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ABSTRACT

Polycyclic aromatic hydrocarbons are known environmental contaminants
and are metabolized to active carcinogenic forms by aryl hydrocarbon hydroxy-
“lase. In this study it was hypothesized that exposure to heavy air pollu-
tants would result in higher Tevels of aryl hydrocarbon hydroxylase activity.
To test this hypothesis buffy coat cells were isolated from peripheral blood
obtained from students residing at two Seventh-day Adventist colleges. One
college, Riverside Campus of Loma Linda University, represents a high air
pollution exposure site and the other, Pacific Union College, Angwin, CA,
represents a low air pollution exposure site. Blood samples were obtained
from the same individuals on three different occasions. At each drawing
white blood cells were cultured in the presence of mitogens for 48 hours.
Cells were then harvested and frozen at -80°C until the enzyme assays were
performed. - The enzyme assay involved the spectrophotofluorometric detection
of phenolic products when samples of cultured cells were incubated in the
presence of benzo(a)pyrene. Data are expressed as units per mg cell protein.

Results obtained indicate wide interindividual.variation irrespective
of residence. -Seasonal variations are also indicated. Significantly
higher mean units of aryl hydrocarbon hydroxylase activity are associated
with those students residing at the Riverside Campus of Loma Linda University.
Differences are significant at a p value less than 0.0001. These results
. suggest that under the conditions employed in this study higher levels of
aryl hydrocarbon hydroxylase activity are found in individuals l1iving 1in
geographical regions with high levels of air pollution.

This report was submitted in .fulfillment of A6-104-30 by Robert W. Teel,
Principal Investigator, Department Physiology and Pharmacology, School of
Medicine, Loma Linda University, Loma Linda, CA, under the sponsorship of
the California Air Resources Board. Work was completed as of January 1, 1978,
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DISCLAIMER

The statements and conclusions in this report are those of the con-
tractor and not necessarily those of the California Air Resources Board. ,
The mention of commercial products, their source or their use in connection
with material reported herein is not to be construed as either an actual or
implied endorsement of such products.

CONCLUSIONS

Data obtained in this study suggest that metabolism of polycyclic
aromatic hydrocarbons differs between human populations exposed to low air
pollution levels and those exposed to high air pollution levels. Measure-
ments of aryl hydrocarbon hydroxylase in cultured lymphocytes isolated from
student blood samples show large interindividual variation within each
population irrespective of the degree of air pollution exposure. When
mean values of aryl hydrocarbon hydroxylase activity are compared signifi-
cant differences exist between the Tow smog and high smog groups. The
greatest difference between these two populations occurred in the 1977
fall assay following the summer season of high smog levels in the south
coast basin. This assumes that levels of polycyclic aromatic hydrocarbons
correlate directly with smog levels but since the air pollution monitoring
stations employed did not register polycyclic aromatic hydrocarbons it is
impossible to correlate seasonal values of aryl hydrocarbon hydroxylase
activity with Tevels of polycyclic aromatic hydrocarbons.to which the
students in this study were exposed. s :

Although steps were.taken to minimize as many variables as possible in
this study it is still possible that some as yet undefined laboratory or
environmental factor may be responsible for the differences observed and
reported here. ‘ ;. ' :
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RECOMMENDATIONS

As a result of this pilot study it is recommended .that a follow- up
study be implemented. This study should incorporate the following re-

finements.

1.

(&)
N

The air pollution monitoring facilities on both college campuses
should be modified to measure levels of po]ycyc]1c aromatic
hydrocarbons (benzo(a)pyrene) in ambient air.

Students should be pre-sérEEned to eliminate as many variables as
possible and fewer numbers of students should be employed.

. To minimize variability assays should be performed on cultured

monocytes that are isolated from student blood samples.

A more sensitive spectrophotofluorometric instrument should be
utilized during assays to determine aryl hydrocarbon hydroxylase

cactivity.

Assays should be ‘performed on monocytes isolated from.student
blood samples at four different times. At the beginning of the
academic year as students arrive on campus, at the beginning of
the winter quarter and spring quarter and finally at the beginning

of the fall quarter of the following academic year. This will

make it possible to follow each student through the course of

- one full year.

Using high pressure Tiquid chromatographic techniques the metabolic
prof1]e of randomly selected cultures should be ana]yzed to deter-
mine whether the metabolic products include active carc1nogen1c
compounds.



INTRODUCTION

Polycyclic aromatic hydrocarbons are recognized environmental con-
taminants. . They are released into the environment with the incomplete
combustion of organic material. Polycyclic aromatic hydrocarbons (PAH).
are present then in cigarette smoke, burning refuse, automobile exhaust
emissions and in emissions from the making of coke or from oil refineries (1).
Studies of exposure of humans to polycyclic aromatic hydrocarbons is limited
primarily to smokers and to workers in selected occupations. PAH emissions
from motor vehicles are substantially reduced by the statutory standards for
lowering the content of carbon monoxide and hydrocarbons in exhaust emissions (2).
In calculations of human exposure to benzo(a)pyrene (BP), a commonly monitored
polycyclic aromatic hydrocarbon, values are highest for coke oven workers and
coal tar pitch workers (2). Although BP emissions from motor vehicles repre-
sents a relatively small source compared to other sources they may be important
in the total exposure to the nonsmoking commuter.

Carcinogenic effects of polycyclic aromatic hydrocarbons have been
recognized for years and a voluminous amount of reference material is
available which describes in vivo and in vitro studies of chemical carcino-
genesis. Benzo(a)pyrene is a representative PAH whose chemical and biological
action has been studied extensively. BP is a recognized air pollutant and
it has beep estimated that 2000 tans of BP are emitted into the atmosphere
over the United States each year (1). BP is not the ultimate carcinogen but
must be metabolized to form active intermediates which act as . .the ultimate
‘carcinogen. Evidence suggests that the ultimate carcinogenic agent binds to
cellular macromolecules (DNA, RNA, protein) to alter cellular function and
induce the abnormal changes associated with cancer. The intermediates of
BP metabolism that are suspect include arene oxides and diol epoxides (3).

Polycyclic aromatic hydrocarbons including BP are metabolized by a
membrane associated mixed function oxygenase enzyme called aryl hydrocarbon -
hydroxylase (AHH) (4). The AHH enzyme system may play a key role in the
metabolic activation of PAH substances and in the carcinogenic process.
Exposure to polycyclic aromatic hydrocarbons “induces AHH activity in most
mammalian tissues (5) including cultured human lymphocytes (6), monocytes (7),
and pu]monary macrophages (8).

" Since benzo(a)pyrene is a recognized environmental pollutant and its
presence ‘is:associated with heavily industrialized urban settings it was
‘proposed that a study of the induction .of aryl hydrocarbon hydroxylase in
~-cultured human lymphocytes be undertaken. In this study a comparison is
made between two groups. One represents exposure to Tow ambient air pollu-
tants and the other exposure to high air pollution. An initial basic assump-
‘tion in the design of this study was that the level of air pollution will
also reflect differences in the exposure to polycyclic aromatic hydrocarbons
and that this difference in exposure to PAH will be reflected in measured
differences in the activity of the AHH enzyme system in cultured peripheral
 lymphocytes in the two populations. To minimize variables and to select as
homogeneous a population as possible it was proposed that blood samples be
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taken from freshman college students on two Seventh-day Adventist under-
graduate campuses. Pacific Union College, Angwin, California represents the
low smog environment and the Riverside Campus of Loma Linda University repre-

~ sents the high smog environment. Health standards adopted by Seventh-day

Adventists includes abstinence from the use of tobacco, drugs and alcoholic
beverages. Since AHH enzyme activity is affected by a variety of chemical
agents including tobacco, drugs and alcohol the selection of subjects from
these two college campuses should prov1de relatively homogeneous groups with
the important variable being the air pollution 1eve1

MATERIALS AND METHODS

Peripheral blood was obtained in heparinized vacutaners from individual
- students on each college campus. In 1976 individual samples were collected
on the dates November .7-10 at Pacific Union College and November 14-17 at
Loma Linda University, Riverside Campus. Two collections were made in 1977
at each campus, April 10-13 and September 23-29 at Pacific Union College and
April 17-20 and September 30 - October 5 at Loma Linda University, Riverside
Campus. Samples collected at Pacific Union College were flown by private
plane to the Loma Linda Campus of Loma Linda University.

Upon arrival blood samples were centrifuged at 420Xg for 6 minutes and
the serum was discarded. The buffy coat layer containing the lymphocytes
‘was removed and placed in a sterile 5 ml disposable centrifuge tube. Con-
taminating red blood cells were 1ysed by adding 3 m1 ACK lysing buffer (9)
with gentle agitation at 4°C for 4 min. Cells were then centrifuged at
180Xg and the supernatant was discarded. The cell pellet was resuspended in
20 m1 RPMI 1640 culture medium (Grand Island Biological Co. ) containing
15 percent fetal calf serum (Grand-lsland Biological Co.), 1% phytohemagglu-
tinin (PHA), 1% pokeweed mitogen (PWM), 70 ug/ml heparin ‘and antibiotics.
PHA, PWM and antibiotics were purchased from Grand Island Biological Co.
Hepdr1n was obtained from Sigma Chemical Co. Lymphocytes were cultured in
25 cm2 tissue culture flasks ((orn1ng) at 37°C for 48 hrs.

Lymphocyte cultures were harvested after 48 hrs by centrifugation at
250Xg. The supernatant was discarded and the cells were washed twice in
chilled Moscona's saline (10). The cells were pelleted by centrifugation
at 180Xg and frozen as a pellet in 1 ml of TMS buffer at -80°C. . TMS buffer
e conta1ns 50'm Moles Tris - HC1 (pH 7 5), 3 m Moles MgC]g and 0.2 M sucrose (6 ).

Assays for aryl hydrocarbon hydroxy]ase activity were determ1ned by -a
Cmodified procedure (4,6 ). Frozen samples were thawed and cells were re-
. suspended in 1.75 m1 TMS buffer. A 0.25 m1 aliquot was removed for protein
- determination. Assays on whole cell samples (11) were run in duplicate.
Each sample was incubated for 30 min at 37°C in a final volume of 1.1 ml con-
taining 1.0 mg of reduced nicotinamide adenine dinucleotide (Sigma Chemical Co.)
and 25 pg of benzo(a)pyrene. The reaction conducted in the dark was stopped
by the addition of 4 ml of an acetone, hexane mixture (1:3) and shaking for
3 min. The phases were separated by centr1fugat1on at 180Xg and 1 ml of the
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organic phase was extracted with 3 ml of 1 N NaOH. The aqueous and organic
phases were separated by centrifugation (180Xg) and fluorescence in the
aqueous phase was determined spectrophotofluorometrically (4). Measurements
were compared to those of a standard 3-hydroxybenzo(a)pyrene solution. Values
were corrected by subtracting the fluorescence of a reaction mixture con-
taining all the component chemicals but no cells. AHH enzyme activity was
~expressed as units per mg cell protein where a unit is defined as that cata-
lyzing in 30 min the formation of phenolic products with fluorescence equal
~to 1 p mole of 3-hydroxybenzo(a)pyrene. Cellular protein was determined by

a modification of the Wu-Herriott procedure (12).

Nontechnical Description of Culture and Analysis Procedures

The buffy coat layer containing the lymphocytes was carefully removed

from each centrifuged blood sample. The cells in this layer were resuspended
in culture medium containing 15 percent fetal calf serum, 1% phytohemagglutinin,
1% pokeweed mitogen, heparin and antibiotics. The chemicals phytohemagglutinin
and pokeweed mitogens act to stimulate cell division in lymphocytes. The |
blood cells were kept in an incubator at 37°C for 48 hrs. After 48 hrs the
culture medium from each flask was centrifuged and the cells growing in the
medium were washed in a buffer solution and frozen at -80°C until the assay

for aryl hydrocarbon hydroxylase was performed. Assays for the enzyme any]
~ hydrocarbon hydroxylase (AHH) were performed on thawed cell sampTes by in-
cubating the cells in the presence of benzo(a)pyrene for 30 min. The meta-
bolic products were extracted with NaOH and the fluorescence of these
phenolic products was. then measured and compared to a standard 3-hydroxy-
benzo(a)pyrene fluorescence-curve., AHH activity was expressed as units per
milligram of cell protein. Cell protein determinations were made by re-
acting small aliquots of cell samples with diphenylamine. The intensity
of the color reaction was then measured and the results were read from a
standard curve,

RESULTS

Iy Table I illustrates aryl hydrocarbon hydroxylase’ act1v1ty in cultured
.- Tymphocytes obtained from peripheral blood from students residing at the

. campus of Pacific Union College, Angw1n, California. This private parochial
college-is geograph1ca11y Tocated in a low air pollution setting. Mean
values of -AHH act1v1ty expressed as units per mg cell protein-are shown
for samples assayed in the spring and fall of 1977. Questionnaires obtained
from each student at each blood drawing were analyzed. Students who were
sick, on medication within 4 weeks of the blood drawing or who were frequent
or occasional smokers of either tobacco or marijuana are classified as a
separate group in each table. Group A includes all student samples assayed.
Group B includes on1y data from students who were sick, on medication or

~ smoking. Group C is composed of data from those sTudents in Group A that

- are not included in Group B. In the fall data shown in Table I Group B
~..also includes those students who were.in a high air pollution environment
during the last 4 weeks of the summer of 1977. Differences between mean- (%)



values of AHH activity of all samples and those of the other two categories
in Table I are not significant at a p = 0.05 level, This is true for both
the spring and fall assays. Differences in mean values between any com-

parable group assayed ‘in the spring as compared with that in the fall are
not significant at the p = 0.05 level.

Table I, AHH activity in cultured lymphocytes obtained from:peripheral

"~ blood from students at Pacific Union College. Blood samples were drawn
in April and September, 1977. Group A includes all student samples.
Group B includes students who were sick, on medication or smoking.

Group C represents those students in Group A that are not included in
Group B.

: ___Spring ‘ Fall
" GROUP Na %  s.e.mb na b S.E.B.D
A 184 5.22  0.34 136 5.34 0.45
B 91 5.1 0.5 87 5.36 0.5
C 93 5.34  0.48 49 5.29 0.59

aN number of samples used to compute the mean. Lymphocyte samples
from each student were assayed in duplicate and averaged. Actual
number of samples assayed is twice N. '

bMean( Yand standard error of the mean (S.E.M.) va]ués are expressed as
units per mg cell protein. A unit is defined as that catalyzing in
30 min the formation of phenolic products with fluorescence equal to

1 p mole 3<hydroxybenzo(a)pyrene. Culture and assay procedures are
described in Materials and Methods.

Table II shows aryl hydrocarbon hydroxylase activity in cultured lym-
phocytes obtained from peripheral blood from students at the Loma Linda Uni-
versity, Riverside Campus, Riverside, CA. This college is geographically
situated in. the south-coast basin in a high air pollution setting. Stu-
dents who were sick, on medication, or smoking dur1ng the four weeks prior
to the blood draw1ng are categor1zed separately in Group B. In the fall
data shown in Table I Group B also includes those students who were in a .
Tow air pollution environment during the last 4 weeks of the summer of 1977,
" The statistical s1gn1f1cance of differences between groups in the spring
assay 1is equivocal and is not significant at the p = 0.05 level. A signifi-

cant difference does exist when groups are compared beiween the’ spr1ng and
fall assays.



-Table II. AHH activity in cultured lymphocytes obtained from peripheral
blood from students at Loma Linda University, Riverside Campus. Blood
samples were collected in April, late September and carly October, 1977.
.Group A includes all student samples. Group B includes students who
were sick, on medication or smoking. Group C includes those students in
Group A that are not included in Group B.

, Spring Fall
GROUP . ‘Na b S.E.M.b pa b S.E.m.b
A | 175 6.86 0.32 183 9.77 0.49
B - - 73 6.05 0.47 109 9.8 0.63
C 102 7.45  0.43 74 9,86 0.77

dN = number of samples used to compute the mean. Lymphocyte samples
from each student were assayed in duplicate and averaged. Actual
number of samples assayed is twice N. :

brean (x) and standard error of the mean (S.E.M.) values are expressed
as units per mg cell protein. A unit is defined as that catalyzing
in 30 min the formation of phenolic products with fluorescence equal

to 1 p mole of 3-hydroxybenzo(a)pyrene. Culture and assay procedures
are described in Materials and Methods. ; '

In Table III mean values of AHH activity are compared between lympho-
- cyte samples assayed from students representing the low air pollution en-

vironment at Pacific Union College and those from the high air pollution
environment at Loma Linda University, Riverside Campus, for both the spring

and fall blood drawings. Differences between values obtained at each campus

for both the spring and fall assays are significant at p values less than
0.0001. The difference is particularly striking when comparisons of the
~Tall assay are made. = ‘ E - '



Table III. A comparison of AHH activity of all lymphocyte samples
assayed from students at Pacific Union College with those from

Loma Linda University, Riverside Campus for both the 1977 spring and
fall blood drawings.

College - Spring : Fall

Represented . %a S.E.m.@ xa S.E.M.@
Pacific Union 5.22 1 0.34 5.34 - 0.45
Angwin, CA '

Loma Linda ' 6.86 - 0.32 9.77 0.49
Riverside, CA

a - N " : '
Mean x and standard error of the mean (S.E.M.) values are expressed as
units per mg cell protein. A unit is defined as that catalyzing in
30 minutes the formation of phenolic products with fluorescence equal

to 1 p mole of 3-hydroxybenzo{a)pyrene. Culture and assay procedures
are described in Materials and Methods.

AHH activity is not given for samples collected in November of 1976
since technical difficu]tjes invalidates the data obtained.

DISCUSSION

Measurements of aryl hydrocarbon hydroxylase activity is an index of
the capacity of cells and tissues to metabolize polycyclic aromatic hydro-
carboris. PAH compounds are recognized environmental contaminants and
members of this group are known carcinogens. Studies of carcinogen metabo-
- 1ism in humans have been accomplished using cultured lymphocytes isolated
~from blood (6,7). The significance of PAH metabolism. is under investigation
~in.a number of laboratories. Studies indicate that a number of metabolic
intermediates have enhanced carcinogenicity over that of the parent com-
pound (13). Since humans are exposed to these environmental contaminants
studies of metabolic activation using human cells are necessary. Data
suggest that AHH induction in humans is under genetic control (14) and that -
genetic rather than environmental factors are responsible for the. inter-

. individual variability (15).

Individual data of AHIl activity as reported in this study (Appendix) -
shows tremendous variability. This has been reported by others (15,16).
Seasonal variations also occur with higher AHH activity occurring in the
~summer and fall (17). Seasonal variation is seen in comparing the AHH
activity of samples assayed in the spring with those assayed in the fall
- for students at Loma Linda University, Riverside Campus (Table I1) but not
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for students at Pacific Union College (Table I). Although benzo(a)pyrene
was not monitored by the air monitoring stations located on these two
college campuses it is assumed that levels of PAH compounds in the atmosphere.
correlate with smog levels. Particu1ar1y in the south coast basin the
summer season is marked by high air pollution levels. If PAH levels are
higher at this time and humans are exposed this could account for the
significantly h1gher Tevels.of AHH activity seen in cultured lymphocytes
from students on the Loma Linda University, Riverside Campus at the fall
sampling. Since students residing at Pacific Union College are exposed to
a Tow air pollution environment without seasonal fluctuations one might
expect to see little or no variation in mean levels of AHH activity as shown
in Table I. Students at Pacific Union College who were exposed to a high
smog environment during the Tast 4 weeks of summer vacation and students at
Loma Linda University, Riverside Campus, who were exposed to a low smog
environment during the last 4 weeks of summer vacation are included in
Group B of the fall data along with students who had been sick or were on
medication. The number of students in the fall sampling at each campus
that were placed in Group B solely on the basis of summer residence was

too small to permit a valid comparison of AHH activity with all samples
assayed (Group A). Most of these. students were also sick and/or on medi-
cation. Fewer than 10 percent were smoking.

The values of AHH activity indicated in this report are.several-fold
higher than those given for cultured lymphocytes previously isolated by
sedimentation on Ficoll-Hypaque gradients (17) but compare favorably with
values obtained from induced monocytes. (]8) Different quantitation pro-
cedures make it difficult to make comparisons however. This report describes
data obtained on AHH activity in cells in the buffy coat which would include
lymphocytes and monocytes. This cou1d account for the higher values obtained
and for the greater variability. It seems unlikely that qenet1c factors
would account for the differences in AHH activity observed in students from
the two campuses since the sample size in each case was large,

‘ A number of factors are known to affect AHH activity. These include
.cell dens1ty, storage of blood, exposure to m1togens, variations in culture
medium, serum and culture cond1t1ons (19). 1t is possible that somé of the
conditions listed above.could account for the var1ab111ty in this study. This
is part1cu1ar]y true for the starting cell density and blood storage con-
'd1t1ons., Studies.indicate a. 50 percent reduction in AHH activity in lympho-
cytes ‘isolated from whole blood stored for 24 hrs (19). Blood collected at
Pacific-Union College was in storage from 4 to 6 hrs longer because of the
transit time and this may be a s1gn1f1cant factor contributing to the Tower
mean values of AHH act1v1ty in student lymphocyte samples from this campus.-
The quantity. of cells put in culture differed from sample to sample but the
large number of samples employed should negate this as being a significant
variable, -The same lots of serum, culture medium, and mitogens were used

in this study so that var1at10ns caused by different lots of these materials
should be minimal.

Aryl hydrocarbon hydroxylase metabolizes polycyclic aromatic hydro- .
carbons and is a component of the mixed-function oxygenases which metabolize



steroid hormones, drugs and insecticides (17).  Although cigarette smoke is
known to contain benzo(a)pyrene attempts to measure differences in levels of
AHH activity between smokers and nonsmokers has been inconclusive. Since
AHH can be induced by a variety of chemical agents, information concerning
the habits and background of each individual is critical to any evaluation
of the effects of environmental factors on AHH activity,

The data reported here suggest that environmental exposure to air
pollutants induces AHH activity in cultured lymphocytes. Other studies are
essential to a determination of the validity of this conclusion. The most
reliable and least variable approach would be to measure AHH activity in
cuTtured monocytes (16,18) .and correlate AHH activity with ambient levels
of polycyclic aromatic hydrocarbons (i.e. benzo(a)pyrene). These kinds of
studies could be useful for evaluating the role of air pollutants (PAH) in
the carcinogenic process. . :
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AIR POLLUTION QUALITY CONTROL DATA

The pertinent APA data is being processed at Research Triangle Park
and will be made available after February 28. It is therefore not possible
to include the air quality control data from each college campus at this
time. It will be added when it is made available.
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