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Dietary intake of rosmarinic acid by Apc"" mice, a
model of colorectal carcinogenesis: levels of parent
agent in the target tissue and effect on adenoma

development
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Scope: Rosmarinic acid (RA), a constituent of culinary herbs is considered to possess can-
cer chemopreventive properties. It has been shown to inhibit the development of cancer in
preclinical models but data are conflicting and whether it can protect against gastrointestinal
malignancies in vivo has not been examined. This study aimed to investigate the effect of RA
on the development of intestinal adenomas in the Apc™" mouse model of colorectal carcino-
genesis, and to correlate efficacy with levels of RA achieved in the plasma and gastrointestinal
tract.

Methods and results: RA inhibited the growth of APC10.1 cells derived from Apc™™ mouse
adenomas, with an ICsy of 43 uM. Consumption of dietary RA (0.3%) by Apc™™ mice for 8
weeks post weaning decreased adenoma burden by ~35%, but the difference from controls
was not significant. Although RA significantly decreased the frequency of large adenomas, the
number of small ones increased. Using a novel validated HPLC assay, average levels of RA
in the plasma and intestinal mucosa of these mice were found to be 1.1 uM and 38 nmol/g,
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respectively.

Conclusion: Chronic consumption of RA furnished quantifiable levels of parent compound in

the plasma and intestinal tract of Apc™™
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mice and may slow adenoma development.
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1 Introduction

Rosmarinic acid [RA, (2R)-2-(2"E")-3-(3,4-dihydroxyphenyl)-
1-oxo0-2-propenyloxy-3-(3,4-dihydroxyphenyl) propanoic acid,
for structure see Fig. 1A] is an ester of caffeic and 3,4-
dihydrophenylacetic acids. It occurs abundantly in plants
of the Lamiaceae family, including commonly used culinary
herbs such as lemon balm, rosemary, oregano, sage, thyme
and peppermint. In intact plants, RA is thought to accumu-
late constitutively, providing a defence against stress [1]. RA
exerts several biological activities in vitro, which are poten-
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tially beneficial; it has been described as antiviral, antibac-
terial, antioxidant, anti-inflammatory and antiallergenic [2].
Moreover, RA has recently been reported to extend lifespan in
Caenorhabditis elegans, in a concentration-dependent manner,
suggestive of a hormetic dose-response [3]. RA and extracts
of herbs containing RA have long been suspected to exert
anticarcinogenic properties. RA displayed antimutagenic ac-
tivity, as assessed by the micronucleus assay, in Swiss mice
[4]. An extract of Prunella vulgaris, which contains RA together
with other polyphenolic carboxylic acids, inhibited the growth
of Lewis lung tumour cells implanted in mice [5]. In addi-
tion, the reduction in tumorigenesis in a murine two-stage
skin carcinogenesis model with topical application of Perilla
frutescens extract has also been attributed to the presence of RA
[6]. As a single agent, RA compromised the migratory ability
of MDA-MB-231BO bone-homing breast cancer cells in vitro
[7]. In contrast to these protective effects, RA at up to 139 uM
(50 pwg/ml) increased the growth rate of K-562 leukaemia
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Figure 1. Structure of RA (A) and effect on growth (B) and apop-
tosis (C) of APC10.1 cells. Cells were exposed to RA at 10, 50 or
100 wM. Effects on cell number were assessed on days 2 and 6
of incubation, whilst the level of cleaved caspase-3, which is an
indicator of apoptosis was measured by FACS analysis on day 6
only. Results, which are expressed as percentage of control in-
cubations omitting RA, are the mean + SD of three experiments,
each conducted in triplicate. * and ** indicate the proportion of
cells remaining is significantly lower than numbers in control in-
cubations, where p < 0.01 and <0.001 respectively. # denotes that
the degree of caspase-3 staining is significantly higher than the
level in solvent control incubations (p < 0.01).

and MCEF-7 breast carcinoma cells in vitro as much as two-
fold [8]. Such a proliferative effect was not seen in cultures
of the human-derived colorectal carcinoma cells HCT-15 and
CO-115, in which RA concentrations of up to 100 nM failed
to alter growth, although it induced apoptosis [9].

RA is a tetraphenol, and many dietary-derived polyphe-
nols have been shown to delay colorectal carcinogenesis in
rodent models [10]; in fact, the cancer chemopreventive activ-
ity of some of these agents, such as curcumin and resveratrol,
has been so promising they are currently undergoing clinical
trials [11-13]. Whether RA can protect against gastrointesti-
nal cancers in vivo has not yet been explored. Therefore, the
aim of this study was to investigate the effect of dietary RA
in the Apc™™ mouse, a model of colorectal carcinogenesis
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frequently employed in the preclinical selection of chemo-
preventive agents for further development [14]. Initially, the
ability of RA to affect the survival of APC10.1 cells was as-
sessed. The use of these cells, which were originally derived
from Apc™™ mouse adenomas [15], has been proposed as an
in vitro screen to predict effects of novel agents on Apc™™ ade-
noma development in vivo [16]. Additionally, the concentra-
tion of RA achievable in murine plasma and gastrointestinal
mucosa after dietary ingestion was determined; this required
development and validation of a novel HPLC assay. Finally,
the consequence of RA consumption on adenoma develop-
ment was evaluated in Apc™™ mice exposed to a dietary dose of
0.3%. Overall, the work was designed to help adjudge whether
RA warrants further development as a putative colorectal can-
cer chemopreventive agent.

2 Materials and methods
2.1 Chemicals

Rosmarinic acid (purity 97%), Caffeic acid (purity 98%) and
Coumaric acid (purity 98%) were obtained from Sigma-
Aldrich (Poole, UK) in amorphous form. HPLC grade
methanol, acetonitrile, acetone and 98% formic acid were pur-
chased from Fisher Scientific Ltd. (Loughborough, UK). Wa-
ter for analysis was generated from a Nano-pure water purifi-
cation system (Barnstead, UK). Human plasma was obtained
from the National Blood Transfusion Centre (Sheffield, UK).

2.2 Cell culture

APC10.1 cells were kindly provided by Dr. Carla De Giovanni
(University of Bologna, Italy). Cells were cultured in low glu-
cose media (Sigma, UK) supplemented with 20% fetal calf
serum (Invitrogen, UK). RA (10, 50 or 100 uM) was added
once at the start of the incubation, and cells were incubated
(in triplicate) for up to 6 days. Cell numbers were determined
on days 2 and 6 using a Z2 Coulter Particle Count and Size
Analyser (Beckman Coulter, UK). ICs, values were calculated
from the plot of cell number as percentage of control versus
agent concentration at day 6, when cells were still in a linear
growth phase. Values are the mean + SD of three separate
experiments.

2.3 Measurement of cleaved caspase-3 staining by
flow cytometry

Cleaved caspase-3 was analysed in RA treated cells as a mea-
sure of apoptosis. Cells were first fixed in methanol and
permeabilised with 0.5% Tween-20 in phosphate buffered
saline (PBS), then incubated with a primary rabbit mono-
clonal cleaved caspase-3 antibody (Cell Signalling, UK) at a
dilution of 1:10 for 40 min in the dark at room temperature.
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The cells were washed twice (3% bovine serum albumin in
PBS) and incubated with a secondary anti-rabbit conjugated
Alexa Fluor@594 antibody (Invitrogen, UK) at a dilution of
1:50 for 30 min at 4°C. As a negative control, single staining
with the secondary antibody was performed to eliminate any
background staining. After the final incubation, cells were
again washed twice before analysis on a BD FACS Aria II
instrument (BD Biosciences).

2.4 Animal experiments

The animal experiment was carried out under animal project
license PPL40/2496, granted to Leicester University by the
UK Home Office. The experimental design was vetted by
the Leicester University Local Ethical Committee for Ani-
mal Experimentation and met the standards required by the
UKCCCR guidelines [17]. C57BL/6] Min/+ (Apc*™) mice
were bred in Leicester University Biomedical Services us-
ing animals originally obtained from Jackson Laboratory (Bar
Harbor, ME, USA), and the Apc™" genotype was confirmed
by polymerase chain reaction [14]. Groups of 13-14 mice
(male:female ~1:1) received standard AIN 93G diet or AIN
diet supplemented with RA (0.3% in the diet, translating to a
dose of ~9 mg per mouse per day, 360 mg/kg) from weeks 4
to 12 of the animals’ lives. The choice of dose was based on the
fact that dietary doses of naturally occurring polyphenols that
attenuate colorectal carcinogenesis in preclinical models are
generally of this order of magnitude; an example is curcumin
in Apc™™" mice [10, 18]. Animals were killed by cardiac exsan-
guination under terminal anaesthesia, and the intestinal tract
was removed and flushed with PBS. Plasma was obtained by
centrifugation of blood. The multiplicity, location and size of
intestinal adenomas were recorded as described previously
[10] before mucosa samples were obtained by scraping with a
spatula. All samples were flash frozen in liquid nitrogen and
then were kept at —80°C until analysis.

2.5 Standard solutions

The RA stock solution (1 mg/mL) was prepared fresh in
HPLC grade methanol on the day of analysis and diluted se-
rially to provide working solutions in the range of 100-1000
ng/mL. Fixed volumes of working solutions were added to
aliquots of plasma or homogenate of small intestinal mucosa
from control animals. RA concentrations in the calibration
standard and quality control samples were in the range of
50-1000 ng/mL and 100-5000 ng/mL for plasma and intesti-
nal mucosa, respectively.

2.6 Sample preparation

Prior to analysis, samples of intestinal mucosa or plasma were
thawed to room temperature. An aliquot (50 nL) of mouse
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intestinal mucosa homogenate (1:2 w/v ratio of mucosa and
1.15% potassium chloride,) was mixed with 950 pLof 1:1 (v/v)
ice-cold acetone and methanol. The mixture was vortexed and
left (—20°C, 20 min) to facilitate protein precipitation, then
centrifuged (13227 x g, 15 min). The clear supernatant was
transferred to an Eppendorf tube and evaporated to dryness
under N,. The residue was reconstituted in methanol (70 L)
and injected onto the HPLC column (injection volume 50 u.L).
RA was extracted from spiked plasma using a solid-phase
extraction (SPE) method. One volume of the plasma from
mice that received RA or plasma from control mice spiked
with RA was mixed with one volume of 5% ortho-phosphoric
acid. The sample was loaded on an Oasis HLB cartridge
(1 mL, Waters, Elstree, UK), which was pre-conditioned with
1 mL of methanol followed by 1 mL of de-ionized water. After
washing with 1 mL of 20% methanol, elution was achieved
with 1 mL of 1:1 (v/v) methanol:acetone. The eluate was dried
under N;, and the residue was reconstituted in 70 wL of 100%
methanol. An aliquot (50 wL) of each sample was injected onto
the HPLC column for analysis.

2.7 HPLC analysis

The HPLC system consisted of a Varian Prostar 230 pump
and a Prostar 410 autosampler, along with a Prostar 325 UV—
visible detector (Varian Analytical Instrument, CA, USA).
HPLC separation was carried out on an Atlantis 3 pm dCyg
column (4.6 x 150 mm, Waters, Elstree, UK) at a flow rate of
1.5 mL/min using a linear gradient from 95% mobile phase
A (0.1% formic acid in water) and 5% mobile phase B (0.1%
formic acid in acetonitrile) to 60% A and 40% B over 20 min.
UV detection was at 330 nm, the maximal absorption wave-
length of RA.

2.8 Method development

The methods for RA quantitation were developed and
validated using murine gastrointestinal mucosa and human,
rather than mouse plasma, due to limited availability of the
latter. SPE was chosen over liquid extraction for plasma sam-
ples as it resulted in ~10-fold higher extraction efficiency.
Recovery of RA from mucosa using liquid extraction ex-
ceeded >50%. Validation was performed in accordance with
FDA guidelines (http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/
ucm070107.pdf).

2.9 Statistical analysis

For determining the significance of data, a two sample paired
Student’s t-test was performed using Excel. A p-value of less
than 0.05 (95% confidence interval) was considered as a sig-

nificant difference between two sets of data.
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3 Results
3.1 Effect of RA on APC10.1 cell growth

Exposure of APC10.1 cells for two days to concentrations of
RA exceeding 10 uM had a dramatic effect on cell numbers;
despite the fact RA was undetectable in cell culture media
beyond 24 h (data not shown and 19) this effect persisted
and was even more pronounced after 6 days of incubation
(Fig. 1B). The ICs, for growth inhibition calculated on day 6,
when the effect was maximal, was 42.8 £+ 2.0 pM (mean +
SD, n = 3), and incubation with 100 uM RA reduced cell
numbers by ~98% relative to the solvent-treated control cells.
This growth inhibition was accompanied by a significant in-
crease in apoptosis at the highest concentration, as reflected
by cleaved caspase-3 staining measured using a FACS based
assay (Fig. 1C). The extent of apoptosis detected after 6 days
was ~5-fold greater in cells treated with 100 uM RA com-
pared to background levels in control cells (27.8 £ 7.5% vs.
5.4 £ 2.3%, p < 0.01). These results suggest RA may have
an effect on adenoma development in the Apc™™ mouse and
warrants assessment of efficacy and pharmacokinetics in this
model.

3.2 Validation of HPLC method for quantitation of
RA

3.2.1 Selectivity and sensitivity

HPLC-UV chromatograms of extracts of murine plasma
and gastrointestinal mucosa did not show any endogenous
peak which might have interfered with the detection and
quantitation of RA. The lower limits of RA quantitation
were 140 nM (50 ng/mL) in plasma and 278 pmol/g (100
ng/g) for mucosa, with an acceptable signal-to-noise ratio
of >8. Values for precision and accuracy at the lower limit
of quantitation (LLOQ) were 13.3 and 101.5% and 12.6
and 91.5% for plasma and mucosa, respectively. These
figures are in accordance with FDA guidelines that stipulate
precision should be <20% and accuracy must be within
the range 80-120% (http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/
ucm070107.pdf) at the LLOQ. The limit of detection (LOD)
of RA in plasma was 14 nM (5 ng/mL), which represents
comparable sensitivity to published LC-MS/MS methods
[20,21].

3.2.2 Accuracy, precision and recovery

Accuracy and precision were calculated by performing five
replicate analyses of plasma and mucosa samples spiked with
RA atlow, medium and high concentrations. The inter-day ac-
curacy for the measured concentrations in spiked plasma and
mucosa was 97-108% and 97-111% (Table 1), respectively,
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Table 1. Intra-day and inter-day accuracy and precision for deter-
mination of RA in mouse plasma and mucosa

Plasma Concentration  Accuracy Precision
(ng/mL) (%) (% RSD)
Intra-day 50 98.9 + 4.9 13.3
100 96.6 + 2.1 7.9
1000 110.9 + 0.01 9.8
Inter-day 50 97.4 +£ 5.2 2.9
100 108.8 + 114 8.8
1000 99.9 + 0.1 14.7
Mucosa Concentration Accuracy Precision
(ng/g) (%) (% RSD)
Intra-day 100 88.3 +£ 26.2 12.6
1000 95.2 + 6.5 7.8
5000 100.1 + 0.2 11.9
Inter-day 100 98.9 + 15.3 12.1
1000 96.6 + 12.0 9.0
5000 1109 £ 10.0 12.0

a) Values are mean + SD of n = 5 determinations. RSD, relative
standard deviation.

whilst the intra-day accuracy was 92-100% and 88-100%,
respectively. The precision was <15% in either matrix. Re-
covery of RA was determined by comparing peak areas of
spiked extracted samples with peak areas obtained by direct
injection of standards. The average values for RA recovery
from plasma and mucosa were 91 £ 6.9% and 52 £ 0.7%,
respectively.

3.2.3 Range and linearity

Calibration curves were constructed to cover the range of
concentrations predicted to be achievable in mouse tis-
sues and plasma following RA administration. The corre-
lation between peak area and concentration was linear with
r>0.99 for both plasma and mucosa at RA concentrations
0f 0.14-2.8 pM (0.05-1 pwg/mL) and 0.28-55.6 nmol/g (0.1
20 pg/g), respectively. Regression equations from five in-
dependent experiments were y = (6053 £ 538)x—(36603 +
13 608) for plasma and y = (278 + 30)x—(18 959 & 7243) for
mucosa.

3.2.4 Stability

RA stability was assessed in the stock methanol solution as
well as in stored plasma and mucosa. In stock methanol,
the variation of RA content over a period of 24 h was <5%.
Short-term stability was evaluated by analysing spiked, ex-
tracted samples (low, medium and high concentrations as
listed below) kept in the autosampler at room temperature
for up to 24 h, which represents the maximum time samples
would be subject to these conditions during batch analysis.
There was no evidence of degradation over time; the varia-
tion in RA content was <9% confirming samples are stable
during the analysis procedure. Long-term stability was also
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examined using spiked samples stored at —80°C for 7 days
and extracted immediately prior to analysis. The variation
in RA content when added to plasma at concentrations of
278 nM (100 ng/mL), 2.8 pM (1 ng/mL) and the LLOQ (140
nM, 50 ng/mlL) was 5.8, 2.1 and 9.6%, respectively. The vari-
ation recorded for RA in the mucosa at concentrations of
278 pmol/g (100 ng/g), 2.8 nmol/g (1 png/g) or 13.9 nmol/g
(5 ng/g) was less than 6%. RA was therefore considered to be
stable in stock solution and biological samples.

3.3 RA levels in murine plasma and gastrointestinal
mucosa

In order to establish whether RA can inhibit intestinal ade-
noma development in vivo, Apc™™ mice were exposed to 0.3%
RA in their diet, from 4 weeks of age. Control mice received
unadulterated diet only. Extracts of plasma and intestinal mu-
cosa obtained from the mice at termination of the experiment
were analysed using the newly developed HPLC assay, to de-
termine levels of RA achieved systemically and in the target
tissue (Fig. 2). Plasma contained peaks corresponding to RA
plus a number of potential metabolites not present in plasma
from untreated animals. Two of the more polar species elut-
ing before RA, were characterised as caffeic (peak a) and
coumaric (peak b) acids, which are well established products
of RA metabolism. Assignments were based on similarity of
retention times to synthetic standards of the respective com-
pounds (9.8 min for caffeic and 12.6 min for coumaric acid;
results not shown) [22]. Peaks consistent with RA and caffeic
acid were also seen in the mucosa extracts. Average steady-
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state concentrations of RA in the plasma and mucosa were
1.1 £ 1.4 uM (396 £ 504 ng/mlL) and 37.7 £+ 67.5 nmol/g
(13.6 £ 24.3 ng/g), respectively. The high variability in tissue
and plasma levels between mice may be attributed, at least in
part, to the fact RA was freely available in the diet. Given that
RA is rapidly absorbed from the gastrointestinal tract and has
arelatively short plasma half-life in rodents [23,24], the levels
detected may be heavily influenced by when the animal last
ate and the amount consumed.

3.4 Effect of RA on Apc”" adenoma development

The body weight of mice ingesting RA was not significantly
different from those on control diet (Fig. 3), suggesting that
RA did not affect food intake. Adenoma development was af-
fected by RA consumption in a subtle fashion. RA decreased
total adenoma burden measured throughout the small intes-
tine and colon by 35% (p = 0.06), but had a greater influ-
ence in the colon, where adenoma volume was reduced by
54% (p = 0.07). However, both these effects just failed to
reach statistical significance when compared to control mice
(Fig4A). Unexpectedly, the mean number of small adenomas
(<1 mm diameter) present in the colon and small intestine
was significantly elevated, from 7 adenomas per animal in
those on the control diet to 16 in mice on RA (Fig. 4B). Con-
versely, the number of large adenomas (>3 mm) was halved,
from an average of 1.6 per mouse in the control group to 0.8
in mice on RA (p < 0.05). There was no difference between
mice consuming RA and those on control diet in the number
of medium size adenomas (1-3 mm).

B. Mucosa

Standard

M

RA treated

i N
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Figure 2. Representative HPLC-UV chromatograms of RA (500 ng/mL) in methanol (top traces), and extracts of plasma (A) or gastrointestinal
mucosa (B) of mice that received control diet (bottom traces) or diet containing 0.3% RA (middle traces). Metabolite peaks with shorter
retention times than RA may be caffeic (a) and coumaric acid (b), those with longer retention times may be methylated RA (c). AU =

absorbance units.
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Figure 3. Body weight of Apc" mice which received AIN95G
diet (rhombi, broken line) or diet containing RA (0.3%) (squares,
solid line) for 8 weeks post weaning. Values are the mean + SD
of 13-14 animals per group.
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4 Discussion

The results of this study suggest RA can potentially deceler-
ate tumour development in the Apc™™ mouse, but the effect
is relatively small. In mice which received RA at a dietary
dose of 0.3%, tumour burden was reduced by 35%, but the
difference compared to control mice did not reach statisti-
cal significance. Furthermore, RA consumption decreased
the number of large adenomas, but increased the number of
small adenomas. This observation suggests RA may inhibit
the growth of established adenomas rather than preventing
their formation; the increase in small tumours may there-
fore be due to the treatment restricting adenoma size to less
than 1 mm in diameter. Consistent with an overall growth-
compromising effect in vivo, RA reduced the proliferation of
ApcMi" adenoma cells in vitro at concentrations which report-
edly failed to affect the growth of human-derived colorectal
cancer cells [9]. This activity was evident even though RA was
unstable in cell culture media and was no longer detectable
after 24 h, which suggests the initial exposure was sufficient
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Figure 4. Total adenoma burden in the small intestine plus colon and in the colon alone (A) and number of small, medium and large sized
adenomas (B) in Apc"" mice that received AIN93G diet (control) or AIN fortified with RA (0.3%) (treated) from weaning to 12 weeks of age.
Burden corresponds to the volume of all tumours per mouse. Bars reflect the mean + SD of 13 mice per group.
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to cause prolonged molecular changes resulting in greatly re-
duced cell numbers at day 6. Alternatively, RA degradation
products may contribute to the activity, indeed, it has recently
been demonstrated that it undergoes rapid oxidation in vitro
to generate H,O,, which may itself elicit biological changes
[19]. The inhibitory effect of RA on adenoma development
shown here was subtle and inferior to that exerted by cur-
cumin at a similar dietary dose, which significantly reduced
ApcMin adenoma number by 40% [10]. Other phytochemi-
cals, including the anthocyanins oenocyanin and cyanidin-3-
glucoside, plus the rice bran constituent tricin and its fully
O-methylated analogue 3',4',5',5,7-pentamethoxyflavone have
also proven more potent with respect to reducing adenoma
burden and/or total numbers in the Apc™™ model, when ad-
ministered at a comparable dose [25-28]. However, examples
also exist of putative cancer chemopreventive agents with less
activity than RA in this model, such as resveratrol and api-
genin [28,29]. Although only one dose level (0.3%) was chosen
for evaluation in the present investigation, this is towards the
upper limit of what is typically studied in the Apc™™" mouse
for diet derived compounds and equates to an intake of over
2 g per day for a 70 kg person [30]. Even if this quantity
was found to be safe in humans it is likely that ingestion of
amounts exceeding this may be associated with reduced com-
pliance, particularly in the chemoprevention setting, due to
the number of capsules/tablets required to achieve this dose.
For these reasons higher doses were not pursued in the Apc™™
mice, as it is unlikely they would be translatable to the clinic.
Furthermore, increasing evidence suggests that diet-derived
polyphenols such as resveratrol, may exhibit U-shaped dose-
response curves for a variety of biological activities [31, 32].
Given the recent account of a hormetic response for the life-
extension properties of RA in C. elegans, where concentrations
of 200-300 uM were effective but lower concentrations were
not and 600 uM actually decreased lifespan [3], it is conceiv-
able that RA at doses below 0.3% might elicit a more robust
inhibition of tumour development than that observed here.
The concentrations generated in mouse tissues (~1-185 uM,
assuming 1 g is equivalent to 1 mL) approached the range that
prolonged life in C. elegans; however, it is likely that different
concentrations may prove optimal for each type of activity,
whilst species differences will also play a role, it is there-
fore difficult to directly extrapolate regarding the ideal dose
for cancer prevention. Wide-ranging efficacy studies with RA
in the Apc™™ mouse model will shed definitive light on its
potential ability to curtail adenoma development. Pharmaco-
logical properties of RA which may mediate anticarcinogenic
activity include inhibition of cyclooxygenase (COX) enzyme
activity [33], modulation of AP-1 activity and COX-2 gene ex-
pression [34], and inhibition of tumour necrosis factor (TNF)-
alpha-induced NF-kappa B activation [35] and of extracellular
signal-regulated kinase (ERK) phosphorylation [9]. RA has
also been shown to protect cells against aflatoxin- and ochra-
toxin A-induced cytotoxicity by reducing the production of
reactive oxygen species and apoptosis caused by the toxins
[36]. Reassuringly, RA did not adversely affect Apc*" mouse
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physiology in the present study, as borne out by the finding
that RA consumption did not decrease mouse body weight.

For interpreting the activity of putative cancer chemopre-
ventive agents in preclinical in vivo models and extrapolating
to doses potentially useful in humans, it is pivotal to correlate
pharmacologically active species in the target organ and gen-
eral circulation with efficacy. To that end, suitable validated
methods for measuring concentrations of agent in blood and
tissues are required. Various analytical methods for the de-
termination of RA in biological matrices of mammals have
been published [20,23, 37]. However they lack the sensitivity
required for measurement of RA in mouse plasma, which
is often only available in small quantities. The HPLC-UV
method described here allows the rapid, selective and spe-
cific determination of RA levels in both murine plasma and
intestinal mucosa. The average target organ concentration of
RA detected in Apc™™ mice, 38 nmol/g (38 uM), is close to the
ICs, for growth inhibition of APC10.1 adenoma cells derived
from these animals (43 wM), which suggests an antiprolifer-
ative effect may have contributed to the reduction in tumour
burden and number of large adenomas observed in vivo. The
concentration of RA achieved in the intestinal mucosa fol-
lowing chronic exposure is similar to levels of resveratrol and
curcumin observed in Apc™™ mice as a result of analogous ex-
perimental protocols. These agents, when administered with
the diet at concentrations similar to those used for RA, gener-
ated mean steady state levels of 111 and 36 nmol/g[10,29]. In
both cases these intestinal concentrations were accompanied
by a reduction in adenoma development.

In summary, consumption of RA in mice at 0.3% was
not associated with any visible signs of toxicity. It furnished
quantifiable levels of parent compound in the plasma and in-
testinal tract. There was an indication that RA consumption
slowed adenoma development in a mouse model of colorectal
carcinogenesis, although further work is required to confirm
this notion. Such studies will help adjudge whether RA war-
rants further development as a colorectal cancer chemopre-
ventive intervention.
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