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Background: Increased physical activ-
ity has been hypothesized to be a means
of breast cancer prevention. We exam-
ined the associations between physical
activity at two different times in life
and breast cancer risk. Methods: We
analyzed data from the Nurses’ Health
Study II, a prospective study of women
aged 25–42 years in 1989. On the base-
line survey, women were asked, ‘‘While
in high school and between the ages 18
and 22 years, how often did you par-
ticipate in strenuous physical activity at
least twice a week?’’ We averaged an-
swers to these two questions to develop
a measure of late adolescent activity.
Women were also asked at baseline to
report the number of hours per week
they currently spent in different nonoc-
cupational activities. During 6 years of
follow-up, we identified 372 cases of in-
vasive breast cancer. Data were ana-
lyzed by use of multivariate pooled lo-
gistic regression to produce relative
risk (RR) and confidence intervals
(CIs) of being diagnosed with the dis-
ease.Results:Women who were more
active in late adolescence were not at
reduced risk of breast cancer com-
pared with less active women. For those
women who reported engaging in
strenuous activity at least twice per
week for 10–12 months per year in late
adolescence, the RR of cancer, com-
pared with those who never engaged in
such activity, was 1.1 (95% CI = 0.8–
1.6). Similarly, higher levels of recent

nonoccupational physical activity were
not associated with reduced risk of
breast cancer (RR for >7 hours of ac-
tivity/week relative to <1 hour/week =
1.1; 95% CI = 0.8–1.5). Conclusion:
Our findings do not support a link be-
tween physical activity, in late adoles-
cence or in the recent past, and breast
cancer risk among young adult women.
[J Natl Cancer Inst 1998;90:1155–60]

Increased physical activity has been
hypothesized to be a means of primary
prevention of breast cancer. Activity can
lead to lower cumulative exposure to cir-
culating ovarian hormones; specifically,
strenuous physical activity at a young age
delays the onset of regular ovulatory
cycles (1–4), and activity during the re-
productive years may reduce levels of cir-
culating ovarian hormones and the fre-
quency of regular cycles(5,6). Physical
activity might also act to lower breast
cancer risk among postmenopausal
women by reducing fat stores, which are
the locus of conversion of the androgen
androstenedione to estrone(7,8).

There is currently no scientific consen-
sus on the critical time period of exposure
or on the level of intensity of activity that
is needed to influence breast cancer risk.
Consequently, epidemiologic studies of
physical activity and breast cancer have
been heterogeneous in terms of the age at
breast cancer diagnosis, methods for mea-
suring intensity and duration of activity,
and the period in life for which activity
was assessed. For instance, Bernstein et
al. (9) conducted a case–control study of
women under age 40 years and quantified
physical activity as categories of average
number of hours per week of participation
in physical exercise between menarche
and the study reference date. To date,
Bernstein et al. have reported the strong-
est reduction in risk associated with
physical activity, and they concluded
from their analyses that lifelong activity
pattern is the critical exposure of interest.
Most recently, Thune et al.(10), in a 14-
year prospective study of women aged

20–54 years at baseline, considered both
time and intensity in their activity classi-
fication. Thune et al. found that breast
cancer risk was reduced with higher lev-
els of recent activity and that the effect of
physical activity on breast cancer risk ap-
peared stronger in premenopausal than in
postmenopausal women, although the
number of premenopausal cases (100)
was relatively small.

To date, Bernstein et al.(9) have been
the only investigators to consider a mea-
sure of lifelong activity. Several investi-
gators have focused on activity in late
adolescence/early adulthood(e.g., 11–
13), while others (14–16), including
Thune et al.(10), examined only adult
activity. Still other investigators(17–19)
examined both time periods.

Perhaps because of such heterogeneity
in methods and because selection and re-
call biases could influence the results of
case–control studies, the epidemiologic
evidence for the association between
physical activity and breast cancer risk is
inconsistent. Some studies have found a
strong to moderate reduction in risk asso-
ciated with higher levels of physical ac-
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tivity (9–11,17),others found only slight
decreases in risk(14,16),and in others no
association(18,19)or even the suggestion
of a positive association(15,16)was ob-
served.

Here, we report the associations be-
tween nonoccupational physical activity
and risk of breast cancer in a large pro-
spective cohort of mainly premenopausal
women. We examine the effect of activity
in late adolescence as well as recent adult
activity.

Methods

The Nurses’ Health Study II is a prospective co-
hort study that was established in 1989, when
116 671 nurses, 25–42 years of age, completed a
baseline questionnaire about their medical histories
and lifestyles. Subsequent questionnaires requesting
updated information on risk factors and medical
events were mailed every 2 years. All members of
the cohort were free of cancer, except for nonmela-
noma skin cancer, in 1989. We observed 95% of the
potential person-time of follow-up in this cohort be-
tween 1989 and 1995 (618 010 of 651 080 person-
years); the remaining 5% of the person-years were
lost to follow-up. The protocol for the study was
approved by the Human Research Committees of the
Brigham and Women’s Hospital and the Harvard
School of Public Health, Boston, MA.

Assessment of Physical Activity

On the 1989 questionnaire, nurses were asked two
questions pertaining to physical activity earlier in
their lives. They were asked to report the number of
months per year that they engaged in strenuous
physical activity (e.g., swimming, aerobics, field
hockey, basketball, cycling, and/or running) at least
two times per week while they were in high school
and were between the ages of 18–22 years. Response
categories for each question were as follows: never;
1–3 months per year; 4–6 months per year; 7–9
months per year; and 10–12 months per year. We
assigned scores of 0–4 according to the five re-
sponse categories (e.g., never4 0, 1–3 months/year
4 1, etc.) and then computed a rounded (integer)
mean from the two scores. Thus, this average score
was also made up of values of 0, 1, 2, 3, and 4. We
computed an average for each nurse who had no
missing data on both questions regarding early
physical activity. In analyses, we modeled the
ranked categories of the average late adolescent ac-
tivity score as a series of indicator variables. We also
analyzed the two activity measures (physical activity
while attending high school and physical activity
during ages 18–22 years) separately.

On the 1989 questionnaire, nurses were also
asked about their recent nonoccupational physical
activity. They reported the average time spent per
week during the past year on each of the following
activities: walking or hiking outdoors; jogging
(slower than 10 minutes/mile); running (10 minutes/
mile or faster); bicycling (including use of a station-
ary bicycle); lap swimming; playing tennis or
squash; participation in calisthenics, aerobics, and
aerobic dance; using a rowing machine; and partici-

pation in other aerobic activity (such as lawn mow-
ing). Each woman also reported her usual walking
pace (easy, normal, brisk, or very brisk). We created
a measure of hours per week of moderate plus vig-
orous activity by summing up the hours spent at all
of the physical activities, except for walking at an
easy or normal pace (we considered such walking to
be light physical activity). In examining associations
with breast cancer, we categorized average hours per
week of moderate plus vigorous activity into five
levels. The reference group were those women with
less than 1 hour of moderate plus vigorous physical
activity per week. The remaining categories were
1.0–1.9, 2.0–3.9, 4.0–6.9, and greater than or equal
to 7.0 hours of moderate plus virogous physical ac-
tivity per week. Again, we modeled these categories
as a series of four indicator variables.

Data on Menstrual Regularity and
Body Size Parameters

In 1989, nurses were asked several questions
about their menstrual cycles earlier in life. They re-
ported the usual length of their menstrual cycle dur-
ing ages 18–22 years (<21, 21–25, 26–31, 32–39,
40–50, and >50 days, or too irregular to estimate)
and the pattern of their menstrual cycles (very regu-
lar, regular, usually irregular, always irregular, or no
periods) during both high school and ages 18–22
years (while not using oral contraceptives).

In 1989, women reported their height, current
weight, and weight at age 18 years. We used body
mass index (BMI, weight in kilograms divided by
height in meters squared) as a measure of adiposity.
We also calculated weight change during the period
between age 18 years and 1989. The self-reported
measure of weight at age 18 years has been validated
in a subsample of 118 women(20) through review
of college entrance physical examination records.
The Spearman correlation between recalled and re-
corded weight at age 18 years was .87. Participants
slightly underreported weight at age 18 years (mean
difference, 1.4 kg). The precision of self-reported
current weight was evaluated in a subsample of 140
participants from a similar cohort study of nurses
(21). Trained technicians visited the substudy par-
ticipants twice, approximately 6 months apart, to
measure weight. The Pearson correlation coefficient
between self-reported weight and the average of the
technicians’ two measurements was .97. Again, par-
ticipants underreported current weight; the mean dif-
ference was 3.3 kg. The degree of underreporting
did not vary appreciably across levels of current
weight.

Data on Other Risk Factors

Age at menarche was reported on the baseline
questionnaire. Information on other risk factors, in-
cluding parity, age at first birth, history of benign
breast disease, family history of breast cancer in
mother and/or sister, and oral contraceptive use, was
reported on the baseline questionnaire and was up-
dated every 2 years based on responses to the fol-
low-up questionnaires. Thus, women’s status on
these covariates could change over time. We also
included data on recent alcohol consumption (within
the past year), as measured on the 1989 baseline
questionnaire, as a covariate in models.

On each questionnaire, we collected data on
menopausal status and, where applicable, age at

menopause. Postmenopausal women were asked
about their use of hormone replacement therapy on
each survey. At baseline, only 2.4% of the women
were postmenopausal; this percentage rose to 4.6%
by 1993. Less than 5% of the breast cancer cases in
these analyses were diagnosed postmenopausally.
The descriptive data and associations we report here
(based on the sample containing both premeno-
pausal and postmenopausal women, with no adjust-
ment for menopausal status or postmenopausal hor-
mone use) were changed little when we restricted
the sample to women premenopausal at each time
point or when we used the entire sample but in-
cluded the covariates of menopausal status and post-
menopausal hormone use in the statistical models.

Identification of Invasive Breast
Cancer Cases

On the 1991, 1993, and 1995 questionnaires,
women were asked if they had been diagnosed with
breast cancer in the previous 2 years. (Women who
missed a questionnaire, but re-entered the cohort on
a subsequent questionnaire, reported about breast
cancer diagnoses since the last questionnaire they
returned.) Deaths in the cohort are reported by fam-
ily members and the postal service or were detected
by a search of the National Death Index for partici-
pants who have been lost to follow-up. In this co-
hort, there have been 19 deaths from breast cancer;
two of these deaths were detected by the National
Death Index search. For identified cases of breast
cancer, we requested permission from each case sub-
ject to obtain hospital records and pathology reports.
Pathology reports were obtained for 89% of the case
subjects, and of these, 98% confirmed the self-
reported diagnosis of breast cancer. Those reported
cases whose records failed to confirm breast cancer
were excluded from analyses. However, because the
degree of self-reporting accuracy was high, we in-
cluded self-reported cases from whom records could
not be obtained. There were a total of 372 case sub-
jects with invasive breast cancer for whom we ob-
tained complete data on the exposure(s) and covari-
ates of interest. All results reported here were
unchanged when we includedin situ cases (n4 40)
with the invasive cases.

Statistical Analysis

We used multivariate pooled logistic regression to
model the risk of being diagnosed with breast cancer
over the 6-year follow-up period (1989 through
1995) for each of the activity variables. Women
were classified with respect to all potential con-
founders and then with respect to their physical ac-
tivity level. Each participant contributed person-
time of follow-up from the time the baseline
questionnaire was returned in 1989 until the end of
follow-up (June 1, 1995), the onset of the outcome
of interest, death from any cause, or loss to follow-
up. The number of cases and person-years that oc-
curred within each exposure level within each strata
were counted. For covariates that remain constant
throughout the duration of the study, such as age at
menarche, cases and person-time of follow-up were
assigned to the exposure level observed at baseline
in 1989. For time-varying covariates, such as current
oral contraceptive use or parity, cases and person-
time were re-assigned every 2 years according to the
updated exposure values reported on each of the
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biennial questionnaires. From these summary tables,
incidence rates were calculated as the sum of the
cases divided by the sum of person-time observed
for each exposure level. Incidence rate ratios (rela-
tive risks [RRs]) for each activity level were calcu-
lated by dividing the incidence rate in that level by
the rate in the reference (lowest activity) level.

We present both age-adjusted RRs as well as RRs
adjusted simultaneously for a variety of potential
confounders. The covariates of age at menarche and
BMI at age 18 years may act, in part, as intermediate
variables through which activity early in life influ-
ences breast cancer risk. However, in these data,
controlling for these two covariates, alone and in
combination with other covariates, did not alter rela-
tive risk estimates for any of the activity variables.
Similarly, weight change between age 18 years and
1989 and BMI in 1989 might be intermediate vari-
ables through which strenuous physical activity
might influence breast cancer risk. Once again, how-
ever, adjustment for these factors changed no RR
estimates in any models. On the basis of such find-
ings and a desire for models that avoid the concep-
tual problem of including the likely intermediate
variables related to weight and weight change, our
fully adjusted RRs are adjusted for the following
factors: age at baseline (continuous), age in years at
menarche (<12, 12, 13, andù14 years), parity and
age at first birth (nulliparous, parity 1–2 and age at
first birth <25 years, parity 1–2 and age at first birth
25–29 years, parity 1–2 and age at first birthù30
years, parityù3 and age at first birth <25 years, and
parity ù3 and age at first birthù25 years), family
history of breast cancer in mother and/or sister (yes
or no), history of benign breast disease (yes or no),
recency and duration of oral contraceptive use
(never, past user with duration of use <4 years, past
user with duration of useù4 years, current user with
duration of use <4 years, and current user with du-

ration of useù4 years), recent alcohol consumption
(in average grams per day: 0, 0.1–1.4, 1.5–4.9, 5.0–
9.9, andù10), and height (ø59, 59.1–62, 62.1–65,
65.1–68, and >68 inches). Age at menarche, family
history of breast cancer, alcohol consumption, and
height were assessed once, at baseline. Parity and
age at first birth, history of benign breast disease,
and oral contraceptive history were assessed on each
survey; women’s status on each of these covariates
was thus updated every 2 years in our models. We
present two-sided 95% confidence intervals (CIs)
for all RRs.

Only women with complete data on all activity
variables and covariates of interest were included in
the statistical models and in the presentations of re-
sults. A total of 105 564 women at baseline had
complete data on all of the variables of interest. Of
these, we excluded 1096 women because they re-
ported an unusually high number of hours per week
of moderate plus vigorous activity (>28 hours/
week); it is likely that such women misread the ac-
tivity questions. The remaining 104 468 women ac-
crued a total of 518 297 person-years of observation
between 1989 and 1995.

Results

Tables 1 and 2 show the crude distri-
bution of relevant covariates according to
average level of late adolescent physical
activity (Table 1) and recent adult activity
(Table 2). For both of these physical ac-
tivity variables, women who were more
active were more likely to be younger,
nulliparous, current users of oral contra-
ceptives, and to report no recent alcohol
consumption (within the year prior to the

baseline survey) compared with those less
active. The gradients in age at menarche
and BMI at age 18 years were stronger
across levels of late adolescent physical
activity than across levels of recent physi-
cal activity. Women who were more ac-
tive in late adolescence were more likely
to report a late menarche (age,ù14 years)
and were leaner at age 18 years compared
with women less active during this period.
There was also a positive, monotonic as-
sociation between adolescent physical ac-
tivity level and height; the association be-
tween height and recent activity level was
less pronounced. Both BMI in 1989 and
weight change during the period from age
18 years to 1989 were inversely associ-
ated with each physical activity variable;
associations were stronger with recent
physical activity than with late adolescent
activity.

There were no appreciable differences
by level of late adolescent or recent physi-
cal activity in either the proportion of
women recalling irregular menstrual
cycles in high school (approximately 30%
of women in each physical activity level)
or in the proportion recalling long men-
strual cycles (ù40 days) between ages 18
and 22 years (7%–8% of women in each
activity level). In addition, first-degree
family history of breast cancer was not

Table 1. Characteristics of participants (as reported on 1989 baseline questionnaire) according to average level of vigorous physical activity during high school
and between ages 18–22 years*

Characteristic

Average level of vigorous physical activity during high school and between ages 18–22y

Never 1–3 mo/y 4–6 mo/y 7–9 mo/y 10–12 mo/y

No. of participants 18 291 22 067 25 395 22 729 15 986

Mean age (standard deviation) 36.0 (4.3) 34.5 (4.6) 34.2 (4.7) 33.7 (4.7) 33.5 (4.6)

Menarcheù14 y of age (%) 15.6 16.5 16.9 19.7 21.2

Nulliparous (%) 25.7 29.4 30.3 31.6 35.8

Current oral contraceptive use (%) 9.0 12.2 13.3 14.4 15.2

Never used oral contraceptives (%) 17.2 17.3 16.5 15.8 16.5

History of benign breast disease (%) 30.9 28.9 29.0 27.4 26.8

History of breast cancer in mother and/or sister (%) 6.3 5.8 6.3 5.5 5.7

Never smokers (%) 72.0 72.4 73.7 75.5 76.2

No recent alcohol consumption (%) 29.4 28.6 28.6 26.1 25.1

Irregular menstrual cycles in high school (%) 29.6 28.4 28.5 29.3 29.7

Average menstrual cycle lengthù40 days
between ages 18 and 22 y (%)

8.6 7.5 7.4 7.6 7.9

Body mass index >23.0 at age 18 y (%) 25.2 24.1 22.1 18.0 14.4

Body mass index >25.0 in 1989 (%) 33.4 32.0 31.6 29.5 24.5

Weight gain >10 kg, age 18 y to 1989 (%) 31.9 30.0 30.7 30.6 27.1

Height >67 inches (%) 13.4 14.8 16.0 16.6 18.2

*Participation in strenuous physical activity or sports at least twice per week.
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associated with either late adolescent or
recent physical activity level.

In age-adjusted analyses, the level of
late adolescent physical activity was not
associated with an increased risk of breast
cancer in this cohort (Table 3). Adjust-
ment for a variety of measured breast can-
cer risk factors changed the age-adjusted
RRs little; all RRs remained close to a
value of 1.0. When we examined the two
separate physical activity variables that
were averaged to derive the late adoles-
cent physical activity variable (strenuous
activity during high school and between
ages 18 and 22 years), we found results
nearly identical to those in Table 3. We
investigated the possibility that the rela-
tionship between late adolescent physical
activity and the risk of breast cancer
might vary according to parity (nullipa-

rous versus parous), family history of
breast cancer, history of benign breast dis-
ease, BMI at age 18 years (in tertiles),
BMI in 1989 (in tertiles), and amount of
weight change between age 18 years and
1989 (in tertiles). We found no meaning-
ful differences in the association between
late adolescent activity and breast cancer
risk across strata of any of these variables
(data not shown).

In age-adjusted analyses, average
weekly hours of moderate plus vigorous
physical activity (see Assessment of
Physical Activity in ‘‘Methods’’) in 1989
was also not associated with breast cancer
risk (Table 4). Again, all RRs were close
to a value of 1.0 and were unchanged by
adjustment for measured breast cancer
risk factors as well as level of late ado-
lescent physical activity. We similarly

found no association between breast can-
cer risk and average weekly hours of total
physical activity (light plus moderate plus
vigorous) in 1989 or between risk and
hours of vigorous activity only. To exam-
ine whether there was a reduction in
breast cancer risk among the most active
5% of women in the cohort, we divided
the highest moderate plus vigorous physi-
cal activity level into two finer levels.
Again, we observed no association.

On the 1991 questionnaire, the same
physical activity questions that appeared
on the baseline 1989 survey were asked
again. When we repeated the analyses de-
scribed in the preceding paragraph using
the average of 1989 and 1991 hours per
week as the exposure of interest, again we
found no association between physical ac-
tivity and breast cancer risk; all patterns
of RR closely resembled those reported in
Table 4. Finally, we examined the joint
pattern of physical activity from late ado-
lescence and recent adulthood (1989).
Compared with women who were in the
lowest physical activity levels in both
adolescence and recent adulthood, women
who were in the highest activity levels at
both these times had a RR of 1.0 (95% CI
4 0.6–1.5).

If physical activity influences breast
cancer risk by modifying ovarian hor-
mone levels, this effect may be obscured
by the use of oral contraceptives. We hy-

Table 2. Characteristics of participants according to average level of recent (1989) moderate plus vigorous physical activity* (h/wk)

Characteristic

Average level of recent moderate plus vigorous physical activity (h/wk)

<1 1–1.9 2–3.9 4–6.9 ù7

No. of participants 35 573 18 005 22 233 13 570 15 087

Mean age (standard deviation) 34.7 (4.6) 34.4 (4.6) 34.3 (4.6) 34.2 (4.7) 33.8 (4.8)

Menarcheù14 y of age (%) 17.1 17.8 17.9 18.0 19.4

Nulliparous (%) 24.5 27.6 31.4 35.9 41.3

Current oral contraceptive use (%) 11.0 12.6 13.4 13.4 16.1

Never oral contraceptive use (%) 17.2 16.3 16.1 16.4 16.9

History of benign breast disease (%) 28.6 28.8 28.9 28.6 28.0

History of breast cancer in mother and/or sister (%) 6.1 6.1 5.6 6.2 5.7

Never smokers (%) 74.7 75.0 73.4 72.7 72.6

No recent alcohol consumption (%) 31.0 29.6 26.6 24.3 23.7

Irregular menstrual cycles in high school (%) 28.8 28.5 28.6 29.6 30.3

Average menstrual cycle lengthù40 days
between ages 18 and 22 (%)

7.8 7.8 7.5 7.7 7.8

Body mass index >23.0 at age 18 y (%) 22.5 21.0 20.1 19.4 20.1

Body mass index >25.0 in 1989 (%) 37.4 31.8 27.6 24.5 22.2

Weight gain >10 kg, age 18 y to 1989 (%) 38.1 31.9 26.9 22.9 21.0

Height >67 inches (%) 14.7 15.8 16.1 16.3 17.1

Table 3. Average level of vigorous physical activity during high school and between ages 18 and 22
years and relative risks (RRs) of breast cancer (95% confidence intervals [CIs])

Person-years of
observation

(N 4 518 297)

No. of subjects
with breast cancer

(N 4 372) Age-adjusted RR (CI)
Multivariate-adjusted*

RR (CI)

Never 90 489 77 1.0 1.0
1–3 mo/y 109 639 70 0.9 (0.6–1.2) 0.9 (0.6–1.2)
4–6 mo/y 126 440 93 1.1 (0.8–1.4) 1.1 (0.8–1.4)
7–9 mo/y 112 962 78 1.1 (0.8–1.5) 1.1 (0.8–1.5)
10–12 mo/y 78 768 54 1.1 (0.8–1.6) 1.1 (0.8–1.6)

*Estimates adjusted for age at baseline, age at menarche, history of benign breast disease, history of breast
cancer in mother and/or sister, recent alcohol consumption, height, oral contraceptive history, and parity and
age at first birth (combination variable).
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pothesized that women who have not used
oral contraceptives or who have used
them for a very limited period of time
might be more susceptible to any effect of
physical activity on breast cancer risk. To
address this hypothesis, we repeated
analyses within strata of oral contracep-
tive use. Among women who had never
used oral contraceptives or among those
who had used them for less than 2 years
(n 4 141), RRs for all levels of the ac-
tivity measures were indistinguishable
from 1.0, although CIs were obviously
wider (data not shown).

Discussion

In this large prospective study com-
posed primarily of premenopausal
women, we found little evidence for a de-
creased risk of breast cancer associated
with either physical activity in late ado-
lescence or recent physical activity. These
findings remained unchanged after adjust-
ment for different breast cancer risk fac-
tors and remained remarkably consistent
across different definitions and categori-
zations of physical activity level.

If the underlying hypothesized mecha-
nism(s) about how physical activity
should affect breast cancer risk are sound,
how can our overall null findings be ex-
plained? If substantial reduction in the
number of ovulatory cycles is the primary
mechanism by which physical activity re-
duces breast cancer risk, then exercise
equivalent to daily competitive athletic
training may be required to affect risk(6).
It is unlikely that many of even the most
active women in our sample were en-
gaged in such strenuous activity. Al-
though we cannot rule out errors in recall,
our data show that there were no differ-
ences in reported menstrual cycle irregu-
larity early in life across the levels of

early physical activity. As McTiernan
(22) notes, however, in the epidemiologic
studies that have shown that a reduced
risk of breast cancer is associated with
exercise, it is similarly unlikely that the
most active women were engaging in
competitive athletic training. She con-
cluded that delayed onset and decreased
numbers of ovulatory cycles cannot be the
only explanation for the observed associa-
tion between exercise and breast cancer.
In postmenopausal women, physical ac-
tivity has been hypothesized to reduce
breast cancer risk in part by reducing fat
stores, and thus endogenous estrogen lev-
els. However, among premenopausal
women in high-risk countries, higher lev-
els of adiposity have been consistently as-
sociated with a reduced risk of breast can-
cer (23). Although there are currently no
proven mechanisms to explain this in-
verse association, it is plausible that
physical activity conveys less protection
against breast cancer in premenopausal
than in postmenopausal women. How-
ever, Thune et al.(10) found that the pro-
tective effect of physical activity was
stronger in premenopausal women than in
postmenopausal women, and Bernstein et
al. (9) showed a strong inverse association
for a sample of women aged 40 years and
younger.

It is possible that error in our measure-
ment of physical activity levels could
have attenuated a real protective effect of
activity in these data. In particular, long-
term recall of physical activity during late
adolescence may be difficult. Although
we cannot completely exclude this possi-
bility, we have good evidence that our
measures of activity were informative
with regard to the specified time periods.
The measures correlate as expected with
age at menarche, BMI at age 18 years,
current BMI, and weight gain. Although

we obtained no validation data on the
measure of late adolescent physical activ-
ity, in a validation study of the instrument
used to assess recent activity(24), the
Pearson correlation coefficient between
physical activity reported in 7-day diaries
(mailed out at intervals of 3 months over
the course of a year) and the questions
used on the 1989 survey were relatively
high (.62) for a representative sample of
women. This physical activity assessment
instrument has been shown to be predic-
tive of several disease outcomes, includ-
ing noninsulin-dependent diabetes melli-
tus in women(25), colon cancer in men
and women(26,27), and gallstones in
men (28).

Currently, there is no consensus re-
garding the critical time period in which
to measure physical activity in terms of its
effect on breast cancer risk. Physical ac-
tivity at a certain time in life may exert
different effects on premenopausal versus
postmenopausal breast cancer risk, be-
cause the associations between weight
(and weight gain) and breast cancer risk
may vary by menopausal status(23,29).
Furthermore, if the critical exposure of in-
terest is the lifelong physical activity pat-
tern, as suggested by Bernstein et al.(9),
then our assessment of physical activity
level pertaining to only two limited time
periods will result in misclassification in
terms of the true exposure of interest. The
women in our study showed considerable
variability in physical activity over even
short periods of time. For example, when
we compared responses for high school
and ages 18–22 years, less than half
(44.6%) of the women in our study gave
the same answer to the question, ‘‘How
many months per year did you engage in
strenuous physical activity at least two
times per week’’? Of those who answered
‘‘10–12 months’’ for the years spent in
high school, only 30% gave this answer
for the age period 18–22 years. Of those
most physically active in late adolescence
(according to the averaged high school
and age 18–22-year measure), only 27%
were in the highest level of moderate plus
vigorous activity in 1989, and nearly 20%
of those most physically active in late
adolescence were in the least active cat-
egory in 1989. Considering the short time
interval of 1989 to 1991, only 39% of the
women remained in the same moderate
plus vigorous activity level (based on
number of hours of physical activity/

Table 4. Average hours per week of recent (1989) moderate plus vigorous physical activity and relative
risk (RR) of breast cancer (95% confidence interval [CIs])

Person-years of
observation

(N 4 518 297)

No. of subjects
with breast cancer

(N 4 372) Age-adjusted RR (CI)
Multivariate-adjusted*

RR (CI)

<1 h/wk 174 787 124 1.0 1.0
1.0–1.9 h/wk 89 896 65 1.1 (0.8–1.4) 1.1 (0.8–1.4)
2.0–3.9 h/wk 111 716 82 1.1 (0.8–1.4) 1.1 (0.8–1.4)
4.0–6.9 h/wk 68 399 48 1.0 (0.8–1.5) 1.0 (0.7–1.4)
ù7.0 h/wk 73 499 53 1.1 (0.8–1.6) 1.1 (0.8–1.5)

*Estimates adjusted for age at baseline, age at menarche, history of benign breast disease, history of breast
cancer in mother/sister, recent alcohol consumption, height, oral contraceptive history, and parity and age at
first birth (combination variable).
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week) on the two questionnaires. Of those
most active in 1989, only 20% remained
in the most active level in 1991, while
25% of those most active in 1989 had
dropped to the least active group in 1991.
Thus, no one of our measures could be
taken as reflective of lifelong physical ac-
tivity, and to crudely average them would
ignore the sometimes substantial gap in
time between ages 18 and 22 years and
1989. However, in most of the other stud-
ies (10,11,14,16,17)in which inverse as-
sociations were observed, the physical ac-
tivity assessment method was not more
detailed than ours and did not assess life-
time activity.

In summary, we found no support for
the hypothesis that higher levels of physi-
cal activity in late adolescence or in re-
cent adulthood reduces premenopausal
breast cancer risk. The inconsistency in
epidemiologic findings, however, de-
mands a more detailed examination of
physical activity throughout life in rela-
tion to both premenopausal and post-
menopausal breast cancer. As noted by a
recent review of this topic(30), future
studies should focus on improving assess-
ment of lifetime physical activity from all
sources to clarify whether there is a dose–
response relationship or an optimal time
period, frequency, or intensity of physical
activity with respect to reducing breast
cancer risk.
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Availability of PSC833, a
Substrate and Inhibitor of
P-glycoproteins, in Various
Concentrations of Serum

Alexander J. Smith, Ulrich
Mayer, Alfred H. Schinkel,
Piet Borst*

Background:P-glycoproteins are mem-
brane-associated transporters that can
render cells resistant to a variety of
chemotherapeutic drugs. Reversal
agents are (preferably nontoxic) drugs
that can inhibit these P-glycoproteins
and thereby overcome multidrug resis-
tance. PSC833, a cyclosporin A analog,
is a reversal agent that has shown po-
tential in in vitro experiments and in
clinical trials. We tested PSC833 to de-
termine whether it is a transported
substrate of human and murine P-
glycoproteins associated with multi-
drug resistance (encoded by the human
MDR1 gene and its murine homolog,
mdr1a) and whether it can completely
inhibit these P-glycoproteins under
simulated in vivo conditions. Methods:
Monolayers of polarized LLC-PK1 pig
kidney cells transfected with comple-
mentary DNA containing either MDR1
or mdr1a sequences were used to mea-
sure the directional transport of P-
glycoprotein substrates under various
serum conditions. Results: In contrast
to two previous studies, we found that
PSC833 is transported by both the
MDR1 and the mdr1a P-glycoproteins,
albeit at a low rate. PSC833 has a very
high aff in i ty for the MDR1 P-
glycoprotein, and its Michaelis constant
(Km) for transport is 50 nM, fourfold
lower than for cyclosporin A. Inhibi-
tion of drug transport by PSC833 is ap-
proximately eightfold less effective in
100% fetal bovine serum than in tissue
culture medium containing 10% se-
rum. The concentration of PSC833 nec-
essary to fully inhibit transport of di-
goxin and paclitaxel (Taxol) under
complete (i.e., 100%) serum conditions
is higher than the plasma concentra-
tions achieved in clinical trials.Conclu-
sions: Although PSC833 binds effi-

ciently to the MDR1 P-glycoprotein
and is released only sluggishly, the high
concentrations of PSC833 necessary to
inhibit this P-glycoprotein under com-
plete serum conditions in our in vitro
system suggest that it may be difficult
for PSC833 alone to produce total in-
hibition of P-glycoprotein activity in
patients. [J Natl Cancer Inst 1998;90:
1161–6]

Mammalian cells can become resistant
to several chemotherapeutic drugs after
selection with a single drugin vivo or in
vitro. This multidrug resistance can be
caused by P-glycoproteins (P-gps)(1,2)
encoded by the human multiple drug re-
sistance 1 (MDR1) gene and the murine
mdr1a and mdr1b genes (also known as
mdr3 and mdr1, respectively). P-gps are
cell membrane proteins that render cells
resistant to cytotoxic drugs by actively
extruding drugs from the cytoplasm into
the extracellular space, resulting in a de-
creased drug concentration inside the cell
(3–6).

P-gp-mediated multidrug resistance
can be overcome by coadministration of
reversal agents that act as inhibitors of
P-gps, such as verapamil and cyclosporin
A (CsA) (7–9).Reversal agents are effec-
tive in vitro, but trials testing the inhibi-
tion of multidrug resistance in tumors of
patients have often given disappointing
results (10–12) because of the dose-
limiting side effects of these agents.
Hence, the current interest in second-
generation agents with more favorable
characteristics. One of the most effective
of these is PSC833, a nonimmunosup-
pressive analog of CsA(13,14).PSC833
can completely inhibit human P-gpin
vitro at concentrations that can be toler-
atedin vivo and is being tested in clinical
trials (15,16).

In studies with wild-type mice and
mice homozygous for a disruption of the
mdr1a and mdr1b genes (mdr1a/b [−/−]
mice) (17), we noted that the maximal
concentrations of PSC833 tolerated failed
to completely inhibit P-gp in the blood-
brain barrier(18). In the same study, we
found that PSC833 appears to be actively
transported out of the brain in mice with
functional P-gp. Analogous observations
were made by Lemaire et al.(19) in rats.
These results are in contrast with somein

vitro studies that reported that PSC833 is
not transported by P-gp(20,21).

To resolve the discrepancies between
our work and previous studies, we ana-
lyzed the behavior of PSC833 in mono-
layers of polarized kidney cells trans-
fected with P-gp genes(22). Transport of
compounds through this monolayer can
be measured with high sensitivity and the
ability of PSC833 to inhibit drug transport
can be tested under conditions more re-
sembling thein vivo situation (i.e., in
complete serum rather than the 10% se-
rum normally used for studying reversal
agentsin vitro).

Materials and Methods

[12a-3H(N)]digoxin (0.40 GBq/mmol) and
[3H(G)]daunorubicin (0.12 GBq/mmol) were ob-
tained from Du Pont NEN, Boston, MA; inulin
[14C]carboxylic acid (molecular weight approxi-
mately 5200) was obtained from Amersham Life
Science Inc., Arlington Heights, IL; [3H]paclitaxel
(0.31 GBq/mmol) was obtained from Moravek Bio-
chemicals, Inc., La Brea, CA;L-[1–14C]Val7 SDZ
PSC833 (1.47 MBq/mmol) was from Sandoz
Pharma Ltd. (now Novartis Pharma Inc.), Basel,
Switzerland; SDZ PSC833 was from Sandoz
Pharma Nederland B.V., Uden, The Netherlands; all
tissue culture materials were from GIBCO BRL,
Paisley, Scotland; and other chemicals were from
Sigma Chemical Co., St. Louis, MO.

Tissue Culture

The LLC-PK1 pig kidney epithelial cells (Ameri-
can Type Culture Collection, Manassas, VA) were
cultured in M199 medium supplemented with 50 U
of penicillin/mL, 50 mg of streptomycin/mL, and
10% fetal bovine serum (FBS) at 37 °C in 5% CO2.
The cells were trypsinized and subcultured every
3–4 days. The MDR1- and mdr1a-transfected clones
of LLC-PK1 (22) were maintained routinely in the
absence of drugs and tested for P-gp content on pro-
tein immunoblots regularly as described previously
(22,23).

Transport Assays

Drug transport assays were generally performed
as described previously(22,24).Cells were seeded
on microporous polycarbonate membrane filters
(pore size 3.0mm, diameter 24.5 mm, Transwell™,
Cornina Costar Corp., Cambridge, MA) at a density
of 1.5–2 × 106 cells per well. The cells were grown
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in complete medium, with a fresh medium replace-
ment the day after seeding, and reached confluency
after 3 days. The paracellular flow was monitored
during transport experiments by the appearance of
inulin [14C]carboxylic acid (0.025mCi/mL, 4.2mM)
in the opposite compartment and was always less
than 1.5% of total radioactivity per hour. One hour
before the start of the experiment, medium on both
sides of the monolayer was replaced. The experi-
ment was started by replacing the medium on either
the apical or the basolateral side by medium con-
taining [14C]PSC833 (54.5mCi/mmol). The cells
were incubated at 37 °C in 5% CO2, and aliquots
were taken from both compartments at 1, 2, 3, and 4
hours. The appearance of radioactivity in the oppo-
site compartment was measured and presented as the
fraction of total radioactivity added at the beginning
of the experiment. Directional transport was mea-
sured in duplicate and the range is shown.

Inhibition of drug transport by PSC833 was mea-
sured similarly. One hour before the start of the
experiment, the medium on both sides of the mono-
layer was replaced with complete medium (includ-
ing 10% FBS) or with 100% FBS containing the
appropriate concentration of PSC833. Digoxin,
paclitaxel (Taxol; Sigma Chemical Co., St. Louis,
MO), and PSC833 were added as solutions in 96%
ethanol. When required, extra ethanol was added to
exclude an effect of the solvent. At the start of the
experiment, the serum or medium in one of the com-
partments was replaced by serum or medium with 2
mM [3H]digoxin, 2 mM [3H]daunorubicin, or 2mM
[3H]paclitaxel (0.25 mCi/mL) and the required
amount of PSC833. Samples were taken as de-
scribed above. These experiments could not be done

with human blood plasma instead of FBS because
the tight kidney cell monolayers started to leak as
soon as the plasma was added.

The ability of the cells to accumulate drugs at one
side of the monolayer was measured by adding 2 mL
of medium containing equal concentrations of (ra-
dioactive) drug to both sides of the monolayer. At 1,
2, 3, 4, and 8 hours, 50-mL samples were taken and
the amount of drug in each compartment was deter-
mined. If the drug is transported actively by P-gp,
the amount of drug in the apical compartment should
increase as the amount of drug in the basolateral
compartment decreases. A concentration gradient is
thus formed and maintained.

Statistics

In the transport experiments, two replicate slopes
were measured per experiment. Statistical analysis
of the experiments was performed by a one-way
analysis of variance approach with the individual
slopes as experimental units. The slope of the line
through the four time points of each well was deter-
mined, resulting in two independent estimations of
the slope per experiment. Because we assumed that
the random variation of the slope was equal in all
experiments, we used the differences between the
two independent estimations of all experiments to
determine this random variation. AllP values are
two-sided. Differences are considered significant if
P<.05.

Calculations

An estimation of transport kinetics of PSC833
was derived by making the following simplifying

assumptions. 1) Active transport in the parent cell
line is negligible as shown in Fig. 1. 2) The apical
and basolateral membranes are comparable in sur-
face and permeability. On expression of MDR1, the
increase in the flux from basolateral to apical is ap-
proximately equal to the decrease in the flux from
apical to basolateral, indicating that there is no large
difference in the amount of drug that can diffuse
through the two membranes over time. 3) Free
PSC833 is homogeneously present inside the cell.
Obviously, a significant part of the intracellular
PSC833 will insert in intracellular membranes, but
this drug will not be available for inhibition; our
calculations only concern free PSC833, available for
inhibition of P-gp. 4) Drug flow is linear over 4
hours. After a short initial accumulation period, the
drug concentration inside the cell reaches a constant
value. During this intracellular steady state, the fol-
lowing equation applies:

Influx 4 (efflux)apically + (efflux)basolaterally

k[P]o 4 [(k[P] i)A + (Vmax[P] i)/(Km+[P] i)]

+ (k[P] i)B,

in which k is the passive permeation coefficient (L
per minute/well), [P]o is the PSC833 concentration
added to the medium (mol/L), [P] i is the free
PSC833 concentration inside the cell (mol/L),k[P]o

is the passive influx (mol per minute/well), (k[P] i)A

is the passive efflux apically (mol per minute/well),
(k[P] i)B is the passive efflux basally (mol per
minute/well), (Vmax[P] i)/(Km+[P] i) is the active ef-
flux (mol per minute/well),Vmax is the maximum
velocity, andKm is the Michaelis constant.

Fig. 1. Transport of PSC833 through monolayers of
LLC-PK1-derived cell lines. LLC-1.1 is a clone of
LLC-PK1 transfected with the multiple drug resis-
tance 1 (MDR1) complementary DNA; LLC-1a is
an mdr1a transfectant. Flows from the apical to the
basolateral compartment (j) and vice versa (h)
were measured separately and plotted in a single
graph. Horizontal bars indicate the values of two
independent measurements. The net transport of 0.1
mM PSC833 in the parent cell line LLC-PK1 was
relatively low in this experiment (<1%); in two other
experiments, a net transport of approximately 3%
was measured. At 2mM PSC833, the rate of PSC833
flow from basolateral to apical was 3.4% ± 0.12%
per hour (mean ± standard deviation) in LLC-PK1
and 4.1% ± 0.12% per hour in LLC-1.1 (two-sidedP
= .0006, using one-way analysis of variance). At 0.4
and 0.1mM PSC833, the difference was even more
significant (two-sidedP<.0001). The difference be-

tween the flow rates in
the two directions was
significantly higher in
the MDR1-transfected
cells than in the parent
cell line (two sidedP =
.0008 at 2 mM; two-
sided P<.0001 at 0.4
and 0.1 mM PSC833)
using one-way analysis
of variance.
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In the parent cell line LLC-PK1, active transport
of 2 mM PSC833 is negligible and thus:

k[P]o 4 (k[P] i)A + (k[P] i)B → [P]o 4 2[P] i

→ [P] i 4 1 mM.

From the graph (Fig. 1; LLC-PK1, 2mM PSC833)
it can be deduced thatk[P] i 4 14.7% × 2mM × 2
mL × (240 minutes)–1 × well–1 4 2.45 × 10–12 mol
per minute/well.

k 4 2.45 × 10–6 L per minute/well.

This passive permeation coefficient will also be
valid for the transfected LLC-PK1 cell lines with
this concentration of drug. At lower drug concentra-
tions, this value tends to decrease, possibly because
at these very low concentrations relatively more
PSC833 may bind to the material of the wells.

(k[P] i)B is the flux to the basal compartment in the
assay. The value of (k[P] i)B can be obtained from the
data in Fig. 1 for LLC-1.1 cells; the value ofk is
calculated from the data in Fig. 1 for LLC-PK1 cells
as above and will not depend on the cell type. These
two values can be used to calculate the drug con-
centration in the MDR1-transfected cells: [P] i 4

(k[P] i)B/k (Table 1).
The active transport [(Vmax.[P] i)/(Km+[P] i)] is the

total flux to the apical compartment minus the pas-
sive diffusion to the apical compartment. Because
the apical and basolateral membranes are assumed
equal, the passive efflux to either side will be equal.
Therefore, the active transport is the net difference
between the flux from basolateral to apical and vice
versa in a transport experiment.

Results

[14C]PSC833 Transport by P-gps

Fig. 1 shows the PSC833 transport rate
at three concentrations of [14C]PSC833
through monolayers of LLC-PK1-derived
cell lines. At all concentrations, the frac-
tional transport to the apical compartment
is significantly higher in the MDR1-
transfected cell line LLC-1.1 than in the
parent cells, whereas the fractional trans-
port in the opposite direction is corre-
spondingly lower. Vectorial transport is
due to the presence of MDR1 P-gp in the
apical membrane of the transfected cells
(22,24).Net transport of PSC833 through
the monolayers of the mdr1a-transfected
cell line LLC-1a is as high as through
monolayers of the MDR1 transfectant,
showing that the reversal agent is a sub-
strate of both MDR1 and mdr1a P-gp.

To test whether PSC833 transport by
P-gp can take place against a concentra-
tion gradient, we measured the distribu-
tion of PSC833 in the two compartments,
with 0.05 mM PSC833 initially on both
sides of the monolayer. After 8 hours,
65% of the PSC833 accumulated in the
apical compartment and 30% was in the

basolateral compartment, demonstrating
that MDR1 P-gp can transport this sub-
strate against a concentration gradient (re-
sults not shown).

Table 1 presents our calculated values
for PSC833 transport kinetics in the
MDR1 transfectant LLC-1.1 (see‘‘Mate-
rials and Methods’’ for details). The esti-
matedKm andVmaxvalues for transport of
PSC833 by MDR1 in the LLC-1.1 cell
line are 50 nM and 0.6 pmol per minute/
well, respectively. A comparable analysis
of CsA transport gave aKm of 200 nM
and aVmax of 11 pmol per minute/well.

TheKm for transport of daunorubicin was
reported to be 1–2mM (25). Comparison
of the reported values for theVmax in dif-
ferent systems is not meaningful because
these values are dependent on the trans-
port assay system used.

Inhibition of Drug Transport by
PSC833 in Culture Medium and in
Serum

A recent in vivo study (18) with mice
suggested that the inhibition of mdr1a P-
gp by PSC833 may be incomplete even at
high plasma concentrations of the drug.

Table 1. Calculated kinetic values of PSC833 transport through monolayers of MDR1-transfected
LLC-1.1 cells after 4 hours*

[P]o, mmol/L

(k[P]i)B

[P]i, mmol/L

Vmax? [P] i

Km + [P] i

% per
4 h

pmol/min
per well

% per
4 h

pmol/min
per well

2 12.3 2.05 8.8 × 10−1 3.9 0.633
0.4 6.05 0.202 1.1 × 10−1 11.54 0.385
0.2 4.24 0.0707 3.6 × 10−2 13.43 0.224
0.1 2.41 0.0201 1.0 × 10−2 13.51 0.113

*[ P]o is the PSC833 concentration in the medium; (k[P]i)B is the passive efflux of PSC833 to the
basolateral compartment; [P] i is the intracellular PSC833 concentration; and (Vmax[P] i)/(Km + [P] i) is the
active transport of PSC833 to the apical compartment.

Fig. 2. Inhibition by 1 mM PSC833 of digoxin transport through monolayers of LLC-1.1 cells in tissue
culture medium and 100% fetal bovine serum (FBS). Flows from the apical to the basolateral compartment
(j) and vice versa (h) were measured separately and plotted in a single graph. Horizontal bars indicate the
values of two independent measurements. The inhibition of digoxin transport by 1mM PSC833 was highly
significant in medium (two-sidedP<.0001 versus medium without PSC833 using one-way analysis of
variance) and not significant in 100% FBS (two-sidedP = .79 versus serum without PSC833).
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Because comparable concentrations of
PSC833 can completely inhibit P-gp ac-
tivity in cultured cells in tissue culture
medium(26), it seemed possible that the
differences betweenin vitro and in vivo
results could be due to extensive binding
of PSC833 to serum components. We
therefore compared inhibition of drug
transport by PSC833 in tissue culture me-
dium (containing 10% FBS) and in 100%
FBS. Fig. 2 shows that the transport rate
of the substrate drug digoxin(22,24,27)
through monolayers of LLC-1.1 cells is
not significantly affected in 100% FBS
compared with tissue culture medium.
Addition of 1 mM PSC833, a concentra-
tion that gives a complete inhibition in
tissue culture medium, does not signifi-
cantly inhibit digoxin transport in 100%
FBS, showing that PSC833 is less effec-
tive in 100% serum than in tissue culture
medium.

The inhibitory activity of PSC833 in
serum-free medium, in normal medium
(containing 10% FBS), and in 100% FBS
on the transport of digoxin, daunorubicin,
and paclitaxel is shown in Fig. 3. The
concentrations of PSC833 that inhibit
drug transport by 50% (i.e., its IC50) in
100% serum are 3.0, 1.5, and 5.7mM for
digoxin, daunorubicin, and paclitaxel, re-
spectively. These IC50 values are eight-
fold to ninefold higher than the values in
normal tissue culture medium. In medium
without any serum, the IC50 value for di-
goxin transport is 23-fold lower than in
100% serum (Fig. 3, A).

Discussion

Our results show that both MDR1 P-gp
and mdr1a P-gp can transport PSC833
against a concentration gradient, although
the transport rate is low (Fig. 1). The
MDR1 P-gp has a high affinity for
PSC833, as would be expected for such a
potent reversal agent. TheKm of MDR1
P-gp for CsA, the parent drug of PSC833,
is approximately 200 nM in our system,
fourfold higher than for PSC833. The
maximal transport rate of PSC833 is 0.6
pmol per minute/well, whereas CsA can
be transported at a rate almost 20 times
higher.

The high affinity of PSC833 for P-gp
and its low maximal transport rate are
probably the reason why PSC833 is a bet-
ter reversal agent than CsA. Both reversal
agents bind to P-gp with high affinity, but

the actual transport of PSC833 is much
slower and thus PSC833 will occupy the
P-gp molecule longer during transport.
The rate of passive diffusion of CsA and
PSC833 through the parent cell line LLC-
PK1 is roughly the same(22). Because
PSC833 enters the cell as efficiently as
CsA but is transported out less effec-
tively, in the presence of P-gp, the con-
centration of PSC833 inside the cell will
also be higher than the concentration of
CsA.

The low rate of PSC833 transport is
probably the main reason why other stud-
ies (20,21) reported that MDR1 cannot
transport this reversal agent. Only at low
concentrations of PSC833 can active
transport be measured against the back-
ground of the passive influx and efflux of
the drug. Most transport studies with
PSC833 have used much higher drug con-
centrations and a less sensitive readout.
Hence, it is not surprising that no active
transport of PSC833 was found.

Recent experiments with mice have
suggested that PSC833 is a less effective
inhibitor in blood than in tissue culture

medium(18)as was also reported for sev-
eral other reversal agents(28,29). We
now find that the inhibitory activity of
PSC833 is drastically reduced in 100%
FBS relative to serum-free medium. The
recent observation that 97%–99% of
PSC833 in human blood plasma appears
to be bound to serum lipoproteins(30)
provides a plausible explanation for this
decreased inhibitory activity. The high se-
rum binding may at least partly explain
the incomplete inhibition of P-gp by
PSC833 in the mouse model. However,
other factors (e.g., high nonspecific tissue
binding) may also play a role.

In vitro, the influx of PSC833 into
cells in monolayers may be less efficient
than its influx into free-growing cells, for
example, because the membrane surface
area available is smaller. Permeation of
drugs into solid tumorsin vivo is often
rather inefficient as well. The experiments
with cells in monolayers may, therefore,
mimic thein vivo situation better than ex-
periments with free-growing cells.In
vitro studies can never completely repro-
duce the truein vivo situation, however,

Fig. 3. Inhibitory activity of PSC833
on transport of digoxin (A), daunoru-
bicin (B), and paclitaxel (Taxol) (C) in
100% fetal bovine serum (h, FBS), in
tissue culture medium with 10% FBS
(j), and in serum-free medium (l, di-
goxin only). The net transport rate of
the drugs in the absence of the inhibitor
is set at 100% transport, identical flow
rates from the apical to the basolateral
side and vice versa due to passive drug
flow are set at 0% transport.
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and this should be kept in mind in the
following extrapolation of ourin vitro re-
sults to patients.

Clinical trials with PSC833 have
shown that the dose of PSC833 that can
be administered to patients is limited by
neurotoxicity, e.g., ataxia. The current in-
travenous administration regimen results
in a mean blood concentration of approxi-
mately 2.2mM (15,16).By oral adminis-
tration of PSC833, a blood concentration
of 1.6 mM is reached(31,32). Because
PSC833 scarcely enters the erythrocytes,
which constitute approximately half the
volume of blood, the plasma concentra-
tion of PSC833 in these trials will be ap-
proximately twice as high. The PSC833
IC50 values that we obtainedin vitro for
transport of digoxin, daunorubicin, and
paclitaxel in serum are 3.0, 1.5, and 5.7
mM, respectively, suggesting that PSC833
may not be able to completely block P-gp
activity in patients, especially the trans-
port of paclitaxel.

The results that were obtained in the
first phase I clinical trials show an in-
crease in the area under the curve of the
administered drugs after the coadminis-
tration of PSC833(15,16)due to the in-
hibition of P-gp activity in excretory or-
gans. These results are in agreement with
the results in wild-type and mdr1a/b (−/−)
mice, obtained by Mayer et al.(18). In
wild-type mice in those experiments, the
P-gp in the animals’ excretory organs was
completely inhibited by PSC833, whereas
the P-gp in the tissues of the blood-brain
barrier was inhibited only partially.

Even incomplete inhibition of P-gp by
PSC833 might still be useful in overcom-
ing multidrug resistance in patients.
Moreover, combination of PSC833 with
other reversal agents might result in com-
plete P-gp inhibition, since the coadmin-
istration of several reversal agents has
been shown to result in additive inhibitory
effects on P-gp, whereas their toxicity is
rarely additive(33,34).Nevertheless, our
results indicate that PSC833 may not yet
be the perfect reversal agent. Because the
dose-limiting toxicity of PSC833 appears
to be unrelated to its inhibition of P-gp, it
might be possible to find analogs that
bind even tighter to P-gp without an in-
crease in toxicity.
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