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Curcumin exhibits anti-inflammatory and antitumor activity and
is being tested in clinical trials as a chemopreventive agent for
colon cancer. Curcumin’s chemopreventive activity was tested in
a transgenic mouse model of lung cancer that expresses the hu-
man Ki-rasG12C allele in a doxycycline (DOX) inducible and lung-
specific manner. The effects of curcumin were compared with the
lung tumor promoter, butylated hydroxytoluene (BHT), and the
lung cancer chemopreventive agent, sulindac. Treatment of DOX-
induced mice with dietary curcumin increased tumor multiplicity
(36.3 ± 0.9 versus 24.3 ± 0.2) and progression to later stage lesions,
results which were similar to animals that were co-treated with
DOX/BHT. Microscopic examination showed that the percentage
of lung lesions that were adenomas and adenocarcinomas in-
creased to 66% in DOX/BHT, 66% in DOX/curcumin and 49%
in DOX/BHT/curcumin-treated groups relative to DOX only trea-
ted mice (19%). Immunohistochemical analysis also showed in-
creased evidence of inflammation in DOX/BHT, DOX/curcumin
and DOX/BHT/curcumin mice relative to DOX only treated mice.
In contrast, co-treatment of DOX/BHT mice with 80 p.p.m. of
sulindac inhibited the progression of lung lesions and reduced
the inflammation. Lung tissue from DOX/curcumin-treated mice
demonstrated a significant increase (33%; P 5 0.01) in oxidative
damage, as assessed by the levels of carbonyl protein formation,
relative to DOX-treated control mice after 1 week on the curcu-
min diet. These results suggest that curcumin may exhibit organ-
specific effects to enhance reactive oxygen species formation in the
damaged lung epithelium of smokers and ex-smokers. Ongoing
clinical trials thus may need to exclude smokers and ex-smokers
in chemopreventive trials of curcumin.

Introduction

Lung cancer is the leading cause of cancer-related deaths in the USA
(1). Despite decades of research and the recent development of novel
therapeutic approaches, the 5 year survival rate of lung cancer patients
has remained an abysmal 10–15%. This is mainly due to the fact that
patients often present with late stage disease. Thus, the development
of chemopreventive strategies that could prevent the progression of
lung lesions to malignant cancers would reduce the mortality and
morbidity resulting from this deadly disease.

The population of tobacco smokers and ex-smokers constitutes
a readily identifiable group of individuals at risk for lung cancer
who would benefit from intervention with chemopreventive regimens.
While non-steroidal anti-inflammatory agents have received consider-
able attention as potential chemopreventive agents in a variety of
organ systems, recent concerns regarding their gastrointestinal and
cardiac toxicities make use of these compounds in the disease-free,
aysmptomatic smoking population problematic (2,3). As such, current
efforts have focused on identifying less toxic agents that could provide
chemopreventive activity without life-threatening toxicities. One such
compound is curcumin (diferuloylmethane), a naturally occurring
plant polyphenol, that has been shown to exhibit anti-inflammatory,
antioxidant and chemopreventive properties with minimal toxic side
effects (4–6).
In conjunction with its antioxidant and anti-inflammatory proper-

ties, curcumin inhibits a number of transcription factors and pro-
oxidant enzymes implicated in lung tumor progression. Curcumin
has been shown to inhibit activation of the nuclear factor jb (NF-jb)
pathway and cycloxygenase-2 (COX-2) enzyme activity in a variety
of tumor cell lines, including ovarian (7), lymphoma and thymoma
(8), myeloid (9), prostate (10), breast (11) and colorectal (12,13)
cells. A number of in vivo studies conducted in rodent models have
shown that curcumin exhibits potent chemopreventive activity in
different organ systems, including colon (14–16), breast (17,18)
and skin (19,20). In addition, epidemiological studies (21,22) have
provided evidence that the low incidence of colorectal cancers ob-
served in India was associated with diets high in curcumin.
As a result of these preclinical studies, curcumin has entered clinical

trials with the goal to test this compound’s efficacy in the prevention
of colon cancer in high-risk patients (23,24). Because of its relatively
low absorption (25–27), it has been assumed that curcumin’s effects
would be limited primarily to the gastrointestinal tract. Indeed, one
study conducted with A/J mice co-treated with benzo[a]pyrene and
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone suggested that cur-
cumin had no effect on lung tumor multiplicity in vivo (28), although
its effects on tumor histology were not reported in this study. However,
a recent study demonstrated that pretreatment with dietary curcumin
prevented the initiation of lung tumors by benzo[a]pyrene as a result of
curcumin’s effects on phase I and phase II enzyme levels in liver and
lung tissue (29). These results suggest that curcumin can exert effects
on lung tissue despite its poor absorption.
As curcumin has been shown to prevent breast tumor progression,

we initiated studies to determine the potential chemopreventive activ-
ity of curcumin in a transgenic lung tumor mouse model developed in
our laboratory. These mice utilize the inducible tetracycline-on system
to express the mutant human Ki-rasG12C gene in a lung-specific man-
ner (30). Transgenic mice were developed that contain the cDNA of
Ki-rasG12C cloned downstream of a tetracycline-inducible promoter.
These mice are then crossed to a second strain of transgenic mice
containing a reverse tetracycline trans-activator (rtTA) protein linked
to the Clara cell secretory protein (CCSP) promoter, resulting in con-
stitutive expression of the rtTA gene product specifically in the lungs
(31). Treatment of these double transgenic, or bitransgenic, mice
(designated CCSP-rtTA/Ki-rasG12C mice) with doxycycline (DOX)
induces transcription of the Ki-rasG12C gene specifically in the lung.
Previous work by this laboratory has shown that administration of
DOX for 9–12 months resulted predominantly in the development
of benign hyperplastic foci and adenomas (ADs) (32). Interestingly,
these lesions remained small (the majority were �1 mm), benign and
well circumscribed, indicating that they failed to progress to more
advanced stage lesions. The benign lung lesions exhibited increased
levels of both proliferative and antimitotic signaling, which likely
accounted for the benign phenotype observed (32,33).
In the current study, we demonstrate that curcumin unexpectedly

promoted the progression of lung lesions from benign hyperplasias to

Abbreviations:AC, adenocarcinomas; AD, adenoma; BHT, butylated hydrox-
ytoluene; CCSP, Clara cell secretory protein; COX-2, cycloxygenase-2; DOX,
doxycycline; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IHC,
immunohistochemistry; NF-jb, nuclear factor jb; RT–PCR, reverse
transcription-polymerase chain reaction; rtTA, reverse tetracycline trans-activator.
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ADs and carcinomas, similar to the known lung tumor promoter bu-
tylated hydroxytoluene (BHT) (34–36). Furthermore, we provide ev-
idence that after 1 week of curcumin administration in the diet, lung
tissue demonstrated enhanced levels of oxidative damage. This early
pro-oxidant effect may account for the tumor-promoting effects of
curcumin in lung tissue.

Materials and methods

Animal treatment and histological analysis of lungs

All mice used in this study were on a FVB/N background. CCSP-rtTA/Ki-
rasG12C bitransgenic and Ki-rasG12C monotransgenic control mice were trea-
ted with or without DOX and either vehicle (olive oil) or BHT. DOX was
given in the drinking water (500 lg/ml) beginning 8 weeks after birth. BHT
was administered 1 week after initiation of DOX treatment and consisted of
six weekly intraperitoneal injections of 150 mg/kg of BHT in olive oil.
Control mice received olive oil vehicle at a dose of 0.5 ml/25 gm. Separate
groups of mice were fed either the chemopreventive agent sulindac at a dose
of 80 p.p.m. or 4000 p.p.m. of curcumin starting 2 days after the initiation of
DOX. The dose of curcumin that we employed is twice that utilized in a pre-
vious lung chemoprevention study (28) and well within the range of doses
employed in other in vivo models and human clinical trials as reviewed re-
cently in Goel et al. (37); the dose for sulindac has been shown to be effective
in a previous lung chemoprevention study (38). Curcumin or sulindac con-
taining AIN-76A diets were formulated by the Wake Forest University Diet
Core Laboratory.

For the long-term experiments to assess the effects of curcumin on lung
tumorigenesis, mice were euthanized 45 weeks (9 months) following the ini-
tiation of DOX treatment by CO2 asphyxiation and cervical dislocation. The
lungs were removed, carefully examined for pulmonary masses and all mac-
roscopic pulmonary lesions were recorded. The lung was processed for histo-
pathology and immunohistochemistry (IHC) by fixation for 24 h in 4% chilled
paraformaldehyde fixative and stored in 70% ethanol until embedding in par-
affin. Tissue slices cut 4 l thick were stained with hematoxylin and eosin and
proliferative lesions classified by standard murine pulmonary tumor character-
istics (39). One representative slide was cut from 12 individual mice in each
group to assess tumor pathology. The study included the following treatment
groups: (i) bitransgenic mice receiving no treatment (n 5 27; 10#, 17$); (ii)
bitransgenic mice treated with DOX (n 5 19; 15#, 4$); (iii) bitransgenic mice
treated with BHT (n 5 14; 9#, 5$); (iv) bitransgenic mice treated with DOX
and BHT (n 5 20; 9#, 11$); (v) bitransgenic mice treated with DOX, BHTand
curcumin (n 5 20; 11#, 9$); (vi) bitransgenic mice treated with DOX and
curcumin (n 5 15; 11#, 4$); (viii) bitransgenic mice treated with DOX, BHT
and sulindac (n 5 26; 20#, 6$); (xi) bitransgenic mice treated with DOX
and sulindac (n 5 16; 10#, 6$); (x) monotransgenic Ki-rasG12C mice receiv-
ing no treatment (n 5 16; 10#, 6$); (xi) monotransgenic mice treated with
DOX (n 5 14; 8#, 6$) and (xii) FVB/N mice that were not treated (n 5 17;
7#, 10$).

Determination of oxidative damage by protein carbonylation

Eight CCSP-rtTA/Ki-rasG12C bitransgenic mice were treated with DOX as
described above. The mice were divided into two groups of four mice each;
one group was fed the normal diet and the other fed diet supplemented with
4000 p.p.m. of curcumin. Nine days after the initiation of DOX treatment, mice
were euthanized as described above. The lungs were removed and homoge-
nized in a Tissue Terra for 20 s at the highest setting using digestion buffer
from the Millipore Protein Extraction Kit (Millipore, Billerica, MA). Samples
were processed according to the manufacturer’s instructions and stored at
�80�C until use. Five microliters (0.13–2.2 mg) of supernatant were denatured
and derivatized with 2,4-dinitrophenylhydrazine using the OxyBlotTM Protein
Oxidation Detection Kit (Chemicon, Temecula, CA). Proteins were separated
on duplicate 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
gels, transferred onto nitrocellulose membranes and incubated with a primary
antibody to either the DNP moiety of the protein or b-actin (Abcam, Cam-
bridge, MA) followed by a secondary horseradish peroxidase-conjugated
antibody. Proteins were visualized with the enhanced chemiluminescence sys-
tem (GE Healthcare, Pistacaway, NJ) and quantified using Image J software.
Curcumin-mediated increases in protein oxidation were determined by scan-
ning the entire lane. Multiple exposures were used to assure that intensities
were measured in the linear range of the film. Changes in protein oxidation
were expressed as percentage change in intensity of the DNP signal for DOX/
curcumin-treated samples relative to DOX only treated samples. Signal inten-
sities for the DNP antibody were normalized to b-actin by dividing the absor-
bance obtained with for the DNP signal by the absorbance for b-actin in each
individual lane.

IHC

IHC was performed following the standard procedure provided by Cell
Signaling Technology (Danvers, MA). Primary antibodies are as follows:
rabbit antimouse NF-jb p65 1:200 (Thermo Scientific, Waltham, MA; cat.
# RB-10612-P1) and rabbit antimouse COX-2 1:150 (Cayman Chemical,
Ann Arbor, MI; cat. #160126). Samples as well as negative controls (which
lacked the primary antibody) and positive control-tissue specific for each an-
tibody were incubated overnight at 4�C and then washed 3� for 5 min with 1�
PBS. Tissues were stained with biotinylated goat antirabbit antibody (Vector
Laboratories, Burlingame, CA). Slides were then counterstained with hema-
toxylin. Slides from four to six individual mice from each group were stained
with each antibody.

Statistical analysis

Tumor incidence was calculated from the proportion of mice that had one or
more tumors from the total number of mice. Chi-square or Fisher’s exact tests
were used to test for differences in tumor incidence between groups. The
distribution of tumor multiplicity was determined graphically and descriptively
for skewness and normality. Analysis of variance was used to test for signif-
icant differences in tumor multiplicity. Post hoc pairwise comparisons were
made using Tukey’s honestly significant differences. All analyses were per-
formed using SAS v9.1.3 (SAS Institute, Cary, NC). A two-sided P-value
,0.05 was considered statistically significant.

Results

We utilized a transgenic mouse model exhibiting DOX-inducible regu-
lation of the mutant human Ki-rasG12C allele in lung tissue to de-
termine the potential chemopreventive effects of curcumin on lung
tumor progression in early stage lesions. Previous studies from our
laboratory demonstrated that treatment of CCSP-rtTA/Ki-rasG12C mice
with DOX for 9–12 months resulted in the development of hyperplastic
foci and small (�1 mm), benign, well-differentiated ADs that did
not progress to more severe tumor phenotypes (32). Analysis of signal-
ing events downstream of RAS revealed that mutant RASCYS12 sig-
naled to a subset of its downstream effectors, as we saw increased levels
of extracellular signal-regulated kinases (ERK) and p38 phosphoryla-
tion but no activation of the AKT and JUN kinase (JNK) pathways
(32,33). This appears to account for the benign phenotype of the lung
lesions. We compared the effects of curcumin, which is currently in
clinical trials as a chemopreventive agent for colon cancer, to the
known lung tumor promoter BHT and the known lung cancer chemo-
preventive agent sulindac in order to validate the bitransgenic model for
use in chemopreventive studies. BHT mediates its tumor-promoting
effects by creating an inflammatory environment in the lung (35,36),
whereas sulindac inhibits several mediators of oxidative stress (40,41).
Co-treatment of bitransgenic mice with DOX and BHT resulted in

a statistically significant (P 5 0.01) increase in tumor multiplicity, as
assessed by counting the number of visible surface tumors, in
the DOX/BHT animals compared with the DOX only treated group
(Figure 1). Introduction of curcumin into the diets of DOX and DOX/
BHT-treated mice caused similar increases in lung tumor multiplicity
as observed in mice treated with DOX/BHT (Figure 1). Indeed, much
to our surprise, there were no statistically significant differences
between the DOX/BHT treated and DOX/BHT/curcumin and DOX/
curcumin-treated bitransgenic mice (analysis of variance; P 5 0.6),
indicating that curcumin exhibited tumor promoter activity compara-
ble with that seen with BHT. Only five lung lesions were detected
among the control groups—one lesion was detected in two individual
untreated bitransgenic mice, one lesion was detected in two different
DOX-treated monotransgenic Ki-rasG12C mice and one lesion was
detected in a BHT-treated bitransgenic mouse that did not receive
DOX. The only significant difference in body weights between the
various treatment groups was a 1.3-fold increase in body weight of
DOX/curcumin male-treated mice relative to the other treatment
groups at euthanasia.
Microscopic examination of lung sections from 12 individual mice

for each treatment group revealed that there was an increase in ade-
noma (62 ± 7%, 61 ± 8% and 47 ± 10%) and large atypical adenoma,
defined as ADs with a small focus of more anaplastic looking cells,
and adenocarcinoma development (4, 5 and 2%) in the DOX/BHT,
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DOX/curcumin and DOX/BHT/curcumin-treated groups, respec-
tively, compared with the DOX only treated group, where only 19 ±
12.4% of lesions were classified as ADs (Figure 2). In contrast, while
co-treatment of DOX/BHT mice with 80 p.p.m. of the non-steroidal
anti-inflammatory agent sulindac in the diet had little or no effect on
the average lung tumor multiplicity of the DOX/BHT bitransgenic
mice after 9 months, sulindac prevented tumor progression. As shown
in Figure 2, distribution of hyperplastic foci and ADs in DOX/BHT/
sulindac and DOX/sulindac-treated mice resembled that seen in DOX
only treated mice. Sulindac has been shown to inhibit lung tumor
progression in a variety of murine models (40,41). Thus, the CCSP-
rtTA/Ki-rasG12C mice respond appropriately to known lung tumor-
promoting and chemopreventive agents.
Photomicrographs of representative lung sections are shown in

Figure 3. Figure 3A shows lung tissue from normal lung and demon-
strates the lack of proliferative lesions or atypia in control lung tissue.
Upon treatment of the CCSP-rtTA/Ki-rasG12C bitransgenic mice with
DOX, we noted the development of hyperplastic lesions within the
lungs of treated animals (Figure 3B), consistent with our previous
observations (32). Figures 3C–E demonstrate the severe proliferative
lesions seen in DOX/BHT, DOX/curcumin and DOX/BHT/curcumin
bitransgenic animals.
Four to six representative slides from individual mice in each group

were examined for evidence of leukocyte infiltration by hematoxylin
and eosin staining and expression of COX-2 and NF-jb by IHC. As
shown in Figure 4, lung tissue isolated from DOX-treated mice ex-
hibited mild hyperplasia with little evidence of inflammation (panels
A and B). There was minimal staining for either COX-2 or NF-jb. In
contrast, tumors isolated from DOX/BHT, DOX/curcumin and DOX/
BHT/curcumin-treated mice (Figures 5, 6 and 7, respectively) ex-
hibited inflammation with a high density of macrophages (cells with
black dots visible in Figure 6, panel B for example) which also ap-
peared to be positive for staining for NF-jb (Figures 5D, 6D and 7D),
whereas elevated COX-2 expression was seen in the endothelial cells
in the tumor compartment (Figures 5C, 6C and 7D). The inflammation
appeared to be somewhat more severe in DOX/curcumin versus DOX/
BHT-treated mice (Figure 6A and B and Figure 5A and B, respec-
tively) and was the most severe in mice treated with DOX/BHT/cur-
cumin. Mice treated with DOX/BHT/sulindac exhibited milder
inflammation, being similar to that seen in DOX/BHT mice (data
not shown).
Based on the marked inflammation we observed in the tumor tis-

sues with curcumin treatment and results obtained in the b-carotene
chemoprevention trials, where patients in the trial exhibited higher
incidences of lung cancer (42,43) that have been attributed to the pro-
oxidant effects of b-carotene in the lungs of smokers (44), we hypoth-
esized that curcumin may similarly exhibit pro-oxidant effects in the
highly oxygenated environment of the lungs. To this end, we assessed
the pro-oxidant effects of dietary curcumin exposure using a protein
carbonylation assay as a biomarker for oxidative damage to proteins

in the lungs of Ki-ras-expressing mice. We examined the effects of
curcumin after 1 week of dietary exposure as any observed effects
could not be attributed to transient effects of curcumin but at the same
time the exposure would be very early in the tumorigenic process. In
addition, the levels of mutant Ki-ras expression would be near max-
imal levels by 1 week of DOX treatment (32). After 9 days of DOX
treatment and 1 week of dietary curcumin exposure, we found that
DOX/curcumin-treated mice exhibited a 33% increase (P 5 0.010) in
the levels of modified protein relative to DOX-treated mice on the
control diet (Figure 8). These results suggest that, in the lungs of
smokers, curcumin may increase the formation of reactive oxygen
species to enhance tumor progression as a result of the curcumin-
mediated oxidative damage to additional cellular macromolecules
that act in concert with the genetic damage already prevalent in the
lungs of smokers and ex-smokers.

Discussion

Because of its potent anti-inflammatory and antioxidant activities,
curcumin has entered clinical trials as a potential chemopreventive
agent for colon cancer (23,24). In this study, we compared the effects
of curcumin to the known tumor promoter, BHT, and known lung
tumor chemopreventive agent, sulindac, to determine its effects on
lung tumor progression in a conditionally expressed, RAS-driven
transgenic mouse model for the early stages of lung cancer. These
mice, when treated with DOX, develop small, benign lung lesions that

Fig. 1. Average tumor multiplicity of mice at 45 weeks after the initiation of DOX treatment. The average tumor multiplicity for each treatment group is expressed
as number of tumors per mouse/total number of mice with tumors ±SE. DOX only treated group (D), DOX/BHT co-treated group (DB), DOX/BHT/sulindac co-
treated group (DBS), DOX/sulindac co-treated group (DS), DOX/BHT/curcumin co-treated group (DBC) and DOX/curcumin co-treated group (DC). �Denotes
statistical significance from DOX-treated group, where P-value is ,0.05.

Fig. 2. Percent microscopic lesions grouped by tumor stage and treatment
group. Percent proliferative lesions are expressed as the total number of
lesions for each histological type within each treatment group/total number
of proliferative lesions for each treatment group multiplied by 100 ± SE. The
percentage for each microscopic lesion type is shown for hyperplasias (H),
AD and large AD with atypical features and/or carcinomas (C) for the DOX
(D), DOX/sulindac (DS), DOX/BHT (DB), DOX/BHT/sulindac (DBS),
DOX/curcumin (DC) and DOX/BHT/curcumin (DBC) treatment groups.
�Denotes statistical significance between hyperplasias (H), �� AD and ���

carcinomas (C) when compared with the DOX-treated group.

S.T.Dance-Barnes et al.
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do not appear to progress, at least over the 12 month observation
period, and thus are representative of the asymptomatic smoker or
ex-smoker who harbors genetic damage to their lung epithelial cells
but have not progressed to frank carcinoma (32,33,45). As expected,
treatment with BHT resulted in increased tumor multiplicity (as de-
termined by counting visible surface tumors) and enhanced tumor
progression (as determined by histological analysis of sectioned
slides) whereas co-treatment of DOX/BHT mice with sulindac re-
versed the histological alterations induced by BHT, demonstrating
that this transgenic model accurately can determine the promoter
and chemoprevention activities of chemicals identified in other mouse
models (34–36,40,41).
Results of this study suggest that, in the lung, curcumin exerts

tumor-promoting activity. Curcumin caused a statistically significant
increase in tumor multiplicity and a clear shift from the predomi-
nantly hyperplasia development typically seen in the DOX only trea-
ted animals to larger atypical ADs and carcinomas in the DOX/
curcumin and DOX/BHT/curcumin-treated animals, similar to the
results obtained when DOXwas administered to the bitransgenic mice
in conjunction with BHT. In addition, histopathological examination
of the tumors indicated that, relative to DOX-treated mice, co-
treatment with DOX/BHT, DOX/curcumin or DOX/BHT/curcumin

resulted in the attraction of leukocytes to the tumor and an increase
in inflammation, probably resulting in an increase in oxidative stress
in the tumor microenvironment.
Interestingly, co-administration of the two agents did not cause ad-

ditive or synergistic effects in terms of increase in either tumor multi-
plicity or tumor progression, suggesting that the two agents may act via
similar mechanisms. However, co-treatment of mice with DOX/BHT/
curcumin clearly caused a more severe inflammatory response. Given
these findings and the fact that BHT mediates its lung tumor-promoting
effects through an inflammatory process, resulting in a pro-oxidant
environment and the generation of reactive oxygen species, we exam-
ined the early effects of curcumin on lung tissue using a protein car-
bonylation assay to measure the levels of oxidative damage. We used
protein carbonylation as a marker for oxidative stress in the lung envi-
ronment. Our results demonstrated that after 1 week of curcumin expo-
sure in the diet, mice exhibited an increased level of proteins modified
by oxidative damage. Thus, the curcumin-mediated increase in reactive
oxygen species probably predisposes lung tissue to increased genomic
instability and tumor progression. One could envision several oncogenic
and tumor suppressor pathways that could be affected by the increase in
reactive oxygen species, including signal transduction pathways related
to mitogen-activated protein kinase kinases, NF-jb and p53 (which are

Fig. 3. Photomicrographs of mouse lung tissue. Hematoxylin and eosin stains of tissue from control and treated mice. (A) Normal lung with typically thin alveolar
walls. (B) Diffuse pneumocyte hyperplasia in a mouse treated with DOX. Alveolar walls are thickened by plump, closely spaced pneumocytes. (C) Central focus
of pneumocyte hyperplasia in a mouse treated with DOX. Alveolar walls are thickened about twice normal by plump, closely spaced pneumocytes. More normal
lung is present adjacent. (D) Two solid coalescing AD in a mouse treated with DOX/BHT. Cells form dense sheets which expand the adjacent parenchyma. (E)
Subpleural adenoma in a mouse treated with DOX/curcumin. The central area of pallor reflects necrosis. (F) Subpleural adenoma with papillary morphology in
a mouse treated with DOX/BHT/curcumin. Panels A and B are �10 and panels C–F are �4 magnification.

Lung tumor promotion by curcumin
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all redox sensitive) in addition to the potential mutations and genetic
damage to genes in this pathway as a result of the increased oxidative
stress in the tumor microenvironment. Indeed, our IHC analyses in-
dicated elevated levels of NF-jb in tumor stromal tissue and COX-2 in
surrounding endothelial cells. In this regard, curcumin has been shown
to interfere with the activity of the p53 tumor suppressor pathway (46).

While most carcinogenicity studies conducted in mice and rats have
failed to establish a relationship between tumorigenesis and adminis-
tration of curcumin (47,48), in one study (49) curcumin was shown to
cause hyperplasia of the mucosal epithelium in the cecum and colon of
male and female rats, an increased incidence of hepatocellular adenoma
in male and female mice, a significant increase in thyroid gland

Fig. 4. Hematoxylin and eosin and immunohistochemical staining of lung tissue from DOX-treated mice. Panels (A) and (B) are �10 and �40 magnifications,
respectively, of hematoxylin and eosin-stained slides showing relatively normal-appearing tissue with evidence of some hyperplasia. Panels (C) and (D) are
immunohistochemical staining of lung tissue slides with antibodies to COX-2 and NF-jb (Ser276) showing little staining for either protein in the tissues;
magnification for IHC �40.

Fig. 5. Hematoxylin and eosin and immunohistochemical staining of lung tissue from DOX/BHT-treated mice. Panels (A) and (B) are �10 and �40
magnifications, respectively, of hematoxylin and eosin-stained slides showing mild edema around the tumor; panels (C) and (D) are immunohistochemical staining
of lung tissue slides with antibodies to COX-2 and NF-jb (Ser276) showing COX-2 and NF-jb positivity in blood vessels and stromal cells, respectively;
magnification for IHC �40.

S.T.Dance-Barnes et al.
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follicular cell hyperplasia in female mice and a small but significant
increase in sister chromatid exchanges and chromosomal aberrations in
cultured Chinese hamster ovary cells.
A number of studies have shown that the antioxidant effects of

curcumin are preceded by an oxidative stimulus, which is time and

dose dependent (48,50–52). These findings support the premise that
curcumin, under some conditions, could have adverse effects on cel-
lular macromolecules. A shortcoming of the clinical development of
many cancer chemopreventive agents has been the lack of knowledge
of the relationship between markers of pharmacologic activity and

Fig. 6. Hematoxylin and eosin and immunohistochemical staining of lung tissue from DOX/curcumin-treated mice. Panels (A) and (B) are �10 and �40
magnifications, respectively, of hematoxylin and eosin-stained slides showing marked inflammation around the tumors and a high density of red blood cells
suggestive of edema (panel A) with infiltration of macrophages (panel B, cells with black dots in panel D). (C) Immunohistochemical staining of lung tissue slides
with an antibody to COX-2. The tumor has a high-density vasculature that contains endothelial cells staining positively for COX-2. (D) Immunohistochemical
staining of lung tissue slides with an antibody to NF-jb (Ser276) demonstrating NF-jb positive macrophages infiltrating the tumor tissue; magnification for
IHC �40.

Fig. 7. Hematoxylin and eosin and immunohistochemical staining of lung tissue from DOX/BHT/curcumin-treated mice. Panels (A) and (B) are �10 and �40
magnifications, respectively, of hematoxylin and eosin-stained slides showing severe inflammation and leukocyte infiltration of the tumor. Panels (C) and (D) are
immunohistochemical staining of lung tissue slides with antibodies to COX-2 and NF-jb (Ser276) showing COX-2 and NF-jb positivity in blood vessels, stromal
and immune cells in the tumor microenvironment; magnification for IHC �40.
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levels required for efficacy. For example, the lack of pharmacokinetic
information for b-carotene led to a randomized trial using b-carotene
and vitamin A for prevention of lung cancer which had to be termi-
nated early due to the unexpected increase in the incidence of lung
cancer in patients who smoked or had previous exposure to asbestos
(42,43). Subsequent studies have shown that b-carotene can exert pro-
oxidant effects in the damaged lung epithelial cells of smokers and
ex-smokers that may result in further damage to key cellular macro-
molecules involved in lung tumor progression (44). Thus, we pro-
posed that in the highly oxygenated environment of the lung,
a similar phenomenon may occur whereby curcumin initially acts
as a pro-oxidant, causing an increase in reactive oxygen species and
potential damage to critical oncogenic or tumor suppressor pathways
(27,53). Indeed, recent studies have shown that treatment of mice with
pharmacological doses of ascorbate, another putative chemopreven-
tive agent with known antioxidant effects, resulted in increased levels
of ascorbate radical and H2O2 in tumor xenografts (54), thereby pro-
ducing a pro-oxidant environment in vivo.
Future studies will need to focus on the potential mechanisms by

which curcumin mediates its apparent pro-oxidant effects and exam-
ine the effects of curcumin at early time points utilizing toxicogenom-
ic approaches to identify the global effects of this agent on key
regulatory pathways involved in cell proliferation, survival, inflam-
mation and oxidative stress. Our results suggest that, in ongoing clin-
ical trials assessing the potential chemopreventive activity of
curcumin for colon cancer, it may be necessary to screen patients
for smoking status and exclude those patients who have a history of
smoking.
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