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In vitro studies on the lymphoma growth-inhibitory activity of
sulfasalazine
Peter W. Gouta, Chris R. Simmsa and May C. Robertsona

Sulfasalazine (SASP) is a novel, potent inhibitor of cellular

cystine uptake mediated by the xc
� cystine/glutamate

antiporter. Lymphoid cells cannot synthesize cyst(e)ine and

depend for growth on its uptake from their micro-

environment. We previously showed that SASP (0.2 mM)

can abrogate lymphoma cell proliferation in vitro by

specifically inhibiting xc
�-mediated cystine uptake. Intra-

peritoneal administration of SASP to Noble rats markedly

suppressed Nb2-U17 rat lymphoma transplant growth,

notably without major toxicity to the hosts. Since Nb2-U17

cells are xc
�-deficient, the growth arrest was apparently not

due to SASP–tumor cell interaction, but possibly to

interference with xc
�-mediated cysteine secretion by

somatic cells. In this study we found that replication of xc
�-

deficient Nb2-11 lymphoma cells can be sustained in vitro,

in the absence of cystine uptake enhancers, by co-culturing

with IMR-90 fibroblasts known to secrete cysteine. SASP,

at 0.15 and 0.2 mM, arrested replication of fibroblast-driven

Nb2-11 cells by 93 and 100%, respectively, without

impeding fibroblast proliferation. Addition of 2-mercapto-

ethanol (60mM), a cystine uptake enhancer, almost com-

pletely prevented this growth arrest, indicating that SASP

specifically inhibited cysteine secretion by the fibroblasts, a

process based on xc
�-mediated cystine uptake. It is

proposed that the lymphoma growth-inhibitory activity of

SASP in vivo involves inhibition of cysteine secretion by

tumor-associated somatic cells (macrophages, dendritic

cells), leading to cysteine starvation of the tumor cells and

apoptosis. The difference between the lymphoma cells and

fibroblasts in sensitivity to SASP treatment is consistent

with the marked antitumor effect of SASP lacking sig-

nificant side effects. Anti-Cancer Drugs 14:21–29 �c 2003

Lippincott Williams & Wilkins.
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Introduction
The amino acid, cystine, or its reduced form, cysteine, is

essential for cell growth and metabolism. Cyst(e)ine

deficiency within mammalian cells leads to a rapid

decline in their content of glutathione, a tripeptide thiol

produced from glutamate, cysteine and glycine, which is a

major scavenger of free radicals [1] and also has a role in

control of cell replication [2]. The decrease in glu-

tathione levels in turn leads to loss of cellular defense

against metabolism-generated oxidative stress, arrest of

cell proliferation and, ultimately, apoptosis [3,4]. Lym-

phoid cells cannot synthesize cyst(e)ine, and depend for

growth and viability on uptake of the amino acid from

their micro-environment [5]. Cancers originating from

lymphoid tissue, e.g. lymphomas and leukemic cells, have

been found to retain the inability to synthesize

cyst(e)ine; such malignancies are therefore potentially

sensitive to therapy based on cyst(e)ine starvation [6,7].

Lymphoid cells typically exhibit a low uptake capability

for cystine, as distinct from cysteine which they can take

up readily [8]. Culture medium, however, predominantly

contains cystine; cysteine provided in certain media is

rapidly oxidized to cystine. Consequently, growth of

lymphoid cell cultures in general requires the presence in

the medium of a cystine uptake enhancer such as 2-

mercaptoethanol (2-ME) or elevated levels of cystine

[7,9]. Alternatively, the cultures can be maintained using

feeder layers of fibroblasts or macrophages, which can

continuously provide the lymphoid cells with cysteine

[10]. The latter process is based on the ability of such

somatic cells to take up extracellular cystine via a plasma

membrane cystine/glutamate antiporter (xc
�) [11], re-

duce the amino acid intracellularly and secrete it as

cysteine which the lymphoid cells can take up readily.

Apparently this is a major mechanism in vivo by which

lymphocytes can be supplied with cysteine critically

required for their proliferation [12,13].

We have previously suggested that the xc
� cystine

transporter provides a potentially useful target for therapy

of lymphoid cancers. Its inhibition in vivo would

presumably not only inhibit cystine uptake by lymphoma

cells expressing an xc
� cystine transporter, as found for
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certain lymphoma cells following malignant progression,

but also interfere with the supply of cysteine to the target

cells by somatic cells (e.g. macrophages, fibroblasts) [7].

It was envisioned that short-term, drug-induced inhibi-

tion of the xc
� cystine transporter in vivo could promote

elimination of lymphoma cells by cyst(e)ine starvation,

hopefully without major side effects to the host [7].

Recently, we demonstrated that sulfasalazine (salicylazo-

sulfapyridine, SASP), an immuno-suppressant used for

decades in the therapy of Crohn’s disease and rheumatoid

arthritis [14], is a novel and potent inhibitor of the xc
�

cystine transporter, in contrast to its colonic metabolites,

sulfapyridine and 5-aminosalicylic acid [15]. In vitro,

SASP abrogated rat Nb2-SFJCD1 lymphoma cell replica-

tion, at patient-tolerated levels (0.2 mM), via specific

inhibition of xc
�-mediated cystine uptake; SASP was

even more effective against human non-Hodgkin’s

lymphoma (DoHH2) cultures. Intraperitoneal adminis-

tration of SASP to rats led to very marked growth

inhibition of well-developed, s.c. Nb2-U17 rat lymphoma

transplants, notably without significant toxicity to the

hosts. As such, SASP exhibits major potential for use in

chemotherapy of lymphoid cancers [15]. Importantly,

Nb2-U17 lymphoma cells do not express the xc
� cystine

transporter, have a low uptake capability for cystine and,

in vitro, display only low sensitivity to SASP when

supplied with adequate amounts of cysteine [15]. This

suggests that the arrest of the Nb2-U17 lymphoma

growth in rats by SASP was not the result of direct drug–

tumor cell interaction, but possibly due to an interference

by SASP with the secretion by somatic cells of cysteine

required for the proliferation of the tumor cells. In the

present study we have investigated this possibility using

co-cultures of fibroblasts and xc
�-deficient Nb2 lympho-

ma cells in which the proliferation of the lymphoma cells,

in the absence of a cystine uptake enhancer, critically

depended on secretion by the fibroblasts.

Materials and methods
Materials

SASP, chemicals and culture medium were obtained from

Sigma-Aldrich (Oakville, ON, Canada), unless otherwise

indicated.

Cell cultures

Nb2-U17 and Nb2-11 rat pre-T lymphoma cell lines,

developed in our laboratory [16], were maintained as

suspension cultures in 80 cm2 tissue culture flasks

(Nunc; VWR Canlab, Mississauga, ON, Canada) in

Fischer’s medium supplemented with fetal bovine serum

(FBS, 10%; Gibco, Invitrogen Canada, Burlington, ON,

Canada), penicillin (50 U/ml), streptomycin (50 mg/ml)

and 2-ME (60 mM) at 371C in a 5%CO2/air atmosphere, as

previously described [7,15,16]. Both cell lines are

critically dependent for growth on lactogens, present in

FBS, and on 2-ME for mediation of cystine uptake [7,16].

The Nb2-11 cell line is available from the European

Collection of Cell Cultures (ECACC, Salisbury, UK).

IMR-90 normal human lung fibroblasts (cat. no. CCL-

186; ATCC, Manassas, VA) were similarly cultured, but as

monolayers, in identical medium from which 2-ME had

been omitted [10]. Subculturing of these cells was

carried out using standard techniques, including trypsi-

nization using 0.25% trypsin/1 mM EDTA. Co-cultures of

IMR-90 fibroblasts and Nb2-11 suspension cells were

used to show that the fibroblasts, in the absence of

cystine uptake enhancers such as 2-ME, could promote

replication of the lymphoma cells via secretion of a

diffusible factor. To this end, cultures in 12-well tissue

culture plates (Linbro; Flow, Mississauga, ON, Canada)

of subconfluent IMR-90 fibroblasts (2 ml; around

0.16� 106 cells/well) were incubated with Nb2-11 cells

(1.0 ml; around 50� 103 cells/ml) contained in culture

inserts (0.4 mM pore size, 12-well format; Becton Dick-

inson, Oakville, ON, Canada). Fischer’s medium contains

cystine (about 84 mM), approximating cystine concentra-

tions in human plasma, but not cysteine [15].

SASP solutions

As a routine, a 10 mM SASP solution was prepared, under

subdued light conditions, by dissolving 40.1 mg of the

drug (using a magnetic stirring bar) in 4.0 ml 0.1 N NaOH

plus 5.77 ml phosphate-buffered saline (PBS, pH 7.2) and

adjusting the pH to about 7.5 by slow addition of

5� 50 ml 1.0 N HCl. Using culture medium, appropriate

dilutions were then made for immediate addition to cell

cultures [15].

Evaluation of growth-inhibitory effects of SASP in vitro

Following trypsinization of confluent IMR-90 cell cul-

tures, the fibroblasts were centrifuged (3.5 min at 350 g),

and resuspended in Fischer’s medium supplemented

with FBS (10%) and antibiotics. Aliquots (2.0 ml;

60� 103 cells/ml) were distributed in 12-well Linbro

tissue culture plates for a 4-day incubation at 371C to

subconfluency (about 0.25� 106 cells/well). The super-

natants of the cultures were then removed by suction and

replaced by either fresh culture medium (1.80 ml) or by

suspensions of Nb2-11 cells resuspended in fresh

medium free of 2-ME (1.80 ml at about 50� 103 cells/

ml). After a few hours of incubation, SASP, medium or 2-

ME was added (final volume 2.0 ml; use of triplicates) for

a further 67-h incubation. Cell populations were then

determined for the Nb2-11 suspension cells (in the co-

cultures) and for trypsinized IMR-90 fibroblasts (cul-

tured in the absence of Nb2-11 cells), using an electronic

cell counter (Coulter, Hialeah, FL). The suspended Nb2-

11 cells could be readily sampled without significant

contamination by fibroblasts, providing the monolayers

were intact as observed by microscopy. Culture growth

inhibitions were calculated from the cell number
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increases found at 67 h in SASP-treated cultures and their

controls. Percent inhibition¼ 100�(increaseSASP�treated/in-

creasecontrol)� 100. It may be noted that the efficacy of

SASP in vitro was always determined with Fischer’s medium

that had been freshly prepared from powdered medium.

Testing of SASP efficacy in vivo

Approximately equal portions of minced Nb2-U17 tumor

tissue, developed in a rat following s.c. injection of Nb2-

U17 cells, were injected by trocar s.c. in the nape of the

neck of groups of male Noble rats (one injection per rat)

that had been lightly anesthetized with isoflurane

(Abbott, Montreal, PQ, Canada) [15]. When the single

tumors reached a measurable size (about 1 cm3), treat-

ment of the animals (350–400 g) was started using i.p.

injections at a site remote from the transplant at

approximately 12-h intervals. Fresh SASP solutions

(20 mg/ml) were prepared every day in 0.1 N NaOH

subsequently adjusted with 1.0 N HCl to a pH of about 8.

PBS was used for controls. Drug preparation and

administration were carried out under subdued light

conditions. Food and water were provided ad libitum.

Tumor size and health of the rats were monitored daily.

Special attention was given to substantial weight loss,

prolonged panting, severe diarrhea, hunched posture,

unusual behavior, etc., with a view to sacrificing animals if

they showed such signs of stress. Tumor size was

measured using calipers and expressed in grams using

the formula: p/6� length�width� height in cm [17].

Sectioning and histologic analysis of tumor and normal

tissues obtained at necropsy were carried out by Criterion

Service Laboratory, Vancouver, BC, Canada (pathologist:

Dr Jean leRiche, BC Cancer Agency). Animal care and

experiments were carried out in strict accordance with

the guidelines of the Canadian Council on Animal Care.

Results
Effect of SASP on growth of lymphoma transplants

As part of a previous study [15], the effect of SASP was

determined on the growth in male Nb rats of single, well-

established, s.c. Nb2-U17 rat lymphoma transplants,

previously demonstrated to be non-metastatic [16]. The

drug was administered i.p. at well-tolerated dosages

starting on day 0, and consecutively every 12 h, in an

effort to keep its levels in the circulation high; saline was

administered to controls. Presented in Figure 1 are the
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effects of SASP on the size of the tumors immediately

following drug administration, as distinct from the

previous report in which results after 7 days of treatment

were presented [15]. The inherent, rapid growth of the

Nb2-U17 tumors is demonstrated in the control group,

showing an increase in tumor size from an average of

about 1 g to an average of about 10 g on day 6. SASP

arrested the average growth of the tumors almost

completely, in particular at the higher dosage, starting

after 1–2 days of treatment. After about 4 days of

continuous tumor growth arrest, the size of the tumors in

both SASP-treated groups increased slightly on day 6.

There was no indication of tumor regression throughout

the 7-day period. As reported previously [15], histologic

analysis showed no sign of metastasis of the tumor cells to

tissues such as the liver, kidney and spleen, i.e. target

organs of metastatic Nb2 lymphoma cell lines [16]. This

indicated that the suppressive effect of the drug on the

size of the Nb2-U17 tumors reflected genuine growth

arrest and was not a result of tumor cells escaping from

their location. In addition, the treatment with SASP did

not induce major toxicity to the hosts, as suggested by

lack of the stress signs described above [15].

Nb2 lymphoma cell replication supported by IMR-90

fibroblasts in absence of 2-ME

The Nb2-U17 rat lymphoma cell line, and its Nb2-11

subline, have been shown to be dependent for growth and

viability on uptake of cyst(e)ine from their micro-

environment [7,16]. Both cell lines do not express the

xc
� cystine transporter [15] and have low uptake

capability for cystine, i.e. when cultured in Fischer’s

medium, they require 2-ME for uptake of cystine [7,16].

In vivo, the proliferation of these lymphoma cells will

therefore be critically dependent on availability in their

micro-environment of cysteine at growth-supporting

levels, as can be supplied by somatic cells [12,13]. To

examine somatic cell-mediated supply of cysteine to

lymphoma cells in vitro, it was determined whether cells

of the widely available Nb2-11 lymphoma cell line could

be grown in Fischer’s medium/10% FBS, in the absence of

2-ME, by co-culturing them with IMR-90 lung fibro-

blasts. These cells, like activated macrophages and

dendritic cells [12,13], are known to take up cystine via

the xc
� cystine transporter and then secrete thiols, in

particular cysteine, into the medium [10]. As shown in

Figure 2, the Nb2-11 cells have a significant growth

requirement for 2-ME (to mediate uptake of cystine);

this requirement could to a large extent be met by the

IMR-90 monolayers. Thus the doubling time of the Nb2-

11 lymphoma cell cultures, when co-cultured with the

fibroblasts, was about 16 h, approximating that of about

13 h regularly obtained for single Nb2-11 cultures in the

presence of 60 mM 2-ME [7]. The IMR-90 fibroblasts also

allowed replication of Nb2-11 cells in 2-ME-free medium

when the lymphoma cells were separated from the

monolayers by culturing them in a culture insert (pore

size 0.4 mM), restraining cells but not diffusible factors.

Under these conditions the lymphoma cells grew actively

with a culture doubling time of 26 h, as distinct from no

significant growth in the absence of the monolayers.

These data indicate that the growth-promoting activity of

the IMR-90 fibroblasts was based on secretion of a

diffusible factor and did not involve physical interaction

with the lymphoma cells. The results, together with

observations by other researchers that IMR-90 fibroblasts

can promote lymphoma cell proliferation in vitro by

continuously secreting cysteine [10], strongly indicate

that the proliferation of the Nb2-11 lymphoma cells in

the co-cultures, in the absence of cystine uptake

enhancers, was a result of secretion by the IMR-90

fibroblasts of cysteine.

Growth-inhibitory effect of SASP on fibroblast-driven

Nb2-11 cells: prevention by 2-ME

Figure 3 shows the effect of a 67-h incubation with SASP

on the proliferation of Nb2-11 cells as promoted, in the

absence of 2-ME, by IMR-90 feeder layers. SASP had a

very marked inhibitory effect on the proliferation of these

xc
�-deficient lymphoma cells. Already at 0.05 mM, SASP

showed a growth inhibition of 17%, which rapidly rose to

61, 93 and 100% at 0.1, 0.15 and 0.2 mM SASP,

respectively. In sharp contrast, SASP at concentrations
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up to and including 0.2 mM had no inhibitory effect on

the proliferation of the fibroblasts grown in single

cultures. In addition, microscopic observations showed

that the fibroblast monolayers after the 67-h treatment

with 0.2 mM SASP, whether in single cultures or in co-

cultures with the Nb2-11 cells, were completely intact

(data not shown). At higher concentrations, however,

SASP did affect the proliferation of the fibroblasts,

showing growth inhibitions of 37 and 60% at 0.3 and

0.5 mM, respectively. At these SASP concentrations ‘gaps’

were observed in the fibroblast monolayers (data not

shown).

As shown in Figure 4, the inhibitory effects of 0.15 and

0.2 mM SASP on the proliferation of the lymphoma cells,

growth-stimulated by IMR-90 fibroblasts in the absence

of 2-ME, could almost completely be prevented by

including 2-ME (60mM) in the culture medium. A

similar, preventative effect of 2-ME was found for the

inhibition by 0.5 mM SASP of the proliferation of the

fibroblasts in single cultures (data not shown). 2-ME has

been reported to mediate cellular uptake of cystine via

the leucine transporter, thus bypassing the xc
� cystine

transporter [18]; it also allows uptake of the amino acid

by cells that do not have a specific cystine transporter

[15]. The results therefore indicate that the growth

arrest of the fibroblast-driven Nb2-11 cells by SASP

(0.2 mM or below) was due specifically to intracellular

cyst(e)ine deficiency within the lymphoma cells. Since,

under the conditions used, the only cysteine available for

the growth of the Nb2-11 cells was supplied by the

fibroblasts, the arrest of Nb2-11 cell proliferation must

have been caused by SASP inhibiting the secretion of

cysteine by the fibroblasts, namely by inhibiting their

uptake of cystine via the xc
� cystine transporter. It

appears that the fibroblasts, at SASP concentrations in

the range 0.1–0.2 mM, were able to take up enough

cystine to stay completely viable, but not enough to

secrete adequate amounts of cysteine to promote

proliferation of the lymphoma cells. At higher SASP

concentrations (0.5 mM), the greater inhibition of cystine

uptake interfered with the viability of the fibroblasts.

This growth requirement of the IMR-90 cells for cystine

is consistent with that reported by others [19].

Discussion
Since lymphoid cells require extracellular cyst(e)ine for

growth and readily take up cysteine, but in general not

cystine, the levels of cysteine in their micro-environment

occupy a key position in the regulation of their

proliferation. Cysteine is not only removed from the

circulation via cellular uptake, but also by rapid oxidation

to cystine, which leads to relatively high cystine and very

low cysteine levels in the plasma [20]. However, for

activation of lymphocytes, cysteine can be supplied by

somatic cells via a secretory process mediated by the xc
�

cystine/glutamate antiporter. As reported by various

research groups, fibroblasts [10], macrophages [12],

monocyte-derived dendritic cells [13] and macrophages

[21] can take up cystine via the xc
� cystine transporter,

Fig. 3
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reduce it intracellularly and secrete cysteine into their

micro-environment. The secretion of cysteine by macro-

phages appears to be important in the regulation of

lymphocyte activation [12]. Similarly, the capacity of

activated antigen-presenting cells (e.g. dendritic cells) to

release cysteine, following receptor–ligand-based interac-

tion with T lymphocytes, represents a critical parameter

for proliferation of the lymphocytes [13], including those

of intestinal lamina propria [22]. Monocytes are known to

infiltrate tumors, giving rise to tumor-associated macro-

phages and dendritic cells, which can make up a

substantial amount of the tumor mass and, in fact, have

been reported to stimulate growth of the cancers by

secretion of, for example, cytokines and growth factors

[23]. Since lymphoid cancer cells, like lymphocytes,

critically require cysteine for growth, the above informa-

tion suggests that lymphoid cancer-associated macro-

phages, dendritic cells and fibroblasts could also have an

important role in the growth promotion of the cancer cells

by supplying them with cysteine. An interference with

this process could inhibit the growth of the malignancies.

With this in mind the idea was initiated that the xc
�

cystine transporter provides a target for lymphoid cancer

therapy [24]. Its inhibition could potentially lead to

cyst(e)ine starvation of lymphoid cancers by reducing

both the supply of cysteine by tumor-associated somatic

cells and the uptake of cystine by cancer cells expressing

the xc
� transporter as a result of tumor progression [7]. It

became feasible to investigate this suggestion using SASP,

when it was discovered that this drug is a potent inhibitor

of the xc
� cystine transporter, and markedly inhibited

lymphoma cell proliferation in vitro and growth of

lymphoma transplants in rats [15]. A proposed mechan-

ism of action for SASP as an anti-lymphoma agent is

presented in Figure 5.

Whereas the arrest of lymphoma cell proliferation by

SASP in vitro [15] could be readily explained by inhibition

of the xc
� cystine transporter leading to intracellular

cyst(e)ine deficiency of the target cells, the marked

inhibition by SASP of Nb2-U17 tumor transplant growth

in rats (Fig. 1) is not likely due to a direct action of the

drug on the tumor cells. Nb2-U17 cells do not express an

xc
� cystine transporter [15] and when such cells are
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cysteine, cystine is not taken up readily by lymphoma cells unless they express the xc

� cystine transporter (e.g. as a result of tumor progression).
Tumor-associated somatic cells, such as activated macrophages and dendritic cells, can regenerate cysteine from cystine, by taking up cystine via
the xc

� cystine transporter and secreting it as cysteine back into the environment. By inhibiting the xc
�-mediated cystine uptake of the somatic cells,

SASP leads to reduced levels of cysteine in the environment of the lymphoma cells; SASP also inhibits uptake of cystine by the advanced lymphoma
cells. As a result, the action of SASP may induce cyst(e)ine starvation for both types of lymphoma cells.
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adequately supplied with cyst(e)ine, their proliferation is

not significantly affected by SASP as shown by the lack of

major growth arrest in 2-ME-containing cultures of Nb2-

11 cells (Fig. 4) or Nb2-U17 cells, even at a concentration

as high as 0.4 mM SASP [15]. Nb2-U17 lymphoma cells,

however, have a low uptake capability for cystine [7,16]

and hence are expected to critically depend on uptake of

extracellular cysteine for growth in vivo. Together, these

data raise the possibility that the growth arrest of the

lymphoma transplants by SASP could have resulted from

an interference by the drug with cysteine supply by

somatic, tumor-associated cells leading to cysteine

starvation of the tumor cells. The results of the present

study support this suggestion. Thus, the major arrest of

Nb2-11 cell proliferation by 0.15–0.2 mM SASP in the 2-

ME-free co-cultures of lymphoma cells and fibroblasts

(Fig. 3), was most likely due to interference by SASP with

the xc
�-mediated supply by the fibroblasts of cysteine,

leading to cysteine starvation of the lymphoma cells. This

is indicated by the almost complete prevention of the

SASP-induced growth arrest by 60 mM 2-ME, a cystine

uptake enhancer (Fig. 4). Importantly, 0.2 mM SASP, a

patient-tolerated concentration [25], completely arrested

the proliferation of the fibroblast-driven Nb2-11 cells

without affecting the replication of the fibroblasts (Fig.

3). This differential is in agreement with the marked

arrest of lymphoma growth by SASP in the rats coupled to

absence of major toxicity to the hosts (Fig. 1). It may also

be noted that it took 1–2 days before treatment with

SASP arrested the growth of the lymphoma transplants

(Fig. 1), a delay that would be consistent with a gradual

development of cysteine and glutathione deficiency

within the tumor cells.

Whereas xc
�-mediated uptake of cystine by macrophages,

freshly isolated from the mouse peritoneal cavity, is

apparently very low, culturing has been reported to

induce xc
� activity leading to a high rate of cystine uptake

by such cells, comparable to that of fibroblasts [26]. The

latter can secrete cysteine without having to interact

physically with lymphoid cells, at least in vitro, as

indicated in the present study (Fig. 2; text) and as

previously reported by others [10]. More recently it has

been reported that monocyte-derived dendritic cells, i.e.

antigen-presenting cells essential in the development of

the immune response, can take up cystine via the xc
�

cystine transporter and secrete cysteine in their environ-

ment, in particular following ligand–receptor interaction

with T lymphocytes [22] and, especially, alloreactive T

cells [13]. Tumors usually contain substantial numbers of

macrophages and dendritic cells, some of which are

targeted against the tumor cells [23]. It appears very

likely therefore that the Nb2-U17 lymphoma transplants

used in the present study (Fig. 1) also contained such

somatic cells and that the cysteine secreted by the cells,

considered essential for lymphocyte activation [13,22],

would also promote proliferation of the Nb2 lymphoma

cells. In such a scenario, inhibition by SASP of cystine

uptake via the xc
� cystine transporter could lead to an

interference with the cysteine secretion by the somatic

cells and ultimately to arrest of tumor growth via

apoptosis.

With regard to other activities of SASP, it is of interest

that this drug has been reported to inhibit interleukin-12

production by lipopolysaccharide-activated macrophages

[27], suggesting that it could also inhibit the production/

secretion by such cells of other growth factors required

for proliferation of lymphoma cells. Nb2-U17 cells,

however, have requirements for growth factors which

are normally readily available in the circulation. Thus

Nb2-U17 cells, like Nb2-11 cells, actively proliferate in

chemically defined medium supplemented with 2-ME

(60 mM), and prolactin, transferrin, insulin and albumin as

the only proteins [28]. It is not likely, therefore, that the

anti-lymphoma growth activity of SASP in vivo is based on

interference with the secretion by somatic cells of

polypeptide growth factors.

SASP is also known to inhibit activation of NF-kB, a

transcription factor involved in regulation of cell prolif-

eration and differentiation [14]Fan inhibitory property

that could have played a role in the growth arrest of the

lymphoma transplants (Fig. 1). However, we have

recently found evidence that SASP can readily inhibit

replication of cells in vitro, via cyst(e)ine starvation, at

concentrations which do not interfere with NF-kB

activation. Following up an observation that human

MDA-MB-231 breast cancer cells in vitro are dependent

for growth on uptake of extracellular cystine [29], we

have shown that SASP at 0.5 mM completely arrested

their replication by cysteine starvation without inhibiting

NF-kB activation induced by a 2-h treatment with tumor

necrosis factor-a (30 ng/ml) as indicated by electromobi-

lity shift assays; significant inhibition of DNA-binding

activity of NF-kB was obtained when SASP levels were

increased to 5 mM (manuscript in preparation). These

observations suggest that the inhibition of Nb2-U17

transplant growth by SASP was not based on inhibition of

NF-kB activation, but more likely on an interference with

the secretion by somatic cells of cysteine, which can be

effective at SASP concentrations as low 0.15 mM (Fig. 3).

Glutathione, a major scavenger of free radicals, plays an

important role in the defense of cells against oxidative

stress and drug resistance of cancers is frequently

associated with increases in their rates of glutathione

synthesis [30]. The synthesis of glutathione is critically

dependent on intracellular levels of cysteine [1] which, in

lymphoid cells, are subject to cellular uptake of

cyst(e)ine. With regard to this, it is notable that Nb2-

SFJCD1 rat lymphoma cells, in contrast to the closely

Lymphoma growth arrest by sulfasalazine Gout et al. 27

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



related Nb2-U17 and Nb2-11 lymphoma cells [16],

display an enhanced capacity for producing glutathione

when challenged with oxidative stress and show a

significantly higher resistance to H2O2-induced apoptosis

[31]. This property is presumably a reflection of the fact

that this cell line, as distinct from the other two,

expresses the xc
� cystine transporter [15], thereby

greatly enhancing its capacity for uptake of extracellular

cystine required for glutathione synthesis [1,7]. It may

also be noted that SASP, by inhibiting cellular uptake of

cystine, leads to reduced levels of intracellular glu-

tathione, as recently shown with MDA-MB-231 cells [29]

and as expected on the basis of a decrease in intracellular

cyst(e)ine levels [3,4]. In view of the above, it appears

that SASP will also be useful for reducing glutathione-

based resistance developed by cancer cells against

treatment with free radical-generating drugs. The in-

hibitory effect of SASP on glutathione-S-transferases,

enzymes involved in protection of cells from oxidative

stress [32], would similarly be useful in chemotherapy

using SASP in combination with, for example, free

radical-generating alkylating drugs.

In addition to lymphoid cancers, SASP could also affect

the growth of other malignancies that depend on uptake

of extracellular cyst(e)ine for growth. As previously

reported, these may include certain cancers of neuronal

tissue and skin [15]. Recently, cultures of human breast

cancer cells, such as the MDA-MB-231 cells, were found

to depend on extracellular cyst(e)ine for growth and to

respond to SASP [29]. In addition we found that the

related MDA-MB-468 breast cancer cell line, although

growing relatively slowly in Fischer’s medium supple-

mented with 10% FBS (doubling time¼ 35–40 h), is as

sensitive to treatment with SASP as the rat Nb2-SFJCD1

lymphoma cell line (doubling time¼ 13 h) previously

studied [15] (Doxsee and Gout, unpublished data). This

raises the possibility that growth of tumors of such breast

cancer cells in immuno-deficient mice may also respond

to treatment with SASP.

Oral administration of SASP, commonly used in the

treatment of rheumatoid arthritis and inflammatory

bowel disease, leads to major degradation of the drug; it

is reduced by intestinal bacteria via azo cleavage to

sulfapyridine and 5-aminosalicylic acid [14]. These

colonic metabolites have no xc
� inhibitory activity [15]

and SASP, when used to target the xc
� cystine

transporter, should therefore not be administered orally.

In this regard it is of interest that lymphoid follicular

proctitis, a condition of the rectal mucosa characterized

by excessive numbers of lymphocytes, can be successfully

treated using SASP suppositories in contrast to oral

administration of SASP [33]. This difference in drug

efficacy may be related to greater stability of SASP when

administered as a suppository as distinct from an oral

formulation. Since the proliferation of intestinal lamina

propria T lymphocytes can apparently be regulated by

cysteine secreted by activated antigen-presenting cells

[22], the effectiveness of the treatment with SASP

suppositories may be based on interference by intact

SASP with the cysteine secretion by the monocytes. With

regard to the use of SASP as an anticancer drug it is of

major interest that azo cleavage of orally administered

SASP appears to be markedly reduced in patients taking

antibiotics [34]. This suggests that oral, short-term

administration of SASP against malignancies such as

lymphoid cancers may be effective when used in

combination with antibiotics.

Conclusion
Evidence has been obtained that SASP at certain

concentrations can inhibit proliferation of lymphoma

cells by interfering with the cysteine supply by somatic

cells, without affecting the viability of the somatic cells.

Such action may underlie the marked arrest by SASP of

lymphoma transplant growth in rats without major side

effects to the hosts.
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