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Abstract

Kava (Piper methysticum Forster) extract and its major kavalactones have been shown to block 

chemically induced lung tumor initiation in mouse models. Here we evaluated the 

chemopreventive effect of a kavalactone-rich Kava fraction B (KFB), free of flavokavains, on 

carcinogenesis in a transgenic adenocarcinoma of mouse prostate (TRAMP) model and 

characterized the prostate gene expression signatures. Male C57BL/6 TRAMP mice were fed 

AIN93M diet with or without 0.4% KFB from 8 wk of age. Mice were euthanized at 16 or 28 wk. 

The growth of the dorsolateral prostate (DLP) lobes in KFB-treated TRAMP mice was inhibited 

by 66% and 58% at the respective endpoint. Anterior and ventral prostate lobes in KFB-treated 

TRAMP mice were suppressed by 40% and 49% at 28 wk, respectively. KFB consumption 

decreased cell proliferation biomarker Ki-67 and epithelial lesion severity in TRAMP DLP, 

without detectable apoptosis enhancement. Real time qRT-PCR detection of mRNA from DLP at 

28 wk showed decreased expression of cell cycle regulatory genes congruent with Ki-67 

suppression. Microarray profiling of DLP mRNA indicated that “oncogene-like” genes related to 

angiogenesis and cell proliferation were suppressed by KFB but tumor suppressor, immunity, 

muscle/neuro, and metabolism-related genes were upregulated by KFB in both TRAMP and WT 

DLP. TRAMP mice fed KFB diet developed lower incidence of neuroendocrine carcinomas 

(NECa) (2 out of 14 mice) than those fed the basal diet (8 out of 14 mice, χ2 = 5.6, P < 0.025). 
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KFB may, therefore, inhibit not only TRAMP DLP epithelial lesions involving multiple molecular 

pathways, but also NECa.
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INTRODUCTION

Prostate cancer (PCa) is the second leading cause of cancer-death in American men. 

Chemoprevention by using natural products that modify and intersect the carcinogenesis 

process in early precancerous stages to prevent or delay cancer has been pursued by us and 

others as a plausible approach to deal with PCa problem at the root. The transgenic 

adenocarcinoma of the mouse prostate (TRAMP) model is one of the best characterized and 

most widely used models in chemoprevention studies since its inception in 1995 [1]. This 

model was engineered to express simian virus 40 (SV40) early-region tumor T/t antigens in 

the prostate under the control of rat probasin (PB) promoter [1]. In contrast to the original 

paradigm of single lineage progression of lesions from mild epithelial hyperplasia, prostatic 

intraepithelial neoplasia (PIN) to aggressive metastatic poorly differentiated neuroendocrine 

carcinomas (NECa) [1], it is currently understood that TRAMP mice possess at least two 

distinct lineages of prostate carcinogenesis [2–4]. One lineage exhibits progressive stages of 

PIN-like lesions, which were re-named in later studies as “atypical hyperplasia of Tag” 

(AHTag) because unlike PIN in humans and other mice models they are morphologically 

unique diffuse lesions and do not develop into invasive carcinoma [2]. The other lineage 

arises from malignantly transformed progenies of stem-like cells of neuroendocrine origin to 

develop into the poorly differentiated NECa, without evidence of trans-differentiation from 

AHTag [2–4]. The epithelial lineage lesions develop in all lobes, especially prominent in the 

dorsolateral prostate lobes (DLP), whereas the NECa preferentially arises in the smallest 

ventral prostate (VP) lobes [2,3]. The mouse genetic background profoundly affects the 

incidence of the NECa: in the C57BL/6 genetic background, the reported incidence rate 

varied from 20% to 40% [2,3], while in the FVB mouse strain where the TRAMP model 

initially originated, nearly 100% of the mice develop NECa [5].

Epidemiological studies have suggested that populations with greater consumption of Kava, 

Piper methysticum Forster, had lower age-standardized cancer incidence in the Pacific 

islands in spite of heavy use of tobacco [6]. Six major kavalactones, namely, kavain, 

dihydrokavain, methysticin, dihydromethysticin, yangonin, and desmethoxyyangonin, 

constitute approximately 96% of the total kavalactones in the lipid extract from the Kava 

rootstock [7]. Cell culture studies have suggested some kavalactones exhibit anti-cancer 

potential possibly through multiple cellular and molecular signaling pathways [8–10]. We 

have shown that Kava ethanol extract exerted chemopreventive activity against nicotine-

derived nitrosamine ketone (NNK)- and/or benzo[a]pyrene-induced lung tumor initiation in 

A/J mice [11,12] and chemically induced colon tumorigenesis in the Wistar rats [13]. 

Furthermore, a kavalactone-rich Kava fraction (KFB) and its dihydromethysticin and 

Tang et al. Page 2

Mol Carcinog. Author manuscript; available in PMC 2019 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methysticin blocked NNK-induced DNA adduct formation and lung tumor initiation, 

without liver-damaging side effect [12].

The cross-organ inhibitory activities on carcinogenesis prompted the current study to test the 

hypothesis that KFB might inhibit the two lineages of prostate carcinogenesis in the 

TRAMP model. We chose to use the C57BL/6 TRAMP mice in preference to the FVB 

TRAMP mice due to the attenuated NE-carcinogenesis in the former, permitting the 

evaluation of impact on the epithelial lineage as well as the NECa lineage. Our data show 

that KFB supplemented in diet inhibited prostate epithelial proliferation and lesion severity, 

and reduced the incidence of NECa in TRAMP mice. Immunohistochemistry (IHC) 

characterization and qRT-PCR gene expression analyses of the TRAMP DLP indicate that 

KFB inhibited epithelial lesion proliferation without evidence of apoptosis enhancement. 

Microarray profiling of DLP mRNA indicated that “oncogenelike” genes related to 

angiogenesis and cell proliferation were suppressed by KFB but many tumor suppressor, 

immunity, muscle/neuro, and metabolism-related genes were upregulated by KFB in both 

TRAMP and WT DLP.

MATERIALS AND METHODS

Animal Breeding and Genotyping

The animal use protocols were approved by the Institution Animal Care and Use Committee 

of Texas Tech University Health Sciences Center (TTUHSC). Male C57BL/6J and female 

C57BL/6-Tg TRAMP 8247Ng/J mice at the age of 6 wk were purchased from The Jackson 

Laboratory (Bay Harbor, ME) and subsequently bred in the TTUHSC animal facility at 

Amarillo. The mice were housed in individually-vented cages with controlled temperature 

(22–23°C), humidity (55–60%), and a daily 12-h light-dark cycle. Mouse genomic DNA was 

isolated from ear snips using REDExtract-N-Amp™ Tissue Kit (Sigma-Aldrich Co. LLC., 

St. Louis, MO) as we described previously [14]. Conventional PCR was performed as 

described previously [15] with primers obtained from Integrated DNA Technologies, Inc. 

(Coralville, IA).

Preparation of KFB Diet and Animal Treatments

KFB was isolated from Kava ethanol extract and characterized as previously described [12]. 

Typically, 1 g of KFB was dissolved in 3 ml of absolute ethanol, mixed with 250 g of Teklad 

AIN-93M semi-purified powdered diet (Harlan Laboratories, Inc., Indianapolis, IN) and 

made into moist cookies. Control (i.e., ethanol-supplemented) and KFB-supplemented 

cookies were freshly made each week. The cookies were air-dried on the bench top and 

stored at 4°C and were provided to mice twice per week. The level of dietary KFB was 

chosen based on its lung tumor chemopreventive efficacy in female A/J mice [12]. Male 

TRAMP mice and their wild type (WT) littermates were assigned at 8 wk of age to 

AIN-93M control cookies or 0.4% KFB cookies until 16 or 28 wk, unless large tumors in 

TRAMP mice necessitated earlier euthanasia.
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Euthanasia/Necropsy

Blood was taken by cardiac puncture after anesthesia for plasma preparation. At necropsy, 

the genitourinary (GU) tract including bladder, seminal vesicles, and prostates was removed 

en bloc and weighed as we described previously [14]. Tumors were dissected and weighed. 

The prostate lobes from mice without visible tumors were dissected and weighed. Liver, 

kidney, and other major organs were inspected for health problems and weighed. Mouse 

genotypes were carefully re-validated by SV40-T antigen (T-Ag) staining of prostate lobes.

Histology and Immunohistochemical (IHC) Staining

Formalin-fixed tumors, prostate lobes, and livers were processed, embedded in paraffin, and 

routinely stained by H&E. Immunohistochemistry (IHC) for TRAMP carcinogenesis marker 

proteins were performed as previously reported [3,14,15]. The SV40-T antigen (T-Ag), 

androgen receptor (AR), and synaptophysin antibodies were purchased from BD 

Pharmingen (San Diego, CA), EMD Millipore (Billerica, MA), and BD Transduction 

Laboratories (San Diego, CA), respectively. The secondary antibodies were obtained from 

Vector Laboratories (Burlingame, CA). Histologic analysis of the livers was performed using 

light microscopy by an A.C.V.P.-board certified pathologist (M.G. O’S.) under blinded 

conditions.

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

Apoptotic cells from tissue sections were detected by the Calbiochem TdT-FragEL DNA 

Fragmentation Detection Kit (EMD Millipore, Billerica, MA) according to the 

manufacturer’s instructions. In brief, paraffin tissue sections (5-μm thick) were 

deparaffinized in xylene, rehydrated in ethanol, and digested with 20 μg/ml proteinase K for 

20 min. at room temperature. Sections were then incubated with TdT enzyme for 60 min. at 

37°C, followed by development with DAB solution and counterstained with methyl green. A 

dark brown DAB signal signifies positive staining, and shades of blue-green to greenish tan 

signify a non-reactive cell.

Histopathological Scoring of Prostate Epithelial Lesions

Mouse prostatic tumors or lobes from TRAMP mice were characterized by H&E and T-Ag 

IHC staining. Prostatic lesions were scored according to our composite scoring scheme 

modified based on that of Suttie and co-workers [14,16]. In brief, severity of epithelial 

lesions was divided into five grades: mild lesions as grade I, moderate lesions as grade II, 

severe lesions as grade III-IV, and adenoma as grade V. The lesion grade was modified by 

their distribution patterns as focal, multifocal, or diffuse. Therefore, scores for grade I 

lesions ranged from 1 to 3, and those for grade V ranged from 13 to 15. For each lobe, the 

most severe lesion and its distribution pattern were used to derive the lesion score.

RNA Isolation and Real-Time Quantitative Reverse Transcription PCR (Real-Time qRT-PCR)

Total RNA was isolated from pooled mouse DLP lobes using the AllPrep DNA/RNA/Protein 

Mini kit (QIAGEN Inc., Valencia, CA). RNA concentration was determined using the Nano 

Drop 1000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA). cDNA was 

synthesized using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA) 
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according to the manufacturer’s instructions. Real-time qPCR was performed using the Fast 

Start Universal SYBR Master with ROX (F. Hoffmann-La Roche Ltd., Basel, Switzerland) 

on the CFX96 Touch Real-Time PCR Detection Systems (Bio-Rad Laboratories, Inc., 

Hercules, CA). All reactions were performed in triplicate, and the relative expression of 

target mRNA in each sample was normalized with that of mean b-actin abundance. The 

primers were purchased from Integrated DNA Technologies, Inc. (Coralville, IA) and their 

sequences were listed in Supplement Table S1.

Microarray Analysis of mRNA Expression

mRNA expression profiles were analyzed using Mouse Ref-8 BeadChip expression array 

(Illumina, Inc., San Diego, CA). All RNA labeling and hybridization was performed at the 

BioMedical Genomics Center of the University of Minnesota according to protocols 

specified by the manufacturers. Web-based bioinformatics tools DAVID (The Database for 

Annotation, Visualization and Integrated Discovery) Bioinformatics Resources version 6.7 

(SAIC-Frederick, Inc., Frederick, MD) and IMPaLA (Integrated Molecular Pathway Level 

Analysis) version 7 (Max-Planck-Gesellschaft, München, Germany) were employed for 

pathway over-representation and enrichment analyses.

Statistical Analysis

The mean and standard deviation (SD) were calculated for each experimental group. 

Differences among groups were analyzed by one or two way ANOVA using PRISM 

statistical analysis software, when the data distribution conformed to normality and 

homogeneity requirements (GraphPad Software, Inc., La Jolla, CA). For comparisons 

involving only two groups, Student’s t-test was used. Significant differences were calculated 

at P < 0.05.

RESULTS

Dietary KFB Consumption Decreased the Incidence of NECa

Enrollment of TRAMP mice and their wild type littermates (WT) into the dietary groups is 

summarized in Table 1A. Genotypes were confirmed by IHC staining for T-Ag protein in all 

tumors and prostate lobes (Supplement Figure S1). The incidence of histology- and IHC-

verified NECa (see Supplement Figure S1A for characterization of NE marker 

synaptophysin [SYP], T-Ag, and lack of AR) was one small NECa out of six TRAMP mice 

fed basal control diet, while none was detected out of eight TRAMP mice in KFB-fed group 

at 16 wk. In the 28-wk cohorts, the incidence of NECa was decreased from 57% (8 out of 14 

TRAMP mice) in control diet group to 14% (2 out of 14) in KFB-fed TRAMP mice (χ2 = 

5.6, P < 0.025). Due to the extreme small number of NECa in KFB-fed mice limiting 

generalizability, we chose not to pursue detailed transcriptomic analyses.

Dietary KFB Consumption Increased Relative Liver Weight Without Affecting Hepatic 

Integrity

Because the rapid NECa growth can affect the tumor-bearing mice’s health and metabolism, 

we excluded those bearing a NECa for calculation of body and organ weight data to evaluate 

the health impact of KFB diet consumption. In the 16-wk cohort, KFB diet consumption did 
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not significantly affect body weight (Figure 1A). In the 28-wk cohorts, both the WT and 

TRAMP mice on KFB diet gained less weight than those fed the control diet starting at 18 

wk (Figure 1B). Once corrected for body weight differences at necropsy, KFB diet 

consumption increased relative liver weight in both WT and TRAMP mice at 16 and 28 wk 

(Figure 1C and D, solid bars), but did not influence the relative kidney weight (Figure 1C 

and D, empty bars). Microscopic evaluation of the livers by A.C.V.P.-board certified 

pathologist (M.G. O’S.) indicated that there was vacuolar change attributed to glycogen 

accumulation in both control and treated livers. In addition there was a subtle accentuation 

of lobular pattern involving the centrilobular (periacinar) area in treated livers that was 

characterized by a mild to moderate increase in size of the hepatocytes and a subtle 

eosinophillic granular appearance of the cytoplasm. Measurement of plasma enzyme 

markers of hepatocyte damage, aspartate transaminase (AST/SGOT), and alanine 

aminotransferase (ALT/SGPT) showed that KFB did not significantly increase AST or ALT 

plasma level in both WT and TRAMP mice either by 16 or 28 wk (Table 1B). Therefore, 

KFB consumption did not appear to impact hepatocyte integrity in either WT or TRAMP 

mice in spite of increasing relative liver size.

Dietary KFB Consumption Decreased TRAMP Prostate Lobe Growth

We calculated the TRAMP-driven growth of individual prostate lobes over the WT baseline, 

excluding NE-Ca bearing mice. As expected, the TRAMP DLP underwent the greatest 

extent of expansion among the different lobes at 16 wk (Figure 2B, column 3 vs. 1) and was 

inhibited by KFB diet consumption by 66% (P<0.01) (Figure 2B, column 4 vs. 3). The 

continual TRAMP DLP expansion through 28 wk was suppressed by KFB diet by 58% 

(P<0.001) (Figure 2E, column 4 vs. 3). The TRAMP AP lobes expanded only modestly by 

16 wk (Figure 2A, column 3 vs. 1) but grew substantially by 28 wk (Figure 2D, column 3 vs. 

1) and such growth was suppressed by KFB diet consumption by 40% (Figure 2D, column 4 

vs. 3). The VP lobes were smallest compared to AP and DLP, and their modest TRAMP-

driven growth was suppressed by KFB by 16 and 28 wk (Figure 2C and F).

KFB Decreased the Severity of Epithelial Lesions in TRAMP Prostate

Staining for T-Ag in the different lobes of TRAMP mice showed ubiquitous expression in 

the epithelial cells of DLP and VP at both 16 and 28 wk (more than 95% cells positive) 

(Figure 3A). The AP showed variable and focal T-Ag positive clusters among negative 

epithelium by 16 wk (not shown) whereas by 28 wk, the staining was mostly positive 

(Figure 3A). The delayed expression of T-Ag in AP compared to DLP and VP could, 

therefore, account for the modest increase in TRAMP AP weight over WT baseline at 16-wk 

endpoint (Figure 2A). As expected of WT mice, IHC staining of epithelial cells did not 

detect T-Ag in their prostates (Supplement Figure S1B). KFB feeding decreased the 

complexity and severity of the TRAMP lesions in AP and DLP without affecting T-Ag 

expression (see examples in Figure 3A). KFB consumption did not cause observable 

morphological changes in prostate lobes of WT mice (Supplement Figure S1B). The 

TRAMP VP lobes retained mostly simple epithelial architecture and the morphology was 

not greatly influenced by KFB diet consumption (Figure 3A).
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To quantify the modulation of epithelial lesion severity by KFB diet consumption, we 

evaluated TRAMP AP, DLP, and VP lobes according to our modified scoring scheme [14]. 

Briefly, we scored each lobe of TRAMP mice for the most severe epithelial lesion (grade I-

V) modified by its distribution pattern as focal, multi-foci, or diffuse (1=focal mild 

hyperplasia to 15=diffuse adenoma). From 16 to 28 wk, the mean lesion score of AP was 8.4 

and 9.7 in TRAMP mice on the basal diet. Dietary KFB consumption significantly decreased 

the mean lesion score of AP to 3.9 (P<0.01) by 16 wk and to 6.4 (P<0.01) by 28 wk (Figure 

3B). Similarly, KFB also reduced the mean lesion score of DLP from 7.8 in control TRAMP 

mice to 5.7 (P<0.05) by 16wk, from 11.4 to 7.3 (P<0.01) by 28 wk, respectively. For 

TRAMP VP, dietary KFB did not significantly affect the lesion scores at either time point, 

which remained at the stage of diffuse moderate hyperplasia (Figure 3B). Overall, the 

growth and severity of epithelial lesions were decreased by KFB in TRAMP DLP and AP 

lobes.

KFB Inhibited Epithelial Lesion Proliferation in TRAMP Prostate

To probe the cellular processes affected by KFB diet consumption on TRAMP prostate 

epithelial lesions, we examined prostate tissues for Ki-67 staining as a biomarker for 

proliferation. The Ki-67 expression levels were decreased in both AP and DLP in TRAMP 

mice fed KFB diet at 28 wk (Figure 3C). Although nearly 100% of the epithelial cells in VP 

showed T-Ag positivity (Figure 3A), no more than 5% of them expressed Ki-67 and there 

was no obvious effect of KFB (Figure 3C). The low proliferative rate in TRAMP VP was 

consistent with the strong “secretory differentiation” program in this lobe to maintain its 

glandular architecture and milder histopathology than in the other lobes.

KFB-Treated TRAMP Prostate Lacked Detectable Increase of Apoptosis

DNA fragmentation resulting from apoptosis could be detected by TUNEL assay [17]. 

TRAMP prostate lobes showed less than 5% of TUNEL-positive cells for mice on control 

basal diet and KFB diet consumption did not increase TUNEL-positive cells in the epithelial 

compartments (Supplement Figure S2A). The IHC staining of cleaved caspase 3 did not 

detect increased apoptotic activation in the three prostate lobes of TRAMP mice treated with 

KFB diet (Supplement Figure S2B). Therefore, KFB consumption was not likely to induce 

cellular apoptosis in TRAMP prostates.

Targeted Gene Expression Detection of DLP mRNA by Real-Time qRT-PCR

We analyzed the 28-wk DLP samples because of the clear observable morphological impact 

of KFB diet consumption and the greater amount of tissue available than 16 wk. Total RNA 

was isolated from four pooled DLP samples (WT-Basal diet, four mice; WT-KFB diet, four 

mice; TRAMP-basal diet, five mice; TRAMP-KFB diet, six mice). Profiled genes included 

proliferation biomarkers (e.g., Ki-67, Pcna), AR-downstream genes (Nkx3, Probasin Pbsn, 

etc.) and literature-reported and our proteomic-profiled TRAMP-associated cell cycle 

regulatory genes (Table 2). Compared to WT mice fed control basal diet, real-time qRT-PCR 

detected significant up-regulations of Ki-67 (>13-fold) and Pcna (>fourfold) in DLP of 

TRAMP mice fed the basal diet, as well as a number of TRAMP-relevant cyclins (Cyclin E1 

Ccne1, Cyclin A2 Ccna2), protein kinase (Plk1), patterning genes (Ezh2, Hmgb2), and 

chromosomal maintenance (e.g., Mcm2, Mcm6). In spite of their known function as CDK 
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inhibitory proteins, P21Cip1 (Cdkn1a) and P16Ink4a (Cdkn2a) are shown to play crucial 

roles in accelerated cell proliferation in the TRAMP model [18]. In fact, Cdkn1a knockout 

completely blocks TRAMP carcinogenesis [19]. The much increased transcription of 

Cdkn2a was observed in DLP of TRAMP mice, consistent with the previous findings in 

TRAMP model [20]. These genes were suppressed by dietary KFB to the extent congruent 

with the decrease of Ki-67 mRNA and Ki-67 IHC staining, with the exception of Mcm6. 

Between TRAMP and WT DLP, we did not detect substantial elevation of genes known to 

be overexpressed in the TRAMP NE-Ca (Stat3, Sirt2, Rela) (Table 2), affirming the 

epithelial lineage specific TRAMP molecular signaling events being analyzed.

Regarding AR signaling axis, we observed 60% increase of TRAMP DLP Ar mRNA level 

vs. WT DLP (Table 2), consistent with the increased AR IHC staining intensity in TRAMP 

DLPs than in WT DLP (Supplement Figure S3). We observed suppressed expression of AR-

regulated genes Nkx3.1, Tmprss2, Pbsn, and Cyclin D1 (Ccnd1) in the TRAMP DLP versus 

WT counterpart, as expected from literature reports of attenuated AR differentiation 

signaling in the epithelial lesions in this model [21,22]. KFB diet did not influence the 

expression of these genes in absolute abundance in the TRAMP DLP. Taken together, these 

gene expression data were consistent with an anti-proliferative activity through down 

regulating TRAMP-driven cell cycle progression machinery by KFB in the epithelial 

lesions, without evident effect on the AR differentiation signaling axis.

Microarray Profiling of DLP Gene Expression Changes by KFB

To obtain a more global perspective on TRAMP transcriptome affected by KFB diet 

consumption, we profiled mRNA using Illumina Mouse Ref-8 BeadChip on the same pooled 

RNA samples. To explore threshold cut-off values for meaningful gene changes by 

microarray detection, we tested the concordance of microarray signals of the gene panel that 

we had examined by real-time qRT-PCR (Table 2). Microarray detected the suppressed AR-

downstream genes in TRAMP versus WT DLP as did real-time qRT-PCR (e.g., Nkx3.1, 

Tmprss2, Pbsn, Ccnd1). For overexpressed genes in TRAMP DLP over WT DLP baseline, 

microarray produced near matches on Mcm6, Mcm2, Hmgb2 with real-time qRT-PCR; 

whereas it failed to detect Ki-67, Ccna2, and Ccne1. Microarray underestimated the rest of 

the genes from two to threefold (e.g., Pcna, Ezh2) to more than an order of magnitude that 

was detectable by real-time qRT-PCR (e.g., Cdkn2a). Overall, the microarray platform was 

less able to detect mRNA changes in TRAMP and WT DLP than real-time qRT-PCR, 

consistent with our earlier profiling experience with NECa mRNA [23]. Given the 

underestimation due to inherent limitations of probe design and dynamic range for 

microarray chip, we examined those genes with either more than 30% decrease or 30% 

increase of gene expression in TRAMP DLP of mice fed KFB diet versus control basal diet 

for patterns.

KFB-suppressed genes in DLP

Table 3 shows KFB-suppressed genes, that is, the ratio of expression in TRAMP-KFB diet 

over TRAMPbasal diet≤0.7. The vast majority of these genes (24 out of 25) was elevated in 

TRAMP DLP compared to WT DLP (the ratio of TRAMP-basal diet over WT-basal 

diet>1.3), consistent with their associations with TRAMP carcinogenesis. Some have known 
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oncogene properties (Cyp2b10, Sdcbp2, Bst2, Ctgf, Sprr1a), others are related to cell cycle 

and proliferation (Oas1g, Dnase2b), angiogenesis (Ang, Angptl7, Rnase4), extracellular 

matrix and proteases (Expi, Ctse, Usp18), chemokine/cytokines (Ccl21c, Ccl21a, Cxcl14, 

Mdk), and a few genes were immunomodulatory (H2-Q8, H2-Ab1, Cd8b1, Defcr20) (Table 

3). The KFB-suppressed genes were mostly specific to the TRAMP DLP because only three 

of these genes (i.e., Bst2, Ang, Svs3a) were also suppressed by KFB in the WT DLP (Table 

3). Therefore, most of these KFB-suppressed genes were likely relevant to the attenuation of 

TRAMP epithelial lesion growth and progression.

KFB-induced genes in DLP

Table 4 shows KFB-induced genes, i.e., the ratio of TRAMP DLP-KFB diet over TRAMP 

DLP-basal diet ≥1.3. Some of these genes in the TRAMP DLP were decreased 

(TRAMP/WT ratio<0.7), suggestive of “tumor suppressor-like” functions. Indeed, a few of 

them have recognized tumor suppressor functions (e.g., Gsta3, Cdo1, Ndn, Serpina1f, 

Wfdc10). Other major categories included immunity (Cfd, Cuzd1, Defb42, Defb43, Defb28, 

Defb11, Xlr4a), neuro/brain-related signatures (Mfsd2, Zcchc18, Sult4a1, Sncg, Vstm2l, 

Rtn1, Klc1, Bex4, Pvalb), and many genes involved in metabolic processes, muscle, plus a 

few genes in the PPARγ pathway. Most of these genes were either moderately lowered in 

TRAMP DLP than in WT DLP or were not decreased at all. Their induction by KFB diet 

consumption occurred not only in TRAMP DLP but also in WT DLP. The mRNA induction 

trend for Defb42, Lpl, and Atp2a1 was confirmed by real-time qRT-PCR (data not shown). 

Two genes coding for prostate secretory proteins (Crisp1, Vpp1) were much lowered in 

TRAMP DLP than WT DLP. They were partially restored in the TRAMP DLP in mice on 

the KFB diet. Overall, KFB diet consumption induced genes related to tumor suppressor 

functions, immunity enhancement, metabolism, and muscle features that suggested a 

restoration of weakened barriers not only in TRAMP lesions and their microenvironments 

but also in the normal wild type prostate tissues.

DISCUSSION

Whereas other researchers have endeavored to evaluate the anti-cancer potential of Kava 

flavokavains against various types of prostate and bladder cancer cells and xenograft models 

[24,25], we believe that the present study represents the first to determine the in vivo 

efficacy of kavalactone-rich KFB that was free of the “hepatotoxic” flavokavains in a 

transgenic primary carcinogenesis model of prostate cancer. We obtained experimental 

evidence that KFB inhibited epithelial lesions, most dramatically in DLP (Figures 2 and 3), 

and decreased the incidence of NECa (Table 1). Because chemoprevention of prostate cancer 

is deemed most impactful by targeting precancerous epithelial lesions through blocking or 

delaying their progression to carcinomas, we focused our cellular and molecular analyses on 

changes in TRAMP epithelial lesions, especially those in the DLP. Our data supported an 

anti-proliferative action on the epithelial lesions as a likely effector cellular process (Figure 

3C). However, we detected no apoptosis enhancement in these KFB treated lesions at 

termination of experiment (Supplement Figure S2), unless the sampling time points missed 

the apoptosis window. Real-time qRT-PCR targeted analysis of a panel of genes provided 
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molecular correlates of the anti-proliferative action and confirmation of epithelial lineage 

specificity at a molecular level (Table 2).

In spite of limitations of the microarray profiling platform, our analyses of the DLP 

transcriptome changes provided a glimpse into the multitudes of molecular pathways for 

which FKB consumption had exerted effects. They included suppression of oncogene-like 

genes involved in cell cycle dysregulation, proliferation, angiogenesis, and invasiveness 

(Table 3) and induction of many genes of “tumor suppressor” functions, prostate functional 

differentiation, immunity enhancement, neuro-brain and muscle signatures, and various 

metabolism pathways that appeared to be more general in both TRAMP and WT DLP (Table 

4). Future efforts will need to address cause-effect relationships of these gene changes to the 

efficacy outcome.

The body weight suppression and liver enlargement (hepatomegaly) observed in this study 

(Figure 1) should be interpreted with care. After the mice were fed KFB diet for a prolonged 

period of time (more than 8 wk), they exhibited decreased weight gain in both TRAMP and 

WT mice. One possible explanation is that Kava extract has been shown as an appetite 

suppressant through its tranquilizing effect on stomach motility [26]. In spite of the greater 

relative liver weight normalized to body weight in the KFB-fed mice (Figure 1C and D), 

plasma enzyme markers of hepatocyte integrity were not adversely affected by KFB (Table 

1B). Therefore, the hepatomegaly was likely an adaptive response to metabolize KFB 

chemicals and distinct from the hepatotoxicity suspected of Kava products. The alleged 

safety issues might have resulted from inappropriate causality—assessment approaches [27], 

improper preparation of Kava raw material [28], and fragmented regulatory standards of 

agencies and manufacturers [29]. Indeed, Xing lab has documented that flavokavains (absent 

in KFB), but not kavalactones (enriched in KFB), exhibit synthetic hepatotoxicity with the 

pain killer drug acetoaminophen (Tylenol) in mice [30].

In summary, KFB diet consumption suppressed the growth of TRAMP epithelial lesions and 

modified a spectrum of genes in the TRAMP DLP on the one hand, and decreased the 

incidence of NECa on the other. KFB may be a promising natural product modality for 

prostate cancer lesion intervention in addition to its impressive blocking of lung tumor 

initiation by tobacco chemicals. Further work will aim to elucidate whether the chemical 

species in KFB for prostate lesion chemoprevention will overlap with those as lung initiation 

blockers and to validate the responsible molecular target(s) and cellular processes. In terms 

of extrapolation of the murine efficacious dose for humans, the daily consumption in the 

mice in the current study amounted to 480 mg KFB per kg body (assuming 3 g diet 

consumed per mouse of 25 g weight). By allometric conversion with a factor of 12 [31], for 

an adult human of 60 kg, the daily intake is estimated to be 2.4 g of KFB, easily manageable 

in five 500-mg capsules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of KFB diet consumption on body weight and select organ weight of TRAMP and 

WT mice. Mice bearing NECa were excluded. (A) Body weight of 16-wk cohorts; (B) body 

weight of 28-wk cohorts; (C) relative organ weight by 16 wk; and (D) relative organ weight 

by 28 wk. Relative liver and kidney weights (mg/g) are normalized by body weight. Number 

of mice: 16 wk, WT/Basal control diet, n=5; WT/Kava KFB diet, n=3; TRAMP/Basal 

control diet, n=5; and TRAMP/Kava KFB diet, n=8, respectively; 28 wk, WT/Basal control 

diet, n=4; WT/Kava KFB diet, n=4; TRAMP/Basal control diet, n=6; and TRAMP/Kava 
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KFB diet, n=12, respectively. Mean±SD, one-way ANOVA followed by the Dunnett’s post 

hoc test, *: P<0.05; **: P<0.01, ***: P<0.001, ****: P<0.0001.
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Figure 2. 
Effects of KFB diet consumption on the prostatic lobe weight of TRAMP and WT mice. 

TRAMP mice bearing NE-Ca were excluded. (A) Relative anterior prostate AP weight by 

16wk; (B) relative dorsal-lateral prostate DLP weight by 16 wk; (C) relative ventral prostate 

VP weight by 16 wk; (D) relative AP weight by 28 wk; (E) relative DLP weight by 28 wk; 

(F) relative VP weight by 28 wk. Relative weights (mg/g) were normalized by the 

corresponding body weight. Dashed line indicates the WT baseline; % indicates percentage 

decrease of the expansion in KFB-treated TRAMP mice. Animal numbers: by 16 wk, WT/
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Basal control diet, n=5; WT/Kava KFB diet, n=3; TRAMP/Basal control diet, n=5; and 

TRAMP/Kava KFB diet, n=8, respectively; by 28 wk, WT/Basal control diet, n=4; WT/

Kava KFB diet, n=4; TRAMP/Basal control diet, n=6; and TRAMP/Kava KFB diet, n=12, 

respectively. Mean±SD, one-way ANOVA followed by the Dunnett post hoc test, *: P<0.05; 

**: P<0.01, ***: P<0.001.
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Figure 3. 
Effects of KFB diet consumption on SV40-T antigen (T-Ag) expression, lesion severity, and 

Ki-67 expression in TRAMP mice. (A) Representative photomicrograph of the 

immunohistochemical analysis of T-Ag expression in TRAMP prostatic lobes (28 wk). The 

epithelial lesions show T-Ag + nuclei. (B) Mean score of TRAMP prostatic epithelial 

lesions. The most advanced lesion from each mouse prostatic lobe was scored according to 

severity and distribution pattern using sections stained with T-Ag. Sections with NE-lesions 

or without prostatic glands are not included. (C) Representative photomicrograph images of 

the immunohistochemical analysis of Ki-67 expression in TRAMP prostatic lobes (28 wk). 

Magnification, 200×. Animal number: by 16 wk, TRAMP/Basal control diet, AP n=5, DLP 

n=5, VP n=5; TRAMP/Kava KFB diet, AP n=8, DLP n=8,VP n=8; by 28 wk, TRAMP/ 
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Basal control diet, AP n=6, DLP n=5, VP n=5; TRAMP/Kava KFB diet, AP n=11, DLP 

n=12, VP n=12. Mean±SD, Student’s t-test, *: P<0.05; **: P<0.01.
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