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SUMMARY

A method was developed to measure the formation of glutathione
adducts of 1-chloro-2,4-dinitrobenzene (CDNB) and 2,4-dichloro-
1-nitrobenzene (DCNB) in periportal and pericentral regions of
the liver lobule in the isolated perfused rat liver by surface
reflectance tometry. Conjugates of DCNB and CDNB
are released from livers of normal and phenobarbital-treated rats
during perfusion in either the anterograde or the retrograde
direction at maximal rates around 13-15 uymol/g/hr. The forma-
tion of S<(1-chloro-4-nitrophenyl)-glutathione and S«2,4-dinitro-
phenyl)-glutathione by the liver decreased the amount of 366-
nm light reflected from the liver surface detected with a large-
tipped (2 mm) fiberoptic light guide. Initial rates of decrease in
reflected light correlated highly with maximal rates of conjugate
formation by the liver. Subsequently, micro-light guides were
placed on periportal and pericentral regions of the liver lobule.
Rates of glutathione adduct formation were calculated from the
proportion of the total change in rate of reflected 366-nm light
which occurred in each region and the overall rate of product
formation by the liver. Changes in the reflectance signal require
reduced glutathione (GSH) and were shown to originate from
intracellular conjugate formation and not from adducts in the bile
canaliculus. Livers from normal rats produced conjugated prod-
ucts from DCNB (100 um) at maximal rates of 14 and 15 umol/

g/hr in periportal and pericentral regions of the liver lobule,
respectively. With CDNB as substrate, changes in refiected light
at 366 nm were detected nearly exclusively in periportal regions
of the lobule in livers from normal rats. In sharp contrast, CONB
and DCNB were conjugated exclusively in periportal regions of
the lobule at rates of 21-22 umol/g/hr in livers from phenobar-
bital-treated rats (i.e., the reflectance signal was not altered by
these substrates in pericentral areas). When CDNB and DCNB
were infused into livers from phenobarbital-treated rats perfused
in the retrograde direction, decreases in reflected light at 366
nm were detected initially in pericentral areas followed in about
12 min by changes in periportal regions. Maximal rates of adduct
formation in both regions reached 25 umol/g/hr during perfusion
in the retrograde direction. Thus, pericentral regions indeed
possess the capacity to conjugate both CDNB and DCNB. When
glutathione synthesis was inhibited with L-buthionine sulfoximine
treatment (6 mmol/kg), which partially depletes GSH, CDNB was
conjugated in both periportal and pericentral regions of the liver
lobule in livers from phenobarbital-treated rats. It is concluded
that factors such as substrate uptake, intracellular binding, and
GSH availability play important roles in determining the rate of
GSH adduct formation in different regions of the liver lobule.

GSH protects cells against damage caused by peroxides, free
radicals, and epoxides formed from the oxidation of unsaturated
hydrocarbons (1-3). Intracellular GSH concentrations can be
as high as 10 mM in mammalian livers but may undergo rapid
depletion during conditions where reactive substrates for glu-
tathione-dependent enzymes are generated faster than the cells’
capacity to synthesize new glutathione. The hepatotoxicity due
to acetaminophen, which is characterized by covalent binding
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of its reactive metabolites to macromolecules and cellular ne-
crosis, is increased by depletion of GSH (4). The damage
produced by acetaminophen can be largely prevented by the
addition of cysteine, usually in the form of v-glutamylcysteine
or thiazolidine, which stimulates glutathione synthesis (4, 5a).
Acetaminophen is one of a number of hepatotoxins which
damages only those hepatocytes surrounding the central vein
(4). Other hepatotoxins known to involve GSH in their detox-
ication pathways also cause selective damage such as the peri-
portal and pericentral necrosis caused by allyl alcohol and
carbon tetrachloride, respectively (5, 6). The reasons for zonal
hepatotoxicity are not well understood, although the heteroge-
neous distribution of activating and detoxicating enzymes and
glutathione in various zones of the liver lobule could be impor-
tant factors. Immunohistochemical techniques have been used

ABBREVIATIONS: GSH, reduced glutathione; CDNB, 1-chloro-2,4-dinitrobenzene; DCNB, 2,4-dichloro-1-nitrobenzene.
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to show that cytochrome P-450 isozymes, epoxide hydrolases,
glutathione S-transferases, and other enzymes important in
biotransformation of xenobiotics are distributed differentially
in periportal and pericentral regions of the liver lobule (7-9).
Several reports on the distribution of ligandin and the gluta-
thione S-transferases in different regions of the liver are con-
tradictory (9-12). These reported differences may be due to
differences in isozymes used for antibody preparation or species
differences; however, histochemical distribution of enzymes
does not take into account substrate and GSH supply. It is
therefore important to study GSH adduct formation directly in
systems with intact cellular structure where substrate and
cofactor supply as well as enzyme activity could influence the
rate of the reaction.

Recent progress has been made using miniature fiberoptic
techniques to measure activation and detoxication reactions in
periportal and pericentral regions of the liver lobule noninva-
sively from the surface of the isolated perfused rat liver (13-
15). Such measurements allow the determination of flux rates
in metabolic pathways in intact cells which are dependent on
substrate and cofactor supply as well as enzyme activity. These
studies have employed nonfluorescent substrates such as 7-
ethoxycoumarin, which is metabolized in the cell to highly
fluorescent 7-hydroxycoumarin (15). Reactions involving GSH,
however, have not been studied using micro-fiberoptic tech-
niques, due partly to the inavailability of suitable substrates.
The spectral properties of a pair of well characterized glutathi-
one S-transferase substrates, CDNB and DCNB, could theo-
retically be used to measure rates of glutathione conjugation in
periportal and pericentral regions of the liver lobule. CDNB
and DCNB undergo a red spectral shift (304 nm-340 nm) upon
conjugation with glutathione.

This report describes the development of methods employing
fiberoptics to measure glutathione conjugation in periportal
and pericentral regions of the isolated perfused rat liver by
surface reflectance spectrophotometry.

Materials and Methods

Chemicals. CDNB and DCNB were purchased from Aldrich Chem-
ical Co. (Milwaukee, WI) and were recrystallized from acetone:water
(1:2) before use. Bovine serum albumin (fraction V) was purchased
from Sigma Chemical Co. (St. Louis, MO) and was made essentially
fatty acid free by charcoal filtration using Norit A (Fisher Chemical
Co., Fair Lawn, NJ) according to the method of Chen (16). L-Buthion-
ine sulfoximine was the generous gift of Dr. Alton Meister, Cornell
Medical College (New York, NY). All other reagents were from common
sources.

S-(2,4-Dinitrophenyl)-glutathione and S-(2-chloro-4-nitrophenyl)-
glutathione were synthesized chemically from GSH (Sigma) according
to the method of Lee et al. (17) from CDNB and DCNB, respectively.
Each product migrated as a single spot on thin layer chromatography
employing techniques described by Ryan et al. (18).

Animals and perfusion. Female Sprague-Dawley rats (200-350 g)
were used in all perfusion experiments. All animals were allowed free
access to food and water. Animals treated with phenobarbital received
sodium phenobarbital (1 mg/ml) in the drinking water for 6-20 days.
L-Buthionine sulfoximine (6 mmol/kg) was administered intraperito-
neally in saline 3 hr before perfusion (19). Intracellular glutathione was
depleted by intraperitoneal injection of diethyl maleate (0.7 g/kg) in
saline 1 hr before perfusion (20).

Rat livers were perfused with Krebs-Henseleit-bicarbonate buffer
(pH 7.6, 37°) in a nonrecirculating system as described previously (21).
Substrates were dissolved in acetone (200 mM) and stirred into per-
fusate containing 0.0125% albumin vehicle for 20 min to allow the
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acetone to evaporate. Perfusion medium was saturated with 95% 0,:5%
CO, before infusion into the liver with an oxygenator constructed from
Silastic tubing as described in detail elsewhere (22). Oxygen concentra-
tion in the effluent perfusate was monitored with a Clark-type oxygen
electrode. Rates of oxygen uptake were calculated from the arterial-
venous differences in O, concentration based on flow rate and liver wet
weight. Total rates of S-(2,4-dinitrophenyl)-glutathione and S-(2-
chloro-4-nitrophenyl)-glutathione formation were monitored continu-
ously in the effluent perfusate at 366 nm with an Eppendorf spectro-
photometer fitted with a flow-cell cuvette. In some experiments the
bile duct was cannulated with PE-10 tubing and biliary product was
quantitated spectrophotometrically.

Fiberoptics. Decreases in 366-nm light reflected from the liver
surface were monitored with a commercial large-tipped light guide
containing approximately 100 fibers and having a tip diameter of 2
mm. This instrument monitors an area of the liver surface which
contains several lobules. The liver surface was illuminated with 366-
nm light from a mercury arc lamp, and reflected light was detected
with a photomultiplier and was amplified and recorded as described
previously (23).

Micro-light guides, having a maximum tip diameter of 300 um, were
constructed to maximize the detection of reflectance changes from
periportal and pericentral regions of the liver lobule. Glass fibers
approximately 70 cm in length with diameters of 80 um were used to
conduct light from the illumination source to and from the surface of
the liver. Fibers were drawn through stainless steel tubing with “5-
minute” epoxy to secure and protect ends from breakage. All surface
ends of the glass fibers were polished to an even lustre using jewelers
rouge and gamma aluminum. Pliable plastic tubing was drawn over the
fibers for protection. A single 80-um fiber directs 366 nm of light from
the illumination source to the liver surface while an array of six 80-um
fibers collects the reflected light.

Spectral analysis and in vitro glutathione conjugation. Ab-
sorbance spectra of CDNB, DCNB, and their synthetically prepared
glutathione adducts were determined with an Aminco DW-2 spectro-
photometer. All samples contained either CDNB, DCNB, or the re-
spective glutathione adduct in Krebs-Henseleit bicarbonate buffer (pH
7.4, 25°) containing 0.0125% bovine serum albumin at a concentration
of 200 uM.

Rates of glutathione adduct formation were determined in vitro with
DCNB and CDNB as substrates. Reaction mixtures contained Krebs-
Henseleit bicarbonate buffer (pH 7.4, 37°), 0.0125% bovine serum
albumin, and CDNB or DCNB (100 uM) in a total volume of 2.9 ml.
Reactions were initiated with the addition of 0.1 ml of glutathione (0.1-
3.0 mM). Product formation was recorded for 3 min at 366 nm in an
Eppendorf model 1101 M spectrophotometer. Reaction mixtures de-
signed to approximate cellular levels of glutathione S-transferases
contained 0.1 ug of partially purified glutathione S-transferase (Sigma).

Absorbance spectra of CDNB, DCNB, and their glu-
tathione adducts. CDNB and DCNB each have a single
maximal absorbance peak at 250 and 253 nm, respectively.
Synthetic glutathione adducts of CDNB, S-(2,4-dinitrophenyl)-
glutathione, and DCNB, S-(2-chloro-4-nitrophenyl)-glutathi-
one, however, have two absorbance peaks. The first maximum
fell between 200 and 280 nm and was characteristic of the
spectra obtained with GSH alone. The peak unique to the
glutathione adducts absorbed maximally at 338 nm. Conjugated
product formation was measured spectrophotometrically at 366
nm where absorbance of the parent compound was insignifi-
cant. The estimated extinction coefficients at 366 nm for
CDNB and DCNB were 6.6 and 5.9 mM~' cm™, respectively.
Samples of bile collected during infusion of 100 uM CDNB had
absorption spectra indistinguishable from those obtained with
synthetic S-(2,4-dinitrophenyl)-glutathione.
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Effects of glutathione concentration on enzymatic and
nonenzymatic rates of glutathione adduct formation in
vitro. Large differences in binding, catalytic properties, and
rates of nonenzymatic product formation between CDNB and
DCNB have been reported (24-27); therefore, we examined
reaction rates under conditions approximating those encoun-
tered during perfusion. Incubation mixtures containing CDNB
or DCNB (100 M) and variable concentrations of glutathione
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Fig. 1. Comparison of enzymatic and nonenzymatic rates of glutathione
adduct formation with CONB and DCNB in vitro. Incubations to determine
nonenzymatic rates were performed in mixtures containing Krebs-Hen-
seleit bicarbonate buffer (pH 7.6), 0.0125% bovine serum albumin, 100
um CDNB (O), or DCNB (@) in a volume of 2.9 ml. Reactions were
initiated by the addition of 0.1-3.0 mm glutathione in 0.1 mi of buffer.
Product formation was monitored for at least 3 min at 366 nm. Some
reaction mixtures (- - -) contained 0.1 ug of partially purified glutathione
S-tranferase from rat liver.
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(0.1-3.0 mM) formed adducts at maximal rates of 0.75 nmol/
min. Nonenzymatic rates were slightly higher for CDNB at
glutathione concentrations of 0.1-0.5 mM (Fig. 1). When par-
tially purified glutathione S-transferase (0.1 ug) from rat liver
was added, glutathione adducts were formed at maximal rates
of 2.7 nmol/min with both substrates (Fig. 1).

Glutathione adduct formation in the isolated perfused
rat liver. Oxygen uptake increased rapidly an average of 14
umol/g/hr (n = 13) upon infusion of substrate (Fig. 2A). This
increase was transient and returned nearly to baseline levels
with a time course similar to the decrease in the rate of
glutathione adduct formation. The increases in rates of oxygen
uptake produced by the two substrates were not significantly
different. S-(2,4-dinitrophenyl)-glutathione and S-(2-chloro-4-
nitrophenyl)-glutathione were formed at maximal rates of 10-
13 umol/g/hr in the isolated perfused rat liver during infusion
of 100 um CDNB or DCNB (Fig. 2B). After initiation of
infusion of substrate, rates of product formation increased until
a peak was reached in approximately 20 min. Maximal rates of
product formation were not maintained but declined rapidly
even though substrate was infused continuously. After approx-
imately 70 min of substrate infusion, a new, lower steady state
rate of glutathione adduct formation of about 2.0 pmol product/
g/hr was reached (Fig. 2B).

With our standard perfusion, biliary and sinusoidal effluents
were allowed to mix freely. To estimate the transport of adduct
into bile, the bile duct was cannulated and glutathione conju-
gates were quantitated (Fig. 2A). Rates of bile flow were 75 ul/
g/hr in livers from phenobarbital-treated rats and were in-
creased to 130-150 ul/g/hr following infusion of CDNB (100
pM). Glutathione conjugates were transported nearly exclu-
sively into the bile during the first 5 min of substrate infusion
and, although continued infusion resulted in conjugates being
released into the perfusate, biliary concentrations in excess of

Fig. 2. Glutathione adduct formation and oxy-
gen uptake by the isolated perfused rat liver.
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54 mM were measured 18 min after the onset of substrate
infusion (Fig. 2A). This represented about one-half of the total
product formed. Perfusion with CDNB for longer than 90 min
resulted in complete choleostasis.

Glutathione conjugation and reflectance spectropho-
tometry measured with a large-tipped light guide. De-
creases in surface reflectance at 366 nm were initially recorded
during constant infusion of substrate using a large-tipped light
guide. Because CDNB adducts were washed out of the liver
very slowly in these experiments, substrates were administered
at various concentrations as short pulses (6 min) in order to
determine the relationship between glutathione adduct forma-
tion by the liver and rates of decrease in surface reflectance at
366 nm. A typical experiment with CDNB as substrate is
depicted in Fig. 3. Oxygen uptake was also increased in a
stepwise manner by CDNB; maximal increases were about 24
umol/g/hr following infusion of 100 uM CDNB (Fig. 3). Glu-
tathione adduct formation ranged from 0.3 umol product/g/hr
at 5 uM CDNB to as high as 11.0 umol product/g/hr following

0.0125% Bovine Serum Albumin Vehicle (fatty acid free)
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Fig. 3. Effect of CDNB concentration on oxygen uptake, S+{2,4-dinitro-
phenyl)-glutathione formation, and 366-nm reflectance measured with
the large-tipped (2 mm) light guide. Perfusion conditions were described
in Materials and Methods. CDNB (5-100 um) was infused into livers from
fed, phenobarbital-treated rats in 6-min pulses as indicated by the vertical
arrows. The figure shown is representative of a single experiment. All
determinations are summarized in Fig. 4 for CONB and DCNB.
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the infusion of 100 uM CDNB or DCNB (Fig. 3, middle panel).
The rate of decrease of reflected light at 366 nm was propor-
tional to substrate concentrations infused (Fig. 3, bottom panel).
The initial rates of decrease in reflected light (d 366 nm
reflectance decrease/dt) were highly correlated with the total
rate of glutathione adduct formation by the liver (Fig. 4).
Rates of glutathione conjugation in periportal and
pericentral regions of the liver lobule determined by
reflectance spectrophotometry with micro-light guides.
Micro-light guides were placed on the surface of the liver to
detect decreases in reflected 366-nm light caused by increased
absorption from intracellular glutathione adducts. Rates of
product formation in periportal and pericentral regions of the
liver lobule were calculated from the maximal rate of decrease
in reflected light (d 366 nm reflectance decrease/dt) in each
region as a proportion of the total product formed by the liver.
In instances where changes were observed in periportal and
pericentral regions simultaneously (Fig. 5A), the maximal rates
calculated for each region at a given time point were propor-
tional to the maximal rate of product formation by the liver at
that time (14.1 and 14.7 umol/g/hr in periportal and pericentral
regions, respectively, for DCNB, Table 1). When reflectance
changes were observed only in periportal areas (Fig. 5B), the
maximal rate of glutathione adduct formation was nearly twice
the rates of product formation by the liver on a per gram basis
(18.3 umol/g/hr) (Table 1). This calculation assumes that
periportal and pericentral regions comprise about equal por-
tions of the liver lobule (28). Infusion of DCNB (100 uM) in
livers from fed, normal rats decreased surface reflectance in
periportal regions of the liver lobule rapidly. This rate of
decrease (2.87 pamp anode current/min) was maintained for
approximately 20 min until a maximum was reached, simulta-
neous with the maximal rate of product formation by the whole
liver (Fig. 5A). During this period, glutathione conjugates were

4
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d 366 nm Reflectance /dt (pA anode current/min)

01 23456786910 RI3I4
Product Formation (pmol/g/h)

Fig. 4. Correlation between the rate of decrease in 366-nm reflectance
(d 366-nm reflectance/dt) determined with the large-tipped light guide
and total product formation by the liver. DCNB (A) and CDNB (B) were
infused in 6-min pulses at concentrations of 5 um (), 10 um (W), 25 um
(@), 50 uMm (A), and 100 um (A). Conditions were as in Fig. 3.
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produced at maximal rates of 14.1 umol product/g/hr only in
periportal regions. No changes in reflectance were observed in
pericentral regions of the liver lobule during the first 12 min of
substrate infusion. The reflectance signal then began to de-
crease gradually in the pericentral region and reached a maxi-
mal rate of 3.13 pamp/min. This corresponds to a rate of
product formation of 14.7 umol product/g/hr in pericentral
areas. Infusion of CDNB (100 uM) also decreased reflectance
in the periportal region maximally at similar rates correspond-
ing to rates of product formation of 18.3 umol/g/hr (Fig. 5B).
In marked contrast, reflectance decreases were barely detecta-
ble in pericentral regions of the liver lobule (rates were only
3.0 umol/g/hr; Table 1). In contrast to livers from normal rats,
livers from rates treated with phenobarbital to induce the
glutathione transferases conjugated DCNB almost exclusively
in periportal regions of the liver lobule (Fig. 6A). Conversely,
the pattern of adduct formation with CDNB was not affected
by phenobarbital treatment (Fig. 6B). In livers from phenobar-
bital-treated rats, rates of glutathione adduct formation with
DCNB as substrate were 21.5 and 0 umol/g/hr for periportal
and pericentral regions, respectively. With CDNB as substrate,
adducts were formed at rates of 20.6 and 3.0 umol/g/hr, respec-
tively (Table 1).

Rates of glutathione adduct formation in periportal

and pericentral regions of the liver lobule during per-
fusion in the retrograde direction. Perfusion in the retro-
grade direction allows high concentrations of substrate to be
delivered first to pericentral areas. When perfusion was in the
retrograde direction, decreases in reflectance were detectable
in pericentral and periportal regions of the liver lobule. Gluta-
thione adducts of CDNB and DCNB were formed at rates of
13.2 and 12.5 umol/g/hr, respectively (Table 1). Reflectance
decreased initially in the pericentral regions for only 8 min
followed by decreases in the periportal region as shown for
CDNB in Fig 7. Product formation by the liver, however, was
not maximal until 23 min after the start of substrate infusion.
Maximal rates of glutathione conjugation were similar for
CDNB and DCNB in periportal and pericentral regions of the
liver lobule in livers from phenobarbital-treated rats (Table 1).

Glutathione adduct formation in periportal and peri-
central regions of the liver lobule during perfusion with
calcium-free medium. Bile formation was stopped following
8 min of perfusion with calcium-free medium (29) in livers
from phenobarbital-treated rats. The subsequent infusion of
CDNB did not stimulate bile flow, and glutathione adducts
were released into the effluent perfusate under these conditions.
Maximal rates of product formation of 12.5 and 13.3 umol/g/
hr were reached 14 min after the initiation of substrate infusion
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TABLE 1

Sublobular GSH Conjugation

Glutathione adduct formation in the isolated, perfused rat liver determined in periportal and pericentral regions of the liver lobule by
reflectance spectrophotometry with CONB and DCNB as substrates

Treatment and substrate rogen s o
Product formation
tl Reflectance decreases " Reflectance decreases "
(100 um) (0 %66 ) Product formation {0 %66 ) Product formation
umoljg/he uarp anade curron/ umolfg/he wamp anoda cumont] umoljg/he
Anterograde

Untreated

CDNB 104 £ 2.7 (8)* 3.67+15(7) 183+44(7) 0.65 + 0.8 (7)° 3.0+ 3.7 (7)¢

DCNB 141+ 26 (3) 287+1.1(@7) 141+ 4.7 (5) 3.13+1.8(6) 147 +40(7)
Phenobarbital-treated?

CDNB 121 £ 3.4 (13) 3.43+21(12) 20.6 + 6.1 (12) 0.38 £ 0.5(12) 3.0+4.1(12

DCNB 109+ 24 (8) 419+ 09(9) 215+ 5.4 (6)° ND’ ND
Phenobarbital-treated, cal-

cium-free buffer?
CDNB 125+ 24 (3) 3.71£21(4) 25.0+£ 4.7 (3 ND 0.0
DCNB 13.3+ 1.9 (6) 3.91 £ 29(6) 235+ 5.4 (6)° 0.62 + 0.9 (6)° 29+4.1(6)
Retrograde

Phenobarbital-treated’

CDNB 13.2+034) 0.64 :t 0.8 5) 15+£29(5) 2.61 £ 0.6 (5) 225+5.2(5)

DCNB 125123(8) 0.0 274 + 1.8 (8) 25.0 + 4.7 (8)

* All values are means + SD. Numbers in

® CDNB values significantly different from DCNB, p<005 All statistical comparisons were made using the Student’s t test.

° CDNB values significantly different from DCNB, p < 0.01.

? Rats were treated with pehnobarbital (1 mg/mi) in the drinking water 7-14 days before perfusion.

* Values significantly different from untreated control, p < 0.05.

! ND, no detectable changes in reflectance during the initial 10 min of substrate infusion.

9 Rats were treated with
" values significantty different from untreated control, p < 0.01.

for CDNB and DCNB, respectively (Table 1). Adduct forma-
tion, measured by surface reflectance, occurred in periportal
regions at rates of 25.0 and 23.5 umol/g/hr with CDNB and
DCNB as substrates, respectively. No significant decreases in
reflectance were detected in pericentral regions with either
substrate in the absence of calcium.

Effects of depletion of glutathione on sublobular rates
of glutathione adduct formation. Following treatment of
rats with diethyl maleate (0.7 g/kg) 1 hr before perfusion, rates
of S-(2,4-dinitrophenyl)-glutathione formation were less than
1.0 pmol/g/hr with CDNB (100 uM) as substrate (data not
shown). No changes in surface reflectance at 366 nm were
detected in either region of the liver lobule with micro-light
guides under these conditions.

Treatment of rats with L-buthionine sulfoximine, an inhibi-
tor of glutathione synthesis (6 mmol/kg), 3 hr before perfusion
decreased the rate of adduct formation 30-50%. Maximal rates
were observed after approximately 12 min of perfusion and
declined gradually until the original baseline was reached 80
min after the onset of substrate infusion (Fig. 8). Unlike exper-
iments in the absence of L-buthionine sulfoximine, product was
not formed at low steady state rates indefinitely (Fig. 2B).
Initially, reflectance decreases corresponding to rates of 9.1
pmol/g/hr occurred only in the periportal regions. Subse-
quently, the liver formed glutathione adducts at approximately
5 umol/g/hr in pericentral areas.

Discussion
Metabolism of CDNB and DCNB in the isolated per-
fused rat liver. CDNB and DCNB are readily conjugated
with glutathione and have been used widely in the identification

and characterization of glutathione S-transferases from various
tissues and species (24-27). A red spectral shift is observed

ital. Perfusion medium was prepared as described in Materials and Methods except that calcium chioride was omitted.

upon conjugation of both substrates with glutathione (253-338
nm), allowing easy spectrophotometric determination of ad-
ducts. The appearance of glutathione adducts can be detected
effectively at 366 nm with no interference from parent sub-
strates.

The enzymatic formation of thioether adducts from DCNB
and CDNB has been shown to be specific for glutathione (24).
Nonenzymatic reactions with other cellular thiols and proteins
are believed to be minimal due to the rapid binding of substrates
to GSH transferases.

Maximal rates of adduct formation measured in the effluent
perfusate were approximately the same (13 gmol conjugate/g/
hr) for both CDNB and DCNB. The maximal rate was not
maintained but, rather, declined to a new steady state of about
2 umol/g/hr in about 40 min. The rapid decline in rate is most
likely due to depletion of intracellular glutathione. Glutathione
content in perfused liver was approximately 4.3 umol/g of liver.?
Integration of the area under the product peak (Fig. 2B) showed
that 5.5 umol/g of glutathione conjugates were formed. Thus,
total adduct formation and tissue contents of GSH are in close
agreement. Synthesis of new glutathione could account for the
slightly greater amount of product formed relative to the
amount expected from static measurements of glutathione. The
steady state rate of glutathione adduct formation of about 2
umol/g/hr (Fig. 2B) is similar to rates reported for de novo
synthesis of glutathione in isolated hepatocytes (30) and iso-
lated perfused rat livers (29). Since pretreatment with L-buth-
ionine sulfoximine, a highly selective glutathione synthesis
inhibitor, abolished this residual steady state rate of adduct
formation (Fig. 8), it is concluded that the residual rate of
adduct formation is due to newly synthesized GSH. With our

3F. C. Kauffman, S. A. Belinsky, and R. G. Thurman, unpublished results.
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Fig. 6. Glutathione adduct formation and reflectance
decreases in periportal and pericentral regions of the
liver lobule. Conditions and procedures are as in Fig.
5, except that livers were from rats treated with
phenobarbital (1 mg/ml) in the drinking water for 7-
20 days.
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perfusion conditions, substrates were delivered at a rate of 20—
25 umol/g/hr which corresponds to the peak rates seen when
reflectance decreases are observed only in the periportal region.
Overall product formation accounts for 60-70% of the total
substrate infused. No attempts were made to measure adducts
remaining in the liver following perfusion although it is believed
that adducts are removed rapidly from the cells (29).

Infusion of CDNB and DCNB each increased O, uptake (Fig.
2). The time course of changes in oxygen uptake coincided
generally with the time course of changes in rates of glutathione
conjugate formation. The reason for this increase in oxygen
uptake is not known, although similarities between the struc-
tures of CDNB and DCNB and dinitrophenol suggest that
oxidative phosphorylation may be uncoupled.

Measurement of glutathione conjugation in periportal
and pericentral regions of the liver lobule by reflectance
spectrophotometry. Glutathione conjugates formed from
CDNB and DCNB in the liver decrease the amount of light
reflected from the liver surface due to increased absorbance at
366 nm by the accumulation of intracellular product. This
conclusion is supported by a good correlation between rates of
change in reflected light and rates of product formation (Fig.
4) and the fact that changes in reflected light were not observed

12 20 28 3 44 52 60 68

when glutathione was depleted with diethyl maleate (Results;
Ref. 20).

Unambiguous interpretation of micro-light guide data re-
quired that it be known whether conjugated product was de-
tected in the liver sinusoids, bile canaliculi, or within the cells.
Infusion of synthetic S-(2,4-dinitrophenyl)-glutathione (30 uM)
into the liver sinusoids did not decrease the 366-nm reflectance;
therefore, it is unlikley that conjugated product in the vascular
space is responsible for the decreases in reflectance observed.
Removal and concentration of conjugated product in the bile
ducts could also account for the reflectance decreases since
adduct concentrations reached greater than 54 mM and ac-
counted for approximately one-half of the total product formed.
The possibility that reflectance decreases are due to glutathione
adducts in the bile also seems unlikley, however, since reflec-
tance decreases and rates of product formation were identical
in the presence or absence of bile formation (Table 1). There-
fore, we conclude that the reflectance decreases monitored from
the liver surface are a result of the glutathione adducts in
hepatocytes.

Large differences in binding, turnover, and relative nonen-
zymatic rates of glutathione conjugate formation have been
reported for DCNB and CDNB in vitro under conditions where
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Fig. 7. Glutathione adduct formation and reflectance changes in peripor-
tal and pericentral regions of the liver lobule during perfusion in the
retrograde direction. CONB (100 um) was infused in a liver from a fed,
phenobarbital-treated rat that was perfused through the vena cava.

Decreases in 366-nm reflected light were detected with the micro-light
guides as described in the legend to Fig. 5.

substrates are far in excess (25-27). There were, however, no
differences in product formation for the two substrates in the
perfused liver (Fig. 2, Table 1) and in vitro, where conditions
were chosen to approximate the relative protein and substrate
concentrations encountered during liver perfusion (Fig. 1).
Sublobular patterns of adduct formation were not the same for
DCNB and CDNB in the normal rat.

In contrast to DCNB, reflectance did not decrease in peri-
central regions in livers from rats when CDNB was infused,
although rates of product formation were identical with both
substrates (Table 1).

The rapid but transient decrease in reflectance seen when
livers from phenobarbital-treated rats were perfused in the
retrograde direction (Fig. 7) indicates clearly that the lack of
reflectance changes in the pericentral region is not due to the
inability of these cells to form glutathione adducts. The limited
duration (8 min) of decrease in reflectance in the pericentral
region and the onset of the reflectance decrease in the periportal
region prior to the peak in product formation suggests that a

Sublobular GSH Conjugation 95

smaller glutathione pool may be depleted rapidly in the peri-
central region when substrate is infused. This view is supported
by the observation that glutathione concentrations were higher
in periportal than in pericentral regions of the lobule (31).
Furthermore, the distribution of glutathione within the liver
lobule has been shown not to be a simple linear concentration
gradient from the portal tract to the central vein. Hepatocytes
located within 100 um of the central vein (3-4 cells) appeared
to contain much less glutathione than did those in other regions
of the liver lobule. This observation may explain why only very
small decreases in reflectance were observed in pericentral
regions during perfusion of CDNB in the anterograde direction,
even though enough substrate was delivered to convert all of
the glutathione present in periportal and pericentral regions
into adducts. Attempts to increase substrate concentrations
above 100 uM to evaluate the saturation of the glutathione
conjugation process in periportal regions of the liver lobule
were unsuccessful since high concentrations caused swelling of
the liver which interfered with the optical signal.

L-Buthionine sulfoximine diminished the capacity of peri-
portal regions to exclusively conjugate CDNB, most likely by

| Albumin Vehicle , 0.0125% (fatty acid free)
CDNB . 100 uM

51

o l
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)
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8 12 20 28 36 44 52 60 €8 76 84 92 100

MINUTES OF PERFUSION
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Fig. 8. Glutathione adduct formation and reflectance decreases at 366
nm in periportal and pericentral regions of the liver lobule during perfusion
of livers from rats treated with L-buthionine sulfoximine (6 mmoi/kg) 3 hr
before perfusion. CONB (100 um) was infused continuously in the liver
of a fed, phenobarbital-treated rat.
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decreasing glutathione content across the liver lobule. Under
these conditions reflectance decreases occurred in both peri-
portal and pericentral regions of the liver lobule and the rate
of product formation was decreased to nearly 50% of controls
(Fig. 8). This suggests that a slower substrate turnover due to
reduced glutathione levels may result in more free substrate
reaching the “downstream” regions, as indicated by reflectance
decreases in the pericentral regions of the liver lobule. Gluta-
thione content, however, cannot be used to explain the different
pattern of reflectance decrease seen with DCNB in the normal
liver (Fig. 5). The cellular uptake characteristics of CDNB and
DCNB could provide a more reasonable explanation, although
such parameters have not been measured directly. CDNB is
more lipophilic than DCNB and could pass more easily through
the membrane in “upstream” or periportal regions. Less effi-
cient uptake of DCNB could result in more free substrate being
delivered to the “downstream” or pericentral region.

Treatment of rats with phenobarbital did not alter the lobular
metabolism of CDNB (Fig. 6). Conjugation of DCNB, however,
was altered dramatically by phenobarbital treatment. Reflec-
tance decreases which were observed in both regions in livers
from normal rats (Fig. 5) were observed only in periportal
regions in livers from phenobarbital-treated rats (Fig. 6).
Phenobarbital treatment increases liver mass and elevates in-
tracellular levels of glutathione S-transferases (32, 33). These
changes may increase the binding and catalysis of DCNB to
adducts in periportal regions of the liver lobule and thereby
prevent substrate from reaching pericentral regions (Fig. 6).
This increase in turnover could act to offset the slow partition-
ing of DCNB into the cells resulting in reflectance decreases
only in the periportal region of the liver lobule.

Removal of conjugated product from the cell does not appear
to affect rates of conjugation or the distribution of adduct
formation in periportal and pericentral regions of the liver
lobule. Release of adducts from the liver has been shown to be
rapid and linear (29) in the perfused liver. It is possible,
however, that high intracellular concentrations of conjugated
product could bind to proteins involved in glutathione metab-
olism and thereby limit the uptake and further catalysis of
substrate.

In this study, the measurement of glutathione conjugation in
periportal and pericentral regions of the liver lobule by reflec-
tance spectrophotometry has been demonstrated for the first
time. Sublobular rates of glutathione adduct formation of
CDNB and DCNB are most likely regulated by differences in
substrate uptake, intercellular binding, and glutathione avail-
ability. Reflectance spectrophotometry for the measurement of
glutathione conjugation may be a useful method to understand
sublobular mechanisms of hepatotoxicity involving glutathione.
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