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Abstract

Scope—Plant polyphenols are widespread in the American diet, yet estimated intake is uncertain. 

We examine the application of the Polyphenol Explorer® (PED) database to quantify polyphenol 

and ellagitannin (ET) intake of men with prostate cancer and tested the implementation of diets 

restricted in polyphenols or ETs.

Methods and results—Twenty-four men enrolled in a 4-week trial were randomized to usual, 

low-polyphenol or low-ET diet. Estimated polyphenol and ET intakes were calculated from 3-day 

diet records utilizing the PED. Urine and plasma metabolites were quantified by UPLC-MS. 

Adherence to the restricted diets was 95% for the low polyphenol and 98% for low-ET diet. In the 

usual diet, estimated dietary polyphenol intake was 1568 ± 939 mg/day, with coffee/tea beverages 

(1112 ± 1028 mg/day) being the largest contributors and estimated dietary ET intake was 12 ± 13 

mg/day. The low-polyphenol and low-ET groups resulted in a reduction of total polyphenols by 

45% and 85%, respectively, and omission of dietary ETs. UPLC analysis of urinary host and 

microbial metabolites reflect ET intake.

Conclusion—PED is a useful database for assessing exposure to polyphenols. Diets restricted in 

total polyphenol or ET intake are feasible and UPLC assessment of ET metabolites is reflective of 

dietary intake.
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1 Introduction

Systematic reviews of the accumulated scientific literature on diet, nutrition, and cancer 

support public health recommendations for cancer prevention [1,2]. Consistently, a plant-

based diet enriched in fruits, vegetables, and whole grains is the foundation of a cancer 

prevention dietary pattern [1, 2]. Multiple classes of bioactive components present in plant 

foods are hypothesized to impact humans via diverse mechanisms to reduce cancer risk. 

Polyphenols represent a large group of bioactives and includes over 500 chemically distinct 

classes of compounds [3] and a number of dietary polyphenols have been shown in 

laboratory studies to have anti-cancer bioactivity [4–7], including studies of prostate cancer 

(PCa) [8–12]. The chemical complexity of polyphenols presents a challenge for 

epidemiologists to estimate intake of polyphenols as a group or individual polyphenols in 

human studies. In recent years, there has been progressive improvement in standardized 

laboratory methods for analysis of food polyphenols [13]. Much like nutrients and other 

non-nutrient bioactives, we need to remain cognizant of the fact that content in a specific 

food item will vary among varieties of plant species, with growing conditions, time of 

harvest, and food processing [14–16]. Progress in the assessment of polyphenol intake in 

humans is one critical missing link in our understanding of how fruits and vegetables may 

impact health and particularly cancer risk.

The Polyphenol Explorer® database (PED) was established in 2009 as a resource to assist 

investigators in the assessment of polyphenol content of foods and estimation of human 

exposures [11]. With continual updates, the PED is the most comprehensive polyphenol 

database, containing over 450 foods and 500 polyphenols [11]. The PED includes 

quantitative data from the published literature as assessed by two different methods, the 

Folin–Ciocalteu (FC) assay or chromatography. The database is currently the most inclusive 

resource to translate dietary intake data from clinical studies or epidemiologic investigations 

to estimates of exposure to total polyphenols or specific classes of compounds [3, 13]. 

Although the PED is not conclusive of all foods typically consumed in the American diet, it 

currently serves as our most comprehensive tool for assessment

Our research team is preparing for a phase II clinical trial testing the ability of polyphenol 

rich foods to modulate human prostate carcinogenesis. In order to proceed with experimental 

designs that will allow us to precisely evaluate the metabolites of polyphenols by targeted 

metabolomic strategies and to assess biomarkers of bioactivity we must first define the 

baseline exposure in men of the age range targeted for clinical trials. We also aim to address 

the feasibility of developing and implementing controlled diets that are low in total 

polyphenols or a specific class of polyphenols called ellagitannins (ET)s. Thus, based upon 

the PED we have defined the predicted major contributors to polyphenol intake in free-living 

American men and specifically to ET intake. In addition, we developed a low-polyphenol 

and low-ET dietary pattern and assessed feasibility and compliance in a clinical trial of 4-
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weeks duration. In parallel, we examine profiles of metabolites by HPLC-MS. Several 

studies examining the impact of ET rich food products have instituted low-polyphenol diets 

to minimize background dietary polyphenols and increase analytic precision within 

biological samples [6, 7, 17], which is a formidable challenge for adherence in studies of any 

significant duration. Thus, our efforts to define usual intake of polyphenol classes using the 

current PED followed by a comparison of the usual diet to the low-polyphenol and low-ET 

dietary patterns for compliance and biomarker assessment will provide data that will inform 

the design of future clinical trials aimed at evaluating the biological activity of food products 

rich in polyphenols and ETs for PCa prevention.

We have chosen to focus upon ETs based upon basic and human studies suggesting that 

these compounds or metabolites may impact carcinogenesis [9, 11, 18–30]. In the large 51 

000 man Health Professional’s study, it was reported that 0.5 cup/week of strawberries 

consumed was associated with a lowered risk of PCa (RR 0.80; 95%CI = 0.57–1.10; P-trend 

= 0.005) [31]. Black raspberries (BRB) are consumed too infrequently to be quantified from 

epidemiologic studies yet have a similar phytochemical pattern to strawberries, but contain a 

much greater concentration of ETs [8]. Our efforts benefit from improvements in the 

analytic tools to assess ETs and metabolites, yet quantification of specific compounds as 

biomarkers reflecting a dose response of individual exposure to dietary ETs has not been 

fully validated [32]. Dimethylellagic acid (DMEA) and urolithin derivatives are proposed 

ET metabolites that may serve as biomarkers, yet the pathways by which these compounds 

are produced is not fully understood [32–36].

The goals of this study are as follows: (i) to apply the PED to 3-day diet records to estimate 

intake of polyphenols and ETs in free-living men with PCa and the major foods contributing 

to intake, (ii) to develop two dietary interventions aimed at reducing either total polyphenol 

intake or ET-rich foods, (iii) to test adherence to a low-polyphenol or low-ET diet during a 

4-week clinical trial, (iv) to compare estimated polyphenol intake based upon the two assays 

available in the PED database (FC assay and Chromatography assays), and (v) to measure 

changes in ET metabolites by dietary intervention and determine relationships to dietary 

exposure.

2 Materials and methods

2.1 Study population

Study participants (N = 58) were recruited from the multidisciplinary Prostate Cancer Clinic 

of The James Cancer Hospital at The Ohio State University. Men had biopsy-proven 

clinically localized adenocarcinoma of the prostate and had selected a radical prostatectomy 

for curative treatment of their PCa. Men were ineligible if they were currently receiving 

treatment for PCa or if they had a history of any digestive, metabolic, or malabsorptive 

disorders requiring a specialized diet. Written informed consent was obtained from the 

patient to participate in this study. Patient dietary records were collected and analyzed under 

approval from The James Cancer Hospital/The Ohio State University Cancer Institutional 

Review Board. The study was registered at clinicaltrials.gov (NCT01823562).
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2.2 Intervention, diet education, and assessment

The first 24 men enrolled into the study were randomized to one of three diets: regular diet 

(control group), low-polyphenol diet or low-ET diet (Fig. 1) and are the focus of the 

analyses presented. The remaining men we assigned to an intervention trial and these results 

will be reported in subsequent publications. The control group of eight men was asked to 

continue their typical intake and to record their intake of polyphenol and ET-rich foods and 

beverages on a daily food checklist, which was based upon a literature review of dietary 

sources of polyphenols and/or ET foods in addition to data available in the PED (Supporting 

Information data A) [37, 38]. The daily food checklist was designed to ensure we were 

capturing usual intake of polyphenol and ET-rich foods from the 3-day diet records. The 

low-polyphenol diet was designed to omit or limit the major foods identified as being a rich 

dietary sources of polyphenols based upon the PED [37–39]. Values used to differentiate 

between low-, moderate- and high-dietary sources of polyphenols were established by 

determining natural tertiles of the top 100 foods in the PED [38]. Men were educated to 

abstain from foods containing greater than 50 mg/serving of total polyphenols with the 

exception of 8 ounces of coffee (215 mg/100g) or tea (101 mg/100g) (Supporting 

Information data B) [39]. Foods containing 10–50 mg/serving of polyphenols were limited 

to a daily maximum of two servings and foods containing less than 10 mg/serving were 

unrestricted. Men were asked to document daily servings of high (>50 mg/serving) and 

moderate (10–50 mg/serving) polyphenol-rich foods per day on the daily food checklist 

(Supporting Information data B) [39]. The low-ET diet was designed to omit any known 

dietary sources of ETs. Dietary ETs were identified through an in-depth literature search [8, 

37, 40–42] and through the use of the PED [3,38,39]. Men documented all ET-rich foods 

consumed in the daily food checklist (Supporting Information data C). In addition to 

checklists noted above for documented their intake of polyphenol-rich and/or ET-rich foods 

(Supporting Information data A–C) all men were instructed to complete a 3-day diet record 

on two non-consecutive week days and one weekend day.

2.3 Dietary compliance

A daily food checklist (Supporting Information data A–C) was developed to document the 

consumption of polyphenol and ET-rich foods. This approach accounts for exposure to 

polyphenol-rich dietary components, such as jams and fruit-based sauces, in the 

quantification of compounds. Compliance to the intervention diets was determined by 

calculating the percentage of days on study where the dietary restriction was adhered to 

exactly as instructed as determined from self-reported records. Data is reported as percent 

compliant days on study.

2.4 Diet analysis

Three-day diet records collected during the study period were entered into the Nutrition Data 

System for Research (2012 version) for macro- and micronutrient diet analysis. To estimate 

total polyphenol content, all foods reported on three-day diet records were entered into the 

PED Version 3.5 to retrieve mean polyphenol content values expressed as mg/100g food 

fresh weight for all foods available in the database. Total polyphenol content was considered 

the sum of all individual polyphenols from chromatography without previous hydrolysis 
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(Reverse Phase and Normal Phase High Performance Liquid Chromatography), except foods 

contained in a complex food matrix identified by Perez-Jimenez et al. where 

chromatography after hydrolysis was used and proanthocyanidin oligomers and polymers 

were measured by normal-phase HPLC [39]. Total polyphenol intake is reported as average 

+/− SD milligrams per day. All foods containing trace amounts of polyphenols such as 

animal foods were excluded from the PED and therefore, were excluded from analysis [39].

To estimate total ET content, all foods reported on three-day diet records were entered into 

the PED Version 3.5 to retrieve mean ET content values expressed as mg/100g food fresh 

weight for all foods available in the database. Dietary ET intake was estimated using the 

PED data from chromatographic analysis after hydrolysis and reported as average 

milligrams per day.

Because the PED lists whole foods only and not mixed dishes (like spaghetti) or few multi-

ingredient foods (like pastries), it was necessary to estimate relative content of whole food 

ingredients in many foods documented by study participants. In order to do this consistently, 

we employed the USDA recipe database to calculate quantities of polyphenol containing 

ingredients in mixed foods.

Total dietary phenolic intake was estimated using data from the FC assay collected in the 

PED. Foods consumed, for which the PED did not have FC measures of polyphenol content, 

were excluded from the current analysis (bread, pumpkin, grape juice, cinnamon, walnut, 

peas, blackberries, rice, bran, chocolate milk, applesauce, soy sauce, pasta, strawberry jam, 

vinegar, oat bran, tofu and lime).

2.5 Urine collection

Each subject provided a spot urine sample at baseline and a 24-h urine sample after dietary 

intervention. The entire urine volume was collected by the subjects in Simport Urisafe® 4-L 

urine container. The 24-h urine samples were preserved with boric acid. Prior to being 

frozen, spot and 24-h urine samples were separated into 5 mL aliquots and 250 μL of 5% 

formic acid was added to each tube. Urine samples were immediately stored at −80°C until 

analysis.

2.6 Urine sample extraction for UPLC-MS/MS analysis

Urine samples were thawed and 0.5 mL was diluted with 0.5 mL of 2M sodium acetate 

buffer at a pH of 5.5. Glucuronidase/sulfatase (S9626, Sigma Chem. Co., St Louis, MO) was 

added (10 μL of 54 mg/mL) and incubated for 2 h at 37°C. Samples were extracted twice 

with 3 volumes of diethyl ether. The supernatants were pooled and dried under nitrogen. The 

residue was dissolved with 200 μL methanol in an ultrasonic bath. The solution was then 

filtered through a 0.2 μm nylon syringe filter for injection into the HPLC-MS/MS.

2.7 Plasma sample extraction for UPLC-MS/MS analysis

Plasma samples were thawed and homogenized using probe sonication with 1 mL of 

acetonitrile added to 0.5 mL plasma. Samples were centrifuged and the supernatant 

collected. 1 mL 2:1 acetonitrile:water was added to re-suspend the pellet with probe 
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sonication. The supernatants were pooled and dried under nitrogen. The residue was re-

suspended in 0.5 mL water, and then homogenized with 0.5 mL of 2M sodium acetate buffer 

at a pH of 5.5. The mixture was then combined with 10 μL of 54 mg/mL glucuronidase/

sulfatase (S9626, Sigma Chem. Co., St. Louis, MO) and incubated for 2 h at 37°C. Samples 

were extracted twice with 3 volumes of diethyl ether. The supernatants were pooled and 

dried under nitrogen. The dry residue was dissolved with 200 μL methanol in the ultrasound 

bath. The solution was then filtered through a 0.2 μm nylon syringe filter for injection into 

the HPLC-MS/MS.

2.8 UPLC-ESI-MS/MS analysis

All samples were analyzed using the Nutrient & Phytochemical Analytic Shared Resource at 

The Ohio State University. Samples (5 μL) of digested extract were injected onto an UPLC 

system (Acquity UPLC, Waters Corp., Milford, MA) and separated on a 50×2.1 mm ID 

BEH C18 1.7um column with a linear gradient of 1% (v/v) formic acid in water versus 1% 

(v/v) formic acid in acetonitrile. The composition was held at 10%B for 0.5 min and then 

increased linearly to 55.5%B by 4 min, through 88.9%B by 5 min, and re-equilibrated 

through 6.5 min. Column temperature was 40°C and flow rate of 0.75 mL/min.

UPLC eluate was introduced to a triple quadrupole mass spectrometer (Quattro Ultima, 

Waters Corp., Beverley, MA) via an electrospray probe operated in positive ion mode 

without splitting flow. Standards of urolithin D, C, A, B, methyl A, and dimethyl A were 

used for external calibration. MS/MS transitions included 261>171, 199 for urolithin D, 

245>155, 183 for urolithin C, 229>128, 157 for urolithin A, 259>183 for methyl urolithin C, 

213>115, 141 for urolithin B, 243>171, 184 for methyl urolithin A, and 257>198 for 

dimethyl urolithin A. Dimethyl ellagic acid was monitored in electrospray negative polarity 

during the same analysis and 329>299, 314 transitions were used for detection. MS source 

parameters included 500°C desolvation temperature, 800 L/h desolvation gas (N2), and 

3×10−3 mBar collision gas pressure (Ar).

Baseline urine analysis was determined from a spot urine collection and metabolite profiles 

were normalized to urinary creatinine levels. Final urinary analysis was based on a 24-h 

urine collection and metabolite profiles were normalized to 24-h urine volumes.

2.9 Identification and quantification of ET metabolites

Urolithin A, B, C, D in addition to hydroxyl urolithin C, dimethyl ellagic acid, methyl 

urolithin A and dimethyl urolithin A were targeted for identification and quantification in 

both urine and plasma samples. Methyl urolithin C and dimethyl ellagic acid were 

tentatively identified according to their accurate mass (run separately on a QTOF instrument, 

6550, Agilent Technologies, Santa Clara, CA), fragmentation, and UV absorption consistent 

with structure. Responses of these two compounds are reported in response units and due to 

the linearity of response can be used for comparative purposes between samples. Tentative 

detection of hydroxy urolithin C was made based on it being isobaric with urolithin D and 

similar chromatography and fragmentation. The MS/MS transitions for urolithin D afforded 

signals for hydroxyl urolithin C with a peak eluting just after the urolithin D standard. 

Experimental agents were synthesized according to reported literature protocols [43–45]. In 
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general, these compounds were prepared through condensation reactions of appropriately 

substituted 2-bromobenzoic acids with either resorcinol for the preparation of urolithins A, 

B, and C or 2,3-dimethoxyphenol in the case of urolithin D. Demethylation of aromatic 

methoxy substituents was subsequently accomplished with hydrobromic acid in acetic acid 

to complete the syntheses of urolithins A, C, and D. Dimethyl urolithin A was prepared 

through methylation of the corresponding phenol of methy urolithin A [44]. The chemical 

identity of all compounds was confirmed based on obtained HRMS and NMR data. The 

NMR spectral properties of all compounds were found to be identical to reported values for 

urolithin A, methyl urolithin A, dimethyl urolithin A [44], urolithin B [46], urolithin C [47], 

and urolithin D [48].

2.10 Statistical analysis

Data are presented as means (± SD) for normally distributed continuous variables, medians 

and interquartile ranges (IQR) for variables not normally distributed, and percentages for 

categorical variables. The mean intake of all polyphenol subclasses and total polyphenols in 

this cohort were determined and stratified by diet intervention. Differences between groups 

were tested by analyses of covariance (ANOVA), and differences below the probability level 

(p < 0.05) were considered significant. When the normality assumption of ANOVA was 

violated the non-parametric Kruskal-Wallis test was used to test for significant differences 

between the groups. Statistical analyses were performed with STATA software (Stata/IC 

12.0; College Station, TX).

3 Results

3.1 Study population

The average age of the 24 men enrolled was 64 years (range 49 to 79) with mean body mass 

index of 30.5 kg/m2 (Table 1). There were no significant differences in age and 

anthropometric measurements between the three groups at baseline (data not shown). 

Analysis of the 3-day diet records indicated no significant differences between groups for 

energy, fat, carbohydrate, protein or fiber intake (p = 0.659, p = 0.598, p = 0.948, p = 0.362 

and p = 0.068, respectively) (Table 1). There was significantly greater dietary intake in fruit 

and grain intake in the control group compared to the low-polyphenol and low-ellagitannins 

groups (p = 0.005 and p = 0.003, respectively) (data not shown).

3.2 Dietary compliance

Dietary compliance was assessed for the low-polyphenol and low-ET diet groups. Men on 

the low-polyphenol diet complied with the dietary prescription for 95% of total days on 

study and men on the low-ET diet complied with the prescribed diet 98% of total days on 

the study (Table 2). Consumption of more than eight fluid ounces of polyphenol-rich 

beverages (i.e., coffee, tea, beer) was the major contributor to non-compliance in the low-

polyphenol diet. Non-compliance on the low-ET diet was reflective of wine intake, typically 

consumed during religious practices which occurred in <1% of the days on study.
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3.3 Estimated total dietary polyphenols: Chromatography

Estimated total dietary polyphenols intake based on PED chromatography data was 

determined for all three groups. Estimated dietary polyphenol intake varied significantly 

between groups. The control diet group consumed 1568 ± 939 mg/day compared to the low-

polyphenol and low-ET groups (238 ± 248 mg/day and 840 ± 667 mg/day, respectively; p = 

0.004; Fig. 1). Diet education to reduce polyphenol-rich foods led to > 85% reduction in 

total polyphenols compared to the controls. Diet education for men on the ET-restricted diet 

led to a 45% reduction in estimated polyphenol intake compared to the control group. A 

significant reduction in total polyphenol intake in the two intervention groups were largely 

reflective of reduced coffee and/or tea consumption (p = 0.021; Table 3). The low-

polyphenol diet group included a daily coffee and tea restriction (≤ 1c. per day), whereas 

this restriction was not necessary for a low-ET diet. The low-ET diet group had an eightfold 

higher consumption of tea/coffee compared to the low-polyphenol diet (Table 3). 

Furthermore, coffee and/or tea were the greatest contributors of polyphenol intake in all 

groups (control 70.9%, low polyphenol 40.1%, low ET 86.8%; Table 3).

When stratifying total polyphenol intake across all three diet groups by polyphenol 

subclasses, phenolic acids and flavonoids are the greatest contributors to total estimated 

polyphenol intake. In the control group, phenolic acids contribute 72% and flavonoids 24% 

of the estimated total polyphenols in the diet. Phenolic acids contributed to 52% of total 

polyphenols in the low-polyphenol group and 76% in the low-ET group, whereas flavonoids 

contributed to 44% and 23%, respectively. Despite differences in total polyphenol intake 

between groups, phenolic acids contributed to the greatest intake amongst the polyphenol 

subclasses. Interestingly amongst all groups, coffee is the main food source within the 

phenolic acids (control 93%; low polyphenol 76%; low ET 59%) (Table 4).

3.4 Estimated total dietary phenolics: FC assay

Estimated total dietary phenolics using data derived from the FC assay were determined for 

all three diet groups [39]. Estimated dietary phenolic intake varied significantly between 

groups. The control group consumed an estimated 2405 ± 1465 mg/day compared to the 

low-polyphenol and low-ET groups (554 ± 305 and 1288 ± 777 mg/day, respectively; p = 

0.003; Fig. 1). Diet education aimed to restrict total polyphenol-rich foods led to a 77% 

reduction in phenolics compared to the control group, whereas the diet education to reduce 

total ET-rich foods led to nearly a 47% reduction in estimated polyphenol intake compared 

to the control group (Fig. 1).

3.5 Estimated total dietary ellagitannin: Chromatography after hydrolysis

Dietary ET intake was calculated based upon chromatography after hydrolysis [3] and 

estimated to be 12 ± 13 mg/day in the control group with a range of intake from 0 mg/day to 

a maximum of 35 mg/day (Table 5). Subjects in both dietary restriction groups reported no 

dietary intake of ETs on 3-day diet records; therefore, no sources of dietary ETs were 

reported in the low-polyphenol or low-ET diets. Within the control group, ET intake was 

estimated from five main foods sources: strawberries, blackberries, walnuts, pomegranate 

juice and preserves. Fresh berries contributed to nearly half of the estimated ET intake from 
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the diet (42%) while nuts, fruit juices and preserves account for the other half of dietary ET 

intake (Table 5).

3.6 Urinary and plasma ellagitannin metabolites

Men in the control group had the greatest quantity of ET metabolites in the urine (Table 6). 

A statistically significant difference in urolithin A was detected between groups with the 

highest range of detection noted in the control group and the highest median intake detected 

in the low-polyphenol group (p = 0.012; Table 6). Urolithin C was not detectable in any 24-h 

urine specimens of the men receiving a dietary intervention, but di-methyl ellagic acid was 

detected in four men in the control group (Table 6). Although urolithin B and D were 

detected in the 24-h urine specimens of all three groups, there was no statistically significant 

differences detected between groups (p = 0.255 and 0.719, respectively; Table 6).

Urolithin A, B, C, D, di-methyl ellagic acid were all included in the plasma analysis. 

Urolithin A and urolithin D were the only metabolites detected. Subnanomolar 

concentrations of urolithin A were detected in the baseline plasma specimens of five subjects 

while no urolithins were detected at the end of the study in any group. Due to the low-

detection rates, statistical analysis was not possible.

4 Discussion

The data presented provides information that will assist investigators regarding the design 

and implementation of interventions with polyphenol-rich foods or polyphenol-based dietary 

patterns in human studies. We have employed valuable tool, which is being continuously 

updated, the PED to define the typical exposure to polyphenols in men with PCa who had 

undergone a prostatectomy and to a specific class of polyphenols known as ETs. We have 

further defined and evaluated a low-polyphenol or low-ET dietary pattern with similar 

excellent compliance over a period of several weeks, indicating that either of these 

interventions could be utilized as a control diet or background diet for studies of specific 

polyphenol rich foods focusing on bioactivity and mechanisms of action. Finally, we have 

documented the impact of these interventions on biomarkers of exposure using a targeted 

metabolomic HPLC-approach focusing upon ET metabolites.

Food-based intervention trials are typically more complex than pharmaceutical-based 

interventions for many reasons. Most critically, unlike drugs, a study population is often 

exposed to various amounts of a specific food or component under study. In the case of 

polyphenols which are found in many foods, a clinical intervention trial may require a 

control group is established with a restricted polyphenol intake. Several have attempted a 

total polyphenol depleted diet, an approach that may be possible and potentially useful for 

short term studies, but such an extreme diet is not easily achieved for longer studies of 

biomarkers relevant to cancer risk and prevention. For example, one study implemented a 

diet which is devoid of all fruits, vegetables, whole grains, seasonings and most beverages 

(including tea and coffee) other than milk, water and grain alcohol [17], which is 

challenging for adherence in studies of any significant duration. Thus, a controlled 

polyphenol diet, allowing modest intake, designed to greatly reduce exposure but provide for 

greater compliance can be considered. Other studies target a low-ET diet [28, 34], but there 
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is no data comparing compliance with a low-polyphenol vs. a low-ET diet and their impact 

on systemic biomarkers of metabolites. One of our goals is to define a low-polyphenol 

dietary pattern and a low-ET dietary pattern that are feasible for longer term studies. The 

first step in this process is knowledge regarding the typical polyphenol consumption on the 

population of interest. The usual polyphenol intake of the American population is not well 

defined, and we quantitated intake in our control group. The PED, first released in 2009 and 

continually updated, is the most comprehensive polyphenol database available and 

constructed to allow researchers to extrapolate polyphenol intake in humans from dietary 

assessment data [13]. The strength and weaknesses of various dietary assessment tools are 

also a challenge for the precise estimation of polyphenol intake [49]. We chose to examine 

3-day diet records in conjunction with a specific polyphenol screening questionnaire 

(Supporting Information data D). Describing the polyphenol signature of each food remains 

a challenge given that polyphenol content varies considerably based on the season of 

harvest, the plant variety, growing conditions and food processing after harvesting the crop 

[13]. Capturing this variability is problematic and, thus, limiting our ability to precisely 

define the exposure of individuals in clinical trials. This problem is not unique to 

polyphenols, and is a concern for many of the nutrients provided in the USDA or other food 

composition databases. At this point in time, the PED provides the “state-of-the-art” 

database for estimating intake in study populations where accurate food consumption data is 

available [37, 39].

Our estimate of total polyphenol intake of men consuming their usual diet was 1568 ± 939 

mg/day which is slightly higher in magnitude, but similar in variation to that of the Finnish 

(863 ± 415 mg/day) [37] and French populations (1193 ± 510 mg/day) [39]. It is apparent 

that individuals vary substantially based upon the large standard deviations observed in 

multiple studies. Slightly higher estimated daily intakes of 1786 mg/day and 1626 mg/day 

were noted for men and women in Denmark, respectively, and lower intakes in Greece of 

744 mg/day and 584 mg/day for men and women, respectively [50]. Variability is likely a 

result of differences across populations, but also in dietary assessment tools (FFQ vs. food 

diaries) and the methods used for quantification of polyphenols (PED vs. national food 

databases). The Finnish cohort utilized 48-hour dietary recalls and estimated polyphenol 

content from the national food database (Fineli) whereas the French cohort used the PED to 

estimate the polyphenol content from a 24-h dietary recall making it challenging for a direct 

comparison between our study and those reported in the literature. Most recently, in over 

7000 Spanish men and women enrolled in a Mediterranean feeding trial quintiles were 

constructed of estimated polyphenol intake: <642, 642–749, 750–852, 853–995, and >995 

mg/day (first to fifth quintile, respectively) [51]. The authors reported a 37% reduction in 

all-cause mortality when comparing the highest quintile of estimated polyphenol intake to 

the lowest (HR = 0.63; 95% CI 0.41 to 0.97; p-value = 0.12) [51]. Interestingly, although the 

methodology for dietary assessment was different from our analysis (FFQ vs. 3-day diet 

records), the estimated average polyphenol content in our control group is comparable to the 

fifth-quintile estimates in the Spanish study. Additional studies using improving diet 

assessment tools coupled with the continually updated PED are necessary to better define 

exposure to bioactive polyphenols overall, and specific polyphenols that may have unique 

effects on health and disease.
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The contributions of food sources to polyphenol estimates within populations has been 

shown to vary by sex, age, region, body mass index (BMI), education level, smoking status, 

physical activity and dietary intake [50]. Males have been found to consume a greater 

quantity of polyphenols compared to women [37, 39, 50] and likely in part due to their 

greater caloric intake. Due to our modest sample size, we were not powered to detect an 

impact in smoking status, BMI or age. It is noted that non-alcoholic beverages (coffee, tea 

and juice) were the largest contributors of polyphenol intake which is similar in other 

populations [11,39,50]. Due to the high prevalence of coffee and/or tea intake within many 

populations, these foods must be carefully considered in the dietary design of future clinical 

trials aimed at manipulating total dietary polyphenol intake or polyphenols of specific 

classes.

One objective of the present trial is to define a control diet that would be low in polyphenols, 

yet feasible with high compliance over a period of several weeks, such that any intervention 

with a polyphenol rich food could be examined on a background of low total polyphenol 

exposure. After education to restrict dietary polyphenol intake, we were able to achieve 

intake at our goal of being similar to those of the lowest quintile of estimated human intake 

from various population studies [50,51]. Our data suggesting that we achieved a “low” -

polyphenol diet with an estimated intake of 238 mg/day compared to the <642 mg suggested 

by other studies [51]. We found compliance to be excellent over the short duration of our 

study.

One of the classes of polyphenols that may impact prostate carcinogenesis based upon 

experimental data is the ETs [52]. Thus, we also designed a low-ET diet targeting the lowest 

quintile of typical population exposure, and based the intervention to exclude known sources 

of ET intake. Estimating individual polyphenol subclasses like ETs is also possible with the 

PED. No previous studies have estimated ET content in the American diet. Many studies 

exclude estimates of dietary ETs or report these estimates as total phenolic acids or 

hydroxybenzoic acids making it difficult for comparison to our estimates. The 2007 report 

by Ovaskainen et al. includes an estimation of dietary ETs in Finnish adults as 12 ± 37 mg/

day, which is similar to our estimates in the present cohort. Interestingly, the largest dietary 

contribution to ET intake in the Finnish cohort was strawberries [37]. This was also true in 

our subset of men, which identifies a dietary target for adjusting dietary ET content in future 

clinical trials. In all groups, the estimated ET dietary intake was much lower than ET doses 

used in intervention studies (30–60 g/day) [6, 7, 17, 34, 53]. The controlled ET diet resulted 

in estimated polyphenol intake in the third quintile suggesting “moderate” polyphenol 

intake.

Given our interests in ETs and PCa, we also chose to examine ET metabolites detected in the 

urine relative to our dietary interventions. Many studying ETs, measure the presence of 

urolithins after exposure to a food product or extract rich in ETs. We employed a targeted 

metabolomics approach to detect and quantify the presence of ET and ET metabolites in the 

urine and plasma of the men receiving the dietary intervention or the control diet. Urinary 

ET metabolites were detected at a higher concentration in specimens of men in the control 

group at the end of the of controlled diet interventions. This suggests that urinary urolithins 

and DMEA may be used as a biomarker of exposure in free living men, but this relationship 
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requires validation in a larger, more diverse population. Urinary urolithin A, the predominant 

ET metabolite detected in other reports has been quantified at concentrations as high as 50 

000 nmol/day after receiving dietary sources of ETs or ellagic acid extracts [23, 54]. These 

concentrations are significantly higher than detected in our cohort of men consuming a usual 

American diet. The biological activity of ET metabolites varies based on in vitro and in vivo 

models [9, 11, 23]. Suggestive data has been reported on various metabotypes that have 

emerged from human, urinary and plasma urolithin data. These three metabotypes include 

individuals that produce only urolithin A (most predominant metabotype reported), those 

that produce isourolithin A and/or urolithin B in addition to urolithin A (second most 

prevalent metabotype reported) and those that do not produce any detectable urolithins [34]. 

Various factors may contribute to these metabotypes such as the present state of illness for 

subjects, and body habitus, but these associations are yet to be fully understood. Data has 

been reported on the association of BMI with various gut bacteria species and metabotypes 

that suggest overweight and obese individuals favor a metabotype in which isourolithin A 

and/or urolithin B in addition to urolithin A [46]. In our study, the average BMI suggests that 

our subjects fall into an overweight and obese range (Table 1) and therefore, could impact 

urolithin production. Full characterization of the gut microbiota and its association with 

urolithin production and various metabotypes is warranted to clarify this relationship and is 

a goal of future intervention studies. Thus, there is much to learn regarding the interface 

between dietary ET, impact on the gut microflora structure and function, and the resulting 

metabolites produced that in turn impact the host [55]. Men educated to restrict either total 

polyphenols or ETs had detected urolithins <5 nmol/day confirming the excellent dietary 

compliance data.

This data supports the utility of the PED for estimation of total polyphenols and subclasses 

such as ET. It is important to remain aware of analytical techniques reported in the database 

and employed by investigators in order to consider comparisons among studies. The PED 

uses five analytical categories: chromatography, chromatography after hydrolysis, normal 

phase HPLC, FC assay or the pH differential method [13]. Chromatography assays and the 

FC assay provide slightly different values when estimating dietary compounds, but both can 

provide estimates of the dietary characteristics [56]. The FC assay is an inexpensive, quick 

colorimetric assay for the quantification of phenolic content of a specimen or product yet it 

lacks specificity for defining individual dietary polyphenols [57]. The FC assay is 

historically reported for quantification of total phenolic content although it best represents 

the reducing capacity of a food item or food product [16, 57]. Chromatography data is likely 

to completely replace the FC data over time and has improved specificity for individual 

dietary polyphenols over the FC assay, but with the numerous polyphenol classes and the 

complex structures of these compounds, creation of a complete database including all foods 

and all known dietary polyphenols is currently unavailable [16]. We have presented the 

estimated intake using both the FC assay and chromatography and report similar changes in 

dietary patterns and quantities of estimated total phenolics (identified by the FC assay) and 

in total polyphenols (identified by the chromatography assay) between the three groups 

regardless of the analytical technique used. A limitation to this comparison includes that not 

all foods reported in the 3-day diet records were included in the PED and assessed by both 

methods. Therefore, some caution should be used when comparing these estimates.
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The PED as applied to a 3-day diet records is a useful tool for the approximation of 

polyphenol intake in American men and shows a significant association with urinary 

metabolite profiles and dietary ET intake. We have developed feasible low-polyphenol and 

low-ET dietary patterns that can be implemented in clinical trials to reduce background 

exposure when the objective is to examine the metabolism or impact of specific polyphenol 

rich foods, extracts, or pure phytochemicals. These dietary patterns are more tolerable than 

diets devoid of all polyphenols or ETs, thus reduce subject burden and enhance accrual and 

compliance. Although the role of plant derived polyphenols in human health and disease is 

clearly complex, the new tools to assess exposure and characterize metabolism are a key step 

in the understanding their impact and mechanisms of action. The findings from this study 

should be replicated by others to ensure reliability in patient populations other than men 

with PCa and in larger groups of both males and females.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparison in estimated polyphenol intake between and within intervention groups. Data on 

both methodologies included (Chromatography versus Folin Ciocalteu Assay). Data are 

means ± SD from subjects completing a 3-day diet record (n = 8 per group) to estimate total 

polyphenol intake. Records analyzed in the Polyphenol Explorer Database® *P values < 

0.05 for differences between groups analyzed by chromatography and Folin Ciocalteu, 

aanalyzed by Students t-test (Control: p = 0.014; Low Polyphenol: p = 0.003; Low 

ellagitannin: p = 0.055). Differences between the polyphenol intake in the three diet groups 

within each of the estimation methods were evaluated with ANOVA (Chromatography: p = 

0.004; Folin Ciocalteu: p = 0.003)
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Table 5.

Dietary contributions to total estimated ellagitannin intake during the study period
a)

Total estimated ellagitannins

Food group mg/day %

Blackberries/strawberries 5.3 41.6

Walnuts 3.4 26.7

Pomegranate juice 3.5 27.6

Strawberry jam 0.5 4.1

a)
Estimations calculated from 3-day diet records using the Polyphenol Explorer Database® using Chromatography after hydrolysis assay for 

estimation. Calculations based on eight men in the control group as the low-polyphenol and low-ET diets had zero values and were therefore, not 
reported.
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