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Abstract

The high prevalence and long latency period of prostate cancer (PCa) provide a unique opportunity to control
disease progression with dietary and nutraceutical approaches. We developed ProFine, a standardized
composition of luteolin, quercetin, and kaempferol, and investigated its potential as a nutraceutical for PCa in
preclinical models. The three ingredients of ProFine demonstrated synergistic /n vitro cytotoxicity and effectively
induced apoptosis in PCa cells. ProFine markedly affected the transcriptome of PCa cells, suppressed the expression
of androgen receptor, and inhibited androgen-regulated genes. Oral administration of ProFine did not exhibit obvious
toxicities in mice, and the three ingredients retained their individual pharmacokinetic and bioavailability profiles.
Importantly, ProFine significantly retarded the growth of PCa xenografts in athymic nude mice and extended the
survival of animals. This study provides preclinical evidence supporting the promise of ProFine as a safe, efficacious,
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and affordable intervention to control PCa progression and improve clinical outcomes.

Introduction

Prostate cancer (PCa) is the most common nonskin cancer in
American men, with a lifetime risk for diagnosis of approximately
15.9%. It is estimated that 164,690 new cases are diagnosed and
29,430 patients die in 2018 [1]. Most cases of PCa are low risk and
have a good prognosis, even without any treatment. Nonetheless,
about 30% of PCa patients harbor a higher-grade cancer and
eventually progress to metastatic and castration-resistant status, which
has no cure [2]. Currently available therapies can only extend the
median survival by approximately 3 months. These expensive
treatments (usually ranging from $21,500 to $93,000 for a typical
course of treatment) pose a huge burden on patients, their families,
and the healthcare system.
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The high prevalence and long latency period of PCa provide a
unique opportunity to control disease progression, reduce mortality,
and improve the quality of life of patients using dietary or
nutraceutical approaches [3]. Numerous epidemiologic studies have
indicated an important role of diet in PCa progression and
therapeutic response, and dietary management of PCa is being
actively pursued due to low dose-limiting toxicities and negligible side
effects [4]. Promising efficacy has been reported in several trials. For
example, in a double-blind, placebo-controlled randomized study, an
oral capsule (Pome-T) containing a blend of pomegranate, green tea,
broccoli, and turmeric demonstrated a significant short-term and
favorable effect on the median prostate-specific antigen (PSA) levels in
PCa patients [5]. Despite these encouraging clinical results, however,
most studies using dietary supplements still suffer from low patient
number, short treatment duration, and absence of proper placebo
control. Importantly, the lack of standardized formulations and
nonspecific effects of dietary supplements make it difficult to validate
and compare their clinical efficacy among various trials. Therefore, a
nutraceutical with defined composition and potent anticancer activity
is highly desired to provide a safe, efficacious, and affordable therapy
for early-stage and low-risk PCa.

Luteolin, quercetin, and kaempferol are among the most common
flavonoids found in plants, including some vegetables and fruits that
have been thought to have anticancer benefits, such as onions, olives,
grapes, tea, pomegranate, broccoli, and cauliflower [6]. Epidemio-
logical evidence has associated the dietary consumption of these
flavonoids with reduced risk of developing various diseases, including
cancer [7]. Molecular studies demonstrated that luteolin, quercetin,
and kaempferol have diverse pharmacological activities, including
antioxidant, anti-inflammatory, and anticancer effects [8]. Despite a
large body of epidemiological and preclinical evidence suggesting
potential preventative and therapeutic benefits of flavonoids in
human cancers, very few clinical trials have been or are being
conducted using pure flavonoid compounds or defined compositions.
To provide a standardized formulation of luteolin, quercetin, and
kaempferol for clinical evaluation of their therapeutic efficacy in PCa
patients, we developed ProFine, a unique combination of the three
flavonoids at a specific ratio. In this study, we determined the 77 vitro and
in vivo activities of ProFine in preclinical models of PCa and investigated
the mechanism of action of ProFine against PCa progression.

Materials and Methods

Composition of ProFine

For in vitro studies, ProFine was prepared as a stock solution of
100 mg/ml, containing 24.68 mg/ml luteolin, 26.06 mg/ml
quercetin, and 49.35 mg/ml kaempferol in 100% dimethyl sulfoxide
(DMSO). The composition of ProFine formulation for oral gavage
administration includes inactive ingredients hydroxypropyl methyl-
cellulose (50%, w/v), corn oil (35%, v/v), Tween 80 (5%, v/v), and
ethanol (10%, v/v). Ultrasonication was used to form a
yellow-colored, well-dispersed colloid.

Microarray and Gene Set Enrichment Analysis (GSEA)

Total RNAs from triplicate preparations of ProFine- and
DMSO-treated C4-2 cells as well as reference total RNA samples
were amplified and hybridized to Agilent 44 K whole human genome
expression oligonucleotide microarray slides. Spots of poor quality or

average intensity levels <300 were removed from further analysis.
Analysis of Microarrays (SAM) program was used to analyze expression
differences between groups using unpaired, two-sample 7 tests and
controlled for multiple testing by estimation of g-values using the false
discovery rate method. The genes were ranked according to their # test
scores and used to conduct GSEA to estimate pathway enrichment. We
utilized the Hallmark pathways from within the MSigDBv6.0.

In Vivo Efficacy of Oral ProFine in PCa Xenograft Models

All animal procedures were approved by Augusta University
Institutional Animal Care and Use Committee. For the subcutaneous
(s.c.) model, male athymic nude mice (5 weeks; Harlan Laboratories)
were randomly divided into three groups (z = 5 in control group, 7 = 5
in 100 mg/kg ProFine group, » = 7 in 200 mg/kg ProFine group). A
total of 2 x 10® C4-2-luc cells were mixed with Matrigel and inoculated
subcutaneously into two flanks of each mouse. Twenty-two days
following tumor inoculation, mice were treated with ProFine (100 mg/
kg or 200 mg/kg) or vehicle control, three times per week, via oral
gavage. Tumors were measured three times per week using a caliper, and
tumor volume was calculated using the formula: (width)? x length/2.
Bioluminescence imaging of s.c. C4-2-Luc tumors was also performed.

For the intratibial model, male athymic nude mice (5 weeks) were
randomized and evenly divided into two groups (7 = 8 in control
group, 7 = 9 in ProFine group). For each mouse, a total of 2.0 x 10°
C4-2 cells were inoculated into bilateral tibia. Tumor-bearing mice
were treated with ProFine (100 mg/kg) or vehicle control, three times
per week, via oral gavage. Mice were weighed twice per week,
and tumor growth in bilateral tibia was followed by serum PSA once
a week. At the end point, X-ray radiography was performed using
MX-20 System (Faxitron, Tucson, AZ).

Statistics

Two-way analysis of variance was performed to test the overall difference
across the control and treatment groups during the entire study period. The
effects on animal survival were determined by log-rank survival test. Errors
are SE values of averaged results, and values of P < .05 were taken as a
significant difference between means. All i vitro data represent three or
more experiments. GraphPad Prism 7.0 program (GraphPad Software Inc.,
La Jolla, CA) was used to perform the statistical analyses.

Results

In Vitro Cytotoxicity of ProFine in PCa Cells

ProFine is a defined composition consisting of luteolin, quercetin,
and kaempferol at the molar ratio of 1:1:2. /n vitro cytotoxicity assays
found that, as single compounds, luteolin, quercetin, and kaempferol
have weak to modest activities in PCa cells. For example, the half
minimal inhibitory concentration (ICsq) of luteolin, quercetin, and
kaempferol in androgen receptor (AR)-positive C4-2 cells is 114.02,
55.25, and 157.81 uM, respectively. In comparison, ProFine
exhibited enhanced cytotoxicity compared to any of the three
individual components, with the ICsq of 16.56 pg/ml in C4-2 cells
(equivalent to 14.28, 14.28, and 28.60 uM of luteolin, quercetin,
and kaempferol, respectively) (Figure 14). Indeed, isobologram
analysis showed that the combination index (CI) achieved as low as
0.11 when the three ingredients were used at low concentrations,
indicating a strong synergy among them (Figure 1B; Table S1).
Fluorescence-activated cell sorting analysis demonstrated that ProFine
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Figure 1. /n vitro cytotoxicity of ProFine in PCa cells. (A) Left: MTS cell proliferation assay of the in vitro cytotoxicity of luteolin, quercetin, and kaempferol in C4-2 cells (72 hours);
right: MTS assay of the in vitro cytotoxicity of ProFine in C4-2 cells (72 hours). (B) CompuSyn analysis of the synergistic effect among the ingredients of ProFine. Left: Dose-effect
curve of ProFine and the three individual ingredients in C4-2 cells; right: combination index plot of ProFine in C4-2 cells. Fa: fraction affected; Cl: combination index. (C)
Fluorescence-activated cell sorting analysis of Annexin V expression in C4-2 cells treated with varying concentrations of ProFine (48 hours). (D) MTS assay of the /n vitro cytotoxicity
of ProFine in PCa cell lines (72 hours); (E) left: MTS assay of the in vitro cytotoxicity of docetaxel in the presence of varying concentrations of ProFine in C4-2 cells (72 hours); right:
MTS assay of the in vitro cytotoxicity of enzalutamide in the presence of varying concentrations of ProFine in C4-2 cells (72 hours).
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Figure 2. ProFine affects multiple genes in PCa cells. (A) Heat map of C4-2 transcriptome following the treatment with ProFine (5.8 ug/ml,
6 hours) or control (DMSO). Total RNAs were extracted from triplicate preparations. (B) Hallmark pathway gene set enrichment analysis of
C4-2 cells treated with ProFine (5.8 ug/ml, 6 hours). (C) Pathway enrichment plots of androgen-responsive and apoptosis-related genes,
respectively, in C4-2 cells treated with ProFine (5.8 ug/ml, 6 hours) or DMSO. (D) Selected target genes of ProFine in C4-2 cells, as
validated by quantitative real-time PCR (left) and Western blot analyses (right, ProFine: 11.6 ug/ml; Ctrl: DMSQO).

dose-dependently increased the surface expression of Annexin V,
suggesting that ProFine effectively induced apoptosis in PCa cells
(Figure 1C). Significantly, ProFine exhibited potent cytotoxicity in a
panel of AR-positive PCa cell lines (ICsq ranging between 5.18 and
17.49 pg/ml), including androgen-dependent (LNCaP),
androgen-independent (C4-2B, CWR22Rvl), and
docetaxel-resistant (C4-2B-TaxR) cells. In comparison, ProFine was
less cytotoxic in AR-negative PCa cells, such as PC-3 cells (Figure
1D). The presence of low concentrations of ProFine also significantly
enhanced the iz vitro cytotoxicity of docetaxel and enzalutamide in

C4-2 cells (Figure 1E).

ProFine Affects Multiple Genes

To identify potential molecular targets of ProFine, C4-2 cells were
treated with ProFine at a low concentration of 5.8 pig/ml (equivalent
t0 5.0 pM luteolin, 5.0 uM quercetin, and 10.0 pM kaempferol) for

6 hours, and total RNAs were collected for microarray analysis. The
data showed that 656 genes were significantly upregulated and 428
genes were significantly downregulated (g-value <0.0001) (Figure 24).
GSEA found that ProFine affected multiple pathways (Figure 2B).
Among them, androgen-regulated genes were negatively enriched,
whereas apoptosis-related genes were positively enriched, with a false
discovery rate less than 0.01 (Figure 2C). Quantitative real-time
PCR analyses were further performed to validate the selected genes
(Figure 2D, leff). Expression of several androgen-responsive genes,
including kallikrein related peptidase 5 (KLK5) [9,10], NK3 homeobox
1 (NKX3.1) [11], TMPRSS2 [12], kallikrein related peptidase 3
(KLK3, also known as PSA) [13], prostate transmembrane protein, and
androgen induced 1 (PMEPAL1) [14], was significantly suppressed upon
ProFine treatment. ProFine also markedly increased the mRNA
expression of activating transcription factor 3 (ATF3) and Von
Hippel-Lindau (VHL), two repressors of AR transcriptional activity
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Figure 3. ProFine inhibits AR and survivin signaling in PCa cells. (A) RT-PCR (upper, 24 hours treatment) and Western blot analyses (bottom,
11.6 ug/ml) of AR expression in C4-2 cells treated with ProFine. (B) Upper: Western blot analysis of AR protein expression in C4-2 cells
pretreated with CHX (50 ug/ml, 1 hour) and further treated with ProFine (11.6 ug/ml) or DMSO for the indicated times. Lower: Plot of AR
protein degradation in C4-2 cells treated with ProFine or DMSO. (C) Western blot analysis of AR protein expression in HSP90
immunoprecipitates from C4-2 cells treated with ProFine (11.6 ug/ml, 24 hours) or DMSO. (D) RT-PCR analysis of survivin expression in C4-2
cells treated with ProFine (24 hours); (E) Western blot analysis of p-Stat3, Stat3, survivin, and PARP in C4-2 cells treated with ProFine (11.6 ug/
ml)atindicated times. (F) Upper: Schematic diagram of the Stat3 cis-elements in human survivin promoter; lower: luciferase activity of human
survivin promoters in C4-2 cells treated with ProFine (11.6 ug/ml). (G) Western blot analysis of protein expression of AR, HIF-1a, and VEGF in
C4-2 cells treated with ProFine (11.6 ug/ml). (H) /n vitro tube formation of HUVECs treated with varying concentrations of ProFine (72 hours).

in PCa cells [15,16]. Western blot analysis confirmed the significant
changes in the protein expression of NKX3.1 and ATF3. Expression of
survivin, a crucial survival factor that is implicated in PCa progression
and therapeutic resistance [17], was considerably suppressed. ProFine
treatment also led to a significant reduction in the protein expression of
Slug, a unique androgen-regulated zinc-finger transcription factor
involved in AR transactivation and PCa metastasis [18] (Figure 2D, right).

ProFine Targets AR Signaling

The effects of ProFine on androgen-responsive genes suggested
that ProFine may interfere with AR signaling in PCa cells. Indeed,
ProFine effectively inhibited AR expression at both the mRNA and
protein levels (Figure 3A). Since there was a rapid reduction in AR
protein level following ProFine treatment, we postulated that

posttranslational regulation may be a major mechanism by which
ProFine inhibits AR expression. To that end, we determined the
half-life of AR protein in PCa cells treated with ProFine or vehicle
control. In the presence of cycloheximide (CHX), an inhibitor of de
novo protein synthesis, ProFine treatment significantly reduced the
half-life of AR protein from 19.45 to 5.89 hours (Figure 3B). These
results indicated that ProFine may promote AR degradation in a
proteasome-dependent manner.

Several heat-shock proteins (HSPs), including HSP90, function as
chaperones of AR protein and protect it from degradation [19].
Western blot analyses showed that ProFine only marginally reduced the
protein expression of HSP90 in C4-2 cells (Figure 2D). We further
performed co-immunoprecipitation experiments and found that the
presence of AR protein in the HSP90 precipitates was significantly
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lower than that in the IgG precipitates (Figure 3C), indicating that
ProFine may promote the disassociation of AR and HSP90 and
subsequently subject AR protein to the degradation machinery.

ProFine Inhibits Survivin Transcription

ProFine treatment significantly reduced the expression of survivin
at both mRNA and protein levels (Figure 3, D and E). At the
posttranslational level, the stability of survivin protein is controlled by
the ubiquitin-proteasome pathway [20]. We first examined the effect
of ProFine on survivin protein expression in the presence of CHX.
Unlike its effect on AR protein stability, however, ProFine treatment
did not induce protein degradation of survivin (Figure S1), suggesting
that the suppression of survivin expression may occur mainly at the
RNA level. An examination of potential upstream regulators of
survivin transcription showed that ProFine inhibited the phosphor-
ylation of signal transducer and activator of transcription 3 (Stat3) at
Serine 727 (Figure 3E). Indeed, it has been demonstrated that two
cis-binding elements (located between 1174 and -1166 and between
-1095 and -1087) in the human survivin promoter are critical to
Stat3-dependent survivin transcription [21]. A promoter assay using a
human survivin reporter (pSurvivin-Luc1430) showed that ProFine
effectively inhibited survivin transcription but had a negligible effect
on the reporter activity of pSurvivin-Luc230, a deletion mutant of
pSurvivin-Luc1430 that does not contain two putative Stat3-binding
elements (Figure 3F). These results indicate that ProFine may inhibit
survivin transcription via Stat3-dependent signaling.
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ProFine Inhibits Tube Formation of Human Umbilical Vein
Endothelial Cells (HUVECs)

PCa cells are usually proangiogenic and express high levels of vascular
endothelial cell growth factor (VEGF) [22]. Previous studies have found
that luteolin, quercetin, and kaempferol can have an inhibitory effect on
VEGF expression via hypoxia inducible factor 1ow (HIF-1a) [23, 24].
In C4-2 cells, however, Western blotting showed that ProFine
treatment only marginally inhibited the expression of HIF-low and
VEGF (Figure 3G). On the other hand, ProFine effectively inhibited
the in vitro formation of capillary-like tubes on a basement membrane
matrix by HUVEGC:s (Figure 3H). These results suggested that ProFine
does not affect VEGF expression in PCa cells but may act as an inhibitor
of angiogenesis by directly targeting endothelial cells.

Formulation and Acute Toxicity of Oral ProFine

In a “proof-of-concept” study, intraperitoneal injection of ProFine
(50 mg/kg, 3 times per week) significantly inhibited the s.c. growth of
C4-2-Luc xenografts, as demonstrated by reduced tumor burden and
serum PSA level in the ProFine treatment group (Figure S2, A-C).
ProFine treatment also significantly extended the survival of animals
(Figure S2D), without obvious toxicities (Figure S3A).

We further developed a corn oil-based formulation of ProFine that
can be administered viz oral gavage in animals and serve as a
prototype for nutraceutical manufacturing. The repeated-dose
toxicity of daily oral ProFine (at 200 and 400 mg/kg) was tested in
healthy, male CD-1 mice. Body weights in the ProFine and vehicle
control groups were found to be all reduced during the first week,

p-0.
B 180
=160 @ Kaempferol
g §
E 10 Luteolin
-1 @ Quercetin
F 120 e
£ 100 e
" =———
s
=
3 .
= .5
] \ou_________
.
o °
10 15 20 25
Time (hr)
iv.
60000
o ~@— Kaempferol
£ 50000 ~@-Luteolin
—
?4-0000 & Quercetin
St
=
2 30000
]
E
s 20000
=
& 10000 P O=g
< Qu S
7~ o B = ol
0 5 10 15 20 25
Time (hr)

Figure 4. /n vivo toxicity and pharmacokinetics of ProFine in rodent models. (A) Average body weights of CD-1 mice treated with ProFine
or vehicle control (n = 5 per group) via oral gavage, daily for the first week, then three times per week for the second week (arrow indicates
the time of schedule change). (B) Plasma levels of luteolin, quercetin, and kaempferol at the indicated times in rats administered with
ProFine via oral gavage (p.o.) or tail vein injection (i.v.). n = 3 per group.
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Figure 5. /n vivo effect of oral ProFine on the subcutaneous growth of C4-2-Luc tumors in athymic nude mice. (A) Tumor size and pairwise
comparison of C4-2-Luc xenografts treated with ProFine (100 mg/kg or 200 mg/kg) or vehicle control at the indicated times. (B) Log-rank
survival curve and pairwise comparison of C4-2-Luc tumor-bearing animals treated with ProFine or vehicle control. (C) Upper: H&E, IHC
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Luc xenograft tissues. Scale bar: 100 um. Lower: quantitation of IHC

and TUNEL expression. Weighted index was calculated as the average (intensity X percentage of positive cells) from three random tissue

areas. P values were calculated using Student's ¢ test.

probably from the stress of daily oral administration on the animals.
However, when the schedule of administration changed to three
times per week, all mice gained weight (Figure 44). Complete blood
count and chemistry panel on liver and kidney functions did not show
obvious abnormalities, and major organs appeared normal (data not
shown). These results indicated that oral ProFine is a safe regimen in
rodent models when administered at high doses up to 400 mg/kg.

Pharmacokinetics and Bioavailability of Oral ProFine
Formulation

Flavonoids are well known for their lack of drug-like physico-
chemical properties such as poor bioavailability, which partially
contributes to the limited success in chemoprevention studies [25].
We determined the pharmacokinetic parameters and bioavailability of
the three individual constituents of ProFine in Sprague-Dawley rats.
Figure 4B showed the mean concentration-time profiles of the three
flavonoids in rat plasma after oral gavage or intravenous (i.v.)
administration. The pharmacokinetic results (Table S2) showed rapid

absorption for luteolin and quercetin, and a slower rate of absorption
for kaempferol. Considering the administration concentrations,
luteolin and kaempferol were absorbed more efficiently than quercetin
in rat plasma. Compared with the i.v. route, the oral administration of
ProFine resulted in a bioavailability of 1.30%, 0.91%, and 2.89% for
luteolin, quercetin, and kaempferol, respectively. These results are in
agreement with the reported bioavailability data of the three flavonoids
after oral administration in rodent models [26-28], suggesting that
co-administration of the three ingredients did not significantly alter
their 77 vivo absorption and stability in the circulation.

In Vivo Effect of Oral ProFine on the s.c. Growth of C4-2-Luc

Tumors and Animal Survival

Two doses of ProFine (100 and 200 mg/kg) or vehicle control were
administered via the oral route to male athymic nude mice carrying
s.c. xenografts of C4-2-Luc cells (Figure S4). Tumor sizes were
measured as the primary indicator of tumor growth and response to
treatments (Figure 54). On day 43 following tumor inoculation, all
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mice in the control group had to be euthanized because their tumors
exceeded the allowable sizes. ProFine treatment was continued until
day 60. Statistical analyses showed that there was a significant
interaction between time and treatments, and the tumor sizes in the
ProFine groups were significantly reduced with treatment time.
Compared with the control, treatment with ProFine at both doses
significantly inhibited the growth of C4-2-Luc tumors. Two-way
analysis of variance indicated that both doses resulted in a significant
regression of tumors until day 43. Interestingly, the 100-mg/kg dose
more effectively reduced the C4-2-Luc tumor burden than the
200-mg/kg dose (Figure 54). The median survival time of animals in
each group was determined to be 43 days (control), 60 days (100 mg/
kg ProFine), and 58.5 days (200 mg/kg ProFine), respectively.
Compared with the vehicle control, both doses of ProFine significantly
extended the survival of tumor-bearing mice, as determined by log-rank
test. There was no significant difference in the survival of animals treated
with two doses of ProFine (Figure 5B8). Comparison of the body weights
in the three treatment groups showed slightly reduced body weights of
tumor-bearing mice with ProFine treatment at both doses (Figure S3B),
although no obvious adverse effects on animal behaviors were observed.
Ex vivo examination of the major organs did not find significant
abnormalities.
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The in vivo effects of ProFine on the tissue expression of several
putative targets were analyzed with immunohistochemistry (IHC) in
C4-2-Luc tumor specimens harvested at the specified end points.
Compared with the control group, the 100 mg/kg ProFine—treated
group showed reduced expression of AR and survivin but increased
expression of ATF3. Consistently, ProFine treatment showed
increased staining of terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL), indicating activation of apoptosis.
Significantly, the expression of CD31, an indicator of angiogenesis,
and the presence of tumor-associated microvessels were reduced upon
ProFine treatment (Figure 5C). These data indicate that oral
administration of ProFine was effective in affecting the in vivo
expression of selected target genes, inducing apoptosis and inhibiting
tumor growth and angiogenesis.

In Vivo Effect of Oral ProFine on the Skeletal Growth of C4-2-
Luc Tumors

Previous studies have shown that flavonoids have physiological
effects on bone mineral density and bone metabolism, stimulating
osteoblast activities and inhibiting bone loss [29-31]. To test whether
ProFine has therapeutic benefits in treating bone metastasis, a major
cause of PCa morbidity and mortality, we evaluated the iz vivo
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Figure 6. /n vivo effect of oral ProFine on the intratibial growth of C4-2-Luc tumors in athymic nude mice. (A) Serum PSA levels in C4-2-Luc
tumor-bearing mice treated with ProFine (100 mg/kg) or vehicle control. (B) Log-rank survival curve of C4-2-Luc tumor-bearing animals
treated with ProFine or vehicle control. (C) X-ray radiography of C4-2-Luc tumor-bearing tibias of mice treated with ProFine or vehicle
control, collected at end points. Red arrows: osteolytic lesions. (D) Upper: H&E and IHC staining of AR and survivin expression in C4-2-Luc
bone tumors. Scale bar: 100 um. Lower: Quantitation of IHC expression of AR and survivin in bone tumors. P values were calculated using

Student's t test.
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efficacy of oral ProFine in the intratibial model of C4-2-Luc cells.
Statistical analysis showed that the average PSA expression in the
ProFine group was significantly reduced with treatment time. There
was a significant difference in PSA values between the two groups of
mice, with the average PSA level at the end point being 196.84 + 0.0
ng/ml (control) and 105.21 + 46.67 ng/ml (ProFine), respectively
(Figure 6A4). ProFine treatment was also associated with higher body
weights at the end point (Figure S3C). The median survival time of
animals in each group was determined as 70 days (control) and 91 days
(100 mg/kg ProFine). However, in contrast to the observed effects in
the subcutaneous model, there was no significant difference in the
survival rates between the control and ProFine groups (Figure 6B).
ProFine treatment resulted in reduced osteolytic lesions and improved
bone architecture in mice bearing C4-2-Luc tumors (Figure 6C). IHC
studies demonstrated that ProFine reduced the expression of two major
targets, Z.e., AR and survivin, in C4-2-Luc bone tumors (Figure 6D).
Taken together, these results indicated that, as a monotherapy, ProFine
retards the progression of bone metastatic PCa and improves
pathological characteristics (such as bone architecture) but does not
demonstrate survival benefits in tumor-bearing mice.

Discussion

Epidemiological studies have suggested an association between the
dietary consumption of luteolin, quercetin, and kaempferol and
reduced risk of human cancers [32]. A recent meta-analysis of
multiple case-control and cohort studies revealed that for the three
flavonoids combined, there is a significant reduction of overall risk of
lung, colorectal, gastric, breast, ovarian, endometrial, renal, and
pancreatic cancers [33]. On the other hand, these flavonoids may
affect cancer risk differentially, and epidemiological evidence of their
effects in certain cancer types (such as PCa) remains inconsistent and
inconclusive [33, 34]. In this study, we sought to develop a defined
nutraceutical composition of the three flavonoids for further
evaluation of their clinical benefits in PCa management. Our results
demonstrate that ProFine exhibits potent cytotoxicity in PCa cells
and targets multiple genes implicated in PCa progression, including
AR and survivin. In rodent models, ProFine is biologically available
and does not exhibit significant toxicity and side effects. Significantly,
oral administration of ProFine effectively retards the /7 vivo growth of
PCa and extends the survival of tumor-bearing animals.

The in vitro and in vivo effects of luteolin, quercetin, and
kaempferol as single agents have been, respectively, evaluated in
various experimental models of human cancers [25]. However, their
anticancer activities appear to be suboptimal in most studies [35-38].
These observations point to a need to improve the anticancer efficacy
of flavonoids for further translational application [25, 39]. We have
utilized a strategy of “combinational treatment” and formulated
ProFine as a specific mixture of luteolin, quercetin, and kaempferol,
with the expectation to achieve a complementary and synergistic
interference with multiple oncogenic signals implicated in PCa
pathogenesis. Indeed, the combination synergistically enhanced the
in vitro cytotoxicities of the three individual components, as
demonstrated by the isobologram analysis (Figure 1, A4 and B, Table
S1). Consistently, the intraperitoneal injection of ProFine at 50 mg/kg
significantly suppressed the s.c. growth of C4-2-luc tumors (Figure S2).
The equivalent amounts of luteolin, quercetin, and kaempferol at
this dosage are 12.34, 13.03, and 24.68 mg/kg, respectively, which

are markedly lower than those used as single agents in other studies

(50-150 mg/kg) [35-38]. Impressively, oral administration of ProFine
at a low dose of 100 mg/kg effectively inhibited tumor growth and
extended the survival of tumor-carrying mice (Figure 5). These data
demonstrated that the combinational approach could improve the
anticancer efficacy of these natural compounds without increasing
dosage.

As a group of closely related polyphenolic metabolites, luteolin,
quercetin, and kaempferol exert their anticancer activities by inducing
cell cycle arrest, activating apoptosis, and inhibiting migratory and
invasive capabilities [8]. Our microarray studies showed that at a low
concentration of 5.8 pg/ml, ProFine significantly inhibited
AR-dependent genes, which may contribute to the potent activity
in AR-positive PCa cells (Figure 1D). Given the central role of AR
signaling in PCa progression, we further performed detailed studies to
understand the mechanism by which ProFine suppresses AR
expression and activity. The results showed that, at the protein
levels, ProFine may promote AR protein degradation by interfering in
the physical interaction between AR and HSP90 (Figure 3, Band C).
This is particularly interesting since it has been demonstrated that
luteolin can directly bind HSP90 and promote the protein
degradation of HSP90-interacting partners, such as p-Stat3(Ser727)
[40]. Therefore, it is plausible that the luteolin component of ProFine
may play a major role in interfering the HSP90-AR interaction and
facilitating AR protein degradation. At the transcriptional level,
ProFine effectively inhibited AR mRNA in PCa cells (Figure 3A).
Although the exact mechanism remains to be delineated, a possible
clue is that ProFine can suppress the expression of HSP27
(Figure 2D), a factor implicated in the transcriptional regulation of
AR [41]. Interestingly, it has been shown that quercetin is capable of
decreasing HSP27 in breast cancer cells [42]. ProFine also
significantly increased the expression of the AR suppressor ATF3
and reduced the expression of the AR coactivators p-Stat3 and Slug
[15,18,43]. Taken together, these results indicated that ProFine has a
profound impact on AR signaling, a prominent target for PCa
therapy. These molecular effects, in addition to the inhibition of
Stat3-survivin signaling and angiogenesis, may collectively contribute
to the potent anticancer activities of ProFine in cellular and animal
models (Figure S5).

Naturally occurring flavonoids are extensively metabolized on
ingestion and affected by phase 2 metabolism, therefore usually having
low bioavailability [44]. Interestingly, the circulating concentrations of
many flavonoids have been reported in the range of 1-5 uM, whereas
most 772 vitro studies used concentrations of 50-100 uM in cell culture
[45,46]. In our studies, the iz wvitro concentrations of the three
flavonoids are 5-10 uM (luteolin), 5-10 uM (quercetin), and 10-20 pM
(kaempferol), respectively. Following oral gavage administration of
ProFine at the dose of 100 mg/kg, the maximum plasma concentrations
of these flavonoids in rats are 0.44 pM (127.33 ng/ml, luteolin),
0.17 uM (51.94 ng/ml, quercetin), and 0.57 uM (164.85 ng/ml,
kaempferol) (Table S1), which are consistent with the reported
bioavailability [26-28]. These observations indicate that the in vitro
effects of pure compounds or active ingredients may not directly reflect
the physiology levels and iz vivo effects of the components, and caution
must be taken when trying to make a correlation between the in vitro
cytotoxicity and in vivo efficacy of ProFine or its flavonoid ingredients
in animals or humans.

Flavonoids are generally thought to be safe in animals and humans,
as supported by a large body of preclinical and clinical observations.
The human daily consumption of flavonoids ranges from 23 to 1000
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mg, depending on the sources of foods [25]. Specifically, the acute
oral toxicity (LD50) of luteolin in rats has been calculated as >5000
mg/kg. Quercetin is on the FDA Generally Recognized as Safe list,
and human daily intakes of up to 1000 mg for several months have
produced no adverse effects. Oral administration of kaempferol at a
daily dose of 200 mg/kg did not result in any toxicity in rats.
These results are consistent with our study in which oral ProFine at
doses up to 400 mg/kg did not have obvious adverse effects in rodents
(Figure 4A4). The therapeutic dosage of 100 mg/kg used in our study
is equivalent to 8.3 mg/kg (or 308 mg/mz) in adult humans, which
falls well within the safe dosage range of dietary flavonoids and can be
readily translated into clinical testing in humans.

Optimal dose selection has been a significant challenge in oncology
trials. Traditionally, the maximum tolerated dose is used to determine
the dosage for clinical phases. However, accumulating evidence
indicates that the maximum tolerated dose approach is likely
associated with unnecessarily high doses, thereby increasing toxicity
and compromising efficacy [47]. This complex, nonlinear
dose-response relationship of investigational drugs has been observed
in multiple human and animal studies. Of particular interest, the
high-dose intakes of dietary supplements have shown little or even
harmful effects in clinical trials, such as the Selenium and Vitamin E
Cancer Prevention Trial [48]. These disappointing data have raised
serious concerns over the assumption that high-dose use of
antioxidants, such as vitamin E, B-carotene, and other natural
compounds, can prevent cancer initiation and progression by
scavenging free radicals. In fact, recent studies have challenged the
notion of “more is better” and suggested that low-dose use of
antioxidants may be more beneficial in chemoprevention, presumably
by maintaining certain levels of reactive oxidant species and triggering
cellular defense mechanisms [49, 50]. Intriguingly, our results
showed that low concentrations of ProFine exhibited significant
effects on the expression of multiple targets at the molecular level, and
demonstrated stronger synergy in cytotoxicity assays when the three
components were all used at low doses (Figure 1B, Table S1). Further,
low-dose (100 mg/kg) administration of ProFine is more effective
than high-dose (200 mg/kg) treatment in suppressing tumor growth
in animal studies (Figure 54). These observations are in line with the
concept of “less is better” or hormesis in cancer therapy, which
proposes that low-dose treatment can elicit better efficacy than high
dosage [51]. Given the fact that the three ingredients of ProFine are
well-known antioxidants [7], it is plausible that the greater anticancer
activity of low-dose ProFine compared to the high dose may have a
similar mechanistic basis to that of other natural compounds, such as
resveratrol in colorectal cancer [49]. With the identification of
putative targets of ProFine (e.g., AR, ATF3, survivin), it is possible to
more precisely evaluate the dose-dependent effect on tumor
progression and provide a basis for defining safe and biologically
efficacious doses for clinical trials [47].

Several large-scale and long-term follow-up studies found that in
patients with low-risk PCa, there are no significant differences in
mortality between men who underwent radical prostatectomy and
those treated with observation or active monitoring only [52,53].
These studies support the expanding use of active surveillance as a
major approach for the management of low-risk PCa. On the other
hand, patients receiving observation or active surveillance have a
higher frequency of treatment for disease progression, and among
them, those with intermediate-risk PCa are at higher risk for
progression to metastatic status and mortality [2]. Clearly, there is a

need to develop new interventions to retard disease progression,
prevent the occurrence of metastasis, and improve the quality of life in
patients with low- to intermediate-risk PCa. Interestingly, in addition
to its anticancer activity against the iz vivo growth of PCa, ProFine
significantly inhibited the i7 vitro migration and invasion of PCa cells
in “wound-healing” and Transwell studies (Figure S6), indicating that
ProFine may suppress or retard the metastatic spread of PCa cells, the
major cause of PCa mortality. Currently, we are planning a phase I/11
trial to evaluate the safety and efficacy of ProFine in the clinical
setting. These future studies, in addition to the evidence presented
here, will support the promise of ProFine as a safe, efficacious, and
affordable nutraceutical with standardized composition to control
PCa progression, reduce metastasis, and improve clinical outcomes.

Appendix A. Supplementary data
Supplementary data to this article can be found online at hteps://
doi.org/10.1016/j.ne0.2018.06.003.
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