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nonoccupational physical activity were 20-54 years at baseline, considered both
not associated with reduced risk of time and intensity in their activity classi-
Physical Activity and Breast breast cancer (RR for =7 hours of ac- fication. Thune et al. found that breast
Cancer Risk in a Cohort of tivity/week relative to <1 hour/week = cancer risk was reduced with higher lev-
Young Women 1.1; 95% CI = 0.8-1.5).Conclusion: els of recen'F a}ctivity and that the effect of
Our findings do not support a link be-  physical activity on breast cancer risk ap-
tween physical activity, in late adoles- peared stronger in premenopausal than in

Beverly Rockhill, Walter C. cence or in the recent past, and breast postmenopausal women, although the
Willett, David J. Hunter, JOANN  cancer risk among young adult women. number of premenopausal cases (10§)
E. Manson, Susan E. Hankinson, [J Natl Cancer Inst 1098;90:1155-60] ~ Was relatively small. 5
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Colditz Increased physical activity has beery o of jifelong activity. Several investi-
hypothesized to be a means of primangaiors have focused on activity in late.

prevention of breast cancer. Activity Candolescencelearly adulthode.g., 11—
Background: Increased physical activ- |ead to lower cumulative exposure to Cir-13), while others(14—16), including

ity has been hypothesized to be a means culating ovarian hormones; specifically,Thune et al.(10), examined only adult
of breast cancer prevention. We exam- strenuous physical activity at a young ag@ctivity. Still other investigator¢17—19)
ined the associations between physical delays the onset of regular ovulatoryaxamined both time periods.

activity at two different times in life  cycles(1-4), and activity during the re-  perhaps because of such heterogene%y
and breast cancer risk. Methods: We  productive years may reduce levels of cirin methods and because selection and r@-
analyzed data from the Nurses’ Health culating ovarian hormones and the frecall biases could influence the results g
Study 1, a prospective study of women quency of regular cycle¢5,6). Physical case—control studies, the epidemiologit
aged 25-42 years in 1989. On the base-activity might also act to lower breastevidence for the association betweef
line survey, women were asked, “While cancer risk among postmenopausadhysical activity and breast cancer risk i&
in high school and between the ages 18 women by reducing fat stores, which arénconsistent. Some studies have found 2
and 22 years, how often did you par- the locus of conversion of the androgerstrong to moderate reduction in risk assog
ticipate in strenuous physical activity at  androstenedione to estro(ig8). ciated with higher levels of physical ac=
least twice a week?” We averaged an-  There is currently no scientific consen-
swers to these two questions to develop sus on the critical time period of exposure
a measure of late adolescent activity. or on the level of intensity of activity that
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tivity (9—-11,17),others found only slight pation in other aerobic activity (such as lawn mow-menopause. Postmenopausal women were asked
decreases in riskl4,16),and in others no ing). I(Each womanlatl)sp kreported Egrﬁ)&\ﬁl Walkltn%bort:t their usztog horlmone rfpl;lztj/mefntﬂ:herapy on
o . _pace (easy, normal, brisk, or very brisk). We creategach survey. aseline, only 2.4% of the women
assouatllqr(18,19)or e,ven the SqueStlona measure of hours per week of moderate plus vignere postmenopausal; this percentage rose to 4.6%
of a positive associatio(l5,16)was ob- ¢oys activity by summing up the hours spent at alby 1993. Less than 5% of the breast cancer cases in
served. of the physical activities, except for walking at anthese analyses were diagnosed postmenopausally.
Here, we report the associations beeasy or normal pace (we considered such walking tdhe descriptive data and associations we report here
tween nonoccupational physical aCtiVitybE_’“ght physical activity). In examining associations(based on the sample containing bot_h premeno-
and risk of breast cancer in a Iarge pro\_/vlth breast cancer, we cat_egonzed average hours ppausal and postmenopausal women, with no adjust-
. . week of moderate plus vigorous activity into five ment for menopausal status or postmenopausal hor-
spective cohort of mainly premenopausakyels. The reference group were those women witmone use) were changed little when we restricted
women. We examine the effect of aCtiViterss than 1 hour of moderate plus vigorous physicghe sample to women premenopausal at each time
in late adolescence as well as recent adudttivity per week. The remaining categories wergoint or when we used the entire sample but in-
activity. 1.0-1.9, 2.0-3.9, 4.0-6.9, and greater than or equaluded the covariates of menopausal status and post-
to 7.0 hours of moderate plus virogous physical acmenopausal hormone use in the statistical models.
tivity per week. Again, we modeled these categories
Methods as a series of four indicator variables. Identification of Invasive Breast
. . , Cancer Cases
The Nurses’ Health Study Il is a prospective co-Data on Menstrual Regularity and o
hort study that was established in 1989, WherBOdy Size Parameters On the 1991, 1993, and 1995 questionnaire%
116671 nurses, 25-42 years of age, completed a women were asked if they had been diagnosed wigh
baseline questionnaire about their medical histories |, 1989, nurses were asked several questiorsreast cancer in the previous 2 years. (Women wiid
and lifestyles. Subsequent questionnaires requestingq t their menstrual cycles earlier in life. They re-missed a questionnaire, but re-entered the cohort &n
updated information on risk factors and medica*aorted the usual length of their menstrual cycle dura subsequent questionnaire, reported about breast
events were mailed every 2 years. All members Ojng ages 18-22 years (<21, 21-25, 26-31, 32—-3%ancer diagnoses since the last questionnaire thg
the cohort were free of cancer, except for nonmelaag_50, and >50 days, or too irregular to estimatejeturned.) Deaths in the cohort are reported by fang
noma skin cancer, in 1989. We observed 95% of thgnq the pattern of their menstrual cycles (very reguily members and the postal service or were detectéd
potential person-time of follow-up in this cohort be- 41 regular, usually irregular, always irregular, or noby a search of the National Death Index for particis
tween 1989 and 1995 (618 010 of 651 080 persofseriods) during both high school and ages 18—2pants who have been lost to follow-up. In this co®
years); the remaining 5% of the person-years wergears (while not using oral contraceptives). hort, there have been 19 deaths from breast cancgr;
lost to follow-up. The protocol for the study was ™ |, 1989, women reported their height, currentwo of these deaths were detected by the National
approved by the Human Research Committees of thgejght, and weight at age 18 years. We used bodpeath Index search. For identified cases of breast
Brigham and Women's Hospital and the Harvardyass index (BMI, weight in kilograms divided by cancer, we requested permission from each case sib-

School of Public Health, Boston, MA. height in meters squared) as a measure of adipositject to obtain hospital records and pathology report§
. L. We also calculated weight change during the perio®athology reports were obtained for 89% of the casg
Assessment of Physical Activity between age 18 years and 1989. The self-reporteslibjects, and of these, 98% confirmed the selﬁ»‘

) ) measure of weight at age 18 years has been validategported diagnosis of breast cancer. Those reportgd
On the 1989 questionnaire, nurses were asked tWg a subsample of 118 wome@0) through review —cases whose records failed to confirm breast cancer
questions pertaining to physical activity earlier inof college entrance physical examination recordswere excluded from analyses. However, because tfe
their lives. They were asked to report the number ofrhe Spearman correlation between recalled and relegree of self-reporting accuracy was high, we irg,
months per year that they engaged in strenuousprded weight at age 18 years was .87. Participant3uded self-reported cases from whom records couﬁ
physical activity (e.g., swimming, aerobics, field sjightly underreported weight at age 18 years (meanot be obtained. There were a total of 372 case sub-
hockey, basketball, cycling, and/or running) at leasjifference, 1.4 kg). The precision of self-reportediects with invasive breast cancer for whom we obs3
two times per week while they were in high schoolcyrrent weight was evaluated in a subsample of 14tained complete data on the exposure(s) and covag:
and were between the ages of 18-22 years. Responsgrticipants from a similar cohort study of nursesates of interest. All results reported here weré
categories for each question were as follows: neve{21). Trained technicians visited the substudy parunchanged when we includéulsitu cases (n= 40)
1-3 months per year; 4-6 months per year; 7-§cipants twice, approximately 6 months apart, towith the invasive cases.
months per year; and 10-12 months per year. Wgeasure weight. The Pearson correlation coefficient
assigned scores of 0—4 according to the five repetween self-reported weight and the average of thotatistical Analysis
sponse categories (e.g., never0, 1-3 months/year technicians’ two measurements was .97. Again, par-
= 1, etc.) and then computed a rounded (integerﬁcipams underreported current weight; the mean dif- We used multivariate pooled logistic regression tg5
mean from the two scores. Thus, this average scofgrence was 3.3 kg. The degree of underreportingodel the risk of being diagnosed with breast cancgy
was also made up of values of 0, 1, 2, 3, and 4. Wgid not vary appreciably across levels of currenPVver the 6-year follow-up period (1989 through=:

uo isenb Aq ¥

computed an average for each nurse who had ngeight. 1995) for each of the activity variables. Womernt3
missing data on both questions regarding early were classified with respect to all potential con®
physical activity. In analyses, we modeled theData on Other Risk Factors founders and then with respect to their physical ac-
ranked categories of the average late adolescent ac- tivity level. Each participant contributed person-

tivity score as a series of indicator variables. We also Age at menarche was reported on the baselineme of follow-up from the time the baseline
analyzed the two activity measures (physical activityquestionnaire. Information on other risk factors, in-questionnaire was returned in 1989 until the end of
while attending high school and physical activitycluding parity, age at first birth, history of benign follow-up (June 1, 1995), the onset of the outcome
during ages 18-22 years) separately. breast disease, family history of breast cancer inf interest, death from any cause, or loss to follow-
On the 1989 questionnaire, nurses were alsmother and/or sister, and oral contraceptive use, wag. The number of cases and person-years that oc-
asked about their recent nonoccupational physicakported on the baseline questionnaire and was upurred within each exposure level within each strata
activity. They reported the average time spent pedated every 2 years based on responses to the falere counted. For covariates that remain constant
week during the past year on each of the followindow-up questionnaires. Thus, women’s status omhroughout the duration of the study, such as age at
activities: walking or hiking outdoors; jogging these covariates could change over time. We alsmenarche, cases and person-time of follow-up were
(slower than 10 minutes/mile); running (10 minutesincluded data on recent alcohol consumption (withirassigned to the exposure level observed at baseline
mile or faster); bicycling (including use of a station-the past year), as measured on the 1989 baselime1989. For time-varying covariates, such as current
ary bicycle); lap swimming; playing tennis or questionnaire, as a covariate in models. oral contraceptive use or parity, cases and person-
sguash; participation in calisthenics, aerobics, and On each questionnaire, we collected data otime were re-assigned every 2 years according to the
aerobic dance; using a rowing machine; and particimenopausal status and, where applicable, age apdated exposure values reported on each of the
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biennial questionnaires. From these summary tablestion of use=4 years), recent alcohol consumptionpaseline survey) compared with those less
incidence rates were calculated as the sum of th@n average grams per day: 0, 0.1-1.4, 1.5-4.9, 5-°active. The gradients in age at menarche
cases divided by the sum of person-time observe#.9, and=10), and height€59, 59.1-62, 62.1-65,
for each exposure level. Incidence rate ratios (rela5.1-68, and >68 inches). Age at menarche, famil@'nd BMI at age 18 years were Stronger
tive risks [RRs]) for each activity level were calcu- history of breast cancer, alcohol consumption, an@Cross levels of late adolescent physical
lated by dividing the incidence rate in that level byheight were assessed once, at baseline. Parity aattivity than across levels of recent physi-
the rate in the reference (lowest activity) level. age at first birth, history of benign breast diseasegg| activity. Women who were more ac-
We present both age-adjusted RRs as well as RRs1d oral contraceptive history were assessed on e : :
adjusted simultaneously for a variety of potentialsurvey; women’s status on each of these covariafleﬁslille in late adolescence were more “kely
confounders. The covariates of age at menarche andhs thus updated every 2 years in our models. wipP reporta late menarche (agel4 years)
BMI at age 18 years may act, in part, as intermediatpresent two-sided 95% confidence intervals (Clspnd were leaner at age 18 years compared
variables through which activity early in life influ- for all RRs. with women less active during this period.
ences breast cancer risk. However, in these data, Only women with complete data on all activity There was also a positive, monotonic as-
controlling for these two covariates, alone and invariables and covariates of interest were included in . . .
combination with other covariates, did not alter relathe statistical models and in the presentations of res-_o_Clatlorl betweer_] adolescent phy§|cal ac-
tive risk estimates for any of the activity variables.sults. A total of 105564 women at baseline hadiVity level and height; the association be-
Similarly, weight change between age 18 years andomplete data on all of the variables of interest. Otween height and recent activity level was
1989 and BMI in 1989 might be intermediate vari-these, we excluded 1096 women because they rgagg pronounced. Both BMI in 1989 and
ables through which strenuous physical activityported an unusually high number of hours per week . . .
might influence breast cancer risk. Once again, howef moderate plus vigorous activity (>28 hours/b\lmght change durlng thet perIOd from agg
ever, adjustment for these factors changed no RReek); it is likely that such women misread the ac-18 years to 1989 were inversely assock
estimates in any models. On the basis of such findivity questions. The remaining 104 468 women ac-ated with each physical activity variableg
ings and a desire for models that avoid the conceperued a total of 518 297 person-years of observatiogssociations were stronger with recer%
tual problem of including the likely intermediate between 1989 and 1995. physical activity than with late adolesceng
variables related to weight and weight change, our ..
fully adjusted RRs are adjusted for the followingResults activity. =
factors: age at baseline (continuous), age in years at There were no appreciable differenceg
menarche (<12, 12, 13, and14 years), parity and  Tables 1 and 2 show the crude distriby level of late adolescent or recent physi
age at first birth (nulliparous, parity 1-2 and age a, tion of relevant covariates according tecal activity in either the proportion of &

first birth <25 years, parity 1-2 and age at first birth | | of lat dol t phvsicavomen recalling irreqular menstruaE
25-29 years, parity 1-2 and age at first biet30 ave_r?ge evel ol lale adolescent p YS_IC L g g . o
years, parity=3 and age at first birth <25 years, and@ctivity (Table 1) and recent adult z_actlwtycycles in hl_gh school (approxma_tely 30"/@
parity =3 and age at first birtr=25 years), family (Table 2). For both of these physical acof women in each physical activity Ievel)'8
history of breast cancer in mother and/or sister (vegivity variables, women who were moreor in the proportion recalling long men-2
or no), history of benign breast disease (yes or nojyctjye \were more likely to be younger,strual cycles £40 days) between ages 18
recency and duration of oral contraceptive use li t f | t d 22 79%—8% of . ﬁ
(never. past user with duration of use <4 years, paldUlliParous, current users of oral contraand 22 years (7%~ 6 of women in eaca_
user with duration of use=4 years, current user with CEptives, and to report no recent alcohadctivity level). In addition, first-degree o

duration of use <4 years, and current user with duconsumption (within the year prior to thefamily history of breast cancer was nof

y

)

LOL/SL/

Table 1. Characteristics of participants (as reported on 1989 baseline questionnaire) according to average level of vigorous physical activity during high sch
and between ages 18-22 years* 5

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

a

8

R
Characteristic Never 1-3 moly 4-6 moly 7-9 moly 10-12 moly g
No. of participants 18291 22067 25395 22729 15986 é
Mean age (standard deviation) 36.0 (4.3) 34.5 (4.6) 34.2 (4.7) 33.7(4.7) 33.5 (4’55?)
Menarche=14 y of age (%) 15.6 16.5 16.9 19.7 21.2 =)
Nulliparous (%) 25.7 29.4 30.3 31.6 35.8 -5
Current oral contraceptive use (%) 9.0 12.2 13.3 14.4 15.2 g
Never used oral contraceptives (%) 17.2 17.3 16.5 15.8 165 =
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 length40 days 8.6 7.5 7.4 7.6 7.9

between ages 18 and 22 y (%)

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 (%) 334 32.0 31.6 29.5 245
Weight gain >10 kg, age 18 y to 1989 (%) 31.9 30.0 30.7 30.6 27.1
Height >67 inches (%) 134 14.8 16.0 16.6 18.2

*Participation in strenuous physical activity or sports at least twice per week.
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Table 2. Characteristics of participants according to average level of recent (1989) moderate plus vigorous physical activity* (h/wk)

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

Characteristic <1 1-1.9 2-3.9 4-6.9 =7
No. of participants 35573 18005 22233 13570 15087
Mean age (standard deviation) 34.7 (4.6) 34.4 (4.6) 34.3 (4.6) 34.2 (4.7) 33.8(4.8)
Menarche=14 y of age (%) 17.1 17.8 17.9 18.0 19.4
Nulliparous (%) 24.5 27.6 314 35.9 41.3
Current oral contraceptive use (%) 11.0 12.6 134 134 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 29.6 303 Y
Average menstrual cycle length40 days 7.8 7.8 7.5 7.7 7.8 S
between ages 18 and 22 (%) 9
Q.
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 27.6 245 222 &
Weight gain >10 kg, age 18 y to 1989 (%) 38.1 31.9 26.9 22.9 21.0 3
Height >67 inches (%) 14.7 15.8 16.1 16.3 17.1 '§
N
[e]
QO
Q.
(0]
3

associated with either late adolescent aous versus parous), family history offound no association between breast can-
recent physical activity level. breast cancer, history of benign breast diszer risk and average weekly hours of toté

In age-adjusted analyses, the level otase, BMI at age 18 years (in tertiles)physical activity (light plus moderate plus3
late adolescent physical activity was noBMI in 1989 (in tertiles), and amount of vigorous) in 1989 or between risk ancg
associated with an increased risk of breasteight change between age 18 years arttburs of vigorous activity only. To exam-2
cancer in this cohort (Table 3). Adjust-1989 (in tertiles). We found no meaning-ine whether there was a reduction ir:
ment for a variety of measured breast carful differences in the association betweemyreast cancer risk among the most acti\%
cer risk factors changed the age-adjustddte adolescent activity and breast canceyy, of women in the cohort, we dividedS
RRs little; all RRs remained close to arisk across strata of any of these variableghe highest moderate plus vigorous physiz

value of 1.0. When we examined the twgdata not shown). cal activity level into two finer levels. 2

~

separate physical activity variables that In age-adjusted analyses, averagfgain, we observed no association.
were averaged to derive the late adolesveekly hours of moderate plus vigorous on the 1991 questionnaire, the samg
cent physical activity variable (strenuousphysical activity gee Assessment of pnysical activity questions that appeared
activity during high school and betweenPhysical Activity in “Methods”) in 1989 ¢ the baseline 1989 survey were asked
ages 18 and 22 years), we found resultwas also not associated with breast cancggain. When we repeated the analyses de-
nearly identical to those in Table 3. Werisk (Table 4). Again, all RRs were closescribed in the preceding paragraph using
investigated the possibility that the relato a value of 1.0 and were unchanged byhe average of 1989 and 1991 hours pér
tionship between late adolescent physicaldjustment for measured breast cancgfeek as the exposure of interest, again we

might vary according to parity (nullipa- lescent physical activity. We similarly tjyity and breast cancer risk; all pattern$}
of RR closely resembled those reported ifi

Table 3. Average level of vigorous physical activity during high school and between ages 18 and Z-Eable 4. Fma”y’ we examined the joint

years and relative risks (RRs) of breast cancer (95% confidence intervals [Cls]) pattern of physical activity from late ado-
lescence and recent adulthood (1989).
Person-yetars of l_\tlr?-bof Sutbjects Multivariate.adiusted* Compared with women who were in the
opservation Wi reast cancer ultivariate-agjuste . L .
(N = 518297) (N = 372) Age-adjusted RR (CI) RR (Cl) lowest physical activity levels in both

adolescence and recent adulthood, women

Never 90 489 77 1.0 1.0 - ; L
1-3 moly 109 639 70 0.9 (0.6-1.2) 0.9 (0.6-1.2) who were in the highest activity levels at
4-6 moly 126 440 93 1.1(0.8-1.4) 1.1(0.8-1.4) boththese times had a RR of 1.0 (95% Cl
7-9 moly 112962 78 1.1(0.8-1.5) 11(0.8-15 = 0.6-1.5).

10-12 moly 78768 54 1.1(0.8-1.6) 1.1(0.8-1.6)

If physical activity influences breast

*Estimates adjusted for age at baseline, age at menarche, history of benign breast disease, history oﬁ%‘%?r risk by_ mOdIfymg ovarian hor-
cancer in mother and/or sister, recent alcohol consumption, height, oral contraceptive history, and parity¥Hae levels, this effect may _be obscured
age at first birth (combination variable). by the use of oral contraceptives. We hy-
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Table 4. Average hours per week of recent (1989) moderate plus vigorous physical activity and relatiye obtained no validation data on the

risk (RR) of breast cancer (95% confidence interval [CIs]) measure of late adolescent physical activ-
Person-years of No. of subjects ity, in a validation study of the instrument
observation  with breast cancer Multivariate-adjusted* uUsed to assess recent activii®4), the
(N = 518297) (N =372) Age-adjusted RR (Cl) RR (CI) Pearson correlation coefficient between
<1 hiwk 174787 124 1.0 1.0 physical activity reported in 7-day diaries
1.0-1.9 hiwk 89896 65 1.1(0.8-1.4) 1.1(0.8-1.4) (mailed out at intervals of 3 months over
2.0-3.9 hiwk 111716 82 1.1 (0.8-1.4) 1.1(0.8-1.4) ;
2.0-6.9 hiwk 68399 48 1.0 (0.8-15) 10 (0.7-1.4) the course of a year) and the questions

=7.0 hiwk 73499 53 1.1 (0.8-1.6) 1.1 (0.8-1.5) used on the 1989 survey were relatively
high (.62) for a representative sample of

*Estimates adjusted for age at baseline, age at menarche, history of benign breast disease, history ofpmasen. This physical activity assessment
cancer in mother/sister, recent alcohol consumption, height, oral contraceptive history, and parity and #e@bment has been shown to be pl’edIC-
first birth (combination variable).

tive of several disease outcomes, includ-
ing noninsulin-dependent diabetes melli-
pothesized that women who have not useearly physical activity. As McTiernan tus in women(25), colon cancer in men

oral contraceptives or who have used22)notes, however, in the epidemiologicand women(26,27), and gallstones in 9
them for a very limited period of time studies that have shown that a reducechen(28).
might be more susceptible to any effect ofisk of breast cancer is associated with Currently, there is no consensus reS
physical activity on breast cancer risk. Toexercise, it is similarly unlikely that the garding the critical time period in whlch<D
address this hypothesis, we repeatenhost active women were engaging irto measure physical activity in terms of it
analyses within strata of oral contracepeompetitive athletic training. She con-effect on breast cancer risk. Physical a@
tive use. Among women who had nevecluded that delayed onset and decreaseidity at a certain time in life may exertg
used oral contraceptives or among thoseumbers of ovulatory cycles cannot be thelifferent effects on premenopausal versis
who had used them for less than 2 yearsnly explanation for the observed associggostmenopausal breast cancer risk, b§-
(n = 141), RRs for all levels of the ac- tion between exercise and breast cancetause the associations between weight
tivity measures were indistinguishablein postmenopausal women, physical actand weight gain) and breast cancer risk
from 1.0, although Cls were obviouslytivity has been hypothesized to reducenay vary by menopausal stat{@3,29).

umo

wider (data not shown). breast cancer risk in part by reducing faFurthermore, if the critical exposure of iné’
stores, and thus endogenous estrogen leterest is the lifelong physical activity pat=
Discussion els. However, among premenopausakrn, as suggested by Bernstein et(8), &

women in high-risk countries, higher lev-then our assessment of physical actlv@
In this large prospective study com-els of adiposity have been consistently adevel pertaining to only two limited time &
posed primarily of premenopausalsociated with a reduced risk of breast canperiods will result in misclassification |n\
women, we found little evidence for a de-cer (23). Although there are currently no terms of the true exposure of interest. Thg
creased risk of breast cancer associatgmtoven mechanisms to explain this inwomen in our study showed considerable
with either physical activity in late ado- verse association, it is plausible thawariability in physical activity over eveng
lescence or recent physical activity. Thesphysical activity conveys less protectionshort periods of time. For example, whegg
findings remained unchanged after adjusiagainst breast cancer in premenopausale compared responses for high schodl
ment for different breast cancer risk facthan in postmenopausal women. Howand ages 18-22 years, less than haﬁf
tors and remained remarkably consistergver, Thune et al10) found that the pro- (44.6%) of the women in our study gav%
across different definitions and categoritective effect of physical activity was the same answer to the question, “Hovg
zations of physical activity level. stronger in premenopausal women than imany months per year did you engage in
If the underlying hypothesized mechapostmenopausal women, and Bernstein strenuous physical activity at least twa
nism(s) about how physical activity al. (9) showed a strong inverse associatiotimes per week”? Of those who answered:
should affect breast cancer risk are soundpr a sample of women aged 40 years antil0-12 months” for the years spent in§
how can our overall null findings be ex-younger. high school, only 30% gave this answef*
plained? If substantial reduction in the Itis possible that error in our measurefor the age period 18-22 years. Of those
number of ovulatory cycles is the primaryment of physical activity levels could most physically active in late adolescence
mechanism by which physical activity re-have attenuated a real protective effect dlaccording to the averaged high school
duces breast cancer risk, then exercisactivity in these data. In particular, long-and age 18-22-year measure), only 27%
equivalent to daily competitive athleticterm recall of physical activity during late were in the highest level of moderate plus
training may be required to affect ri¢gg). adolescence may be difficult. Althoughvigorous activity in 1989, and nearly 20%
It is unlikely that many of even the mostwe cannot completely exclude this possief those most physically active in late
active women in our sample were endbility, we have good evidence that ouradolescence were in the least active cat-
gaged in such strenuous activity. Al-measures of activity were informativeegory in 1989. Considering the short time
though we cannot rule out errors in recallwith regard to the specified time periodsinterval of 1989 to 1991, only 39% of the
our data show that there were no differ-The measures correlate as expected withomen remained in the same moderate
ences in reported menstrual cycle irreguage at menarche, BMI at age 18 yearglus vigorous activity level (based on
larity early in life across the levels of current BMI, and weight gain. Although number of hours of physical activity/
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week) on the two questionnaires. Ofthose RJ, Laessle RG, Strowitzki T, et al. Cyclic relation to recreational exercise in women age
most active in 1989, only 20% remained ovarian function in recreational athletes. J Appl 50-64 years. Epidemiology 1996;7:598-604.

: . . . Physiol 1990;68:2083-6. (20) Troy LM, Hunter DJ, Manson JE, Colditz GA,
g‘ ghe fm(r)15t active Ievel. in .1991' Whhlled (6) Bullen BA, Skrinar GS, Beitins 1Z, von Mering Stampfer MJ, Willett WC. The validity of re-
5% of those most active in 1989 ha G, Turnbull BA, McArthur JW. Induction of called weight among younger women. Int J

dropped to the least active group in 1991.  menstrual disorders by strenuous exercise in  Obes Relat Metab Disord 1995;19:570-2.
Thus, no one of our measures could be untrained women. N Engl J Med 1985;312:(21) Rimm EB, Stampfer MJ, Colditz GA, Chute

taken as reflective of lifelong physical ac-  1349-53. CG, Litin LB, Willett WC. Validity of self-
tivity, and to crudely average them would (7) Siiteri PK. Adipose tissue as a source of hor-  reported waist and hip circumferences in men
; ' h : b ial . mones. Am J Clin Nutr 1987;45(1 Suppl): and women [editorial]. Epidemiology 1990;1:
ignore the sometimes substantial gap in "> 466-73.

time between ages 18 and 22 years anqs) Cauley JA, Gutai JP, Kuller LH, LeDonne D, (22) McTiernan A. Exercise and breast cancer-time
1989. HOWeVer, in most of the other stud- Powell JG. The epidemiology of serum sex to get moving? N Engl J Med 1996;336:
ies (10,11,14,16,17)n which inverse as- hormones in postmenopausal women. Am J__ 1311-2. ) ) _
sociations were observed, the physical ac-  Epidemiol 1989;129:1120-31. (23) Hunter DJ, Willett WC. Diet, body size, and
iv/i h (9) Bernstein L, Henderson BE, Hanisch R, Sulli- breast cancer. Epidemiol Rev 1993;15:110-32.
tivity assessment met O_d was not more van-Halley J, Ross RK. Physical exercise and24) Wolf AM, Hunter DJ, Colditz GA, Manson JE,
Qetalled_than ours and did not assess life- reduced risk of breast cancer in young women. Stampfer MJ, Corsano KA, et al. Reproduci-
time activity. J Natl Cancer Inst 1994:86:1403—8. bility an_d_valldlty of_ a self-admlmstered_ phyg-g
In summary, we found no support for(10) Thune I, Brenn T, Lund E, Gaard M. Physical cal activity questionnaire. Int J EpldemloE
o

. . . - , 1994;23:991-9.
the hyp.o.the.5|s that higher levels of phy3|- ﬁﬂctgntlyggr;qs;hs I;sggo; k;reast cancer. N Engl J(25) Sigal RJ, Rich-Edwards JW, Solomon CGS
cal activity in late adolescence or in re- € r9D 2RI, Colditz GA, Stampfer MJ, Willett WC, et al. A &

cent adulthood reduces premenopauséi‘ll) Mittendorf R, Longnecker MP, Newcomb PA, prospective study of physical activity and riskg

. . . . Dietz AT, Greenberg ER, Bogdan GF, et al. ) : : :
’ ' ' of non-insulin-dependent diabetes mellitus?
breast cancer risk. The inconsistency in Strenuous physical activity in young adulthood P

i i ; indi NIDDM) in women [abstract]. Am J Epide-
epidemiologic flndlqgs, howe_Ver: de-  and risk of breast cancer (United States). Can- iniol 199)6'143'373 [ ] P %
mands a more detailed examination of cer Causes Control 1995:5:347-53. e A

. .. e . . ; . (26) Giovannucci E, Ascherio A, Rimm EB, Cold-
physical activity throughout life in rela- (12) Frisch RE, Wyshak G, Albright NL, Albright itz GA, Stampfer MJ, Willett WC. Physical g

tion to both premenopausal and post- TE. Schiff |, ;/\Litschit J, etal szer Iifetim?th activity, obesity, and risk for colon cancer and3
occurrence of breast cancer and cancers of the
menopausal breast cancer. As noted by a

i . f this topid30), fut reproductive system among former college ath-
recent review of this topi , future i . . ) , _ _
. .p . letes. Am J Clin Nutr 1987:45(1 Suppl): (27) Martinez ME, Giovannucci E, Spiegelman D,'g
studies should focus on improving assess- 328-35. Hunter DJ, Willett WC, Colditz GA. Leisure- 3
ment of lifetime physical activity from all (13) Paffenbarger RS Jr, Hyde RT, Wing AL. time physical activity, body size, and colons
sources to clarify whether there is a dose— dP,hyS'C""' ac“l‘":_y and '”C'I‘_’e_”ce of Ca’lceAr 'rJ‘ cancer in women. Nurses' Health Study Res

. . . . r ns: reliminary ri . Am -l
response relationship or an optimal time ¢ ;it’:r’ol%‘g?,fs(sl gsp‘;l'),élg_ﬁ epo search Group. J Natl Cancer Inst 1997;89%

eriod, frequency, or intensity of physical : : i i 948-55.
perio q y y ot phy (14) Friedenreich CM, Rohan TE. Physical activity ,g) | eitzmann MF, Giovannucci EL, Rimm EB,
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ciently to the MDR1 P-glycoprotein vitro studies that reported that PSC833 is
and is released only sluggishly, the high not transported by P-g{20,21).

Availability of PSC833, a concentrations of PSC833 necessary to  To resolve the discrepancies between
Substrate and Inhibitor of inhibit this P-glycoprotein under com- our work and previous studies, we ana-
P-glycoproteins, in Various plete serum conditions in ourin vitro lyzed the behavior of PSC833 in mono-
Concentrations of Serum system suggest that it may be difficult layers o_f polarized kidney cells trans-

for PSC833 alone to produce total in- fected with P-gp gene®2). Transport of

hibition of P-glycoprotein activity in ~compounds through this monolayer can

Alexander J. Smith, Ulrich patients. [J Natl Cancer Inst 1998:90: be measured with high sensitivity and the
Mayer, Alfred H. Schinkel, 1161-6] ability of PSC833 to inhibit drug transport
Piet Borst* can be tested under conditions more re-

) __sembling thein vivo situation (i.e., in
Mammalian cells can become reS'Stanéomplete serum rather than the 10% se-

Background: P-glycoproteins are mem- tsc:a|Z§;i/§:1a\l/vii::eamsc?:]g?;agﬁjﬁCvi?/gugrsinaﬂer;urgn?s?rzns,ilrlg)USEd for studying reversal
brane-associated transporters that can yjitro. This multidrug resistance can be 9 '
render cells resistant to a variety of caused by P-glycoproteins (P-gpd),2) Materials and Methods
chemotherapeutic drugs. Reversal encoded by the human multiple drug re- . o

agents are (prgferably nontoxic) drugs sistance 1 (MDR1) gene and the murin%l_[&é«;c]-dgj(nl\(l))r]i;igcci):l?o (102'4235/3?7/13?;2@&1%-
that can inhibit these P-glycoproteins 4r14 and mdrib genes (also known agined from Du Pont NEN, Boston, MA; inuIing

and thereby overcome mumq"Ug resis-  mdr3 and mdr1, respectively). P-gps arg*Clcarboxylic acid (molecular weight approxi- =
tance. PSC833, a cyclosporin A analog, cell membrane proteins that render cel|lgately 5200) was obtained from Amersham Life

. . i i A ) @
is a reversal agent that has shown po- resistant to cytotoxic drugs by activelySmence Inc., Arlington Heights, IL;H]paclitaxel =

tential in in vitro experiments and in . .~ 7(0.31 GBg/mmol) was obtained from Moravek Bio-3
. . extruding drugs from the cytoplasm into, ; 1 7 a
clinical trials. We tested PSC833 to de- g drug yiop chemicals, Inc., La Brea, CA-[1“C]val’ SDZ g

¢ ; hether it i N red the extracellular space, resulting in a dePsc833 (1.47 MBg/mmol) was from Sandoé.
ermine whether 1t 15 a transported . o sed drug concentration inside the cefiharma Ltd. (now Novartis Pharma Inc.), Baseb
substrate of human and murine P- (3-6) Switzerland; SDZ PSC833 was from Sando®

glycoproteins associated with multi- . . . Pharma Nederland B.V., Uden, The Netherlands; &
drug resistance (encoded by the human P-gp-mediated multidrug resistanCeigsye culture materials were from GIBCO BRLZ.

. . can be overcome by coadministration obaj : i ?
MDR1 gene and its murine homolog, y nistra fD_alsley, Scot_land, and other_chemlcals were from.
. reversal agents that act as inhibitors ofigma Chemical Co., St. Louis, MO.

mdrla) and whether it can completely

inhibit these P-glycoproteins under P-gps, such as verapamil and cyclosporigisg e cyiture
simulated in vivo conditions. Methods: ** (CSA) (7-9).Reversal agents are effec-

: " tive in vi i ' inhibi-  The LLC-PK1 pig kid ithelial cells (Ameri-
Monolayers of polarized LLC-PK1 pig tive in vitro, but trials testing the inhibi e pig kidney epithelial cells (Ameri

: : ; : Type Culture Collection, Manassas, VA) weré
: : tion of multidrug resistance in tumors of®@" 'Y
kidney cells transfected with comple- on of multidrug resistance UMOTS OF . itured in M199 medium supplemented with 50 U2

mentary DNA containing either MDR1 patients have often given disappointing)f penicillin/mL, 50 pg of streptomycin/mL, and g
or mdrla sequences were used to mea- results (10-12) because of the dose-10% fetal bovine serum (FBS) at 37 °C in 5% £0 o

sure the directional transport of P- limiting side effects of these agents.The cells were trypsinized and subcultured every
glycoprotein substrates under various Hence, the current interest in second3‘4 days. The MDR1- and mdrla-transfected clones

o eneration agents with more favorabl of LLC-PK1 (22) were maintained routinely in thez
serum conditions. Results: In contrast 9 : g Wi v €bsence of drugs and tested for P-gp content on prf-

to two previous studies, we found that characteristics. One of the most effectivgein immunoblots regularly as described previously
PSC833 is transported by both the of these is PSC833, a nonimmunosupg2,23).

MDR1 and the mdrla P-glycoproteins, Pressive analog of Cs4l13,14).PSC833 Transport Assays

albeit at a low rate. PSC833 has a very ¢an completely inhibit human P-gm =
high affinity for the MDR1 P- Vitro at concentrations that can be toler- Drug transport assays were generally performex

. . . . atedin vivo and is beina tested in clinical s described previousk22,24).Cells were seeded 'Y
glycoprotein, and its Michaelis constant g on microporous polycarbonate membrane filters

(K, for transport is 50 nM, fourfold ~ trials (15,16). (pore size 3.Qum, diameter 24.5 mm, Transwell™,
lower than for cyclosporin A. Inhibi- In studies with wild-type mice and cornina Costar Corp., Cambridge, MA) at a density
tion of drug transport by PSC833 is ap- mice homozygous for a disruption of theof 1.5-2 x 16 cells per well. The cells were grown
proximately eightfold less effective in mdrla and mdrlb genes (mdrla/b [-/-]
100% fetal bovine serum than in tissue mice) (17), we noted that the maximal
culture medium containing 10% se- concentrations of PSC833 tolerated failed *Affiliation of authors: Division of Molecular Bi-
rum. The concentration of PSC833 nec- to completely inhibit P-gp in the blood- ology, The Netherlands Cancer Institute, Amster-
essary to fully inhibit transport of di- brain barrier(18). In the same study, we dam. ) .
. . . Correspondence td?iet Borst, M.D., Division of
goxin and. paclitaxel (Taxol) ur_u;ier found that PSC833 appears Fo bg actl\_/elp&lolecular Biology, The Netherlands Cancer Insti-
complete (i.e., 100%) serum conditions transported out of the brain in mice withyte, plesmanlaan 121, 1066 CX Amsterdam, The
is higher than the plasma concentra- functional P-gp. Analogous observationdietherlands.
tions achieved in clinical trials. Conclu- were made by Lemaire et gl19) in rats.  See"Notes” following “References.”
sions: Although PSC833 binds effi- These results are in contrast with some © Oxford University Press

papeojumoq

GL/06/3100e

V0l U

1ud

Journal of the National Cancer Institute, Vol. 90, No. 15, August 5, 1998 REPORTS 1161



in complete medium, with a fresh medium replacewith human blood plasma instead of FBS becausassumptions. 1) Active transport in the parent cell
ment the day after seeding, and reached confluendie tight kidney cell monolayers started to leak adine is negligible as shown in Fig. 1. 2) The apical
after 3 days. The paracellular flow was monitoredsoon as the plasma was added. and basolateral membranes are comparable in sur-
during transport experiments by the appearance of The ability of the cells to accumulate drugs at ondace and permeability. On expression of MDR1, the
inulin [**C]carboxylic acid (0.025.Ci/mL, 4.2uM)  side of the monolayer was measured by adding 2 mincrease in the flux from basolateral to apical is ap-
in the opposite compartment and was always lessf medium containing equal concentrations of (raproximately equal to the decrease in the flux from
than 1.5% of total radioactivity per hour. One hourdioactive) drug to both sides of the monolayer. At 1apical to basolateral, indicating that there is no large
before the start of the experiment, medium on botl2, 3, 4, and 8 hours, 5L samples were taken and difference in the amount of drug that can diffuse
sides of the monolayer was replaced. The experthe amount of drug in each compartment was detethrough the two membranes over time. 3) Free
ment was started by replacing the medium on eithemined. If the drug is transported actively by P-gp,PSC833 is homogeneously present inside the cell.
the apical or the basolateral side by medium conthe amount of drug in the apical compartment shoul®bviously, a significant part of the intracellular
taining [*“C]PSC833 (54.5uCi/umol). The cells increase as the amount of drug in the basolater®SC833 will insert in intracellular membranes, but
were incubated at 37 °C in 5% GQand aliquots compartment decreases. A concentration gradient this drug will not be available for inhibition; our

were taken from both compartments at 1, 2, 3, and thus formed and maintained. calculations only concern free PSC833, available for
hours. The appearance of radioactivity in the oppo- L. inhibition of P-gp. 4) Drug flow is linear over 4
site compartment was measured and presented as tatistics hours. After a short initial accumulation period, the

fraction of total radioactivity added at the beginning . . drug concentration inside the cell reaches a constant
) N In the transport experiments, two replicate slopes ) N
of the experiment. Directional transport was mea- - - value. During this intracellular steady state, the fol-
. . . were measured per experiment. Statistical analys|s . .
sured in duplicate and the range is shown. . owing equation applies:
L of the experiments was performed by a one-way
Inhibition of drug transport by PSC833 was mea- . . : L
L analysis of variance approach with the individual
sured similarly. One hour before the start of the . . .
. ; . slopes as experimental units. The slope of the line
experiment, the medium on both sides of the MONO%, - 6ugh the four time points of each well was deter
layer was replaced with complete medium (includ-_. g ur time po R K[P], = [(K[P])a * (Vmad P1)/ (K +[P]))]
. . . mined, resulting in two independent estimations of
ing 10% FBS) or with 100% FBS containing thethe slope per experiment. Because we assumed that * (KIPL)e,
appropriate concentration of PSC833. Digoxin

. ; . . th d iati f the sl I'in al . . . ) -
paclitaxel (Taxol; Sigma Chemical Co., St. Louis, © random variation of the siope was equal in al|n which k is the passive permeation coefficient (L=

MO), and PSC833 were added as solutions in %o/e;xpe_riments, we usgd th_e differences bgtween theer minute/well), P], is the PSC833 concentration??
’ two independent estimations of all experiments & ' t-o =

Influx = (eff|ux)api0ally+ (efﬂux)basolaterally

y woJj pepeojumoq

ethanol. When required, extra ethanol was added tg . . o added to the medium (mol/L),P]; is the free &
exclude an effect of the solvent. At the start of the etermine this random variation. AR values are SC833 concentration inside the cell (mol/k)P] 8

: L two-sided. Differences are considered significant if L : Y
experiment, the serum or medium in one of the com: <05 Is the passive influx (mol per minute/wellk[P];)a 3
partments was replaced by serum or medium with 2 " is the passive efflux apically (mol per minute/well),g
M [3H]qligoxin, 2uM [3H]daunorubicin, or aJ,.M Calculations (k.[P]i)B is the passive efflux l:_JasaIIy (mol pers
[®H]paclitaxel (0.25uCi/mL) and the required minute/well), ¥,,,o{Pl)/(K,+[P],) is the active ef- '8

amount of PSC833. Samples were taken as de- An estimation of transport kinetics of PSC833flux (mol per minute/well),V,,. is the maximum 3
scribed above. These experiments could not be domeas derived by making the following simplifying velocity, andK,, is the Michaelis constant.

LLC-PK1 LLC-1.1 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 mdrla transfectant. Flows from the apical to the
basolateral compartmen®j and vice versa[{)
were measured separately and plotted in a single
graph. Horizontal bars indicate the values of two
independent measurements. The net transport of 0.1
wM PSC833 in the parent cell line LLC-PK1 was
relatively low in this experiment (<1%); in two other
2 experiments, a net transport of approximately 3%
was measured. At gM PSC833, the rate of PSC833
777777777 — 15 — flow from basolateral to apical was 3.4% + 0.12%
per hour (mean + standard deviation) in LLC-PK1
m— and 4.1% + 0.12% per hour in LLC-1.1 (two-sidBd
e =.0006, using one-way analysis of variance). At 0.4
= o= and 0.1uM PSCB833, the difference was even more
significant (two-sided?<.0001). The difference be-
5 s tween the flow rates in
i LLC-1a the two directions was
30 020 /% significantly higher in
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the MDR1-transfected
cells than in the parent
cell line (two sidedP =
.0008 at 2pM; two-
sided P<.0001 at 0.4
and 0.1 uM PSC833)
using one-way analysis
of variance.

0.1 p M PSC833
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In the parent cell line LLC-PK1, active transport ~ Table 1. Calculated kinetic values of PSC833 transport through monolayers of MDR1-transfected

of 2 wuM PSC833 is negligible and thus: LLC-1.1 cells after 4 hours*
K[Plo = (K[P])a + (KIPl)s - [Plo = 2[P]; Vinax” [Pl
- [Pli = 1 uM. (K[Pl)s K + [P];

From the graph (Fig. 1; LLC-PK1, @M PSC833) b " l%zlp;]er pmol/mi”n o " O/‘A’lrﬁler pmol/mi”n
it can be deduced th&{P], = 14.7% x 2uM x 2 [Pl BMO per we [P];, pmo per we
mL x (240 minutes)* x well™ = 2.45 x 16%2mol 5 12.3 2.05 8.8 x 10 3.9 0.633
per minute/well. 0.4 6.05 0.202 1.1x 18 11.54 0.385

0.2 4.24 0.0707 3.6x18 13.43 0.224

This passive permeation coefficient will also be *[P], is the PSC833 concentration in the medium;P[Kfs is the passive efflux of PSC833 to the
valid for the transfected LLC-PK1 cell lines with pasolateral compartment?T, is the intracellular PSC833 concentration; ait}{[P1,)/(K., + [P;) is the

this concentration of drug. At lower drug concentra-ctive transport of PSC833 to the apical compartment.
tions, this value tends to decrease, possibly because

at these very low concentrations relatively more
PSC833 may bind to the material of the well;. basolateral compartment, demonstratinqhe K., for transport of daunorubicin was
(K[P];)g is the flux to the basal compartment in the . .
assay. The value ok{P],), can be obtained from the that MDRl P-gp can tran_sport th|§ subteported to be 1-2M (25). Comparls_on
data in Fig. 1 for LLC-L.1 cells; the value ¢fis Strate againsta concentration gradient (redf the reported values for thé,,,, in dif-
calculated from the data in Fig. 1 for LLC-PK1 cells Sults not shown). ferent systems is not meaningful becau
as above and will not depend on the cell type. These  Table 1 presents our calculated valuethese values are dependent on the tra
two values can be used to calculate the drug corygr pSC833 transport kinetics in theport assay system used.
centration in the MDR1-transfected cell?]] = «
(KIP])J/K (Table 1). MDRl transfectant LLC-l.l_s(ee Mate- _
The active transport Y. [P1)/(K,+[P1,)] is the rials and Methods” for details). The esti-
total flux to the apical compartment minus the pasmatedK,,, andV,,,, values for transport of
sive diffusion to the apical compartment. BecausSC833 by MDRL1 in the LLC-1.1 cell
the alp't‘;a' and _basof'f"’l‘ter;"" "_‘timb"?‘;es o ass“”:ﬁﬁe are 50 M and 0.6 pmol per minute/ A recentin vivo study (18) with mice
-??,lé?e'for:ﬂﬁsesg;ise ;);nzsc')rti Slf'hee r\:\gt di?fee?eiigvell, respectively. A comparable analysissuggested that the inhipition of mdrla Ps
between the flux from basolateral to apical and vic®f CSA transport gave &, of 200 ™M  gp by PSC833 may be incomplete even &t

oQd

wed ifpeojum

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

o'olwapeoe//:sdny

versa in a transport experiment. and aV,,, of 11 pmol per minute/well. high plasma concentrations of the drucgs
Results
[**C]PSC833 Transport by P-gps - PSC 833 +PSC 833

Fig. 1 shows the PSC833 transport rat|
at three concentrations ofC]PSC833
through monolayers of LLC-PK1-derived
cell lines. At all concentrations, the frac-
tional transport to the apical compartmentt
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
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(22,24).Net transport of PSC833 through gz‘; - -~
the monolayers of the mdrla-transfectefl in serum § 2 Vel zz s
cell line LLC-1a is as high as through & 15 - 5 /E/
monolayers of the MDRL1 transfectant < 10 e 10
showing that the reversal agent is a suly- s @/ 5 p=g
strate of both MDR1 and mdrla P-gp. . L

To test whether PSC833 transport by o 1 2 3 4 o 1 2 3 4
P-gp can take place against a concentra- t(h) t (h)

tion gradient, we measured the distribu

tion of PSC833 in the two compartmentsfig. 2. Inhibition by 1 uM PSC833 of digoxin transport through monolayers of LLC-1.1 cells in tissue

with 0.05 puM PSC833 initiaIIy on both culture medium and 100% fetal bovine serum (FBS). Flows from the apical to the basolateral compartment
. (M) and vice versal{l) were measured separately and plotted in a single graph. Horizontal bars indicate the

sides of the monolayer. After 8 h_ours’values of two independent measurements. The inhibition of digoxin transporpldy BSC833 was highly

65% of the PSC833 accumulated in thgjgnificant in medium (two-sidedP<.0001 versus medium without PSC833 using one-way analysis of

apical compartment and 30% was in theariance) and not significant in 100% FBS (two-sided .79 versus serum without PSC833).
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Because comparable concentrations of
PSC833 can completely inhibit P-gp ac- A 120
tivity in cultured cells in tissue culture 100l I Digoxin
medium(26), it seemed possible that the S gl I %/ I
differences betweem vitro andin vivo % 60 I i
results could be due to extensive binding 2 40 \ \
of PSC833 to serum components. We % 20 ‘\g\ .
therefore compared inhibition of drug z 9 3 I .
transport by PSC833 in tissue culture me-
dium (containing 10% FBS) and in 100% 01 ! 6
FBS. Fig. 2 shows that the transport ratgig. 3. inhibitory activity of PSC833 [PSC 8331 (M)
of the substrate drug digoxi(22,24,27) on transport of digoxin4), daunoru- B 120
through monolayers of LLC-1.1 cells isbicin (B), and paclitaxel (Taxol)) in — 100 Daunorubicin
not significantly affected in 100% FBS 100% fetal bovine seruni, FBS), in € 80, L
compared with tissue culture mediym ISSue culture medium with 10% FBS 8 60 .\ ~
ot W), and in serum-free mediund®(, di- @ &

Addition of 1 pM PSC833, a concentra- goxin only). The net transport rate of § 40 .\ 1\ 9
tion that gives a complete inhibition in the drugs in the absence of the inhibitor| g %\ 2
tissue culture medium, does not signifiis set at 100% transport, identical flow = 0 — 3
cantly inhibit digoxin transport in 100% r?‘(tjes frzm.the ap'ca('j o the basf)'atsra 0.1 1 6 g
FBS, showing that PSC833 is less effecﬁI e and vice relva oue {0 passive diu [PSC 833] (UM) 3
L . ow are set at 0% transport. S
tive in 100% serum than in tissue culture c =
medium. 120 g

The inhibitory activity of PSC833 in S0 e~ Paclitaxel S
serum-free medium, in normal medium g 80 \ %\T g
(containing 10% FBS), and in 100% FBS @ 60 L I~ 2
on the transport of digoxin, daunorubicin, £ 40 E\T g
and paclitaxel is shown in Fig. 3. The 2 20 \_ T~ 5
concentrations of PSC833 that inhibit 0 §
drug transport by 50% (i.e., its kg) in 01 1 10 =
100% serum are 3.0, 1.5, and ¥ for [PSC 838) (uM) 2
digoxin, daunorubicin, and paclitaxel, re- 2
spectively. These Ig, values are eight- P
fold to ninefold higher than the values inthe actual transport of PSC833 is muchmedium(18) as was also reported for sevS
normal tissue culture medium. In mediunslower and thus PSC833 will occupy theeral other reversal agen{28,29). We %

without any serum, the I value for di- P-gp molecule longer during transportnow find that the inhibitory activity of =
goxin transport is 23-fold lower than in The rate of passive diffusion of CsA andPSC833 is drastically reduced in 100%

100% serum (Fig. 3, A). PSC833 through the parent cell line LLC-FBS relative to serum-free medium. Thé
PK1 is roughly the samé22). Because recent observation that 97%-99% of
Discussion PSC833 enters the cell as efficiently a®SC833 in human blood plasma appeags

CsA but is transported out less effecto be bound to serum lipoprotei80) 5

Our results show that both MDR1 P-gptively, in the presence of P-gp, the conprovides a plausible explanation for thi§
and mdrla P-gp can transport PSC838entration of PSC833 inside the cell willdecreased inhibitory activity. The high se=.
against a concentration gradient, althoughlso be higher than the concentration ofum binding may at least partly explain;o>
the transport rate is low (Fig. 1). TheCsA. the incomplete inhibition of P-gp byt:i
MDR1 P-gp has a high affinity for The low rate of PSC833 transport isSPSC833 in the mouse model. Howeve§
PSCB833, as would be expected for such probably the main reason why other studether factors (e.g., high nonspecific tissué
potent reversal agent. Th&,, of MDR1 ies (20,21) reported that MDR1 cannot binding) may also play a role.
P-gp for CsA, the parent drug of PSC833{ransport this reversal agent. Only at low In vitro, the influx of PSC833 into
is approximately 200 M in our system, concentrations of PSC833 can activeells in monolayers may be less efficient
fourfold higher than for PSC833. Thetransport be measured against the backhan its influx into free-growing cells, for
maximal transport rate of PSC833 is 0.@round of the passive influx and efflux ofexample, because the membrane surface
pmol per minute/well, whereas CsA carthe drug. Most transport studies witharea available is smaller. Permeation of
be transported at a rate almost 20 timeBSC833 have used much higher drug corgrugs into solid tumorsn vivo is often

higher. centrations and a less sensitive readoutather inefficient as well. The experiments
The high affinity of PSC833 for P-gp Hence, it is not surprising that no activewith cells in monolayers may, therefore,
and its low maximal transport rate aretransport of PSC833 was found. mimic thein vivo situation better than ex-

probably the reason why PSC833 is a bet- Recent experiments with mice haveperiments with free-growing cellsin
ter reversal agent than CsA. Both reversaluggested that PSC833 is a less effectiwgtro studies can never completely repro-
agents bind to P-gp with high affinity, butinhibitor in blood than in tissue culture duce the trudn vivo situation, however,
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