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Abstract

Finding UDP-glucuronosyltransferases (UGT) require protein kinase C-mediated phosphorylation is important information that
allows manipulation of this critical system. UGTs glucuronidate numerous aromatic-like chemicals derived from metabolites, diet, envi-
ronment and, inadvertently, therapeutics to reduce toxicities. As UGTs are inactivated by downregulating PKCs with reversibly-acting
dietary curcumin, we determined the impact of gastro-intestinal glucuronidation on free-drug uptake and efficacy using immunosuppres-
sant, mycophenolic acid (MPA), in mice. Expressed in COS-1 cells, mouse Gl-distributed Ugtlal glucuronidates curcumin and MPA
and undergoes irreversibly and reversibly dephosphorylation by PKC-specific inhibitor calphostin-C and general-kinase inhibitor curcu-
min, respectively, with parallel effects on activity. Moreover, oral curcumin-administration to mice reversibly inhibited glucuronidation
in Gl-tissues. Finally, successive oral administration of curcumin and MPA to antigen-treated mice increased serum free MPA and
immunosuppression up to 9-fold. Results indicate targeted inhibition of GI glucuronidation in mice markedly improved free-chemical

uptake and efficacy using MPA as a model.
Published by Elsevier Inc.
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Whereas the primary role of UDP-glucurononsyltransfe-
rases (UGT) is to detoxify numerous structurally diverse
lipophilic chemicals, including metabolites, dietary constit-
uents, environmental toxicants, carcinogens and, inadver-
tently, therapeutic chemicals, there is a limited capacity
to manipulate glucuronidation to improve protection or
reduce premature clearance of medications. As UGTs inac-
tivate aromatic-like chemicals by attaching each to a glucu-
ronic acid molecule(s) to promote water-solubility with
high excretability, investigators have used recombinant
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UGTs under in-vitro conditions [1] to explore substrate
suitability to gain information on the potential clearance
of chemicals. While we know glucuronidation indiscrimi-
nately removes chemicals for protective purposes, glucu-
ronidation can have a negative impact due to premature
clearance of therapeutic drugs, which is inherently over-
come by administering compensatorily higher levels, some-
times with side-effects. Despite the long-standing
biochemical value associated with glucuronidation of
chemicals, it has not been possible to establish or measure
impact of this system, and it is not known whether bio-
chemical manipulation of this system is warranted for pro-
tection against toxicants or to enhance drug efficacy.
Unfortunately, it has not been possible to establish an
effective, reversible biochemical inhibitor for all UGT
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activities. Because our recent studies demonstrated all
UGTs tested require protein kinase C (PKC)-mediated
phosphorylation [2,3] that is subject to reversible anti-oxi-
dant downregulation, we have developed a strategy to
determine the impact of UGTs found in the mucosa layer
of the gastrointestinal (GI) tract [1] on drug efficacy. We
have downregulated glucuronidation by orally administer-
ing the kinase inhibitor and dietary condiment, curcumin,
to block UGT phosphorylation on a transient basis [3], fol-
lowed by administration of a test drug.

As we considered a UGT test substrate for in-vivo glu-
curonidation studies, immunosuppressant mycophenolic
acid (MPA), administered to transplant patients as the
mofetil-formulated prodrug MMF [4], was considered
ideal for assessing the impact of GI glucuronidation on
drug efficacy because it undergoes high levels of glucuron-
idation [5], it avoids the pharmacokinetics of in-vivo ester-
ase-dependent cleavage of MMF and it is a potent
immunosuppressant of cytotoxic T-lymphocyte (CTL)
proliferation in renal transplant recipients [5] that is
assessed in mice with a sensitive immunosuppression assay
[6]. Potent MPA-inhibition of the rate-limiting enzyme,
inosine monophosphate dehydrogenase (IMPDH) [7], is
highly selective toward type II IMPDH isozyme over type
I because of its specific role in de-novo synthesis of guano-
sine monophosphate in activated mononuclear cell prolif-
eration. Selective inhibition of type II IMPDH by MPA
prevents proliferation of activated T- and B-lymphocytes
and allows the agent to exert a potent immunosuppressant
effect, as well as it induces apoptosis of activated T-lym-
phocytes [8]. Immunosuppression is less toxic than anti-
rejection therapy to alleviate acute allograft rejection of
transplanted organs.

Whereas MPA readily forms ether-linked-(MPAG) or
acyl-glucuronides (AcMPAG) [9-11], we studied MPA glu-
curonidation in-vitro with human UGTs and found 4 iso-
zymes are avid metabolizers [12] that reach saturation
kinetics between 1.6 and 2.4 mM with K, values between
0.25 and 0.55 mM. These UGT isozymes, encoded at the
UGT1I complex locus, were found strategically and differen-
tially expressed in the gastrointestinal (GI) mucosa [1]. In
this report, we established under both in-vitro and in-vivo
conditions that mouse Ugtlal also requires phosphoryla-
tion, which can be transiently downregulated by nontoxic
kinase inhibitor, curcumin [2,3,13], and irreversibly by cal-
phostin-C, similar to that for human UGTs [2,3]. More-
over, effects of curcumin pretreatment elicited a marked
increase in free MPA levels in blood and a comparable
improvement in immunosuppression in antigen-stimulated
mice detected by the spleen CTL assay [6]. In short, our use
of MPA demonstrates a ‘proof of principle’ that glucuron-
idation at the GI level can greatly compromise chemical
uptake, including drug efficacy in mice.

Materials and methods

Materials and methods are provided as supporting online materials.

Results
Metabolism of MPA and curcumin by mouse Ugtlal

As shown in Fig. 1A, mouse Ugtlal metabolized MPA,
generating 64% MPA-7-0- and 36% acylMPA-glucuro-
nides, respectively, and reaching saturation kinetics at
2.0 mM driven by K, of 0.250 mM. Whereas the 9 mouse
Ugtla isozymes, except stomach-specific Ugtla2, are dis-
tributed in all GI tissues [18], the level of MPA turnover
by other mouse isozymes is unknown. Previously, we
showed 4 out of 5 different human GI-distributed UGTs
avidly metabolized MPA; human UGT1A1 [12,19] poorly
metabolized MPA.
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Fig. 1. (A) In-vitro glucuronidation of mycophenolic acid by mouse
Ugtlal. Analysis of MPA glucuronidation was carried out with 150 pg
protein in 2h incubation with ether (MPAG) and acyl-glucuronides
(AcMPAG) distinguished as described under Methods. Total MPA-
glucuronides, MPAG, and AcMPAG are pmol MPA-B-glucuronide/mg
prot./h. Experiments, repeated 3 times, have SE of +1-5%. (B) In-vitro
glucuronidation of curcumin by mouse Ugtlal. One-hundred fifty pg of
mouse Ugtlal (pH 6.4) expressed in COS-1 cells incubated 2 h with
increasing concentration of curcumin according to Methods. Activity is
expressed as pmol/mg protein/hr. The experiment, repeated 3 times, has
SE of +1-4%.
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Since we propose to use curcumin, previously demon-
strated [1] to be an in-vitro substrate for several human
UGTs accounting for eventual recovery from inhibition
in cell lines, we demonstrate it undergoes concentration-
dependent glucuronidation by mouse recombinant Ugtlal
(Fig. 1B). Moreover, we have shown that 98%-inhibited
LS180 cells by HPLC analysis [16]' with 2% remaining glu-
curonidation initiated curcumin removal [N.K. Basu, L.
Kole, A. Garza, P.S. Mitra, 1.S. Owens, submitted for pub-
lication]; analysis revealed initially all free curcumin and no
glucuronide, which progressed to nondetectable levels and
98.7% curcumin glucuronides, respectively, concurrent
with recovery of activity. Because curcumin is an effective
general-kinase inhibitor (see Discussion) and an excellent
substrate for certain UGTs, our results can account for
its transient in-cellulo inhibition of UGT.

Sensitivity of mouse Ugtlal to curcumin and calphostin-C

To assess whether mouse Ugt phosphorylation require-
ment is similar to that for human isozymes, we examined
in-cellulo effects of curcumin and calphostin-C on Ugtlal
with activity measured in-vitro. Curcumin treatment of
Ugtlal caused concentration-dependent inhibition within
15-min that was reversible (Fig. 2, top) and did not affect
specific protein kevel assessed with anti-UGT-1168
(Fig. 2, bottom). Calphostin-C also caused concentration-
dependent inhibition of Ugtlal that was irreversible
(Fig. 2, top), again without affecting specific protein level
(Fig. 2, bottom). The parallel loss and recovery of both
activity and phosphoserine content for Ugtlal following
curcumin treatment indicates the mouse isozyme, like
human UGTs [1-3], undergoes required phosphorylation
without affecting Ugtlal protein (Fig. 2, bottom). The lack
of curcumin and calphostin-C toxicity was confirmed by
the MTT assay. Furthermore, we have shown that curcu-
min and calphostin-C inhibited [**P] orthophosphate incor-
poration into UGTs in LS180 colon cells in a time- and
dose-dependent manner [N.K. Basu, L. Kole, A. Garza,
P.S. Mitra, I.S. Owens, submitted for publication]. In addi-
tion Ugtlal has 3 computer-detected serine-specific PKC
phosphorylation sites at position 203, 437, and 529, similar
to human isozymes [3].

Curcumin effect on chemical uptake using mouse duodenal
loop

As each in-cellulo study has confirmed UGT is revers-
ibly inhibited by curcumin treatment, we initiated in-vivo
effects of curcumin on glucuronidation by monitoring
changes in free chemical uptake by sampling portal blood
from an in-situ mouse duodenal loop using bilirubin as a
marker. Although bilirubin-specific UGT1A1 was recently
found at high levels in human duodenal mucosa as well as

! References 14-17 are in the Supplement under supporting material.

liver [1], the metabolite is primarily glucuronidated in liver
(see Discussion) and essentially by a single UGT in rat and
human. Thus, bilirubin allowed us to assess glucuronida-
tion by a single isozyme in duodenum. Recently, mouse
Ugtlal was also shown to be highly abundant in duode-
num [18]. Sampling at particular sites in the duodenal loop
after 1 h shows curcumin caused a 2-fold increase in free
bilirubin and a 53% reduction in bilirubin glucuronide in
portal blood compared to an untreated loop (Fig. 3A,
top), and it caused a 7- and 8-fold reduction in bilirubin
glucuronide in duodenal tissue and its lumen, respectively.
Evidently, high duodenal levels of UGT isozyme(s) [1] with
broad substrate activities facilitate glucuronidation and
removal of numerous dietary agents.

Glucuronidation by microsomes isolated from the mouse
duodenal loop

Bilirubin and eugenol glucuronidation, respectively, by
microsomes isolated from treated duodenal-loop tissue ver-
sus untreated loop was: curcumin alone (25/6%), bilirubin
alone (94/107%) and curcumin/bilirubin (32/7%), confirm-
ing Ugt inhibition (Fig. 3A, bottom). The fact that curcu-
min inhibition of mouse Ugtlal turnover of bilirubin
(68%) is less than that for eugenol (93%) with duodenal
microsomes is consistent with the fact that bilirubin is
likely metabolized by a single enzyme, and eugenol is
metabolized by many isozymes [1]. Curcumin inhibition
of MPA glucuronidation using mouse duodenal loop
microsomes is shown to be between 82% and 96%, depend-
ing upon pH of the assay (Fig. 3B) (12). Glucuronidation
of anticancer drug, SN-38, showed similar inhibition with
microsomes from curcumin-treated loops, generating 86%
and 73% inhibition at two different pH conditions (not
shown). Results show curcumin inhibited in-vivo glucuron-
idation causing both a significant increase in free bilirubin
in portal blood and a reduction in tissue bilirubin—glucuro-
nide. This finding suggests normal glucuronidation neces-
sarily significantly reduces free chemical uptake.

Time-course of curcumin-inhibition and recovery of
glucuronidation in mouse duodenum

Previously, we determined dose-response, summarized
under Method, for curcumin inhibition of MPA glucuroni-
dation in mice following oral administration [12]. Preliminary
results indicated oral administration of 10 mg curcumin/kg
to mice caused 100% inhibition of duodenal UGT activity
with a 30-min delay that, no doubt, allowed transit time to
reach the tissue. Activity returned to normal after 2 h.
Because the previous data [12] indicated 100 mg curcu-
min/kg b.w. maintained inhibition of MPA glucuronidation
at 96% for 1 h, we carried out time-course experiments with
100 mg/kg.

To determine the time for reversal of inhibition in-vivo,
we tested MPA glucuronidation with microsomes islolated
from all GI tissues between 2 and 5 h following administra-
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In-cellulo effect of curcumin and calphostin-c on Ugtia1
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Fig. 2. Effects of different concentrations of curcumin- or calphostin-C on Ugtlal activity (top), its expression level and phosphoserine status (bottom) in
COS-1 cells. MPA glucuronidation was carried out in-vitro with cell homogenates containing 150 pg protein and 800 uM MPA, which incubated 2 h
before analysis as described under Methods. Western blot analysis with anti-UGT (1168) [2,3,12,15] and its phosphoserine status were carried out as
described under Methods showing Mock transfected COS-1 cells as controls. Experiments were repeated 3 times and have SE of +2-4%.

tion of 100 mg curcumin/kg. Overall, activity shows duode-  colon was 5/35%, 24/135%, and 55/116% at 2 and 5h,
num recovered: 36% and 157% by 2 and 5 h, respectively ~ respectively. After the 5-h reversal, it is evident that
(Fig. 3C), whereas recovery for esophagus, stomach, and MPA glucuronidation, except for esophagus, is between



N.K. Basu et al. | Biochemical and Biophysical Research Communications 360 (2007) 7-13 11

A Relative Glucuronidation of Bilirubin C
and Curcumin in Duodenal Loops Time Course for Oral Treatment with Curcumin
(% unconjugated and % conjugated) MPA as Substrate
90@%,
Tt Time of phag Duodh Colon

treatment

) \ 0hr - - .

- o ® v -

Curcumin Bilirubin Bilirubin and Curcumin 1965198 488122 1582186 996195
Tissue: C 975x2 B 90=+2 B 985x2 C 993x03

CG 28+17 BG 101 BG 1.5+1 CG 07:02
Lumen: € 98903 B 85%1 B 100 C 994202 2hr - - LI = .

CG 1.1x03 BG 5x1 BG 0 CG 06=z0.2

+ +. + +

Portal C 783%57 B 34z1 B 68823 C 689x43 foN Metts SEpLe2 852268
blood: CG21.7+57 BG 66+ 1 BG31.2+2 CG31.1:43

Duodenal Microsomal Activity

"~ 9D1 7

Substrate Control Curcumin Bilirubin Bilirubin and Curcumin
69848 792469 2476196 1158£112
Bilirubin 731+38 182+35 684 +39 23112 L |
mol gluc/mg prot/hr
Eugenol 17,254+1,645 1069+202 184263720  1,176336 PRESUETER

B Curcumin Inhibition of MPA Glucuronidation using
Microsomes from Mouse Duodenal Loop

MPA-C'-Glucuronides
Exposures by TLC-Chrom pmol/mg prot/hr

pH 6.4 pH 7.6 pH 6.4 pH7.6

I 1 I 1 I 1 I 1

Untreated #eees @ = 7852218 828+35
Treated . ,e 485+21 148 +10

Fig. 3. (A) Effect of curcumin treatment on uptake of bilirubin by mouse duodenal loops. Either curcumin (100 mg curcumin/kg), bilirubin (0.6 mg/
animal), or curcumin (100 mg curcumin/kg) followed by bilirubin (0.6 mg) was injected into the lumen of in-situ duodenal loops with needle and syringe
allowing 1 h exposure; portal blood was collected and stored at 4 °C before shipping for analysis. Duodena were collected, and microsomes were prepared
[12]. Microsomal incubations were for 2-h using 300 pg protein with bilirubin (100 pM) or eugenol (200 uM) or MPA (200 uM), and products were
processed. (B,C) Represent bilirubin and curcumin, respectively; BG and CG represent their corresponding glucuronides. Each group contained 3-5
animals. The study was repeated thrice with triplicate determinations. The unit for bilirubin and eugenol glucuronides is pmol/mg prot/h. (B) MPA-
glucuronidation by duodenal-loop microsomes. The left panel is an autoradiogram of a TLC plate that resolved MPA glucuronides generated in 2-h
incubations using 300 pg protein and 200 uM MPA; results represent the mean + SE for 3 determinations. (C) Time-course of curcumin treatment using
mouse duodenal microsomes. Mice, treated with 100 mg curcumin/kg b.w. for 2 and 5 h, were sacrificed; 0 h represents untreated controls; duodena were
removed and stored as described in (A) until microsomes were prepared. Microsomal MPA glucuronidation was determined using 300 pg protein and
200 uM MPA. MPA-["*Clglucuronides were separated by TLC and quantitated [12]; the amounts of ["*Clglucuronide product are given below
photographs. TLC plates, exposed to X-ray films, were developed for photographs, and product was reported as mean + SE for 3 determinations. Each
group contained 3-5 animals.

6- and 7-fold increase in blood free MPA for 25 and
50 mg/kg, respectively; at the same time MPA glucuronide

16% and 57% higher than control. The slower recovery by
esophagus may reflect a more concentrated chemical appli-

cation while traversing this organ compared to more distal
tissues or esophagus-distributed Ugt(s) have lower curcu-
min glucuronidating activity, thereby, requiring longer
recovery time.

Major improvement in serum free MPA uptake and its
immunosuppression in antigen-treated mice

Since curcumin reversibly inhibited glucuronidation of
MPA without detectable toxicity, which is consistent with
its beneficial effects that include anti-oxidant [20,21], anti-
inflammatory [22] and anti-carcinogenic [20,21] without
detectable toxicity in mice or human, we tested its effect
on free MPA levels in systemic blood [11] and immunosup-
pression [6] in antigen-treated mice. Oral administration of
100 mg curcumin/kg to SRBC-stimulated mice revealed a

remaining in the blood was reduced by about 25%
(Fig. 4A). Pretreatment with 100 mg curcumin/kg before
50 mg MPA/kg compared to 150 mg MPA/kg, without
curcumin pretreatment, also showed effectively a 6-fold
improvement in blood free MPA and a 75% decrease in
MPA glucuronides. Using HPLC analysis [6], we were
unable to detect AcMPAG in any mouse serum sample
with pH values ranging from 8.0 to 9.0. Similarly, pretreat-
ment with 100 mg/kg curcumin before administration
of 25 and 50 mg/kg MPA versus no pretreatment caused
a 2.5- and 6-fold improvement in immunosuppression of
spleen CTL proliferation, respectively, in SRBC-stimulated
mice (Fig. 4B). Again, pretreatment with 100 mg/kg curcumin
before 50 mg/kg MPA versus no pretreatment with
150 mg/kg MPA caused nearly 9-fold more effective
immunosuppression. In effect, MPA alone shows concentration-
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Fig. 4. (A) Effect of oral pretreatment with curcumin on free MPA in
blood and (B) MPA immunosuppression of CTL proliferation in mouse
spleen. Mice were treated with SRBC to stimulate spleen CTL prolifer-
ation as described under Methods [6]. Immediately after SRBC admin-
istration, mice received curcumin (50 or 100 mg/kg) orally, which was
followed by oral administration of MPA (25-, 50-, or 150-mg/kg b.w.)
20 min later or DMSO, as defined in the graph. [PH]Thymidine was
injected intraperitoneally. Mice were sacrificed, and spleens were removed
and processed for radioactivity as described under Methods. Simulta-
neously, blood was collected to ship for HPLC analysis [11] in order to
distinguish free and MPA glucuronides. CPM/mg protein were deter-
mined and expressed as a percentage (treated/control) shown in (B).
[PH]Thymidine incorporation into SRBC-stimulated control spleen cells
was 633,319 + 43,364 CPM/mg protein after subtracting non-SRBC-
stimulated control.

dependent immunosuppression, and curcumin-inhibition
of glucuronidation apparently caused a concentration-
dependent improvement in MPA immunosuppression.
Overall, the results show, at least, a 6-fold enhancement
in both free MPA in blood and immunosuppression with
curcumin pretreatment at 100 mg/kg b.w.

Discussion

Despite identification of UGTs in GI mucosa using
molecular biology techniques [1-3,15], it has not been pos-

sible to determine the impact of these isozymes [1] on
chemical uptake due to the lack of a strategy to reversibly
remove all GI activities. As liver UGTs are critical to sys-
temically-distributed chemicals, it is likely that GI glucu-
ronidation in mucosal cells has a significant impact on
removing ingested substrates. The observation that all
UGTs tested require phosphorylation (see Ref. [2], page
6287, paragraph 1; N.K. Basu, L. Kole, A. Garza, P.S.Mi-
tra, I.S. Owens, submitted for publication), which is down-
regulated by dietary curcumin, provided an important
strategy to analyze the impact of GI glucuronidation.
Hence, we utilized curcumin to downregulate UGT phos-
phorylation reversibly and, thus, glucuronidation to
demonstrate between a 6- and 9-fold improvement in
free-drug uptake and therapeutic efficacy, using the potent
immunosuppressant MPA and the sensitive CTL prolifera-
tion assay in mice as a model. Kinetically, MPA glucuron-
idation by mouse recombinant Ugtlal, like human UGT
isozymes [12], required millimolar concentrations to reach
saturation kinetics driven by K, value of at least
0.25 mM. Moreover, we were able to confirm with endog-
enous metabolite, bilirubin, that curcumin inhibition of GI
glucuronidation caused a 2-fold increase in portal-blood
free bilirubin in mouse duodenal loop with a corresponding
53% decrease in its glucuronide. Because many orally-
administered drugs have been shown to undergo glucuron-
idation under in-vitro conditions with recombinant UGTs,
it is possible that GI glucuronidation has an impact on a
significant number of medications leading to premature
removal. It remains to be seen, however, whether the signif-
icant improvement in both serum free MPA level and
immunosuppression in response to downregulation of GI-
distributed glucuronidating activities in mice has human
relevance.

While UGT location in GI mucosa cells [1] suggests it is
a strategic site for manipulating glucuronidation by either
negative or positive regulators of activities, it is important
that evidence for each UGT tested with curcumin [2,3]
requires on-going phosphorylation. At appropriate concen-
trations, the literature indicates chemopreventive curcumin
acts to scavenge free radicals and interrupt PKC signaling
triggered by oxidants [23]. Specifically, we have acquired
evidence [N.K. Basu, L. Kole, A. Garza, P.S. Mitra, L.S.
Owens, submitted for publication] that UGTSs undergo
phosphorylation—-dephosphorylation  cycling that s
regulated via signaling. Moreover, our demonstration that
mouse Ugt requires phosphorylation in this study showing
curcumin or calphostin-C disrupts Ugtlal phosphoser-
ine content in parallel with loss of activity provides
additional evidence that UGTs in each species require
phosphorylation.

An important observation is that control mouse micro-
somes isolated from surgically established duodenal loops,
but otherwise untreated, showed MPA glucuronidation
was 5-fold higher than that by non-surgical control micro-
somes: compare 7852 U for MPA (Fig. 3B) and 1582 U
(Fig. 3C) for normal duodenal microsomes. This observa-
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tion suggests trauma in GI-tissue alone can have a signifi-
cant effect on UGT activity.

While chemopreventive curcumin [24] at appropriate
concentrations downregulates phosphorylation, it also
undergoes glucuronidation by both human and mouse
Gl-distributed UGT(s). Thus, low remaining activity con-
jugates the chemical leading to progressive reversal of inhi-
bition making it, at least, a model for global inhibition of
UGTs in GI. As endogenous toxin, bilirubin, is glucuroni-
dated by hepato-distributed human UGT1A1l and mouse
Ugtlal following directed transport to the liver from its
site of synthesis in spleen, it is unlikely that orally-adminis-
tered curcumin inhibits liver glucuronidation. Since
available human studies showed 8 gm daily, the highest
bulk-volume acceptable to patients [21], provided the high-
est attainable serum level of 1.77 uM peaking between 1
and 2 h, it is unlikely that curcumin reached sufficient levels
to inhibit bilirubin glucuronidation in liver. Our in-cellulo
data requiring 50 pM or more for inhibition [1,12] suggest
1.77 uM is more than an order of magnitude below inhib-
itory levels. Importantly, inhibition with 100 mg/kg admin-
istered orally in this study suggests GI mucosa cells
accumulated much higher levels of curcumin than the max-
imum achievable serum level of 1.77 uM. These are ques-
tions that require further study.

Whereas the supra level of activity in the mice after 5h
of recovery (Fig. 3C) suggests curcumin was not toxic, this
natural product and active component of turmeric is
known to have highly beneficial medicinal effects, including
anti-inflammatory, anti-tumorigenic [21,25], and anti-oxi-
dant actions already cited [20,21,26,(N.K. Basu, L. Kole,
A. Garza, P.S. Mitra, 1.S. Owens, submitted for publica-
tion)]. More importantly, literature searches show curcu-
min has been widely studied in human and animal
models without a report of toxicity even when consumed
in extraordinarily large quantities. Hence, use of ‘nontoxic’
curcumin in this model of immunosuppression by MPA
provides strong evidence only for ‘proof of principle’ that
glucuronidation can adversely affect drug efficacy.

In summary, the magnitude of the effect of inhibiting GI
glucuronidation on chemical uptake and drug efficacy pro-
vides the first evidence that this metabolic process can have
a substantial impact on uptake of orally-administered glu-
curonidatable drugs and/or dietary agents. Our findings
also raise the possibility that consumption of certain agents
may downregulate UGTs when maximum activity is neces-
sary to remove toxins, an issue that also warrants further
investigation.
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