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Abstract
Recent pilot studies found natural chlorophyll (Chl) to inhibit carcinogen uptake and
tumorigenesis in rodent and fish models, and to alter uptake and biodistribution of trace 14C-
aflatoxin B1 in human volunteers. The present study extends these promising findings, using a
dose-dose matrix design to examine Chl-mediated effects on dibenzo(def,p)chrysene (DBC)-
induced DNA adduct formation, tumor incidence, tumor multiplicity, and changes in gene
regulation in the trout. The dose-dose matrix design employed an initial 12,360 rainbow trout,
which were treated with 0–4000 ppm dietary Chl along with 0 – 225 ppm DBC for up to 4 weeks.
Dietary DBC was found to induce dose-responsive changes in gene expression that were abolished
by Chl co-treatment, whereas Chl alone had no effect on the same genes. Chl co-treatment
provided a dose-responsive reduction in total DBC-DNA adducts without altering relative adduct
intensities along the chromatographic profile. In animals receiving DBC alone, liver tumor
incidence (as logit) and tumor multiplicity were linear in DBC dose (as log) up to their maximum-
effect dose, and declined thereafter. Chl co-treatment substantially inhibited incidence and
multiplicity at DBC doses up to their maximum-effect dose. These results show that Chl
concentrations encountered in Chl-rich green vegetables can provide substantial cancer
chemoprotection, and suggest that they do so by reducing carcinogen bioavailability. However, at
DBC doses above the optima, Chl co-treatments failed to inhibit tumor incidence and significantly
enhanced multiplicity. This finding questions the human relevance of chemoprevention studies
carried out at high carcinogen doses that are not proven to lie within a linear, or at least
monotonic, endpoint dose-response range.
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1 Introduction
The polycyclic aromatic hydrocarbon dibenzo(def,p)chrysene (DBC), formerly known as
dibenzo(a,l)pyrene or DBP, can be readily detected on particulate matter from wood
charcoal, coal and fuel-oil combustion (Deraat et al., 1987; Mumford et al., 1987; Mumford
et al., 1995) in soil and sediment samples (Kozin et al., 1995), in vehicle exhaust condensate
(Seidel et al., 2004) and in tobacco smoke condensate (Snook et al., 1977; Hoffmann and
Hoffmann, 1998). DBC displays strong in vitro mutagenicity in bacterial and animal cell
assays (Busby et al., 1995; Durant et al., 1999), forms multiple DNA adducts in vitro and in
vivo (Mahadevan et al., 2005), and may act in vivo through promotional as well as tumor
initiation mechanisms (Baird et al., 2005). Comparative studies in rodent models have
demonstrated DBC to be the most carcinogenic polycyclic aromatic hydrocarbon tested to
date, significantly exceeding the potencies of the well-known carcinogens benzo[a]pyrene
and 7,12-dimethylbenz[a]anthracene (Cavalieri et al., 1989; Cavalieri et al., 1991;
Higginbotham et al., 1993; LaVoie et al., 1993). Dermal application of DBC to mice
produced tumors of the skin and lung, and malignant lymphoma involving multiple organs
(Higginbotham et al., 1993). Intra-peritoneal administration of DBC to mice produced lung
tumors (Prahalad et al., 1997), and intra-mammary injection in rats yielded mammary
tumors (Cavalieri et al., 1991). In the rainbow trout, dietary exposure to DBC resulted in
tumors of the stomach, liver and swim bladder (Reddy et al., 1999; Pratt et al., 2007;
Simonich et al., 2008).

The exceptionally high carcinogenic potency of DBC (Bailey et al., 2009), along with
unavoidable and potentially significant human exposure in urban areas, makes measures to
mitigate its adverse effects particularly attractive. Experiments in animal models have
identified many natural and synthetic chemopreventive agents that can dramatically inhibit
carcinogen-induced damage and the resulting incidence of cancer (reviewed in (Barrett,
2002; Guyton and Kensler, 2002; Hirose et al., 2002; Kensler, 2004; Aggarwal and
Shishodia, 2006; Kelloff et al., 2006; Wright et al., 2006)). One such agent, chlorophyllin
(CHL), a sodium-copper derivative of chlorophyll (Chl), appears promising as a non-toxic
agent that can protect against several classes of dietary carcinogen, including DBC, in
animal models. In vivo mechanistic studies in mammals and fish indicate that dietary CHL
acts to block tumor initiation (Reddy et al., 1999; Pratt et al., 2007; Simonich et al., 2008),
and in vitro studies suggest this may occur in part by the formation of tight complexes with
such carcinogens as aflatoxins, DBC, and some of the heterocyclic amines (Breinholt et al.,
1995; Dashwood et al., 1996; Hayashi et al., 1999), which share partially planar, aromatic
structural elements. Whether through complex formation or some other undefined transport
mechanism, CHL co-treatment effectively inhibits absorption of these carcinogens, thereby
reducing bioavailability to the target tissue, DNA-adduction, and ultimate tumor response
(Dashwood et al., 1998). Translational experiments have demonstrated that CHL can
significantly reduce biomarkers of effective carcinogen exposure in humans in China with
chronic, unavoidably high aflatoxin B1 (AFB1) exposure and a high incidence of liver
cancer (Qian et al., 1994; Jacobson et al., 1997; Egner et al., 2001; Egner et al., 2003). A
recent micro-dosing study indicated that CHL co-exposure accomplishes this by
significantly altering AFB1 pharmacokinetic parameters and reducing its bioavailability in
humans (Jubert et al., 2009), as it does in animal models. Further support for the utility of
CHL in human intervention is provided by a recent study by Shaughnessy (Shaughnessy et
al.), who found that CHL tablets in combination with cruciferous vegetables and yogurt
reduced colorectal DNA damage and systemic genotoxicity in humans consuming meat
cooked at high temperature.

While these results suggest substantial potential for CHL supplements in the reduction of
human cancer risk, relatively little information is available regarding the chemoprotective
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potential of natural chlorophylls as they may occur in the human diet. We recently reported
that, in the rainbow trout carcinogenesis model, dietary co-exposure for one month to 1000–
6000 ppm of highly purified Chl dramatically reduced the incidence of liver and stomach
tumors initiated by DBC (Simonich et al., 2008). We also reported a similar degree of
protection against early and late pre-cancerous biomarkers in the rat when 2000 ppm of
purified Chl was co-administered with 250 ppb AFB1 (Simonich et al., 2007). Finally, our
recent microdosing study showed that co-treatment with purified Chl was as effective as
CHL at altering AFB1 pharmacokinetic parameters and reducing its uptake in human
volunteers (Jubert et al., 2009). Although these results suggest that natural chlorophylls may
have protective efficacy comparable to the derivative CHL, stability and cost issues
currently limit use of highly purified chlorophylls as a long-term human intervention
strategy. One purpose of the present study was to compare the chemopreventive efficacy of
a more readily obtainable Chl-enriched spinach extract with those of purified Chl, and of
commercial CHL. An additional and important aim of the study was to determine if our
previous observation of carcinogen dose-dependency in cancer chemoprevention (Pratt et
al., 2007) could be confirmed. The pertinent question is whether chemopreventive effects, or
non-effects, observed in a given animal model at high carcinogen dose may extrapolate to
lower carcinogen exposures and tumor responses pertinent to humans. To address this we
employed a 12,000-animal dose-dose matrix design, which provides a quantitative
examination of chemopreventive efficacy as a function of carcinogen as well as Chl dose.
The endpoints and biomarkers assessed were initial DBC- DNA adduction, changes in gene
expression profiles and final tumor responses for liver and stomach.

2 Materials and Methods

2.1.1 Chemicals—Dibenzo[def,p]chrysene (99.9% purity as determined by HPLC) was
obtained from the NCI Chemical Carcinogen Reference Standard Repository at Midwest
Research Institute (Kansas City, MO). DBC was used without further purification and
concentration was confirmed by absorbance in ethanol at 316 nm (ε316 = 4.75 × 104 M−1).
Proteinase K was from AMRESCO (Solon, OH). RNAse A and T1 cocktail was purchased
from Ambion (Austin, TX). Alpha-amylase was from MP Biomedicals (Aurora, OH). CHL
was purchased from Sigma (St. Louis, MO). The chlorin content was based on the
manufacturer's assay of 4.5% copper and assertion that all copper was present as copper-
chlorins. The dose of Sigma CHL was corrected to the actual chlorin content of 51.3%.
Chlorophyll was prepared as described below.

2.1.2 Preparation of Chlorophyll—Chl and Chl-enriched spinach extracts were
prepared, and Chl was quantified spectrophotometrically, as described (Jubert and Bailey,
2007). Briefly, organic spinach was purchased from a local supplier, washed with cold
water, and freeze-dried after stem removal. The dried leaves were washed twice with
petroleum ether (b.p. 30–60°C) and then extracted twice using methanol/petroleum ether
(3:1, v/v). The combined extracts were transferred to a separatory funnel and washed with
saturated sodium chloride. The aqueous layer was extracted again with petroleum ether and
the extracts combined and washed with saturated sodium chloride. The final extract was
filtered and evaporated in vacuo (T<30°C). This crude Chl extract (90% pure by HPLC)
contained other pigments such as carotenoids as well as oils, fats, and waxes derived from
the spinach. This was the main product used in the dose-dose matrix design. Purified Chl
was obtained from the enriched extract by counter-current chromatography (CCC) using an
Ito multilayer-coil separator (P.C., Potomac, MD), as described (Simonich et al., 2007).
Analyses of CCC fractions were performed by HPLC and by 1H-NMR. Absence of any
residual solvents from the extraction/purification was verified by spectral analysis. Purity
was estimated to be > 95% compared to Chl-a standards (Sigma Chemical Co.) which were
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shown to be 90–92% pure based on spectroscopic measurements. The yield from 30 grams
of freeze-dried spinach was 300 mg of Chl-a and 100 mg of Chl-b (Jubert and Bailey, 2007)
which were recombined for use in the dietary intervention experiment.

2.1.3 Animals—Shasta strain rainbow trout were reared in the Sinnhuber Aquatic
Research Laboratory of Oregon State University as published elsewhere (Sinnhuber et al.,
1978) under animal treatment protocols approved by the Oregon State University
Institutional Animal Care and Use Committee. Trout were maintained on a semi-synthetic
Oregon Test Diet (OTD) formula (Lee et al., 1991). Fry (2.5 g) were fed control diet until
experimental diet initiation. In total 12,360 trout were selected and distributed, at 120 fish
per tank, to 103 tanks in random order. The fish were acclimatized to their tanks one week
prior to commencement of test agent feeding.

2.2.1 Study Design—Table I shows the overview of the dose-dose matrix design of the
study. The chemopreventive test agents (Chl extract at 500, 1000, 2000 and 4000 ppm Chl;
CCC-purified Chl or CHL at 2000 ppm) were fed to the trout 3 days prior to commencing
carcinogen treatment exposure. The co-exposure of chemopreventive test agent plus
carcinogen was carried out for an additional 4 weeks followed by 3 days post-exposure
feeding of the chemopreventive test agent alone. At each dose of Chl extract (hereafter
referred to simply as Chl), multiple doses of DBC were tested. For example, treatment
groups 13–16 were fed 1000 ppm of Chl for 3 days, then co-fed 1000 ppm of Chl with
increasing doses of DBC (28, 56, 112 or 224 ppm) for 4 weeks followed by 3 days of 1000
ppm of Chl alone. Higher doses of Chl required higher dose ranges of DBC to compensate
for the anticipated substantial inhibition of tumor response (Pratt et al., 2007). Groups 1–2
were negative controls with expected outcomes of spontaneous tumors <1%. Groups 3–7
were positive controls for tumor response from the DBC alone. Groups 8–24 were the main
dose-dose matrix component of the study. Groups 25 and 26 were positive controls for
tumor inhibition from CHL (Pratt et al., 2007) and CCC-purified Chl (Simonich et al.,
2008).

After 2 and 4 weeks of DBC exposure, 5 fish were removed from each tank and sacrificed
by buffered-MS-222 overdose to obtain tissues for DBC-DNA adduct analysis as possible
biomarkers. Livers from an additional 5 fish were taken at week 4 for gene expression
analysis. The remaining trout in each tank were fed OTD for the next nine months until the
fish were overdosed and liver and stomach tumors analyzed by histopathology (see Tumor
Histology).

2.2.2 Diet Preparation—Lipophilic test agents (DBC, Chl) were added to the oil
component of the OTD diet formulation, whereas the hydrophilic CHL was added to the
aqueous portion. Final dietary concentrations of DBC, Chl, and CHL (expressed in ppm) are
mg of agent/kg of dry weight portion of the diet. Quantifications for DBC, Chl, and CHL
were performed as described (Pratt et al., 2007; Simonich et al., 2007; Simonich et al.,
2008). During treatment and prior to sampling, diet was fed at a rate of 2% body weight per
day. Dose ranges for DBC and Chl concentrations were chosen based on previous studies
(Reddy et al., 1999; Pratt et al., 2007; Simonich et al., 2008). (Note: DBC is a potent
carcinogen; it was handled, stored, and disposed in compliance with NIH and Oregon State
University guidelines for extreme hazard class of carcinogens). DBC, Chl and CHL are
light-sensitive compounds; therefore, all diets were prepared under subdued lighting or
under lighting with a 400 nm cut-off. Diets were prepared every two weeks and stored in the
dark at −20°C until one day prior to feeding when they were thawed at 4°. DBC in OTD
trout diet was previously determined to be stable when stored at −20°C for up to 3 years, in
the presence and absence of CHL (Loveland et al., 2001).
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2.2.3 Isolation of hepatic DNA and determination of DBC-DNA adduction—
Fourteen days after commencement of carcinogen feeding, 5 fish were removed from each
tank and euthanized. Livers were removed and pooled by tank to provide a minimum of N=3
tank samples for each Chl-DBC treatment. The samples were quick-frozen in liquid nitrogen
and stored at −80°C. DNA was purified from selected livers as described (Reddy et al.,
1999). The DBC adducts in the liver DNA were analyzed by 33P-postlabeling followed by
HPLC as described elsewhere (Ralston et al., 1995; Pratt et al., 2007). An exhaustive
determination of DBC-DNA adducts among both target organs and all treatment groups was
carried out in our previous DBC-CHL dose-dose matrix study (Pratt et al., 2007), and was
not repeated here.

2.2.4 RNA isolation and quality determination—Trout were sub-sampled at week 4
from the various treatment groups, and total hepatic RNA was extracted in TRIzol reagent
according to manufacturer's instructions. Equal amounts of RNA from each individual liver
sample were pooled by tank (five fish per tank) resulting in three biological replicates for
each treatment. A reference RNA pool was made by combining equal amounts of RNA from
control (OTD) liver samples. Following cleanup with the RNeasy Mini kit (Qiagen,
Valencia, CA), RNA quantity and quality were estimated using the Bioanalyzer 2100
(Agilent, Palo Alto, CA).

2.2.5 Rainbow trout oligonucleotide microarray—Details on the development,
manufacture and quality control assessment of the rainbow trout oligonucleotide microarray
(OSUrbt array) have been provided previously (Tilton et al., 2005) and will be summarized
here. The OSUrbt ver. 5 array contains 1661 elements representing approximately 1450
genes important for carcinogenesis, environmental toxicology, comparative immunology,
stress physiology and endocrinology. Array printing and quality control analysis were
conducted at the Center for Genome Research and Biocomputing at Oregon State
University. Each element was printed in duplicate onto Corning UltraGap slides (Acton,
MA). Additionally, sixteen replicate sets (one for each array block) of 10 SpotReport Alien
Oligos (Stratagene, La Jolla, CA) were also printed on each array. Buffer-only spots were
included as negative controls. Altogether, each array consists of 4096 spots. Array print
quality was assessed by scanning for red reflectance using a ScanArray 4000 scanner
(PerkinElmer, Boston, MA), and one array per printing batch was stained with Syto 61
(Molecular Probes, Eugene, OR) and scanned at 633 nm. Arrays were stored for ≤ 6 months
prior to hybridization. Array hybridization, scanning, gene annotation and expression change
confirmation by quantitative PCR were performed as previously described in (Benninghoff
and Williams, 2008). Mean treatment-related fold changes represent background corrected,
Lowess normalized signal ratios. Only genes that were regulated at least two-fold
consistently in all features from biological replicates, and had a p value <0.05 by Welches t-
test, are reported.

2.2.6 Determination of Tumor Response—Two tanks of trout treated with 112 ppm
DBC were pre-sacrificed to evaluate the extent of tumor formation and to optimize the
timing of the final tumor sampling. From this it was estimated that adequate tumor
development would occur by 10 months after commencing DBC treatment. Based on
previous experience, the final termination and necropsy of the remaining 100 tanks of
approximately 100 animals each was estimated to require 6–7 weeks for completion. To
avoid tumor-development time as a confounding variable, a sampling schedule was devised
so that the mean sampling day for all treatment groups would be day 24 (± 2) after
commencement of sampling at the end of month 10. This strategy proved effective, as there
was no evidence that treatment effects differed among tank lots terminated before and after
24 days (P>0.5 for treatment by period interactions). Sampling was conducted in three
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blocks of time with each block containing a third of the tanks for each treatment. Within the
blocks, the order was randomized with the restriction that overall mean sampling day was
similar for all treatment groups (as described above. The daily ration of food during
sampling was reduced to maintenance rations (1% body weight) in order to minimize the
effect of sampling time on final tumor incidence (Pratt et al., 2007).

2.2.7 Tumor Histology—Tissues were examined under a dissecting scope for gross
tumors (≥0.5 mm diameter), fixed in Bouin's solution and processed by routine histological
procedures. Numerous studies over the past 40 years have shown that 100% of stomach and
approximately 95% of liver tumors are surface-oriented outgrowths that are easily detected
at gross necropsy. From each organ having one or more suspect tumors at necropsy, one
slide was prepared for histology. Liver and stomach neoplasms were classified according to
criteria established by Hendricks et al. (Hendricks et al., 1984; Hendricks et al., 1995).
Percentages for each different histological type of liver neoplasms were calculated from the
total number of each type divided by the total number of all hepatic neoplasms in the group.
Tumor incidence is expressed as the percentage of fish with one or more confirmed tumors
at each dose. Apparent tumor multiplicity was calculated by dividing the total number of
tumors observed grossly by the total number of tumor-bearing fish. This endpoint is termed
apparent tumor multiplicity because not every lesion in organs exhibiting multiple lesions at
gross necropsy was examined.

2.2.8 Statistical methods—For all analyses the unit of analysis was the tank within a
treatment group. Logistic regression for grouped binomial data with quasilikelihood to
account for any overdispersion between replicate tanks (dscale option in the Genmod
procedure of SAS 9.2) was used to model binary responses (mortality, tumor phenotype and
tumor incidence for both liver and stomach) as functions of carcinogen and test agent doses.
When trends in sampling date explained a significant part of the residual variation in the
responses (mortality and liver tumor incidence), all statistical inferences (hypothesis tests,
standard errors, etc.) were made after adjusting for sampling date (quasilikelihood
approximate F based). Because the experimental design was set up with near-orthogonal
blocking on sampling order, the addition of the date covariate reduced the magnitude of the
overdispersion, but had negligible effect on the point estimates of model parameters (not
shown). Therefore, for simplicity of presentation, the observed pooled tumor incidences and
fitted curves for liver tumor incidence (Figure 1) were without adjustment for date of
sampling. Linear models were used to model body weight and liver somatic index as
functions of DBC and CHL doses with sampling date included as a covariate. Apparent
multiplicity was compared between treatment groups with nonparametric rank tests
(Kruskal-Wallis and Wilcoxon tests) when problems were found with residuals (e.g., heavy
tails) for all parametric analyses (including conditionally distributions such as negative
binomial and other overdispersed Poisson-type models).

2.2.9 Animal growth, mortality, and sampling date effects—Table II gives the
carcinogen dose, modulator dose, number of replicate tanks, and distribution by treatment of
the 9,470 trout sampled for tumors and reports mean body weight, liver somatic index, and
tumor incidence for each treatment. There was no difference in mortality rates between DBC
or Chl doses and negative controls (p>0.2). Liver somatic indices showed a small decrease
over time (p<0.01) but were not affected by DBC or Chl doses (p>0.1) except for the 2000
ppm dose of Chl which showed a small, unexplained decrease (p = 0.04). As noted above, a
long necropsy and sampling time is unavoidable in a tumor study of this magnitude, which
makes it essential that the sampling schedule be designed to account for potentially
increasing odds of tumor with time. The sampling schedule avoided confounding of
treatment effects and day of sampling by using near-orthogonal randomized blocks based on

McQuistan et al. Page 6

Food Chem Toxicol. Author manuscript; available in PMC 2013 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



sampling order, so that the average sample date for the replicate tanks was similar for every
treatment. For liver tumors (but not stomach tumors) there was evidence of linearly
increasing log-odds of tumor with day of sampling (p<0.0001 quasilikelihood F-test with
treatments in the logistic regression model). The previously noted increase in body weight
with sampling day does not by itself explain the time effect because after adjusting for linear
in body weight effect there was still evidence of a linear in sampling day effect (p=0.0048)
on the log-odds of liver tumor. The block design was effective because, as noted above,
inclusion of linear in sampling day as a covariate in the logistic improved the precision
(reduced overdispersion), but had very little effect on parameter estimates (due to near-
orthogonal blocks).

3 Results
3.1 DBC-initiated tumor formation

Dietary administration of DBC to juvenile rainbow trout for 4 weeks resulted in dose-
dependent formation of liver and stomach tumors when sampled 9 months after cessation of
dietary DBC treatment (Table II). Tumor responses in liver and stomach for this study agree
closely with those in our 40,800-animal mega dose-response ED01 study with DBC (Reddy
et al., 1999; Bailey et al., 2009)(Reddy et al., 1999) and demonstrate distinct differences in
DBC dose-response in the two major target organs. As seen in Figure 1A, incidence in liver
increased in direct proportion to DBC dose on the logit scale, in the 14–112 ppm range,
whereas response at the next higher dose of 224 ppm was lower than that at 112 ppm
(p<0.0001, quasilikelihood f-test with scale parameter estimated from entire data set). Thus
the dose-response to DBC in this model and target organ is non-monotonic and exhibits a
maximum-effect dose . This is in distinct contrast to AFB1, which produces a response with
incidence in direct proportion to dose over a broad exposure range in the trout model
(Dashwood et al., 1998). In stomach, responses to DBC were not significantly above
background at the two lowest doses, as anticipated from our previous study (Bailey et al.,
2009). This precludes examination of chemoprevention effects in this organ at those two
doses. We do not consider this apparent lag in detectable response as evidence for a
threshold in this organ, rather it is an example of having insufficient animal numbers to
distinguish carcinogen-driven from background response at these ultra-low doses (Bailey et
al., 2009). We also note that DBC toxicity to juvenile trout (Bailey et al., 2009) precludes
testing at doses much above 224 ppm, unless an effective chemoprotective agent such as Chl
is also given (e.g. as in treatment group 24, Table 1). Stomach tumor incidence did appear to
increase in direct proportion to dose on the logit scale at doses in the 56–224 ppm range,
providing a useful range for examining chemopreventive effects of chlorophylls in this
organ.

3.2 Inhibition of tumor response by dietary chlorophylls
The potential for dietary co-treatment with Chl extract to inhibit tumor response to DBC in
liver is shown in Figure 1A and Table II. The extent of inhibition appeared to increase with
Chl dose, and was observable at all DBC doses up to and including the maximum-effect
dose at 112 ppm DBC. At 224 ppm DBC, however, which lies above the maximum-effect
dose, there was no evidence for tumor inhibition at any Chl dose (Figure 1A). In stomach
(Figure 1B), there was clear evidence for inhibition of tumor incidence at each of the four
Chl doses tested, for the above-background DBC doses of 56, 112, and 224 ppm .Visual
inspection of the liver and stomach data plotted on the logit incidence versus log [DBC]
scale (Figures 1A and 1B respectively) give a general impression of the DBC dose-tumor
response curves shifting further right with increasing doses of Chl. That is, each Chl dose
shifted the carcinogen-only dose response curve in both organs such that higher DBC doses
would be necessary to achieve any particular tumor response. As noted, stomach tumor
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incidence at the lowest DBC doses, 14 & 28 ppm, did not differ significantly from
background (p = 0.06 and p = 0.3, respectively). At higher DBC doses, Chl shifted the DBC-
only dose-response curve to the right. We note, however that the maximal degree of shift at
4000 ppm Chl was only about half that observed in liver. As a consequence the extents of
shift among the intermediate Chl doses of 500–2000 ppm Chl in stomach are less readily
distinguished than in liver. Overall, however, visual inspection of the DBC dose-response
curves at 0, intermediate, and 4000 ppm Chl supports a progressive shift to the right
(inhibition of tumor response) with increasing Chl co-treatment (Figure 1B inset). Unlike
liver, the DBC-only dose-response curve in stomach does not pass through an optimum
within the DBC dose range tested here, consequently there is no evidence for absence of Chl
protection at highest DBC dose.

There is also no evidence for an effect of DBC or Chl dose on tumor phenotype. The liver
tumors initiated by DBC were primarily hepatocellular carcinomas (HCC) and adenomas
(HCA), with relatively few mixed hepatocellular/cholangiocellular carcinomas (MC) or
adenomas (MA) (Table II) consistent with previous findings (Reddy et al., 1999; Pratt et al.,
2007). There was no DBC dose-dependent change in relative percentages of HCC, HCA, or
MC, the three most abundant trout liver phenotypes (P≥ 0.1, all three phenotypes). The
addition of Chl at any dose did not alter the phenotypic response (P≥ 0.1 for HCC, HCA and
MC) compared to the response from DBC alone. All stomach tumors were of a single
phenotype, papillary adenoma, irrespective of DBC or Chl dose.

3.3 Modeling of tumor responses
The study was designed in part to determine if the magnitude of Chl protection remained
constant over the DBC dose range. This information is vital if we are to consider
extrapolating the degree of Chl protection at high-carcinogen doses and incidences, such as
would be typical in rodent chemoprevention study designs, down to lower doses and
incidences more representative of human cancer risks. Utilization of the dose-dose matrix
design allows the magnitude of cancer chemoprevention protection for any of several anti-
carcinogen doses to be assessed by modeling the effect of each dose on the shape and
position of the entire dose-response curve (Pratt et al., 2007). As we have previously shown,
the extent of protection at any dose of chemopreventive agent will be independent of
carcinogen dose under those conditions, if any, where the logit [incidence] versus log
[carcinogen] dose-response curves with and without agent have the same shape but are
offset horizontally (Dashwood et al., 1989). These data sets can also be used to generate
quantitative estimates of Chl potency to inhibit tumor formation at any or all the DBC doses.
For this purpose, the dose of carcinogen required to produce ρ% tumor incidence is defined
as the TDρ value. For instance, at ρ= 25%, the response curve for each dose of Chl will
provide a TD25 estimate which can be used to calculate the magnitude of tumor inhibition
for that dose of Chl using the following: % inhibition = 100 (1-(TD25Chlo/TDChlx)) where
Chlo refers to the treatment with no Chl and Chlx refers to the treatment at any dose X
(Dashwood et al., 1989). When the logit response-log dose curves are linear and parallel, the
percent inhibition calculated from any tumor incidence within the linear range will be
equivalent, that is, degree of inhibition is independent of carcinogen dose. This would be the
circumstance where there is greater justification for extrapolation of inhibition data from
high carcinogen doses and tumor responses down to exposures and cancer rates more
relevant to humans.

The liver tumor response to various DBC doses was sufficient (Table II) to provide a full set
of five un-modeled dose-response curves (Figure 1A). Using the data up to and including the
maximum-effect dose, the curves were successfully modeled by logistic regression as a
series of linear and parallel dose-response curves (overall lack-of-fit (11df) p>0.45), with
each increase in Chl providing successive offsets toward higher TD values (Figure 1A,
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inset). This finding supports the conclusion that the magnitude of liver tumor inhibition
increased with Chl dose and was independent of DBC dose at each of the four Chl doses
studied, and over all DBC doses up to the optimum. By contrast, inclusion of the data points
beyond the optimum (above 112 ppm DBC for [Chl] of 2000 ppm and lower; and above 224
ppm DBC at 4000 ppm) results in rejection of the parallel offset model (Figure 1A). This
condition precludes extrapolation of the data at highest DBC dose to predict anything about
possible Chl chemopreventive effects at lower carcinogen exposures and cancer incidences
of potential human relevance.

Since DBC is a multi-organ carcinogen in the trout, we were able to compare Chl
chemopreventive efficacy in stomach as well as liver. There are, however, some limitations
due to reduced DBC and Chl sensitivity in stomach (Bailey et al., 2009). As seen in Table II,
the stomach tumor response to various DBC doses also gave five dose response curves. If
the entire stomach tumor data set among all DBC doses is examined, it does not fit the
regression model with linear and parallel lines (p<0.013). However, the DBC dose range
was already known to be indistinguishable from background in the second organ for the two
lowest DBC doses (Bailey et al., 2009), so that these DBC data points would not be of use in
modeling of parallel-offset responses. An additional problem occurs because the potency for
Chl inhibition is less in stomach than in liver. This means that the design, which was
optimized for liver, has less sensitivity for demonstrating incremental inhibition with
increasing Chl dose in this organ. In particular, there is extensive overlap in the observed
tumor incidences among the 500–2000 ppm Chl curves (Figure 1B). This occurs as a natural
consequence of the diminished inhibition by Chl in stomach compared with liver, and the
statistical limitations of detecting subtle modulator differences despite using over 9000
animals to assess tumor response. These limitations were accommodated by modeling a
simplified data set matrix of above-background DBC doses (56, 112, 224 ppm) arrayed
against 0, 2000, and 4000 ppm Chl. For this subset of data, the dose-response curves
successfully fit a regression model with linear and parallel lines reasonably well, lack of fit,
p=0.66 (Figure 1B, inset).

After the data were successfully fit to parallel-offset models, % inhibition could be
determined as indicated above. For liver, this calculation yields dose-response potencies for
Chl % inhibition (± S.E.) of 29 (± 7), 36 (± 7), 46 (±8), and 63 (±7) %, at Chl doses of 500,
1000, 2000 and 4000 ppm, respectively (see Figure 2A). For stomach, the Chl % inhibition
is 24 (± 9) % for 2000 ppm Chl and 45 (± 7)% for 4000 ppm Chl (Figure 2B). Therefore
DBC shows less potency for tumor initiation in stomach than in liver, and dietary Chl is less
effective as a blocking agent against DBC in this organ. Taken together, these results
support the idea that Chl concentrations commonly encountered in Chl-rich green vegetables
such as spinach may provide substantial cancer chemoprotection against such multi-organ
genotoxins as DBC. They also show clearly that a dose-dose matrix design optimized for
one organ (liver) may not give optimal results for another organ.

3.4 Chl effects on apparent liver tumor multiplicity
Due to the magnitude of the study, we were unable to conduct exhaustive pathology on
every lesion within livers bearing multiple grossly observable lesions. However, it was
feasible to examine the gross lesion data for possible effects of DBC and Chl dose on
“apparent tumor multiplicity”. Similar to the tumor incidence data, the apparent liver tumor
multiplicity exhibited a maximal response which occurred near 56 ppm DBC for this
endpoint (Figure 3). Increasing co-treatment doses of Chl shifted the dose response curve
further to the right toward higher DBC doses. However, the dose-response for tumor
multiplicity is not a simple linear or monotonic function of DBC dose, and as a consequence
the effects of Chl intervention are profoundly dependent on DBC dose. At the three lowest
DBC doses tested (14, 28, 56 ppm), Chl concentrations of 500–4000 ppm reduced the
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observed apparent tumor multiplicity compared to DBC alone, significantly so at 56 ppm
DBC (p<0.02). The effects of Chl additions at DBC doses above its optimum at 56 ppm,
however, produced distinctly different results. For example, addition of 500, 1000, or 2000
ppm Chl failed to reduce apparent multiplicity, but instead significantly enhanced it
compared with 112 ppm DBC alone (p == 0.059, 0.014, 0.008, resp.; pairwise exact
Wilcoxin test). This finding recapitulates and reinforces our previous observations with
CHL co-treatment, which demonstrated the same pattern as Chl of reducing apparent liver
tumor multiplicity at low DBC doses, but enhancing it at the higher DBC doses (Pratt et al.,
2007).

3.5 Relative chemopreventive efficacies of CHL and Chl preparations
All chlorophyll species when tested at 2000 ppm significantly reduced liver tumor incidence
(Figure 4). The well-established positive control for chemoprevention, 2000 ppm CHL,
showed a substantial and significant reduction from 57% incidence for DBC alone to 12 %
(p<0.0001). Chl purified by CCC gave a similar response, 57% to 14% (p<0.05). The Chl
extract used in the dose-dose matrix part of the study reduced liver tumor incidence from
57% to 31% (p<0.005). The Chl extract, the CCC purified Chl, and CHL all showed
significant reductions in DBC-initiated stomach tumor incidence as well (p=0.002;
p<0.0001, p<0.0001, respectively). Based on these results the Chl extract containing 2000
ppm Chl appears to be less effective than 2000 ppm purified Chl (p<0.0001) or 2000 ppm
CHL (p<0.0001) in reducing tumor incidence. The basis for the reduced Chl efficacy in the
extract is presently not known, but may reflect some degree of Chl sequestration by other
components in the extract. In any case, additional protection is readily achieved simply by
increasing the dosage of the Chl extract in the diet (Figures 1, 3; Table II).

3.6 DBC-DNA adduct inhibition by Chl
The profiles of DBC-DNA adducts recovered from trout liver were virtually identical to
those reported in our earlier studies using the same 33P-postlabeling protocol (Harttig and
Bailey, 1998; Pratt et al., 2007). A profile of liver DBC-DNA adducts (Figure 5A) have
polar adduct peaks eluting at 10–20 min and less polar peaks eluting at 35–65 min. Addition
of 2000 ppm Chl did not change the DBC adduct profile but did change the magnitude of the
response signifying a reduction in total adduct amounts (Figure 5B). Using HPLC, the total
concentration of the major DBC-DNA adducts at 112 ppm DBC was determined to be 26 ±
2 pmoles adducts/mg DNA; the addition of 2000 ppm Chl at this same [DBC] reduced
DBC-DNA adduct levels to 12 ± 1 pmoles adducts/mg DNA. This is more than a 50%
reduction in DBC-DNA adducts by the intervention of natural Chl at 2000 ppm, and
comparable to the approximate halving of final tumor incidence by this treatment.

3.7 Gene regulation by chlorophylls
Previous studies (Fahey et al., 2005) have shown that chlorophylls can modulate gene
expression patterns in cultured cells, in a direction favoring carcinogen detoxication
pathways. Since this could constitute an important chemoprotection mechanism, we carried
out a preliminary examination of the effects of dietary chlorophylls, and DBC, on expression
of hepatic genes in the whole animal. Exposure to 224 ppm dietary DBC alone resulted in
two-fold or greater up-regulation of 25 annotated genes in 11 functional categories in trout
liver, relative to no-treatment controls (Table III). Fewer genes were up-regulated (13) in the
liver of animals treated at 80 ppm DBC (data not shown), indicating that DBC-induced
alterations in expression were dose-responsive. Co-administration of 2000 ppm Chl
essentially abolished the DBC-induced up-regulated gene expression. Of equal importance,
Chl alone had essentially no inductive effect on transcription, as only gene one among the
4000 elements in this Oncorhynchus library showed evidence for up-regulation. The overall
effects of DBC on down-regulation were less extensive, but followed the same trend. As
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shown in Table IV, treatment with 224 ppm DBC produced a two-fold or greater down-
regulation of four annotated trout genes in four functional categories. Again, these effects
were abolished by co-treatment with 2000 ppm Chl, whereas Chl alone had no suppressive
effect on transcription. We interpret these results to indicate that the mechanism of Chl
chemoprevention is consistent with Chl-mediated reduction in carcinogen bioavailability
and target organ access, and does not reflect global alterations in hepatic gene expression by
Chl.

4 Discussion
4.1 Cancer chemoprevention by dietary chlorophylls

The present chemoprevention study employed a 12,000-animal dose-dose matrix design to
evaluate the dose-responsive effects of dietary Chl co-treatment over a range of DBC
exposures (Table II). Co-exposure with the Chl-enriched spinach extract was shown to
provide dose-dependent reduction in final tumor incidence in stomach at all DBC doses, and
in liver at all but the highest DBC dose (Figure 1). Chl chemopreventive potency over the
lower DBC exposures was estimated through a successful modeling of the data sets as a
series of parallel dose-response curves displaced toward higher TD25 with increasing [Chl]
(Figure 1, inset panels). By this analysis, 500–4000 ppm dietary Chl reduced liver tumor
incidence to DBC from 29–64% and stomach tumor response from 24–45% (Figure 2).
These results are similar to our previous dose-dose matrix study with the derivative CHL,
which inhibited liver tumor incidence by 62–82% and stomach tumor incidence from 30–
68% using a greater, 1500–6000 ppm CHL dose range (Pratt et al., 2007). Although direct
comparisons are difficult, these two studies suggest that synthetic CHL and partially purified
natural Chl have at least comparable molar chemopreventive potencies in this model. A
more direct comparison of chemopreventive efficacies among the various chlorophyll
preparations is provided in Figure 4. By this result, CHL and CCC-purified Chl were
comparable at reducing tumor response in stomach and liver, whereas the Chl extract used
for the bulk of the dose-dose matrix study exhibited a reduced potency, requiring additional
dietary concentration to achieve comparable chemoprevention.

4.2 Mechanisms of chemoprevention by chlorophylls
Previous pharmacokinetic experiments in rats, trout, and human volunteers have provided
ample evidence that oral co-treatments with CHL or purified Chl interfere with oral
absorption of such carcinogens as DBC, AFB1, and certain heterocyclic amines, thus
reducing their systemic bioavailability and potential for genetic damage. As seen in this and
previous studies, reduced carcinogen bioavailability is accompanied by substantial
reductions in target organ carcinogen-DNA damage, and tumor initiation. Alternative or
additional blocking mechanisms could include alterations in the expression and/or the
catalytic activities of xenobiotic metabolizing enzymes such that detoxification reactions are
favored. Indeed, various chlorophylls have been shown in cell culture to alter expression of
genes important to carcinogen metabolism. However, attempts to demonstrate CHL- or Chl-
mediated alterations in the expression of such genes in the whole animal, in pertinent target
organs, under chemopreventive exposure conditions, have so far proven negative (Simonich
et al., 2007). The present small scale microarray experiment lends additional support to the
hypothesis that Chl chemoprevention occurs simply, by a sequestration of carcinogen within
the GI tract for rapid elimination from the body. The net effect from a transcriptional
standpoint is that the already low bioavailability of DBC is further reduced by chlorophyll
co-treatments, whereas chlorophylls alone failed to alter expression in any of the trout genes
and gene families available for analysis. The attractiveness of a mechanistically simple,
carcinogen-sequestration mechanism for human intervention is obvious. Additional, post-
initiation effects for Chl might be equally important for human protection. We have recently
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determined that a diet containing 10% spinach substantially suppressed tumor development
in multiple target organs (small intestine, colon, skin, spleen, liver, lung) in the rat, when
this diet was fed for 34 weeks following carcinogen treatment (Dashwood et al., unpublished
results). Mechanisms associated with this tumor suppression clearly have nothing to do with
Chl-carcinogen interactions, but data are presently lacking to indicate that suppression can
be ascribed to Chl itself.

4.3 Limitations for chemoprevention at high carcinogen dose
Earlier pilot studies demonstrated the ability of purified natural Chl to protect against DBC-
initiated liver and stomach tumorigenesis in the trout (Simonich et al., 2008) and AFB1
carcinogenicity in the rat (Simonich et al., 2007). However, our initial Chl studies, like
nearly all other chemoprevention studies reported, used a single high concentration of
carcinogen aimed at providing a high tumor incidence in the positive controls. This is done
routinely in order to maximize statistical power to detect significant reduction of endpoints
(biomarkers, pre-cancerous lesions and tumors) with an affordable number of animals. The
central assumption of such experiments, however, is that intervention effects at high
carcinogen dose and high endpoint responses will apply equally at lower carcinogen doses
and incidences more relevant to human exposures and risk levels. This assumption has now
been examined twice, using 10,000 and 12,000--animal dose-dose matrix designs with the
low-cost rainbow trout model. These studies used graded dietary doses of DBC arrayed
against graded dietary doses of either CHL (Pratt et al., 2007) or natural Chl-enriched
spinach extract (present study). As expected, the results demonstrated that Chl, as well as
CHL, efficacy in both target organs were dependent on inhibitor dose. However, contrary to
the usual assumption, the outcomes in the major target organ were strikingly dependent on
carcinogen dose. At lower DBC doses, graded CHL or Chl co-treatments provided strong
protection against initial liver DBC-DNA adduct formation, tumor incidence, and tumor
multiplicity. At high DBC doses, however, co-treatments with either agent failed to protect
against tumor incidence, and in fact significantly increased tumor multiplicity. We stress
that CHL failed to protect against tumor response at high DBC dose, despite protection
against initial DBC-DNA adduct biomarkers over the entire DBC dose range (Pratt et al.,
2007). This phenomenon occurred because the incidence and multiplicity dose-responses for
DBC in this target organ are not linear on any modeling scale, nor even monotonic, but
reach an optimum at moderate dose and decline at higher dose. Since the net effect of Chl
treatment was to reduce effective DBC exposures, and thus shift the dose-response curves to
higher and higher DBC treatment levels, Chl co-treatments that were inhibitory at lower
DBC treatments became ineffective or enhancing at high DBC exposure. Had this particular
experiment been carried out at the traditional, single high DBC dose, the conclusion would
have been that CHL is either ineffective (incidence) or co-carcinogenic (multiplicity) and
therefore not useful for reduction of human cancer risk at environmentally relevant
carcinogen exposures. This would be an unfortunate conclusion, and a missed opportunity,
since recent human studies show clear promise for protection by Chl as well as CHL
(Dashwood et al., 1989; Hayashi et al., 1999; Jubert et al., 2009), at environmental aflatoxin
exposures.

4.4 Conclusions
The results of the present study demonstrate that increasing dietary doses of Chl-enriched
spinach extract provide increasing and potent protection against initial DBC-initiated tumor
response in two target organs, that protection by the extract was moderately reduced
compared with equivalent doses of CHL or purified Chl, and that protection occurred in the
absence of demonstrable changes in gene expression patterns. We also determined that the
protective efficacy of dietary Chl co-exposure was strongly dependent on the concentration
of DBC in the diet, with good protection in both target organs at low carcinogen dose and
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tumor response but apparent enhancement in liver tumor response at high carcinogen doses
and tumor responses not encountered in human populations. These findings emphasize the
necessity in the design of cancer chemoprevention studies to select carcinogen doses within
a known linear or monotonic dose-response range. In the absence of this information, results
derived at high carcinogen doses and high tumor responses may be irrelevant for human
intervention.
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• Chlorophyll inhibited PAH induced liver and stomach tumorigenesis in trout.

• Chlorophyll abolished dibenzo(def, p)chrysene induced changes in gene
expression.

• Chlorophyll provides cancer chemoprotection by reducing carcinogen
bioavailability.

• Above DBC optima, chl failed to inhibit tumor incidence and enhanced
multiplicity.

• For human relevance, a high carcinogen dose may mislead in chemoprevention
studies.
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Figure 1.
DBC-initiated liver and stomach tumor response as a function of Chl dose. Rainbow trout
were treated by dietary exposure for 4 weeks. Diets contained 14, 28, 56, 112, 224 or 448
ppm DBC and 0, 500, 1000, 2000 or 4000 ppm Chl. Trout were examined for tumor
formation 9 months after DBC exposure ceased. Panel A shows the un-modeled liver tumor
data as observed means (± SE), and the inset shows the modeled liver tumor dose-response
curves without the highest DBC dose for each Chl curve. Panel B shows the un-modeled
stomach tumor data as observed means (± SE), and the inset shows modeled stomach tumor
dose-response curves for 0, 2000 and 4000 ppm Chl without data from the two lowest DBC
doses. SE calculated for each data point prior to transformation to logit-scale. Lower error
bars have been omitted due to distortion at lower end of logit scale and crowding of data
points at higher incidence levels.
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Figure 2.
Percent inhibition of final tumor incidence in liver (panel A) and stomach (panel B) at
varying concentrations of dietary Chl. Percent inhibition was calculated for each Chl dose
based on its alteration in the DBC TD25 value (see text). Liver tumor inhibition values were
determined as described in the results section. Diets contained 14, 28, 56, 112, 224 or 448
ppm DBC and 500, 1000, 2000, or 4000 ppm Chl. Error bars represent 95% confidence
intervals.
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Figure 3.
Chl effects on apparent tumor multiplicity in liver. Trout were examined for tumor
formation 9 months after DBC exposure ceased. Apparent tumor multiplicity is used to
denote the inclusion of some gross as well as histologically confirmed lesions among
individuals with more than one lesion. Error bars represent standard deviation.
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Figure 4.
Reduction of DBC-induced liver tumors by Chl preparations. Diets contained 112 ppm DBC
and 2000 ppm Chl or CHL. Trout were examined for tumor formation 9 months after DBC
exposure ceased. Tumor incidence was reported as observed mean (± SE).
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Figure 5.
Chromatograms of in vivo DBC-DNA adducts from rainbow trout after 33P post-labeling
and HPLC analysis. Liver adduct profiles were generated by 2-week exposure to either 112
ppm DBC alone (A) or 112 ppm DBC and 2000 ppm Chl (B). Note the same profile with
and without Chl. The reduction is shown by the difference in the y-axis scales.
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Table I

Chlorophyll DBC Dose-Dose Matrix Experimental Design

Group tanks 3 days pre-fed 4 weeks co-fed 3 days post-fed

1 2 OTD OTD OTD

2 2 Chl 4000 ppm Chl 4000 ppm Chl 4000 ppm

3 3 OTD DBC 14 ppm OTD

4 6 OTD DBC 28 ppm OTD

5 3 OTD DBC 56 ppm OTD

6 6 OTD DBC 112 ppm OTD

7 3 OTD DBC 224 ppm OTD

8 6 Chi 500 ppm Chi 500 ppm & DBC 14 ppm Chi 500 ppm

9 6 Chi 500 ppm Chi 500 ppm & DBC 28 ppm Chi 500 ppm

10 3 Chi 500 ppm Chi 500 ppm & DBC 56 ppm rChl 500 ppm

11 3 Chi 500 ppm Chi 500 ppm & DBC 112 ppm Chi 500 ppm

12 3 Chi 500 ppm Chi 500 ppm & DBC 224 ppm Chi 500 ppm

13 6 Chl 1000 ppm Chi 1000 ppm & DBC 28 ppm Chl 1000 ppm

14 3 Chl 1000 ppm Chi 1000 ppm & DBC 56 ppm Chl 1000 ppm

15 3 Chl 1000 ppm Chi 1000 ppm & DBC 112 ppm Chl 1000 ppm

16 3 Chl 1000 ppm Chi 1000 ppm & DBC 224 ppm Chl 1000 ppm

17 6 Chl 2000 ppm Chl 2000 ppm & DBC 28 ppm Chl 2000 ppm

18 3 Chl 2000 ppm Chl 2000 ppm & DBC 56 ppm Chl 2000 ppm

19 3 Chl 2000 ppm Chl 2000 ppm & DBC 112 ppm Chl 2000 ppm

20 3 Chl 2000 ppm Chl 2000 ppm & DBC 224 ppm Chl 2000 ppm

21 6 Chl 4000 ppm Chl 4000 ppm & DBC 56 ppm Chl 4000 ppm

22 3 Chl 4000 ppm Chl 4000 ppm & DBC 112 ppm Chl 4000 ppm

23 3 Chl 4000 ppm Chl 4000 ppm & DBC 224 ppm Chl 4000 ppm

24 3 Chl 4000 ppm Chl 4000 ppm & DBC 448 ppm Chl 4000 ppm

25 6 CHL 2000 ppm CHL 2000 ppm & DBC 112 ppm CHL 2000 ppm

26 3 CCC Chl 2000 ppm CCC Chl 2000 ppm & DBC 112 ppm CCC Chl 2000 ppm
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Table III

Genes upregulated by dietary exposure to DBC compared to chemo-intervention

Mean fold change in gene expressiona 
a

Gene Annotation (DFCI accession / GenBank accession) DBC 
b

DBC+Chl 
c

Chl 
d

Extracellular, environmental response

ARNT TC142567 / U73841.1 1.76 - -

Growth factor

EGFR FM865854 1.43 - -

Immune response

IFITM3 TC146120 / AJ320157 1.29 - -

PSME1 BT074326 1.00 - -

PSME2 BT074299 1.00 - -

cf H TC162759 / AJ627206 1.12 - -

CD63 TC137037 / AY593998 1.00 - -

MHC I TC132378 / AB012064 1.24 - -

HAMP TC164847 / AF281354 1.02

Cell proliferation/apoptosis

P53 TC132531 / NM_001124692 2.28 - -

PCNA NM_131404 1.43 - -

MAPK8 CX028516 1.34 - -

Metabolism

CYP1A1 TC158463 / U62796 2.79 - -

SULT1A2 TC135750 / BX867991 1.02 - -

GAPD TC137453 / NM_001124246 1.00 - -

DLAT TC132429 / J04051 M29099 1.16 - -

SOD1 NP543739 / AF469663 1.39 - -

Transport proteins

FXYD TC165305 / BT074290 1.81 - -

Elongation factors

EF-1 alpha TC166688 / AF498320 1.31 - -

Extracellular matrix

C-type lectin NM_001160495 1.00

MMP9 TC132759 / AJ320533 1.12 - -

Bone and cartilage maintenance

Cathepsin K TC8255 / U61499 1.45 - -

Function in trout unknown

Cathepsin S TC8256 / AY622858 1.17 - -

General cell signaling

RhoG TC169097 / BE859102 1.03 - -

a
Mean fold changes in gene expression were log2 transformed. Only probes that differed by an average of at least twofold between treatment and

control groups and were significant (P<0.05) are reported.
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b
224 ppm DBC was administered via the diet for 20 days and liver samples for RNA were collected at the end of the 20 day exposure period.

c
224 ppm DBC + 2000 ppm Chl were co-administered via the diet for 20 days and liver samples for RNA were collected at the end of the 20 day

exposure period.

d
2000 ppm Chl were co-administered via the diet for 20 days and liver samples for RNA were collected at the end of the 20 day exposure period.
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Table IV

Genes downregulated by dietary exposure to DBC compared to chemo-intervention

Mean fold change in gene expression
a

Gene Annotation (DFCI accession / GenBank accession) DBC 
b

DBC+Chl 
c

Chl 
d

Growth factor

FGF6 NP544420 / Y16850 −1.00 - -

Immune response

IGF1 NP544251 / M95183 −1.25 - -

LECT2 TC154068 / AF363272 −1.15 -

Metabolism

Vtg1 TC132491 / X92804 −1.20 - -

Extracellular matrix

MMP TC147381 / AB043536 −1.26 - -

a
Mean fold changes in gene expression were log2 transformed. Only probes that differed by an average of at least twofold between treatment and

control groups and were significant (P<0.05) are reported.

b
224 ppm DBC was administered via the diet for 20 days and liver samples for RNA were collected at the end of the 20 day exposure period.

c
224 ppm DBC + 2000ppm Chl were co-administered via the diet for 20 days and liver samples for RNA were collected at the end of the 20 day

exposure period.

d
2000 ppm Chl were co-administered via the diet for 20 days and liver samples for RNA were collected at the end of the 20 day exposure period.
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