




Table I Characteristics of study subjects and urinary excretion of PEITC-NAC during the watercress consumption period

PEITC-NAC in urine (minimum amount of PEITC ingested in mg/24 h)’
Subject Sex Age

Day I Day 2 Day 3 Day 4

I M 34 36.8 (18.4) 69.3 (34.7) 39.1 (19.6) 1.62 (0.81)

2 M 27 15.7 (7.85) 36.5 (18.3) 10.4 (5.18) 8.98 (4.49)

3 F 26 21.8 (10.9) 37.5 (18.8) 41.4 (20.7) NDe”

4 F 24 19.3 (9.64) 43.5 (21.8) 27.6 (13.8) ND’

5 F 26 90.8 (45.4) 141 (70.5) 1 19 (59.7) 19.0 (9.5)

6 F 26 27.6 (13.8) 73.2 (36.6) 53.2 (26.6) 32.6 (16.3)

7 M 30 25.6 (12.8) 41.1 (20.6) 48.8 (24.4) 52.5 (26.3)

8 F 25 75.1 (37.6) 98.9 (49.4) 149 (74.5) 34.6 (17.3)

9 F 39 46.3 (23.1) 107 (53.5) 199 (99.5) 74.0 (37.0)

10 M 48 39.4 (19.7) 84.5 (42.3) 84.4 (42.2) 55.9 (28.0)

II M 27 21.8 (10.9) 71.6 (35.8) 55.9 (28.0) 10.1 (5.1)

Mean � SD 30.2 ± 7.4 38.2 ± 24.2 73.1 ± 33.3 75.3 ± 57.7 28.9 ± 25.3

(19.1 ± 12.1) (36.6 ± 16.7) (37.7 ± 28.9) (14.5 ± 12.7)

“ To convert to mmol/24 h. divide by 326 (PEITC-NAC) or 163 (PEITC).

1� NDe, not detected.

‘- ND. not determined.

Table 2 Urinary NNAL plus NNAL-Gluc and cotinine in smokers who consumed watercress”

NNAL plus NNAL-Gluc lnmot/24 h: mean ± SD or mean
Difference lnmol/24 h (% changel

Cotinine (individual values)]
Subject Cigarettes )Mmol/24 h � Period 2

per day � SD)” Period I Period 3 Period 4 Period 2 minus Period 3 minus Period 4 minus
(watercress

(baseline)’ consumption)” (Follow-up If (Follow-up 2)’ period I period I period I

I 18.2 ± 2.2 49.4 ± 14.5 6.40 ± 2.10 8.30(10.4,6.21) ND’ ND 1.90(29.7) ND ND

2 6.7 � 1.1 51.3 ± 7.90 5.80 ± 0.20 8.18 (7.57, 8.78) 9.92 (9.96, 10.4) ND 2.38 (41.0) 3.52 (55.0) ND

3 16.8 � 1.1 37.5 ± 9.49 3.79 ± 1.08 4.66(4.83.4.48) 6.66 ± 1.44 ND 0.87(23.0) 2.87(75.7) ND

4 15.0 ± 1.1 13.6 ± 4.14 4.18 ± 0.85 3.72 (3.66. 3.78) 2.30 (2.70, 1.89) ND -0.46(-I 1.0) -1.88 (-45.0) ND

5 15.8 ± 0.4 51.4 ± 6.65 4.01 ± 0.46 5.64(5.29,6.0()) ND’ ND 1.63(40.6) ND ND

6 9.5 ± 1.2 31.6 ± 7.61 0.799 ± t).l26 1.22 (1.16, 1.27) NIY ND 0.42 (52.7) ND ND

7 14.2 � 1.1 23.6 ± 7.90 2.26 ± 0.50 1.26(1.32, l.2t)) 2.12 (1.48, 2.76) 0.913 ± 0.401 -l.00(-44.2) -0.14(-6.2) -I.53(-59.6)

8 13.6 ± 0.7 29.3 ± 7.90 1.21 ± 0.44 2.69(2.84. 2.54) 1.60 ± 0.29 1.43 ± 0.141 1.48(122) 0.39(32.2) 0.22 (18.2)

9 19.1 ± 1.7 33.5 ± 5.49 3.25 ± 0.74 5.57(5.46,5.68) 3.32 ± 0.74 3.71 ± 0.547 2.32(74.1) 0.07(2.2) 0.46(14.2)

It) 8.0 � 1.4 17.4 ± 6.59 3.62 � 1.72 3.99(2.99,4.99) 2.46 ± 0.77 2.56 ± 0.214 0.37(10.2) -l.16(-32.0) -I.t)6(-29.3)

I I 15.9 ± It) 14.6 ± 2.57 t).812 ± 0.1 17 1.06 (0.852. 1.27) 0.791 ± 0.1 18 1.07 ± 0.1 1 1 0.25 (30.5) -0.02 (-2.6) 0.26 (31.8)

Mean ± SD 14.8 ± 3.4 32.1 ± 14.2 3.28 ± 1.88 4.21 ± 2.58 3.64 ± 3.08 1.94 ± 1.18 0.924 ± I.I2� 0.456 ± 1.85 (9.9 -0.294 ± 0.753

(33.5 � 43.2) ± 41.6) (-4.9 ± 38.2)

“ Eleven smokers maintained constant smoking habits and avoided cruciferous vegetables. except during the watercress consumption period. Twenty-four-h urine samples
were collected as illustrated in Fig. 2. See “Materials and Methods” for details.

“ On 3 baseline days. 3 watercress days. and 3 follow-up days. To convert to mg cotinine/24 h, multiply by 0.176.

‘ Twenty-four-h urine samples from 3 consecutive days.

(I Twenty-four-h urine samples from days 2 and 3 of the watercress consumption period (see Fig. 2).

‘. Twenty-four-h urine samples from 2-3 consecutive days.

, Not determined.
#{149}0Significant compared to 0. P < 0.01 (paired t test).
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relations were determined by calculation of Pearson’s correla-
tion coefficients (33).

Results

Characteristics of the study subjects and their urinary levels of
a PEITC metabolite, PEITC-NAC, are summarized in Table 1.
Watercress proved to be a good source of PEITC, confirming
previous studies (28-30). On day I ofwatercress consumption,

PEITC-NAC levels in urine ranged from 15.7 to 90.8 mg/24h,
on day 2 from 36.5 to 141 mg/24h, and on day 3 from 10.4 to
199 mg/24h. Most of the PEITC-NAC was excreted by the end
of day 3. The corresponding minimum amounts of PEITC
ingested on each day are also shown in Table 1 . The actual
amount ingested cannot be determined without knowing the

extent of metabolism of PEITC to PEITC-NAC, which has

been estimated to range from 30 to 67% in humans (30).

Diet records indicated that all subjects complied with the

protocol and avoided cruciferous vegetables or other sources of
isothiocyanates during the study, except on the watercress con-

sumption days. The urine of 7 subjects was analyzed for

PEITC-NAC during the baseline and follow-up periods;

PEITC-NAC was not detected.
Nine of the 1 1 subjects smoked between 10 and 20 ciga-

rettes per day, as summarized in Table 2. Numbers of cigarettes

smoked per day remained relatively constant, as requested in

the protocol. Levels of NNAL plus NNAL-Gluc during the

baseline period were also relatively constant for each smoker

(mean coefficient of variation ± SD = 24.2 ± 1 1.3%).

on November 30, 2021. © 1995 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 
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Fi,i�’. 3. The percentage of change in NNAL plus NNAL-Gluc excretion in the

urine ofeach subject. A. days 2 and 3 ofwaiercress consumption period compared

to baseline. B. follow-up period I compared to baseline. ND. not determined.

Mean levels of urinary NNAL plus NNAL-Gluc in the

baseline period, on days 2 and 3 of the watercress consumption
period, and in the follow-up periods, are summarized in Table
2. In 7 of the 1 1 smokers, excretion of NNAL plus NNAL-Gluc
increased on the second 2 days of the watercress consumption

period compared to the baseline period. The amount was con-
sidered to have increased if the percentage increase was greater

than 24.2%. the mean coefficient of variation in the baseline
period. The percentage increases in these seven subjects ranged
from 29.7 to 122% (niean ± SD = 55.8 � 32.9%). Three
subjects exhibited no change according to this criterion, and
one had a decrease of 44.2%. The mean ± SD increase in
NNAL plus NNAL-Gluc for all I 1 subjects was 0.924 ± 1.12
nmol/24 h, which was significant (P < 0.01). In follow-up
period I , levels of NNAL plus NNAL-Gbuc were determined in
8 of I I subjects. They were higher than in the baseline period
in 3 ofthe subjects, bower in 2, and unchanged in 3. The overall
difference between follow-up 1 and baseline periods was 0.456
:�: I .85 nmol/24 h. which was not significant. Changes in
NNAL plus NNAL-Gluc excretion in each subject in the wa-
tercress consumption period and follow-up period I compared

to baseline are summarized in Fig. 3. Levels of NNAL plus
NNAL-Gluc were determined in 5 subjects in follow-up period
2. Compared to baseline, they increased in 1, decreased in 2,

Fig. 4. Overall percentage of change (mean � SE) in urinary NNAL plus

NNAL-Gluc on days 2 and 3 of the watercress consumption period. and in the
follow-up periods. compared to the baseline period (it I I for baseline and

watercress consumption periods. ii = 8 for follow-up period I. and n 5 for

follow-up period 2). 5difference between the watercress consumption and base-
line periods was significant (P < t).0I: see text). The differences between the

follow-up and baseline periods were not significant. Data from Table 2.

and did not change in 2. The overall change compared to
baseline was not significant. The composite percentage changes
in the watercress consumption and follow-up periods are sum-

marized in Fig. 4.
The NNAL plus NNAL-GLuc data were also expressed

per mg creatinine, and the same calculations as described above
were performed (Table 3). The mean ± SD increase on the

second 2 days of the watercress consumption period compared
to baseline was 0.454 ± 0.684 pmol/mg creatinine, which was
significant (P < 0.05). The difference between follow-up

period I and baseline was not significant. In follow-up period
2, there was a significant decrease in NNAL plus NNAL-Gluc

compared to baseline (P < 0.05).
Although the maximum effects of watercress consumption

on bevels of NNAL plus NNAL-Gluc in urine were seen on

days 2 and 3 of the watercress consumption period, the mean
increase in levels of these metabolites on all 3 days of water-

cress consumption were still significant compared to the base-
line period (mean increase, 0.626 ± 0.982 nmol/24 h; P
0.03). Levels of NNAL plus NNAL-Gluc were also measured
in the 24-h urine samples of 5 subjects on the day after the
watercress consumption period. In 3 of the 5 subjects, the
amount decreased compared to the preceding 2 days, by 34.9 ±
7.5%, whereas it was unchanged in the other 2 (data not
shown).

The percentage of change from baseline in urinary levels

of NNAL plus NNAL-Gluc on days 2 and 3 of the watercress
consumption period was examined with respect to total urinary
PEITC-NAC during days 1-3 of the watercress consumption
period for each subject. These data are summarized in Fig. 5,
which shows that these two variables correlated (r = 0.62;

P = 0.04).
Insight on the potential effect of watercress consumption

on UDP-glucuronosyl transferase activity can be obtained by
considering levels of NNAL and NNAL-Gluc separately. These
data for the first 3 periods of the study are summarized in Table

4. Six of the I 1 subjects showed an increase in free NNAL on
days 2 and 3 of the watercress consumption period compared to
baseline, and 5 of these 6 individuals also had increases in

on November 30, 2021. © 1995 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 
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Table 3 Urinary NNAL plus NNAL-Gluc in smokers who c onsumed watercress”

NNAL plu s NNAL-Gluc [pmol/mg creatinine: mean ± SD or mean. . .
(individual values)l

. .
Difference lpmol/mg creatinine fT change)l

Period 2 Period 3 Period 4. .
minus minus minus

. .
period I penod I period I

Subject
Penod I

. ,,
(baseline)

Period 2 . -
Penod 3 Penod 4

(watercress d ‘,. (follow-up I) (follow-up 2)
consumption)

I

2

3

4

5

6

7

8

9

It)

I I

4.23 � t).15

3.62 � 0.23

3.69 � 0.70

3.83 t t).62

2.84 :� t).31

t).914 � 0.121

1.65 :�: 0.09

1.52 � 0.31

4.45 ± 0.43

2.04 t 0.57

t).599 � 0.186

5.78 (6.27, 5.29) NIY ND

4.22 (3.95,4.5t)) 5.17 (5.22. 5.12) ND

4.48(4.34.4.62) 7.43 ± 0.43 ND

3.31 (3.21. 3.41 ) 3.08 (3.37, 2.78) ND

3.42 (3.06, 3.78) ND� ND

1.33(1.23. 1.44) ND� ND

1.06(1.34.0.77) 0.937 ± 0.580 0.632 ± 0.150

2.41 (2.54,2.29) 1.72 ±0.23 1.29 ±0.09

5.73 (5.92, 5.54) 4.38 ± 0.08 3.99 ± 0.25

2.09 (1.90. 2.28) 1.34 ± 0.09 1.49 ± 0.18

0.547(0.417, 0.676) 0.392 ± 0.060 0.474 ± 0.040

1.55 (36.6) ND ND

0.60(16.6) 1.55 (42.8) ND

0.79(21.4) 3.74(101) ND

-0.52 (- 13.6) -0.75 (- 19.6) ND

0.58 (20.4) ND ND

0.42(45.5) ND ND

-0.59(-35.8) -0.71 (-43.2) -l.02(-61.8)

0.89(58.6) 0.20(13.2) -0.23(-15.l)

1 .28 (28.8) -0.07 ( - I .6) -0.46 ( - 10.3)

0.05 (2.5) -0.70 (-34.3) -t).55 (-30.t))

-0.052(-8.7) -0.207(-35.0) -0.125 (-21.7)

Mean ± SD 2.67 � 1.37 3.13 ± 1.81 3.06 ± 2.44 1.57 ± 1.42 0.454 � 0.684’ 0.381 � 1.55 -0.478 � 0.347’

(15.7 ± 27.7) (11.6 � 47.4) (-27.8 ± 20.4)

“ Eleven smokers maintained constant smoking habits and avoided cruciferous vegetables except during the watercress consumption period. Twenty-four-h urine samples

were collected as illustrated in Fig. 2. See “Materials and Methods” for details.
,, Twenty-four-h urine samples from 3 consecutive days.

‘- Twenty-four-h urine samples from days 2 and 3 of the watercress consumption period (see Fig. 2).

�I Twenty-four-h urine samples from 2-3 consecutive days.

� Not determined.

-,Significant compared to 0: P < 0.05 (paired z test).

levels of NNAL-Gluc. Seven of the 1 1 subjects showed an
increase in NNAL-Gluc on days 2 and 3 of the watercress

consumption period. and S of these also had increased levels of
NNAL. These changes are presented in summary form in Table
5. Consideration of Table S indicates that the NNAL-Gluc:
NNAL ratio should have increased in two subjects (subjects 2
and 9) upon consumption of watercress. This was observed.
The ratio for subject 2 increased from 3.3 at baseline to 5.2 on

days 2 and 3 of watercress consumption, whereas for subject 9,

the corresponding figures were 3.5 and 5.9. In the other S
subjects with increased levels of NNAL plus NNAL-Gbuc,

there was no increase in ratio between baseline and days 2 and
3 of the watercress consumption period. Collectively, these data
indicate that the major effect leading to increased NNAL plus
NNAL-Gluc was an increase in the amount of available NNAL

due to inhibition of another metabolic pathway. However, in
two cases, UDP-glucuronosyl transferase activity may also

have been induced.
The major contribution to increased urinary NNAL plus

NNAL-Gluc was made by NNAL-Gluc because this is the more

abundant of these two NNK metabolites. As shown in Tables 4
and 5, the 7 subjects with increased levels of NNAL-Gluc on
days 2 and 3 of the watercress consumption period were the

same 7 who had increased levels of NNAL plus NNAL-Gluc.
The increase in urinary NNAL-GIuc on days 2 and 3 of the
watercress consumption period (mean ± SD, 0.769 ± 0.968
nmol/24 h) was significant compared to baseline (P < 0.02).

Discussion

The results of this study support our hypothesis that watercress
consumption increases urinary excretion of NNAL plus NNAL-
Glue in smokers. The mean increase in urinary NNAL plus
NNAL-Gluc was significant in the watercress consumption
period compared to baseline levels (Fig. 4). Urinary NNAL plus
NNAL-Gluc levels decreased after the watercress consumption

period. Changes in urinary NNAL plus NNAL-Gluc correlated
with PEITC intake, as measured by PEITC-NAC levels in urine

(Fig. 5). These data provide strong evidence that PEITC inhibits

metabolic oxidation of NNK in smokers.
Studies in rats and mice have demonstrated that adminis-

tration of PEITC results in inhibition of hepatic and pulmonary
NNK a-hydroxylation and NNK-N-oxide formation (I 1 , 23,

26-27). As shown in Fig. I, this should result in accumulation
and increased urinary excretion of NNAL and NNAL-Gbuc.
This was observed in a recently completed carcinogenicity

on November 30, 2021. © 1995 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 
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Table 4 Urinary NNAL and NNAL-GIuc in smokers who consumed watercress”

Suhect.

NNAL

nmol/24 h Difference lnmol/24 h (% change)l

.
Period I

.
baseline:

,,
mean � SD)

. Period 3 lFollow-up:
Penod 2 watercress

. mean ± SD or
consumption: mean . . .
. . . mean (individual

(individual values)1
values))

. . .
Penod 2 minus Penod 3 minus

.
penod I Penod I

I 1.74 ± (1.78 2.49)3.16. 1.82) ND� t).75(43.l) NE)

2 1.34 ± 0.t)76 1.31 (t).994. I.63 1.75 (1.67, 1.83) -t).t)3(-2.2) 0.44(30.6)

3 0.871 � 0.228 l.2t) ) 1.34. 1.05) 1.57 ± 0.344 0.329(37.8) 0.699 (80.3)

4 0.925 �: 0.213 0.751 (0.832,0.669) 0.559 ± t).20 -0.174(-23.2) -0.366(-39.6)

5 0.745 � 0.It)5 1.28 ( 1.12, 1.43) ND’ 0.535 (71.8) ND

6 t).221 ± )).t)3l 0.358 (t).342, 0.373) ND� 0.137 (62.t)) ND

7 0.413 :�: t).I I I 0.138 (0.83. 0.193) 0.404 (0.184, 0.623) -t).275 (-66.6) -0.009(-2.2)

8 0.356 ± 0.218 0.621 (t).609. 0.633) 0.318 ± 0.070 0.265 (74.4) -0.038 (- 10.7)

9 0.720 � 0.226 0.805)0.753,0.886) 0.631 ±0.111 t).085(II.8) -0.089(-12.3)

It) 0.646 � t).363 0.595 (0.519,0.670) 0.480 ± t).2tX) -0.051 (-7.8) -0.166(-25.7)

I I 0.1 19 � t).t)42 t).2()6 (0.136. 0.276) 0.1 12 ± 0.041 0.087 (73.1) -0.t)07 (-5.88)

Mean � SD t).736 ± t).482 0.887 ± 0.670 0.728 ± 0.598 0.151 ± 0.303 0.058 ± 0.344

(24.9 ± 46.4) (1.82 ± 37.6)

NNAL-GIuc

I 4.66� 1.34 5.797.19,4.39) ND 1.13(24.2) ND

2 4.46 ± 0.18 6.87 (6.58. 7.15) 8.17 (7.79, 8.55) 2.41 (53.9) 3.71 (83.2)

3 2.92 :t t).87 3.460.44. 3.43 5.08 ± 1.13 0.54(18.4) 2.16 (74.0)

4 3.26 � t).71 2.972.83.3.11 1.86 ± 0.26 -t).29(-8.9) -l.40(-42.9)

5 3.27 :�: t).36 4.37 (4.17,4.57) ND 1.10(33.6) ND

6 0.578 � t).096 0.858 (0.784. 0.932) ND 0.280 (48.4) ND

7 l.852�0.395 l.12)l.13,I.12) 1.72(1.30,2.13) -0.732(-39.5) -0.l32(-7.l)

8 0.86() t 0.261 2.t)7(2.23. 1.90) 1.28 ± 0.28 1.21 (141) 0.42 (48.8)

9 2.53 ± 0.518 4.75 (4.70. 7.80) 2.69 � 0.63 2.22 (87.7) 0.16 (6.3)

10 2.97 t 1.36 3.40(2.47,4.32) 1.98 ± 0.60 0.43(14.5) -0.99(-33.3)

I I 0.693 ± 0.t)87 t).858 (0.722, 0.994) 0.678 ± 0.132 0.165 (23.8) -0.0l5 (-2.2)

Mean � SD 2.55 � 1.42 3.32 � 2.01 2.93 � 2.49 0.769 ± 0.968’ 0.489 � 1.676

(36.1 ± 47.9) (15.9 ± 47.5)

“ See “Materials and Methods” and footnote a of Table 2 for details of protocol.
‘. Twenty-tour-h urine samples from 3 consecutive days.

.� Twenty-tour-h urine samples from days 2 and 3 of the watercress consumption period (see Fig. 2).

.‘ Twenty-four-h urine samples from 2-3 consecutive days.

� Not determined.

, Significant compared to t): P < 0.02.

study in which rats consumed either control or PEITC-contain-
ing diet and were treated chronically with NNK in the drinking
water.4 Urinary levels of NNAL plus NNAL-Gluc were mea-
sured at two intervals during that study. The amounts of NNAL
plus NNAL-Gluc were elevated in the PEITC-treated rats com-
pared to control animals. Because technology to assess levels of
ce-hydroxylation and pyridine-N-oxidation metabobites of NNK
in the urine of smokers is not yet available, we do not know

whether one or both pathways are being inhibited by watercress
in the present study; based on studies in rodents, however, it is
likely that both ra-hydroxylation and pyridine-N-oxidation have
decreased in the smokers with increased levels of urinary

NNAL plus NNAL-Gluc.
Experiments in rodents have shown that decreased ct-hy-

droxylation is the major mechanism by which PEITC inhibits
lung cancer induction by NNK (I 1, 23, 26-27). If similar
mechanisms occur in humans, as this study indicates, PEITC
may be an effective chemopreventive agent against NNK in
smokers. Several epidemiobogical studies have shown that veg-
etable consumption protects against lung cancer in smokers, but
the constituents of vegetables responsible for the protective
effect have not been identified (19, 20). It is unlikely that any
one constituent of vegetables is responsible. Our results suggest

that PEITC may be one of the protective compounds. Despite
the strong epidemiobogical evidence that vegetable consump-
tion inhibits lung cancer, we are aware of no previous reports
on the effects of vegetable consumption on lung carcinogen
metabolism in humans. In related work, one study demon-
strated that consumption of brussels sprouts and cabbage in-

creased the metabolism of phenacetin in humans, whereas two
others showed that consumption of brussels sprouts resulted in

elevated levels of a-class glutathione S-transferase levels in
human blood plasma (34-36). These effects are consistent with
protective mechanisms proposed on the basis of animal studies
(20, 21). A recent study showed no effect of a single 50-g
portion of watercress on debrisoquine metabolism in humans

(37).

An additional mechanism to explain increased levels of

urinary NNAL-Gluc after watercress consumption would be
induction of UDP-glucuronosyltransferase enzymes by PEITC
or another constituent of watercress. In rats, PEITC treatment
results in a small induction of hepatic UDP-glucuronosyltrans-
ferase (27). However, consideration of the data in Tables 4 and
S indicates that in most smokers in our study, the major effect
resulted from inhibition of other pathways, leading to increased

levels of NNAL available for conjugation. Alternatively,

on November 30, 2021. © 1995 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 
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5 M. E. Staretz and S. S. Hecht, unpublished data.

Table 5 Summary of changes in levels of NNAL. NNAL-GIuc, and NNAL

plus NNAL-GIuc in smokers who consumed watercress”

Subject NNAL NNAL-Gluc NNAL plus NNAL-Gluc

I

2

3

4

5

6

7

8

9

10

11

+ + +

NC + +

+ NC NC

NC NC NC

+ + +

+ + +

- - -

+ + +

NC + +

NC NC NC

+ + +

“ From data in Tables 2 and 3. +, increase over baseline of greater than 30.8%
for NNAL. 22.0% for NNAL-GIuc, and 24.2% for NNAL plus NNAL-GIuc.

These percentages are the means of the coefficients of variation for these values

for all subjects during the baseline period. - . decrease. NC. no change.

PEITC or another watercress constituent could induce carbonyl

reductase activity or affect the rate of urinary excretion of NNK
and its metabolites.

Ongoing studies of the effects of PEITC on NNK metab-
olism in the patas monkey indicate that the inhibition of oxi-
dative metabolism is transitory and dependent on the presence

of PEITC.4 Changes in urinary NNK metabolite levels consis-
tent with those described here were observed, but the effect
decreased 24 h after PEITC administration. The results of the
present study also indicate that the effects of PELTC are tran-
sient in some smokers because levels of NNAL plus NNAL-
Gluc decreased on the day after the watercress consumption
period and in the follow-up periods. However, in two smokers,
levels of NNAL plus NNAL-Gluc were higher in follow-up
period I than in the watercress consumption period. This

requires further study.
The greatest increases in levels of urinary NNAL plus

NNAL-Gluc were seen on days 2 and 3 of the watercress
consumption period. This can be attributed to the experimental

design. On day I of the watercress consumption period, urine
collection began with the first morning void and thus contained

NNK metabolites from smoking on the previous day. There-
fore, the effect of watercress consumption on day 1 was diluted,
although the overall increase in NNAL plus NNAL-GIuc in the
watercress consumption period was still significant.

Although the aggregate data indicate a predictable effect
of watercress consumption on NNK metabolism in smokers,
increases of NNAL plus NNAL-Gluc during the watercress
consumption period were observed in only 7 of the subjects,
and there was considerable variation in the extent of the in-
crease, ranging from 29.7 to 122% on days 2 and 3. Levels of
NNAL plus NNAL-Gluc in 3 subjects did not change in the
watercress consumption period, whereas they were markedly

decreased in 1 subject. The effects that we observed are most
likely due to inhibition by PEITC of human cytochromes
P-450, including but not restricted to cytochrome P450 1A2
(12, 38). Levels of cytochrome P-450 enzymes will vary greatly
among individuals, as will the metabolism of NNK (12, 13).

Thus, the effects of PEITC and other constituents of watercress
will also be different in each individual. If chemopreventive
agents such as PEITC are to be used in intervention studies in

smokers, it will be advisable to use biomarkers to select those
smokers who are likely to be responsive.

In rats, the daily dose of PEITC that inhibited lung cancer
induction by NNK was approximately 40 mg/kg body weight

(240 p.mollkg) administered in the diet (23). NNK was given by

s.c. injection at a daily dose of 1 .76 mg/kg (8.5 p�molIkg).
However, only about 0.3% (0.005 mg/kg or 0.025 �imol/kg)
reaches the lung.5 The PEITC:NNK molar ratio was approxi-
mately 9600, using the value for NNK dose in lung. In this
study, the mean minimum amount of PEITC ingested on days
2 and 3 of the watercress consumption period was 37 mg/day,
or approximately 0.5 mg/kg body weight (3 �molIkg). This

dose was only 1/80th as great as that used in the rat chemo-
prevention study. However, the daily dose of NNK was also
much lower than in the rat study. Considering that urinary

NNAL plus NNAL-Gluc may represent 50% of the dose of
NNK, the mean daily dose of NNK would be approximately 6.4
nmol (0.085 nmollkg), using the NNAL plus NNAL-Gluc vab-

ues from the baseline period. Thus, the PEITC:NNK molar ratio
in our study was approximately 35.000 (about 4 times as great

as in the rat study). Although differences in routes of admin-
istration and possibly metabolism of PEITC and NNK in rats
versus smokers preclude further comparisons, the concordance

between the rat and human data are encouraging with respect to
further development of PEITC as a chemopreventive agent.

Chemoprevention may be one way to decrease lung cancer
risk in smokers who are addicted to nicotine and cannot stop
smoking. The results of this study provide human data that
bolster the growing body of evidence supporting further devel-

opment of PEITC as a chemopreventive agent against lung
cancer in smokers. Nevertheless, the potential beneficial effects

of inhibition of oxidative metabolism of NNK may be offset by
the increased levels of NNAL, which is a potent carcinogen.
Moreover, the complexity of tobacco smoke must be kept in
mind when considering chemoprevention strategies. The major

lung carcinogens in tobacco smoke appear to be NNK and
polynuclear aromatic hydrocarbons such as benzo[alpyrene
(39). Tobacco smoke also contains toxic agents, cocarcinogens,
and tumor promoters. Whereas PEITC is a good inhibitor of
NNK-induced lung carcinogenesis in animals, and the present

results indicate that it also inhibits NNK metabolic activation in
humans, it is not an effective inhibitor of lung tumor induction
by benzo[a]pyrene (40, 41). Furthermore, suppressing agents
that could reverse some of the damage done by tobacco smoke

carcinogens and other toxic agents are needed, and PEITC has
no activity of this type (42). It is likely that specifically de-
signed mixtures of chemopreventive agents will be necessary
for inhibition of lung cancer development in smokers.
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