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Abstract

Background—To study the association of nutrient intake measured by baseline food frequency
questionnaire and risk of subsequent prostate cancer (PCa) in the SABOR (San Antonio
Biomarkers of Risk) cohort study.

Methods—After IRB approval, more than 1903 men enrolled in a prospective cohort from 2000
to 2010 as part of the SABOR clinical validation site for the National Cancer Institute Early
Detection Research Network. Food and nutrient intakes were calculated using a Food Frequency
Questionnaire. Cox proportional hazards modeling and covariate-balanced propensity scores were
used to assess the associations between all nutrients and PCa.

Results—A total of 229 men were diagnosed with PCa by prostate biopsy. Among all nutrients,
increased risk of PCa was associated with intake of dietary fat scaled by the total caloric intake,
particularly saturated fatty acid (SFA) [HR 1.19; 95% ClI, 1.07-1.32), Pvalue <0.001, False
discovery rate (FDR) 0.047] and trans fatty acid (TFA) [HR per quintile 1.21; (95% CI) (1.08—
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1.35), P<0.001, FDR 0.039]. There was an increased risk of PCa with increasing intake of
monounsaturated fatty acid (MUFA) (HR per quintile 1.14; 95% CI 1.03-1.27, = 0.01, FDR
0.15) and cholesterol [HR per quintile 1.13; 95% confidence interval (95% CI) (1.02-1.26), ~-
value 0.02, FDR 0.19].

Conclusion—After examining a large, population-based cohort for PCa diagnosis, we identified
dietary total fat and certain fatty acids as associated with increased risk of PCa. We found no
factors that were protective from PCa. Dietary modification of fatty acid intake may reduce risk of

PCa.

Introduction

Prostate cancer is the second most common cancer in men, and the sixth leading cause of
cancer death among men with nearly a million new cases diagnosed worldwide [1-3].
Hereditary and environmental factors may contribute to prostate carcinogenesis but at
present only age, race, and family history are well-established risk factors [4]. PCa incidence
varies internationally but Western countries have approximately a six-fold higher PCa
incidence than non-Western countries. Furthermore, ecologic and migrant studies provide
substantial evidence of an increased incidence of PCA in immigrant populations to the US
and Europe compared to individuals in their countries of origin [5, 6].

Although increased screening likely accounts for some of this discrepancy, it has been
hypothesized that differences in dietary intake, lifestyle, environmental and genetic factors
may also contribute [7, 8]. Dietary evaluation of large screening studies has been mixed. In
the United States, the Prostate, Lung, Colorectal, and Ovarian cancer screening study did not
find significant differences in dietary intake in prostate cancer patients [9]. In studies to date,
time-to-event analyses have rarely been performed. The impact of diet on risk of PCa has
been increasingly studied due to recent evidence suggesting that diet may worsen metastatic
disease; higher body mass index has been linked to adverse prostate cancer outcomes,
potentially affected by high levels of total fat intake in the U.S [11, 12]. PCa metabolomic
subtyping to include lipogenesis and microbiome patterns may also provide insights into
new diet-based PCa prevention strategies in at-risk men [10].

We herein investigate the relationship between consumption of various nutrients including
types of dietary fat using a validated food frequency questionnaire (FFQ) and the future risk
for PCa taken one time at baseline in men participating in a community-based screening
cohort called the San Antonio Biomarkers of Risk (SABOR) study.

Materials and methods

Cohort

The SABOR study is a National Cancer Institute Early Detection Research Network-
sponsored Clinical and Epidemiologic Validation Center that includes a multi-ethnic cohort
of 3880 men from San Antonio and South Texas area without prior diagnosis of PCa (https://
edrn.nci.nih.gov/protocols/52-san-antonio-center-of-biomarkers-of-risk-for). Cohort
enrollment began in 2000. Between 2000-2010, subjects were assessed annually with
Prostatic Specific Antigen (PSA) measures and digital rectal examination (DRE). After 2010
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and up to the current time of writing, the men were divided into higher and lower risk groups
based on a PSA cutoff of 2.5 ng/mL who had annual and every other year visits,

respectively. Dietary intake was assessed at baseline in men from 2001 to 2008 (/7 =1903).
We utilize the STrengthening the Reporting of Observational studies in Epidemiology
statement cohort checklist for reporting. (https://www.strobe-statement.org/fileadmin/Strobe/
uploads/checklists/STROBE_checklist_v4 cohort.pdf).

Food Frequency Questionnaires (FFQ)

At baseline, patient dietary intake of the past 3 months was measured using the MSEL FFQ,
a self-administered booklet that asks participants to report the frequency of consumption and
portion size for approximately 125 line items (Nutrition Assessment Shared Resource Fred
Hutchinson Cancer Research Center, Seattle, Washington). Nutrient intake estimates were
quantified by Fred Hutchinson Cancer Research Center using Nutrient Data System for
Research software version 2005 (Nutrition Coordinating Center, University of Minnesota,
Minneapolis, MN). All quantified macronutrients and micronutrients were analyzed in a
similar manner.

Primary predictor variables

The objective of this study was to determine if the FFQ profiles predicted future risk of PCa.
The key predictors of PCa identified in previous studies were considered as potential
confounders [11]. These variables included age, baseline PSA, African American race, body
mass index (BMI), abnormal digital rectal exam (DRE) and family history of PCa. Baseline
variables were stratified by cancer status at follow-up and summarized by percent for
categorical variables and means and standard deviations for continuous variables.

Outcome variables

The primary outcome variable was the time of PCa diagnosis for men who developed PCa or
censored follow-up time for men without PCa. Participants and their respective primary
physicians were provided with PSA and DRE test results. Decision for a prostate biopsy was
based on sub-sequent patient-physician discussions and based on general community
standards.

Statistical analysis

Cancer status and diagnosis date was defined as a positive biopsy on or prior to the last
follow-up. Baseline comparisons between men who did and did not develop PCa were
conducted with the Chi-square and Wilcoxon tests for categorical and continuous variables,
respectively. Each nutrient component within the FFQ profile was assessed separately within
a Cox proportional hazards model adjusting for key clinical predictors as covariates
(baseline PSA, BMI, African American race, family history, and abnormal DRE). Two
models of nutrient associations were considered. The first model scaled the nutrient by total
caloric intake prior to conversion into quintiles. This is similar to associations with the
percent caloric intake for macronutrients. For example, if total fat intake for a subject was 20
g and total calorie intake was 2000 calories (kcal) then the scaled total fat was computed to
be 0.01, which was then converted to a quintile relative to other subjects’” values for that
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nutrient. Quintiles were used instead of raw values to account for outliers and imprecise
measures in the FFQ profiles. That is, if a participant was in the bottom 20% (or the top
20%) of intake for that nutrient relative to the cohort then he would receive a value of 1 (or
5), respectively. As a sensitivity analysis, an alternative to scaling by caloric intake was
considered in which the nutrient quantities were regressed onto total calorie intake, and the
residuals from this regression were used as predictors. The second model used the quintile of
each nutrient as a predictor without scaling by the total caloric intake, which might be more
appropriate for micronutrients. Volcano plots [12] were used to assess the overall patterns of
association with nutrient components with the P-values and the log-hazard ratio (HR) of the
nutrient quintiles. We performed adjustments for multiple testing across 133 nutrients with
the Benjamini-Hochberg procedure to estimate the false discovery rate (FDR). To further
isolate the effect of the most significantly associated nutrient from other covariates, we
performed a weighted, covariate balanced regression analysis [13] that compared otherwise
similar men in the bottom two intake quintiles of that nutrient with those from the top 2
quintiles of that nutrient. This type of causal analysis estimates the counterfactual effect of
men moving from the lower 2 quintiles to the upper two quintiles. The covariates that were
balanced were baseline PSA, BMI, African American race, family history, and abnormal
DRE. Similar analyses were conducted for high-grade PCa (Gleason > 6).

It is possible that the effect of the nutrients on PCa risk could be mediated by changes in
BMI. Although we adjusted for BMI as a covariate, to explore this, we examined the
relationship between nutrient intake and change in BMI over three years after baseline. The
three-year interval was used for changes in BMI because the interval represented changes in
weight temporally close to the time of the FFQ survey. We estimated the change in BMI
using a linear mixed-effect model with a random intercept and slope. We assessed the
association between nutrient intake BMI change by regressing the estimated random slope of
BMI onto each nutrient as a predictor. We tested the association between change in BMI and
PCa risk using the estimated random slope as a predictor in Cox proportion hazard model.
All analyses were performed in R (Vienna, Austria) using an accountable data analysis
process.

At a median follow up of 8.9 years (SD 4.9), 1903 men completed the FFQ questionnaires
and of these, 229 men were diagnosed with PCa after completing the FFQ. Figure 1 displays
a flow chart describing the patient population. Baseline characteristics of men stratified by
PCa diagnosis status at last follow-up are displayed in Table 1. PCa risk was related to the
following variables: baseline PSA, age, BMI, family history, and DRE.

The covariate-adjusted effects of all 133 calorie scaled nutrients on PCa risk are displayed in
Supplementary Table 1. Figure 2 shows the statistical significance plotted against the hazard
ratio of the nutrients scaled by total caloric intake. The top 20 most significant associations
of all nutrients are shown in Table 2a. Stearic acid was most strongly associated with an
increased risk of PCa (HR 1.23; 95% CI 1.10-1.37, £<0.001, FDR 0.04). There was also a
significant association for total saturated fatty acids SFA Total (HR 1.19; 95% CI, 1.07-
1.32, P=0.001, FDR 0.047). There was a suggestive increased risk of prostate cancer with
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increasing intake of monounsaturated fatty acid (MUFA, [HR 1.14; 95% CI 1.03-1.27, P
0.02, FDR 0.15]) and cholesterol [HR 1.13; 95% CI 1.02-1.26, £0.02, FDR 0.19]. The
analysis of the residual nutrient intake

While the analysis of high-grade PCa did not show significant associations (FDR > 0.2)
largely due to the small number of cases (7 =93), the strongest associations were with
saturated and trans-fatty acids. There were no associations between polyunsaturated fatty
acids (PUFA) or any of its individual fatty acids and the risk of PCa, nor was there any
association with omega-3 fatty acids (OFA).

There was a statistically significant increased risk of PCa incidence and elaidic acid [HR
1.21; 95% CI 1.08-1.35, P-value <0.001, FDR 0.04], trans-hexadecenoic acid [HR 1.20;
95% CI 1.07-1.34; P-value< 0.001, FDR 0.04], linolelaidic acid [HR 1.15; 95% 1.03-1.28,
P-value 0.01, FDR 0.15], margaric acid [HR 1.16; 95% CI 1.05-1.29, ~P-value 0.006, FDR
0.12], and total trans fatty acids [HR 1.21; 95% CI 1.08-1.35, P-value < 0.001, FDR 0.04].
The analysis of the unscaled nutrients yielded few statistically significant results (FDR <
0.2), but showed the similar overall patterns of association. The eight strongest associations
with unscaled nutrient quantiles included total trans fatty acids and total saturated fatty acids
(FDR >0.1). See Table 2b. In a sub-analysis, we compared the highest quintile to the lowest
quintile of nutrients (Supplementary Table 2). We identified vitamin E supplementation
increases the risk of prostate cancer. Cholesterol had a larger effect than aspartame; however,
in general trans fatty acids remain a significant risk factor for PCa.

The nutrient with the largest association with PCa was explored further. Table 3 shows the
results of the covariate balanced propensity weighted analysis that compared the risk of the
top two quintiles of SFA 18:0 (stearic acid) (intake to a comparable set of men in the bottom
two quintiles. The risk of PCa was about 90% higher in men in the top two quintiles [HR
1.9, 95% CI 1.52-2.38, P< 0.001]. Figure 3 is a Kaplan—Meier curve of men stratified by
the trans-fatty acid intake (quintile) and illustrates a dose-effect of increasing risk with
increasing intake ranging from 8% after 15 years in the lowest quintile to 25% in the highest
quintile.

The nutrient most associated with BMI change was aspartame (BMI change per year 0.02
95% CI 0.003-0.028, P-value = 0.014, FDR = 0.7), but none of these associations were
significant after adjusting for multiple testing (FDR > 0.6). Further, the changes in BMI
were not associated with PCa risk in a Cox proportional hazards model adjusting for other
clinical covariates (HR 1.18, 95% CI1 0.73-1.89, £=0.49).

Discussion

Our analysis revealed that of all nutrients quantified by the FFQ administered at baseline
fatty acid intake had a dose dependent effect on PCa incidence in our SABOR cohort
participants. The type of fatty acid [14] rather than total amount may play an important role
in PCa development and progression. In our study, high intake of saturated FA (SFA), trans-
FA and vitamin E supplementation was found to be significantly associated with PCa risk.
Regarding trans-FA, the lowest quintile was higher than the American Heart Association’s
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2013 recommendation to “Aim for a dietary pattern that achieves 5-6% of calories from
saturated fat and reduced percent of calories from trans fat.” [15] A positive but not
statistically significant association was seen between MUFA and cholesterol. Several
epidemiological studies have suggested increased consumption of SFA correlates with
increased risk of PCa and may be directly related to risk of biochemical recurrence and
cancer progression [16, 17]. Consistent with our study, specific SFA, myristic acid and
palmitic acid increased the risk of PCa in a dose-dependent manner [18].

Our finding that vitamin E supplementation is a risk factor for prostate cancer is consistent
with the findings of the prospective, randomized SELECT clinical trial (Supplemental Table
1) [19]. Our study is also consistent with several others that reported dietary fat as a risk
factor for PCa [6, 20, 21] but our analysis is the first to demonstrate the dose-dependent
predictive value of fatty acid intake on future risk of prostate cancer, suggesting this dietary
component as a potentially modifiable risk factor. While fat consumption has been stable in
the United States, global dietary fat consumption has been increasing since 1960 [22], PCa
incidence rates have been rapidly increasing in many countries such as China, Korea, Japan,
and Singapore [23]. This upward trend has been ascribed to the transition to a Westernized
diet in these countries during this period. Specifically, populations with high intake of
saturated fat and red meat have an increased risk of PCa compared with populations with
low intake of these nutrients or food items [5, 23-26]. It is important to note that some
studies have not found dietary fat to be associated with cancer risk [27]. The lack of a strong
association between dietary fat intake and risk of PCa in these studies could be due to a
number of reasons. For instance, most observational studies had relatively few PCa cases
along with a narrow range of fat intake, leading to low statistical power to detect modest
associations between fat intake and risk of advanced or fatal PCa. Moreover, the use of a
wide variety of dietary assessment techniques and nutrient databases may create significant
heterogeneity between studies [28, 29].

Trans-FA are either produced naturally by ruminant bacteria or are man-made formed by the
hydrogenation of vegetable oil. Man-made trans-FA contributes a larger portion of the TFA
consumed in the US diet as compared to ruminate TFA [30]. Our study found primarily that
man- made sources of TFA linolelaidic acid (C18:2), eladic acid (C18:1), and
transhexadecenoic acid (C16:1) were associated with PCa risk. An interesting area of future
investigation would be the role of lipid metabolism by modifying fatty acid composition by
the gastrointestinal microbiome (specifically Lactobacillus plantarum) [31]. Adipose tissue,
serum, and dietary total FA have previously been associated with prostate cancer risk, but
the impact of trans fatty acids specifically to prostate cancer risk has not been elucidated
[30]. Yet, trans fatty acids have been associated with overall mortality and therefore may be
beneficial to target reducing fatty acids for improved overall health [32].

Odd chain fatty acids and short chain SFA have limited and specific food sources in the
human diet. Margaric acid (C:17) is primarily in ruminate meat fat (red meat) and caproic
(C6) and myristic acids (C14) are primarily in dairy, cheese, and butter [33]. The association
this study found between specific odd chain and SFA may provide further support for
epidemiological studies linking the intake of red meat and high-fat dairy products with
prostate cancer risk [26, 34, 35].
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Bidoli et al. has described a cancer promoting effect of MUFA in humans and mice [36].
The effects of dietary MUFA, particularly oleic acid, on prostate cancer risk remain
especially controversial. Some studies suggest a protective effect of MUFA in cancer
development [37], while others describe no association between MUFA and PCa [27, 38].
One study reported a positive association, before adjustment of other factors, between blood
levels of palmitoleic acid associated with an increased incidence of high-grade PCa [39].

Several mechanisms may underlie the association between dietary fat intake and PCa risk,
including the oxidative stress generated during fat metabolism [40, 41], and induction of
prostatic inflammation possibly through high dietary fat-induced association between NF-kB
and STAT-3 signaling mechanism [42, 43]. Other proposed mechanisms, including serum
testosterone level [44], free radicals [45], and insulin-like growth factor levels [46]. High
dietary fat was also found to modulate fatty acid synthase gene expression, which may be an
important mechanism in fat-associated PCa progression [47]. Prostate tissues exposed to
high levels of dietary fat-exposed exhibit increased levels of Activated Protein Kinase B
(Akt) and deactivated Phosphatase and tensin homolog (Pten) [48]. PUFA also increased
prostate stromal and epithelial cell proliferation, while SFA influenced only stromal cellular
proliferation in the rat ventral prostate [49]. Therefore, validated food frequency
questionnaires could be combined with prostate cancer aberrant genetic alterations to utilizes
specific diet recommendations as an adjunctive therapeutic approach to prostate cancer.

We foresee the utilization of a validated food frequency questionnaire to provide bespoke
dietary recommendations for individuals at high risk for prostate cancer. Black men and men
with a family history that are provided regular prostate screening should also undergo
dietary evaluation and discussion. As new genetic markers arise, such as BRCA mutation,
medical providers should also provide education regarding prostate cancer prevention and
starting with evaluation of the diet could be a simple piece of the solution [50]. Studies have
shown feasibility of implementing large scale dietary interventions in men with prostate
cancer; therefore, an individualized dietary prostate cancer prevention trial is possible [51].

Our study does have potential limitations. While the FFQ does not provide an exact measure
of dietary fat intake, it likely adequately ranks intake across participants. Effectively we
scaled the kcal analysis to account for this limitation, which is sufficient for the objectives of
our study. Also, this FFQ was validated and specific to the US diet with a particularly
comprehensive dietary fat section, decreasing risk of exposure misclassification.
Nonetheless, this possibility may represent a limitation of our study design. Subjects may
also under or over-report food intake, but this is a general limitation with all dietary
assessment methods and appropriate statistical adjustments were made considering the
dietary assessment method [52, 53]. Our sample size is relatively large considering we have
outcomes on almost all patients, but analyses may still be underpowered to detect
associations of smaller magnitude, reflected in the relatively large confidence intervals for
many associations. Despite these limitations, this analysis is strengthened by the prospective
ascertainment of PCa cases, the high PCa event rate, the large sample size in SABOR,
regular, protocol-specified follow up, and the ability to control for potentially confounding
variables.
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In conclusion, we found that high intake of dietary fat was associated with an increased risk
of development of PCa in a large, community-based cohort. These findings add further
evidence that the intake of dietary fat is an important predictor of prostate cancer risk, and
dietary modification of fatty acid intake may reduce this risk. With a renewed interest in
prostate cancer screening particularly for patients at high risk, dietary modification could be
considered as a prevention strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cox proportional hazard mode for time to prostate cancer based on SFA 18:0 (stearic acid)
intake quintile. SFA 18:0 quintiles 1 and 5 are the bottom 20th and top 20th percentiles,

respectively
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Table 3

Cox model for covariate balanced propensity weighting

Predictor variable Hazard ratio[95% CI]  P-value
Abnormal prostate exam  1.11 [0.86, 1.43] 0.4
Baseline age 1.03[1.02, 1.04] <0.001
Body mass index 0.97 [0.94, 1] 0.03
Positive family history 2.75[2.19, 3.46] <0.001
Caucasian race 0.79 [0.51, 1.24] 0.3
Baseline PSA 1.42 [1.34, 1.5] <0.001
SFA 18:0 (stearic acid) 1.9[1.52, 2.38] <0.001
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