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BACKGROUND: Few natural products have demonstrated the range of protective and therapeutic promise

as have turmeric and its principal bioactive components: curcumin, demethoxycurcumin, and

bisdemethoxycurcumin. Success in translating this potential into tangible benefits has been limited by inherently

poor intestinal absorption, rapid metabolism, and limited systemic bioavailability. Seeking to overcome these

limitations, food ingredient formulators have begun to employ a variety of approaches to enhance absorption

and bioactivity. Many of these strategies improve upon the age-old practice of consuming turmeric in fat-based

sauces, such as in a fat-rich yellow curry. However, there exists uncertainty as to how the various commercially

available offerings compare to each other in terms of either uptake or efficacy, and this uncertainty leaves

physicians and nutritionists with a dearth of data for making recommendations to interested patients and

consumers. Further complicating the issue are recent data suggesting that formulation strategies may not equally

enhance the absorption of individual curcuminoids, a significant issue in that these curcuminoids exhibit

somewhat different physiologic properties.

OBJECTIVE: This review introduces needed order to the curcumin marketplace by examining bioavailability

studies on a number of commercial curcumin ingredients and evaluating them on a level playing field.

METHODS: The comparative analysis includes standard pharmacokinetic parameters and a new metric,

relative mass efficiency (E). Relative mass efficiency allows for the comparison of different formulations even

in cases in which the weight percentage of curcuminoids is vastly different.

RESULTS: A hydrophilic carrier dispersed curcuminoid formula exhibits 45.9 times the bioavailability of

the standard purified 95 percent curcuminoid preparation and, based on relative mass efficiency, 1.5 times the

bioavailability of the next best commercial ingredient, a cyclodextrin complex.

CONCLUSIONS: Delivery strategies can significantly improve the bioavailability of curcuminoids. Total

formula mass is important for making practical formulation decisions about dosing, cost and space.

INTRODUCTION

Curcumin (diferuloylmethane; 1,7-bis[4-hydroxy-3-methoxy-

phenyl]-1,6-heptadiene-3,5-dione; CAS #: 458-37-7) is the prin-

cipal curcuminoid found in turmeric (Curcuma longa L.), a

widely used botanical in South Asian culinary and natural medici-

nal practice. Curcumin is not the only curcuminoid found in tur-

meric; it typically is accompanied by two minor curcumin

analogues, demethoxycurcumin (CAS: 22608-11-3) and bisde-

methoxycurcumin (CAS: 24939-16-0), which are found in com-

mercially available turmeric extracts at near 1/4th and 1/20th the

molar ratio of curcumin, respectively [1]. These curcuminoids

and their metabolites have become the subjects of controversy, as

explained in more detail in the following paragraphs, due to

widely reported poor bioavailability, rapid metabolism and excre-

tion, and disparate claims about the pharmacokinetic benefits of

different delivery systems. Presently, there is no consensus

regarding how to evaluate the comparative absorption and utiliza-

tion of commercially available curcumin products and there is no

established metric for determining the cost–benefit ratio of vari-

ous approaches to oral delivery. In addressing these and related

issues, we introduce the concept of relative mass efficiency (E) as

a useful measure of intestinal absorption for practitioners seeking

to compare different preparations of the same active ingredient.

Curcumin : YDZDOMe

Demethoxycurcumin : YDOMe;ZDH

Bisdemethoxycurcumin : YDZDH
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In an aqueous environment, such as the human gastrointes-

tinal tract, curcuminoids are only sparingly soluble

(see Fig. 1). Poor water solubility and limited gastrointestinal

absorption are two interrelated issues that plagued early

attempts to determine curcuminoid bioavailability [2]. Interest-

ingly, turmeric-consuming cultures appear to have been long

aware of at least one solution to this problem. In both culinary

and Ayurvedic practice in South Asia, powdered turmeric is

often combined with a source of fat, such as ghee, milk, or

coconut milk. For example hot turmeric milk, or haldi ka

doodh, is commonly recommended as a salubrious elixir.

Implicit in this cultural wisdom is that fat facilitates the absorp-

tion of curcuminoids from the gut [3].

Rapid degradation and metabolism of curcuminoids, both

intestinal and hepatic, is another limitation with oral con-

sumption [4,5]. Nonenzymatic degradation occurs via auto-

oxidation and pH-dependent lability. Enzymatic conversion to

water-soluble metabolites via beta-glucuronidase and sulfatase

occurs readily; in vitro work using isolated rat hepatocytes

and liver microsomes indicates 90% curcuminoid metabolism

via these two mechanisms after just 30 minutes [6]. With cur-

cumin (1), demethoxycurcumin (2), and bisdemethoxycurcu-

min (3) all containing two phenolic hydroxyl groups, there is

more than one locus amenable to conjugation with glucuro-

nide and sulfate groups. Only monoglucuronides, monosul-

fates, and sulfate-glucuronides (one of each) are typically

observed as a result of human metabolism [7]. For curcumin

this leads to curcumin monoglucuronide (7), curcumin mono-

sulfate (8), and curcumin sulfate-glucuronide (9). However,

the phenolic groups are not the only moieties in curcuminoids

susceptible to biotransformation. The extended alkene system,

or alternatively the two a,b unsaturated ketones, are suscepti-

ble to both conjugation and reduction. Reduction results in

colorless compounds, such as dihydrocurcumin (4) (CAS

#76474-56-1), tetrahydrocurcumin (5) (CAS #: 36062-04-1),

and hexahydrocurcumin (6) (CAS #: 36062-05-2), by destroy-

ing the extended conjugated system responsible for the typical

yellow-orange color of curcuminoids [8]. These reduced cur-

cumin metabolites are also subject to conjugation with glucur-

onides or sulfate groups. In the liver, alcohol dehydrogenase

and glutathione S-transferase, but not cytochrome p450

enzymes, have been credited with transforming curcuminoids

into the reduced curcuminoid metabolites; lipoxygenases also

appear to play a role [9]. In the intestines, microbial metabo-

lism also plays a role via NADPH-dependent reduction [10].

STRATEGIES TO INCREASE
BIOAVAILABILITY

In the past decade, there has been a significant amount of

effort devoted to the development of curcumin formulations

that can overcome poor bioavailability, stability limitations,

and rapid metabolism (see Fig. 2). The rationale for attempting

to overcome the bioavailability and metabolic hurdles goes

beyond the issue of achieving therapeutic blood levels per se

and includes 2 further areas of interest: (1) whether higher con-

centrations of unmetabolized—that is, “free”—curcuminoids

in vivo will unlock the protective and therapeutic potential

demonstrated for curcuminoids in vitro and (2) whether curcu-

minoid metabolites have the same, diminished, and/or different

biological utilities compared to the native curcuminoids. Logi-

cally, achieving significant and consistently measureable

serum levels of free curcuminoids and/or their conjugates and

metabolites is a necessary first step for exploring these other

issues.

A multitude of methods seeking to modulate the pharmaco-

kinetic and delivery profile of curcuminoids have been devised

[2,11]. These strategies can be grouped into 4 broad classes:

(1) glucuronidation/metabolism interference via adjuvants; (2)

liposomes, micelles, and phospholipid complexes; (3) nanopar-

ticles; and (4) emulsifying or dispersing agents [2]. These 4

classes are neither exhaustive nor mutually exclusive, espe-

cially when tissue targeting comes into play, but they do exem-

plify a variety of the strategies that are being evaluated in

multiple areas of curcumin product development [12,13]. Inas-

much as each of these strategies usually is intended to over-

come one or more particular hindrance to bioavailability, such

as poor water solubility, particle size issues, and/or instability

in certain digestive environments, it is expected that delivery

strategies that combine more than one basic method may pro-

duce additive or even superadditive benefits with regard to

assimilation. Indeed, the following comparison of commercial

curcumin products provides evidence that an approach that

addresses several delivery issues may be more successful than

are univocal strategies.

As with many areas of product development, the challenge

is not limited to solving the problem at hand but also includes

demonstrating that this has been done. It is important to com-

pare different delivery solutions to determine areas of equiva-

lency or superiority. Bioavailability assessments of curcumin

formulations often have been unsuccessful in achieving either

of these 2 objectives. On the front end, the inability to detect

small quantities of unmetabolized curcuminoids in blood even

after test subjects had ingested large quantities of turmeric and

concentrated curcuminoid powders has presented one set of

problems [14,15]. Ingested quantities of concentrated curcumi-

noid powder below 10 g routinely yield undetectable blood

levels of unmetabolized curcuminoids [16,17]. This finding

has increased our body of knowledge regarding the sample

Fig. 1. Three major curcuminoids.
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preparation techniques, analytical protocols, and data reporting

that are necessary to improve testing capabilities. On the back

end, it seems that there has been little appetite to run compara-

tive trials between formulated products.

Insofar as the understanding of what constitutes proper pro-

tocols for assessing curcumin bioavailability has changed and

improved over time, care needs to be exercised in relying upon

earlier studies. The extant literature on the subject must be

read critically with respect to blood sample preparation techni-

ques, analytical protocols, and data reporting. A critical read-

ing will involve at least 3 steps. First, inspection of blood

sample preparation protocols is necessary to determine how

the samples have been purposefully, or inadvertently, altered

after sample collection. For example, have the samples been

treated with enzymes to convert curcuminoid metabolites back

into unmetabolized curcuminoids or, conversely, have meta-

bolic reactions been allowed to continue unchecked after sam-

ple collection? Second, the details of analytical methods

should be evaluated to establish which curcuminoids have

been quantified and the detection limits of the analytical instru-

mentation. One critical aspect of this involves determining

whether all curcuminoid metabolites and conjugates have been

accounted for. Third, comparative absorption metrics need to

be parsed in terms of the maximum concentration achieved

(Cmax, ng/mL) or the total concentration over a time period

(area under curve [AUC], ng/mL £ h). Comparing Cmax values

to AUC values is akin to comparing pomegranates and

bananas.

It is important to understand whether increased absorp-

tion data have been reported in terms of the total weight of

the formulation or in terms of curcuminoid equivalents.

The current convention is to report findings in terms of cur-

cuminoid equivalents. This is done to focus on the active

constituents and permit some degree of comparison among

ingredients that have not been compared directly until

recently. Although useful in some respects, simply relying

on comparisons of curcuminoid equivalents may inflate the

overall estimation of the improvement the solution offers

because it ignores the mass of the other non-curcuminoid

ingredients (i.e., carriers, excipients, emulsifying agents)

needed to facilitate bioavailability. Absorption reported as

curcuminoid equivalents often leads to a larger, more

impressive “XX times absorption” number but can be mis-

leading when evaluating solid dosage forms and biological

value because it neglects the added mass of non-curcumi-

noid material. In the following analysis, the concept of rel-

ative mass efficiency (E) is introduced as an alternative

method of comparing data to assist health practitioners and

product formulators in assessing which ingredients offer

better biological value in terms of cost and space.

Fig. 2. Curcumin transformation pathways and major conjugates/metabolites.

Beyond Yellow Curry

JOURNAL OF THE AMERICAN COLLEGE OF NUTRITION 349



BIOAVAILABILITY ASSESSMENT OF
COMMERCIAL PRODUCTS

In animals, a number of strategies have been evaluated

using ingredients suited for pharmaceutical development. A

formulation of curcumin using the surfactant polysorbate

has been shown to increase the bioavailability of curcumin

in mice [18,19]. Another emulsion generating formulation

containing 2 surfactants, Cremophor RH40 and Transcutol

P, increased bioavailability in rats. Many other delivery for-

mulations remain mostly curiosities for the food and nutri-

tional product market because the ingredients used are

either not approved for food use, depending on the regula-

tory jurisdiction, or suffer backlash in outlets that limit

themselves to “natural” alternatives (e.g., exclude polysor-

bate). This section focuses only on products unencumbered

by such concerns.

A number of food-grade formulations designed to enhance

the absorption of curcumin have been studied in human clinical

trials [20,21]. However, until recently, there have not been any

published studies directly comparing different formulations

with each other. Instead, researchers have chosen to compare a

test formulation to basic curcuminoid powders when using an

active control group. From the perspective of cost and the

probability of a successful outcome, this is understandable

inasmuch as these studies are typically commercially moti-

vated. However, as a result, it can prove challenging to com-

pare the data of one commercial formulation to the data of

another because different metrics and tactics are used to deter-

mine and describe bioavailability. These limitations will

become clearer in the following sections that examine individ-

ual commercial products, their bioavailability protocols, and

the reported data.

Micronized Curcuminoids Plus Turmeric Oil

Standardized to contain 95% controlled particle-size curcu-

minoids as verified by independent analysis, the remainder of

this proprietary formula is purported to be turmeric oil [22]. A

variety of terpenoid and similar compounds are typically found

in turmeric oil, including turmerones, phelladrene, cineole,

limonene, and zingiberene. These components may act as

Table 1. Commercial Curcuminoid Formulations Discussed in the Text

Name Formulation

Range of Reported Bioavailability

Compared to C95 Reference

C95: curcumin,

demethoxycurcumin,

bisdemethoxycurcumin

95% Curcuminoid powder with uncontrolled

particle size

MCTO: micronized

curcuminoids plus turmeric oil

95% Controlled particle-size curcuminoids

plus turmeric oil

�5-Fold greater than C95 in humans, but

analytical details unclear

[22–25]

CPC: curcuminoid phospholipid

complex

18%–20% Total curcuminoids; 40% by

weight each phosphatidylcholine from

soy lecithin and microcrystalline

cellulose

20-Fold greater than curcumin alone, 30-fold

greater than total curcuminoids based on

human and animal data

[20,22,27,33]

CCC: curcuminoid cyclodextrin

complex

ca. 14% Curcuminoids; formulated with

»2:1 g-cyclodextrin:curcuminoid molar

ratio

45-Fold greater than C95 from unpublished

animal and human data; marketing

materials claim 10- to 20-fold more

curcuminoids in serum; unclear basis of

comparisons, whether in terms of total

mass or curcuminoid equivalents

[34–37]

LCP: lipid curcumin particles 20%–30% Total curcuminoids;

phospholipids (soy-derived),

docosahexaenoic acid and/or vegetable

stearic acid, ascorbyl (vitamin C) esters,

and other inert ingredients

Marketing materials claim 65-fold better

absorption of free curcumin from one

small human study with methodological

anomalies and an unclear indication of

how the absorption multiplier was

determined

[38,39]

DNC: dispersed nanoparticle

curcumin

10% Curcumin, 2% other curcuminoids

mixed with glycerin (46%), gum ghatti

(4%), and water (38%) followed by wet

milling and dispersion using high-

pressure homogenization

»27-Fold on a curcumin equivalent basis as

shown in 2 human trials

[21,40–44]

HCDC: hydrophilic carrier

dispersed curcuminoids

Curcuminoids (20 wt%) and antioxidants

(tocopherol and ascorbyl palmitate)

dispersed onto water-soluble carriers such

as polyvinyl pyrrolidone and cellulose

derivatives and a small amount of fat in

unknown proportions

45.9-Fold more bioavailable than C95 [45–48]

350 VOL. 34, NO. 4
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curcuminoid dispersal agents in aqueous media or potentially

as adjuvants that interfere with the metabolic machinery that

acts on curcuminoids (viz. piperine). This formulation has

been studied in at least 2 small clinical trials [23–25]. Both

report bioavailability increases of 5-fold or more over controls

ingesting 95% curcuminoid powder (C95) with uncontrolled

particle size (see Table 1).

There are a few similar anomalies for all of the studies con-

ducted with this formulation with respect to blood sample prep-

aration, high-performance liquid chromatography (HPLC)

analysis, and statistical evaluation. High blood levels of native

curcumin (nonconjugated and unmetabolized) were reported

despite the failure to treat blood samples with b-glucuronidase

prior to analysis. Gram quantities of material were consumed

in these trials. In the preponderance of other studies, native cur-

cumin has been undetectable in blood samples even when

quantities of curcuminoid several times larger were consumed

alone or in conjunction with purported curcuminoid metabo-

lism inhibitors, such as piperine [7,16,26]. An insufficient

description of the HPLC method used for the analysis adds to

the problem. The lack of analytical details even makes it diffi-

cult to determine whether “curcumin” has been quantified indi-

vidually or as a combination of the 3 curcuminoids.

Curcuminoid Phospholipid Complex

Curcuminoid phospholipid complex (CPC) is a patented

formulation containing 18%–20% total curcuminoids, as veri-

fied by independent analysis, which also includes roughly 40%

by weight of each phosphatidylcholine from soy lecithin and

microcrystalline cellulose [22,27]. The roughly 1:1 molar ratio

of phosphatidylcholine to curcumin has been suggested to lead

to the formation of P-O conjugates between phosphatidylcho-

line and curcuminoids at one of the phenolic hydroxy groups.

These conjugates may subsequently allow the fatty acid hydro-

carbons to protect the curcuminoid from intestinal metabolism

and perhaps assist with cellular captation and pinocytosis [28–

31]. The same basic strategy has been successfully utilized to

increase the absorption of other hydrophobic botanical constit-

uents [32].

One standalone human pharmacokinetic study evaluating

CPC has been conducted and its results published. The clinical

protocol, statistical analysis, and analytical methodology are

all exemplary, making the results reported quite believable

[20]. Moreover, the results corroborate an independent phar-

macokinetic study conducted with male Wistar rats, adding an

additional level of credibility to the results [33]. Nevertheless,

2 additional aspects are worth mentioning. First, the reporting

of intestinal absorption gains of 20 times for curcumin and

30 times for total curcuminoids versus C95 is somewhat mis-

leading because it is based on the curcuminoid equivalents, not

the total mass, of the test materials. For CPC, which contains

roughly 20% curcuminoids by weight, it may be more useful

for formulators to compare the effect on plasma levels of equal

quantities by mass. Second, this formulation appears to

increase the bioavailability of the minor curcuminoids, deme-

thoxycurcumin and bisdemethoxycurcumin, to a much greater

extent than is true of curcumin itself. Alternatively, the formula

may catalyze the conversion of curcumin to these analogues.

The impact upon the ratio of curcuminoids appearing in plasma

was so large that the researchers reported demethoxycurcumin

species as the major curcuminoid present in plasma despite a

natural presence in turmeric of only 25% that of curcumin.

This finding clearly was a surprise to the researchers and the

understanding about its importance may increase as knowledge

of the differing biological activities of individual curcuminoids

continues to grow.

The impact of carrier systems on the relative uptake of the

individual curcuminoids has not been well studied even though

it is of potential therapeutic importance. Indeed, this issue con-

stitutes a major lacuna in the literature. The above standalone

human pharmacokinetic study conducted using CPC does not

examine the consequences of the changing ratios of curcumi-

noids appearing in serum with differing carrier formulations

and therefore does not indicate how common or extensive these

consequences are across commercially available products. For-

tunately, a more recent study does provide comparative data.

This is discussed below in the section entitled Hydrophilic Car-

rier Dispersed Curcuminoids.

Curcuminoid Cyclodextrin Complex

This preparation contains ca. 14% curcuminoids and is for-

mulated with a roughly 2:1 g-cyclodextrin : curcuminoid molar

ratio directed at creating inclusion complexes at both phenolic

ends of the curcuminoid molecules [34–36]. This “capping”

approach can best be classified as an adjuvant strategy that

physically impedes glucuronidation and sulfation reactions.

Dissolution data suggest that curcuminoid cyclodextrin com-

plex (CCC) effectively uses a dispersion enhancement strategy.

In addition, the properties of g-cyclodextrin may allow it to act

akin to micelles/liposomes in facilitating uptake via interaction

with the intestinal epithelium.

Pharmacokinetic data on this formulation appear to be lim-

ited to a confidential in vitro comparison (simulated intestinal

absorption) to other marketed curcumin preparations and an

unpublished animal study with scant details. There do not yet

appear to be any published human bioavailability studies

despite claims that one recently has been completed. Current

marketing materials suggest that a trial found a 45-fold

increase in bioavailability over C95 and at least a 4.5-fold

increase over the next best commercial product [37]. Details

currently are limited so it is unclear which commercial prod-

ucts this formulation was compared against, although there is

an indication that the comparator formulas were micronized

curcuminoids plus turmeric oil (MCTO) and CPC. However, if
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the bioavailability reported from this CCC human trial is akin

to that found from animal data using CCC, the same caveat

should be mentioned as discussed above with CPC. Namely,

the animal bioavailability data seem to have been reported in

terms of curcuminoid equivalents instead of in terms of total

mass, thus allowing for potential misinterpretation because it

does not take into account the 86% non-curcuminoid mass of

the formula. Moreover, the animal study is as of yet unpub-

lished, so experimental details are unavailable for inspection.

Marketing materials display data showing “10 to 20 times”

greater concentration of curcuminoids in blood, yet without the

details of the experiment, there are many aspects of the study

and its findings that are unclear. For instance, the comparison

material is not defined, nor is the method for curcuminoid anal-

ysis and absorption enhancement explained. If the numbers

were instead reported on an equal weight basis (14% curcumi-

noids), the “10 to 20 times” greater concentration of curcumi-

noids in blood would change to “1.4 to 2.8 times.” Such equal

weight comparisons may not make sense for a food product

that is not sensitive to space or cost per kilogram restraints, but

for nutritional products in a capsule or tablet dosage unit, the

equal weight comparisons prove useful as a metric for health

practitioners and formulators who often need to recommend

one product over others that are superficially similar.

Lipid Curcumin Particles

This commercial offering appears to range from 20% to

30% total curcuminoid content, but no independent analysis

was available for this review. In addition to curcuminoids, this

formulation includes phospholipids (soy-derived), docosahex-

aenoic acid and/or vegetable stearic acid, ascorbyl (vitamin C)

esters, and other inert ingredients. It is unclear why the curcu-

minoid content varies so greatly. In addition, it appears that

particle size is not being controlled despite the allusion to

nanoparticles in marketing materials. Lipid curcumin particles

(LCP) may best be categorized as a micellular or “phytosome”

formulation. The development of this formulation appears to

have been driven by a goal of targeting brain tissue via passage

across the blood–brain barrier. Tissue targeting is a difficult

and contentious issue beyond the scope of this review.

One published human pharmacokinetic study has been con-

ducted evaluating LCP [38]. Methodological anomalies cast

doubt on the reported data. A small number of subjects (6) were

evaluated and the researchers reported “high interindividual vari-

ability in pharmacokinetics and nonlinear dose dependency was

observed, suggesting potentially complex absorption kinetics”

(p. 2095). In addition, the experimental and analytical protocols

failed to allow detection of plasma curcuminoid levels after sub-

jects ingested the control curcumin powder. Furthermore, only

curcumin itself was evaluated, thus failing to account for either

of the other 2 curcuminoids or any metabolites. Finally, blood

was drawn from subjects at only one time point (8 hours post

material ingestion), thus making impossible any assessment of

curcuminoid bioavailability over time and instead, relying upon

a single time point and Cmax instead of AUC. Without detecting

curcumin levels in the control formulation and establishing a

baseline, the researchers were unable to quantify the degree of

increase in absorption with respect to LCP. However, it should

be noted that marketing materials suggest that LCP increases

absorption of free curcumin 65-fold without any clear indication

as to how this number was reached [39].

Dispersed Nanoparticle Curcumin

Mixing curcuminoids (10% curcumin, 2% other curcumi-

noids) with glycerin (46%), gum ghatti (4%), and water (38%)

followed by wet milling and dispersion using high-pressure

homogenization leads to dispersed nanoparticle curcumin

(DNC). The particle size is controlled for a distribution from

100 to 1000 nm with a mean particle size of 190 nm. Such a

controlled particle size nanoemulsion strategy has demon-

strated promising results for increasing the oral bioavailability

of other hydrophobic substances [40–42].

Overall, the 2 human bioavailability studies with DNC uti-

lized robust methodological, analytical, and data reporting pro-

tocols [21]. The primary methodological shortcoming may be

that plasma analysis was conducted solely for curcumin (and

glucuronide conjugates), ignoring the minor curcuminoids,

demethoxycurcumin and bisdemethoxycurcumin, and the

metabolite tetrahydrocurcumin.

The 2 human bioavailability protocols are complementary

in that the first study evaluated DNC predispersed in liquid at a

dose of 30 mg, whereas the second study was administered in

a solid dosage form (capsule) at 150 and 210 mg [21,43].

These tests produced adequate support for the linear dose–

response behavior touted for DNC up to 210 mg in humans

and the suggestion that the absorption pathways do not become

saturated at that level. Overall, the reported increase in curcu-

min bioavailability of ca. 27-fold on a curcumin equivalent

basis (or 2.7-fold on an equal weight basis) seems to be well

grounded in competently acquired experimental evidence and

evolving theory [44].

Hydrophilic Carrier Dispersed Curcuminoids

A curcuminoid formulation that was made water soluble by

dispersing curcuminoids (20 wt%) and antioxidants (tocoph-

erol and ascorbyl palmitate) onto water-soluble carriers such as

polyvinyl pyrrolidone and cellulose derivatives and a small

amount of fat in unknown proportions has been the subject of a

recent patent application and comparative efficacy study in an

animal model [45,46].

A single dose comparator human bioavailability study was

conducted that evaluated hydrophilic carrier dispersed curcu-

minoids (HCDC) versus C95, MCTO, and CPC. The
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researchers seem to have done their due diligence and were

able to overcome many of the shortcomings encountered with

previous curcuminoid trials with respect to blood sample prep-

aration techniques, analytical protocols, and data reporting.

This also appears to be the first published study that directly

compares commercially available curcumin formulations

beyond simply C95. In so doing, this seems to be the first study

that demonstrates an effective solution for overcoming the

poor bioavailability and metabolic lability of curcumin while

also demonstrating that the test material (HCDC) is superior to

other comparable, commercial formulations. Table 3 shows

these results, including a 45.9-fold greater bioavailability in

serum than C95. As the only trial to date comparing multiple

commercial curcuminoid formulations, it warrants additional

discussion in the following section [47,48].

BIOAVAILABILITY ANALYSES USING
MULTIPLE METRICS

From the previous section, it is apparent that multiple paths

are being explored to surmount the 2-part challenge of inher-

ently poor curcumin bioavailability and unlocking its physio-

logical potential. It is also clear that data reported merely in

terms of curcuminoid equivalents (as is customary) can be mis-

leading. Such reporting categorically ignores the other ingre-

dients needed to facilitate absorption and the mass of these

matrix ingredients in the commercial formulations. Curcumi-

noid equivalent comparisons (see Relative Molar Absorption)

are useful for understanding the impact that the matrix ingre-

dients have on the overall bioavailability of the active ingredi-

ent(s). However, taken alone, curcuminoid equivalent

comparisons are not particularly useful in analyzing the com-

parative costs or biological value of the overall formulas. Com-

mercial ingredients are priced by weight, not by the amount of

curcuminoid equivalents, and so must be evaluated in terms of

overall mass and not merely the mass of the curcuminoid por-

tion. Increasingly, finished product labels and even nutrition

facts boxes muddle this distinction, with the potential effect of

misleading both consumers and health practitioners. To gener-

ate accurate bioavailability data comparisons, the same experi-

mental protocol must be used to evaluate the ingredients in

question and preferably in a single study. Yet even when sin-

gle-study comparator data are unavailable, thinking about the

various formulations in terms of overall mass (see Relative

Mass Efficiency) can be helpful as a qualitative ranking tool

for making purchasing and prescribing decisions.

The recent study conducted by J€ager and colleagues was

designed to measure the levels of all 3 major curcuminoids

(curcumin, demethoxycurcumin, bisdemethoxycurcumin) and

the major metabolite tetrahydrocurcumin [47]. Plasma samples

were incubated with both b-glucuronidase and sulfatase to lib-

erate curcuminoid conjugates prior to analysis via HPLC-

tandem mass spectrometry, allowing a superior limit of detec-

tion compared to HPLC-ultraviolet. An internal standard was

employed to further improve the accuracy and reliability of the

analytical data. Almost 5 times the quantity of curcuminoids

was administered in the reference C95 material (curcuminoids

D 1800 mg) compared to the test formulations (curcuminoids

D 376 mg) to guard against undetectable plasma levels for

C95. To account for this difference, the relative molar absorp-

tion (F) (Equation (1)) was calculated by dividing the curcumi-

noid(s) plasma levels resulting from the test product (HCDC,

MCTO, or CPC) by the plasma levels resulting from the refer-

ence product (C95) and then multiplying by the quotient of cur-

cuminoid(s) in the reference product (1800 mg) and the

curcuminoid(s) in the test product (376 mg). This correction is

necessary because the amount of curcuminoids differed greatly

between the reference product and the test products ingested

by study subjects. Relative molar absorption can be approxi-

mated for 2 formulations not directly compared by evaluating

them transitively using data comparing each to a similar stan-

dard ingredient. For example, based on unpublished data about

the plasma concentration (PCCC) that resulted from a test quan-

tity of CCC with known curcuminoid concentration (TCCCC)

and relative to C95, a tentative value of FCCC D 45.0 can be

established.

Relative Molar Absorption Fð ÞD PT � PC95ð Þ � TCC95 � TCTð Þ;
(1)

where PT is the plasma concentration of curcuminoid(s)

from the test formulation; PC95 is the plasma concentra-

tion of curcuminoid(s) from the reference formulation;

TCC95 is the total mass of curcuminoid(s) in the refer-

ence formulation; and TCT is the total mass of curcumi-

noid(s) in the test formulation.

The relative molar absorption (F) (Equation (1)) only repre-

sents the bioavailability as a function of curcuminoid equiva-

lents, ignoring the non-curcuminoid ingredients and thus the

total mass of the formula. This can be a useful metric for focus-

ing on the active components of a finished product formulation.

However, although F is the customary mode of reporting cur-

cumin bioavailability data, it is not always the best or only met-

ric that can be used. For health practitioners or formulators

who are faced with dosage unit space limitations or who are

attempting to compare the biological values of 2 curcumin for-

mulations as a function of per kilogram costs, another metric is

also of use (see Table 2).

The relative mass efficiency (E) (Equation (2)), which

relies on relative molar absorption (F), allows an apples-to-

apples comparison of curcuminoid plasma levels achieved

from an equivalent mass of different formulations, even when

the weight percentage of curcuminoids is vastly different. For

example, if EHCDC:MCTO D 7.4, that roughly means that 1 g of

HCDC will lead to 7.4 times the total curcuminoids in plasma
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as 1 g of MCTO. Stated alternatively, the value of 1 kg of

HCDC is roughly 7.4 times that of MCTO in terms of curcumi-

noid blood levels. Or from a space perspective, 1 kg of MCTO

is equivalent to 135 g (i.e., 1 kg/7.4) of HCDC. A value greater

than one indicates that test formulation 1 is of greater value, on

an equal weight basis, than formulation 2 in terms of blood cur-

cuminoid levels that will result. For the test formulas evalu-

ated, it can be concluded that the HCDC formula was

significantly better than all of the other products, even com-

pared to CCC that is being marketed as possessing 4.5-fold

greater bioavailability than the next best commercial product.

Relative Mass Efficiency Eð ÞD FT1 � CWPT1ð Þ� FT2 � CWPT2ð Þ;
(2)

where FT1 is the relative molar absorption of test formulation 1;

CWPT1 is the curcuminoid weight percentage of test formula-

tion 1; FT2 is the relative molar absorption of test formulation

2; and CWPT2 is the curcuminoid weight percentage of test

formulation 2.

In addition to the clarity provided by directly comparing

commercial curcumin formulations, the work conducted by

J€ager and colleagues confirms the nonuniform enhancement of

the absorption of different curcuminoids in the CPC formula-

tion [47]. As in the CPC study, plasma levels of demethoxycur-

cumin were found to be higher than curcumin despite there

being at least 4 times more curcumin present in the test formu-

lation prior to ingestion [20]. It is possible that the P-O conju-

gates that are theorized to exist between phosphatidylcholine

and curcumin facilitate demethoxylation of curcumin and con-

version to demethoxycurcumin instead of augmenting deme-

thoxycurcumin, per se. This contrasts with the other 3

formulations in which plasma ratios of the 3 major curcumi-

noids correlated with the ratios found in the pre-ingested prod-

ucts, as one would expect. The implications of a major change

in the ratio of the ingested curcuminoids as a result of changes

in the delivery vehicle remain to be explored. It has been found

that antioxidant activity decreases as methoxy groups are

removed, but it remains unclear whether the biological utility

of the 3 curcuminoids are comparable or merely different.

DISCUSSION

There is more to “increased bioavailability” than a relative-

fold absorption number. Such numbers often have been derived

using experimental protocols that have shortcomings. The data

derived from a bioavailability study are only as sound as the

experimental protocol. From an analytical standpoint, proto-

cols for future curcumin studies should include 3 key points:

(1) Use an established and standardized HPLC method that, at

a minimum, analyzes for the 3 curcuminoids while also consid-

ering quantifying levels of the metabolite tetrahydrocurcumin

as well. (2) Blood samples should be taken at regular intervals

over at least a 12-hour period to establish adequate AUC blood

concentrations. (3) Use a large amount of standardized curcu-

min powder as a control to ensure that some blood levels are

achieved to adequately set a baseline and then normalize using

the equation for relative molar absorption (F) described above.

Although using the same experimental protocol is useful for

achieving parity, the ideal remains direct bioavailability

Table 3. Relative Efficiency of Curcumin Formulations to
Increase Plasma Levels of Total Curcuminoids per Unit of For-
mulation Mass. CWPMCTO D 0.95, CWPCPC D 0.20,
CWPHCDC D 0.20, CWPCCC D 0.14

Curcuminoid Efficiency

Comparison

Relative Mass

Efficiency (E)

Total curcuminoids CPC:MCTO 1.3

CCC:CPC 4.0#

CCC:MCTO 5.1#

HCDC:CCC 1.5#

HCDC:CPC 5.8

HCDC:MCTO 7.4

CPC D curcuminoid phospholipid complex, MCTO D micronized curcuminoids

plus turmeric oil, CCC D curcuminoid cyclodextrin complex, HCDC D hydro-

philic carrier dispersed curcuminoids.
#Approximated.

Table 2. Pharmacokinetic Parameters of Curcuminoid Concentrations Area under the Curve (AUC), Cmax, tmax, and Relative Molar
Absorption for Each Treatment. [47]

Curcuminoid Formulation AUC0-12 (ng/mL�hr) Cmax (ng/mL) tmax (h) Relative Molar Absorption (F)

Curcumin C95 10.8 § 1.7 2.3 § 0.3 7.4 § 1.0 1.0

MCTO 5.8 § 0.1 0.5 § 0.0 3.2 § 1.0 2.6

CPC 28.7 § 2.6 2.8 § 0.3 1.7 § 1.0 12.7

HCDC 307.6 § 44.6 27.3 § 6.4 1.4 § 0.5 136.3

Total curcuminoids C95 39.6 § 1.5 5.2 § 0.2 9.5 § 0.2 1.0

MCTO 10.9 § 0.4 1.1 § 0.1 1.8 § 0.7 1.3

CPC 65.3 § 2.3 8.7 § 0.4 1.7 § 0.4 7.9

HCDC 380.0 § 23.9 34.9 § 3.3 1.7 § 0.4 45.9

C95 D curcuminoid powder, MCTO D micronized curcuminoids plus turmeric oil, CPC D curcuminoid phospholipid complex, HCDC D hydrophilic carrier dispersed

curcuminoids.
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comparisons in a single comparator trial by a single research

group. Moreover, comparing bioavailability in terms of the

active ingredients and ignoring the total mass of the formula is

not always the best means for evaluating commercial ingre-

dients, which often consist of only a small percentage of

actives. As may sometimes also be true in determining dosing,

total formula mass is important for making practical formula-

tion decisions about cost and space. The parameter relative

mass efficiency (E) is designed to assist in making such evalua-

tions. For example, ECPC : MCTOequal to 1.3 tells us that CPC

will increase blood concentrations 30% greater than MCTO

when consumed in equal amounts. This could be interpreted to

mean that if the commercial cost of CPC is more than 130%

that of MCTO, it may be overpriced in terms of biological

value.

It should be understood that this perspective is not lim-

ited to commercial curcumin ingredients or even other mul-

ticomponent formulations, in general. Relative mass

efficiency (E) also allows a comparison of individual mole-

cules or salts in which the active moiety of interest only

represents a portion of the overall mass. For example, inter-

ested readers may want to consider the E for magnesium

oxide (60% Mg) versus magnesium citrate (11% Mg) when

evaluating common claims that magnesium citrate is a

more bioavailable form of magnesium. This may be true

but becomes significantly less compelling when taking into

account the weight percentage of the active constituent

(i.e., MgCC) versus the total formula weight. Of course,

this is not to say that relative molar absorption (F) is not a

useful metric. It is, especially when the cost and space of

the entire formulation are not important relative to the

active constituents or when attention is focused solely upon

the compound(s) of interest. Relative mass efficiency (E),

however, can provide additional perspective relevant to

understanding the practical implications of the compound

(s) and formulations of interest.

With regard to the formulations tested, the values calculated

for relative mass efficiency (E) metric indicate that the HCDC

formula yields superior results on an equal weight basis as well

as on a curcuminoid equivalent basis. On the former basis,

HCDC exhibits 1.5 times the bioavailability of the next best

commercial ingredient (i.e., CCC). On the latter basis, HCDC

was 45.9 times more available than C95 (purified curcumi-

noids), whereas CCC has been claimed to be 45 times more

available than C95. The seeming discrepancy is a result of the

different concentrations of curcuminoids found in HCDC

(20%) and CCC (14%). Although both of these numbers are

significant to clinicians in determining dosing, the larger num-

ber generated for relative curcuminoid absorption may mislead

unless approached with care.

There is a general dearth of understanding about the

biological importance of the minor curcuminoids, deme-

thoxycurcumin and bisdemethoxycurcumin, and of the

curcuminoid metabolites. Despite the conviction of some

researchers, it appears that curcumin metabolites retain at

least some biological activity [49–58]. The phenomenon in

which turmeric extracts result in undetectable levels of free

curcumin in plasma yet produce clinically significant

effects would seem to be evidence for the biological rele-

vance of curcuminoid metabolites [7,59–62]. Indeed, the

preponderance of the evidence indicates that only small

amounts of free curcumininoids enter the circulation and

such “free” components are rapidly conjugated or otherwise

transformed. This may not exert a great impact on the use

of curcumin to promote gut health, but in other areas the

impact may not be trivial. For instance, it is doubtful that

glucuronidated conjugates of curcuminoids are able to pass

the blood–brain barrier [5]. The picture is further compli-

cated in that the curcumin metabolite, tetrahydrocurcumin,

recently has become commercially available as a dietary

ingredient [63–66]. Efficacy aside, curcuminoid metabolites

and conjugates represent an important piece of the pharma-

cokinetic landscape and should not be ignored in conduct-

ing bioavailability analyses. Recognizing that these other

molecular species are important and should be measured

individually, as some researchers have begun to do, is one

way to gain a better understanding of their activity.

OUTLOOK

Fat has been added to turmeric preparations in the kitchen

and at the apothecary’s workbench since time immemorial.

There is likely more than a smidgeon of cultural wisdom in

such practices with respect to simple, qualitative bioavailability.

But as a wag once observed, “[t]he times they are a-changin’.”

This is certainly true of the formulation science for food and

supplement ingredients, which has outpaced the ability to con-

vey the benefits to consumers. There are gaps between the ele-

ments required on product labels and the information required to

assess the claims appearing on those same labels. Curcumin

ingredients are just one example. But inasmuch as curcumin

ingredients are deployed in a wide variety of products and con-

sumed in ever increasing amounts, they are an important bell-

wether for industry standards. Health practitioners and product

formulators need to understand the differences among these

ingredients in terms of space, cost, and biological effects them-

selves if they have any hope of conveying these differences to

patients and consumers. For a dietary supplement industry

whose products are now regularly categorized as “experience

goods,” which, like wine, you need to try to see how they work,

and in which consumers express significant doubt regarding

label claims, more transparency could be beneficial [67]. For

innovative curcumin ingredients, clearer bioavailability claims

and data substantiating them will lead to increased acceptance

by the wider audiences expected to consume them.
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