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ABSTRACT

Cellular glutathione (GSH) levels were compared in human and rodent
tumor cells grown both in vivo and in vitro. Three human (A431, HEp3,
ME180) and two murine (KHT and RII -1) tumor cell lines were used.
The average GSH contents for exponentially growing human cells in
vitro were 14.2, 10.9, and 17.0 fmol/cell for ME180, A431, and HEp3
cells, respectively. These cells also were grown as tumors in nude mice.
Following dissociation, >90% pure populations of neoplastic and nnnneo-
plastic cells were isolated by centrifugal elutriation prior to GSH deter
mination. The data showed that the GSH levels of the tumor associated
host cells were appreciably lower than those of the neoplastic cells. In
addition, in contrast to the values obtained for the exponential cells,
neoplastic cells grown in vivo showed a 2- to 3-fold reduction in GSH.
However, the values for in vivo cells were similar to those obtained for
the same tumor cells grown in vitro in the plateau phase. Compared to
the human tumor cells the GSH contents of murine tumor cells always
were lower. For example, RIF-1 and KHT cells in the exponential growth
phase had GSH contents of 3.3 and 7.5 fmol/cell, respectively. Also, as
was observed with the human cells, the GSH content of KHT cells in
plateau phase of growth was 2-3 times less than that of cells in the
exponential phase of growth. Similarly, the GSH content of KHT cells
grown as in situ tumors prior to dissociation and isolation by centrifugal
elutriation also was reduced by a factor of 3 compared to exponential
phase cells. Although the average volume of tumor cells grown in vivo
was less than that of cells grown in vitro, this did not account for the
differences in GSH values observed when in vitro and in vivo derived
cells were compared. Finally, GSH measurements made on multiple
biopsies of individual human tumor xenografts varied by a factor of 2-3

within each tumor type studied. This variation, likely due to host cell
fluctuations, may present a complicating feature in the interpretation of
solid tumor GSH levels.

INTRODUCTION

The role of GSH4 in the cellular response to treatment with

radiation or chemotherapy is the subject of extensive research
(1-3). Many studies which have addressed mechanistic ques
tions regarding the interactions of intracellular GSH with
chemotherapeutic drugs, hypoxic cell sensitizing agents, or
radiation have used established cell lines as experimental
models and agents such as diethylmaleate and .V-cthylmalcam-
ide to deplete cells of GSH. Because both of these drugs exhibit
systemic toxicity, their use in in vivo models has been limited.
However, BSO, a compound which depletes cells of GSH by
inhibiting its synthesis (4), has been shown in in vivo screenings
to be relatively nontoxic (5, 6). In addition, studies using both
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murine and human tumor models have demonstrated that sys
temic treatment with BSO can result in significant depletion of
tumor GSH. The consequence of this depletion is the selective
sensitization of tumors to the cytotoxic effects of various chem
otherapeutic agents (7-9). The ability to deplete tumor GSH is
of particular importance in light of the recent studies by Ozols
et al. (10) who demonstrated that the emergence of resistance
to melphalan in ovarian cancer patients was positively corre
lated with an elevation in tumor cell GSH concentration. How
ever, when these tumor cells were depleted of GSH by BSO,
their sensitivity to melphalan was restored. These studies sug
gest that it may be feasible to attempt to modulate GSH levels
in cancer patients who are being treated with melphalan or
other chemotherapeutic agents whose mechanism of action is
mediated by electrophilic species.

While the information provided by in vitro models can serve
as a useful guide for clinical studies, many questions of practical
significance remain to be addressed. For example, tumor cells
grown in vivo tend to be smaller than those grown in vitro, and
are exposed to lower concentrations of oxygen as well as other
nutrients, including the metabolic precursors of GSH. In addi
tion, tumors often contain appreciable numbers of infiltrating
host cells (11) whose GSH concentration may be markedly
different from that of the neoplastic cells. If this were the case,
these host cells might bias the estimation of the GSH content
of explanted tumor material. Because of these concerns, we
have compared the intracellular GSH content of rodent and
human tumor cell lines grown both in vitro and in vivo. In
addition, we have isolated host and neoplastic cell populations
from rodent tumors grown in syngeneic hosts and human
tumors grown in nude mice and have compared the GSH
content of each of these populations of cells.

MATERIALS AND METHODS

In Vitro Cells. Two murine sarcoma cell lines (KHT and RIF-1) and
3 human epidermoid carcinoma cell lines (A431, HEp3, ME 180) were
used in these studies. KHT (11), RIF-1 (12), and A431 (13) cells were
grown as monolayer cultures in Â»-minimalessential medium (Grand
Island Biologicals, Grand Island, NY) supplemented with 10% fetal
calf serum (Flow Laboratories, Rockville, MD) and 10 mM 4-(2-
hydroxyethyl)-l-piperazineethanesulfonic acid buffer (Grand Island Bi
ologicals). ME180 (14) and HEp3 (15) cells were grown as monolayer
cultures in Ham's F-12 medium (Grand Island Biologicals), which was

also supplemented with 10% fetal calf serum and 10 mM 4-(2-hydrox-
yethyl)-l-piperazineethanesulfonic acid buffer. Cells were trypsinized,
washed, and prepared for GSH analysis when in either exponential (day
3) or plateau (day 7) growth phase. The growth medium was not
changed throughout the whole culturing period.

In Vivo Cells. The techniques used to establish tumors and to
enzymatically dissociate them after an appropriate period of growth
have been described in detail elsewhere (11, 16, 17). Briefly, KHT and
RIF-1 cells were grown as i.m. tumors in C3H/HeJ female mice (The
Jackson Laboratory, Bar Harbor, ME). Tumors were excised at an
approximate weight of 0.5-0.7 g and were dissociated using a combi
nation of mechanical and enzymatic techniques. A431, HEp3, and
ME 180 cells were grown as s.c. tumors in female NCR-nÂ«nude mice.
Tumors were excised at an average volume of 700-900 mm3, minced
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IN VIVO AND IN VITRO TUMOR CELL GSH

Table 1 GSH values of murine (KHT/iv, RIF-1) and human (A431, HEpi,
MEI80) tumor cells assayed while in exponential phase of growth

Results are the means Â±SD of at least 6 determinations from 3 or more
experiments.

KHT/iv
RIF-1
A431
HEp3
ME 180GSH/cell

(fmol/cell)7.5

Â±1.2
3.3 Â±0.4

10.9 Â±2.6
17.0 Â±2.9
14.2 Â±4.0Cell

vol
(Mm3)2510

Â±490
2230 Â±310
2750 Â±460
3210 Â±550
3020 Â±600GSH/vol

(xlO-"molAim3)2.99

Â±0.42
1.48 Â±0.26
3.96 Â±0.53
5.30 Â±0.70
4.65 Â±0.81

with scissors, and were dissociated using an enzyme cocktail consisting
of 0.025% collagenase (Sigma Chemical Co., St. Louis, MO), 0.05%
Pronase (Calbiochem, LaJolla, CA), and 0.04% DNase (Sigma) for 1
h.

GSH Analysis. Cells grown in vitro or obtained following enzymatic
dissociation of tumors were washed free of media and were frozen at
â€”70'Cprior to GSH analysis. Biopsy specimens taken from tumors

were rinsed in 10 mM SSA/EDTA (5 HIM) (Sigma) and then were
immediately frozen in liquid nitrogen before transfer to â€”70*Cstorage.

Tumor biopsy specimens were homogenized with 20 vol (w/v) of 20
mM SSA while tumor cells were homogenized with 200 //I SSA.
Homogenates were centrifuged in an Eppendorf microcentrifuge. The
GSH in the SSA supernatant was derivatized using the fluorescent
reagent monobromobimane (Calbiochem). Aliquots (180 >/l) of the
supernatant were added to glass tubes containing 2 Â¿ilmonobromobi
mane (50 MM)and 12 n\ /V-ethylmorpholine (0.5 M in 2.0 mM KOH).
The reaction mixture then was vortexed and stored in the dark at 4Â°C.

The high performance liquid Chromatographie technique used to ana
lyze GSH was similar to that described by Newton et al. (18) but with
isocratic elution and fluorescence detection modification as described
in detail elsewhere (19). Briefly, GSH was separated on Waters Radial-
PAK reverse-phase bonded octadecylsilane cartridge columns (8 mm
inside diameter, 5-^m diameter spherical particles) (Waters, Bedford,
MA). The mobile phase consisted of 23% acetonitrile in 40 mM am
monium phosphate, pH 7.2, containing 5 mM remz-butylammonium
hydroxide. The effluent was monitored for fluorescence with 340 nm
excitation and emission at >410 nm.

Centrifugal Elutriation. Cells obtained from enzymatically dissociated
tumors were divided into 3 samples: one control sample was immedi
ately frozen; a second control sample was held on ice for the duration
of the elutriation procedure and was later frozen along with the elu
triated specimens; the third aliquot of cells was loaded into a Beckman
elutriation chamber and separated into host and tumor populations.
The techniques used to separate cells derived from murine tumors (11,
20) or human tumor xenografts (20)5 were as previously described. The

total cell number and cell volume distribution of each fraction was
determined with a Coulter Counter Channelyser (Model ZBI, C1000;
Coulter Electronics, Hialeah, FL). Appropriate numbers of cells from
each fraction were either washed free of media and frozen or were
prepared for morphological analysis. The proportion of host or tumor
cells recovered in each fraction was determined by examination of
Wright-Giemsa stained cytocentrifuge preparations. Fractions contain
ing >90% host or neoplastic cells were analyzed for GSH content.

Biopsy Specimens. Tumors were excised and immediately divided
into segments of approximately equal size by cutting the tumor in a
radial fashion. This method ensured that each biopsy piece contained
the inner, middle, and outer most regions of the tumor. This biopsy
material was rinsed in SSA, frozen, and analyzed for GSH as described
above.

Statistics. Differences in sample means were tested for significance
by Student's t distribution with Bessel correction for small sample size.

RESULTS

The GSH contents of cells grown in vitro and sampled while
in the exponential phase of growth are shown in Table 1. The

mean cell volume for each cell line also is provided. When the
GSH content of the cells was expressed in terms of fmol GSH
per cell, the average GSH of the human tumor cells was
approximately 3- to 5-fold greater (P < 0.01 except for KHT
versus A431 where P < 0.05) than that of the murine tumor
cells. The GSH values also were calculated as a function of
GSH per cell volume to account for the fact that the human
tumor cells were somewhat larger than the murine cells. When
this was done, A431, HEp3, and ME 180 cells had GSH con
tents which were 1.5- to 2-fold higher (P < 0.01) than those of
KHT and RIF-1 cells.

The average GSH values of tumor cells grown in vivo, deter
mined from tumor pieces or from single cells following enzy
matic dissociation and separation by centrifugal elutriation, are
shown in Table 2. Included in this table are the GSH values
which were determined for the tumor-associated host cell pop
ulations which were isolated concurrently with the neoplastic
cells in the elutriation procedure. The data indicated that among
the 5 tumors tested, the average GSH content, assessed either
from tumor specimen or single cell suspensions, varied by a
factor of 3. In addition, the results demonstrate a 2- to 3-fold
(P < 0.01) reduction in mean GSH content when tumor cells
were grown in vivo (Table 2) as compared to the values deter
mined for cells passaged in exponential phase in vitro (Table
1). It further was noted that for each cell line, the average
volume of the cells grown in vivo was smaller than that of the
cells grown in vitro (P< 0.01). However, even when the changes
in cell volume were taken into account, the GSH contents of
KHT, A431, and HEp3 cells grown in situ as solid tumors were
still reduced (P < 0.01 ) compared to the values determined for
these cell lines grown in tissue culture (Table 2 versus Table 1).
The range of GSH values of the host cell populations isolated
from these tumors also is shown. In general, tumor-associated
host cells, which were a mixture of lymphocytes, macrophages,
and neutrophils (11, 17, 20), contained less GSH than did the
neoplastic cells (0.77-1.44 versus 1.5-2.9 fmol GSH/^m3 for

host and tumor cells, respectively).
The observed drop in GSH for tumor cells grown in vivo as

compared to cells grown in vitro prompted further studies to
determine whether this difference was a function of the growth
phase of the cells at the time of the GSH analysis. Consequently,
KHT, ME 180, and HEp3 cells also were assayed for GSH
content while in the plateau phase of growth. As is shown in
Table 3, the GSH contents of plateau phase cells were 2- to 3-
fold less (P< 0.01) than those of exponential phase cells (Table
1). A comparison of GSH values obtained from tumor cells in
the plateau and exponential phases as well as neoplastic cells
separated from in situ tumors is made in Fig. 1. This figure

Table 2 GSH values determined for tumor specimens or neoplastic and
nonneoplastic (host) cells isolated from tumors by centrifugal elutriation following

enzymatic dissociation
Results are means Â±SD of at least 6 independent determinations.

Isolated cellpopulationsCell

lineKHTRIF-1

A431
HEp3ME

180Tumor

specimen
GSH

(mmol/kg)2.63

Â±0.16
2.03 Â±0.22
1.85 Â±0.45
5.27 Â±1.1
2.90 Â±0.62GSH/cell

(fmol/cell)2.29

Â±0.164.40

Â±0.5
7. 10 Â±0.6
2.97 Â±0.08Cell

vol
(Mm3)1530

Â±1601520

Â±220
2540 Â±480
1050 Â±200GSH/vol

(X10-"
mol/fim3)1.5

Â±0.312.9

Â±0.49
2.8 Â±0.51
2.8 Â±0.37

Host cells 0.5-1.4Â° 0.77-1.44Â°

5 P. C. Keng, M. J. Allalunis-Turner, and D. W. Siemann. Evaluation of

human tumor xenografts for cell separation studies, submitted for publication.

" Data were the lowest and highest values obtained for over 30 elutriated

fractions which were identified by flow cytometry as well as by histolÃ³gica!staining
technique to be nonneoplastic host cells (11, 17, 20).
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IN VIVO AND IN VITRO TUMOR CELL GSH

Table 3 GSH values of murine and human tumor cells assayed while in plateau
phase of growth

Results are means Â±SD of at least 6 determinations from 3 independent
experiments.

CelllineKHT/iv

ME 180
HEp3GSH/cell

(fmol/cell)2.7

Â±0.6
6.4 Â±2.9
7.8 Â±1.1Cell

vol1700

Â±110
2240 Â±180
2500 Â±230GSH/vol1.59

Â±0.35
2.86 Â±1.2
3. 12 Â±0.47

6-r

r

KHT ME180 HEp-3

Fig. 1. Comparison of the GSH values for tumor cells grown in vitro and in
vivo. In vitro cells were assayed while in the exponential or plateau phase of
growth. In vivo cells were grown as s.c. (HEp3, ME180) or i.m. (KHT) tumors.
Tumors were excised, dissociated, and the neoplastic cell populations isolated by
centrifugal elutriation (see "Materials and Methods").

7.0-

6.0 r

5.0-

4.0

3.0

2.0

1.0

HEp3

ME180

- A431

Tissue Sample

Fig. 2. Variations in GSH content of multiple biopsy specimens obtained
from single human tumor xenografts. Each tissue sample was obtained from the
same tumor and analyzed separately for GSH content by high performance liquid
chromatography.

illustrates that while the average GSH content of exponential
phase cells was greater than that of plateau cells, the GSH
values of the latter were similar (P > 0.25) to those of neoplastic
cells isolated from in situ tumors.

Fig. 2 illustrates the range of GSH values which can be
observed in multiple biopsy samples obtained from individual
human tumor xenografts. Within each tumor type, the values
obtained from multiple biopsy specimens varied by a factor of
2-3.

DISCUSSION

These studies have compared the GSH content of several
rodent and human tumor cell lines maintained both in vitro and
in vivo. A 5-fold difference in the average GSH concentration,
expressed as fmol GSH per cell, was observed for the investi
gated cell lines grown in vitro and assayed in the exponential
phase of growth (Table 1). The human tumor cell lines utilized
in these studies contained higher concentrations of GSH than
did the rodent lines. It may be noted that GSH content can also

be expressed in a molar concentration (i.e., per cell volume) or
on a per mg protein basis. We have opted to use the molar unit
because it may be more representative of cellular concentration
(see the accompanying paper, Ref. 25). This distinction between
human and murine cells also was maintained when the GSH
concentration was calculated on the basis of cellular volume to
take into account the fact that human tumor cells were, on
average, larger than murine tumor cells (Table 1). On a volume
basis, human tumor cells contained 1.5-3 times more GSH
than did KHT and RIF-1 cells. Similar differences between the
GSH content of human and rodent lines also have been reported
by Morstyn et al. (21) and Mitchell et al. (24) in their compar
ison of human tumor cells and Chinese hamster V79 cells.

Changes in GSH concentration also were noted when cells
were removed from in vitro culture and grown as s.c. or i.m.
tumors in mice. Since cell suspensions derived from solid
tumors are comprised of a mixture of both neoplastic and
nonneoplastic cells (11,17,20), centrifugal elutriation was used
to first separate the populations of host and neoplastic cells
prior to making GSH determinations. When the GSH concen
trations of the neoplastic cell populations obtained in this
manner were compared to that of tumor cells grown in vitro, a
2- to 3-fold decrease was observed (Table 2). This drop in GSH
occurred in both human (A431, ME 180, HEp3) and murine
(KHT) cell lines grown in vivo. Although the in vivo tumor cells
were somewhat smaller than their in vitro counterparts, the
change in cell volume could not account for the noted drop in
GSH. This difference in the GSH concentration between cells
grown in vivo and in vitro is not thought to be an artifact of the
elutriation procedure, since the GSH content of cells frozen
immediately after tumor dissociation was similar to that of a
replicate sample of cells held on ice in elutriation media during
the separation procedure and subsequently washed and frozen
at the same time as the elutriation fractions of cells. It also is
unlikely that the enzymatic dissociation procedure used to
obtain a single cell suspension from the tumors contributed in
a major way to the reduction in GSH levels observed for in vivo
passaged cells when compared to tissue culture derived cells.
This latter conclusion is based on our recent investigations6

comparing the GSH content of human ovarian tumor cells
obtained from patients with that of the same cells grown as
monolayer cultures. In these studies tumor cells derived from
ascites fluid, without the use of enzymes, demonstrated GSH
values 3- to 5-fold lower than those of the same tumor cells
grown in vitro. We have taken this observation as indirect
evidence supporting our hypothesis that the difference between
the GSH content of cells grown in vitro and in vivo reflect
physiological differences rather than being artifacts of experi
mental procedures used to isolate the cells.

One factor which may contribute to the difference observed
between in vivo and in vitro GSH values is the in vitro growth
phase of the cells at the time of GSH assay. Exponential phase
cells were initially assessed in order to parallel the experimental
conditions used by most previous investigators (8, 10, 21).
However, many tumors have been shown to contain significant
numbers of nonproliferating cells (22, 23). For this reason,
density inhibited, unfed plateau phase cultures often are consid
ered to be a more appropriate in vitro system for the modeling
of in vivo tumors. Consequently, GSH levels in plateau phase
KHT, ME 180, and HEp3 tumor cells also were determined.
The results indicated that the GSH values of cells in this growth

6 F. Y. F. Lee, A. Vessey, E. Rofstad, D. W. Siemann, and R. M. Sutherland.

Heterogeneity of glutathione content in human ovarian cancer specimens: the
influence of specimen source and growth environment, manuscript in preparation.
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Â¡NVIVO AND IN VITRO TUMOR CELL GSH

phase were significantly lower than those measured in cells in
the exponential phase of growth (Table 3 versus Table 1).
Although the mechanism(s) responsible for these differences
has not been unequivocally established, other investigations
from our laboratories (25) suggest that they probably are the
consequences of changes in the proliferative state (cycling versus
quiescent) rather than specific alterations in the cell cycle
distribution. Most importantly, these data imply that plateau
phase cultures may be preferable when attempting to model in
vitro the in vivo modulation of tumor GSH.

The experiments which were designed to evaluate the GSH
of tumor cells grown in vivo also provided an opportunity to
study the GSH content of the infiltrating host cell population.
Using centrifugal elutriation to isolate >90% pure populations
of host cells, we have been able to demonstrate that the GSH
concentration of the host cells which are associated with the
tumors was appreciably less than that of the neoplastic cells
(Table 2). The host cell GSH values ranged from 0.5-1.4 fmol
GSH/cell, or from 0.77-1.4 fmol GSH//tm3. While these re

sults might have been anticipated from the work of others (8,
21), this observation represents the first report which directly
compares the GSH concentrations of normal and neoplastic
cells isolated from the same tumor.

The demonstration that host and tumor cells differ markedly
in their GSH content presents a complicating feature with
regard to the interpretation of tumor GSH levels determined
from neoplastic tissues. The tumors used in the present studies
contained appreciable numbers (20-50%) of host cells (11, 17,
20). Therefore, the GSH values determined from the tumor
specimen (Table 2) reflect contributions made by both host
cells, with low GSH, and tumor cells, with relatively greater
amounts of GSH. The 2- to 3-fold range of GSH values for
multiple biopsy specimens taken from the same tumor (Fig. 2)
illustrates another point of interpretational difficulty. Histolog-
ical examination of tumor material would suggest that host
cells are not necessarily evenly distributed throughout a tumor.
Therefore, as demonstrated in Fig. 2, multiple biopsy samples
obtained from the same tumor may vary widely in their esti
mated GSH content, largely due to variations in host cell
content. This finding illustrates some of the difficulties which
may be encountered if random biopsy samples are used to
monitor GSH depletion following treatment with thiol manip
ulators such as BSO or antineoplastic agents.

In conclusion, these studies have demonstrated that the in-

tracellular GSH levels of a given cell type are not constant but
rather change when the conditions in which the cells are grown
are altered. Experiments performed using exponential and pla
teau phase cell cultures as well as cells derived from solid tumors
illustrate these changes. Our studies have shown that plateau
phase cells more closely reflect the in vivo GSH contents of
neoplastic cells than do tumor cells in the exponential phase.
In addition, we have observed that significant differences exist
between the GSH levels of host and neoplastic cells. These
differences may make the interpretation of the results of GSH
determinations in tumor biopsy samples problematic.
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