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It is now well established that hypoxia is a common
feature of most animal solid tumours [1] and there is also
strong evidence that it exists in certain types of human

tumours [2]. In many respects tumour hypoxia can be
considered a double-edged sword. On one hand, the
presence of such cells have a negative impact. They are
known to be a major factor that leads to resistance to
various forms of non-surgical treatment, especially radi-
ation therapy [3]. More recent studies are now providing
evidence that hypoxic cells can also influence malignant
progression through effects on signal transduction path-
ways and the regulation and transcription of various genes
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A comparative assessment was undertaken into the ability of hydralazine and its less toxic analogue cadralazine to
decrease tumour perfusion and enhance the anti-tumour activity of hypoxic cell cytotoxins. The tumours were the Lewis
lung carcinoma grown on the backs of C57 mice and a C3H mammary carcinoma grown in the foot of CDF1 mice.
Tumour perfusion, as measured using Hoechst 33342 fluorescent labelling (Lewis lung) and 86RbCI extraction (C3H
mammary carcinoma), was reduced by 90% within 1 h after injecting both antihypertensive agents at a dose of 5 mg/kg.
But, while the hydralazine effect had almost returned to normal by 12 h, with cadralazine there was still a 50% reduction
at this time. These different perfusion changes did not appear to be related to the ability of these drugs to change mouse
blood pressure, since while hydralazine produced a maximal 51% decrease in mean arterial blood pressure, with cadrala-
zine only a 37% drop was seen. Injecting mice with hydralazine or cadralazine after injecting the bioreductive drug RSU-
1069 or the alkylating agent melphalan increased the response to both chemotherapeutic drugs, as measured with an
excision assay in the Lewis lung carcinoma. With RSU-1069 the enhancement ratios were 3.5 and 3.9 for hydralazine and
cadralazine, respectively, and for melphalan the respective enhancement ratios were 2.6 and 2.8. Both hydralazine and
cadralazine were able to enhance the tumour growth delay induced by hyperthermia (43.5°C) in the C3H mammary
carcinoma when injected prior to heating, and did so to the same degree giving rise to an enhancement ratio of 1.5. Since
cadralazine is as good as, if not better than, hydralazine at enhancing the anti-tumour activity of hypoxic cell cytotoxins
and is known to be less toxic, it would suggest it to be a superior agent for use as a vascular modifier.
Key Words: cadralazine, hydralazine, Lewis lung carcinoma, C3H mammary carcinoma, hyperthermia, chemotherapy.

Ïðîâåäåíà ñðàâíèòåëüíàÿ îöåíêà ñïîñîáíîñòè ãèäðàëàçèíà è åãî ìåíåå òîêñè÷íîãî àíàëîãà � êàäðàëàçèíà ñíè-
æàòü  ñêîðîñòü êðîâîòîêà â îïóõîëè (êàðöèíîìà ëåãêèõ Ëüþèñ è êàðöèíîìà Ñ3Í ìîëî÷íîé æåëåçû) è óñèëèâàòü
ïðîòèâîîïóõîëåâóþ àêòèâíîñòü öèòîòîêñèíîâ ãèïîêñè÷åñêèõ êëåòîê. Óñòàíîâëåíî, ÷òî ñêîðîñòü êðîâîòîêà â
îïóõîëè, èçìåðåííàÿ ñ ïîìîùüþ ôëóîðåñöåíòíîãî ìåòîäà ñ èñïîëüçîâàíèåì Hoechst 33342 (êàðöèíîìà Ëüþèñ)
è èçîòîïíîãî ìåòîäà ñ èñïîëüçîâàíèåì 86RbCl (êàðöèíîìà C3H), óìåíüøàëàñü íà 90% â òå÷åíèå 1 ÷ ïîñëå
ââåäåíèÿ îáîèõ ïðåïàðàòîâ â äîçå 5 ìã/êã. Êðîâîòîê âîçâðàùàëñÿ ïðàêòè÷åñêè ê íîðìå ÷åðåç 12 ÷ ïîñëå ââåäå-
íèÿ ãèäðàëàçèíà, òîãäà êàê ïðè ââåäåíèè êàäðàëàçèíà â ýòî âðåìÿ âñå åùå íàáëþäàëîñü åãî ñíèæåíèå íà 50%.
Ýòè ðàçëè÷èÿ â âîçäåéñòâèè íà êðîâîòîê, ïî-âèäèìîìó, íå áûëè ñâÿçàíû ñî ñïîñîáíîñòüþ îáîèõ ïðåïàðàòîâ
èçìåíÿòü àðòåðèàëüíîå äàâëåíèå (ÀÄ) ó ìûøåé, òàê êàê ãèäðàëàçèí âûçûâàë ñíèæåíèå ÀÄ  ìàêñèìàëüíî íà 51%,
êàäðàëàçèí � òîëüêî íà 37%. Îáíàðóæåíî, ÷òî ïðîòèâîîïóõîëåâûé ýôôåêò áèîðåäóêòèâíîãî ïðåïàðàòà RSU-1069
èëè àëêèëèðóþùåãî àãåíòà ìåëôàëàíà áûë óñèëåí ó ìûøåé, êîòîðûì ââîäèëè ãèäðàëàçèí èëè êàäðàëàçèí. Êîýô-
ôèöèåíò óñèëåíèÿ äëÿ RSU-1069 ñîñòàâèë 3,5 è 3,9  ïðè ââåäåíèè ãèäðàëàçèíà è êàäðàëàçèíà, äëÿ ìåëôàëàíà �
2,6 è 2,8 ñîîòâåòñòâåííî. Ãèäðàëàçèí è êàäðàëàçèí óñèëèâàëè ïðîòèâîîïóõîëåâûé ýôôåêò ãèïåðòåðìèè (43,5°Ñ)
â îïûòàõ ñ êàðöèíîìîé C3H ïðè óñëîâèè ââåäåíèÿ èõ äî íàãðåâà. Ýôôåêò îáîèõ ïðåïàðàòîâ áûë îäèíàêîâ,
êîýôôèöèåíò óñèëåíèÿ ñîñòàâèë 1,5. Ó÷èòûâàÿ òî, ÷òî êàäðàëàçèí ïðîÿâëÿåò òàêîå æå, åñëè íå áîëåå ñèëüíîå,
äåéñòâèå ïî ñðàâíåíèþ ñ ãèäðàëàçèíîì, è ÿâëÿåòñÿ, êàê èçâåñòíî, ìåíåå òîêñè÷íûì, ìîæíî ïðåäëîæèòü åãî äëÿ
ïðèìåíåíèÿ â êà÷åñòâå ïðåâîñõîäíîãî ìîäèôèêàòîðà âíóòðèîïóõîëåâîãî êðîâîòîêà.
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[4, 5]. On the other hand, hypoxic cells have been shown
to be sensitive to bioreductive drugs and hyperthermia
and as such will have a positive influence on therapy [6,7].

The concept that the sensitivity of tumours to certain
treatments can be increased by the presence of hypoxia
has lead to numerous attempts to try and increase the
degree of tumour hypoxia prior to therapy. One of the most
popular agents used in this context is hydralazine. This
antihypertensive drug [8] has been shown to substantially
decrease blood flow in a variety of tumours [9–14]. This
effect leads to changes in both tumour oxygenation sta-
tus [11, 15, 16] and energy metabolism [17–19]. As a re-
sult, hydralazine will enhance the anti-tumour effect of a
range of agents, including bioreductive drugs [10, 20],
hyperthermia [11,13] and certain chemotherapeutic drugs
such as melphalan [15, 21, 22] and chlorambucil [23].

Unfortunately, hydralazine fell into disripute when
serious questions were raised about its clinical relevance.
It was shown, using 31P magnetic resonance spectros-
copy, that despite the effect of this vascular modifier in
transplanted mouse tumours it was ineffective at induc-
ing similar changes in spontaneous mouse tumours [24,
25]. Furthermore, one clinical study suggested that in
humans tumour blood flow actually increased after ad-
ministering hydralazine [26]. Despite additional pre-clini-
cal studies demonstrating that these criticisms were in-
deed not valid [14, 27], hydralazine was never resur-
rected. However, attempts are still being made to find
appropriate agents that can increase tumour hypoxia prior
to treatment with hypoxic cell-specific cytotoxic agents.

Cadralazine is an analogue of hydralazine, with an-
tihypertensive properties [28]. Studies in both large ani-
mals and humans suggest that cadralazine is as good
as, if not better than, hydralazine as an antihyperten-
sive agent, but certainly far less toxic [29, 30]. The aim
of this study was to undertake a comparative assess-
ment of cadralazine with hydralazine in terms of their
antihypertensive activity, ability to reduce tumour blood
flow and to enhance the antitumour effect of agents
that are known to be prefentially effective against cells
under conditions of reduced oxygenation.

MATERIALS AND METHODS
Animals and tumor models. Experiments were

performed using the Lewis lung carcinoma grown in fe-
male C57BI/6 mice, or a C3H mammary carcinoma
grown in female C3D2F1/Bom mice. For Lewis lung
carcinoma, experimental tumors were produced by sub-
cutaneous injection of 105 to 106 viable tumour cells
(obtained following excision and enzymatic disaggre-
gation of tumours grown in the gastrocnemius muscle)
over the sacral region of the back and were used when
the tumours attained a mean diameter of 6–9 mm. With
the C3H mammary carcinoma, large flank tumors were
surgically excised, macroscopically viable tumor tissue
minced with scissors, and 5–10 µl of this material in-
jected into the foot of the right hind limb of the experi-
mental animals. Treatments were carried out when tu-
mors had reached a volume of about 200 mm 3 as de-
termined by the formula: D1x D2 x D3 x π/6 (where the
D values represent three orthogonal diameters). All the

experiments were performed under Nationally approved
guidelines for animal welfare.

Drug preparation. All drugs were prepared fresh
before each experiment. Hydralazine and cadralazine
were supplied by Ciba-Giegy Corp. (Copenhagen,
Denmark), dissolved in saline and injected either intra-
venously (i.v.) or intraperitoneally (i.p.) at an injection
volume of 0.01–0.02 ml/g body weight. RSU-1069 was
a gift from Drs. Adams, Stratford and Jenkins (MRC
Radiobiology Unit, Chilton, UK). It was dissolved in sa-
line and i.p. injected at 0.01 ml/g. Melphalan (Sigma
Chemical Co., St. Louis, USA) was dissolved in 1% acid
alcohol, diluted in saline and i.p. injected at 0.01 ml/g.

Cell survival assay. Lewis lung tumours were ex-
cised 18 h after treatment. For each treatment group
2–4 mice were used. The tumours were pooled, washed
with phosphate buffered saline, chopped using crossed
scalpels and weighed. The resulting fragments were
disaggregated by gentle agitation for 30 min with an
enzyme cocktail of trypsin (0.1%), DNase (0.05%) and
collagenase (0.02%). The resulting cell suspension was
filtered through a polyester mesh (50 µ pore size), cen-
trifuged, and the cell pellet resuspended in medium
(MEM + 20% foetal calf serum). Cell suspensions were
subsequently counted on a haemacytometer and cell
viability assessed using the soft agar clonogenic assay
[31]. Briefly, known numbers of cells were suspended
in 0.3% agar medium overlaid onto a 0.5% agar medi-
um based layer and incubated at 37°C in a water sa-
turated atmosphere of 5% CO 2 and 90% N2 for 14 days.
Tumour colonies of more than 50 cells were then coun-
ted with the aid of a microscope. Cell survival was ex-
pressed as the fraction of surviving cells/g tumour, cor-
rected for the plating efficiency.

Tumour heat treatment and response. All heat treat-
ments were administered locally to tumours. To achieve
this non-anaesthetised mice were restrained in specially
constructed lucite jigs. The tumor-bearing legs were then
exposed and loosely attached to the jig with tape, without
impairing the blood supply to the foot. Hyperthermia was
delivered by immersing the leg into a circulating water bath
(type TE 623, from Heto, Birkerød, Denmark) stabilized to
± 0.02°C of the adjusted temperature. The water bath was
covered with a lucite plate with holes allowing immersion of
the foot approximately 1 cm below the water surface. Pre-
vious measurements of intratumoral temperature have
shown stabilization within a few minutes to approximately
0.2°C below the water bath temperature [11]. The temper-
ature of the water bath was, therefore, adjusted to 0.2°C
above the desired tumor temperature. All temperature mea-
surements were calibrated against a certified precision mer-
cury thermometer. The response of tumors to heat treat-
ment was assessed using a regrowth delay assay. Basi-
cally, tumor volume was measured 5 times each week after
treatment, as described earlier, and the time taken to reach
5 x the treatment volume determined.

Skin heat treatment and response. Mouse foot skin
was used to assess normal tissue response to heat. Skin
was locally heated as described for the tumour experi-
ments. However, due to the absence of a tumour, it was
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not possible to loosely attach the leg to the restraining jig
with tape. Instead, the leg was fixed in the correct position
by the use of histoacrylic glue. Essentially a small drop of
glue was placed on the jig in the region of the uppermost
part of the leg. The leg was then firmly compressed against
the jig with tape for a 5-min period, after which time the
tape was loosened and the mouse left for 10 min before
treatment started. By this procedure blood flow to the foot
at the time of treatment was not impaired and the use of
anaesthetics avoided. The leg was easily detached from
the jig after treatment. Mice were then observed daily for
the first 2 weeks after treatment and twice a week there-
after. Skin reaction was recorded according to a scoring
system previously described [32].

Estimates of tumour perfusion. Blood perfusion in
the Lewis lung tumour was determined by measuring mean
cellular fluorescence of cells disaggregated from tumours
excised 20 min after i.v. injection of the bisbenzamide fluo-
rochrome, Hoechst 33342 (Sigma). Following Hoechst in-
jection tumours were excised and disaggregated as de-
scribed above for the cell survival assay. Hoechst binding
was quantified using flow cytometry. Mean cellular fluo-
rescence was calculated from distributions of at least 10,000
cells. Hoechst intensity was measured using excitation at
350–360 nm (40 mW power) and emission monitored with
a 449 ± 10 nm band pass filter. For the C3H mammary car-
cinoma and normal foot skin the 86RbCI extraction tech-
nique was used [33]. Basically 0.1 ml RbCI (specific activity
37–296 MBq/mg; Amersham International, Little Chalfont,
UK) was i.v. injected into each mouse. A short time after
the mice were sacrificed and the right rear leg clamped to
prevent further flow to the foot. The time interval between
RbCl injection and mouse sacrifice was 1 min for the skin
experiments and 2 min for the tumour studies. These time
intervals were selected because the uptake of the radio-
isotope has been shown to be constant in these tissues at
those times (Horsman, unpublished observations). Imme-
diately after sacrifice the foot skin or tumour material were
excised and transferred to pre-weighed counting tubes.
Care was taken to separate the tumour and skin from all
other normal tissues and to wipe off any excess blood. Tails
of injected mice were also excised and counted to check
on residual activity at the site of injection. Samples were
rejected if the tail counts were greater than 10% of the in-
jected solution. Radioactive determinations were made on
a Packard Gamma counter (Auto-gamma 5650 model)
and radioactive counts/min were expressed as percent-
age injected/g tissue.

Blood pressure measurements. Exact details of this
procedure have been previously described [34]. Basical-
ly, mice were given an i.p. injection of pentobarbital an-
aesthetic (60 mg/kg). Under anaesthesia the carotid ar-
tery was surgically exposed and a small fluid-filled tube,
containing 100 IU/ml of heparin in saline, inserted about
1 cm into the artery and ligatured in position. The tube
was then heat-sealed and passed under the skin and out
through the nape of the neck. All incisions were then liga-
tured and the mice returned to individual cages with food
and water and allowed to recover overnight. The follow-
ing day they were transferred to jigs which restained them,

yet allowed access to the small tube still inserted in the
carotid artery. By breaking the sealed end and attaching
the tube to a pressure transducer (Siemens-Elema AB,
Solna, Sweden), repeated blood pressure measurements
could be made on the same non-anaethetised mouse,
both before and after drug injection.

RESULTS
The ability of both hydralazine and cadralazine to

change blood perfusion in the Lewis lung carcinoma
and the C3H mammary carcinoma is illustrated (Fig. 1).
In both tumour types hydralazine causes a 90% re-
duction in perfusion within 1h following drug injection,
after which perfusion begins to recover, almost return-
ing to control levels by 12 h. With cadralazine, perfu-
sion is also reduced by 90% 1 h after injecting the drug,
but unlike that seen with hydralazine the recovery is
much slower, such that by 12 h after injection perfusion
in both tumours is still reduced by more than 50%.

Fig. 1. The effect of hydralazine (5 mg/kg) or cadralazine (5 mg/kg)
on perfusion in the Lewis lung carcinoma and the C3H mammary
carcinoma. Mice were injected with the vascular modifier and then at
various times given a single injection of either Hoechst 33342 (Lewis
lung) or 86RbCI (C3H mammary carcinoma). Tumours were subse-
quently excised and uptake of the markers recorded. Results show
means (±1 S.E.) from at least 6 mice/group in control animals (shad-
ed area), or mice treated with hydralazine (m) or cadralazine (l)

Fig. 2 shows the effect of hydralazine and cadrala-
zine on the response of the Lewis lung tumour to RSU-
1069 and melphalan. For both chemotherapeutic drugs
their is a decrease in cell survival within increasing drug
dose administered. Hydralazine and cadralazine alone
each have a small effect on survival, but more impor-
tantly they both also enhance the tumour response to
RSU-1069 and melphalan when given after the che-
motherapeutic drugs. With RSU-1069 an enhancement
ratio of 3.5 was found with hydralazine and a slightly
higher value of 3.9 with cadralazine, while for melphalan
enhancement ratios of 2.6 and 2.8 were obtained with
hydralazine and cadralazine, respectively.

The effect of injecting hydralazine or cadralazine on
the heat response of the C3H mammary carcinoma and
normal foot skin are shown in Fig. 3 and 4. A linear
relationship was seen between the heating time and
the growth time of this tumour model (Fig. 3). Similar
linear relationships were found when tumours were
heated after injecting hydralazine or cadralazine, but in
each case the curves are characterised by a steeper
slope than seen with heat alone. The enhancement
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Fig. 4.  The effect of hydralazine (5 mg/kg) or cadralazine
(5 mg/kg) on the response of normal foot skin to heat. Mice were
injected with vascular modifiers 30 min prior to local heating of
the mouse foot skin at 43.7°C for various times and the heating
times required to produce the relevant skin score in 50% of treated
animals was estimated. Results show means (± 95% confidence
intervals) for a minimum of 8 mice/group in animals given either
heat alone (m) or vascular modifier with heat ( l)

Fig. 5.  The effect of hydralazine (5 mg/kg) or cadralazine (5 mg/kg)
on mean arterial blood pressure (MABP) or perfusion in normal
foot skin of CDF1 mice. Mice were injected with the vascular modi-
fiers and then at various times after either had their MABP mea-
sured, or were given a single injection of 86RbCI and the foot skin
excised and radioactive uptake recorded. Results show means
(±1 S.E.) from at least 4 mice/group in control animals (shaded
area), or mice treated with hydralazine ( m) or cadralazine (l)

Fig. 3.  The effect of hydralazine (5 mg/kg) or cadralazine (5 mg/kg)
on the response of the C3H mammary carcinoma to heat. Mice
were injected with vascular modifiers 30 min prior to local tumor
heating at 43.5°C for various times and the tumour growth times
(time to reach 5x the treatment volume) determined. Results show
means (±1 S.E.) for a minimum of 10 mice/group in animals given
either heat alone (m) or vascular modifier with heat ( l)

ratios for these effects were approximately 1.5 for both
hydralazine and cadralazine. Both vascular modifiers
also enhanced the response of normal foot skin to heat-
ing (Fig. 4), and as seen in the tumour, they gave rise
to an identical average enhancement ratio of about 1.5.

Fig. 5 illustrates the hydralazine and cadralazine in-
duced changes in mean arterial blood pressure (MABP)
and skin perfusion in normal mice. Hydralazine gives rise
to a 50% reduction in MABP within 30 min following in-
jection. Although MABP is seen to increase at longer time
intervals, by 8 h it is still 25% below that found in control
animals. This same dose ot hydralazine has a very tran-
sient and minimal effect on normal skin perfusion. With
cadralazine slightly different effects are observed. It also
decreases MABP, but not to the same degree as seen
with hydralazine. Conversely, in normal skin perfusion is
reduced by greater than 50% within 15 min after injecting
and it only returns to normal after 4 h.

DISCUSSION
This study has demonstrated that both hydralazine and

its analogue cadralazine can substantially reduce blood
perfusion in the Lewis lung carcinoma and the C3H mam-
mary carcinoma. For both agents the effect were maxi-
mal, reaching a 90% decrease in both murine tumours,
within the first hour following injection. After this time tu-
mour perfusion in the hydralazine treated animals began
to recover, such that by 12 h perfusion was only 20% less
than that seen in control animals. Some recovery was
also seen in the cadralazine treated mice, but it was not
as large as found with hydralazine and after 12 h perfu-
sion was still reduced by 60%. There have been no pre-
vious reports on tumour blood perfusion changes induced
by cadralazine, but a number of studies have shown similar
perfusion effects with hydralazine [9, 10, 12, 13]. For hy-
dralazine the changes in tumour perfusion in the C3H
mammary carcinoma have been shown to be related to
the drug-induced changes in MABP [14]. However, this
does not seem to be the case with cadralazine. The maxi-
mal reduction in perfusion occurred at the same time and
to the same degree with both vascular modifiers, yet the

Fig. 2.  The effect of hydralazine (5 mg/kg) or cadralazine (5 mg/kg)
on the response of the Lewis lung carcinoma to RSU-1069 or
melphalan. Mice were injected with the vascular modifiers 20 min
after injecting various doses of RSU-1069 or melphalan, and tu-
mours were excised 18 h later and cell survival measured. Re-
sults show means (±1 S.E.) from 4 to 5 experiments for mice gi-
ven either the chemotherapeutic drug alone ( m), or prior to ad-
ministering hydralazine (l) or cadralazine (s)
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cadralazine-induced MABP changes at this time were
less severe than those seen with hydralazine. By 8 h
MABP had recovered to a level that was almost identical
for both drugs, but perfusion was drammatically different.
It has been demonstrated that to reduce tumour perfu-
sion with hydralazine it is necessary to have at least a
15% decrease in MABP [14], which is difficult to achieve
clinically and has been one of the factors limiting the use
of this drug in cancer patients. However, our data suggest
that with cadralazine such a large reduction in MABP may
not be necessary to achieve the same reduction in perfu-
sion, giving cadralazine a potential clinical advantage. This
aspect clearly needs further investigating.

The results obtained in this study also clearly demon-
strated that hydralazine and cadralazine could enhance the
tumour cytotoxicity of RSU-1069 and melphalan. RSU-
1069 is a well established bioreductive drug that shows
preferential activity against hypoxic cells in vitro [6]. Sever-
al studies have also shown that the anti-tumour activity
in vivo can be substantially increased if tumour perfusion is
compromised thus increasing the level of tumour hypoxia
[10, 15, 20]. Our results suggested that cadralazine might
be slightly superior to hydralazine in potentiating RSU-1069,
and this certainly needs additional investigation. RSU-1069
is probably not the bioreductive drug to use in such addi-
tional studies, because it is known that this drug can cause
gastrointestinal toxicity [6], but there are several other po-
tential bioreductive agents that would be good candidates,
and these include tirapazamine, AQ4N, E09 and chloram-
bucil N-oxide [6]. The vascular modifiers also enhanced
tumour cell killing by melphalan, and again our prelimi-
nary data suggest that cadralazine might be slightly su-
perior to hydralazine. A hydralazine-induced increase in
sensitivity to melphalan has been found in other murine
tumour models, and the effect has been attributed to an
increase in melphalan retention in the tumour due to the
reduction in flow [15, 21]. However, such a flow reduction
will also decrease tumour pH [17, 19], and since cells at
lower pH are more sensitive to melphalan [22], this may
also play a significant role in the enhancement. Indeed,
hydralazine has also been shown to increase the anti-
tumour response of chlorambucil which is another pH de-
pendent drug [23], and further supports the idea that tu-
mour pH effects are important.

A decrease in tumour pH resulting from the reduction in
perfusion induced by these vascular modifiers is also the
most likely explanation for the enhancement of heat dam-
age seen in this study. Heating the C3H mammary carci-
noma after injecting hydralazine or cadralazine gave rise to
1.5-fold increase in heat damage. Additional studies have
also documented that the response of tumors to heat can
be increased if blood flow is reduced either by clamping
[35–37], using transient physiological modifiers [13, 38, 39],
or vascular damaging agents [40, 41]. The reduced blood
flow can lead to both a better tumor heating [9, 11, 12, 39]
and an increase in tumor damage [11, 13, 39]. Previous
studies in this C3H mammary carcinoma demonstrated that
most of the enhancement of heat damage by hydralazine
was the result of the latter rather than the former mecha-
nism [11]. This increased heat damage occurs because

the reduction in tumor blood flow results in an increase in
tumor hypoxia and associated tumor acidosis, and several
in vitro studies have shown that prolonged oxygen depri-
vation of cells will increase their sensitivity to heat, an effect
that is due to hypoxia-induced metabolic perturbations rath-
er than hypoxia per se [42–44]. In this study there was also
an equivalent increase in heat-induced skin damage by
hydralazine and cadralazine. Why these agents should in-
crease the heat effect in skin is not immediately apparent. It
certainly does not appear to be associated with any reduc-
tion in perfusion, because although a substantial decrease
in skin perfusion was seen after injecting cadralazine, little
or no effect was found after hydralazine treatment. When
comparing the tumour and skin results there was no ther-
apeutic benefit of adding a vascular modifier, but clinically
a benefit could be achieved simply by cooling the skin and
thereby reducing the heat effect on this tissue, without ef-
fecting the tumour response.

In conclusion, this study has demonstrated that
cadralazine is as good as, if not better than, hydralazine
at enhancing the anti-tumour effect of various hypoxic
cell-specific cytotoxins. Since the changes in tumour
perfusion may be occurring without the same decrease
in MABP as seen with hydralazine and, coupled with the
obsevations of others, that cadralazine is less toxic than
hydralazine in large animals and humans [29, 30], it sug-
gests that cadralazine may be a much better agent for
future testing as a vascular modifier.
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