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Considerable interest continues to be focused on the development of curcumin either as an effective stand-alone
therapeutic or as an adjunct therapy to established therapies. Curcumin (1, 7-bis (4-hydroxy-3-methoxyphenyl)-
1, 6-heptadiene-3, 5- dione; also called diferuloylmethane) is a polyphenolic phytochemical extracted from the
root of curcuma longa, commonly called turmeric. Despite evidence from in vitro (cell culture) and preclinical
studies in animals, clinical studies have not provided strong evidence for a therapeutic effect of curcumin. The
relevance of curcumin as a drug has been questioned based on its classification as a compound with pan assay in-
terference and invalid metabolic panaceas properties bringing into question the relevance of the therapeutic tar-
gets identified for curcumin. To some extent this is due to the lack of a complete understanding of the link be-
tween the in vitro (cell culture activity), pharmacokinetics and in vivo activity of curcumin. In this review and us-
ing NF-kB as a cellular target for curcumin, we have investigated the relationship between the potency of cur-
cumin as an inhibitor of NF-kB in cell culture, the pharmacokinetics of curcumin and curcumin’s anticancer and
anti-inflammatory effects in preclinical models of cancer and inflammation. Plausible explanations and rationale
are provided to link these activities together and suggest that both curcumin and its more soluble Phase II
metabolite curcumin glucuronide may play a key role in the treatment effects of curcumin in vivo mediated at NF-
kB.

predominant keto form in acidic and neutral solutions and stable enol
form in alkaline medium. Commercial curcumin contains approxi-

1. Introduction

Considerable interest continues to be focused on the development of
curcumin either as an effective stand-alone therapeutic or as an adjunct
therapeutic to established therapies. According to PubMed, between
2020 and 2022, there were 5,006 citations for curcumin either as well
written reviews or as research articles. Curcumin (1, 7-bis (4-hydroxy-
3-methoxyphenyl)-1, 6-heptadiene-3, 5-dione; also called diferuloyl-
methane, Fig. 1) is a polyphenolic phytochemical.

extracted from the root of curcuma longa, commonly called
turmeric. Curcumin, the active principle of turmeric, is a bis-R,-
unsaturated diketone which exhibits keto—enol tautomerism having a

mately 77 % diferuloylmethane, 17 % demethoxycurcumin, and 6 %
bisdemethoxycurcumin, all active curcuminoids [1,2]. Potential thera-
peutic applications for curcumin have been suggested on the basis of its
pleotropic activity in in vitro and in vivo assays. The therapeutic poten-
tial for curcumin has been detailed in a number of comprehensive re-
views [1-4 and references cited therein]. In brief, curcumin has shown
promise as an antioxidant, anti-inflammatory, anti-infective, and anti-
cancer agent. Curcumin has been shown to protect against liver, kidney
and heart damage, suppress clot formation and possess neuroprotective
activity in neurodegenerative and neurological disorders such as

Abbreviations: BSA, Bovine serum albumin; C,,, Average plasma concentration; CHO, Chinese Hamster Ovary; Cur, Curcumin; CGluc, Curcumin glucuronide;
CXCL, C-X-C motif chemokine 5; CXCR, Chemokine receptor; Diff, Diffusion; DNA, Deoxyribonucleic acid; ED50, effective dose generating a 50% response; -
Glrndase, p-Glucuronidase; HSA, Human serum albumin; IL, Interleukin; IP, Intraperitoneal; IV, Intravenous; LogP, Logarithm of the partition coefficient between an
aqueous and lipophilic phase; uM, Micromolar; MCP-1, Monocyte chemoattractant protein-1; MTX, methotrexate; NTHi, Non-typeable Haemophilus Influenzae; NF-
k-B, nuclear factor-x-B; OM, otitis media; OAT, Organic anion transporter; OATP, Organic cation transporter polypeptide; OCT, Organic cation transporter; PAINS,
Pan assay interference; PBMC, peripheral blood mononuclear cells; PCR, polymerase chain reaction; PP, Plasma proteins; ROS, reactive oxygen species; THC,
tetrahydrocurcumin; TNF-a, tumour necrosis factor-o; TSS, toxic shock syndrome; TSST-1, toxic shock syndrome toxin-1
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Fig. 1. Structure of Curcumin.

Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease.
Furthermore, curcumin has been shown to limit cytokine release and is
of potential benefit in the treatment microbial infections mediated by
bacteria and viruses.

Despite evidence from in vitro (cell culture) and preclinical studies
in animals, clinical studies have not provided strong evidence for a
therapeutic effect of curcumin [3]. This is likely due to its poor pharma-
cokinetic properties linked to unattractive physical chemical properties
such as poor aqueous solubility at physiological pH, chemical instabil-
ity, metabolic instability, poor oral absorption and rapid elimination all
of which contribute to low systemic concentrations and limited
blood-brain barrier permeability [2,3 and references cited therein]. As
a consequence, several attempts have been made to improve systemic
levels of curcumin following dosing using formulation approaches that
range from complexation with adjuvants and inclusion in nanoparti-
cles, liposomes, and phospholipid micelles to the design of novel
analogs with better oral absorption [4,5]. More recently, a number of
investigators have claimed that the lack of efficacy by curcumin seen in
numerous clinical trials is due to the fact that it is a Pan-Assay Interfer-
ence (PAINS) compound, which frequently gives false-positive results
during testing [3,6]. A characteristic of this type of compound is that it
is not directed toward a single molecular target, but against many, dis-
parate, targets or diseases. We have noted that NF-kB (Nuclear factor
kappa B) is suppressed by curcumin in inflammation, cancer and many
other diseases [7-9]. Others have made similar arguments, noting cur-
cumin can affect many different genes [10,11]. Recent clinical studies
have shown that the failure of earlier clinical trials using curcumin
compounds was due to the inability in these studies to achieve adequate
blood levels of curcumin. Indeed, curcumin’s poor systemic exposure
following oral administration suggests that there is a need for higher
and more sustained plasma levels of curcumin to optimize its treatment
effects. Thus, it has been suggested that high exposure of the gastroin-
testinal tract to curcumin following oral administration may provide
therapy with respect to gastrointestinal cancers and intravenous admin-
istration of formulated curcumin may provide high enough plasma lev-
els of curcumin for systemic treatment [3]. Greil et al, in a cancer study
using escalating doses of an intravenously administered liposomal
preparation of curcumin, were able to achieve blood levels 1000-times
that of standard oral curcumin [12]. A clear dose-response was seen,
with reductions in cancer markers (carcinoembryonic antigen, prostate-
specific antigen) seen only at the highest doses of liposomal curcumin
administered. Furthermore, as a consequence of its poor pharmacoki-
netics, there has been considerable speculation as to whether curcumin
or its metabolites are responsible for the in vivo activity of curcumin [2,
13]. It is therefore important to gain a better understanding of the rela-
tionship between targets identified for curcumin in vitro (cell culture as-
says), curcumin’s pharmacokinetics and the activity of curcumin at its
targets in vivo.

In this review, we have investigated the nature of the relationship
between the in vitro (cell culture) efficacy, pharmacokinetics and in vivo
efficacy of curcumin in preclinical models of cancer and inflammatory
disease. As part of this investigation and for simplicity, we have made
the assumption that curcumin’s most potent treatment effects are asso-
ciated with the parent molecule and are less likely associated with its
metabolites, although clearly, several of curcumin’s metabolites (i.e.
tetrahydrocurcumin (THC)) do possess some bioactivity [3]. NF-kB was
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chosen as the target both in cell culture and in vivo given the fact that
curcumin has been well researched as an inhibitor of NF-xB [7-9,14
and references cited therein] and there exists a substantial amount of
information in the literature pertaining to curcumin’s inhibition NF-kB
mediated responses in cell culture and its anticancer and anti-
inflammatory effects in vivo. Plausible explanations and rationale are
provided to link the cell culture activity of curcumin at NF-kB with its
pharmacokinetics and in vivo treatment efficacy in preclinical models of
cancer and inflammation.

2. Evidence for an interaction of curcumin with NF-kB: Studies in
cell culture

The nuclear transcription factor NF-kB is a transcription factor
found in the cell cytosol of a wide variety of cells and regulates the ex-
pression of distinct sets of genes that encode proteins involved in medi-
ating a number of cellular functions including, cellular proliferation, in-
flammatory responses, and cell adhesion [15]. It is therefore a target of
interest for the development of anticancer and anti-inflammatory
drugs. The functionally active NF-kB exists mainly as a hetero-dimer
consisting of p50 and the proto-oncogene rEL-associated proteins,
which are normally sequestered in the cytosol as an inactive complex
by binding to the inhibitory protein IkBa. Phosphorylation and subse-
quent ubiquitination of IkBa upon exposure of cells to various extracel-
lular stimuli leads to a rapid degradation of this inhibitory subunit by
proteosomes. The resulting free NF-kB translocates to the nucleus,
where it binds to the specific kB binding sites that are located in the pro-
moter region of the target genes, thereby controlling their expression
[16-18].

A number of studies in cultured cells have either provided evidence
either for curcumin’s direct inhibition of NF-kB or curcumin’s inhibi-
tion of the expression of gene products regulated by NF-xB (i.e. cy-
tokines/chemokines). Generally, the potency of curcumin to inhibit
these processes ranges from the low to high micromolar concentrations
that are not associated with a cytotoxic effect of curcumin. Data con-
cerning curcumin’s direct inhibition of NF-kB and inhibition of cy-
tokine/chemokine release is presented in Table 1. Other studies not in-
cluded in Table 1 have also characterized the inhibition of NF-kB by
curcumin. Curcumin at concentrations ranging from 1 to 10 uM was
found to inhibit 12-Otetradecanoylphorbol-13-acetate-induced activa-
tion of NF-kB by preventing the degradation of the inhibitory protein
IxkBa and the subsequent translocation of the rEL-associated subunit to
the nucleus in cultured human promyelocytic leukemia cells and by a
direct interruption of the binding of NF-kB to its consensus DNA se-
quences [15]. Using an in vitro model of human tenocytes, curcumin at
concentrations of 5-20 uM inhibited IL-1p-induced inflammation and
apoptosis in cultures of human tenocytes by blocking NF-kB mediated
down-regulation of gene products that mediate matrix degradation
(matrix metalloproteinase-1, -9, and -13), prostanoid production (cy-
clooxygenase-2) and apoptosis (B-Cell lymphoma-2 associated X Pro-
tein and activated caspase-3) [19]. In the same study, curcumin at a
concentration of 20 uM suppressed IL-1f-induced NF-kB activation via
inhibition of phosphorylation and degradation of inhibitor IxBax, inhibi-
tion of IkB-kinase activity, and inhibition of the nuclear translocation of
NF-kB. Using, quantitative PCR and flow cytometry, curcumin (20 pM)
was shown to increase the chemotherapeutic effects of prednisone,
6-mercaptopurine, dexamethasone, cyclophosphamide, l-asparaginase,
vincristine, daunorubicin, doxorubicin, methotrexate and cytarabine in
an acute lymphoblastic leukemia cell line via enhancement of caspase-3
and downregulation of nuclear NF-kB activation.

Taken together, studies in cultured cells indicate that curcumin pro-
duces direct inhibition of NF-kB resulting in an inhibition of NF-xB -
dependent cytokine/chemokine gene expression.

Of particular importance with respect to the inhibition of NF-kB by
curcumin is the dose-dependence of its inhibition. Unfortunately, many
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Table 1

Decreased NF-kB Activation and Cytokine and Chemokine Release Mediated

by Curcumin in Cell Culture.

Cultured Cells and Endpoint Concentration of Reference
Treatment Curcumin and
Inhibition of NF-xB
NF-xB
Breast carcinoma Activation of NF-xB 14 pM; 18 and 37 %) [29]
NF-«B activation in
two breast cancer cell
lines
Mouse macrophages 10, 30, 50 and [14]
100 uM; 24, 30, 38
and 62 %] NF-kB
activation,
respectively
Human monocytes 10, 30 and 100 pM [23]
pre-exposure; 12, 16
and 46 %]
NF-xB activation
upon exposure to
stimulus, respectively
Intestinal epithelial 100 pM; 96 %| NF-kB [24]
cells activation
Prostate cancer cells 15 pM; 20 %) NF-kB  [25]
activation
Intestinal epithelial 6.8 pM; 100 %|NF-kB [26]
cells activation by either
cytosine arabinoside
or MTX
Human Neutrophils 50 puM; 69 %] NF-xB  [27]
activation
Cytokine and Chemokine Release
Mouse macrophages TNF-q, IL-1f and IL-6 5, 10 and 50 pM; 0, 4 [14]
release in response to  and 95 %] TNF-q, 2,
lipopolysaccharide 47 and 93 %/ IL-1p,
challenge 8, 62 and 98 %/ IL-6,
respectively.
Mouse macrophages IL-2 and TNF-« release 30 uM; 65 %) IL-2, [20]
in response to 85 %] TNF-a
concanavlin A and
lipopolysaccharide
Middle ear epithelial Upregulation of 10, 20 and 50 uM; [22]
cells infected with chemokine ligand 5 26, 53, and 89 %)
non-typeable (CXCL5) following CXCLS5, respectively.
haemophilus infection with non-
influenzae typeable haemophilus
influenzae
Mouse splenic IL-12 production 1.4, 2.7, 6.7 and [22]
macrophages treated 13.6 uM; 18, 39, 65
with and 74.6 %/ IL-12,
Lipopolysaccharide respectively.
Human monocytes IL-1, IL-6, TNF-a 30 and 100 uM; 24
production and 43 %] IL-1; 21
and 64 %] IL-6;
10, 30 and 100 puM;
46, 68 and 88 %]
TNF-a
Intestinal epithelial IL-1 mediated IL-8 75 and 100 pM; 59 [24]
cells secretion and 86 %] IL-8,
respectively.
Prostate cancer cells Chemokine receptor-2 15 uM; 59 %] CXCR- [25]
(CXCR-2) elevation 2
Intestinal epithelial MCP-1, TNF-a 6.8 uM; 99 %] MCP-1
cells production and 42.3 %] TNF-a
Human Neutrophils IL-8 production 50 uM; 66 %] IL-8 [27]

of the studies mentioned above used either a single or two concentra-

tions of curcumin. However, for the studies conducted by investigators
employing mouse macrophages [14], T-lymphocytes and macrophages
[20], splenic macrophages [21], middle ear epithelial cells [22] and hu-
man monocytes [23], curcumin decreased NF-kB activity in a concen-
tration-dependent manner. To further explore the concentration-
dependence of the effects of curcumin in cell culture, the information
presented in Table 1 was illustrated by constructing scatterplots of the
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Table 1 (continued)

Cultured Cells and Endpoint Concentration of Reference
Treatment Curcumin and
Inhibition of NF-xB
Pancreatic carcinoma IL-8 release At ICsq [28]

cell lines concentrations of
curcumin for
inhibition of cell
growth in five cell
lines of 5, 2.5, 2,
37.8, 6.75 and

4.8 uM; 27, 61, 36,
73,77 and 27 %] IL-
8, respectively

|-Inhibition.

concentration of curcumin in cell culture versus the curcumin mediated
percent decrease of either direct activation of NF-kB or NF-kB cytokine/
chemokine release (Fig. 2). Both for direct inhibition of NF-kB and inhi-
bition of cytokine/chemokine release, lower concentrations of cur-
cumin produced a wide range of inhibition (lower to higher) which
tended clearly towards a higher inhibition as the cell culture concentra-
tions of curcumin increased. This suggests that a concentration-
dependence for the direct inhibition of inhibition NF-B and of cytokine/
chemokine release by curcumin does exists, the latter possibly reaching
an apparent maximum with increasing concentrations of curcumin. The
similar concentration range of curcumin for direct inhibition of NF-kB
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Fig. 2. Relationship Between the Concentrations of Curcumin in Cell Culture
and Either the Effect of Curcumin on NF-xB or Cytokine Release. The concen-
trations of curcumin in cell culture shown in Table 1 were plotted against the
curcumin mediated decreases of activation of NF-kB (panel A) or cytokine re-
lease (panel B).
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and cytokine/chemokine release is consistent with the role of NF-xB in
controlling the expression of cytokine genes in the cell. The analysis
presented here is also supported by several studies indicating a concen-
tration-dependent effect for curcumin at NF-kB.

In addition to demonstrating that curcumin could inhibit NF-kB in
cell culture in a concentration-dependent manner, results from several
studies suggest that the inhibition of NF-xB by curcumin may be long-
lived and possibly irreversible. This property of curcumin was clearly
demonstrated by the work of Kang et al. [21] using T-lymphocytes and
macrophages. In addition, an apparent long-lived/irreversible activity
was also noted for curcumin with respect to the growth arrest of chronic
myelogenous leukemia lymphoblastic K562 cells as a consequence of
curcumin’s activity on the ROS (reactive oxygen species) metabolic
pathway. In this study, curcumin and imatinib both were shown to sup-
press the proliferation of K562 cells. However, after removal of com-
pound, cells treated with imatinib started to proliferate again, whereas
curcumin-treated cells remained growth-inhibited and gradually lost
their viability [30]. The potential for a long-lived/irreversible interac-
tion of curcumin at the cell level may figure critically in the relationship
between the pharmacokinetics of curcumin and its efficacy at NF-«xB in
vivo. No clear mechanism for the production of a long-lasting inhibition
of NF-xB was presented, however, it has been speculated that curcumin
may chemically react and irreversibly modify the proteins it associates
with (i.e. via alkylation of critical amino acid residues) [2,4,31]. Cur-
cumin’s potential to produced a long lived/irreversible interaction at its
target may contribute to the apparent potent effect of curcumin ob-
served in some cell culture studies. In summary, in cell culture cur-
cumin directly inhibits NF-kB and NF-kB mediated expression of cy-
tokines and chemokines concentration-dependent manner and at con-
centrations ranging from 1 to 100 pM. Curcumin also has the potential
to produce a long-lasting inhibition of NF-kB.

3. Cellular uptake of Curcumin: Impact on the inhibition of NF-xB

Of relevance to a discussion of the relationship between the cell cul-
ture concentration-dependent activity of curcumin as a NF-xB inhibitor
and curcumin's activity in vivo is a discussion of what is currently
known about the cellular uptake of curcumin. From the preceding
analyses, it was observed that curcumin inhibited NF-kB and NF-kB de-
pendent cytokine release over a concentration range of 1-100 pM.
Given this concentration range, it is of importance to consider the aque-
ous solubility of curcumin, as it is the soluble form of curcumin which
would be taken up by cells in culture. Published data exist on the water
solubility of curcumin where values ranging from 11 ng/mL [32] to
1340 ng/mL [33] (0.030 uM-3.64 uM) have been reported; the large
range of solubilities likely related to the crystal structure of the starting
material (i.e. either amorphous or mixture of amorphous and crys-
talline curcumin). In the Pubchem data base curcumin, is listed as hav-
ing a LogP of 3.29 and is referred to as a “fat soluble” dye, ideal for tar-
geting the plasma membrane of the cell. It is readily soluble in solvents
such as DMSO, ethanol and vegetable oil and in basic solutions, but is
chemically unstable in basic solution and more stable in acidic solu-
tions [34]. Additionally, there is evidence that in pure water curcumin
both aggregates [35] and can self associate to form dimeric structures
[36] possibly limiting its ability to permeate cells. Given its limited sol-
ubility in water, the presence of bovine albumin (BSA) in cell culture
medium (at concentrations from 55 to 80 puM) likely aids in increasing
the solubility of curcumin in cell culture medium (at concentrations up
to 100 uM) due to its reported 1:1 stoichiometric binding with serum
albumin at both high and low affinity binding sites [37]; binding to BSA
altering, but not completely preventing the ability of drugs to form ag-
gregates [38]. Thus, curcumin’s limiting aqueous solubility, potential
to aggregate and form multimeric structures and binding to BSA are just
some of the barriers against its ready uptake into cells.
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One way for curcumin to enter cells is simply by diffusion. However,
this route is hindered for larger molecular weight compounds that have
a high degree of plasma protein binding. Curcumin has a molecular
weight of 368.38 Daltons, large enough to hinder ready passage
through the plasma membrane and it binds to plasma proteins further
limiting its diffusion into cells. Studies utilizing fluorescence spec-
troscopy and both normal and cancerous cells provided additional in-
formation into the diffusion of curcumin into cells following treatment
with either an aqueous solution of curcumin, curcumin bound to hu-
man serum albumin (HSA) or curcumin complexed in phosphatidyl
choline containing liposomes [39,40]. Four hours of incubation with 5
to 10 nmoles of curcumin per million cells resulted in differing cellular
locations for curcumin. For non-cancerous cells curcumin was clearly
located in the cell membrane and the nucleus, while for the cancerous
cells with much larger nuclei and little cytoplasm, curcumin was lo-
cated throughout the cell. In general, a liposomal preparation of cur-
cumin delivered more curcumin into the cells then when either com-
plexed with HSA or added as free curcumin. Cancerous cells had higher
levels of curcumin consistent with their larger nuclei; higher levels of
curcumin were also observed in peripheral blood mononuclear cells
(PBMC) isolated from patients with chronic lymphocytic leukemia com-
pared to PBMC isolated from patients with chronic lymphocytic
leukemia [41]. Thus, for diffusion of curcumin into cells, it would ap-
pear that the initial step in gaining entry into the cell would be the asso-
ciation of curcumin with the cell membrane followed by diffusion out
of the membrane to the cytoplasm and subsequently localization to the
nucleus with the overall uptake and distribution of curcumin within the
cell dependent on the cell type.

More recent studies have indicated that not only curcumin, but its
major metabolites, THC (tetrahydrocurcumin) and curcumin glu-
curonide may also access cells by another route, active uptake, using
the organic anion transporter polypeptide (OATP) as well as the organic
anion transporter (OAT). These routes of cell uptake can handle a wide
variety of compounds of diverse molecular weight and varying degrees
of plasma protein binding. Both the OATP and OAT transporters have
been well studied and exist ubiquitously in a variety of cells [42]. Sev-
eral organs, such as the liver, kidney and lung have particularly high
levels of these transporters [43-45]. In a very eloquent study, it was
demonstrated in human embryonic kidney cells transfected to express
human OAT and OATP transporters that the rate of cellular uptake of
both curcumin and curcumin glucuronide were increased compared to
non-transporter expressing cells [46]. In addition, in the same study,
both curcumin and curcumin glucuronide inhibited rosuvastatin uptake
by OATP-1B1 and OATP-1B3 and increased the plasma concentration of
rosuvastatin upon coadministration in rats and dogs. Evidence was also
presented for the uptake of curcumin sulfate into transfected cells. In a
more recent study however, transfected Chinese Hamster Ovary (CHO)
cells expressing OATP-1B1 and OATP-1B3 transported curcumin, THC
and curcumin sulfate, but the transport of curcumin glucuronide was
not detected [47]. The method of detection in the latter study was HPLC
UV detection compared to HPLC tandem mass spectrometry in the ear-
lier study. The use of a lower sensitivity HPLC method may have re-
sulted in an inability to detect curcumin glucuronide in CHO cells ex-
pressing OATP transporters as the rate of transport of curcumin glu-
curonide by OATP expressing cells was much lower than for curcumin
[46]. Nonetheless both of these studies provide evidence that curcumin
and its metabolites are substrates for cellular uptake transporters.

As a consequence of these more recent studies, the entry of cur-
cumin (as well as its metabolites) into cells is likely by two major
routes, diffusion and active transport. Clearly active transport will be
the most effective way for curcumin to gain entry into the cell particu-
larly for lower extracellular concentrations of curcumin. Irrespective of
how curcumin gains entry into the cell, its presence in the cytosol and
localizing to the nuclei clearly favour the two major sites of interaction
for curcumin, inhibition of the phosphorylation of the NF-kB/IxBa com-
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plex in the cytosol and inhibition of the binding of NF-xB to DNA. As
was outlined previously, from cell culture studies, the concentrations of
curcumin that inhibited the activity of NF-kB did so at concentrations
ranging from 1 pM to 100 puM, with incubation times ranging from 1 to
96 h. This rather large range of concentrations might be related to how
curcumin gains entry into cells, either by diffusion or active uptake, the
latter being dependent on how well uptake transporters are expressed
in the cell lines used to conduct the study. As a general rule, uptake
transporters are either not expressed or expressed at a low level in cul-
tured cell lines; their expression highly dependent on the conditions
used to culture the cells. This fact played largely into the reason to use
primary cultures of hepatocytes as opposed to cell lines to design a
model to predict the human liver partitioning of drugs [48]. Implemen-
tation of the use of the human hepatocyte transformed cell line, HepG2,
in the design of the model was ruled out due to, amongst other differ-
ences from human hepatocytes, HepG2 cells failing to display OATP-
1B1, OATP-1B3, the organic cation transporter (OCT-1), and the
sodium taurocholate co-transporting polypeptide, in quantifiable levels
[49]. Thus, transformed cell lines either may not or only partially ex-
press the uptake transporters now implicated in the cellular uptake of
curcumin and therefore the cellular uptake of curcumin into trans-
formed cells may be largely diffusional in nature. The impact of this
mode of cell entry by curcumin on its activity in cell culture activity can
be predicted as follows. As discussed previously, curcumin a relatively
large molecule, is solubility limited in an aqueous environment and is
protein bound. Its preferential binding to proteins would restrict its dif-
fusion across the cell membrane. To reach effective enough concentra-
tions of curcumin at NF-«B either in the cytosol or in the nucleus within
the incubation time of the experiment, the applied concentration of cur-
cumin would have to be high enough (in this case in the upper uM
range) to drive curcumin into the cells. Thus, the building up of suffi-
cient quantities of curcumin into the cell membrane for diffusion into
the cell (a time and concentration-dependent process) appears to be a
critical limiting step for curcumin’s cell culture activity. The potential
for curcumin to utilize the plasma membrane as a “reservoir” for main-
taining intracellular concentrations of curcumin may contribute to the
long-lasting effects of curcumin in cell culture. Furthermore, the differ-
ing composition and surface area of the plasma membrane in different
cells, may contribute how much curcumin can be incorporated into the
plasma membrane and how much curcumin will enter into cells result-
ing in varying efficacies for inhibiting NF-xB dependent cellular
processes. These premises are supported by several studies determining
the effects of curcumin on NF-xB dependent cellular proliferation. Cur-
cumin produced a concentration-dependent inhibition of cellular prolif-
eration in six pancreatic carcinoma cell lines designated as, AsPC-1,
BxPC-3, Capan-1, Capan-2, HS766-T and MkaPaCa2 with EDs, values of
5.0, 2.5, 2.0, 37.8, 6.75 and 4.8 uM, respectively [28]. In general, cur-
cumin inhibited cellular proliferation more potently with longer incu-
bations times (72-96 hrs: EDs, values ranging from 2.0 to 37.8 uM [20,
28] compared to shorter incubations times (1-48 hrs, where either no
effect was observed or EDs, values of ~25 uM and greater were ob-
served. Therefore, cell type and exposure time play a critical role in cur-
cumin’s inhibition of NF-kB dependent cellular processes, a phenome-
non more consistent with the diffusion of curcumin into the cell as op-
posed to active transport.

While the activity of uptake transporters in cultured cells cannot be
completely ruled out, the implications would be that active uptake of
curcumin into cells would reduce the extracellular concentration of cur-
cumin required to inhibit NF-kB. In fact, in the previous cell culture ac-
tivity data presented for curcumin, there was a high variability of cell
activity (little to marked activity) for curcumin at lower concentrations
(i.e. 1-10 uM). This may be linked to the expression of uptake trans-
porters on cells leading to a marked activity of curcumin or a lack of up-
take transporters and diffusion dominated cell uptake leading to lower
cell activity for curcumin. As the cell culture concentrations of cur-
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cumin increased, higher cell activity for curcumin predominated due to
adequate permeation of curcumin into the cell by diffusion in addition
to active uptake. The potential for multiple pathways for curcumin to
gain access into cells provides a plausible explanation for the observa-
tion of variable responses of NF-kB to curcumin at lower concentrations
in cell culture.

4. In vivo interaction of curcumin with NF-xB: Animal studies

Evidence also exists from animal studies indicating that oral and
parenteral dosing with curcumin leads to the inhibition of NF-kB depen-
dent-cellular processes and in some cases thorough studies have been
performed to show inhibition of NF-kB dependent processes in cell cul-
ture (see studies cited above) that correlate with the proliferation of
cancer in animals. However, as will be discussed, these significant ef-
fects at NF-kB in vivo occur at very low measured concentrations of cur-
cumin in plasma.

Otitis media (OM) is a common childhood bacterial infection and
leading cause of conductive hearing loss. Non-typeable Haemophilus
influenzae (NTHi) is a major bacterial pathogen for OM. Consistent
with the effects of curcumin on middle ear epithelial cells infected with
NTHi, either pre-treatment of C57/BL6 mice for 1 h by intraperitoneal
(IP) injection of 50 mg/kg curcumin followed by trans-tympanic inocu-
lation with NTHi or treatment with curcumin (50 mg/kg) (IP) 1 h after
NTHi, inhibited NTHi-induced CXCL5 expression in vivo [23]. Cur-
cumin suppressed CXCL5 expression by direct inhibition of the phos-
phorylation of the NF-kB IkB subunit and inhibition of p38 via induc-
tion of the negative regulator mitogen activated protein kinase-1. In a
rabbit model of toxic shock syndrome (TSS), instillation of 1.62 umoles
of curcumin into the vagina of rabbits protected against the lethal ef-
fects of TSS mediated by intravaginal administration of toxic shock syn-
drome toxin-1(TSST-1) toxin [50]. Many of the vaginal epithelial genes
that are upregulated in response to TSST-1 are known NF-kB -regulated
genes [50]. Ex-vivo analysis of vaginal tissue from rabbits treated with
curcumin showed low levels of TNF-a compared to control rabbits and
~13 nmoles of curcumin remaining 70 h following treatment. These
findings indicate that low topical exposure of vaginal tissue to cur-
cumin resulted in significant protective effects against the lethal effects
of TSS toxin and resulted in reductions of cytokine production mediated
by NF-xB. Employing female rats and a model of chemotherapy induced
intestinal mucosal barrier induced by methotrexate (MTX) and medi-
ated by NF-kB generated mediators of inflammation, the induction of
NF-kB -related cytokines and chemokines was detected upon treatment
with MTX [26]. Curcumin administered in the diet at a dose of 2.5 mg/
kg/day for four days inhibited NF-kB driven cytokine production and
ameliorated mucosal injury following MTX administration. In BALB/c
mice infected with Klebsiella pneumoniae B5055 by intranasal instilla-
tion, fifteen days of oral treatment with curcumin at 150 mg/kg/day re-
sulted in a significant decrease in neutrophil influx into the lungs and a
significant decrease in the production of malondialdehyde and nitrous
oxide. As well curcumin treatment reduced the activity of myeloperoxi-
dase and decreased TNF-a levels in the absence of a decrease in bacter-
ial load [51]. Using an orthotopic murine model of ovarian cancer [52]
employing athymic mice the effects of oral curcumin (suspended in
Sesame seed oil) at doses ranging from 100 to 2000 mg/kg were as-
sessed on the modulation of NF-kB, angiogenic cytokines, cellular pro-
liferation, angiogenesis and apoptosis. In vitro experiments using hu-
man ovarian cancer cell lines and monitoring NF-kB activity were also
conducted. Curcumin (10 pM) was found to inhibited inducible NF-xkB
activation in response to TNF-a and suppressed tumor cell proliferation.
In vivo dose-finding experiments revealed that 500 mg/kg curcumin ad-
ministered orally for two days was the optimal dose needed to suppress
NF-kB and signal transducers and activators of transcription 3-
activation and decrease angiogenic cytokine expression. Furthermore,
oral dosing for 19 days with 500 mg/kg of curcumin twice per day re-
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sulted in a 44%-53 % reduction of mean ovarian tumor growth com-
pared to controls was observed. As a consequence of NF-xB’s role in in
regulating cell growth and proliferation, the ability of curcumin to be
antiproliferative and pro-apoptotic in pancreatic cells lines and to re-
duce the growth of pancreatic tumors in mice was investigated [28]. In
vivo, in female athymic nu/nu mice (3-5 weeks old), intravenous (IV)
administration of 40 mg/kg of liposomal curcumin three times per
week for two weeks resulted in a suppression the growth of pancreatic
cell tumours and a down regulation of NF-kB dependent markers of tu-
mor angiogenesis.

Taken together, these studies indicate that curcumin when adminis-
tered to animals can inhibit the activation of NF-kB-dependent
processes in vivo and comparatively in cell culture. As mentioned above,
the effects of curcumin at NF-kB following systemic administration are
observed at low plasma concentrations of curcumin. Thus, it is impor-
tant to gain a further understanding of the relationship between the
plasma levels of curcumin, its in vivo treatment effects and how these re-
late to curcumin’s concentration-dependent effects as an inhibitor of
NF-xB in cell culture.

5. Pharmacokinetics and tissue and cell distribution of curcumin

The pharmacokinetics of curcumin following both oral and par-
enteral routes (IP and IV) of administration have been extensively in-
vestigated both in preclinical animal models and humans and have
been well described in several key reviews [2,3]. In brief, following oral
administration, the plasma levels of curcumin attained in the plasma
are very low as a consequence of poor absorption. Curcumin’s poor ab-
sorption is due its low solubility and the metabolic instability of cur-
cumin during absorption process at the brush border membrane where
extensive Phase II glucuronidation of curcumin occurs mediated pri-
marily by intestinal UGT1A8 and UGT1A10, [13,53,54]. Once absorbed
into the circulation and into the liver and likely other tissues, plasma
curcumin undergoes extensive phase I metabolism (i.e., action of reduc-
tase enzymes on alkene bonds resulting in the conversion of curcumin
into THC, as well the reduction of ketone groups to form various alco-
hol metabolites all of which possess varying degrees of biological activ-
ity). Plasma curcumin is also subjected to Phase II metabolism, primar-
ily glucuronidation by UGT1Al in the liver [54] and a much smaller
component of sulfation [47-49] followed by active transport into the
blood and excretion in the urine. While biologically inactive, the glu-
curonides of curcumin can be deconjugated to yield active curcumin via
the action of tissue and plasma p-glucuronidase [13,57-59]. Curcumin
glucuronide is the major component of total plasma curcuminoids (cur-
cumin plus metabolites).

Compared to oral dosing, parenteral routes of administration re-
sulted in higher plasma levels of curcumin being observed [12,13,
61-68]. Intravenous infusion studies of liposomal curcumin in dogs and
humans clearly demonstrate the ability to maintain sustained levels of
curcumin during infusion, but upon termination of infusion the plasma
levels of curcumin fall very rapidly to almost undetectable with mean
residence times of 36 min in dogs and 6-15 min in humans. Similarly,
intravenous bolus doses of curcumin provide for short lived high
plasma concentrations of curcumin. More recent studies have demon-
strated that curcumin is metabolized by red blood cells in a species-
dependent manner with THC being identified as a metabolite [60].
Given the abundance of red bloods, the red blood cell metabolism in ad-
dition to hepatic metabolism of curcumin likely contributes to the rapid
decrease of plasma curcumin levels following intravenous dosing. In
contrast, since curcumin has the potential to accumulate in the cell
membrane, red blood cells may also serve as vehicles to distribute cur-
cumin into tissues in much the same manner as binding to plasma pro-
teins which increase the systemic distribution of drugs.

IP dosing with curcumin can result in higher plasma levels of cur-
cumin over a somewhat longer period as a consequence of the lack of
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first pass metabolism and sustained absorption from the peritoneum.
However, both enteral and parenteral routes of administration result in
changes in the profile of curcumin metabolites, particularly the Phase II
metabolites, where, for example, higher levels of curcumin glucuronide
are observed following oral administration, particularly in rodents
compared to humans.

In contrast to curcumin’s plasma pharmacokinetics, the tissue distri-
bution of curcumin has been less well investigated in preclinical animal
models. In rats, bolus intravenous administration of 25 mg/kg of either
curcumin or curcumin as a nanoparticle preparation resulted in de-
tectable average tissues levels of curcumin over 60 min in liver
(755 ng/g), heart (253 ng/g), spleen (477 ng/g), lung (748 ng/g), kid-
ney (1000 ng/g) and brain (337 ng/g), with the nanoparticle prepara-
tion of curcumin delivering more curcumin into tissues, particularly in
the lung and the spleen (22-fold and 212-fold more, respectively) com-
pared to curcumin on its own [69]. However, the tissue half lives and
mean residence times were very short ranging from 12.6 to 48.8 min
and 20.4-75.7 min, respectively. Similarly, in mice, administration of
20 mg/kg of curcumin by bolus tail vein injection resulted in detectable
average curcumin levels over 720 min in plasma (149 pg/mL, 413 puM),
liver (24 ng/g tissue), kidney (30 ng/g tissue) and brain (24 ng/g tis-
sue) with plasma and tissue half-lives of 32.3, 15.6, 16.8 and 6.1 min,
respectively [70]. In rats, three different formulations of curcumin were
evaluated for their ability to distribute curcumin into the brain, liposo-
mal curcumin, polymeric nanocurcumin curcumin and polyacticgly-
colic acid co-polymer (PLGA) curcumin following intravenous adminis-
tration [71,72]. Of the three formulations, the nanocurcumin formula-
tion (5 mg/kg) produced plasma levels of 3913 and 1980 ng/mL at 1 hr
and 2 hrs following administration. Brain stem levels of curcumin at 1
hr post injection were 120 ng/g tissue and increased to 235 ng/g tissue
at 2 hrs post injection. In contrast, the administration of liposomal cur-
cumin resulted in plasma levels of 166 and 15.4 ng/mL at 1 hr and 2 hrs
following administration, respectively. Brain stem levels were 43.0 and
62.0 ng/g of wet tissue, increasing slightly at 2 hrs post injection de-
spite a huge drop in plasma levels. Several interesting points can be
made from these observations. Firstly, despite a there being 24-and
128-fold higher plasma curcumin levels produced by the nanocurcumin
formulation compared to the liposomal formulation of curcumin at 1 hr
and 2 hrs post injection, brain stem levels of curcumin were only 2.8
and 3.8-higher following administration of the nanocurcumin formula-
tion suggesting that elevating plasma levels of curcumin may not con-
tribute that much to greater tissue levels of curcumin, quite possibly
due to limitations for curcumin penetrating the blood brain barrier.
Given the observation that the tissue levels of curcumin rose modestly
to moderately at 2 hrs compared to 1 hr post injection, for both formu-
lations, it is likely that the length of tissue exposure to circulating cur-
cumin in the blood has an important influence on the distribution of
curcumin into tissues. Quite clearly, despite the rapid elimination of
curcumin from the plasma, it can still distribute into tissues, the longer
the exposure to curcumin the greater the tissue distribution of cur-
cumin.

More eloquent studies evaluating and relating the pharmacokinetics
of curcumin to its tissue distribution were carried out employing intra-
venously infused Lipocurc™ (a liposomal nanocurcumin preparation
[66,72]) and have shed additional light on the relationship between tis-
sue levels of curcumin and the time of exposure to circulating levels of
curcumin in the blood. Lipocurc™ was intravenously infused into Bea-
gle dogs at doses of 5 mg/kg/hr for 2 h (total dose 10 mg/kg) and
1.25 mg per kg for 8 h (total dose 10 mg/kg). In either case, 15 min fol-
lowing infusion, tissues were harvested and analyzed for their curcumin
content in a media containing phosphoric acid to stabilize tissue cur-
cumin. Maximum plasma concentrations and plasma exposure to cur-
cumin were 319 ng/mL and 394 ng-hr/mL for the 2 h of infusion and
66 ng/mL and 187 ng-hr/mL for the 8 h of infusion. For either infusion,
the lung, the tissue with the highest fraction of total systemic blood
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flow and a high expression of uptake transporters [45], contained the
highest levels of curcumin (22.9 ng/g) followed by the liver (1.82 ng/
g) for the 2 h of infusion. What was particularly interesting was that de-
spite the lower apparent exposure to curcumin during the 8 hrs of infu-
sion, tissue levels of curcumin were higher in general amongst most tis-
sues, but most notably by 11-fold (250.75 ng/g) and 16-fold (28.28 ng/
g) in the lung and liver, respectively. These differences were even
greater when one considers the tissue partition coefficients for the lung
and liver which for the 2 h of infusion were 0.14 and 0.01 and for the
8 h of infusion were 24.2 and 2.7, respectively. Tissues levels of THC,
although lower than for curcumin, displayed a similar pattern to cur-
cumin with respect to the short and longer infusions times for curcumin
and confirmed the entry of curcumin into the cells making up the tissue.
It can thus be concluded from these data that, consistent with the stud-
ies of Chiu et al. [71], longer tissue exposure to circulating levels of cur-
cumin may result in higher tissue levels of curcumin in a manner dis-
proportionate to the plasma levels of curcumin.

The distribution of curcumin in the form of Lipocurc™ has also been
investigated in a variety of freshly isolated or cryopreserved but viable
blood cell types including PBMC and red blood cells from dog and hu-
man, PBMC from healthy and chronic lymphocytic leukemia patients,
B-lymphocytes and multiple myeloma cells lines following incubation
with curcumin at concentrations between 2 and 3 pM in the form of
Lipocurc™ for up to 30 min in the presence of 50 % plasma supple-
mented medium [73]. The results of these studies based on the intracel-
lular conversion of curcumin to THC demonstrated a notably higher dis-
tribution of curcumin into cancerous cells compared to normal cells
consistent with a 2-3-fold higher uptake of curcumin in a breast cancer
cell line compared to wild-type cells [40]. A role for uptake transporters
in the distribution of curcumin into normal PBMC has been proposed in
the literature [74]; uptake transporters being assessed as targets for the
development of anticancer agents [75]. Thus, it would appear that
plasma curcumin is available for diffusion mediated and active uptake
into blood cells as well as tissues.

Given the metabolic instability of curcumin, its rapid removal from
the plasma and the low sustained plamsa concentrations of curcumin, a
number of research groups have questioned whether the therapeutic
benefits of curcumin are derived from curcumin’s metabolites [2,3,76],
more specifically with the conversion of curcumin glucuronide to cur-
cumin as curcumin glucuronide is present in considerably higher con-
centrations compared to curcumin in the plasma. A recent study
demonstrated that curcumin glucuronide, when administered by the IV
route to rats resulted in significant plasma concentrations of curcumin
[13], likely via interaction with tissue and plasma f-glucuronidases
[57,77]. In the same study, administration of curcumin glucuronide in-
travenously to mice with colon carcinoma xenographs resulted in a sig-
nificant treatment effect. Thus, in vivo, curcumin glucuronide likely
serves as an important reservoir of curcumin for tissue uptake as has
been proposed by Wang et al. [71]. As curcumin glucuronide should be
more soluble than curcumin and less protein bound (similar to the dis-
tinction between estradiol and estradiol-f-glucuronide [78]; data for
curcumin-p-glucuronide are not available in the literature), it should
also be better distributed between the plasma and interstitial fluid.
Thus, curcumin glucuronide would likely be more available for direct
uptake into cells by active transport than highly plasma protein bound
curcumin. Curcumin glucuronide would also serve a source of intersti-
tial curcumin following conversion to curcumin by interstitial fluid p-
glucuronidase activity for active transport uptake into cells. In support
of this premise, a recent study demonstrated that the distribution of
doxorubicin into bronchial carcinoma tissue was found to be consider-
ably greater when administered as the glucuronide due to conversion of
doxorubicin glucuronide to doxorubicin by the action of tissue glu-
curonidases [59]; cancerous tissues containing an increased activity of
B-glucuronidase compared to normal tissues [79].
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In summary, taking all the aforementioned observations into consid-
eration, one could predict that compared to cell culture studies, the
ability of curcumin to gain access to the cells in vivo would be superior
based on 1) the greater patency of uptake transporters in whole tissues
and 2) the presence of the better distributed curcumin glucuronide in
interstitial fluid. Curcumin glucuronide could either be directly trans-
ported into the cells and converted into curcumin by intracellular p-
glucuronidase or converted to curcumin extracellularly by f-
glucuronidase for effective uptake transport into cells. Thus, relating
the treatment effects of curcumin to its plasma levels may be mislead-
ing when comparing plasma levels of curcumin to the cell culture con-
centrations of curcumin required to achieve activity at NF-kB. Nonethe-
less, it is important to assess such a relationship to confirm the rele-
vance of NF-kB as a target for curcumin in vivo.

6. Relationship between plasma levels of curcumin and treatment
response in preclinical animal studies

Data from cell culture and in vivo studies have revealed a number of
properties for curcumin that may have a direct bearing on the relation-
ship between its pharmacokinetics and in vivo efficacy as an inhibitor of
NF-kB. These include the potential impacts of tissue perfusion, the
length of exposure of tissues and cells to curcumin, a role for curcumin
glucuronide and the impact of both passive and active uptake transport
for gaining access into the cell. Nonetheless, it remains to be established
whether a relationship exists between plasma levels of curcumin and its
treatment effects (mediated principally or in part due to inhibition of
NF-kB) in preclinical models of disease with the caveat that plasma lev-
els of curcumin reflect the total plasma level of curcumin and its
metabolites. For this exercise, cancer and inflammatory disease preclin-
ical models in rodents have been chosen to monitor the treatment ef-
fects of curcumin as inhibition of NF-kB has been implicated as an im-
portant mediator in cancer and inflammatory disease. Quite clearly,
there are a number of other proposed intracellular targets for curcumin
that may play a role in cancer and inflammatory disease, however, the
initial event for all these targets is the uptake of curcumin by tissues
and curcumin’s entry into the cell.

A more recent review by Tomeh et al. [80] summarizes the treat-
ment effects of curcumin in a number of preclinical animal models of
cancer that involve the implantation of tumour cells (i.e. mouse xeno-
graph models) and where cell culture studies have indicated inhibition
of NF-kB as the major mechanism mediating treatment. These include
prostate, colorectal, breast and brain cancer. By virtue of its inhibition
of NF-kB and reduction of cytokine formation, curcumin has also been
shown to be effective in a number of preclinical models of inflammation
of which include rheumatoid arthritis, asthma, colitis, pancreatitis, vas-
cular inflammation and renal perfusion injury. While there are many
examples of curcumin’s treatment effects in preclinical models of can-
cer and inflammation, relatively few of these studies have simultane-
ously monitored plasma concentrations of curcumin. As a consequence,
evaluating the relationship between the plasma concentrations of cur-
cumin and its treatment effects in all preclinical disease models as-
sessed was not possible. Studies characterizing the plasma pharmacoki-
netics of curcumin prepared as powder in aqueous or non-aqueous
medium and administered by the routes used in the evaluation of cur-
cumin’s treatment potential in preclinical models, namely, enteral (in-
clusion in diet and oral dosing) and parenteral routes (intraperitoneal
and intravenous) do exist [13,61-64,68,81]. Average plasma concen-
trations of curcumin (C,,) were obtained from these studies. Oral dos-
ing of a 1000 mg/kg dose of curcumin in mice resulted in a C,, for cur-
cumin of 32 ng/mL over a 24 h period [68] a value similar to the C,, of
26 ng/mL over a 24 h period observed in one other study [81]. Oral
consumption of curcumin in the diet at a concentration of 0.5 % w/w
resulted in a C,, for curcumin of 10 ng/mL [62]. IP dosing a 100 mg/kg
dose of curcumin in mice resulted in a C,, for curcumin of 65 ng/mL
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over a 24 h period [81]. Such information was useful to provide an esti-
mate the plasma levels of curcumin attained in preclinical disease mod-
els in relation to its treatment effects.

In light of the difficulty of using plasma concentrations of curcumin
to relate to its treatment effects in preclinical disease models, the dose
of curcumin administered was related to its treatment effect. The treat-
ment endpoints used for comparison were based on established end-
points for cancer (i.e. tumour volume, angiogenesis, number of metas-
tases) and inflammatory disease (degree of inflammation, tissue/
plasma chemo/cytokine levels). The comparisons are shown below for
preclinical cancer models in Table 2 for enteral (dietary supplementa-
tion with curcumin and fixed oral doses of curcumin) and Table 3 for
parenteral IP, IV and subcutaneous) routes of administration of cur-
cumin. For inflammatory disease preclinical models, the comparison for
both enteral and parenteral routes of administration are presented in
Table 4.

Clearly, from a review of the data presented in Tables 2 and 3, cur-
cumin administered by various routes either resulted or did not result in

Table 2
Comparison of Dose with Treatment Effect for Curcumin Following Enteral
Administration in Preclinical Animal Models of Cancer.

Curcumin Tumour Model, Length of Treatment Effect Reference
Dose Treatment and Species
Over 24 Hours
Curcumin Administered in the Diet
1 % w/w Prostate carcinoma in mice, 19 %| Tumour [25]
5 weeks volume; 50 %)
Tumour metastases
0.5 % w/w Leukemic tumours, daily No effect on leukemia [61]
3 weeks prior to tumour cell tumour volume
injection, daily 4 weeks
following tumour cell injection,
mice
2 % w/w Prostate carcinoma, daily, two 73 and 80 %] Tumour [82]
weeks and four weeks, mice volume, respectively
0.6 % w/w Breast carcinoma, 5 weeks, 44 %] Tumour volume [87]
mice
1% w/w Breast cancer metastases Little to no lung [84]
model, 35 Days, mice metastases in 68 % of
treated mice
1% w/w Breast carcinoma, 1 year, rat 67 %] Incidence of [90]
mammary tumours.
0.1 % w/w Estrogen-Induced Mammary No effect on breast [91]

Carcinogenesis in rats, cancer tumour volume
12 weeks

Curcumin Administered Orally

1000 mg/kg  Ovarian carcinoma, daily 50 %), 53 %, 44 %| [52]
19 days, mice Tumour volumes for 3
ovarian tumour cell
lines
1000 mg/kg  Colorectal carcinoma, daily 11 %] Tumour volume [83]
30 days, mice
100 mg/kg Breast carcinoma, daily 32 No effect on tumour [85]
Days, mice volume.
500, 1000, Cervical carcinoma, daily 4, 26 and 48 %) [86]
1500 mg/ 30 days, mice Tumor volume,
kg respectively
300 and Liver carcinoma, daily 21 days, 15 and 69.2 %] [88]
3000 mg/  mice Angiogenesis,
kg respectively
500 mg/kg Prostate carcinoma, three times 27 %] Tumour volume [89]
per week,
4 weeks, mice
40 mg/kg Breast Carcinoma, daily-three 40 %] Tumour volume [92]
weeks, mice
5 mg/kg Prostate carcinoma in mice, 43 %] Tumour volume [93]
three times per week, 4 weeks
360 mg/kg Prostate carcinoma, daily, 56 %] Tumour volume [94]

5 days per week,
4 weeks, mice

|-Decrease.

Biochemical Pharmacology xxx (xxxx) 115251

Table 3
Comparison of Dose with Treatment Effect for Curcumin Following Parenteral
Administration in Preclinical Animal Models of Cancer.

Curcumin Dose Over ~ Tumour Model, Length of  Treatment Effect Reference
24 Hours Treatment and Species
Curcumin Administered IP
20 mg/kg Pancreatic carcinoma, 44 %] Tumour [28]
three times a week for volume
31 days, mice
5 mg/kg Leukemic tumours, every-  No effect on tumour [61]

two days, 4 weeks, mice volume

Intracranial human glioma 10, 43 and 53 %] [95]
carcinoma, daily 30 days, = Tumour volume,

mice respectively

30, 60, 120 mg/kg

60 mg/kg Subcutaneous human 67 %] Tumour [95]
glioma carcinoma, daily volume
30 days, mice

15 and 30 mg/kg Leukemic tumours, daily 17and 42 %) [96]

Tumour volume,
respectively

15 days, mice

50 mg/kg Breast carcinoma, daily, 44 %) Tumour [97]
every 5 days, 22 days, angiogenesis
mice
20 mg/kg Pancreatic carcinoma, 42 %] Tumour [98]
three times a week for volume
31 days, mice
45 mg/kg Lung adenocarcinoma, 28 %] Tumour [99]
every-five days for two volume
weeks, mice
25 and 50 mg/kg Ehrlich ascites solid 74 and 55 %/ [100]
tumours in mice, daily for =~ Tumour volume,
15 days, mice respectively
7.5 mg/kg Prostate carcinoma, three 25 %] Tumour [101]
times a week for 4 weeks, volume
mice
50 mg/kg Colorectal carcinoma, 24 %] Tumour [102]
every 5 days for 4 weeks,  nodules
mice
Curcumin/Curcumin Glucuronide Administered by Other Parenteral Routes (IV and
SC)
Curcumin Colon carcinoma, three 67 %] Tumour [13]
Glucuronide times per week, 21 Days,  volume
45 mg/kg, mice
intravenous
40 mg/kg, Pancreatic carcinoma, 66-82 %] Tumour [28]
intravenous three times per week, 17 — volume
20 days, mice
Subcutaneous Estrogen-Induced 34 %] Tumour [84]
curcumin implants, Mammary Carcinogenesis  volume

200 mg in rats, 12 weeks

J-Decrease.

a treatment effect depending on the dose of curcumin administered.
This interesting observation was illustrated by plotting the data pre-
sented in Tables 2 and 3 as the dose of curcumin versus the treatment
effects (percent decrease of endpoint for monitoring progression of can-
cer). The results are presented for enteral administration in Fig. 3 and
parenteral administration in Fig. 4. IV dosing data [13,28] and subcuta-
neously implanted curcumin [84] were not included in this compari-
son. For inflammatory disease models, no graphical analysis of the data
was made and the treatment effects of curcumin at the estimated
plasma concentrations were reviewed independent of whether the
route of administration was oral or IP.

For preclinical cancer models and both the oral and intraperitoneal
routes of administration, there was a reasonable relationship between
increasing dose and a greater treatment effect. Based on pharmacoki-
netic data reported previously, a range of C,, concentrations was esti-
mated for the various routes of administration based on the dose of cur-
cumin administered compared to the dose at which the C,, was deter-
mined for curcumin. Thus, for curcumin, in the diet at concentrations
ranging from 0.1 to 2 % w/w, dosed orally at doses of 5-3000 mg/kg
and dosed IP at doses of 5-120 mg/kg, the estimated C,, ranges would
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Table 4

Comparison of Dose with Treatment Effect for Curcumin in Preclinical Animal

Models of Inflammation.

Curcumin Inflammation Treatment Effect Reference
Treatment Regimen Model, Length of
Treatment and
Species
200 mg/kg, Pancreatitis, single IL-6], TNF-al, c-reactive [65]
intraperitoneal  dose over a 48-hr protein| and pancreatic
period, rat inflammation| by 57, 61, 56
and 100 %, respectively
200 mg/kg, oral Arthritis, daily- 30 %] Arthritic score; [103]
three weeks, rats 48 %] Serum IL-1f;
42 %] Serum TNF-a
3.3 mg/kg, oral Arthritis, every 58 % and 65 %/ Arthritic [104]
other day for two index and incidence,
weeks, mice respectively;
57 % and 65 %) IL-1p and
TNF-« levels, respectively
15 mg/kg, oral Pulmonary 38 %] Bronchiolar lavage [105]
inflammation, daily inflammatory cell counts;
8 Days, mice 26 %] TNF-a messenger
ribonucleic acid expression;
73 %| Eosinophil infiltration
50-200 mg/kg, Pulmonary 20-40 %], Airway resistance  [106]
oral inflammation, daily
7 days, mice
100 mg/kg, oral Vascular 71 and 61 %] for IL-1p and [107]
inflammation, daily IL-6, respectively; 62 %]
14 Days, mice MCP-1; 100 %/ Matrix
metallopeptidase-9
12.5 mg/kg, Renal 186 % Creatinine clearance; [108]
intraperitoneal  inflammation, daily |75 % serum levels of TNF-a
2 Days, rats
J-Decrease.

be <1-40 ng/mL, <1-96 ng/mL and 3-80 ng/mL, respectively. The
range of estimated C,, for curcumin for eliciting a therapeutic response
upon either oral or IP administration clearly overlapped for each dosing
route. Consistent with this observation was a similar range of treatment
effects observed for curcumin for each dose route. Both for the oral and
intraperitoneal dosing routes, the variability of the treatment response
to curcumin decreased with increasing dose, similar to observations
made in cell culture where the variability of the response decreased at
higher cell culture concentrations of curcumin. Several factors may
have contributed to the variability of the repsonses to curcumin at
lower doses of curcumin including the frequency of dosing, the length
of treatment and the involvement of tissue uptake transporters for cur-
cumin. Nonetheless for disease models of cancer, there appears to be a
relationship between the dose of curcumin and its treatment effects
which supports a specific interaction between NF-xB and curcumin in
targeting cancer. Another observation made from this analysis was that
the highest C,, estimated for curcumin to elicit a similar treatment ef-
fect of curcumin following oral and IP dosing in cancer preclinical mod-
els was 96 ng/mL (0.26 uM) and 80 ng/mL (0.22 uM), respectively.
These estimated concentrations of curcumin are lower than the
1-100 uM range of concentrations of curcumin that were observed to
inhibit the activation of NF-kB and release of cytokines in cell culture,
strongly suggesting, as previously discussed, that there are a number of
factors that may contribute to the low measured plasma concentration
of curcumin associated with its treatment effects in vivo.

In contrast to what was observed in animal models of cancer, for in-
flammatory disease models, there was no relationship between dose
and the treatment response to curcumin, the range of estimated C,, val-
ues for curcumin in preclinical models of inflammation following oral
administration and intraperitoneal administration ranging from 0.1 to
65 ng/mL. Possible reasons for this finding are discussed below.
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Fig. 3. Relationship Between the Dose of Curcumin Administered Orally and
the Treatment Effects of Curcumin in Preclinical Animal Models of Cancer. The
oral dose of curcumin administered either in the diet (Panel A) or as a fixed
dose (Panel B) shown in Table 2 were plotted against the treatment effects of
curcumin.
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Fig. 4. Relationship Between the Dose of Curcumin Administered Intraperi-
toneally and the Treatment Effects of Curcumin in Preclinical Animal Models
of Cancer. The doses of curcumin administered intraperitoneally and shown in
Table 3 were plotted aginst the treatment effects of curcumin.

7. Data interpretation, summary and conclusions

The purpose of this review was to investigated if there was a plausi-
ble relationship between the activity of curcumin in cell culture, cur-
cumin’s treatment effects in animal models of disease and the pharma-
cokinetics of curcumin. Direct targeting of NF-kB and NF-kB mediate re-
sponses by curcumin was chosen to compare curcumin’s cell culture ac-
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tivity with its activity in preclinical rodent models of cancer and inflam-
matory disease, as the interaction between NF-xB and curcumin has
been well investigated. Based data existing in the literature and more
recent developments in the understanding of how cells handle cur-
cumin, plausible explanations as to the reasons why higher concentra-
tions of curcumin are required to interact with NF-xB in cell culture
compared to the estimated plasma concentrations of curcumin that
elicited effective treatment in rodent models of disease were provided
and are summarized in Fig. 5. Furthermore, pharmacokinetic reasons
were provided to help explain the activity of curcumin in rodent models
of disease when administered either orally or intraperitoneally.

From an analysis of the cell culture data for curcumin several key
features of curcumin were noted. Firstly, the effects of curcumin were
concentration-dependent, with a similar range of concentrations pro-
ducing a direct inhibition NF-kB and NF-kB mediated cytokine/
chemokine release; lower concentrations of curcumin displaying a
greater variability of inhibition. Factors that may have likely played a
role in curcumin’s cell culture activity were time of exposure to cur-
cumin and evidence for long lived and possible irreversible inhibition
of its cellular targets. Given the evidence that curcumin uses cellular
uptake transporters, their presence or lack thereof on the cell mem-
brane would contribute to the variability of curcumin’s activity, espe-
cially at lower concentrations of curcumin where there would be less of
a driving force for simple diffusion of curcumin across the cell mem-
brane. For simple diffusion of curcumin across the cell membrane, in-
creasing the incubation time and concentration with cells would favour
greater amounts of curcumin entering the cell and hence a greater but
less variable activity which was observed. Nonetheless, the rather high
concentrations of curcumin required to elicit cell culture responses are
likely related to its poor solubility, high protein binding and a mostly
diffusion dominated route of cell entry.

Cell Culture

Cur
Cur Cur

Cur
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Evidence was presented indicating that curcumin can directly in-
hibit NF-xB in rodent models of disease and despite its poor pharmaco-
kinetic profile distribute to tissues in an exposure time-dependent man-
ner. Thus, by virtue of its inhibition of NF- kB curcumin would be ex-
pected to be active in disease models such as cancer and inflammation.
This was indeed the case and compared to the high concentrations of
curcumin required for activity at NF-kB in cell culture, curcumin was
clearly active at considerably lower estimated plasma concentrations in
rodent models of disease whether administered orally or IP. One possi-
ble explanation for this difference is the involvement of uptake trans-
porters in the cell uptake of curcumin in animals. In animals, uptake
transporters would likely be optimally expressed in comparison to cell
lines and primary cell cultures in which transporters may be poorly ex-
pressed or absent from the plasma membrane of the cell. However,
while the involvement of uptake transporters in tissues may provide an
explanation for lower effective estimated average plasma concentra-
tions compared to cell culture, other explanations for the difference be-
tween the cell culture activity of curcumin and its activity in preclinical
animals likely exist such as the potential of curcumin to irreversibly in-
teract with its targets and the impact of longer plasma exposure to cur-
cumin on the time-dependent increased accumulation of curcumin in
tissues. Another plausible explanation may lie in the large number of
metabolites produced by the metabolism of curcumin. Important roles
for the phase II metabolite of curcumin, curcumin glucuronide, both as
a source for plasma and tissue curcumin through metabolism by -
glucuronidase and as a treatment for neuroinflammation have been
proposed [13,109]. It has been demonstrated in mice that oral adminis-
tration of curcumin results in a higher ratio of curcumin glucuronide to
curcumin compared to IP administration by 56-fold vs 13-fold, respec-
tively [61] principally due to the high degree of glucuronidation occur-
ring at the intestinal brush border membrane in rodents. In addition,

Animal
Oral Dosing [P Dosing
1 ¢ [Blosd e
\_/ Cur + CGlue |
- COGlue CGlue

+ +

Fig. 5. Schematic diagram showing how the entry of curcumin into cells in cell culture and in tissue differs. In cell culture, BSA present in the culture medium binds
curcumin and helps to solubilize it, nonetheless some aggregation of curcumin may occur. Free curcumin accumulates in the cell membrane and diffuses into the cells
to interact with NF-kB and within the cell nucleus. The expression of uptake transporters (i.e. OATP and OAT) is likely limited or non-existent and diffusion is likely
the dominant pathway for curcumin to gain access into cells in culture. In preclinical animal studies curcumin dosed orally is converted to curcumin glucuronide at
the intestinal brush border membrane and within the liver, while when dosed intraperitoneally conversion to curcumin glucuronide occurs in the liver. While cur-
cumin is tightly bound to plasma proteins, curcumin glucuronide is less bound and better distributed to tissues. Curcumin p-glucuronidase breaks down curcumin
glucuronide to free curcumin and together with free curcumin not bound to plasma proteins can be taken into cells by the predominant pathway, transporter medi-
ated uptake via well expressed uptake transporters (OATP and OAT) and to a lessor extent diffusion. Curcumin glucuronide may also be taken up into cells and con-
verted to curcumin by cellular curcumin f-glucuronidase. Tissue cells are therefore exposed to effective treatment levels of curcumin compared to the relatively low
levels of curcumin measured in the plasma.
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the plasma terminal half-life of curcumin glucuronide was found to be
2.8-fold longer than curcumin following oral administration of nano-
emulsion curcumin to mice [68]. Given that curcumin glucuronide is
more soluble than curcumin and likely is less plasma protein bound, it
would more readily gain access to the interstitial space and tissues and
subsequently be converted to curcumin by tissue p-glucuronidase; f-
glucuronidase activity varying amongst tissues. Curcumin would then
be available for diffusion and active-uptake into tumour cells in consid-
erably greater amounts than plasma bound curcumin as was observed
for tumour levels of doxorubicin following the administration of dox-
orubicin p-glucuronide [59]. In addition, OATP uptake transporters
have been found to be overexpressed in a number of solid human tu-
mours [110] and f-glucuronidase activity in tumour tissue is elevated
[111]. Therefore, the treatment effect of curcumin in preclinical animal
models at lower estimated plasma concentrations following oral and in-
traperitoneal administration compared to its cell culture activity may
be related to the presence of higher amounts of curcumin p-glucuronide
in tumours which would be converted to curcumin by p-glucuronidase
and rapidly taken up by OATP uptake transporters. The variability in
the expression of tissue OATP transporters may contribute to the scatter
in the data relating the dose of curcumin to its treatment effects. Cur-
cumin glucuronide may also have played a critical role for the better
distribution of curcumin into dog tissues with longer infusion times.
The conversion of curcumin glucuronide to curcumin by f-
glucuronidase in tissues may also contribute to the treatment effects in
rodent models of inflammatory diseases observed at low estimated C,,
concentrations of curcumin. f-Glucuronidase activity is increased at the
site of inflammation as a consequence of neutrophil infiltration [1,12].
In concert with curcumin glucuronide and uptake transporters present
on inflammatory cells, the metabolism of curcumin glucuroide by -
glucuronidase to curcumin and the resulting active uptake into cells
may have resulted in mediation of its treatment effects against intracel-
lular oxidative metabolites at lower than expected plasma concentra-
tions of curcumin [113]. A high degree of variability in the degree of
the inflammatory response to curcumin in animal models of inflamma-
tion may have contributed to the inability to observate a relationship
between curcumin dose and treatment effects.

Given the evidence, it would appear that the conversion of cur-
cumin glucuronide to curcumin within tissues may help to explain the
relationship between the lower than expected plasma concentrations of
curcumin that mediate its treatment effects following oral and IP dosing
compared to its activity in cell culture. If such is the case, given the
finding that not much difference was observed between the estimated
C,, and treatment effects for curcumin following oral and IP adminis-
tration, it is likely that both the liver and intestine provide more than
adequate levels of tissue curcumin glucuronide to mediate its treatment
effects.

With respect to the treatment of cancer using curcumin, its well-
known antiangiogenic effects have the undesirable effect of reducing
the exposure of the tumour to curcuminoids, an apparent critical factor
limiting curcumin’s treatment effects. Nonetheless, formulating cur-
cumin so that its poor pharmacokinetic properties (poor bioavailability,
short plasma half-life are improved) as is the case for nano-formulated
curcumin [114] has resulted in better treatment effects. Whether the
better treatment effects are either due to a longer exposure to curcumin
or a consequence of a role for the more soluble metabolites of curcumin
(curcumin glucuronide, curcumin sulfate) should be evaluated. Based
on the analysis of the relationship between curcumin’s cell culture ac-
tivity, pharmacokinetics and activity in animal models of disease pre-
sented in this review, cell based experiments are clearly very important
for identifying potential curcumin targets for treating disease in pre-
clinical animal models despite the high concentrations of curcumin em-
ployed. Several reasons were provided to explain the lower potency of
curcumin in cell culture compared to estimated C,, in animal models of
disease at one target for curcumin, NF-kB. Thus, expeditiously run cell
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culture experiments will remain an important model for identification
of therapeutic targets for curcumin in the future. Important considera-
tions for elucidating therapeutic targets for curcumin in cell culture
should take into account the potential activity of curcumin glucuronide
(and in general more soluble less protein bound metabolites of cur-
cumin) in vivo and the activity of cellular uptake transporters. In addi-
tion, more focus should be put on elucidating the role of the soluble
metabolites of curcumin in the mediation of curcumin’s treatment ef-
fects in vivo. While curcumin and its metabolites alone may not produce
a strong therapeutic effect, they may induce a cellular environment that
enhances the acivity of targeted drugs in the treatment of disease. In
this regard, curcumin combined with cytotoxic anticancer drugs has al-
ready shown improved therapeutic outcomes both as a result of reduc-
ing the toxicity of standard anticancer therapies and due to its intrinsic
anticancer activity [115]. With respect to the PAINS activity of cur-
cumin, compounds possessing PAINS and the potential to aggregate are
more likely to possess “off target” activity which is associated with an
increased propensity to be toxic at pharmacologically relevant doses
[38]. This does not appear to be the case for orally administered cur-
cumin, curcumin is relatively non-toxic even in the intestine where tis-
sue exposures are high [116]. Many successful attempts have been
made to increase the concentration of curcumin in the plasma following
oral dosing resulting in greater treatment effects, however, there is al-
ways a risk that unwanted curcumin toxicities and drug-drug interac-
tions may arise [117]. The use of curcumin glucuronide as a “pro-drug”
[13] to supply tissues with active curcumin is a reasonable alternative
approach to be considered in the design of curcumin analogs with an
even lower toxic liability. The optimization of better distributed cur-
cumin analogs that can be readily acted upon by cellular uptake trans-
porters should also be considered as a way to boost cell levels and treat-
ment effects alone or in combination with known therapeutic drugs.
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