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Abstract

Scope—The diphenol curcumin from turmeric is rapidly metabolized into phase Il conjugates
following oral administration, resulting in negligible plasma concentration of the free compound
which is considered the bioactive form. Total plasma concentration of curcumin is often quantified
after treatment with B-glucuronidase to hydrolyze curcumin-glucuronide, the most abundant
conjugate in vivo. The efficiency of enzymatic hydrolysis has not been tested.

Methods and Results—Using LC-MS analyses we compared the efficiency of p-glucuronidase
and sulfatase from Helix pomatiato hydrolyze curcumin conjugates in human and mouse plasma
after oral administration of turmeric. Both B-glucuronidase and sulfatase completely hydrolyzed
curcumin-glucuronide. Unexpectedly, B-glucuronidase hydrolysis was incomplete, affording a
large amount of curcumin-sulfate whereas sulfatase hydrolyzed both glucuronide and sulfate
conjugates. With sulfatase, the concentration of free curcumin was doubled in human and
increased in mouse plasma compared to p-glucuronidase treatment. Incomplete hydrolysis by -
glucuronidase suggested the presence of mixed glucuronide-sulfate conjugates. LC-MS-based
searches detected diglucuronide, disulfate and mixed sulfate-glucuronide and sulfate-
diglucuronide conjugates in plasma that likely contribute to the increase of free curcumin upon
sulfatase treatment.

Conclusion—-Glucuronidase incompletely hydrolyzes complex sulfate-containing conjugates
that appear to be major metabolites, resulting in an underestimation of the total plasma
concentration of curcumin.

Graphical Abstract

Plasma conjugates of curcumin containing sulfate (C-S, red) are incompletely hydrolyzed using -
glucuronidase. Sulfatase, in contrast, hydrolyzes both curcumin-glucuronide (C-G, blue) and
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curcumin-sulfate conjugates, resulting in higher plasma levels of free curcumin (C, orange) than
when samples are hydrolyzed with p-glucuronidase. To explain this finding we searched for novel
metabolites and detected four higher order and mixed glucuronide and sulfate conjugates (purple)
of curcumin in human and mouse plasma.
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1 Introduction

Polyphenols are a large family of plant secondary metabolites with diverse biologic activities
[1-5]. Polyphenols are consumed as part of the regular human diet or as dietary supplements
[6]. Curcumin has emerged as one of the dietary polyphenols most widely consumed in the
United States in recent years [7]. Deliberate consumption of curcumin or other polyphenols
is often coupled to the expectation of therapeutic or otherwise health-promoting effects.
Scientific assessment of purported benefits requires to know the plasma concentration of
polyphenols and their metabolites in order to quantify overall exposure and bioavailability,
and to determine whether plasma concentrations are consistent with those required for
activity in bioassays performed in vitro and in animal models [8-10].

Upon oral administration, polyphenols are rapidly converted to glucuronidated, sulfated, and
methylated metabolites often resulting in negligible abundance of the free aglycones in
plasma [11, 12]. The diversity of plasma metabolites of curcumin and other polyphenols
presents a challenge for the analytical procedures used for quantification. In many instances,
therefore, plasma samples are treated with p-glucuronidase to hydrolyze conjugates in order
to uncover the otherwise nearly undetectable aglycone, especially with curcumin [13, 14],
and to decrease the complexity of metabolites that need to be dealt with [15]. While
simplifying the analyte profile, this practice also introduces novel sources of variability:
Whether hydrolysis of plasma conjugates is complete is difficult to assess in the absence of
direct analysis of the remaining parent conjugates. Also, polyphenols may undergo ex vivo
hydrolysis or secondary transformation during the hydrolysis process, further contributing to
analytical variability [16, 17].
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Thus, when the goal is to determine overall exposure to a polyphenal, it is preferred to
conduct a direct analysis of all possible plasma metabolites, i.e., without hydrolysis. Such
analyses, however, are often not practical and difficult to perform. For one, not all
conjugates formed in vivo may have been identified. In addition, direct analysis of phase-II
conjugates by LC-MS faces technical challenges including incomplete recovery from the
biological matrix (the conjugates are more polar than the polyphenols), “bad”
chromatographic peak shapes (low signal-to-noise), inadvertent fragmentation during the
ionization process in the mass spectrometer [18], and often a lack of suitable isotopic
standards for quantification [19]. Most of these problems are avoided when plasma
metabolites are analyzed following hydrolysis of their phase-11 conjugates [15].

For curcumin and other polyphenols hydrolysis is commonly performed using p-
glucuronidase, in accord with information that the major plasma conjugates are glucuronides
[20] although sulfate conjugates have been described also [21]. The specification of the most
widely used B-glucuronidase, a crude protein fraction prepared from the snail Helix pomatia,
also lists sulfatase activity, suggesting sulfate conjugates would be hydrolyzed as well.
While we were developing methods for quantitative analysis of curcumin and its glucuronide
and sulfate conjugates (Fig. 1) we noticed a discrepancy in the amount of curcumin released
from plasma samples treated with Helix pomatia-derived p-glucuronidase versus sulfatase
enzyme preparations. Results from our investigation into this discrepancy are reported here.

2 Experimental Section

2.1 Materials

The turmeric-derived curcuminoid product (> 83% curcumin) for human administration was
formulated to enhance curcumin bioavailability by creating a water dispersible nanoparticle
complex containing glycerin and gum ghatti (Theracurmin HP; Theravalues Corp.) and
labeled to contain 90 mg curcumin per 300 mg capsule [22]. Mice were administered a
turmeric-derived curcuminoid product (218580100, Fisher) with curcuminoid content
verified using standard LC-MS methods (80.6% curcumin, 13.5% demethoxycurcumin, and
2.4% bisdemethoxycurcumin by weight) [23]. Curcumin, dg-curcumin, and dg-curcumin-
glucuronide were synthesized as described [18, 24]. Dg-curcumin-sulfate was obtained from
Toronto Research Chemicals. p-Glucuronidase (2742 U/mg; containing 7.3 U/mg sulfatase;
cat.-no. 152284) and sulfatase (23.3 U/mg; containing >300 kU/g p-glucuronidase; cat.-no.
S9626-5KU), both from Helix pomatia, were purchased from MP Biomedicals or Sigma,
respectively.

2.2 Dosage information for human samples

The human study was approved by the Vanderbilt University IRB (IRB #121493), and
volunteers signed a consent form before enrolling in the study. Six healthy volunteers (2
female, 4 males, ages 29-57 years) received 1 serving (2 capsules, 180 mg curcumin) of
Theracurmin. Blood was collected into citrate tubes 2 h after administration of the
supplement, the reported Ty, for this formulation [25]. Plasma was obtained by
centrifugation. Plasma samples were stored at —80°C until extraction and analysis.
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2.3 Dosage information for mouse samples

The animal studies were conducted under separate IACUC-approved protocols by the
University of Arizona and Vanderbilt University.

For the administration of dg-curcumin one C57BL/6J female mouse was treated with a 1:1-
mixture of dp/dg-curcumin (100 mg/kg) in DMSO by intraperitoneal (i.p.) injection. Blood
was collected by cardiac puncture 30 min after treatment and added to BD Vacutainer serum
separator tubes and inverted 5 times. The tubes were left at room temperature for 30 min to
allow clotting. Tubes were centrifuged for 10 min at 1200 x g, and serum was stored at
-80°C.

Male C57BL/6J mice (15 weeks old) were administered curcuminoids in DMSO by i.p.
injection (100 mg/kg, 0.5 g human equivalent dose [HED]) or by oral gavage (500 mg/kg,
2.5 g HED). Blood was harvested by cardiac puncture after 20 min for i.p. injection or after
30 min for gavage, and serum was stored at —80°C until analyzed.

2.4 Sample extraction

Mouse serum was divided in 3 aliquots of 10 or 20 ul. Each aliquot was diluted 10 times
with 20 mM ammonium acetate buffer pH 5 and further acidified to pH 5 with HCI (1 N).
Human plasma was divided in 3 aliquots of 200 pl each and acidified to pH 5 with HCI (1
N). Mouse serum and human plasma samples were treated or not with 46.6 U of sulfatase or
745.8 U of p-glucuronidase for 1 h at 37°C. After hydrolysis samples were acidified to pH 3
with HCI (1 N) and 192 pmol each of dg-curcumin, dg-curcumin-glucuronide and dg-
curcumin-sulfate were added. Samples were loaded into a paper filter strip (4 cm x 1 cm)
placed in a plastic microcentrifuge tube and dried overnight under vacuum. For elution of
metabolites, paper strips were incubated with a solvent of acetonitrile/H,O/formic acid
(80:20:0.1) for 30 min at 4°C. Samples were centrifuged and the supernatant was analyzed
by LC-MS. Samples from the mouse treated with dg/dg curcumin were processed as
described except that paper strips were eluted with a solvent containing 25%, 50% or 80%
acetonitrile in H,O/formic acid (0.1%).

2.5 LC-MS analysis

LC-MS analyses were performed using a Thermo Scientific TSQ Vantage triple stage
quadrupole mass spectrometer equipped with an electrospray interface operated in the
positive or negative ion modes. lonization parameters were optimized by direct infusion of a
solution of curcumin. For chromatography a Waters Symmetry Shield C18 column (2.1 x 50
mm, 1.8 um) was eluted at room temperature with a gradient of acetonitrile in water/0.1%
formic acid changed from 15% acetonitrile to 85% in 3 min and further increased to 95% in
1 min at a flow rate of 0.4 ml/min. Metabolites were analyzed in the full scan and selected
reaction-monitoring (SRM) modes. lon polarities, fragmentation energies, and ion
transitions used in the SRM modes are listed in Table 1 and in SI Tables 1 and 2.
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3 Results

3.1 Curcumin and conjugates in human plasma

Free curcumin and its glucuronide and sulfate conjugates were analyzed in plasma samples
of volunteers obtained 2 h after ingestion of a single oral dose of curcumin. The dose
provided 180 mg of curcumin in a nano-dispersed colloidal suspension with reported 27-fold
increase in bioavailability [22]. This resulted in low but quantifiable plasma concentration of
free curcumin (2.1+0.21 nmol/L) (Fig. 2A). Direct quantification of mono-glucuronide and
mono-sulfate conjugates showed that curcumin-glucuronide was the major conjugate
(131.6+12.6 nmol/L) while curcumin-sulfate (1.8+0.2 nmol/L) was about two orders of
magnitude lower (Fig. 2).

3.2 Curcumin concentration in human plasma after hydrolysis

Aliquots of human plasma samples were hydrolyzed with B-glucuronidase or sulfatase.
According to the specifications, p-glucuronidase contained sulfatase activity, and the
sulfatase preparation also exhibited p-glucuronidase activity. Hydrolysis with p-
glucuronidase gave 130.7+14.2 nmol/L free curcumin while hydrolysis with sulfatase gave
more than twice the amount (318.4+52.9 nmol/L) (Fig. 2A). This indicated a pool of
curcumin conjugates in plasma that was not or not completely hydrolyzed by p-
glucuronidase, representing about half of the total hydrolysable conjugates.

3.3 Hydrolysis of conjugates in human plasma

B-Glucuronidase completely hydrolyzed curcumin-glucuronide but, unexpectedly, generated
a large amount of curcumin-sulfate (Fig. 2B,C). This indicated that p-glucuronidase is only
efficient when deconjugating glucuronidated substrates but not with sulfate conjugates (or
much less so), suggesting the existence of a mixed conjugate containing both glucuronic
acid and sulfate as an abundant plasma metabolite. Such a mixed conjugate could best
explain the low concentration of curcumin-sulfate from non-hydrolase treated plasma
together with prominent emergence upon treatment with p-glucuronidase. Based on the
amount of curcumin-sulfate formed by B-glucuronidase hydrolysis, one or several mixed
conjugates were present at up to 100 nmol/L in human plasma 2 h following administration
of turmeric. In contrast, sulfatase completely hydrolyzed curcumin-glucuronide and
curcumin-sulfate conjugates (Fig. 2B,C). Resulting curcumin concentrations exceeded those
obtained from R-glucuronidase hydrolysis by about twofold, consistent with a postulated
mixed conjugate that is completely hydrolyzed by sulfatase.

3.4 Analysis of curcumin and conjugates in mouse serum

Mice were treated with unformulated turmeric extract by i.p. injection or oral gavage, and
blood was collected after 20 or 30 min, respectively. The concentration of free curcumin in
mouse serum was low prior to hydrolysis (<0.4 umol/L), and increased ~15 to 30-fold upon
treatment with B-glucuronidase or sulfatase, respectively (Fig. 2D). Similar to the human
samples, higher concentration of free curcumin was achieved by treatment of serum with
sulfatase than with B-glucuronidase (Fig. 2D). Curcumin-glucuronide, a major conjugate in
untreated serum, was fully hydrolyzed by treatment with both g-glucuronidase or sulfatase,
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respectively (Fig. 2E). The amount of curcumin-glucuronide in untreated serum matched the
amount of curcumin released by p-glucuronidase. Curcumin-sulfate, present at low
concentration in untreated plasma (<0.1 umol/L), was completely hydrolyzed by sulfatase
but increased more than 10-fold by p-glucuronidase (Fig. 2F). There was no difference in
relative metabolite abundance between oral and i.p. administration of turmeric. The
detection of conjugated metabolites upon i.p. administration of curcumin was consistent
with the very fast one-pass circulation time of blood in the mouse that was previously
determined to be approximately 15 s [26]. Thus, even upon i.p. administration there was
sufficient time for curcumin to pass multiple times through the liver and be conjugated prior
to sample collection. These results indicated the presence also in mouse serum of mixed
conjugates of curcumin that were of higher order, i.e., that were at least doubly conjugated.
The predicted mixed conjugates were completely hydrolyzed by sulfatase but converted to
simple sulfate conjugates by B-glucuronidase.

3.5 Higher order glucuronide/sulfate conjugates in mouse serum

We developed an LC-MS based strategy to search for putative higher order conjugates of
curcumin with glucuronic acid and sulfate in mouse serum. SRM transitions for detection of
such conjugates were predicted based on the observed fragmentation of curcumin
glucuronide and sulfate conjugates, respectively, in MS2 analyses (Table 1 and Sl Tables 1
and 2).

In order to minimize false positive detection of putative conjugates a 1:1 mixture of
curcumin and dg-curcumin was administered to mice, and the M/M+6 isotopic pattern was
used for positive identification. Serum samples were extracted using paper strip extraction
[27] which achieved higher recovery of polar curcumin conjugates than solid-phase or
liquid-liquid extraction.

LC-SRM-MS analysis showed parallel M/M+6 ion chromatograms for curcumin, curcumin-
sulfate, and curcumin-glucuronide in non-hydrolyzed mouse serum (Fig. 3A). As expected,
hydrolysis with B-glucuronidase decreased curcumin-glucuronide and increased curcumin
and curcumin-sulfate (Fig. 3B). Sulfatase increased curcumin while decreasing both sulfate
and glucuronide conjugates (Fig. 3C). The results obtained with isotope-labeled curcumin
corroborated the quantitative analyses (Fig. 2).

Using predicted ion transitions a curcumin-diglucuronide conjugate was detected in the
corresponding M and M+6 SRM chromatograms, respectively, in non-hydrolyzed mouse
serum (Fig. 4A). The peak disappeared upon treatment with B-glucuronidase or sulfatase (S|
Fig. 1), consistent with a conjugate that only contained glucuronic acid. The curcumin-
diglucuronide conjugate was detected in LC-MS analyses conducted in both positive and
negative ion modes, providing further support for positive identification. The diglucuronide
represents a novel conjugate of curcumin, but the fact that it was hydrolyzed completely by
B-glucuronidase suggested this conjugate did not account for the discrepancy in free
curcumin concentration achieved by the two hydrolases.

Using the isotope-based approach facilitated detection of additional novel curcumin
metabolites, namely curcumin-disulfate, curcumin-sulfate-glucuronide, and curcumin-
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sulfate-diglucuronide conjugates (Fig. 4B-D). All conjugates showed the M/M+6 isotopic
pattern, and peak abundances were markedly reduced upon hydrolysis (SI Fig. 1).
Hydrolysis of the higher-order sulfate mixed conjugates likely accounts for additional
curcumin released by treatment of plasma with sulfatase compared to p-glucuronidase.
Direct quantification of the higher order mixed conjugates in serum was not achieved due to
the lack of suitable standards.

4 Discussion

We provide evidence for formation of novel conjugates of curcumin in human and mouse
plasma following administration of turmeric. The metabolites are higher order and mixed
conjugates containing glucuronic acid and sulfate moieties. The novel metabolites identified
were diglucuronide, disulfate, sulfate-glucuronide, and sulfate-diglucuronide conjugates of
curcumin. We also show that higher order mixed conjugates as well as the simple sulfate
conjugate of curcumin are incompletely hydrolyzed by the standard treatment of plasma
with B-glucuronidase. Thus, use of B-glucuronidase may result in an underestimation of the
bioavailability of curcumin upon oral administration. If curcumin plasma concentration is to
be quantified following conjugate hydrolysis, substrate specificity and efficiency of the
hydrolytic enzyme need to be considered. Our analyses suggest that sulfatase treatment will
yield higher concentration of free curcumin than p-glucuronidase.

Hydrolysis of plasma samples was performed using standard treatment, i.e., the pH was
adjusted to the optimum for B-glucuronidase (pH 5). The same pH was used for sulfatase to
enable direct comparison although the enzyme optimum is at pH 6.2. Since both enzymes
are mainly used as crude preparations from H. pomatia, activities are only enriched, and
specificity is somewhat increased when the pH value optimal for the respective enzyme is
used. Since both activities are present in either preparation (cf. section 2.1 Materials) it is
conceivable that in reactions using the optimum pH for B-glucuronidase there was less
sulfatase activity, and the sulfate conjugates were not hydrolyzed. In contrast, sulfatase
treatment (also performed at pH 5) was optimal for B-glucuronidase activity, and this
resulted in hydrolysis of both types of conjugates. Nevertheless, standard hydrolysis of
plasma samples is performed at only one pH value, and this pH is usually optimal for p-
glucuronidase (pH 5), thus precluding hydrolysis of sulfate conjugates.

Our data only allowed to determine the composition of the novel conjugates but not the
position at which the moieties were connected to parent curcumin or to each other.
Determination of the connectivity would require NMR analyses of the isolated conjugates,
provided that sufficient amounts can be obtained, or MS fragmentation data in comparison
to authentic standards that are challenging to synthesize. From comparison to authentic
(synthesized) standards, it is clear that the initial conjugation occurs at one of the phenolic
hydroxyls of curcumin. Given the preference for binding to the phenolic hydroxyl, a
glucuronide-sulfate mixed conjugate likely carries the two moieties at the opposite ends of
curcumin. Whether the third moiety in the sulfate-diglucuronide is attached to the already
present glucuronide or sulfate or connected at the central hydroxyl is unknown. Work by
Pfeifer and co-workers suggested that glucuronic acid may be attached to the central p-
diketone (keto-enol) by microsomes, based on detection of a glucuronide of 4’,4”-O-
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dimethylcurcumin, a substrate in which both phenolic hydroxyls are blocked by methylation
and thus unavailable for conjugation [28].

Addition of multiple glucuronide or sulfate moieties to a xenobiotic compound to enhance
metabolic elimination seems a waste of cellular resources, given the energetic requirements
for sulfation and glucuronidation [29, 30]. Nevertheless, dressing of endogenous or
exogenous compounds with more than one glucuronide or sulfate moiety is not uncommon
[31]. One of the first diglucuronide conjugates to be detected and structurally identified was
bilirubin-diglucuronide [32, 33]. A number of diglucuronides of prototypical polyphenols
have been described [31], and, for example, mixed glucuronide-sulfate conjugates of
quercetin have been detected in urine after oral administration [34, 35]. Formation of a
mixed conjugate was also suggested for curcumin [21] but had not yet been proven by direct
detection. Resveratrol, in addition to monoglucuronides and monosulfates, also formed
disulfates and diglucuronides after oral administration to humans [36]. Interestingly, in both
diglucuronides, one of the glucuronic acid moieties was attached to C-2 of the 3,5-
diphenolic ring of resveratrol, i.e., via a C-C linkage rather than the usual C-O coupling to a
hydroxyl. It remains to be tested whether the C-C linked glucuronide can be hydrolyzed by
B-glucuronidase.

Incomplete hydrolysis of sulfate conjugates together with their unexpectedly large
abundance has important implications for the determination of curcumin plasma
concentrations. Quantification of curcumin plasma concentration with help of a p-
glucuronidase hydrolysis step is common practice. Our findings suggest that hydrolysis of
curcumin-sulfate and the mixed glucuronide-sulfates may have been incomplete in such
studies. It is likely that the true total plasma concentration of curcumin (i.e., including the
conjugates) may be higher than what is reported in the literature to date — if the analysis was
based on B-glucuronidase hydrolysis. Our findings may also be relevant in the context of
studies focusing on site-specific deconjugation of curcumin and other polyphenols by
hydrolases in inflammatory tissues [37—-39]. While pB-glucuronidase is the hydrolase of main
interest in this context, additional insight may be gained by analyzing the contribution of
sulfatase to site-specific hydrolysis of polyphenol conjugates
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Fig. 1.
Structures of curcumin and its glucuronic acid and sulfate conjugates.
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Concentration of curcumin and its glucuronide and sulfate conjugates in plasma before and
after hydrolysis with B-glucuronidase or sulfatase. Turmeric was administered to human
volunteers (A-C), and plasma was obtained after 2 h, Mice (D-F) received turmeric extract
by oral gavage or i.p. injection and serum was obtained after 30 or 20 min, respectively.
Plasma or serum samples were left untreated or hydrolyzed with B-glucuronidase (B-gluc.)
or sulfatase (Sulfat.) prior to extraction, and concentration of curcumin (A,D), curcumin-
glucuronide (B,E), and curcumin-sulfate (C, F) was quantified using LC-SRM-MS. All
values in A-C are different from each other at p<0.05 (n = 6). In D-F all values are different
from each other within the oral and i.p. series, respectively, at p<0.05 (n = 5). Statistical
analysis was performed using one-way ANOVA followed by Tukey multiple comparison
tests of every pair. Error bars indicate SEM.
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Fig. 3.

LC-MS analysis of curcumin and its conjugate metabolites in serum of mice administered a
1:1 mixture of curcumin and dg-curcumin by i.p. injection. Serum samples were (A)
untreated or hydrolyzed with (B) p-glucuronidase or (C) sulfatase prior to extraction. lon
trace chromatograms were acquired using LC-SRM-MS analysis of curcumin (C),
curcumin-sulfate (C-S), curcumin-glucuronide (C-G), and their respective dg-isotopologues.
Analytical conditions are listed in Table 1. The numbers indicate the highest ion intensity in
each trace. The first peak eluting in the C and dg-C chromatograms in (A) is derived from in-
source fragmentation of the glucuronide conjugates C-G and dgC-G, respectively, cf. ref.
[18].
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Detection of complex conjugates in serum of mice treated with a 1:1 mixture of curcumin
and d6-curcumin by i.p. injection. lon trace chromatograms were acquired using selected

reaction-monitoring analysis for (A) curcumin-diglucuronide (C-diG), (B) curcumin-
disulfate (C-diS), (C) curcumin-sulfate-glucuronide (C-SG), (D) curcumin-sulfate-

diglucuronide (C-SdiG) and their respective dg-isotopologues. Analytical conditions are
listed in Table 1. The numbers indicate the highest ion intensity in each chromatogram.
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Table 1.

lonization mode and selected reaction-monitoring ion pairs for the detection of curcumin, dg-curcumin, and
their conjugates in plasma samples.

Aglycon/conjugate lonization mode Molecular ion(m/z) Fragmention(m/z) Molecular ion(m/z)  Fragment ion(m/z)

curcumin de-curcumin
Curcumin® pos. 369.0 177.0 375.25 180.24
C-Gb neg. 543.48 216.99 549.48 220.42
c-s? pos. 449.38 285.38 455.38 291.0
cdic? pos. 721.60 369.20 727.60 375.18
C-dis? pos. 529.51 449.38 535.50 375.18
c-sc? neg. 623.60 216.99 629.60 220.42
c-sdic? pos. 801.70 369.20 807.70 375.18

C, curcumin; G, glucuronide; S, sulfate; pos., positive; neg., negative.

Paper strips were eluted with @ HoO/acetonitrile (50:50) or b H2O/acetonitrile (20:80).
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