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Abstract. The kinetics of penetration, activation and de-
toxification of benzo{a)pyrene were determined by near
U.V. microspectrofluorimetric measurements on single
living cells. This technique allows one to monitor the
different intracellular fluorescent species present in a sub-
cellular microvolume by using spectral decomposition of
the fluorescence data. The T47-D cell line was chosen for
its high capability of metabolization. The penetration in-
volves a simple diffusion transfer through the cytoplasmic
membrane of the cell, with a half-time of ~2 min. The
metabolization process gives rise, with more than a one
hour delay after intracellular incorporation of the hydro-
carbon, to a rapid conversion of B(a)P into unconjugated
metabolites, leading to a transient accumulation of the
30H-B(a)P metabolite in the cell. This feature may be
related to the enhancement of cytochrome P,450 activity,
induced by the B(a)P itself. The ability of the cell to in-
crease its Cyt-P,450 level, after exposure to B(a)P, gives
indirect evidence for the presence of the Ah gene complex
in the T47-D cell line.
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Introduction

The T 47D cell line has been isolated from pleural effu-
sion fluid by Keydar et al. (1979), from a patient with
breast carcinoma. Previous work on the metabolic path-
way of benzo(a)pyrene has demonstrated that this cell line
shows a high capability of metabolization for B(a)P
(Selkirk and Nikbakht 1984). Moreover, the similarity of

Abbreviations: B(a)P, benzo(a)pyrene; PAH, polycyclic aromatic
hydrocarbon; AHH, aryl hydrocarbon hydroxylase; (+)-anti-
B(a)PdE, (+)-78, 8a-dihydroxy-9a, 10a-epoxy 7,8,9,10-tetrahy-
drobenzo(a)pyrene; MSF, microspectrofluorimetry; DHD, dihy-
drodiol
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the B(a)P deoxyribonucleotide adducts observed in nor-
mal mammary epithelial cells and in human mammary
carcinoma T 47D cells (Pruess-Schwartz et al. 1986) sug-
gests that this line may provide a useful system for the
study of the various aspects of polycyclic aromatic hydro-
carbon (PAH) activation and detoxification in human
epithelial tissues.

The activation of B(a)P is achieved by the aryl hydro-
carbon hydroxylase (AHH) system of the cell. This enzy-
matic system catalyzes the oxidation of B(a)P to epoxide,
which in turn can be converted to phenols and quinones,
hydrolyzed enzymatically to dihydrodiols (DHD), or
conjugated with glutathione by glutathione-SH trans-
ferase. One of these metabolites, (+)-anti-B(a)PdE:
dGuo, is the major ultimate carcinogen which has been
correlated with DNA adduct formation (MacNicoll et al.
1980) and the possibility of subsequent tumor formation.

Cell detoxification is achieved through further oxida-
tion or enzymatic conjugation with glucuronic acid or
sulfate, which can convert phenols and DHD to water-
soluble metabolites before translocation across the cell
membrane towards the culture medium (Merrick et al.
1985). Thus, the metabolism of PAH regulates the forma-
tion of ultimate carcinogens, as well as the detoxification
of these agents. The relative balance of these enzyme ac-
tivities plays a key role in determining the accumulation
of the ultimate carcinogen in the cell and the duration of
the exposure of the cell to this carcinogen.

The present report describes the kinetics of penetra-
tion, activation and detoxification of B(a)P within intact
living cells by using a microspectrofluorimetry (MSF)
technique, which enables one to analyze the intracellular
behaviour of exogenous agents (Vigny et al. 1989; Kohen
1989; Gigli et al. 1989; Lahmy et al. 1987 and Reyftmann
et al. 1986).

The main advantages of MSF are: i) high sensitivity
(Amirand et al. 1988), comparable to radio-isotope la-
belling; /i) small volume analysis (a few (um)?) allowing
chromophore spatial localization inside the cell; iii) com-
pound identification by spectral analysis of the fluores-
cence; #v) it is a nondestructive technique which allows
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studies on cells in their culture medium. Furthermore, the
use of an optical multichanel analyser offers the possibil-
ity for analysis of the time evolution of the intracellular
fluorescence emission on a one second time scale and thus
one can monitor biological events such as the molecular
modification of a drug inside living cells.

Materials and methods
Cell culture

Human T 47D mammary tumor cells were obtained from
Dr. H. Magdelenat, Institut Curie, Paris. The cells were
cultured as monolayers (25 cm? flask) in RPMI 1640
medium with 10% feetal calf serum, L-glutamine (2 mM ),
penicillin-streptomicyn (50 units/ml, 50 pg/ml) pur-
chased from Boehringer Mannheim. The cells were main-
tained in a humidified atmosphere of 95% air—5% CO,
at 37°C. Confluent cultures were used for all experi-
ments.

Preparation of B(a)P solution

A heptane solution of B(a)P was evaporated in the pres-
ence of celite 545. The treated celite was then shaken with
feetal calf serum (24 h at 37 °C). The dissolution of B(a)P
in the culture medium was obtained through interaction
with lipoproteins of the feetal calf serum. The final con-
centration of B(a)P in the medium was adjusted to
10 ¢ M before cell incubation.
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Fig. 1. Schematic block diagram of the
microspectrofluorometer

HPLC analysis of B(a)P metabolites

The B(a)P metabolites were studied from culture media
and cellular extracts. 25 cm? of a confluent culture of
T 47D cells were incubated for 24 h in 20 ml of 107° M
B(a)P culture medium. The medium was then removed,
and evaporated under vacuum, before resuspension in a
final volume of 1m! H,O Tris. The solution was then
passed through a 0.22 um diameter filter unit (Millipore)
before HPLC injection. The same protocol was applied
to the cellular extracts obtained after trypsinization and
sonication of the cell population. Both samples were
chromatographed using a Spectroflow Kinetos analytical
gradient former, equipped with a 380 Chromatem pump.
The elution column was a Merck Lichrospher 100 RP-
18¢, 5 um cartridge. The elution solvent was a linear gra-
dient increasing from 10% to 100% methanol in 45 min
(flowrate: 1ml/min). A Kontron analytical detector
SFM 25 was used for fluorescence emission measure-
ments. For optimal detection, the excitation wavelength
was fixed at 365 nm and the fluorescence emission was
measured at 430 nm.

Microspectrofluorimeter

The characteristics of the UV-Visible microspectrofluo-
rimeter prototype developed in our laboratory will be
extensively described in a technical paper. Briefly, the
system (Fig. 1) was built around a Zeiss UMSP 80 U.V.
epifluorescence microscope, optically coupled by UV re-
flecting mirrors to a Jobin-Yvon HR640 spectrograph. A
50 Watt Hg lamp and a 365 nm narrow band interference
filter (2 nm width) were used for the excitation of B(a)P
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Fig. 2. Spectroscopic visualization of the cellular uptake of ben-
zo(a)pyrene in a single human T 47D mammary tumor cell after
incubation with a 10~° M B(a)P solution. The fluorescence signal
arises from a 2 pym diameter cytoplasmic area through a x 100
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and its metabolites. A luminous field diaphragm was
used in the excitation path to reduce the illuminated area
to a circular spot of 6 um in diameter. In order to avoid
any photobleaching of the various fluorescent species
during the experiments (Benson et al. 1985), the excita-
tion power was reduced, by the use of optical density
filters, to 0.1 uW for a typical illuminated circular area of
4 um in diameter (for this area the photobleaching begins
to be detectable for 1 W power of excitation on a minute
time scale). With an epifluorescence system, the measure-
ment of the fluorescence signal is at 180° to the excitation
beam: this generally enforces the use of a high pass band
filter to prevent reflection of the excitation beam towards
the emission path. In our experiments, the low intensity
of the excitation beam along with the use of analysis field
diaphragms (1 to 4 ym in diameter) and the good rejec-
tion of the stray light performed by the monochromator
allowed us to work without a filter in the emission path.
Thus it is not necessary to correct the spectra for the pass
band filter transmission. The fluorescence spectra were
recorded in the 380—550 nm region on a 1024 diode inten-
sified optical multichannel analyzer (Princeton Instru-
ments) with a resolution of 0.25 nm/diode. Data were
stored and processed on a 80286 IBM PS/2 microcom-
puter using the Jobin-Yvon “Enhanced Prism” software.

MSF cellular experiments

Two days before the MSF studies, cells were grown on
quartz plates in order to avoid any possible fluorescence
from the plastic or glass support during analysis with
near UV excitation. Cellular fluorescence spectra were
obtained with a x 100 Zeiss Ultrafluar objective (N.A. =
1.32). The quartz plates were disposed on the microscope
stage in 100 mm thermostated Petri dishes, filled with
5 ml of culture medium. The objective was immersed in

520.00

>

560.00

objective. Acquisition parameters: excitation wavelength =365 nm,
excitation power =0.1 uW, acquisition time=10 s per spectrum, de-
lay between two spectra=30s

the culture medium and a circular area of 1 to 4 um in
diameter was analyzed in the cytoplasmic region by inter-
posing a field diaphragm within the microscope in the
emission pathway. Accumulation of each spectrum pro-
ceeded for 10 to 30 s.

Cellular uptake

B(a)P is non-covalently associated with calf serum lipo-
proteins (see above) as a physiological mode of presenta-
tion of the carcinogen to the cells (Avigan 1959). The
incubation was directly achieved on the microscope
stage: the cell culture medium was removed and replaced
with 5 ml of medium with B(a)P. The penetration was
immediately observed by automatic sequential recording
of the fluorescence spectra arising from the same single
cell.

Cellular metabolism

For the metabolization studies, incubation with B(a)P
proceeded for 10 min (this time was necessary to reach a
stabilization of the drug concentration in the cell). The
cells were then resuspended in 5 ml of fresh medium in
order to avoid continuous influx of the parent compound
into the cells. The metabolization process was then
monitored by the spectral modifications of the fluores-
cence emission (4,,,=365nm). Kinetic data were ob-
tained after a linear decomposition of the experimental
fluorescence spectra, using a set of model spectra (i.e.
those of B(a)P and its metabolites) previously recorded
under the same experimental conditions from the HPLC
fractions collected from cellular extracts. The program is
based on a least squares method (following Salmon et al.
(1988)). The procedure involves a matrix analysis includ-
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Fig. 3a, b. Kinetic profile of the cellular uptake of B(a)P obtained at
37°C: a integrated fluorescence of each spectrum versus time of

incubation: ¢;,,~2 min. b Linear representation characteristic of
first-order kinetics: rate constant ~0.38 min~*

ing all the reference spectra and gives the coefficients of
the linear combination which minimize the sum (over the
1024 channels) of the quadratic deviation between the
experimental and the calculated spectra. The quality of
the curve fittings are measured by a correlation coeffi-
cient, R, which is derived from the standard deviation.

Results and discussion
Cellular uptake

The time-dependent increase of the intracellular amount
of B(a)P was monitored by the evolution of the intensity
of the B(a)P fluorescence emission spectra arising from a
cytoplasmic area of 2 pm in diameter (Fig. 2). The values
of the integrated fluorescence (from 400 to 500 nm) ob-
tained for each spectrum were plotted versus incubation
time (Fig. 3a). The cellular uptake of B(a)P reaches a
plateau after 10 min of incubation. The uptake profile is
mono-exponential (Fig. 3b), with a half time of 2 min+
0.2. Intercellular variations of the final concentration of
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Fig. 4a, b. HPLC chromatogram of: a B(a)P metabolites from a
cellular extract of human T 47D cells treated for 24 h witha 1075 M
B(a)P solution. b 30H-B(a)P sulfate conjugated fraction after aryl
sulfatase digestion: hydrolysis was performed at 37°C for 2h in a
250 pl vol. of sodium acetate buffer (0.1 M, pH 5.0) containing 10
units sulfatase activity. Fluorescence detection: A,,. =365 nm, 4., =
430 nm

intracellular B(a)P have been observed, but the uptake
half-time (or the rate constant) remains the same for the
different cells. If one assumes that the saturation observed
after 10 min of incubation corresponds to a predeter-
mined number (N,) of available intracellular lipophilic
sites for B(a)P, then the number of occupied sites at time
t[N (8)] can be described by the following first-order equa-
tion:

dN (¢)/dt = —k (No— N (1)),

assuming that the extracellular concentration remains
unchanged during the penetration process.
Thus a linear representation would be (Fig. 3b):

Lon(N—N (®) =—kt, or Ln(I,,—I,@®)=—kt,
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Fig. 5. Spectroscopic visualization of the intracellular conversion of
B(a)P into 30H-B(a)P, between 90 min and 104 min after a 10 min
pulse of incubation with 107 M B(a)P. The fluorescence signal

where I is the integrated intensity of fluorescence and k
the rate constant of penetration.

These results are in agreement with those obtained by
Plant et al. (1985) using digital fluorescence imaging mi-
croscopy. These authors suggested that B(a)P uptake is a
simple partitioning phenomenon controlled by the rela-
tive lipoprotein content of the extracellular donor and of
the cells.

Cellular metabolization

Using [*H] B(a)P, Merrick et al. (1985) have shown that a
confluent culture of T 47D cells metabolizes 95% of B(a)P
(1 pg/ml) in 24 h. 30H-B(a)P (unconjugated or sulfate
conjugated), 7-8 diol and 9—-10 diol, quinones, tetrols,
and triols were identified as the major metabolites of
B(a)P in the cells. The MSF analysis described here is
quite different from the preceding study in its principle,
since it involves the specificity of the absorption and emis-
sion characteristics of each species present in the mixture.
Thus it becomes possible to favor the observation of one
particular species by a judicious choice of the excitation
wavelength.

In order to determine which metabolites can con-
tribute to the total fluorescence measured during MSF
experiments, HPLC profiles of the culture media and of
cellular extracts were performed, using fluorescence de-
tection (see Materials and methods). Under these condi-
tions, tetrols, triols, 30H-B(a)P (unconjugated, sulfate
conjugated, and glucuronic-acid conjugated), and 7-8
diol-B(a)P were the major fluorescent metabolites ob-
served, with the parent B(a)P, in the culture medium. The
HPLC profiles of the metabolites obtained from the cellu-
lar extracts gave the same results, except for the lack of
low polar metabolites which were more quickly released
from the cell towards the extracellular medium (Fig. 4a).
Each metabolite was directly identified according to its
fluorescence excitation and emission spectra known from
the literature (McCaustland et al. 1976), except for the
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arises from a cytoplasmic circular area of 4 pm in diameter. Acqui-
sition parameters: same as in Fig. 1 except delay between two spec-
tra=2 min

sulfate conjugated 30H-B(a)P, which was identified in a
second HPLC measurement after digestion by aryl-sulfa-
tase (Fig. 4b).

Figure 5 shows a typical time evolution of the fluores-
cence emission spectrum (from a 4 pm diameter circular
cytoplasmic arca) obtained on single cells during the
metabolization phase. To protect cells from a long illumi-
nation which might affect the integrity of th cell, each
spectrum was collected on a diffeent cell from the same
sample. The relative contributions of the fluorescence of
B(a)P and of its major metabolites were then calculated
for all the MSF spectra by numerical decomposition (see
Materials and methods) of the fluorescence emission
(Fig. 6). The percentage of fluorescence contribution of a
given component to the total fluorescence (integrated
fluorescence from 400 to 500 nm) is then expressed and
plotted versus time, between the initial 10 min incubation
and the various times of measurement (Fig. 7). Though
each data point has been measured on a different cell, a
rather weak dispersion is observed on the kinetic profile.
This is not the case in similar experiments made using cell
cultures before confluence (data not shown). The determi-
nation of the intracellular concentration of each compo-
nent, according to the fluorescence emission intensity, is
not possible since the absorption coefficient and quantum
yield determined “in vitro” in solution might be no longer
valid in the complex “in vivo” cell environment. More-
over, it is quite impossible to take into account any frac-
tional absorption which may occur in the cell, and conse-
quently to make a real quantitative estimation.

Though a 10 min incubation was sufficient to reach
the plateau of the intracellular incorporation of B(a)P (see
Fig. 3 a), the metabolization efficiency is almost negligible
during the first 90 min as the fluorescence intensity of
B(a)P is quite stable. Moreover, the very weak contribu-
tion of the metabolite species to the intracellular fluores-
cence emission observed during this period (Fig. 7B), sug-
gests that the metabolic activation phase of B(a)P is the
rate limiting step of the cell detoxification process: the
conjugation step of the primary metabolites and the sub-
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Fig. 6. Resolution of the intracellular spectrum (1) of a T 47D cell
treated with 10~® M B(a)P into: B(a)P (2); 30H-B(a)P (3); 30H-
B(2)P conjugated to glucuronic acid {4) and 30H-B(a)P conjugated
to sulfate (5). An estimation of the goodness of fit between the
experimental and calculated spectra obtained after numerical de-
composition is given by a correlation coefficient R which is always
>0.99

sequent release of water soluble metabolites is faster than
the activation step produced by the cytochrome P,450
mono-oxygenase. Then the metabolization rate suddenly
increased (30-fold): one can observe a rapid conversion
(in about 10 min) of B(a)P into 30H-B(a)P (with subse-
quent sulfate and glucuronic acid conjugation of this phe-
nol) leading to a new equilibrium steady state between the
parent compound and the primary metabolite present in
the cell. Thus the extracellular release of the primary
metabolite after conjugation becomes the rate limiting
step of the detoxification process.

Interpretation of this sharp feature must be related
to previous biochemical work in which authors have pro-
vided:

i) evidence for AHH and Cyt-P,450 mRNA induc-
tion after binding of B(a)P to a soluble cytoplasmic
protein (namely the Ah receptor) in hepatic cytosols of
various mammalian species (Denison and Wilkinson
1985; Okey et al. 1984; Fernandez et al. 1988).

ii) evidence for the presence of the Ah receptor in
human T 47D mammary tumor cells (Pasanen etal.
1988; Harris et al. 1989).

The best-established function of this receptor is the
regulation of Cyt-P,450 and other enzymes associated
with the Ah gene complex (Nebert et al. 1981). Thus the
enhancement of the metabolization rate observed after
90 min should be a direct consequence of the induction of
the enzymatic system by the B(a)P itself. Moreover the
time evolution and the amplitude of the induction pro-
cess observed are in agreement with previous observa-
tions (Gonzalez et al. 1984): 3 h after the treatment of
C57BL/6N mice with 3-methylcholanthrene, the tran-
scriptional rate of the mouse liver microsome Cyt-P,450
was increased 20-fold above the control value. An impor-
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Fig. 7a~c. Relative contributions of a B(a)P, b 30H-B(a)P and ¢
conjugated forms of 30H-B(a)P to the intracellular fluorescence
spectrum recorded during the metabolization process on a 4 um
diameter circular area in the cytoplasmic region of a single cell. The
origin of the x axis corresponds to the initial pulse of incubation
with B(a)P. Each data point is collected from a different cell within
the same sample

tant intracellular accumulation of unconjugated metabo-
lites is the main consequence of this induction process.

These results are of biological importance, since the
ability of an organism to increase its Cyt-P,450 level in
response to exogenous agents will lead to an increased
ability to metabolize a PAH type carcinogen into an ulti-
mate carcinogen.



Hence the possibility to analyze the ability of a tissue
to increase its Cyt-P,450 level in response to exogenous
agents is of a great interest to understand the organ-
specificity of cancer as well as the genetic predisposition
of individuals to cancer.

This method enables one to study, within single living
cells, the biological response to the induction process of
the Ah gene complex, related to the binding of various

agonists to the cytosolic Ah receptor. From this point of

view, microspectrofluorometry appears as one of the
most relevant techniques to approach molecular process-
es inside living cells. It allows rapid and sensitive observa-
tions, a high spatial resolution and a selective detection
among the various intracellular fluorescent species.
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