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T-lymphocytes from tumour-bearing mice are able to trigger the angiogenic cascade. Since it is 
known that tumour growth produces reactive oxygen species (ROS), the aim of this study was to 
evaluate the role of hydrogen peroxide (H202) on the activation of lymphocytes and their induction 
of this vascular response. Studies on lymphocytes, stimulated in vitro by ROS to induce angiogen- 
esis, showed that only the enzyme catalase (CAT) could block the activation. The incubation of nor- 
mal lymphocytes with H202 stimulated these cells to induce angiogenesis. The administration of 
H202 or an oxidative stress-producing drug (doxorubicin) to normal mice activated in viva angio- 
genesis. In tumour-bearing mice, high levels of lipid peroxidation products were observed in the 
spleen, but not in the liver or kidney. Moreover, when the ROS scavenger enzyme activities (super- 
oxide dismutase (SDM) and CAT) were determined, we observed low CAT activity in normal 
spleens, reflected in a high SDM/CAT ratio, when compared to liver or kidney values. We also 
showed an increasing value of the SDM/CAT ratio with tumour growth. These results strongty 
suggest that H202 could be involved in the mechanisms of lymphocyte activation and their induction 
of angiogenesis during tumour growth. 0 1997 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 
SOLID TUMOURS induce an angiogenic response by the host 
blood vessels to form a new vascular network for the supply 
of nutrients and oxygen [l]. This neovascular response is 
partly responsible for tumour growth and metastatic spread 

[2, 31. 
Dave1 and associates [4, 51 have previously observed that, 

in addition to tumour cells, T-lymphocytes from tumour- 
bearing mice induced angiogenesis in syngeneic animals. 
This response, called syngeneic lymphocyte-induced angio- 
genesis (SLIA), was detected early after tumour implant, 
showing a fast spleen-cell recognition of tumour presence. 

During tumour development, reactive oxygen species 
(ROS) are produced [6, 71. Although high concentrations of 
ROS are known to cause serious injury to tissues and cell 
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death [8], they are also involved in normal cell mechanisms. 
There is now a large body of evidence that different cell 
types are able to enhance ROS production following extra- 
cellular stimulation with phorbol 12-myristate- 13-acetate 
(PMA) and physiological concentrations of cytokines, such 
as tumour necrosis factor (TNF) or interleukin-1 (IL-l) [9, 
lo]. Moreover, it has been demonstrated that oxidative 
phenomena are implicated in T-cell stimulation [l 1, 121 
and that IL-2 production could be regulated by hydrogen 
peroxide (H202) [13], suggesting that ROS can be used for 
intracellular signalling. 

We have recently demonstrated that lymphocyte-induced 
angiogenesis is triggered by ROS stimulation, and that this 
response can be blocked by the administration of a free rad- 
ical scavenger to tumour bearing mice. Furthermore, we 
have also stimulated normal lymphocytes to induce angio- 
genesis with oxygen free radicals in vitro [ 141. 

In the present study we investigated the role of different 
ROS scavengers on the stimulation of lymphocytes and their 
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induction of angiogenesis, and the effect of in viva adminis- 
tration of oxidative stress-related compounds (doxorubicin 

and HaOs). Finally, we determined lipid peroxidation and 
antioxidant enzyme activities in the spleen of normal and 
S13 tumour-bearing mice in order to observe whether oxi- 
dative stress takes place in this organ. 

MATERIALS AND METHODS 
Animals 

All the assays were performed with 3 to 4 month-old 
BALB/c male mice obtained from our animal breeding 

centre. 

Tumour 

A syngeneic adenomammary carcinoma, S13, which orig- 
inally appeared spontaneously in BALBic mice was used. It 
was maintained by serial subcutaneous (s.c.) transplan- 
tations into the right flank of normal mice. Mice died ap- 

proximately 30 days after tumour inoculation, when the 
tumour reached 30% of the body weight. At time of death, 
80% of animals had developed lung metastasis [15, 161. 

Animal treatments 

Treatments were performed as follows. Three groups con- 
sisted of four mice each, and each animal was injected iv. 
via the caudal vein with doxorubicin (DOX)(Farmitalia, 
Milan, Italy), 10 mg/kg body weight DOX 20 mg/kg b.wt., 
or lactose (vehicle) in 0.2 ml. DOX was injected in a single 
dose 48 h before the SLIA assay. Mice in another three 
groups were injected intraperitoneally (i.p.) with 0.5 ml of 
HzOz (Sigma Chemical Co.) 100 PM, HzOz 500 uM or 
saline (vehicle) once a day for 2 days. 

Spleen cell suspensions 

Spleen cells were obtained from tumour-bearing mice 25 
days after tumour transplantation or from normal mice. 
Spleen cell suspensions were performed by teasing and 
abrading spleen tissue against a stainless steel screen 
immersed in TC 199 (Gibco, Grand Island, New York, 
U.S.A.). Further disruption of clumps was achieved by pas- 
sing the cell suspension in and out of a syringe. These sus- 
pensions were used in the SLIA assay. 

Lymphocyte exposure to oxidant injury 

Normal spleen cells were exposed to oxidant injury by 
incubation with the xanthine-xanthine oxidase system 
(X/X0) or H202. Ten milliliter suspensions with 2 x 10’ 
lymphocytes were incubated at 37°C for 90 min in a hu- 
midified 95% air 5% COz atmosphere. Incubation took 
place in the presence of the following media: TC 199 sup- 
plemented with 2 ~.IM xanthine (Sigma Chemical Co., St 
Louis, Missouri, U.S.A.) and 0.0075 U/ml xanthine oxidase 
(Sigma, Grade 1, 0.64 U/mg protein), or TC 199 sup- 
plemented with H202 (Sigma Chemical Co.). Anti-oxidant 
enzymes or compounds such as CU-Zn superoxide dismu- 
tase (SDM from bovine erythrocyte, 790 U/mg protein) 
(Biosidus, Buenos Aires, Argentina), catalase (CAT from 
bovine liver, 2000 Uimg protein) (Sigma Chemical Co.) or 
dimethyl sulphoxide (DMSO) (Sigma Chemical Co.) were 
used in different incubations. 

Angibgenesis assay 

Lymphocytes obtained from different experimental groups 
were tested in the SLIA assay. A drop of diluted trypan 
blue was added to the final suspension to facilitate sub- 
sequent location of the injection site. Spleen cells (4 x lo6 
in 0.1 ml of TC 199) were injected intradermally (i.d.) into 
normal syngeneic mice. Each mouse received two injections 
midlaterally (one on each site) in the thoracolumbar region 
of the trunk. Five days later mice were killed with ether. 
The skin was carefully separated from underlying tissues 

and examined under a dissecting microscope (WILD) at 
6.4x magnification [17, 181. 

QuantiJication of vasculariiation 

The quantification of vascularisation was determined by 
measuring the vessel density as follows: photographs were 
taken of mouse skin, placing the site of inoculation in the 
middle of the slide. The slides were projected on to a reticu- 
lar screen, each square corresponding to 1 mm2 of skin. 
The total area measured was 216 mm2 in all cases. To 

count the number of vessels in each square (double blind), 
the criteria of the original Auerbach’s methods was applied 

[ 191. The density (6) of the vessels around each inoculation 
site was determined as: 

d= 
C number of blood vessels per square 

number of total counted squares 

Tissue sample preparation 

Liver, kidney and spleen from normal or tumour-bearing 
mice were washed in cold saline solution several times and 

then homogenised in cold potassium phosphate buffer 50 
mM and pH 7.0 with a tissue homogeniser Ultraturrax 
Antrieb T-25 (Janke & Kunkel IKA Laboratory) at a setting 
of 20 500 rpm and centrifuged at 3000g for 10 min. The 
cold homogenate was aliquoted for the lipid peroxidation 

assay (LPO) and for superoxide dismutase (SDM) and cata- 
lase (CAT) determination. Butylated hydroxytoluene 

(BHT) was added to the LPO sample, and then assayed, 
while SDM and CAT samples were frozen (-40°C) until 
enzyme determination. The SDM sample was sonicated in 
ice by a Vibra-Cell (High Intensity Ultrasonic Processor, 

Sonics & Materials, Inc., Danbury, Connecticut, U.S.A.) 
before the assay. 

Superoxide dismutase assay 

Total SDM activity was determined by the adrenalin to 
adenochromo autoxidation assay [20]. The reaction mixture 
contained 50 mM glycine buffer at pH 10.2 and 60 mM 
adrenalin pH 2. The reaction was carried out at 30 C. The 
rate of increased absorbance at 480 nm was recorded with a 
Metrolab 325 digital spectrophotometer equipped with a 
thermostatised cell compartment. One SDM unit was 
defined as 50% inhibition of the autoxidation of adrenalin 
under assay conditions. Enzyme activity was expressed as 
unitsimg of proteins measured according to Lowry and as- 
sociates [2 11. 

Catalase assay 

Catalase activity was determined in tissue samples (1% 

Triton X-100) following the decomposition of HzOz at 240 
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nm [22]. The reaction mixture contained 10 mM H202 in 
3 ml of 50 mM potassium phosphate buffer at pH 7.0. The 
reaction was carried out at 25°C. One catalase unit was 
defined as the amount of enzyme that decomposes 1 pmol 

HzOz/min/ml. Enzyme activity was expressed as units/mg of 
protein. 

Lipid peroxidation assay 

LPO was assayed by measuring the production of thiobar- 
bituric acid reactive substances (TBARS) (expressed as mal- 
ondialdehyde (MDA) equivalents) [23]. Proteins from 
homogenate samples supplemented with 0.2% BHT were 
precipitated with one volume of 20% trichloroacetic acid 
(TCA). The reaction of 2-thiobarbituric acid (0.67% w/v) 

with the samples was carried out at 100°C for 30 min and 
the absorbance was measured at 532 nm. The TBARS con- 

tent was calculated by using a calibration curve prepared 
from malonaldehyde bis (diethyl acetal) (Aldrich Chemical 

Co., Milwaukee, U.S.A.) and expressed as TBARS/mg pro- 
tein. 

Statistical analysis 

The significance of the differences between groups was 
found either by Student’s t-test or ANOVA test. 

RESULTS 
Effect of reactive oxygen species on in vitro lymphocyte 

stimulation 

In order to fmd out the role of different ROS on lympho- 
cyte stimulation and induction of angiogenesis, we exposed 

normal lymphocytes to the superoxide anion generator 
system, xanthine-xanthine oxidase. Spleen lymphocytes 
obtained from normal BALB/c mice were incubated at 37°C 
for 90 min in TC 199 supplemented with xantbine (X) and 
xanthine oxidase (X0) and separated into groups according 
to the type of free radical scavenger added. As shown in 
Figure 1, lymphocytes incubated with xanthine-xanthine 
oxidase evoked a strong vascular response, which was inhib- 
ited by the addition of both SDM and CAT prior to the X- 
X0 reaction. Unexpectedly, the addition of SDM alone (a 
specific superoxide anion scavenger) did not result in inhi- 

bition of angiogenesis, while the addition of CAT (Hz02 
scavenger) dramatically blocked this response. It is note- 
worthy that the addition of SDM increased the vascular 
density induced by lymphocytes. We also tested the effect of 
DMSO (HO scavenger) on this incubation. As shown in 
Figure 1, neither 250 PM DMSO nor 500 PM DMSO 
inhibited lymphocyte activation. In all cases, lymphocyte 
viability was higher than 80%, with no significant cell death 
produced by ROS incubation. 

Hydrogen peroxide-induced lymphocyte angiogenesis 

In view of our results, we investigated whether Hz02 
could be an oxygen derivative molecule able to trigger the 
angiogenic response induced by lymphocytes. Lymphocytes 
obtained from normal mice were incubated in TC 199 sup- 
plemented with a graded concentration of HzOz for 90 min 
as was done with X-X0. Then, cells were injected into nor- 
mal mice to test the angiogenic response. As shown in 
Figure 2, while 0.6 and 2.5 PM Hz02 could not elicit a 
neovascular response, 10 and 40 PM H202 strongly stimu- 
late normal lymphocytes to induce angiogenesis. The ad- 
dition of CAT to the culture medium completely 

suppressed lymphocyte stimulation. With the doses of H202 
used, no significant cell death was observed compared with 
controls (less than 15%). 

In vivo stimulation of lymphocyte angiogenesis 

We performed experiments to find out whether lympho- 
cytes could be stimulated in vivo by the administration of 

the anthracycline, DOX or Hz02. As shown Figure 3, lym- 
phocytes obtained from DOX-treated mice (Figure 3a) or 
HzOz-treated mice (Figure 3b) strongly induce the angio- 
genie response. 

TBARS determination during tumour growth 

In order to study whether oxidative stress occurred during 
S13 tumour growth, we measured thiobarbituric acid reac- 

* 

* 

T 1 

Figure 1. Effect of different free radical scavengers on angio- 
genesis induced by lymphocytes stimulated with the 
xanthine-xanthine oxidase (X-X0) system. Normal lympho- 
cytes were incubated with: TC199 X-X0; X-X0 plus 50 U/ml 
SDM; X-X0 plus 60 U/ml CAT; X-X0 plus 50 U/ml SDM 
and 60 U/ml CAT and X-X0 plus 250 or 500 uM dimethyl 
sulphoxide (DMSO). The vascular density of 10 inoculated 
sites were determined in each experiment. *P < 0.05, 

ANOVA-compared with TC 199 levels. 
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Figure 2. Dose-response study on the ability of Hz02 to 
induce lymphocyte angiogenesis. Normal lymphocytes were 
incubated with graded concentrations of HrOr. The addition 
of 100 U/ml CAT and H202 is also shown. Each mean density 
value is the average of 10 inoculated sites. *PC 0.05, ANOVA. 

tive substances (TBARS) in the spleen, Kidney and liver of 

tumour-bearing mice. As shown in Figure 4, an increase in 

the values of TBARS was observed in the spleen as early as 

N DOX 10 DOX 20 Vehicle 

(b 
4.0. 

3.5 
c 
Zj 3.0 

C H202 100 H,O, 500 

Figure 3. Effect of the in viva administration of doxorubicin 
(DOX) and H,Or on SLLA. (a) Groups of mice were injected 
i.v. with, 10 (DOX 10) or 20 mg DOXkg b.wt. (DOX 20) or lac- 
tose (vehicle). N is the value corresponding to normal lympho- 
cytes (no treatment). (b) Groups of mice were injected i.p. 
with 0.5 ml of saline (C); 100 (HrOr 100) or 500 uM H202 (HrOr 
500). Spleen lymphocytes were isolated and tested in the SLIA 

assay. *PC 0.03, **PC 0.001, Student’s t-test. 

Liver 

I I I I 

0 5 10 17 

Days after tumuor implant 

Figure 4. TBABS measurement during tumour growth. MDA 
concentration was determined in liver, kidney and spleen, 5, 
10 and 17 days after S13 tumour implantation. Each point 
represents the mean of six independent measurements. 
Differences between each measurement and day 0 was done 

using Student’s t-test *PC 0.02, **PC 0.001. 

5 days after tumour implant, when S.C. transplants usually 
remain in a lag period. Liver and kidney did not show sig- 
nificant modifications during the first 17 days following 
tumour implant. 

Spleen antioxidant enzymes in normal and turnour bearing mice 

tissues 

In order to determine the capability of different organs to 
eliminate ROS, we first studied the activities of the main 
antioxidant enzymes SDM and CAT in normal mice. As 
shown in Figure 5, the spleen contained lower CAT activity 
than kidney and liver. Since, during oxygen metabolism, 
CAT eliminates Hz02, mainly produced by SDM activity, 
we compared SDM and CAT activities in each organ. 

While liver and kidney had a SDMCAT ratio of approxi- 

Liver Kidney 

0 CAT 

SDM 

SDM/CAT 1.59+0.30 1.76f0.25 9.73*3.22* 

Spleen 

Figure 5. Anti-oxidant enzyme determination on normal 
mice tissues. Superoxide dismutase and catalase activities 
were determined on liver, kidney and spleen. SDMKAT 
ratio is shown in the insert below the figure. Each mean 
value is the average of at least six independent determi- 
nations. SDiWCAT values were compared using ANOVA 

test. *PC 0.05. 



680 M. Monte et al. 

(a) 

i 

-’ I 1 I 
I I I I 
0 5 10 17 

Days after tumour implant 

(b) 
0.25 1 

_ 0.20 1 T 

0 ’ I I I I 
0 5 10 17 

Days after tumour implant 

Figure 6. Spleen SDM and CAT activities during tumour 
growth. (a) SDM and (h) CAT activities were determined in 
spleen tissues during tumour growth 5, 10 and 17 days 
after S.C. S13 tumour transplant. Each point is the mean of 
six determinations. No significant differences were observed 

in the enzyme activity during tumour growth. 

mately 1.59 f 0.30 and 1.76 f 0.25, respectively, this value 
was 9.73 f 3.22 in the spleen. When enzyme activities were 

determined in tumour-bearing mice, greater differences 
between SDM and CAT were observed (Figure 6). 

Moreover, as early as 5 days after tumour implant, the 
SDM/CAT ratio reached a value of 17.45 f 4.31 (not 
shown in the figure), mainly due to a decrease of CAT, 
pointing that during tumour growth this ratio became 
higher than in the normal spleen. 

DISCUSSION 

Angiogenesis is a very complex process that mainly 

involves the release of angiogenic factor/s, resulting in tissue 

neovascularisation. This is a key process for tumour devel- 

opment and metastasic spread. Angiogenic factors are not 

only released by tumour cells. Watt and Auerbach [24] have 

reported the production of a mitogenic factor for endothelial 
cells obtained from activated mouse lymphocytes. 

Early experiments in our laboratory indicated that T-lym- 
phocytes from tumour-bearing mice could induce angiogen- 
esis, with a direct correlation between the density of vessels 
and the metastatic capabilities of different tumours [4, 181. 
Moreover, we showed that different antigenic non-tumoral 

stimuli, with the capacity to activate the immune system, 
were unable to stimulate spleen cells to evoke an angiogenic 
response. Therefore, tumour cells seem to be the only anti- 

genie stimuli able to activate spleen lymphocytes to induce 
SLIA [25]. 

We carried out several experiments to elucidate the SLIA 
mechanisms, which included polyamine synthesis inhibition 
[26, 271 and treatment with certain biological modulators 
(indomethacin, copper, TNF, peptides of extracellular 

matrix) that showed anti-angiogenic properties because they 
could block the angiogenic response of lymphocytes from 
tumour-bearing mice [ 17, 28, 291. Soluble factors released 
by tumour cells growing within diffusion chambers placed 
i.p. could also activate lymphocytes to induce angiogenesis 

1301. 
We have recently demonstrated that active oxygen-derived 

species can play a role in angiogenesis induction. The anti- 
angiogenic effect, using a ROS scavenger (EGb-761), corre- 
lated with a decrease in the incidence and number of lung 
metastasis of S13 tumour [ 141. The exposure of normal 

lymphocytes to ROS generator medium, as we have already 
demonstrated, induced angiogenesis (Figure 1). 

In order to elucidate which ROS was involved in angio- 
genesis, we used specific ROS scavengers, SDM, CAT or 
DMSO. Although the X-X0 system specifically generates 

superoxide anion and uric acid, dismutation of the superox- 
ide anion to H202 spontaneously occurs. The presence of 

superoxide anion and Hz02 facilitates hydroxyl radical pro- 
duction, since its generation could arise from the Habber- 
Weiss reaction or the iron-catalysing Fenton reaction [31, 
321. When SDM was added, angiogenesis increased over 
that produced with X-X0 stimulation alone. This might be 

due to an overproduction of Hz02 caused by SDM activity. 
Treatment with both SDM and CAT entirely blocked the 
angiogenic response. CAT alone also abolished SLIA, indi- 
cating that Hz02 may be a key molecule in this process. 
With DMSO, no modification over background vascularisa- 
tion was observed. In addition, concentrations of H202 over 

10 PM triggered SLIA (Figure 2). 
Thus, this is the first study to show that Hz02 is a key in- 

termediate for stimulating lymphocytes to induce angiogen- 
esis. The same effect was obtained in viva with Hz02 
(Figure 3a). The administration of DOX known to induce 
oxidative stress in VZ’VO [33, 341 also induced a strong neo- 
vascular response (Figure 3b). Tesoriere and associates [35] 
showed evidence of oxidative stress in rats 48 h after the ad- 
ministration of DOX 10 mg/kg body weight, supporting our 
results. 

The fact that TBARS values in the spleen, but not in the 
liver or kidney, were increased in tumour-bearing mice, in- 
dicates that only spleen cells have increased oxidative stress 
when tumour cells are present. Moreover, during tumour 
growth, the spleen size of S13-tumour-bearing mice 
increases up to 4-fold, showing the spleen host response to 
the tumour (data not shown). The oxidative stress in the 
spleen could be the result of an active cell metabolism com- 
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bined with low anti-oxidant defences. Normal spleens 
exhibited low CAT activity compared to kidney and liver, 

and also low CAT activity compared to spleen SDM activity 
(Figure 5). During tumour growth, CAT activity tends to 
decrease in the spleen, increasing the difference with SDM 
activity (Figure 6). This feature of the spleen could be indi- 
cating the importance of Hz02 in the lymphocyte activiting 

process. 
Our findings suggest that, during tumour growth, Hz02 

plays an important role in lymphocyte activation. Although, 
in the S13 tumour, it has not yet been determined, several 
authors have reported superoxide anion and HzOz pro- 
duction by tumour cells [36, 371. Another possibility of 
H202 increase is that cells such as neutrophils and/or 

macrophages, activated by the tumour, release HzOz and 
superoxide anion during the oxidative burst [38], stimulat- 

ing lymphocytes to induce angiogenesis. Sherck and associ- 
ates [39] have reported that the transcription factor NF 
kappa-B is activated by the concentrations of HzOz used in 
this study. This fact, in addition to the effect of Hz02 on 

T-cell growth factor production reported by Roth and as- 

sociates, support our findings. 
In conclusion, oxygen derivatives could act as important 

biological messengers or response modifiers and the control 
of free radical overproduction may be a potential anti-angio- 
genie tumour therapy, particularly in tumours infiltrated by 

lymphocytes. 
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