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ABSTRACT

◥

Introduction
Epidemiologic research has linked Western diets (rich in energy, red
meat, high-fat dairy, and processed foods) with an increased risk of
advanced prostate cancer (1, 2). This ﬁnding is exempliﬁed by ecological studies demonstrating increased risk among immigrant populations that adopt Western dietary patterns following relocation (3–5).
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Results: Relative to those in the ﬁrst quartile, cases with the
highest baseline levels of choline (Q4 OR: 2.19; 95% CI, 1.23–3.90;
P-trend: 0.005) and betaine (Q4 OR: 1.86; 95% CI, 1.05–3.30;
P-trend: 0.11) exhibited increased odds of developing lethal prostate
cancer. Higher baseline serum levels of phenylacetylglutamine (Q4
OR: 2.55; 95% CI, 1.40–4.64; P-trend: 0.003), a gut microbiome
metabolite of phenylalanine with adrenergic activity, were also
associated with lethal prostate cancer.
Conclusions: Baseline serum levels of one-carbon methyl donors
and adrenergic compounds resulting from human and gut microbiota–mediated metabolism are associated with increased lethal
prostate cancer risk.
Impact: Dietary composition, circulating metabolite levels, and
downstream signaling pathways may represent modiﬁable risk factors
associated with incident lethal prostate cancer. Beta-adrenergic blockade represents an additional target for oncologic risk reduction.

Other large-scale studies have also demonstrated that egg, poultry, and
red meat consumption enhances the risk of developing advanced or
lethal prostate cancer (6, 7). Notably, these animal products are
enriched in choline, which has been independently associated with
increased prostate cancer incidence and mortality (8, 9).
The gut microbiome plays a critical role in generating compounds that circulate within their human hosts (Fig. 1; refs. 10, 11).
One such pathway centers on the generation of trimethylamine
(TMA) via the gut-microbiota-mediated metabolism of betaine
compounds (including g-butyrobetaine and crotonobetaine), choline, and carnitine. TMA is subsequently oxidized in the liver to
trimethylamine N-oxide (TMAO), a physiologically active compound
known to activate inﬂammatory pathways and alter cholesterol metabolism (12, 13). Higher serum levels of TMAO have been linked to
colorectal and hepatocellular carcinoma, as well as cardiovascular disease
(CVD) risk (14–17). Although higher levels of TMAO were associated
with an aggressive prostate cancer diagnosis in the alpha-tocopherol betacarotene (ATBC) cancer prevention trial, it is unknown how TMAO
levels affect prostate cancer mortality (18).
Amino acid metabolites that result from a combination of host and
gut microbiome metabolism have also been associated with human
disease. For example, hippuric acid, p-cresol sulfate, and phenylacetylglutamine (PAGln) have each been linked with CVD (19–21).
Interestingly, PAGln was found to activate various a- and b-adrenergic
receptors, providing a novel mechanism through which these metabolites exert their physiologic effects (21). These metabolites have not
been studied clinically with regard to prostate cancer outcomes.
Given that TMAO precursors have been associated with prostate
cancer risk, we sought to investigate how alterations in the gut
microbiota–dependent metabolism of choline, carnitine, and other
TMA precursors affect lethal prostate cancer risk. We also aimed to
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Background: Diet and the gut microbiome have a complex
interaction that generates metabolites with an unclear effect on
lethal prostate cancer risk. Identiﬁcation of modiﬁable risk factors
for lethal prostate cancer is challenging given the long natural
history of this disease and difﬁculty of prospectively identifying
lethal cancers.
Methods: Mass spectrometry was performed on baseline serum
samples collected from 173 lethal prostate cancer cases and 519
controls enrolled in the Prostate, Lung, Colorectal, and Ovarian
Cancer Screening trial. Baseline serum levels of choline, carnitine,
betaine, g-butyrobetaine, crotonobetaine, phenylacetylglutamine,
hippuric acid, and p-cresol sulfate were quantiﬁed and analyzed by
quartile. Conditional multivariable logistic regression analysis associated analyte levels with lethal prostate cancer incidence after
adjusting for body mass index and PSA. The Cochran–Armitage
test evaluated analyte level trends across quartiles.
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Figure 1.
Gut microbiome–mediated metabolism of TMA precursors and select amino acids. A, Precursors to TMA—including choline, carnitine, betaine, g-butyrobetaine, and
crotonobetaine—are consumed through the diet. These nutrients may be converted to other TMA precursors by the host (shown via blue arrows) or by gut microbiota
(shown via green arrows). A minority of these precursor nutrients reach the large intestine and are metabolized by gut microbiota to TMA, which is ultimately absorbed by
the host. Via the portal circulation, TMA reaches the liver, where it is oxidized to trimethylamine N-oxide by ﬂavin-containing monooxygenases (FMOs). TMAO then enters
the systemic circulation, where it may exert its physiologic effects on its human host. B, Amino acids—including phenylalanine, glycine, and tyrosine—are ingested through
dietary protein. In the stomach and small intestine, these amino acids are liberated by proteases. A minority of these amino acids reach gut microbiota in the large intestine,
where they are converted to phenylacetylglutamine (PAG), hippuric acid, and p-cresol sulfate, respectively. These gut microbiota–derived amino acid derivatives are
absorbed by the host and ultimately enter the systemic circulation where they may alter physiologic and metabolic processes in the host.

study whether amino acid derivatives previously associated with
CVD inﬂuence the risk of prostate cancer mortality. Therefore, we
conducted a nested case–control study in which baseline levels of
these nutrients and metabolites were measured in prediagnostic
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serum samples obtained through the Prostate, Lung, Colorectal, and
Ovarian (PLCO) cancer screening trial. We hypothesized that
higher baseline levels of choline, carnitine, TMAO, and PAGln are
associated with an increased risk of incident lethal prostate cancer.
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Materials and Methods

Nested case–control study design
We used a nested case–control design. Baseline serum specimens
from 173 lethal prostate cancer cases and 519 controls without lethal
prostate cancer were analyzed. Samples were collected from men
assigned to the intervention arm of the PLCO trial not previously
diagnosed with prostate cancer. The 173 cases represent all prostate
cancer deaths in the intervention arm for which prediagnostic samples
were available. The controls include men never diagnosed with
prostate cancer and those diagnosed with prostate cancer who did
not expire within the observation period of the trial. Metastatic events
were not considered to be lethal events, unless the patient was
determined to have died from a prostate cancer–speciﬁc cause during
the observation period of the study. Cases and controls were deﬁned in
this fashion to identify risk factors that predispose patients to aggressive prostate cancer that may require earlier and more deﬁnitive
intervention.
At the time of death, cases were matched at a 1:3 ratio with randomly
selected controls in the corresponding risk set on the basis of race, age
(within 2 years), time of baseline blood draw (within 6 months), and
enrollment date (within 1 year). This study was designed to identify
potential drivers of lethal disease, hence the focus on lethal prostate
cancer using strict risk-set sampling.
Serum levels of choline, carnitine, betaine, g-butyrobetaine, crotonobetaine, TMAO, PAGln, hippuric acid, and p-cresol sulfate levels
were quantiﬁed from a single baseline measurement of analyte levels
from apparently healthy subjects who were then prospectively followed for incident development of prostate cancer. Study approval was
obtained from the NCI and Cleveland Clinic Institutional Review
Board following a competitive application and peer review process.
Reagents for metabolomic analysis
d9-[N,N,N-trimethyl]choline (d9-choline), L-carnitine:HCL (methylD3, d3-carnitine), d9-trimethylamine N-oxide (d9-TMAO), hippuric
acid (benzoyl-D5, d5-hippuric acid), and p-cresol sulfate potassium salt
(D7, d7-p-cresol sulfate) were purchased from Cambridge Isotope
Laboratories. p-Cresol sulfate (potassium salt) was purchased from
Cayman Chemical. d9-[N,N,N-trimethyl]-betaine (d9-betaine) and
Na-(Phenyl-d5-acetyl)-L-glutamine (d5-phenylacetylglutamine) were
purchased from C/D/N Isotopes. d9-[N,N,N-trimethyl-g-butyrobetaine
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Metabolomics analysis
Twenty microliters of serum was mixed with 80 mL of cold methanol
containing an isotope-labeled internal standard mix composed of d9choline, d9-TMAO, d9-betaine, d3-carnitine, d9-g-butyrobetaine, d9crotonobetaine, d7-p-cresol sulfate, d5-phenylacetylglutamine and d5hippuric acid (each 5 mmol/L). The mixture was vortexed and centrifuged at 20,000  g at 4 C for 10 minutes. 0.2 mL of supernatant was
injected onto silica column (150  2 mm, 00F-4274-B0, Phenomenex)
at a ﬂow rate of 0.25 mL/min using a Vanquish high-performance
liquid chromatography system interfaced with a Thermo Quantiva
mass spectrometer (Thermo Scientiﬁc) and a TSQ Quantiva Triple
Quadrupole mass spectrometer (Thermo Scientiﬁc). A liquid chromatography gradient generated from two solvents (A: 0.1% propionic
acid in water, B: 0.1% acetic acid in methanol) at a ﬂow rate of 0.25 mL/
min was used to resolve analytes. Samples were run sequentially and
continuously on the LC/MS/MS system, with laboratory personnel
blinded to the case status of the samples.
Targeted metabolites and isotope-labeled internal standards were
monitored using electrospray ionization in positive-ion mode (except
for p-cresol sulfate, which was monitored using negative-ion mode)
with multiple reaction monitoring (MRM) as previously reported (27).
Transitions of m/z 104 ! 60 for choline, 162 ! 60 for carnitine, 118 !
58 for betaine, 146 ! 87 for g-butyrobetaine, 144 ! 59 for crotonobetaine, 76 ! 59 for TMAO, 265 ! 130 for PAGln, 180 ! 105 for
hippuric acid, and 187 ! 107 for p-cresol sulfate were utilized to
quantify these analytes as shown in Supplementary Fig. S1. Internal
standards were similarly monitored using ESI with MRM of ion
transitions of m/z 113 ! 69 for d9-choline, 165 ! 63 for d3-carnitine,
127 ! 66 for d9-betaine, 155 ! 87 for d9-g-butyrobetaine, 153 ! 66
for d9-crotonobetaine, 85 ! 66 for d9-TMAO, 270 ! 130 for
d5-PAGln, 185 ! 110 for d5-hippuric acid, and 194 ! 114 for
d7-p-cresol sulfate. Parameters for the ion monitoring were optimized
for individual metabolites and internal standards and dwell time was
set at 20 ms. Argon was used as the CID gas and nitrogen (99.95%
purity) was used otherwise.
Various concentrations of standards were mixed with ﬁxed
concentrations of an isotope-labeled internal standard mix to
prepare calibration curves. The standard curves for quantitation
of choline, carnitine, betaine, g-butyrobetaine, crotonobetaine,
PAGln, hippuric acid, and p-cresol sulfate are shown in Supplementary Fig. S2. Squared correlation coefﬁcients were greater than
0.99 for each metabolite, demonstrating the reliability of this
analytic approach.
Statistical analysis
Serum measurements were analyzed by quartile, with the distribution of analyte levels among the controls used to determine quartile (Q)
thresholds. Multivariable conditional logistic regression analysis was
used to assess the association of analyte levels with lethal prostate
cancer after conditioning on case status and adjusting for PSA and
BMI. The odds ratio (OR) and 95% conﬁdence interval (95% CI) of
developing lethal prostate cancer were reported for each quartile of
nutrient and metabolite levels, with the ﬁrst quartile serving as the
reference. Trend of increasing ORs was also assessed based on quartile
medians using the Cochran–Armitage test. For other comparisons
between cases and controls, median and interquartile ranges or counts
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PLCO cohort
The PLCO cancer screening trial was a large, population-based,
randomized controlled trial designed to evaluate effects of cancer
screening in men and women between the ages of 55 and 74 (22).
Between November 1993 and July 2001, ten screening centers in the
United States enrolled 76,685 men, who were randomized to an
intervention arm or a control arm. Men in the intervention arm
received screening for prostate cancer via PSA and digital rectal exam
for the ﬁrst six years of the trial and were followed for at least seven
years thereafter. Trial data were collected through December 2009 and
included baseline blood sample collection (prior to cancer diagnosis),
demographic information, and screening results. The primary endpoint of this trial was cancer-speciﬁc mortality, though multiple
secondary endpoints related to cancer screening and morbidity were
examined. Through 2015, data were collected on participant deaths via
administration of the Annual Study Update questionnaire, by physician or family report, or by performing National Death Index Plus
searches. A Death Review Process was subsequently performed to
evaluate participant deaths and determine if a PLCO cancer was
responsible (23).

(d9-g-butyrobetaine) and d9-[N,N,N-trimethyl]-crotonobetaine
(d9-crotonobetaine) were synthesized as previously described (24–26).
All other reagents were purchased as HPLC grade from either SigmaAldrich or Fisher Scientiﬁc Chemicals.

Gut Microbiome Metabolism and Lethal Prostate Cancer Risk

Table 1. Baseline clinical and pathologic characteristics.a

Full cohort

Cases
n ¼ 173

66 (61–69)

66 (61–69)

477 (91.9)
33 (6.4)
9 (1.7)
26.6 (24.7–29.0)

159 (91.9)
11 (6.4)
3 (1.7)
26.9 (25.1–29.6)

5.8 (4.5–8.2)
71 (83.5)
11 (12.9)
3 (3.5)
n ¼ 85 (16.4%)

7.3 (4.9–16.3)
113 (65.3)
22 (12.7)
38 (22.0)
n ¼ 173 (100%)

0.055
0.038
0.939
0.011

53 (62.4)
30 (35.3)
0 (0)
0 (0)
2 (2.4)

55 (31.8)
94 (54.3)
10 (5.8)
6 (3.5)
8 (4.6)

0.007
0.160
0.998
0.998

63 (74.1)
0 (0)
20 (23.5)
2 (2.4)

112 (64.7)
6 (3.5)
55 (31.8)
0 (0)

0.487
0.998
0.665

69 (81.2)
1 (1.2)
13 (15.3)
2 (2.4)

113 (65.3)
38 (22.0)
0 (0)
22 (12.7)

0.029
0.003
0.429

39 (45.9)
16 (18.8)
10 (11.8)
5 (5.9)
0 (0)
15 (17.6)

34 (19.7)
43 (24.9)
31 (17.9)
36 (20.8)
7 (4.0)
22 (12.7)

0.002
0.948
0.233
0.017
0.998

P valueb
Matching factorc
Matching factorc

0.025
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Age, years, median (IQR)
Race
White
Black
Other
BMI, kg/m2, median (IQR)
PSA nearest diagnosis, ng/mL
Median (IQR)
<10
10–20
>20
Subset with prostate cancer diagnosis
Clinical T stage
T1
T2
T3
T4
Unknown or not evaluatedd
Clinical N stage
N0
N1
Nx
Unknown or not evaluatedd
Clinical M stage
M0
M1
Mx
Unknown or not evaluatedd
Gleason score on biopsy
6
7
8
9
10
Unknown or not evaluatedd

Controls
n ¼ 519

Note: Bold values denote P values < 0.05.
Abbreviations: BMI, body mass index; IQR, interquartile range; PSA, prostate-speciﬁc antigen.
a
Data are presented as number (percentage) of cases or controls unless otherwise speciﬁed.
b
Signiﬁcance testing was performed using univariate conditional logistic regression based on available observations among those who received a prostate cancer
diagnosis.
c
Patient factors used to match subjects at the time of case mortality as part of strict risk-set sampling.
d
Number reported represents cases or controls who underwent prostate cancer staging evaluation with missing clinical information.

and percentages were reported, though signiﬁcance was based on
univariate conditional logistic regression where P values are provided.
All analyses were conducted using R (version 3.6.3) using a signiﬁcance
threshold of 0.05.

Results
One hundred seventy-three lethal prostate cancer cases and 519
controls, well matched by age and race, were analyzed (Table 1). A
minority of controls were diagnosed with nonlethal prostate cancer
[16.4% (85/519)] by the end of the observation period. Median PSA
levels nearest prostate cancer diagnosis were similar between cases and
controls (7.3 vs. 5.8 ng/dL, P ¼ 0.06). A majority of lethal prostate
cancers were diagnosed at clinical stage T2, compared with a minority
of the nonlethal cancers [54.3% (94/173) vs. 35.3% (30/85)]. Prostate
cancer deaths occurred a median of 11.69 years following baseline
blood draw (range, 0.62–20.29 years; SD: 3.96 years) with 50% of
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prostate-speciﬁc cancer deaths occurring between 8.48 and 14.09 years
after sample provisioning.
Using conditional univariate logistic regression modeling, median baseline levels of TMA-associated nutrients were compared
(Table 2). Choline (13.9 vs. 13.1 mmol/L, P ¼ 0.003) and carnitine
(42.3 vs. 41.0 mmol/L, P ¼ 0.03) were higher in subjects who
developed incident lethal prostate cancer compared with those who
did not. No statistically signiﬁcant differences were observed among
cases and controls with respect to baseline circulating levels of
betaine (46.1 vs. 42.8 mmol/L, P ¼ 0.46), g-butyrobetaine (0.67 vs.
0.63 mmol/L, P ¼ 0.29), crotonobetaine (0.07 vs. 0.07 mmol/L, P ¼
0.34), or TMAO (4.00 vs. 3.63 mmol/L, P ¼ 0.07). Interestingly, baseline
levels of the gut microbiota–derived metabolites PAGln (2.13 mmol/L
vs. 1.75 mmol/L, P ¼ 0.002) and p-cresol sulfate (19.7 vs. 15.0 mmol/L,
P ¼ 0.01) were higher in men who subsequently developed lethal
prostate cancer, whereas baseline levels of hippuric acid (2.66 vs.
2.38 mmol/L, P ¼ 0.99) were similar between cases and controls.
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Table 2. Distribution of serum analyte levels among cases and controls.a
Metabolite, mmol/L

Controls (n ¼ 519)

Cases (n ¼ 173)

P valueb

Choline
Carnitine
Betaine
g-Butyrobetaine
Crotonobetaine
TMAO
PAGln
Hippuric acid
P-cresol sulfate

13.1 (11.0–16.0)
41.0 (34.0–48.3)
42.8 (35.6–54.0)
0.63 (0.53–0.79)
0.07 (0.06–0.09)
3.63 (2.46–5.72)
1.75 (0.96–3.03)
2.38 (1.07–4.99)
15.0 (7.5–27.6)

13.9 (12.1–16.9)
42.3 (36.2–50.5)
46.1 (37.3–54.7)
0.67 (0.56–0.82)
0.07 (0.06–0.10)
4.00 (2.92–6.21)
2.13 (1.27–3.40)
2.66 (1.21–5.00)
19.7 (10.6–31.7)

0.003
0.03
0.46
0.29
0.34
0.07
0.002
0.99
0.01

Note: Bold values denote P values < 0.05.
Abbreviations: IQR, interquartile range; PAGln, phenylacetylglutamine; TMAO, trimethylamine N-oxide.
a
Serum analyte concentrations are presented as median (IQR).
b
Calculated using univariate logistic regression modeling conditioned on case status.

(Q4 OR: 1.35; 95% CI, 0.76–2.37; P-trend: 0.11), crotonobetaine
(Q4 OR: 0.99; 95% CI, 0.59–1.66; P-trend: 0.73), and TMAO (Q4
OR: 1.46; 95% CI, 0.86–2.50; P-trend: 0.16).
Gut microbiota–dependent metabolites of aromatic amino acid
catabolism were also targeted for analysis (Fig. 3). Notably, participants with higher serum levels of baseline PAGln (Q3 OR: 2.54;
95% CI, 1.41–4.58; Q4 OR: 2.55; 95% CI, 1.40–4.64) exhibited
increased odds (relative to Q1) of developing incident lethal prostate cancer in the conditional regression model adjusted for BMI
and PSA. The risk of prostate cancer–speciﬁc mortality generally
increased across quartiles of PAGln, suggesting a dose-dependent
relationship (P-trend: 0.003). Higher levels of hippuric acid (Q3 OR:
1.79; 95% CI, 1.04–3.09; Q4 OR: 1.49; 95% CI, 0.84–2.62; P-trend:
0.51) and p-cresol sulfate (Q3 OR: 1.70; 95% CI, 1.00–2.90; Q4 OR:
1.56; 95% CI, 0.92–2.64 P-trend: 0.01) were inconsistently linked
with an increased risk of lethal prostate cancer in the aforementioned model.
Figure 2.
Forest plot displaying odds associated with lethal prostate cancer by quartile of TMA-associated analytes. The
forest plot above displays the OR and 95% CI associated
with developing incident lethal prostate cancer by quartile (Q) of baseline serum levels of TMA-associated
nutrients or metabolite, relative to the odds calculated
for those with baseline serum levels in the ﬁrst quartile
(Q1). The number and percentage of lethal prostate
cancer cases with baseline serum levels in each quartile
are also displayed, as well as the cutoff points (in micromolar) that deﬁne the range of each quartile. The P-trend
value (P), calculated using the Cochran–Armitage test, is
also reported and represents the probability that the
change in odds ratios across quartiles is due to chance
alone. For example, the forest plot shows that participants with baseline serum choline levels in the second,
third, and fourth quartiles have increased odds of developing incident lethal prostate cancer (Q2 OR: 1.85, Q3 OR:
2.37, Q4 OR: 2.19) and that the trend of increasing risk
with higher quartile designation is statistically signiﬁcant
(P ¼ 0.005).
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The association between nutrient precursors of the gut microbiota–dependent metabolite TMAO and lethal prostate cancer risk
was evaluated across analyte quartiles (Fig. 2). Notably, participants
with higher baseline serum levels of choline (Q3 OR: 2.37; 95% CI,
1.35–4.17; Q4 OR: 2.19; 95% CI, 1.23–3.90) or betaine (Q3 OR: 2.13;
95% CI, 1.22–3.70; Q4 OR: 1.86; 95% CI, 1.05–3.30) exhibited
increased odds of developing lethal prostate cancer (relative to
Q1) in the conditional multivariable logistic regression model adjusted for PSA and BMI. Lethal prostate cancer risk increased across
quartiles of choline in a dose-dependent fashion (P-trend: 0.005), a
trend not observed with increasing quartiles of betaine (P-trend:
0.11). Higher baseline serum levels of carnitine were inconsistently
associated with lethal prostate cancer in this model, with only Q2
(OR: 1.95; 95% CI, 1.12–3.39) and Q4 (OR: 2.00; 95% CI, 1.13–3.56)
achieving statistical signiﬁcance (P-trend: 0.08). None of the other
TMA-associated analytes monitored showed signiﬁcant associations with incident lethal prostate cancer, including g-butyrobetaine

Gut Microbiome Metabolism and Lethal Prostate Cancer Risk

Discussion
The impact of diet, the gut microbiome, and host metabolism on
human disease has become increasingly evident (28). In this nested
case–control study, we show that men with higher levels of choline,
betaine, or PAGln have approximately double the odds (relative to Q1)
of being later diagnosed with incident lethal prostate cancer. Although
previous studies have associated choline, TMAO, or both with oncologic risk, this study is the ﬁrst to associate an increased risk of lethal
prostate cancer with metabolites with gut microbiome–related metabolites (e.g., PAGln) and their precursors (e.g., choline and betaine;
refs. 14, 15, 18). Interestingly, our study differed from the results of the
ATBC cancer prevention trial, which associated higher levels of
TMAO with a diagnosis of aggressive prostate cancer (18).
The signiﬁcant association of high serum concentrations of PAGln
with lethal prostate cancer is intriguing. PAGln is a gut microbiota–
dependent metabolite of dietary phenylalanine, an amino acid consumed via dietary protein (29). Phenylalanine is released by digestive
proteases and may be converted to PAGln by anaerobic microorganisms in the large intestine (30). Nemet and colleagues used both genetic
and pharmacologic studies to demonstrate that this gut microbiota–
derived metabolite signals in hosts through multiple adrenergic
receptors (a2A, a2B, and b2 adrenergic receptors) (21). In both
cellular systems and animal models, numerous cardiovascularassociated effects promoted by PAGln were shown to be attenuated
by beta blockers. It is therefore highly relevant that sympathetic
signaling, speciﬁcally through the b2 adrenergic receptor, has been
shown to increase prostate cancer aggressiveness by dysregulating
apoptosis, enhancing cell migration, augmenting metastatic potential,
and accelerating the epithelial–mesenchymal transition observed in
some tumors (31). Moreover, a recent meta-analysis examining 16,825
patients associated beta-blocker use with lower prostate cancer–
speciﬁc mortality (HR: 0.85; 95% CI, 0.77–0.95; ref. 32). It is tempting
to speculate that inhibition of PAGln-driven sympathetic signaling
among subjects with higher PAGln levels may account for this
interesting clinical observation. Additional investigation is necessary
to understand how PAGln elevations modulate lethal prostate cancer
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Figure 3.
Forest plot displaying odds associated with lethal prostate cancer by quartile of gut microbiome–derived amino acid metabolites. The forest plot above displays the
OR and 95% CI associated with developing incident lethal prostate cancer by quartile (Q) of baseline serum levels of gut microbiome–derived amino acids, relative to
the odds calculated for those with baseline serum levels in the ﬁrst quartile (Q1). The distribution of lethal cases across quartiles, quartile cutoff points, and P-trend
statistics are also shown. The forest plot shows that participants with baseline serum phenylacetylglutamine levels in the third and fourth quartiles have increased
odds of developing incident lethal prostate cancer (Q3 OR: 2.54, Q4 OR: 2.55), and that the trend of increasing risk with higher quartile designation is statistically
signiﬁcant (P ¼ 0.002).

risk and whether beta-blocker therapy attenuates PAGln-driven
adrenergic hyperstimulation.
One of the more striking ﬁndings of the present study is that baseline
levels of choline and betaine predicted heightened incident risk of
lethal prostate cancer, suggesting that this elevation in oncologic risk is
independent of gut microbiome–related metabolism. A prior report
associated increased choline intake with greater lethal prostate cancer
risk, whereas a previous nested case–control study linked higher levels
of serum choline with increased odds of any (lethal or nonlethal)
prostate cancer diagnosis (8, 9). Choline may be implicated in oncogenesis given that it serves as a structural component of various
phospholipids, making this nutrient essential for maintenance of the
cell membrane and cancer growth (33). Speciﬁcally, phosphatidylcholine may be metabolized to signaling molecules, including phosphocholine and diacylglycerol, that transduce mitogenic commands for
cell growth (34). Choline metabolism has also been observed to be
dysregulated in prostate cancer, particularly when choline kinase, an
enzyme that facilitates the rate-limiting step in the phosphatidylcholine biosynthesis, is overexpressed (35). These alterations in choline
metabolism are particularly relevant, given the clinical utility of using
11
C-choline and 18F-choline PET imaging to restage prostate cancer
with heightened malignant potential (36).
Serum elevations in the choline oxidation product, betaine, were
also associated with lethal prostate cancer. Betaine serves as a methyl
donor in pathways that yield S-adenosylmethionine, a substrate that
mediates DNA and histone methylation (37). Though our study is the
ﬁrst to positively associate elevated baseline betaine levels with incident
lethal prostate cancer, other research evaluating dietary intake concluded that greater betaine consumption offers protection from lethal
prostate cancer (38). Interestingly, meta-organismal (involving both
bacteria and host) betaine and choline metabolism has been shown to
alter global DNA methylation patterns, induce epigenetic changes, and
even inﬂuence behavior in offspring in rodent models (39). Though it
is presently unknown whether betaine and choline metabolism
induces oncogenic changes in host prostate tissue that result in lethal
prostate cancer development, this possibility should be considered.
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Conclusion
Baseline serum elevations in choline and betaine are associated with
incident lethal prostate cancer independent of other nutrients and
metabolites in the TMAO pathway when adjusted for PSA and BMI.
This association was also shown with higher circulating levels PAGln, a
phenylalanine metabolite resulting from gut microbiota metabolism
that signals via adrenergic receptors. These ﬁndings collectively sug-

gest that diet and the meta-organismal metabolism of choline, betaine,
and phenylalanine warrant further study in relation to lethal prostate
cancer development.
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