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Improvement in local control in a foot-implanted (200 mm3) C3H mouse mammary carcinoma by combining vascular targeting drugs,
mild hyperthermia and radiation was investigated. The vascular targeting drug was � avone acetic acid (FAA; 150 mg:kg) intraperitoneally
injected either 3 h before local tumor water-bath heating or 1 h after local tumor irradiation. For untreated tumors, the average (91
S.E.) tumor growth time (TGT; time to reach 5½ treatment volume) was 7.1 days (90.4). This was increased to 9.2 days (90.7) by
using FAA. Heating also increased TGT, the effect being temperature and time dependent, and this heat response was further increased
by FAA. The radiation dose (995% con� dence interval) to control 50% of tumors (TCD50) 90 days after irradiation was 52 Gy (50–55)
for radiation alone. This was decreased to 42 Gy (39–45) by FAA, 47 Gy (45–50) by heating (41.5°C; 60 min) 4 h after irradiation, and
to 28 Gy (22–35) by combining FAA and heat. Thus, vascular targeting drugs can improve the ef� cacy of mild hyperthermia and
radiation.
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ORIGINAL ARTICLE

It is well established that hyperthermia is an effective
method for enhancing the radiation response of animal
tumors in vivo (1, 2). However, despite numerous clinical
studies with radiation and heat, only a few trials have
actually demonstrated any clear bene� t of this combina-
tion (3–5). One of the major reasons for this lack of
success in the clinic is the failure to adequately heat human
tumors. Most animal studies have shown that when radia-
tion and hyperthermia are given simultaneously, then all
heat temperatures will enhance radiation damage, the ef-
fect simply getting larger as the temperature increases (2).
However, if the radiation and heat are given in a sequen-
tial schedule, as occurs in most clinical studies, then tem-
peratures in excess of 42.5°C are typically required
to substantially enhance tumor response to radiation, with
little effect seen at the lower, mild hyperthermia tempera-
tures (2). These lower thermal doses are the most com-
monly seen clinically (6). To improve this situation, one
must either develop more ef� cient ways to heat human
tumors or � nd a method that can turn the mild hyperther-
mia temperature into an effective treatment.

The blood � ow to a solid tumor is probably the most
important factor that in� uences the response of that tumor

to hyperthermia. Blood � ow is one of the major vehicles
by which heat is dissipated, thus affecting the ability to
heat the tumor (7, 8). It also controls the type of environ-
ment that exists within tumors (9, 10) and this will in� u-
ence the degree of heat damage (11–13). The importance
of tumor blood � ow is clearly shown from studies in which
the response of solid tumors to heat is signi� cantly in-
creased if tumors are heated when the blood � ow has been
compromised either by clamping (14–16) or drug manipu-
lation (17–21).

One agent that is very effective in shutting down tumor
blood � ow is � avone acetic acid (FAA; (22–27)). This
drug is a synthetic � avenoid that has been shown to have
a broad spectrum of activity against murine solid tumors
(28–30), primarily as a result of inducing vascular damage
(31–33). Unfortunately, in preliminary clinical studies the
drug was shown to be ineffective (34, 35). Nevertheless,
because the drug has been extensively used in vivo it is the
perfect agent for demonstrating ‘proof-of-principle’ effects
of vascular damaging drugs. Indeed, by using FAA several
studies have clearly shown the potential of vascular target-
ing drugs to enhance heat damage at high temperatures
(26, 27, 36). What has never been demonstrated is whether
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vascular targeting drugs can also in� uence the effect of
heat at the more clinically realistic mild heat temperatures.
Nor has it been shown if such drugs, with low temperature
hyperthermia, can be used to improve the ef� cacy of
radiation. This is important, because it is the most likely
clinical application of such combination therapy. The aim
of the current study was to use FAA to address these
questions in a C3H mouse mammary carcinoma.

MATERIAL AND METHODS

Animal and tumor model

All experiments were performed on female C3D2F1:Bom
(C3H:Tif female½DBA:2 male) mice. The tumor model
used was the C3H mouse mammary carcinoma, the deriva-
tion and maintenance of which has been described previ-
ously (37). Experimental tumors were produced following
sterile dissection of large � ank tumors. Macroscopically
viable tumor tissue was minced with a pair of scissors, and
5–10 ml of this material injected into the foot of the right
hind limb of 10–14-week-old experimental animals. Treat-
ments were carried-out when the tumors had reached a
volume of about 200 mm3, which generally occurred
within 3 weeks after challenge, and was determined by the
formula: D1½D2½D3½p:6 (where the D values repre-
sent three orthogonal diameters). All the experiments were
performed under nationally approved guidelines for ani-
mal welfare.

Drug preparation

FAA was supplied by Lyonnaise Industrielle Pharmaceu-
tique (LIPHA, Lyon, France) and was freshly prepared
before each experiment by dissolving in a 1% Na2CO3

solution. Drug injections were given intraperitoneally (i.p.)
at a constant volume of 0.02 ml:g mouse body weight.

Hyperthermia experiments

All heat treatments were administered locally to the tumor.
To achieve this, non-anesthetized 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 90.02°C of the adjusted tempera-
ture. The water bath was covered with a lucite plate, with
holes allowing immersion of the foot approximately 1 cm
below the water surface. Previous measurements of intra-
tumoral temperature have shown stabilization within a few
minutes to approximately 0.2°C below the water bath
temperature (18). The temperature of the water bath was
therefore adjusted to 0.2°C above the desired tumor tem-
perature. All temperature measurements were calibrated
against a certi� ed precision mercury thermometer. The
response of tumors to heat treatment was assessed using a

regrowth delay assay. Basically, tumor volume was mea-
sured 5 times each week after treatment, as described
earlier, and the tumor growth time (TGT; time to reach
5½ treatment volume) determined.

Radiation treatments

Irradiations were given using a conventional therapeutic
x-ray machine (240 kV; 15 mA; 2-mm Al � lter; 1.1 mm Cu
half-value layer; dose rate of 2.3 Gy:min). Dosimetry was
accomplished by using an integrating chamber. All treat-
ments to tumor-bearing feet were given locally to the
tumors of non-anesthetized mice, which were restrained as
described for the hyperthermia studies. Tumors only were
irradiated, the remainder of the animal being shielded by 1
cm of lead. To secure homogeneity of the radiation dose,
the tumors were immersed in a water bath with about 5 cm
of water between the x-ray source and the tumor. Tumor
response to treatment was assessed using a local tumor
control assay. This involved observing the mice on a
weekly basis and recording the percentage of animals in
each treatment group, showing local tumor control 90
days after treatment.

RESULTS

Examples of the growth characteristics of this C3H mam-
mary carcinoma under different conditions are illustrated

Fig. 1. Examples of the types of growth curves obtained with this
C3H mammary carcinoma following different treatments. Mice
with 200 mm3 foot tumors were given either no treatment ( n ), i.p.
injected with 150 mg:kg � avone acetic acid (FAA; ), local
tumor heating at 40.5°C for 200 min ( ), or injected with FAA 3
h prior to tumor heating ( ), and tumor volume determined as a
function of time after treatment. Results show means (91 S.E.)
for an average of 14 mice:group.
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Fig. 2. The effect of � avone acetic acid (FAA; 150 mg:kg; i.p.) on
the response of the C3H mammary carcinoma to heat. Mice were
injected with FAA 3-h prior to local tumor heating at the indi-
cated temperatures for various times and the tumor growth times
(TGTs) determined. Results show means (91 S.E.) for an aver-
age of 20 mice:group in animals given either heat alone ( ) or
FAA»heat ( ). Lines were drawn following regression analysis
using the individual TGTs for each mouse.

with a slope of 0.002, was obtained. At 41.5°C the slope
value was 0.027. In Fig. 2 the effect of FAA on the heat
response curves is also shown. Apart from having an effect
on tumor growth alone, the drug also enhanced the heat
response at both temperatures and did so in a dose-modi-
fying manner, re� ected by the increase in the slope values
to 0.040 and 0.087 at 40.5 and 41.5°C, respectively.

In Fig. 3, the slope values obtained from Fig. 2 are
shown in an Arrhenius curve. This � gure also contains
slope values from previous results in this C3H mammary
carcinoma for heat alone, and when combined with FAA
at higher heat temperatures. For heat alone, there is the
typical biphasic response with an in� ection point around
42.5°C. If tumors are heated 3 h after injecting FAA, there
is a clear increase in the slope value at each temperature.
However, the degree of increase appears to be strongly
dependent on the temperature at which tumors are heated,
with a larger slope increase being seen at temperatures
below 42.5°C.

Modi� cation of the radiation response of this C3H
mouse mammary carcinoma by a mild hyperthermia treat-
ment of 41.5°C is illustrated in Fig. 4. Also shown in this
� gure is the effect of giving either FAA alone or when
combined with the mild hyperthermia temperature. The
radiation dose (995% con� dence interval) to control 50%

Fig. 3. Relationship between the temperature at which tumors
were heated and the slopes of the tumor response curves taken
from either the data shown in Fig. 2 ( ), from previously
published results ( n , 38; , 27), or from unpublished observa-
tions ( ). Results are for heat alone (open symbols), or
� avone acetic acid (150 mg:kg) i.p. injected 3 h before heating
(closed symbols).

in Fig. 1. For untreated tumors, the growth was exponen-
tial with an average TGT (91 S.E.) of 7.1 days (90.4).
Injecting mice with FAA (150 mg:kg; i.p.) when the tu-
mors were around 200 mm3 resulted in approximately a
2-day cessation in growth, after which time the tumors
grew at the same rate as that in the control animals, giving
rise to a TGT of 9.2 days (90.7) and this was signi� cantly
(Student’s t-test; pB0.05) different from the TGT for
control animals. Heating tumors at a temperature of
40.5°C, even for a period of 200 min, did not signi� cantly
inhibit tumor growth. However, if tumors were heated at
40.5°C 3 h after injecting FAA, there was a substantial
increase in the heat response, with a TGT of 16.1 days
(90.7) being obtained, and this was signi� cantly different
from all the other treatment results shown in Fig. 1.

The TGT results for all heating times at 40.5°C, as well
as those at 41.5°C, are shown in Fig. 2. For all the
treatments illustrated in this � gure, there is a linear rela-
tionship between the tumor response to heat and the time
of heating. With 40.5°C alone, an almost � at response,
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Fig. 4. The effect of � avone acetic acid (FAA; 150 mg:kg; i.p.) 9
heat on the radiation response of the C3H mammary carcinoma.
A. Tumors were locally irradiated with graded radiation doses
and the percentage of animals in each treatment group showing
local tumor control 90 days after treatment recorded. Mice were
given either local tumor irradiation alone ( ), locally heated for
60 min at 41.5°C starting 4 h after irradiation ( ), injected with
FAA 1 h after irradiation ( n ), or injected with FAA 1 h after
irradiation and then heated at 41.5°C for 60-min 3 h later ( ).
Points represent an average of 11 mice:group and all lines were
� tted following logit analysis. B. The radiation (RAD) TCD50
values (995% con� dence limits) estimated from the data shown
in Fig. 4A for all treatment groups, along with the TCD50
obtained for tumors that were irradiated and then 4 h later heated
at 43°C for 60 min.

value, obtained when tumors were heated at 43°C for 60
min starting 4 h after giving radiation. With this more
clinically relevant temperature, the TCD50 value was 41
Gy (37–47), and this was signi� cantly greater than that
found with the combination of FAA and the mild hyper-
thermia treatment.

DISCUSSION

Our study demonstrates the potential of vascular targeting
drugs to enhance the anti-tumor activity of mild hyper-
thermia. Similar effects have previously been reported
using FAA, but those studies involved using temperatures
of 42.5°C and above (26, 27, 36). The enhancement of heat
damage by FAA has been attributed to a drug-induced
reduction in tumor blood � ow (26, 27, 36). Indeed, in this
study the selection of an FAA dose of 150 mg:kg and a
3-h time interval between drug injection and the start of
heating was made simply because this was the optimal
drug dose and time period for the maximal shutdown in
blood perfusion in this C3H mouse mammary carcinoma
(26, 27). Additional studies have also documented that the
response of tumors to heat can be increased if blood � ow
is reduced by other methods, including clamping (14–16),
using transient physiological modi� ers such as 5-hydrox-
ytryptamine and hydralazine (17, 18, 20, 21), and even a
vascular damaging agent like tumor necrosis factor-a
(TNF-a; 19). A reduced blood � ow will lead to both a
better tumor heating (18, 21, 39, 40) and an increase in
tumor damage (18, 20, 21). This latter effect has been
suggested to occur because the reduction in tumor blood
� ow results in an increase in tumor hypoxia and associated
tumor acidosis, and several in vitro studies have shown
that prolonged oxygen deprivation of cells will increase
their sensitivity to heat, an effect which is due to hypoxia-
induced metabolic pertubations rather than hypoxia per se
(11–13).

One of the signi� cant � ndings from our study was that
the enhancement of heat damage by FAA was dependent
on the heating temperature (Fig. 3). At 42.5°C and above,
there was a relatively constant twofold increase in the
slope of the heat-time response curve. Below 42.5°C, this
enhancement increased as the temperature decreased. Our
previous studies with FAA had shown that the maximum
reduction in blood � ow in this C3H mouse mammary
carcinoma was almost identical to the maximal decrease
seen in the same tumor model after treatment with the
transient physiological modi� er, hydralazine (18, 26, 27).
Injecting mice with hydralazine and then heating tumors
to 42.5°C and above, at the time of this maximal shutdown
in blood � ow, resulted in increases in the slopes of the
heat-time response curves that were similar to those seen
with FAA at the same temperatures. At 41.5°C the hy-
dralazine-induced increase in slope was not signi� cantly
different from that seen with hydralazine at the higher

of tumors (TCD50) 90 days after irradiation was 52 Gy
(50–55). Irradiating tumors and then 4 h later heating
them at 41.5°C for 60 min resulted in a small, yet signi� -
cant (x2 test; pB0.05), decrease to a TCD50 value of 47
Gy (45–50). Injecting FAA (150 mg:kg; i.p.) 1 h after
irradiation also signi� cantly decreased the TCD50 value,
to 42 Gy (39–45). By far, the greatest enhancement of
radiation damage was seen when mice were injected with
FAA 1-h after irradiation and the tumors were subse-
quently heated 3 h later at 41.5°C for 60 min. In that
situation the TCD50 value was reduced to 28 Gy (22–35),
and this was signi� cantly different from the individual
treatment results. Also shown in Fig. 4B is the TCD50
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temperatures, but certainly less than that seen with FAA
at this lower temperature. Why an increased response was
seen with FAA at the milder heat temperatures is not
known, but it may simply re� ect the fact that FAA induces
vascular damage, while agents like hydralazine do not.

Clinically, hyperthermia alone has no role to play in the
curative treatment of tumors in humans (41). Its most
likely clinical application is in combination with other
cancer treatment modalities. Indeed, several studies have
shown the bene� t of combining hyperthermia with radia-
tion to improve local control, especially in melanoma,
breast and soft tissue sarcomas (3–5). Unfortunately, most
studies show little bene� t and this is most likely the result
of a failure to heat tumors adequately to effective temper-
atures. While mild hyperthermia temperatures of around
41.5°C are easier to obtain clinically, results from preclini-
cal studies suggest they are not very ef� cient at enhancing
radiation damage and that temperatures of around 43°C
are required (2). In our studies, we demonstrated that
combining FAA with the more clinically achievable mild
hyperthermia treatment of 41.5°C actually gave a tumor
response that was just below that seen with the more
clinically relevant temperature of 43°C alone (Fig. 3). This
prompted us to investigate how these temperatures com-
pared when combined with radiation. Injecting mice with
FAA after irradiating the tumors actually improved local
tumor control in this mouse tumor model, which supports
the contention that vascular targeting agents that alone
have a very modest effect on tumor growth (Fig. 1) may
eventually have a signi� cant role to play in improving
radiation response in the clinic. More importantly for this
study, we found that combining radiation, FAA and heat
at 41.5°C for 60 min gave rise to a TCD50 value that was
signi� cantly lower than that seen for 43°C and radiation
(Fig. 4). This suggests that if future clinical trials with
hyperthermia and radiation were to include a vascular
targeting drug in the regimen, it should be possible to
overcome probably the most limiting factor in� uencing
outcome, namely the failure to achieve adequate heating,
and if so, then we should see many more trials showing
bene� t.

Despite a number of preclinical studies demonstrating a
broad spectrum of activity for FAA in animal solid tumors
(28–30), no demonstrable clinical activity was found in
Phase II trials (34, 35). It has been suggested that the
mechanism of action of FAA involves the production of
TNF-a (42). An additional study has shown that while
FAA could upregulate TNF-a mRNA in in vitro cultures
of murine splenocytes, it had little effect in human HL-60
myelomonocytic leukemia cells (43), and it is this differ-
ence that is considered the reason for the discrepancy
between animal and human results. But that has never
been proven. What is known is that although the drug can
induce a signi� cant long-term shutdown in tumor perfu-
sion, the effects on tumor growth (as seen in Fig. 1) are

actually quite small (26, 27, 44). Such a small effect on
tumor growth would never have been seen in any of the
Phase II clinical trials. Similar minimal effects on tumor
growth, despite substantial and sustained reductions in
tumor perfusion, have also been observed with other vas-
cular damaging agents, including colchicine, combretas-
tatin A-4 disodium phosphate (CA4DP),
5,6-dimethylxanthenone-4-acetic acid (DMXAA) and vin-
blastine (44–47) and this strongly supports the suggestion
that for vascular targeting drugs to be effective, they must
be combined with other more conventional therapies. It is
interesting to speculate as to what might have been seen in
the Phase II trials with FAA if the drug had been com-
bined with additional treatments, especially hyperthermia
and radiation.

However, rather than attempting to resurrect FAA, it
may be more prudent to proceed with alternative treat-
ments that target the tumor neo-vasculature. A number of
drug, antibody- or gene therapy-based approaches are
available (48). Two such drug-based agents are currently
undergoing Phase I clinical testing. These are the new
FAA derivative, DMXAA, and the tubulin-binding com-
pound, CA4DP, which is a synthetic derivative of a com-
pound originally isolated from the African Bush Willow
Combretum caffrum. Both DMXAA and CA4DP have
been documented to possess anti-tumor activity that in-
volves a vascular component (46, 47, 49, 50). Furthermore,
despite the minimal effects they have on tumor growth,
both can signi� cantly enhance radiation damage (51, 52).
If these drugs successfully complete Phase I testing, and it
can be demonstrated that they enhance the response to
mild hyperthermia, with or without radiation, then they
would clearly be the agents of choice for future clinical
studies in this area.
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