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ABSTRACT

Background: Patients with cancer are highly concerned about food
choices and dietary supplements that may affect their treatment out-
comes. Excess folic acid (synthetic folate) from supplements or for-
tification can lead to accumulation of unmetabolized folic acid in the
systemic circulation and urine and may promote cancer growth, es-
pecially among those with neoplastic alterations.

Objective: We investigated the prospective association between syn-
thetic compared with natural folate intake and clinical outcomes in
non—muscle-invasive bladder cancer (NMIBC), which is a highly re-
current disease.

Design: In a cohort of 619 NMIBC patients, folate intake at diagnosis
was assessed with a previously validated food-frequency question-
naire and categorized according to tertiles. After a median follow-up
of 5.2y, 303 tumor recurrence and 108 progression events were docu-
mented from medical record review. Multivariable Cox proportional
hazards and logistic models were used to estimate adjusted HRs and
ORs with 95% Cls.

Results: Synthetic folic acid intake was positively associated with a
risk of recurrence among NMIBC patients (medium compared with
low intake—HR: 1.72; 95% CI: 1.20, 2.48; P = 0.003; high com-
pared with low intake—HR: 1.80; 95% CI: 1.14, 2.84; P = 0.01).
Patients with a higher folic acid intake were more likely to have mul-
tifocal tumors at diagnosis (medium or high compared with low—
OR: 2.08; 95% CI: 1.08, 4.02; P = 0.03). In contrast, natural folate
intake tended to be inversely associated with the risk of progression
(medium or high compared with low—HR: 0.68; 95% CI: 0.44, 1.04;
P =0.08).

Conclusions: A high intake of synthetic folic acid, in contrast to
the natural forms, is associated with an increased risk of recurrence
in NMIBC and multifocal tumors at diagnosis, which suggests that
folic acid may be unsafe for NMIBC patients. These findings pro-
vide some evidence for nutritional consultation with regard to folate
intake among NMIBC patients. Am J Clin Nutr 2018;107:208-
216.
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INTRODUCTION

Bladder cancer, the fifth most common cancer in the United
States (1), has one of the highest recurrence rates of all cancers
(2). The most important risk factor is smoking, and other factors
include occupational exposures, poor diet, alcohol intake, and ge-
netic predisposition (3, 4). Approximately 80% of new cases in
the United States present with a disease that is confined to the mu-
cosa or lamina propria [i.e., non—-muscle-invasive bladder cancer
(NMIBC)] (5). The 5-y cancer-specific survival of NMIBC pa-
tients ranges from 88.5% to 99.1% (6). However, >50% of cases
will recur and >10% of cases will progress to muscle invasion
within 5 y (7-11). The 5-y cancer-specific survival for bladder
cancer with muscle invasion decreases to 40% (12, 13). Due to
the high rate of recurrence and progression, there is enormous in-
terest in identifying modifiable factors, especially dietary factors,
that may affect the risk of recurrence and progression.

Folate plays a central role in DNA methylation, biosynthe-
sis, and repair (14, 15). Natural folate can be found in a variety
of fruits and vegetables. Mandatory food fortification with folic
acid, the synthetic form of folate, was authorized in 1996 and
fully implemented in 1998 in the United States (16—18). Folic
acid fortification (~100-200 pg/d), together with the common
use of folic acid—containing supplements [~400 pg/standard
multivitamin (19, 20)], has resulted in a >2-fold increase in blood
measurements of folate in the US population (19-23). Among
cancer patients and survivors, 26—77% use folic acid—containing
multivitamins and 1-12% use single folic acid supplements (24).

Supported in part by a grant from the National Cancer Institute at the NTH
(P50 CA 91846; to XW). Additional funding was provided by the Center for
Translational and Public Health Genomics at MD Anderson Cancer Center.

Supplemental Figure 1 is available from the “Supplementary data” link in
the online posting of the article and from the same link in the online table of
contents at https://academic.oup.com/ajcn/.

Address correspondence to XW (e-mail: xwu@mdanderson.org).

Abbreviations used: BCG, bacillus Calmette-Guérin; FFQ, food-
frequency questionnaire; NMIBC, non-muscle-invasive bladder cancer;
TUR, transurethral resection.

Received May 26, 2017. Accepted for publication November 3, 2017.

First published online February 26, 2018; doi: https://doi.org/10.1093/
ajen/ngx019.

208 Am J Clin Nutr 2018;107:208-216. Printed in USA. © 2018 American Society for Nutrition. All rights reserved.


https://academic.oup.com/ajcn/
mailto:xwu@mdanderson.org).

FOLIC ACID AND CLINICAL OUTCOMES IN BLADDER CANCER 209

High doses of folic acid may speed cell division and increase
tumor growth, thus promoting cancer, especially among those
with preneoplastic or neoplastic alterations (14, 17, 20, 25-33).
Animal studies have suggested that folic acid supplementation
may increase cancer risk and accelerate tumor progression if too
much is given or if it is provided after preneoplastic or neoplastic
alterations are established in the target organ (29). Several sec-
ondary analyses from randomized clinical trials suggested that
large doses of folic acid supplementation might increase cancer
risk (34-37), but a meta-analysis of all available trials showed
that folic acid supplementation had no substantial effect on the
risk of overall cancer or site-specific cancer (38).

The kidney excretes folic acid, especially after large doses, re-
sulting in appreciable amounts of unmetabolized folic acid in the
urine (39, 40). Unmetabolized folic acid comes into close contact
with the bladder epithelial cells, which express folate receptor,
reduced folate carrier, and proton-coupled folate transporter (41—
43). Unmetabolized folic acid may directly exert a cancer pro-
motion effect on potential occult, residual, neoplastic urothelial
cells, which may later manifest as disease recurrence or progres-
sion among NMIBC patients after resection. Therefore, we in-
vestigated the prospective association of intake of folic acid and
natural folate at diagnosis with the risk of recurrence and progres-
sion among a large clinical cohort of NMIBC patients.

METHODS

Patients and data collection

Study participants were accrued from a large ongoing co-
hort study that recruited patients with bladder cancer from The
University of Texas MD Anderson Cancer Center and Bay-
lor College of Medicine through a daily review of computer-
ized appointment schedules; more details were previously de-
scribed (44, 45). In the parent study on NMIBC (tumor stage
Ta, Tis, and T1) starting in 1995, we included patients who
were newly diagnosed (<1 y before recruitment) with histo-
logic confirmation and who were previously untreated with
chemotherapy or radiotherapy. The primary objectives included
discovering multidimensional molecular biomarkers in various
biospecimens, identifying modifiable risk factors, and building
integrative risk prediction models to accurately predict clinical
outcomes of NMIBC. At recruitment, patients filled in question-
naires to report information including demographic character-
istics, height, weight, smoking history, and dietary intake. By
the time we conducted the present study, 995 NMIBC patients
had been recruited in the parent study, and we included 649 pa-
tients diagnosed between 1997 and 2012 who reported their di-
etary intake in this study (Supplemental Figure 1). All of the
NMIBC patients underwent the same surveillance protocol and
were followed with periodic (every 3 mo for 2 y, every 6 mo for
2 y, then annually) cystoscopic examinations and intravesical
treatments as indicated, which consisted of bacillus Calmette-
Guérin (BCG) for 6 weekly instillations (induction course),
BCG induction plus maintenance, or other intravesical cytotoxic
agents. Study staff conducted a detailed chart review of medical
records to abstract clinical data, including diagnosis date, clini-
cally relevant (5, 46, 47) tumor characteristics at diagnosis (num-
ber of tumor foci at diagnosis, tumor size, stage, grade, presence
of concomitant carcinoma in situ), and dates of recurrence and

progression events. Tumor recurrence was defined as a newly
found bladder tumor, and progression was defined as the transi-
tion from non—-muscle-invasive to invasive or metastatic disease.
This study was approved by the MD Anderson Cancer Center In-
stitutional Review Board, and written informed consent was ob-
tained from each participant.

Dietary assessment

We used the same method of dietary assessment as in our previ-
ous studies (48, 49). Dietary intake during the year before diagno-
sis was assessed by using a previously validated food-frequency
questionnaire [FFQ; the National Cancer Institute’s Health Habits
and History Questionnaire (50)]. It has been shown that the FFQ
is a valid and reliable food-frequency survey tool across various
populations (51, 52). From the dietary information obtained in
the FFQ, dietary intake was calculated on the basis of the USDA
National Nutrient Database for Standard Reference (53) and the
USDA Food and Nutrient Database for Dietary Studies (54). We
further excluded those with outlying (i.e., outside the interval de-
limited by the 25th percentile minus 1.5 times the IQR and the
75th percentile plus 1.5 times the IQR) or implausible (i.e., <500
or >5000 kcal/d) energy intakes (n = 30) (Supplemental Fig-
ure 1). The daily dietary intake was energy-adjusted by using the
residual method (55).

Due to folic acid fortification, many foods contain both folic
acid and the natural folates that are inherent in foods. Folic
acid intake was the sum of folic acid consumption from for-
tified foods and that from multivitamin or individual supple-
ments. Our questionnaire inquired about the brands of multivita-
min supplements for patients recruited more recently (30% of the
study population). For patients who were taking known brands,
we linked the brands to the Dietary Supplement Label Database
at the NIH (https://www.dsld.nlm.nih.gov/dsld-mobile/index.jsp)
to obtain the amount of folic acid contained in each serving, and
the majority (92%) of the brands that contain folic acid contain
400 pg/serving. Multivitamins with unknown brands were as-
sumed to contain 400 pg folic acid/serving (19, 20, 56). For sin-
gle folic acid supplements, we asked about the amount in each
serving. Total folate intake was calculated by summing natural
folates and folic acid. Folic acid is generally assumed to be more
bioavailable than natural folates in foods. To account for this dif-
ference, total folate was expressed as dietary folate equivalents,
which were calculated as natural food folate (ng) 4+ 1.67 x folic
acid (ng).

Statistical analysis

Intakes of folic acid, natural folate, and total folate were cate-
gorized according to tertiles on the basis of the sex-specific distri-
butions in the study population. Patients with different amounts
of synthetic folic acid intake were compared for selected char-
acteristics at baseline by the chi-square test for categorical vari-
ables and ANOVA for continuous variables. Time-to-event for
the analysis of disease recurrence or progression was calculated
from the date of diagnosis to the date of disease recurrence
or progression, death, or the latest follow-up, whichever came
first. The proportionality of Cox proportional hazards model
was examined by visual inspection of the log-log survival plots,
time-dependent covariates, and Schoenfeld residuals. We used
multivariable sex- and treatment-stratified Cox proportional
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Selected characteristics of NMIBC patients by synthetic folic acid intake'

Synthetic folic acid intake?

Characteristics Low (n =207) Medium (n = 207) High (n = 205) P3
Synthetic folic acid, pg/d 152.7 4+ 70.3* 4398 £111.3 818.1 £291.9 <0.001
Age at diagnosis, y 61.7£11.1 64.2 £10.5 64.8 £ 11.1 0.01
Sex, n (%) 0.98
Men 165 (79.7) 164 (79.2) 164 (80.0)
Women 42 (20.3) 43 (20.8) 41 (20.0)
Race/ethnicity, n (%) 0.08
Non-Hispanic white 185 (89.4) 193 (93.2) 195 (95.1)
Other 22 (10.6) 14 (6.8) 10 (4.9)
Education, n (%) 0.02
High school or less 63 (30.6) 54 (26.1) 49 (24.0)
Some college 61 (29.6) 72 (34.8) 47 (23.0)
Completed college or greater 82 (39.8) 81 (39.1) 108 (52.9)
Smoking status, n (%) <0.001
Never smoker 52 (26.1) 61 (30.2) 73 (37.4)
Former smoker 79 (39.7) 99 (49.0) 94 (48.2)
Current smoker 68 (34.2) 42 (20.8) 28 (14.4)
BMI (kg/m?), n (%) 0.04
<25 (normal or underweight) 47 (22.7) 48 (23.3) 67 (32.7)
25-29.99 (overweight) 90 (43.5) 88 (42.7) 90 (43.9)
>30 (obese) 70 (33.8) 70 (34.0) 48 (23.4)
Multivitamin use, n (%) <0.001
No 191 (92.3) 67 (32.4) 9(4.4)
Yes 16 (7.7) 140 (67.6) 196 (95.6)
Treatment, n (%) 0.59
TUR only 60 (29.0) 49 (23.7) 60 (29.3)
iBCG after TUR 55 (26.6) 68 (32.9) 52 (25.4)
mBCG after TUR 51 (24.6) 49 (23.7) 56 (27.3)
Other intravesical chemotherapy 41 (19.8) 41 (19.8) 37 (18.0)
Dietary intake
Total energy, kcal/d 2283.9 +£1017.8 2355.8 £911.3 2312.0 £ 894.7 0.74
Alcohol, g/d 17.2 + 34.0 12.0 + 18.1 9.5+ 153 0.004
Natural folate, pg/d 335.0 £ 122.0 363.4 + 144.6 343.5 + 125.1 0.08
Total folate, DFEs/d 590.1 £ 171.0 1097.9 £+ 244.7 1711.5 £519.3 <0.001

!Energy-adjusted intake was categorized into tertiles on the basis of the sex-specific distribution in the study
population. Among men: low (<228.0 pg/d), medium (228.0-557.4 pg/d), high (>557.4 pg/d); among women:
low (<353.4 pg/d), medium (353.4-593.4 pg/d), high (>593.4 pg/d). DFE, dietary folate equivalent; iBCG, in-
duction bacillus Calmette-Guérin; mBCG, maintenance bacillus Calmette-Guérin; NMIBC, non—muscle-invasive

bladder cancer; TUR, transurethral resection.

2Numbers may not add up to the total because of missing data.
3Derived by using chi-square test for categorical variables and ANOVA for continuous variables.

4Mean + SD (all such values).

hazards and logistic models to estimate HRs and ORs with 95%
CIs, after adjustment of potential confounders based on a pri-
ori knowledge. Patients with missing covariates were excluded
in multivariable analysis. The Kaplan-Meier failure function was
used to plot and compare the risk of tumor recurrence or progres-
sion across different amounts of folate intake.

RESULTS

Host characteristics of NMIBC patients

Selected characteristics of the 619 NMIBC patients by 3
groups of synthetic folic acid intake are presented in Table 1. Pa-
tients with a higher folic acid intake were more likely to be older,
well educated, never or former smokers, nonobese, and multi-
vitamin users. In addition, they had lower consumption of alco-
hol and higher consumption of total folate. No significant differ-

ences between the 3 groups were observed with regard to sex,
race/ethnicity, type of treatment, and total energy intake.

Folate intake and risk of recurrence and progression

After a median follow-up of 62 mo, 303 tumor recurrence
and 108 progression events were recorded. Table 2 shows the
multivariable-adjusted associations of intakes of folic acid, natu-
ral folate, and total folate intake with the risk of recurrence or pro-
gression. Compared with patients with a low intake of synthetic
folic acid, those with medium or high intakes of folic acid had
a72% (HR: 1.72; 95% CI: 1.20, 2.48; P = 0.003) or 80% (HR:
1.80;95% CI: 1.14, 2.84; P = 0.01) increased risk of recurrence,
respectively. In contrast, natural folate intake was in nonsignifi-
cant inverse association with the risk of progression; compared
with low natural folate intake, medium and high intakes were as-
sociated with a 33% (HR: 0.67; 95% CI: 0.40, 1.11; P = 0.12)
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TABLE 2
Folate intake in different forms with risk of recurrence and progression among NMIBC patients!
Recurrence Progression
Folate intake n Events/total n HR (95% CI)? P? n Events/total n HR (95% CI)? P?
Synthetic folic acid?
Low 93/207 Reference N/A 34/207 Reference N/A
Medium 113/207 1.72 (1.20, 2.48) 0.003 38/207 1.17 (0.65, 2.12) 0.60
High 97/205 1.80 (1.14, 2.84) 0.01 36/205 1.33 (0.63, 2.81) 0.46
Natural folate*
Low 1107207 Reference N/A 44/207 Reference N/A
Medium 107/207 0.96 (0.71, 1.30) 0.78 33/207 0.67 (0.40, 1.11) 0.12
High 86/205 0.82 (0.60, 1.13) 0.22 31/205 0.69 (0.41, 1.15) 0.15
Total folate®
Low 98/206 Reference N/A 32/206 Reference N/A
Medium 118/208 1.67 (1.16, 2.38) 0.005 45/208 1.83 (1.02, 3.26) 0.04
High 871205 1.23 (0.78, 1.95) 0.37 31/205 1.20 (0.57, 2.53) 0.63

!Energy-adjusted intake was categorized into tertiles on the basis of the sex-specific distribution in the study population.
DEFE, dietary folate equivalent; N/A, not applicable; NMIBC, non—-muscle-invasive bladder cancer.

Derived by using sex- and treatment-stratified Cox models adjusted for age, race/ethnicity, education, smoking status,
BMI, multivitamin use, total energy intake, alcohol consumption, tumor stage, and tumor grade.

3Intakes among men: low (<228.0 pg/d), medium (228.0-557.4 pg/d), high (>557.4 ug/d); among women: low
(<353.4 ng/d), medium (353.4-593.4 pg/d), high (>593.4 pg/d).

“4Intakes among men: low (<283.5 ug/d), medium (283.5-365.6 ug/d), high (>365.6 pg/d) intakes; among women: low
(<296.7 ng/d), medium (296.7-408.3 pg/d), high (>408.3 pg/d).

SIntakes among men: low (<697.0 DFEs/d), medium (697.0-1265.9 DFEs/d), high (>1265.9 DFEs/d); among women:
low (<1001.8 DFEs/d), medium (1001.8-1402.7 DFEs/d), high (>1402.7 DFEs/d).

and 31% (HR: 0.69; 95% CI: 0.41, 1.15; P = 0.15) reduced risk ~ 3.26; P = 0.04), whereas a high total intake was not significantly
of progression, respectively. Compared with low total folate in-  associated with the risk of recurrence or progression, suggesting
take, medium total intake was associated with a 67% increased  an upside-down U-shaped association.

risk of recurrence (HR: 1.67; 95% CI: 1.16, 2.38; P = 0.005) and Figure 1 shows the risk of recurrence along time after diag-
an 83% increased risk of progression (HR: 1.83; 95% CI: 1.02,  nosis by synthetic folic acid intake (Figure 1A) and the risk of
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FIGURE 1 Risk of recurrence along time after diagnosis by synthetic folic acid intake (A) and risk of progression along time after diagnosis by natural
folate intake (B). For synthetic folic acid intake, among men: low (<228.0 pg/d), medium (228.0-557.4 pg/d), and high (>557.4 png/d) intakes; among women:
low (<353.4 pg/d), medium (353.4-593.4 pg/d), and high (>593.4 pg/d) intakes. For natural folate intake, among men: low (<283.5 pg/d), medium (283.5—
365.6 pg/d), and high (>365.6 pg/d) intakes; among women: low (<296.7 ng/d), medium (296.7-408.3 pg/d), and high (>408.3 pg/d) intakes. HRs (medium
or high compared with low) and P values were based on sex- and treatment-stratified Cox models adjusted for age, race/ethnicity, education, smoking status,
BMI, multivitamin use, total energy intake, alcohol consumption, tumor stage, and tumor grade.
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FIGURE 2 Risk of recurrence by synthetic folic acid intake among patients who received TUR only (A) and patients who received BCG treatment after
TUR (B). For synthetic folic acid intake, among men: low (<228.0 pg/d), medium (228.0-557.4 ng/d), and high (>557.4 pg/d) intakes; among women: low
(<353.4 pg/d), medium (353.4-593.4 pg/d), and high (>593.4 pg/d) intakes. HRs (medium or high compared with low) and P values were based on sex-
stratified Cox models adjusted for age, race/ethnicity, education, smoking status, BMI, multivitamin use, total energy intake, alcohol consumption, tumor stage,

and tumor grade. BCG, bacillus Calmette-Guérin; TUR, transurethral resection.

progression by natural folate intake (Figure 1B). As shown in
Figure 1A, the risk of recurrence after diagnosis was higher
among patients with medium or high synthetic folic acid in-
take than among those with low folic acid intake. As shown in
Figure 1B, the risk of progression tended to be lower among pa-
tients with medium or high natural folate intake than among those
with low natural folate intake.

Synthetic folic acid and risk of recurrence stratified by
cancer treatment

Figure 2 shows the risk of recurrence by synthetic folic acid in-
take among patients who received transurethral resection (TUR)
only (Figure 2A) and patients who received BCG treatment af-
ter TUR (Figure 2B). Medium or high folic acid intake was posi-
tively associated with an increased risk of recurrence in both sub-
groups, but the association was only significant among those who
received TUR only (HR: 2.91;95% CI: 1.46,5.79; P =0.002) and
was not significant among those who received BCG treatment af-
ter TUR (HR: 1.39; 95% CI: 0.90, 2.15; P = 0.14). We were not
able to estimate the stratified associations for progression due to
the relatively small number of patients with progression in each
treatment subgroup.

Folic acid and tumor characteristics

We further assessed whether synthetic folic acid intake was
associated with 5 tumor characteristics at diagnosis: focality,
size, stage, grade, and concomitant carcinoma in situ. As shown
in Table 3, compared with patients with low folic acid intake,
those with higher intakes were more likely to have multifocal

tumors at diagnosis (medium or high compared with low—OR:
2.08; 95% CI: 1.08, 4.02; P = 0.03). The associations between
folic acid intake and the 4 other tumor characteristics were not
significant.

TABLE 3
Synthetic folic acid intake and clinically significant tumor characteristics of
NMIBC!

Synthetic folic acid intake

Tumor characteristics Low Medium/high P?
Multifocal tumors 0.03
Multiple/single, n 59/81 155/142
OR (95% CI) Reference 2.08 (1.08, 4.02)
Larger size 0.35
>2/<2cm, n 62/29 128/54
OR (95% CI) Reference 1.57 (0.61, 4.03)
More-advanced stage 0.20
T1/Ta or Tis, n 96/109 214/194
OR (95% CI) Reference 1.40 (0.84, 2.33)
Higher grade 0.53
G3/GlorG2,n 119/81 251/148
OR (95% CI) Reference 1.20 (0.69, 2.08)
Concomitant CIS 0.73
Yes/no, n 66/123 137/241
OR (95% CI) Reference 1.10 (0.64, 1.89)

"Energy-adjusted intake was categorized into tertiles on the basis
of the sex-specific distribution in the study population. Among men: low
(<228.0 pg/d), medium (228.0-557.4 pg/d), high (>557.4 pg/d);
among women: low (<353.4 pg/d), medium (353.4-593.4 pg/d), high
(>593.4 pg/d). CIS, carcinoma in situ; NMIBC, non-muscle-invasive
bladder cancer.

2Derived by using logistic models adjusted for age, race/ethnicity, educa-
tion, smoking status, BMI, multivitamin use, total energy intake, and alcohol
consumption. No adjustment for multiple comparisons was made.
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DISCUSSION

Given the increasing concern over food choices and dietary
supplements that may affect cancer treatment outcomes, we in-
vestigated the prospective association of folic acid and natural fo-
late intake with clinical outcomes of NMIBC patients. We found
that a high intake of folic acid during the year before diagno-
sis was significantly associated with increased risk of recurrence,
whereas a high intake of natural folate tended to be associated
with a decreased risk of progression. Furthermore, the increased
risk of recurrence associated with high synthetic folic acid was
more pronounced among patients who received TUR only than
among patients who received BCG treatment after TUR. Finally,
high folic acid intake was linked to an increase in multifocal tu-
mors.

Previous epidemiologic studies that examined the association
between folate intake and bladder cancer risk yielded inconsis-
tent results (57-69). According to a meta-analysis of these studies
(70), a significant 16% (RR: 0.84; 95% CI: 0.72, 0.96) decreased
risk of developing bladder cancer was observed when comparing
the highest with the lowest amounts of total folate intake, and the
reduction was more evident with dietary natural folate (RR: 0.82;
95% CI: 0.65, 0.99) than with synthetic folic acid (RR: 0.91;95%
CI: 0.58, 1.25). Meanwhile, our study provides the first evidence,
to our knowledge, that folic acid, in contrast to natural folate,
is associated with an increased risk of recurrence in NMIBC pa-
tients, and this association is further supported by our observation
that a high intake of folic acid was associated with an increase in
multifocal tumors. Our findings, together with those from previ-
ous studies, suggest a dual modulatory effect (28, 30) of folate on
bladder cancer depending on the context.

There are several possible explanations for the observed pos-
itive association between folic acid intake and the risk of recur-
rence in NMIBC. First, high doses of folic acid, which is more
bioavailable than natural folate found in foods, may speed cell
division and increase tumor growth, especially among those with
preneoplastic or neoplastic alterations (14, 29, 32). Second, un-
like natural folate, folic acid needs to be reduced enzymatically to
functional form by dihydrofolate reductase, and this process takes
place mainly in the liver (71). However, dihydrofolate reductase
activity in the human liver is extremely low and variable (72), and
the capacity of this enzyme can be exceeded with large doses of
folic acid, resulting in the presence of unmetabolized folic acid
in the systemic circulation and urine (40). There has been no evi-
dence of unmetabolized natural folate in urine. Unmetabolized
folic acid can be transported into cells via the folate receptor
and several other transporters (73), but the intracellular effects
of folic acid are unknown. Interestingly, natural killer cell cyto-
toxicity, which plays an important role in immune surveillance
against cancer and killing of tumor cells (74), is reduced with a
high intake of folic acid in aged mice (75) and with the presence
of unmetabolized folic acid in plasma among postmenopausal
women (76). To the best of our knowledge, no previous study
has specifically investigated the effect of natural folate on natural
killer cell cytotoxicity. Finally, excess folic acid significantly in-
creases genomic and site-specific methylation, and theoretically,
hypermethylation of the promoter regions in tumor suppressor or
mismatch repair genes could lead to inactivation of these genes,
thus promoting tumor growth and progression (29, 77).

We found that, among patients who received BCG treatment
after TUR, the increased HR of recurrence comparing high or

medium with low folic acid intake was smaller than that among
patients who received TUR only. BCG treatment may mitigate
the effect of folic acid on recurrence for 2 reasons: first, BCG
treatment results in reduced cell proliferation, cell cycle arrest,
and cell death of bladder cancer cells (78); second, the antitumor
effect of BCG treatment is mediated through activation of the im-
mune system (78), and after BCG instillation, a marked increase
in the number of immune cells, including natural killer cells, can
be detected in the urine and the bladder wall (79). Therefore, BCG
treatment may mitigate the effects of folic acid (as stated above:
folic acid acts by increasing cell proliferation and decreasing the
cytotoxicity of natural killer cells).

It is uncertain why high folic acid intake is associated with an
increased risk of recurrence but not progression of NMIBC. One
potential reason is that high folic acid intake may speed cell di-
vision and increase tumor growth, but it may have no significant
effect on the aggressiveness of the tumor cells. This reasoning is
consistent with our observation that a high intake of folic acid was
in association with multifocal tumors but not with stage, grade,
and concomitant carcinoma in situ, which are related to the ag-
gressiveness of the tumor cells (47).

Reducing the recurrence of bladder cancer is of significant im-
portance from both a patient and economic point of view. It has
been shown that recurrence at follow-up cystoscopy after TUR
is one of the most important prognostic factors for progression
(47, 80, 81). Due to the high rate of recurrence, lifelong, fre-
quent, and painful monitoring procedures are needed to identify
and remove recurrent tumors, making bladder cancer the most ex-
pensive cancer to manage per patient, with an estimated cost of
$96,000-$187,000 from diagnosis to death in the United States
(82, 83).

There are several strengths of our study. For the first time to our
knowledge, we investigated the prospective association of folate
intake in different forms and clinical outcomes of NMIBC pa-
tients and showed that folic acid and natural folate had differen-
tial impacts on clinical outcomes in NMIBC patients. Second, we
systematically followed a large clinical cohort of NMIBC patients
for a sufficient period of time to observe tumor recurrence and
progression events that are the most relevant to NMIBC patients
and physicians but for which data are commonly unavailable in
population-based cohorts. Third, we used a previously validated
FFQ to collect dietary data in our study. A final strength is that
we were able to adjust for potential epidemiologic and clinical co-
variates, which helps to minimize the possibility of confounded
associations.

Our study is not without limitations. First, the dietary data
were self-reported and were subject to measurement errors. Nev-
ertheless, it is unlikely that measurement errors were differen-
tial on the basis of clinical outcomes. Second, as for any obser-
vational study, we could not exclude the possibility of uncon-
trolled confounding, even though we adjusted for a long list of
potential confounders. Third, the number of progression events
is relatively small, with limited statistical power. Fourth, non-
Hispanic whites accounted for the majority of the study popula-
tion; therefore, the study results may not be directly generalizable
to other racial/ethnic groups. Fifth, multivitamins with unknown
brands were assumed to contain 400 pg folic acid/serving, which
is the amount found in 92% of the known brands in our study, but
some uncommon brands may contain a different amount. Finally,
dietary intake was only evaluated in the year before diagnosis and
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cancer patients may change their diet after diagnosis. In partic-
ular, cancer survivors may initiate dietary supplement use after
diagnosis (24). Therefore, in our study, the intake of folic acid
might have increased after diagnosis among those who did not
use dietary supplements before diagnosis. This change in supple-
ment use after diagnosis may have led to an underestimation of
the positive association between folic acid intake and recurrence.
Meanwhile, as shown in Figure 1, most recurrence and progres-
sion events occurred within 1 y postdiagnosis, so the dietary in-
take assessed at diagnosis may be more relevant than that assessed
several years after diagnosis.

Our study provides the first evidence, to our knowledge, that
although a high natural folate intake tends to be associated with
decreased risk of progression in NMIBC patients, a high folic
acid intake is associated with an increased risk of recurrence (par-
ticularly in those who only receive TUR) and multifocal tumors
at diagnosis. These findings cast doubt on the safety of the com-
mon use of folic acid—containing supplements among NMIBC
patients in the context of universal folic acid fortification of the
food supply. However, given that our study is an observational
cohort study, no causal inference could be made and more stud-
ies are needed to confirm these novel and clinically relevant find-
ings. If confirmed, these findings may have great implications for
clinical management and nutritional consultation for NMIBC pa-
tients.
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