopentadione. The reduction may occur as a hydrogen abstraction from curcumin and 

propagate the free radical chain reaction. The spiroepoxide is the earliest product in the 

degradation pathway that has been isolated, compatible with being the first non-radical 

product in the proposed mechanism (Fig. 5).32

Although hydrolysis of the epoxide by nucleophilic attack of the C-7 hydroxyl would 

directly lead to the bicyclopentadione,16 this does not occur.32 Instead, the spiroepoxide is 

transformed to a vinylether as the immediate precursor to the bicyclopentadione. 

Unexpectedly, the opening of the spiroepoxide also involves the exchange of the epoxide 

oxygen (that is derived from O2) for an oxygen from H2O. These results can be explained by 

a mechanism in which the electron-donating effect of the m-methoxy group of the 

spiroepoxide triggers SN1 opening of the epoxide that is facilitated by hydrogen bonding 

with the cyclopentadione hydroxyl (Fig. 7).32 Addition of water to the o-quinone 

intermediate results in a vicinal diol that undergoes C-C bond cleavage, driven by 

rearomatization of the ring, to an aldehyde and methoxyhydroquinone. The two molecules 

are in a solvent cage and instantly recombine to a hemiacetal that loses water (containing the 

original epoxide oxygen) on the way to the vinylether.

The by-products of the autoxidation are formed by alternative reactions of intermediates in 

the proposed mechanism:32

(i) Cyclobutyl cyclopentadione: The peroxyl radical can undergo β-fragmentation (i.e., the 

loss of O2 to regain the C-7 carbon radical) at a rate that is fast enough to enable 4-exo 

cyclization with C-1 to form the cyclobutyl ring. Although the rates for these steps have not 

been determined, the formation of the cyclobutyl product indicates that the quinone methide 

intermediates have a considerable lifetime that allows them to undergo alternative reactions, 

especially with nucleophilic protein or small molecule thiols.
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(ii) Dihydroxy-, ketohydroxy-, and hemiketal cyclopentadiones: The endoperoxide radical 

intermediate is a branching point from which not only the spiroepoxide emerges. Reduction 

of the tertiary radical gives a covalently complete endoperoxide (Fig. 6). The curcumin 

endoperoxide is unstable and opens to the ketohydroxy cyclopentadione in a Kornblum-

DeLaMare rearrangement.37 The ketohydroxy cyclopentadione is in equilibrium with its 

hemiketal form. Reduction of the endoperoxide gives the dihydroxy cyclopentadione. These 

reactions are reminiscent of the reactions of the cyclooxygenase-derived prostaglandin 

endoperoxide PGH2 and its transformations to the prostaglandins PGD2, PGE2, and 

PGF2α.38

(iii) Diguaiacol: The mechanism of formation of diguaiacol is uncertain. It obviously 

involves cleavage of the carbon bond connecting the methoxyphenol ring to the 

heptadienedione chain. Such a cleavage could be facilitated by, e.g., further oxygenation of 

the endoperoxide radical as has been described to occur during chain cleavage of lipid 

hydroperoxides.39, 40

(iv) Vanillin: The trace amounts of vanillin detected in RP-HPLC/UV-diode array analyses 

might be formed by C-C bond cleavage of the alkoxyl radical intermediate. Cleavage is 

competing with reduction to the spiroepoxide by H-abstraction from curcumin. This origin 

of vanillin is compatible with data by Wang and co-workers who noted that vanillin was 

increased when curcumin was incubated in buffer for an extended time.24 Upon prolonged 

incubation, the reaction will run out of curcumin as a hydrogen donor, and the alkoxyl 

radical may be prone to undergo cleavage into vanillin.

Oxidative transformation of DMC and BDMC: role of the m-methoxy group

The less abundant curcuminoids DMC and BDMC also can be oxidatively transformed.30 

There were, however, two important differences in the oxidation of DMC and BDMC 

compared with curcumin. First, the rate of autoxidation of DMC was markedly reduced such 

that its half life is in the range of hours rather than minutes (Table 1). This trend was 

enhanced in BDMC that did not autoxidize at all. Second, while DMC formed the expected 

demethoxy bicyclopentadione, BDMC formed a bisdemethoxy spiroepoxide when forced to 

oxidize. The bisdemethoxy spiroepoxide was stable and did not transform to a bisdemethoxy 

bicyclopentadione analogue.30

The mixture of curcuminoids as it is present in turmeric extract was more stable to 

autoxidation than predicted based on the relative abundance of curcumin, DMC, and BDMC 

in the mixture. Thus, not only are DMC and BDMC more stable toward autoxidation, they 

also appear to protect curcumin from autoxidation.30

These findings point toward a crucial role of the methoxy groups in determining the stability 

of the curcuminoids toward autoxidation as well as the product profile. The electron 

donating effect of the methoxy group facilitates transfer of an electron from the phenolate 

anion to molecular oxygen. The lack of one methoxy group in DMC significantly slows the 

rate of electron transfer (hydrogen abstraction), although loss of the methoxy group and 

hydrogen abstraction occur on opposite ends of the molecule. BDMC, lacking both methoxy 

Schneider et al. Page 6

J Agric Food Chem. Author manuscript; available in PMC 2016 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



groups, is stable toward autoxidation. BDMC can be forced to oxidize using horseradish 

peroxidase/H2O2 or potassium ferricyanide.30

The methoxy group also affects the hydrolysis of the spiroepoxide. The contribution of the 

methoxy group to SN1 hydrolysis of the epoxide moiety was discussed above.32 It can be 

deduced that in a DMC spiroepoxide (which is predicted to be formed but has not been 

isolated) the methoxy group is in the ring that forms the epoxide and thus available to induce 

hydrolysis of the epoxide. Lack of both methoxy groups in the BDMC spiroepoxide (which 

has been isolated) considerably increases stability and the compound was stable to acid 

treatment to pH 3. It is less stable, however, in organic solvent where it quickly decomposes 

to a mixture of products that have not been identified.30

Manipulation of the phenolic hydroxyl results in similar effects as seen with the methoxy 

group (Table 1). Substitution of one phenolic hydroxyl by a methoxy group (4’-O-

methylcurcumin) leads to greatly enhanced stability although oxidative transformation can 

be achieved enzymatically (HRP or cyclooxygenase-2/H2O2) or chemically (potassium 

ferricyanide). The product is a bicyclopentadione with the additional methyl group in the 

aromatic ring connected to C-7.32 As expected, methylation of both phenolic hydroxyls (4’,

4”-O-dimethylcurcumin) abolished oxidative transformation entirely.16

Does autoxidation occur in vivo?

Autoxidation is a prominent reaction when curcumin is incubated with cultured cells in 

vitro. Whether autoxidation also occurs in vivo is a crucial question for deciding whether 

this process and its products are biologically relevant. Since so far there is no evidence that 

oxidative transformation of curcumin does indeed occur in vivo, it is worthwhile to consider 

factors relevant to this question:

(i) Curcumin is usually consumed as turmeric extract, containing also the minor 

curcuminoids DMC and BDMC. DMC and BDMC contribute to the stability of 

curcumin in vitro.30 Whether the presence of DMC and BDMC in turmeric 

extract results in stabilization of curcumin in vivo remains an open question.

(ii) Albumin and protein in general increase the stability of curcumin toward 

autoxidation.24 There is little doubt that the abundance of cellular protein in vivo 

enhances the stability of curcumin toward autoxidation.

(iii) Glucuronidation of curcumin at the phenolic hydroxyl is a major phase II 

metabolic pathway in vivo. Glucuronidation contributes to enhancing the 

stability of curcumin by blocking the free hydroxyl required for autoxidative 

transformation (O.N.G., P.B.L., and C.S., unpublished).

(iv) Peroxidases can use curcumin as reducing co-substrate which may results in 

enzyme-catalyzed oxidative transformation in vivo.16

(v) Oxidative stress at inflammatory sites may contribute to oxidative 

transformation of curcumin.
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(vi) Oxidative transformation to the bicyclopentadione proceeds through several 

reactive electrophilic intermediates. In vivo, these will be subject to interception 

by cellular antioxidant defense mechanisms like adduction with glutathione and 

N-acetylcysteine.32 As long as the cellular antioxidant defense is functional, 

only a small fraction of reaction intermediates is predicted to “make it” past the 

antioxidant barrier and form the bicyclopentadione. Thus, any bicyclopentadione 

detected in vivo might only be the tip of an iceberg, which could indicate that 

oxidative transformation may actually be an abundant metabolic pathway.

(vii) The glutathione or N-acetylcysteine adducts of the quinone methide and 

spiroepoxide reaction intermediates could be more appropriate markers of 

oxidative transformation of curcumin than the bicyclopentadione.

(viii) The reaction intermediates will not only adduct to small soluble thiols but also 

to reactive cysteine residues in proteins. Covalent adduction to protein may be a 

major mechanism by which oxidative metabolites of curcumin exert biological 

effects.

Thus, there is a number of factors that imply that oxidative transformation might or might 

not occur in vivo. We consider this an open question that we plan to address by careful 

analysis of in vivo samples.

Putting metabolism, autoxidation, and biological activity together

How does oxidative transformation relate to the structure-function of curcumin? Curcumin 

can act as a metal chelator, antioxidant, and Michael acceptor (Fig. 8).41-47 The metal 

chelating activity of the β-diketo moiety is independent of oxidative transformation. It may 

be disturbed by the formation of the cyclopentadione ring which is more nucleophilic 

(acidic) than the β-diketo moiety of curcumin.

The antioxidant activity of curcumin is dependent on how readily the phenolic hydroxyl can 

be abstracted by a lipid peroxyl radical and whether the resulting curcumin radical is less 

prone to initiate a new lipid peroxidation chain in turn.48 The hydrogen abstraction, of 

course, is the initiation of curcumin autoxidation with the resulting radical reactions as 

described in Fig. 5. Dimerization of two curcumin quinone methide radicals has been 

described as a mechanism of termination.49 The same group also identified linoleate peroxyl 

radical coupling products with curcumin.50 These studies were performed in organic solvent 

(where curcumin does not autoxidize), and it would be interesting to analyze equivalent 

reactions in aqueous medium.

The Michael acceptor activity is undoubtedly influenced by autoxidation of curcumin. We 

hypothesize that it is even dependent on autoxidation.51 The 1,3-enone (α,β-unsaturated 

carbonyl) in curcumin is only a weak electrophile because it is part of the delocalized system 

that spans the entire molecule. Oxidative transformation, specifically the initial hydrogen 

abstraction and delocalization of the radical into the heptadienedione chain, forms a quinone 

methide as a strong electrophile (Fig. 8). As discussed above, the quinone methide has a 

considerable lifetime, and because it is present in three distinct intermediates (before and 

after 5-exo cyclization and in the peroxyl radical; cf. Fig. 5) it possesses a range of 
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reactivities that are anticipated to allow reaction with different strength cellular 

nucleophiles. Interestingly, in either case (i.e., in curcumin or its quinone methide) the 

electrophilic carbon is the same, namely C-1.

Since oxidative transformation is abundant under cell culture conditions its products and 

intermediates need to be considered as mediators of biological effects. We hypothesize that 

the quinone methide is the functional electrophile in reactions where curcumin is proposed 

to form a covalent adduct with nucleophilic protein cysteine residues.52-57 The hypothesis is 

also indirectly supported by the crucial role of quinone methides as the acting principle in 

many anti-cancer drugs as well as toxic DNA methylating agents.58-60 The requirement for 

oxidative transformation has clearly been shown for the topoisomerase poisoning activity of 

curcumin.61 Neither dimethylcurcumin (which does not autoxidize; Table 1) nor reaction 

conditions that prevented autoxidation of curcumin resulted in poisoning of topoisomerase. 

The quinone methide intermediates were suggested as the electrophiles binding to active site 

cysteines, although the spiroepoxide could not be ruled out.61

Another pertinent example of Michael adduction is the anti-inflammatory activity of 

curcumin, especially when effects on the NF-κB pathway are invoked.62-64 Both NF-κB and 

its upstream kinase, IKKβ, are targets of curcumin, and both are inhibited by small molecule 

electrophiles adducting covalently to regulatory cysteines in critical regions of the protein. A 

Michael type adduction by curcumin via its enone has been invoked as mechanism, whereas 

we suggest that the quinone methide is the adducting electrophile. This mechanism of 

adduct formation requires oxidative transformation of curcumin to form the reactive 

electrophile. This is a crucial difference because the conditions for oxidative transformation 

may not be met in vivo, which could result in a discrepancy between in vitro and in vivo 

effects. There is an expanding number of proteins that are redox-regulated through 

strategically placed cysteines that undergo reversible redox cycling to sulfenic acids and can 

be adducted by small molecule electrophiles65. Identification which of these might be 

cellular targets of curcumin will require proteomics approaches.

A second reason why oxidative transformation is relevant for understanding the biological 

activity of curcumin is the surprising number of products formed. When added to cultured 

cells, curcumin rapidly changes from a single molecule to a family of diverse chemotypes. It 

is not unreasonable to suggest that the free radical, quinone methide, endoperoxide, alkoxyl 

radical, dihydroxy, hemiacetal, ketohydroxy, spiroepoxy, vinylether and other 

cyclopentadiones each have a distinct set of cellular targets. Together, these products and 

their biological activities may add up to the “polypharmacology” of curcumin. We are at the 

beginning of understanding the remarkable transformations of curcumin in vitro and in vivo. 

Future studies will show which of the many biological effects of curcumin are due to the 

parent and which are due to its degradation products.
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Fig. 1. 
Numbers of publications in PubMed and human trials in www.clinicaltrials.gov with the 

keyword “curcumin” from 1994-2014.
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Fig. 2. 
The metabolic and degradation pathways of curcumin. (a) Reduction; (b) conjugation; (c) 

oxidation; and (d) cleavage.
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Fig. 3. 
The degradation of curcumin is an autoxidation to a bicyclopentadione.
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Fig. 4. 
Products of autoxidation of curcumin.
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Fig. 5. 
Proposed mechanism for the formation of the bicyclopentadione during autoxidation of 

curcumin.

Schneider et al. Page 18

J Agric Food Chem. Author manuscript; available in PMC 2016 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Formation of dihydroxy-, ketohydroxy-, and hemiketal cyclopentadiones from a proposed 

endoperoxide intermediate.
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Fig. 7. 
Proposed mechanism of the exchange of water during transformation of the spiroepoxide to 

the vinylether.
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Fig. 8. 
Structure-activity features of curcumin and its quinone methide.
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Table 1

Structures, autoxidation, and products of curcumin and analogues.

compound/structure autoxidation (approx. t1/2) main product

fast (minutes)

slow (hours-days)

stable; require enzymatic or chemical oxidation

slow (hours-days)

stable N/A
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