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Abstract

Impaired metabolism may play a role in the development and lethality of prostate cancer, yet a comprehensive analysis of the interrelationships 
appears lacking. We measured 625 metabolites using ultrahigh performance liquid chromatography/mass spectrometry (LC-MS) and gas 
chromatography/mass spectrometry (GC-MS) of prediagnostic serum from 197 prostate cancer cases in the Alpha-Tocopherol, Beta-Carotene 
Cancer Prevention (ATBC) Study (ages at diagnosis, 55–86 years). Cox proportional hazards models estimated associations between circulating 
metabolites and prostate cancer mortality for 1 SD differences (log-metabolite scale), adjusted for age, year of diagnosis, and disease stage. 
Associations between metabolite chemical classes and survival were examined through pathway analysis, and Cox models assessed the relationship 
with a sterol/steroid metabolite principal component analysis factor score. Elevated serum N-oleoyl taurine was significantly associated with 
prostate cancer-specific mortality (hazard ratios [HR] = 1.72 per 1 SD, p < .00008, Bonferroni-corrected threshold = 0.05/625; HR = 3.6 for highest 
vs lowest tertile, p < .001). Pathway analyses revealed a statistically significant association between lipids and prostate cancer death (p < .006, 
Bonferroni-corrected threshold = 0.05/8), and sterol/steroid metabolites showed the strongest chemical sub-class association (p = .0014, Bonferroni-
corrected threshold = 0.05/45). In the principal component analysis, a 1-SD increment in the sterol/steroid metabolite score increased the risk of 
prostate cancer death by 46%. Prediagnostic serum N-oleoyl taurine and sterol/steroid metabolites were associated with prostate cancer survival.
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Prostate cancer is the most common non-cutaneous malignancy 
among men in the United States, accounting for nearly 1 in 5 new 
diagnoses and ranking third in cancer mortality, with an estimated 
27,000 deaths in 2017 (1). At the same time, its etiology remains 
largely unknown, with the exception of risk being higher in African 
Americans and in men with a positive family history or specific low-
penetrance genetic variants, none of which are modifiable (2,3). 
Elucidation of preventable factors related to lethal prostate cancer 
and survival outcome are needed.

Agnostic or targeted metabolomic analyses that simultaneously 
measure a broad array of low molecular weight biochemical com-
pounds in blood or other tissue represent a relatively new approach 
to investigating cancer risk and mortality that has the potential to 
identify underlying biological mechanisms (4). Studies have dem-
onstrated that dysregulated metabolism plays an important role in 
prostate carcinogenesis, with malignant cells exhibiting a unique 
metabolic phenotype that differs from normal cells (5). As in other 
malignancies, proliferating prostate cancer cells require sufficient 
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anabolic substrates including amino acids, nucleic acids, peptides, 
and lipids to support neoplastic growth (6,7). This underlying tumor 
biology has been reflected in previous experimental studies and pop-
ulation-based metabolomic analyses that have identified alterations 
in amino acids, energy and lipid metabolites, bile acids, polyamines, 
long chain fatty acids, phospholipids, and choline in prostate cancer 
cell lines, tissues and case patients (6,8–11). Other experimental 
data support sex steroid regulation of prostate cancer progression 
(12). At the same time, higher prostate cancer risk appears to be 
related to metabolic factors including obesity, hyperinsulinemia, 
elevated markers of inflammation, and the insulin-like growth factor 
pathway, and these factors have been associated with increased pros-
tate cancer risk or mortality (13–17). For example, a recent meta-
analysis of 19 studies with 10,554 prostate cancer cases and 13,618 
controls found elevated IGF-I concentration was associated with an 
increased prostate cancer risk. The association between IGF-I and 
aggressive disease was not statistically significant, however, and it 
did not differ significantly by tumor stage and grade, suggesting 
IGF-I may influence multiple stages of prostate carcinogenesis (16). 
Because of the high incidence and prevalence of this malignancy, 
and, to our knowledge, a comprehensive analysis of pre-diagnostic 
serum metabolomic profiling of prostate cancer survival has not 
been reported, we conducted the present investigation.

Methods

Study Population
Prostate cancer cases from the Alpha-Tocopherol, Beta-Carotene 
Cancer Prevention (ATBC) Study cohort were included. The Alpha-
Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study was 
a controlled trial that recruited 29,133 50- to 69-year-old Finnish 
male smokers from 1985 to 1988 and tested alpha-tocopherol and 
beta-carotene supplementation for the prevention of lung and other 
cancers (18). At baseline, blood samples were collected after an over-
night fast, processed to serum and stored at −70°C until assay. Height 
and weight were measured, and risk factor questionnaires and writ-
ten informed consent were obtained. The research was approved 
by the institutional review boards at both the U.S. National Cancer 
Institute and the Finnish National Institute for Health and Welfare.

Cases were identified through December 31, 2007 by the Finnish 
Cancer Registry (International Classification of Disease 9, ICD-9, 
code 185) and defined as stage I–IV according to the American Joint 
Committee on Cancer Staging Manual (19). Two hundred prostate 
cancer cases with measured prediagnostic (ie, baseline) serum metab-
olomic profiles are included in the present analysis, of which, we 
excluded three case patients with the same date of diagnosis and date 
of death from prostate cancer, leaving 197 cases (10). With underly-
ing cause of death as prostate cancer (ICD-9, code 185; ICD-10, 
code C61), prostate cancer deaths among these cases were identified 
from the Statistics Finland Death Registry through December 31, 
2013. There were 92 prostate cancer deaths during the period of 
follow-up. Follow-up time was calculated from the date of diagnosis 
to death from prostate cancer or the censoring date (date of death 
due to other reason, or December 31, 2013), whichever came first.

Serum Metabolomic Profiling
Serum metabolomic profiling was conducted on a high-resolution, 
accurate mass platform of ultrahigh-performance liquid chroma-
tography/mass spectrometry (LC-MS) and gas chromatography/
mass spectrometry (GC-MS) at Metabolon, Inc. (Durham, North 
Carolina) (20). Workflow included extraction of raw data, quality 

control, and identification of 637 known metabolites, of which 12 
(2%) were excluded because more than 95% of subjects had values 
below the limit of detection. The resulting 625 metabolites were cat-
egorized into one of eight mutually exclusive chemical classes: amino 
acids and amino acid derivatives (collectively referred to as “amino 
acids”), carbohydrates, cofactors and vitamins, energy metabo-
lites, lipids, nucleotides, peptides or xenobiotics, which are adapted 
according to the Kyoto Encyclopedia of Genes and Genomics 
(KEGG) database. These metabolites are described in Supplementary 
Table 1. Based on blinded duplicate quality control samples included 
in each batch (8%), the median coefficients of variation across all 
metabolites were 9% (intra-batch; interquartile range 4%–20%) 
and 17% (inter-batch; interquartile range 10%–28%), respectively.

Statistical Analysis
Each metabolite was batch-normalized by dividing by the batch me-
dian value. Missing values for each metabolite were assigned the min-
imum detectable value, and each metabolite was log-transformed and 
normalized to have a mean of 0 and a variance of 1. Cox propor-
tional hazards regression models were used to estimate the hazard 
ratios (HR) and 95% confidence intervals (CIs), for a 1-SD increase in 
log-metabolite level, on the risk of prostate cancer mortality, adjust-
ing for age at diagnosis (years, continuous), tumor stage at diagnosis 
(cancer stage I–IV), and year of diagnosis (1986–1994, 1995–2000, 
2001–2007). Deaths from causes other than prostate cancer were cen-
sored on the date of the event. The conservative Bonferroni corrected 
threshold (p < .00008 or less, 0.05/625) was used to define statistical 
significance. For statistically significant metabolites, as well as top 
metabolites in associated pathways, we also present HR for tertiles.

In secondary analyses, we adjusted for time from blood collec-
tion to cancer diagnosis (0–≤5, 6–≤10, 11–≤15, 16–≤20 years), body 
mass index (BMI, weight (kg)/height (m)2; continuous), number of 
cigarettes per day (continuous), total smoking years (continuous), 
total serum cholesterol (mmol/L; continuous), serum high-density 
lipoprotein cholesterol (mmol/L; continuous), history of hyperten-
sion (yes/no), and history of diabetes mellitus (yes/no). We also per-
formed sensitivity analyses stratified by median time from blood 
collection to cancer diagnosis, BMI, and cancer stage at diagnosis.

In the pathway analyses, we examined the associations be-
tween chemical classes (and sub-classes) of metabolites and pros-
tate cancer-specific mortality risk. We calculated a single measure 
of significance for each pathway by combining the p values from its 
constituent metabolites using Fisher’s method. Because of the correl-
ation between metabolites, we calculated each pathway level p value 
by a parametric bootstrap (21,22), where the Z-statistics for the con-
stituent metabolites were assumed to follow a multivariate normal 
distribution with mean zero and the estimated covariance matrix. 
The conservative Bonferroni corrected thresholds (0.05/8 for class 
and 0.05/45 for sub-class) were used to define statistical significance. 
Principal component analysis was used to further explore whether 
the chemical sub-class of sterol/steroid hormones was associated 
with prostate cancer-specific mortality (23), calculating the top prin-
cipal component based for those 44 metabolites, and estimating 
the proportional hazards regression HR for 1 SD in the resulting 
score. We also conducted analyses stratified by time interval between 
blood draw and prostate cancer diagnosis (tertiles 0–≤7, 7–≤13 or 
>13 years), BMI (median split) and cancer stage at diagnosis.

Prostate cancer-specific survival plots were generated for the 
top metabolites using the Kaplan-Meier method, and statistical sig-
nificance was measured using the log-rank test. We used SAS soft-
ware version 9.4 (SAS Institute, Cary, North Carolina) and the R 
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statistical language version 3.2.3 (Vienna, Austria) for all analyses. All  
p values were two-sided.

Results

Baseline characteristics of the 197 prostate cancer cases are shown 
in Table 1. The mean age at cancer diagnosis was 69 years (range, 
55–86), and the median time from blood collection to cancer diag-
nosis was 10 years. Among the cases, 51.8% had localized disease at 
diagnosis (stages I or II), 20.8% had locally advanced disease (stage 
III), and 27.4% had metastatic disease (stage IV); median survival 
was 7.0, 5.4, and 1.9 years, respectively. At the time of the censor-
ing date, 168 cases were deceased (85.3%), and among those, 92 
(46.7% of all cases) died from prostate cancer.

Serum N-oleoyl taurine was statistically significantly associated 
with prostate cancer-specific mortality: HR = 1.72 per SD, 95% CI: 
1.34, 2.20, p = 1.7 × 10–5 (Figure 1); and HR = 3.6 for highest versus 
lowest tertile, 95% CI: 2.1, 6.4, ptrend < .001 (Table 2). Further ad-
justment for the number of years from blood collection to prostate 
cancer diagnosis, or for several other potential confounding factors, 
including BMI, cigarettes per day and smoking years, serum total or 
high-density lipoprotein cholesterol, hypertension, and diabetes mel-
litus, did not materially change the HR (Table 2). Stratifying prostate 
cancer cases by the median time from blood collection to diagnosis, 
BMI and cancer stage at diagnosis also showed few differences, with 
the exception of a possibly stronger association for N-oleoyl taurine 
among earlier stage cases (eg, 1-SD HR 2.32 and 1.33 for earlier vs 

later stage) (Supplementary Table 2). Kaplan-Meier survival plots of 
cases with lower versus higher serum N-oleoyl taurine are shown in 
Supplementary Figure 1 (log-rank p = .0024).

The metabolic pathway analysis revealed that the lipid chem-
ical class was associated with prostate cancer survival below the 
predefined statistical significance threshold of p < .006 (0.05/8) 
(Supplementary Table  3), with a strong association for the sterol/
steroid chemical sub-class (p  =  .0014, close to the Bonferroni 
threshold of 0.0011 (0.05/45); Table 3). The top five sterol/steroid 
metabolites associated with prostate cancer survival were 4-andros-
ten-3beta,17beta-diol disulfate; pregnenolone sulfate (pregn steroid 
monosulfate); 5alpha-androstan-3beta,17beta-diol disulfate; 5alpha- 
androstan-3alpha,17alpha-diol monosulfate; and pregnen-diol 
disulfate (Figure 1 and Table 2) (high vs low tertile HRs of 2.9, 2.5, 
1.9, 2.2 and 1.8, respectively).

In the principal component analysis, for each 1-SD increase in 
the component factor score of the sterol/steroid sub-class (n  =  44 

Table 1. Selected Baseline and Clinical Characteristics of Prostate 
Cancer Cases (n = 197)

Characteristica Prostate Cancer Cases

Age at blood collection (y) 59.3 (5.4)
Age at cancer diagnosis (y) 69.4 (6.2)
BMI (kg/m2) 26.6 (3.8)
Serum total cholesterol (mmol/L) 6.1 (1.1)
Serum HDL cholesterol (mmol/L) 1.2 (0.3)
Serum α-tocopherol (mg/L) 11.6 (3.1)
Serum β-carotene (µg/L) 202 (132)
Serum retinol (µg/L) 610 (124)
Serum total PSA (ng/mL) 8.1 (12.1)
Cigarettes per day 19 (9)
Years of cigarette smoking 37.4 (9.3)
Median time from blood draw to  

cancer diagnosis (y)
10

Calendar year of diagnosis, No. (%)
 1986–1994 62 (31.5)
 1995–2000 64 (32.5)
 2001–2007 71 (36.0)
Cancer stage, No. (%)
 Stage I 47 (23.9)
 Stage II 55 (27.9)
 Stage III 41 (20.8)
 Stage IV 54 (27.4)
Median survival time for all cases (y) 5.3
Median survival time for cases by stage (y)
 Stage I 7.8
 Stage II 6.4
 Stage III 5.4
 Stage IV 1.9

Notes: BMI = body mass index; HDL = high-density lipoprotein.
aValues are means (SD) unless otherwise indicated.

Figure  1. Hazard ratios (HRs) for prostate cancer-specific mortality by 
prediagnostic serum metabolites (per 1 SD) at p-value < .05. The serum 
metabolites were natural log-transformed and standardized (mean  =  0, 
variance = 1). We used attained time as the time metric in the Cox proportional 
hazard regression models that were adjusted for age at diagnosis (years, 
continuous), tumor stage at diagnosis (cancer stage I–IV), and year of 
diagnosis (1986–1994, 1995–2000, 2001–2007). n-oleoyl taurine was 
statistically significantly associated with prostate cancer-specific mortality, 
with p-value (p  =  .000017) being lower than the predefined statistical 
threshold after Bonferroni correction (p = .00008, 0.05/625). Colors indicate 
chemical classes: Amino acids = light purple; carbohydrates = green; cofactors 
and vitamins  =  orange; energy metabolites  =  lavender; lipids  =  yellow; 
nucleotides = blue; peptides = red; xenobiotics = dark purple.
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metabolites), prostate cancer-specific death was 46% higher after 
adjusting for age at diagnosis, cancer stage at diagnosis, and year of 
diagnosis. Although additional adjustment for time to diagnosis did not 
alter the HR, stratifying cases by tertile of time from blood collection 
to diagnosis revealed that the strongest survival association was only 
observed among those diagnosed at least 7 years after blood collection: 
HRs (per 1 SD) for 0–7 years, 7–≤13 years, and >13 years were, re-
spectively, 1.06, 2.05, and 2.04 (p-values .73, .0035, and .01) (Table 4). 
The sterol/steroid-survival association did not differ by BMI or disease 

stage at diagnosis (Table 4). Kaplan-Meier survival plots of cases with 
a lower versus higher component factor score of sterol/steroid metabo-
lites are shown in Supplementary Figure 2 (log-rank p = .0021).

Discussion

In this prospective metabolomic analysis with long-term survival 
follow-up, we observed that men in the highest tertile of prediagnostic 
serum N-oleoyl taurine subsequently diagnosed with prostate cancer 

Table 2. Hazard Ratios (HRs) for Prostate Cancer-Specific Mortality by Tertile of Pre-diagnostic Serum Metabolites

Tertile of Serum Metabolites

1 2 3 ptrend
a

N-oleoyl taurine
 Person-years 465 433 347
 Cases/deaths 65/25 66/30 66/37
 Median survival, y 6.9 5.3 4.2
 HR (95% CI)b 1.00 2.07 (1.18, 3.63) 3.62 (2.05, 6.38) <.001
 HR (95% CI)c 1.00 2.24 (1.24, 4.03) 3.32 (1.88, 5.86) <.001
 HR (95% CI)d 1.00 1.96 (1.09, 3.53) 3.40 (1.85, 6.25) <.001
4-Androsten-3beta,17beta-diol disulfate
 Person-years 518 402 325
 Cases/deaths 66/23 65/31 66/38
 Median survival, y 7.0 4.7 3.4
 HR (95% CI)b 1.00 1.56 (0.88, 2.77) 2.68 (1.55, 4.65) <.001
 HR (95% CI)c 1.00 1.73 (0.97, 3.07) 2.47 (1.41, 4.31) <.001
 HR (95% CI)d 1.00 2.26 (1.21, 4.23) 2.86 (1.61, 5.07) .003
Pregnenolone sulfate (pregn steroid monosulfate)
 Person-years 473 405 367
 Cases/deaths 65/23 67/34 65/35
 Median survival, y 6.5 4.5 4.5
 HR (95% CI)b 1.00 1.57 (0.91, 2.68) 1.99 (1.16, 3.39) .002
 HR (95% CI)c 1.00 1.43 (0.83, 2.48) 1.99 (1.15, 3.46) .002
 HR (95% CI)d 1.00 1.53 (0.84, 2.77) 2.46 (1.37, 4.42) <.001
5Alpha-androstan-3beta,17beta-diol disulfate
 Person-years 478 402 366
 Cases/deaths 66/25 65/34 66/33
 Median survival, y 6.4 4.5 3.7
 HR (95% CI)b 1.00 1.38 (0.81, 2.34) 1.92 (1.13, 3.27) .002
 HR (95% CI)c 1.00 1.39 (0.82, 2.35) 1.65 (0.96, 2.84) .002
 HR (95% CI)d 1.00 1.56 (0.90, 2.70) 1.91 (1.09, 3.33) .007
5Alpha-androstan-3alpha,17alpha-diol monosulfate
 Person-years 469 405 371
 Cases/deaths 65/27 67/30 65/35
 Median survival, y 6.4 4.8 4.1
 HR (95% CI)b 1.00 1.75 (1.02, 3.01) 2.54 (1.46, 4.44) .003
 HR (95% CI)c 1.00 1.64 (0.93, 2.90) 2.31 (1.27, 4.22) .003
 HR (95% CI)d 1.00 1.43 (0.81, 2.55) 2.19 (1.21, 3.96) .03
Pregnen-diol disulfate
 Person-years 517 370 358
 Cases/deaths 65/23 66/34 66/35
 Median survival, y 7.0 4.4 4.1
 HR (95% CI)b 1.00 1.51 (0.86, 2.63) 1.87 (1.07, 3.29) .003
 HR (95% CI)c 1.00 1.70 (0.97, 2.98) 1.61 (0.90, 2.86) .003
 HR (95% CI)d 1.00 1.95 (1.11, 3.44) 1.78 (1.00, 3.18) .002

Notes: CI = confidence interval; HDL = high-density lipoprotein.
aptrend calculated using the log-metabolite as a continuous variable in Cox regression models. The metabolites include: (i) p value was lower than the statistical 

significance threshold after Bonferroni correction. Or (ii) Top signals in the sterol/steroid chemical sub-class pathway.
bHazard ratios (95% CIs) were calculated from Cox models adjusted for age at diagnosis (years, continuous), cancer stage at diagnosis (stage I–IV), and year of 

diagnosis (1986–1994, 1995–2000, 2001–2007).
cModel further adjusted for time between blood collection and cancer diagnosis (0–≤5, 5–≤10, 10–≤15, >15 y).
dModel further adjusted for body mass index (continuous), cigarettes per day (continuous), years of cigarette smoking (continuous), total serum cholesterol 

(continuous), serum HDL cholesterol (continuous), history of diabetes, and history of hypertension.
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are over three times more likely to die of their disease compared to 
cases with lower levels. Elevated sterol/steroid metabolites are also 
associated with higher prostate cancer-specific mortality, particularly 
among cases diagnosed at least 7 years after blood collection.

N-oleoyl taurine belongs to a group of N-acyl taurines (NATs), 
amides of long-chain fatty acids that were first identified in rodent 
brain, liver, kidney, and other tissues. NATs are substantially elevated 
in the setting of genetic or chemical disruption of its metabolism 
by the fatty acid amide hydrolase (24,25), a membrane-bound en-
zyme whose primary function is to metabolize the endocannabi-
noid anandamide into arachidonic acid and ethanolamine (26). 
Endocannabinoid expression in prostate cancers has also been 
observed (27). Although the precise role of N-oleoyl taurine and 
other NATs in normal prostate physiology is not well-understood, 
experiments have shown the addition of N-oleoyl taurine to PC-3 
prostate adenocarcinoma cell culture leads to decreased proliferation 
(28). NATs appear able to activate multiple members of the tran-
sient receptor potential (TRP) family of calcium channel modulators, 
including TRPV1 and TRPV4 (24), and TRPs have been associated 
with cancer, including prostate cancer, possibly by facilitating pro-
liferation, aberrant differentiation, impaired apoptosis, and tumor 
invasion (29–31). Such findings highlight the biological function of 
NATs serving as cell membrane-associated signaling lipids that im-
pact TRP channels (24). Other experiments indicated that NATs may 
possess insulin secretagogue characteristics (32), with observational 
studies showing prostate cancer associations with circulating insulin-
like growth factors and hyperinsulinemia (33). Of note, the present 
data suggest that the N-oleoyl taurine-prostate cancer survival find-
ing was not driven by metastatic disease, as a stronger association 
was observed for stage I/II cancers than for stage III/IV cancers. As 
the core structure of N-oleoyl taurine, taurine is an essential metab-
olite that promotes cellular and tissue homeostasis and oxidation 

of fatty acids, and plays important roles in membrane stabilization, 
anti-oxidation, and anti-inflammation (34–36). However, our current 
data do not suggest a direct correlation between N-oleoyl taurine 
and taurine (r = .03, p-value = .72), and serum taurine per se was not 
associated with prostate cancer survival (HR = 1.21, p-value = .07). 
Studies are needed to verify the N-oleoyl taurine association in larger 
and more diverse populations, and to further examine its biological 
activity relevant to prostate cancer survival.

To our knowledge, this is the first prospective study to report 
that integrated several serum sex steroid metabolites in the androgen 
pathway, including precursors and derivatives of pregnenolone, dehy-
droepiandrosterone (DHEA) and androstenediol, measured up to 
25 years prior to diagnosis were associated with prostate cancer sur-
vival. Androgens play a key role in the development, maturation, and 
maintenance of the prostate, and intra-prostatic androgens contribute 
to the progression of prostate cancer, with androgen ablation serving as 
a central therapeutic modality. Androgens are also reported to regulate 
lipid uptake required by rapid, dysregulated cell proliferation, includ-
ing cell membrane production, energy generation, and intracellular 
signal transduction, and they facilitate and maintain cancer cell sur-
vival in the hypoxic microenvironment of limited vascularity (37,38). 
Evidence from studies of genetic variants in the steroidogenic pathway 
(eg, CYP17A1, HSD17B2 and ESR1) (39), of androgen receptor sign-
aling regulation and response elements (40–42), and of male pattern 
baldness (43) also provide support for the involvement of sex steroid 
hormones in prostate carcinogenesis and progression, although epi-
demiologic studies of circulating steroids have been equivocal (44). 
A  previous study of 200 prostate cancer cases and 1,057 controls 
found that free testosterone was statistically significantly associated 
with ERG-positive, but not ERG-negative, prostate cancer (45), while 
an analysis of 963 prostate cancer cases found no overall association 
between prediagnostic circulating sex hormones and total or prostate 

Table 3. Pathway Analysis for Chemical Sub-class of Metabolites 
for Prostate Cancer-Specific Mortality (p-value < .05)a

Chemical Sub-class

No. of 
Contributing  
Metabolites p-Value

Sterol/steroidb 44 .0014
Fatty acid, monohydroxy 13 .0031
Fatty acid metabolism (also BCAA 

metabolism)
5 .0052

Fatty acid metabolism (acyl glycine) 4 .0063
Fatty acid, dicarboxylate 10 .0097
Long-chain fatty acid; polyunsaturated  

fatty acid (N3 and N6)
6 .015

Hemoglobin and porphyrin metabolism 6 .020
Nicotinate and nicotinamide metabolism 5 .024
Long chain fatty acid 14 .033
Pyrimidine metabolism, uracil containing 5 .036
Essential fatty acid; polyunsaturated  

fatty acid (N3 and N6)
7 .040

Lysine metabolism 9 .044

Notes: aWe assessed the associations between 45 chemical sub-classes of 
serum metabolites and prostate cancer-specific mortality using Fisher’s method 
of combining p values. We tested a single p value for each pathway using a 
parametric bootstrap method. For each bootstrap replication, we re-calculated 
p values from a generated vector of score test statistics from a multivariate 
normal distribution with mean 0 and estimated covariance matrix. Pathway p 
values are based on 100,000 permutations.

bBonferroni-corrected threshold = 0.0011, 0.05/45.

Table 4. Hazard Ratios (HRs) for Prostate Cancer-Specific Mortality 
by Factor Score of Principle Component Analysis for 44 Sterol/
Steroid Hormones, Stratified by Time Between Blood Collection 
and Cancer Diagnosisa

Cases/deaths HR (95% CI) p-Value

Overall 197/92 1.46 (1.16, 1.83) .0012
Overallb 197/92 1.42 (1.12, 1.79) .0032
Blood collection  

to cancer diagnosis
 0–≤7 y 73/44 1.06 (0.77, 1.46) .73
 7–≤13 y 61/25 2.05 (1.27, 3.33) .0035
 >13 y 63/23 2.04 (1.18, 3.52) .010
BMI
 ≤26.1 kg/m2 98/47 1.54 (1.10, 2.17) .013
 >26.1 kg/m2 99/45 1.67 (1.21, 2.29) .0017
Cancer stage at diagnosisc

 Stage I and II 102/27 1.68 (1.07, 2.65) .024
 Stage III and IV 95/65 1.48 (1.14, 1.91) .0033

Notes: aThe factor scores of the principal component analysis for sterol/
steroid hormones were natural log-transformed and standardized (mean = 0, 
variance = 1). Hazard ratios (95% confidence intervals; per 1 SD) were cal-
culated from Cox models adjusted for age at diagnosis (years, continuous), 
cancer stage at diagnosis (stage I–IV), and year of diagnosis (1986–1994, 
1995–2000, 2001–2007).

bModel further adjusted for time between blood collection and cancer diag-
nosis (0–≤5, 5–≤10, 10–≤15, >15 y).

cModels were adjusted for age at diagnosis (years, continuous) and year of 
diagnosis (1986–1994, 1995–2000, 2001–2007).
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cancer-specific mortality (46). That study examined only six sex hor-
mones, however, including total and free testosterone, dihydrotestos-
terone, androstenediol glucuronide, and estradiol, in contrast to the 
present analysis of 44 sex steroid metabolites, with only free testos-
terone or testosterone sulfate assessed in both studies. By contrast, 
other studies of men with prostate cancer show low pretreatment/pre-
operative testosterone was associated with aggressive disease, includ-
ing higher Gleason scores (47,48), advanced pathological stage (49), 
positive surgical margins (50), and adverse prognosis for men with 
metastatic disease (51). Relevant to these clinical studies is our finding 
that the principal component analysis-derived sex steroid component 
factor score was related to a doubling of prostate cancer-specific mor-
tality only among cases with at least a 7-year interval between blood 
collection and diagnosis, with no association in cases with a shorter 
interval who were likely to have larger, more advanced tumors at the 
time of blood collection.

Prostate cancer, and especially aggressive disease, has been asso-
ciated with alterations of fatty acid metabolism (52,53). Our data 
showed that several fatty acids, including polyunsaturated, acyl 
glycyl, dicarboxylic, and monohydroxy fatty acids, are nominally 
associated with increased prostate cancer mortality, and may reflect 
the involvement of de novo fatty acid biosynthesis, beta-oxidation 
pathway, or lipolytic triglyceride mobilization of fatty acids in pros-
tate carcinogenesis (52–54). In addition, the polyunsaturated fatty 
acid (n3) metabolite, docosapentaenoate, was modestly associated 
with an increased prostate cancer mortality, consistent with previous 
prostate cancer metabolomic analyses (55,56).

Strengths of our investigation include its prospective design, in-
dependently obtained data on serum metabolomic profiling, and 
long-term and complete prostate cancer survival follow-up. Despite 
a modest sample size, we were able to observe statistically signifi-
cant associations after adjustment for multiple comparisons; that is, 
Bonferroni correction, which while minimizing false-positive find-
ings, is a stringent statistical threshold, given that many of the metab-
olites were highly collinear. One theoretical weakness is the lack of 
treatment data, which if available, would have permitted a subgroup 
analysis based on the therapeutic interventions. It seems unlikely, 
however, that the prediagnostic metabolomic profile two decades or 
more prior to diagnosis would have determined or affected future 
selection of therapeutic options. We also did not have information 
regarding prostate cancer molecular sub-types to explore differen-
tial metabolite associations (ie, by ERG-positive or negative tumors). 
Although we cannot preclude the possibility that the findings were 
influenced by unmeasured confounding factors, we did control for 
several relevant characteristics in the models. The study participants 
were all 50–69 years old male smokers of European descent, which 
limits generalizability of our findings to younger or non-smoking 
men, or men of other racial/ethnic groups.

In summary, this prospective serum metabolomic analysis of 
197 men diagnosed with prostate cancer showed that elevated pre-
diagnostic serum N-oleoyl taurine, as well as sex steroid hormone 
metabolites, were associated with substantially decreased prostate 
cancer survival. Additional prospective studies should re-examine 
the associations, and the underlying biological mechanisms, as well 
as the potential utility of the identified metabolites to serve as novel 
prognostic markers for clinical risk stratification.
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