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Abstract
Background—A recent clinical trial revealed that folic acid supplementation is associated with
an increased incidence of prostate cancer (1). As tumor cells in culture proliferate directly in
response to available folic acid, the goal of our study was to determine if there is a similar
relationship between patient folate status, and the proliferative capacity of tumors in men with
prostate cancer.

Methods—Serum folate and/or prostate tissue folate was determined in 87 randomly selected
patients undergoing surgery for prostate cancer, and compared to tumor proliferation in a subset.

Results—Fasting serum folate levels were positively correlated with prostate tumor tissue folate
content (n= 15; r= 0.577, p<0.03). Mean serum folate was 62.6 nM [7.5–145.2 nM], 39.5% of
patients used supplements containing folic acid (n=86). The top quartile of patients had serum
folates above 82 nM, six times the level considered adequate. Of these, 48% reported no
supplement use. Among 50 patients with Gleason 7 disease, the mean proliferation index as
determined by Ki67 staining was 6.17 ± 3.2% and 0.86 ± 0.92% in the tumors from patients in the
highest (117 ± 15 nM) and lowest (18 ± 9 nM) quintiles for serum folate, respectively (p<0.0001).

Conclusions—Increased cancer cell proliferation in men with higher serum folate
concentrations is consistent with an increase in prostate cancer incidence observed with folate
supplementation. Unexpectedly, more than 25% of patients had serum folate levels greater than 6-
fold adequate. Nearly half of these men reported no supplement use, suggesting either altered
folate metabolism and/or sustained consumption of folic acid from fortified foods.
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Introduction
Folate, a water soluble B vitamin, is an essential factor in the one-carbon metabolism
pathway which is responsible for nucleotide synthesis, and for biological methylation
reactions, including DNA, RNA and histone methylation (reviewed in Mason, 2009(2)).
Low circulating levels of folate have been associated with higher risk of breast, lung,
pancreatic and colorectal cancer, while a generally high folate status has been associated
with a modest risk reduction for cancer development in some prospective studies (2).
Conversely, higher plasma folate levels in Swedish women have been associated with an
increased incidence of estrogen receptor-beta negative breast cancer (3). Further, in a recent
randomized controlled trial investigating the potential anti-neoplastic effect of
supplementary folic acid (a synthetic folate not found in nature) in subjects with a history of
colorectal adenoma, a 67% increased risk of advanced lesions was reported with
supplementation when compared to placebo (4). Taken together, these findings suggest
folate may play a dual role in carcinogenesis (5), and the timing of folate administration may
modify disease progression; folate supplementation prior to the existence of pre-neoplastic
lesions may prevent tumor development by enhancing genomic DNA stability, whereas
folate supplementation appears to increase established cancer growth (reviewed in Ulrich
and Potter, 2007(6)). This increased cellular proliferation may reflect the necessary role of
folate in the de novo synthesis of thymidine, considered a rate-limiting step in DNA
synthesis. Thus, folate availability may be particularly critical for more rapidly proliferating
dysplastic or cancerous cells with excessive folate intake providing abundant quantities of
thymidine.

The effect of folate availability on prostate cancer incidence remains unclear. In the Aspirin/
Folate Polyp Prevention Study, a placebo-controlled randomized trial of aspirin and folic
acid supplementation for the chemoprevention of colorectal adenomas, the supplementation
group was analyzed for the diagnosis of prostate cancer, and an age-adjusted hazard ratio of
2.63 (95% CI 1.23 to 5.65, p< .01) over a 10 year follow-up period was observed (1,4).
However while one Swedish study found an increased risk of prostate cancer with increased
plasma folate (7), two other European prospective studies did not reveal an association
between plasma folate levels and prostate cancer risk (8,9). As a group, European men have
lower serum folate levels compared to U.S. men, in part because mandatory folic acid
fortification of cereal grains occurred in the U.S. in the late 1990s, but not in Europe. In a
recent study (8), 90% of Swedish subjects had serum folate levels less than 11.1 nM, while
in the Finnish study (9) 75% of cases had serum folate levels less than 10.8 nM. By
comparison, only 2.5% of U.S. men have serum folate levels less than 10.4 nM (10). This
large difference in serum folate levels in different countries may explain, in part, the
inconsistent findings regarding a potential relationship between circulating folate levels and
prostate cancer incidence. This idea is supported by the results of two recently published
double-blind, placebo-controlled trials carried out in Norway, that found that treatment with
moderate amounts of folic acid and its co-factor vitamin B (12) increased both cancer
incidence and cancer mortality (11). Finally, in a recent UK study examining serum folate
levels in patients with localized prostate cancer, Collin et al., (12) found that increased folate
levels correlated with increased PSA velocity, indicating more rapid disease progression and
suggesting that serum folate levels may drive cancer cell proliferation in vivo.

The present study was designed to test the hypotheses that 1) there is a positive relationship
between basal circulating folate levels and prostate tumor and/or normal prostate tissue
folate levels, and 2)if there was a positive relationship between tissue folate and circulating
folate levels, then patients with higher serum folate levels would have increased
proliferation in the primary tumor relative to patients with lower folate. Finally we asked
whether higher folate levels correlated with expression of PSMA (also known as Folate
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Hydrolase 1), which is significantly up-regulated in prostate cancer and independently
associated with disease progression (13). Our findings suggest that there is a positive
relationship between folate status and the proliferation of prostate tumors, however
expression of PSMA was not changed with regard to folate levels.

Materials and Methods
Patients and blood sample collection

All serum and tissues were obtained from the Department of Pathology and the University
of Pittsburgh Health Sciences Tissue Bank after University of Pittsburgh Institutional
Review Board approval for this study (Protocol #PRO10010060). Written consent to have
tissue banked was obtained from patients (frozen tissues and serum). Use of clinical
specimens from patients (paraffin embedded) was approved by the University of Pittsburgh
Institutional Review Board as exempt from Human Subjects Research Policy under the U.S.
Federal Code of Regulations 45CFR46.101(b)(4). All patient information was de-identified
by an honest broker and research was carried out in a manner consistent with the Helsinki
Declaration. Fasting blood serum samples were obtained on the day of surgery in 87 patients
undergoing prostatectomy, and at the time of organ donation in 25 brain dead organ donors.
Causes of death among organ donors included head trauma, gunshot wounds, and motor
vehicle crashes, and organs were harvested shortly after traumatic injury. Details of tissue
pathology and patient characteristics are listed in Table I.

To determine tissue folate levels, bulk frozen tissues from 19 surgically resected primary
prostate cancer tissues or normal tissue from the same prostate (age range 41–71 years) and
25 cancer-free controls (age range <40–71 years) were used. The absence of cancer was
verified histologically by a genitourinary pathologist.

Folate assay
Folate levels were determined by the microbiological (Lactobacillus casei, ATCC 7469)
assay in a 96-well microtitre plate (14,15). Serum samples were analyzed directly. To
extract folate from tissues, 25–75 mg was homogenized in 600 μl of extraction buffer
containing 2% sodium ascorbate. An aliquot was removed for protein quantitation, and the
remainder incubated at 99°C for 5 minutes. The cooled supernatant was treated with rat
serum hydrolase to deglutamate intracellular folates and stored at −80°C until analysis.

Samples were run in replicates of 6. Plates were incubated in the dark for 16 hours at 37°C,
and then read at 600 nm using a Molecular Devices Spectramax M5 plate reader, and the
folate concentration was determined against a standard curve generated from folic acid stock
solution that was verified for concentration spectrophotometrically, as previously described
(16).

Immunohistochemistry
Immunohistochemical staining of the nuclear antigen Ki67 using anti-human Ki67 (BD
Biosciences Pharmingen, San Jose, California; 1:50 dilution) and FOLH1 (PM2J004.5, a gift
from HybritechInc., San Diego, CA; 1:800 dilution) was carried out as previously described
(17). Determination of the Ki67 staining index (S.I.) was performed in a blinded fashion as
described (18)on at least 500 cancer cells per specimen, and expressed as percent positively
stained nuclei over the total cancer cell nuclei considered. To account for the heterogeneous
distribution of positively stained cells, only tissue areas harboring the highest number of
stained cells were chosen to be investigated.
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Semi-quantitative assessment of FOLH1 staining was scored as: 0 = none; 1+ = mild; 2+ =
moderate; and 3+ = marked. Three cancer containing areas of the gland were reviewed per
case. The score was multiplied by the percent of positively stained cancer glands for each
triplicate, and the sum of the three scores resulted in an overall score for each patient.

Statistics
Values are reported as mean ± s.d. unless otherwise indicated. Statistical analysis was
carried out using SigmaStat version 3.5 (Systat Software, Inc.).

Results
The clinical characteristics of patients with primary prostate carcinoma are summarized in
Table 1. Serum was obtained from 12, 5, and 3 controls ranging in age from 41–49, 50–59,
and ≥60 years of age, respectively. Mean serum folate in controls and patients are shown in
Figure 1 and Table 2. Mean serum folate concentrations were significantly higher at all age
ranges in men with prostate cancer versus cancer-free controls (utilizing the Mann-Whitney
Rank Sum test; age 40–49 P<0.00001, 50–59 P<0.007, and ≥60 years P<0.002; Table 2). As
shown in Table 3, fasting serum folate was significantly higher in users of supplements
containing folic acid (P<0.05), when the group as a whole was compared to non-users.
However when the group was divided into quartiles there were no significant differences in
the serum folate levels between users and non-users of supplements. Of interest, the patients
in the top two quartiles have serum folate levels ranging from more than 4-fold to more than
10-fold the level considered adequate, yet only 55% of these used folate-containing
supplements.

Median tissue folate concentrations were significantly higher in prostate cancer tissues
(n=17) compared to cancer-free prostate tissues from similar age (>50 years) controls (n=9),
0.075 pg/μg and 0.022 pg/μg, respectively (P<0.05; Kruskal-Wallis test using Dunn’s
method for multiple comparisons). The median folate level in the histologically normal
prostate tissue adjacent to the cancer was 0.037 pg/μg (n=17) and was not significantly
different to either the corresponding cancer samples or to the cancer free prostates. In
addition, fasting serum folate concentration had a significant positive correlation with
prostate tissue folate content in the cancer patients (n= 15; Spearman correlation for cancer;
r=0.577, p<0.03; for normal tissues adjacent to the cancer n=15, r=0.546, P<0.04, Figure 2).
In the control group, there was no significant correlation between prostate tissue and serum
folate content, although the trend was positive (n=19, r=0.36, P=0.12). When prostate tissue
folates amongst cancer free controls were compared by age, there was no significant
difference (age <40, n=8, median 0.053 pg/μg, age 40–49, n=8, 0.049 pg/μg and age 50+,
n=9, median 0.022 pg/μg; Kruskal-Wallis test, P=0.07).

Mean Ki67 staining index in the cancer tissue from patients with Gleason 7 disease (and
regardless of age) in the highest quintile for serum folate (n=10; 117 ± 15 nM) was 6.17 ±
3.2% versus 0.86 ± 0.92% for those in the lowest quintile of serum folate (n=10; 18 ± 9 nM)
concentration (p< 0.0001) (Figure 3). In normal prostate glands from the same patients, we
found no significant difference in mean Ki67 staining index between patients in the highest
(0.18 ± 0.1%) and lowest (0.10 ± 0.1%) quintiles for serum folate (p>0.17). We found no
significant difference in mean FOLH1 staining scores in patients with high (343 ± 292) and
low (497 ± 279) serum folate concentrations (p>0.23).

Discussion
To our knowledge, this is the first study to examine prostate tissue folate levels in either
prostate cancer patients or cancer-free controls. Previous studies have compared prostate
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cancer incidence to serum or red blood cell folate, or, in many cases, dietary recall
assessments of folate intake, in either a prospective or retrospective manner. However, there
are great differences between tissues in regard to their sensitivity to changes in folate intake
(19). Fasting serum folate levels at time of radical prostatectomy were therefore measured to
determine systemic folate status, and both cancer and histologically normal tissue folate
concentrations were measured to determine folate status of the prostate.

Both cancer and normal prostate tissue from prostate cancer patients were positively
correlated with the patient’s baseline serum folate, which contrasted with a lack of
significant correlation among the control subjects. The potential for folate to serve as a
growth factor for neoplastic cells is amplified by their tendency to up-regulate the membrane
transporters that mediate their uptake of folate (20): this upregulation might better enable
tumor-bearing prostates to extract folate from the serum and to thereby maintain a closer
concordance with circulating levels of the vitamin. Moreover, cancer folate was significantly
higher than normal prostate tissue folate levels from cancer free controls. The mean serum
folate level among the control group in our cohort (17.4 nM) approximates the mean folate
level in the placebo group (22.7 nM) of the colon cancer chemoprevention study (4). In
addition, the mean level of serum folate observed among prostate cancer patients (62.6 nM)
approaches the post-folate supplementation serum levels (72 nM) from that study (4),
suggesting that this cohort is representative of the U.S. population consuming folic acid
supplements or large amounts of folic acid fortified food. Although folate is considered a
water-soluble vitamin and therefore expected to be excreted when in excess, this may not be
true in practice as a recent study indicated that 40% of older adults in the United States have
unmetabolized serum folic acid that persists after fasting, the presence of which is not easily
explained by folic acid intake alone (21).

The wide range of prostate tissue folate concentrations observed is of interest. Prostate tissue
folate concentrations varied by greater than 40-fold (range: 0.006 pg/ug to 0.223 pg/ug).
Within the confines of either the cancer group or the cancer-free group, the range of tissue
folate concentrations varied by 19 and 13-fold, respectively. Thus, considerable variability
in prostate tissue folate concentrations exists within this population. If prostate tissue folate
levels are related to the risk of prostate carcinogenesis or progression, such a large variation
between individuals may contribute to the variable risk seen in the population.

A significantly greater mean Ki67 staining index in grade matched (Gleason score 7)
prostate cancers from men with high versus low serum folate concentrations was observed.
Ki67, a proliferation marker, is strongly associated with the biological behavior of prostate
cancer (22). Many studies have demonstrated the independent prognostic value of Ki67
staining both in clinically localized disease treated by radical prostatectomy (23)or radiation
(18,24,25), and in patients with advanced disease (25,26). Most recently, Gunia et al. (26)
reported that Ki67 SI >5% is an independent predictor of biochemical recurrence following
radical prostatectomy. In a rat model of colorectal carcinogenesis, moderate folic acid
supplementation positively correlated with tumor multiplicity and rectal epithelial cell
proliferation (27). Kim’s “dual effect” hypothesis (28) proposes that prior to neoplastic
transformation folate is protective, however once the tumor is initiated, folate drives cell
division. Thus our results would support the second part of Kim’s hypothesis, implying that
at least in prostate cancer patients, very high serum folate concentrations may potentiate
tumor proliferation (29). In the presence of limiting levels of folate in vitro (≤50 nM),
PSMA expression increases cell folate uptake and proliferation (30). We therefore examined
if expression of PSMA in tumors varied according to serum folate level; however our non-
significant findings suggest PSMA expression is not regulated by folate levels and therefore
it is unlikely that PSMA directly contributes in to the increased proliferation seen in the
patients with high serum folate.
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As suggested by a recent study (31), the high serum folate levels observed in this cohort may
indicate an underlying perturbation of one-carbon metabolism that supports prostate
carcinogenesis in some individuals. The finding that 25% of the study cohort had more than
6-fold “adequate” serum folate levels (>81.72 nM) was unexpected. Such high levels are not
likely to be achieved without long term folic acid supplementation, whether from consuming
fortified foods or vitamin preparations. As half of the patients in this quartile reported that
they do not take vitamin supplements, it is likely that their folate levels are due to sustained
consumption of fortified food.

Although these observations are novel and may have important implications regarding folate
supplementation in populations at risk for developing prostate cancer, the study has
limitations. As a cross-sectional analysis, causality can only be implied, and not proven, by
the correlations observed between folate concentrations and the presence and characteristics
of prostate cancer. Unknown variables may be responsible for the observed differences in
serum and prostate tissue folate concentrations rather than variances created by the effects of
differences in the use of vitamin supplements or by tumor biology, as postulated. The
number of subjects studied is limited, and it will be useful to confirm our observations in a
larger cohort.

Given widespread dietary folate supplementation the relationship between folate intake and
prostate cancer should be better defined.
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Figure 1.
Fasting serum folate concentrations (nM) in patients with prostate cancer versus cancer-free
controls.
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Figure 2.
Fasting serum folate has a significant positive correlation with prostate cancer folate content
(correlation coefficient using the Spearman rank correlation test is 0.577, p=0.023).
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Figure 3.
Mean Ki67 staining index in grade-matched cancers from patients in the highest (n=10;
mean = 117±15 nM) and lowest quintiles (n=10; mean= 18 ± 9 nM) with respect to fasting
serum folate concentrations (p<0.0001). Representative light photomicrograph (63×) of
Ki67 immunohistochemistry reveals significantly greater staining (arrows) in prostate cancer
patients with high (a) versus low (b) serum folate concentrations. Normal prostate glands
from the same patients revealed no difference in Ki67 staining in patients with high (c)
versus low (d) serum folate concentrations.
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Table 1

Clinical characteristics of patients with primary prostate carcinoma.

Clinical parameter All men studied

Age range (years) Frequency (% total)

 40–49 23 (26.4%)

 50–59 18 (20.7%)

 60–69 43 (49.5%)

 ≥70 3 (3.4%)

Preoperative serum PSA (ng/mL)

 Mean ± SD 6.20 ± 4.6

 Median (range) 5.29 (0–32.1)

Pathologic stage

 pT1-pT2xN0M0 56 (64.4%)

 pT3aN0M0 & pT3bN0M0 25 (28.7%)

 pTanyN1M0 6 (6.9%)

Gleason Score

 3+3=6 8 (9.2%)

 3+4=7 54 (62.1%)

 4+3=7 14 (16.1%)

 4+4=8 4 (4.6%)

 4+5=9 7 (8.0%)

Use of folic acid containing supplements, including multi-vitamins 34 (39.1%)

Prostate. Author manuscript; available in PMC 2012 September 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tomaszewski et al. Page 13

Table 2

Fasting serum folate concentrations (nM) in patients with prostate cancer versus cancer-free controls, by age.

Prostate Cancer Controls P-value

Age range (PC, OD) mean (median) [n] mean (median) [n]

40–49 54.7 ± 31.4 (49.6) [23] 19.8 ±10.3 (18.5) [12] <0.00001

50–59 62.2 ± 33.8 (67.5) [18] 14.4 ± 9.1 (15.8) [5] <0.007

60 67.1 ± 35.5 (68.4) [46] 12.6 ± 9.6 (8.2) [3] <0.002

Overall 64.9 ± 35.2 [87] 17.4 ± 9.9 [20] <0.001

Prostate. Author manuscript; available in PMC 2012 September 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tomaszewski et al. Page 14

Ta
bl

e 
3

Fa
st

in
g 

Se
ru

m
 F

ol
at

e 
Le

ve
ls

 in
 P

ro
st

at
e 

C
an

ce
r P

at
ie

nt
s b

y 
U

se
 o

f F
ol

ic
 A

ci
d 

C
on

ta
in

in
g 

Su
pp

le
m

en
ts

.

A
ll 

Pa
tie

nt
s (

n=
86

)
Fi

rs
t Q

ua
rt

ile
 (n

=2
2)

Se
co

nd
 Q

ua
rt

ile
 (n

=2
1)

T
hi

rd
 Q

ua
rt

ile
 (n

=2
2)

Fo
ur

th
 Q

ua
rt

ile
 (n

=2
1)

M
ea

n 
se

ru
m

 fo
la

te
 (n

M
)

62
.6

22
.0

48
.0

71
.3

11
0.

8

M
ed

ia
n 

(n
M

)
57

.3
21

.9
48

.4
71

.8
10

9.
4

Su
pp

le
m

en
t u

se
rs

 (%
)

34
 (3

9.
5)

7 
(3

1.
8)

3 
(1

4.
3)

13
 (5

9.
1)

11
 (5

2.
4)

M
ea

n 
se

ru
m

 fo
la

te
 in

 su
pp

le
m

en
t u

se
rs

 (n
M

)
73

.2
*

21
.1

47
.3

73
.5

11
3.

2

M
ea

n 
se

ru
m

 fo
la

te
 in

 n
on

-u
se

rs
 o

f s
up

pl
em

en
ts

 (n
M

)
55

.7
*

22
.4

48
.1

68
.2

10
8.

1

* P=
0.

02

Prostate. Author manuscript; available in PMC 2012 September 1.


