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Summary. The effects of Fluosol-DA, an oxygen-carrying
perfluorochemical emulsion, and carbogen breathing
alone or in combination on the antitumor activity of cyclo-
phosphamide (CTX) in vivo were investigated. The addi-
tion of 12 ml/kg Fluosol-DA immediately prior to CTX
treatment exerted no effect on the antitumor effect of CTX
on the RIF-1 tumor in C3H mice. On the other hand, car-
bogen breathing alone for 8 h significantly enhanced the
antitumor effect of CTX, with a dose-modification factor
of 1.29+0.07. The combination of Fluosol-DA and car-
bogen breathing further increased the effect of CTX, with
a dose-modification factor of 1.63 +0.05. There was no sig-
nificant difference in animal lethality within the treatment
groups. It was concluded that Fluosol-DA in combination
with carbogen breathing may be useful for the enhance-
ment of CTX chemotherapy of human neoplasms

Introduction

It has long been known that parts of malignant tumors
tend to become hypoxic due to poor vascularization and
insufficient oxygen supply and that the presence of
hypoxic cells is probably a limiting factor in the complete
control of tumors by radiotherapy. A number of divergent
means have been proposed and tested to overcome
hypoxic protection in radiotherapy. Notably, oxygen
mimics such as misonidazole have been extensively
studied in recent years but have been found to be ineffec-
tive in clinical settings. During the past several years, the
potential usefulness of perfluorochemicals in overcoming
the hypoxic problem in radiotherapy has been inves-
tigated, exploiting the interesting ability of perfluoro-
chemicals to carry large amounts of oxygen and increase
tumor oxygenation. Fluosol-DA is one of the
perfluorochemical emulsions that has been reported to be
effective in enhancing the response of various rodent
tumors to radiation [6, 7, 8, 9, 11, 13, 14, 16, 17]. Clinical
trials of Fluosol-DA are now in progress [12].
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It has also been demonstrated that the presence of
hypoxic cells or hypoxic areas in tumors renders the latter
refractory to certain chemotherapeutic drugs. An interest-
ing observation is that Fluosol-DA in combination with
carbogen breathing can enhance the effect of some an-
titumor drugs, although the underlying mechanism is not
clear [18]. A series of studies by Teicher et al. [18~21] un-
equivocally demonstrated that Fluosol-DA with carbogen
breathing could significantly enhance the effect of bleo-
mycin, melphalan, busulfan, and nitrosoureas to suppress
the growth of FSall fibrosarcoma in C3H mice. Teicher et
al. [21] reported that treatment of mice bearing FSall
tumors with 100 mg/kg cyclophosphamide (CTX) in com-
bination with Fluosol-DA at 0.1, 0.2, or 0.3 mi/mouse and
2~6 h carbogen breathing five times on alternate days sig-
nificantly delayed the tumor growth. However, Fluosol-
DA with carbogen breathing for 1-2 h instead of 6 h [21]
was ineffective in enhancing the antitumor effect of CTX.
This was probably due to the fact that CTX is a prodrug,
which has to be converted to an alkylating compound
through a complex metabolic process lasting several hours
after its administration. Since it is quite likely that the ef-
fectiveness of CTX in combination with Fluosol-DA and
carbogen breathing is dependent on the CTX dose and the
tumor, we investigated the effect of various doses of CTX
on RIF-1 tumors in C3H mice in combination with
Fluosol-DA and carbogen breathing.

Materials and methods

Tumor and animals. The RIF-1 tumor was grown sub-
cutaneously in the right leg of female C3H mice (Jackson
Laboratory, Bar Harbor, Me). The characteristics of the
RIF-1 tumor and techniques for animal inoculation as well
as the assessment of tumor growth have been described in
previous papers [6, 12, 14]. Briefly, about 1 x 10° cells from
culture were suspended in 0.05 ml RPMI 1640 culture
medium without supplement and injected s.c. into the
right leg of 8- to 10-week-old female C3H mice. Tumors
were subjected to various treatments when their diameters
reached 6—~8 mm. Mice with or without tumors were also
used to study the lethality of CXT treatment.

Drugs. Fluosol-DA 20% (Alpha Therapeutic Corp., Los
Angeles, Calif) is an emulsified preparation of a mixture
of perfluorochemicals consisting of perfluorodecalin (14%
w/v, perfluorotripropylamine (6% w/v) and other com-
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Fig. 1. Changes in the growth rate of RIF-1 tumors in mice treated
with 200 mg/kg CTX with or without Fluosol-DA and carbogen
breathing. Tumor values are shown as a function of days after
various treatments. Data points represent the means *SE of
8- 16 tumors

ponents in Krebs-Ringer’s bicarbonate solution. The char-
acteristics of Fluosol-DA emulsion have been described in
previous papers [6, 13, 14]. The frozen stock emulsion was
thawed and prepared for i. v. injection immediately before
each treatment [6, 13 14]. Cyclophosphamide monohydrate
(CTX) was purchased from Sigma Chemical Company
(St. Louis, Mo). CTX was dissolved in ethyl alcohol and
then diluted in sterile saline to the desired concentrations.

Treatment and tumor response. CTX solutions of varying
concentrations were injected via the tail vein. Fluosol-DA
20% emulsion was oxygenated by gassing with carbogen
for 30 min and was given through the tail vein at 12 ml/kg
(about 0.3 ml/mouse). For the gassing of mice with car-
bogen, the animals were placed in a Plexiglas box
(15 x 20 x 30 cm), which was continuously gassed for 8 h
with carbogen through a hole in the cover. The treatments
included: (a) CTX in air, (b) CTX + Fluosol-DA, (¢) CTX
+ carbogen, (d) CTX + Fluosol-DA + carbogen, and (e)
no treatment.

Tumor growth was followed by measuring the two per-
pendicular diameters of the tumors 2-3 times/week with
a caliper; the tumor volume was calculated with the use of
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Fig. 2. Growth delay (in days) of RIF-1 tumors in mice given
various treatments. The best-fitting lines were obtained by linear-
regression analysis. C7X, cyclophosphamide; FDA, Fluosol-DA;
Car, carbogen. Data points represent the means +SE of 8-16
tumors

the formula: V = 0.4 ab® where a and b are, respectively,
the longer and shorter diameters. Experiments were
repeated 23 times, and 7~ 8 mice were used for each ex-
perimental group.

Results

The changes in the growth of RIF-1 tumors after various
treatments are shown in Fig. 1. The growth of RIF-1
tumors was significantly delayed by an injection of CTX
alone at 200 mg/kg. Combinations of CTX with Fluosol-
DA at 12 ml/kg were slightly more effective than CTX
alone, and combinations of CTX with carbogen breathing
for 8 h were significantly more effective in delaying tumor
growth than CTX alone. The greatest tumor growth delay
was observed when CTX was combined with both Fluosol-
DA and carbogen breathing. For example, although it
took about 6 days for control tumors to grow 4 times
larger, in mice treated with CTX in combination with
Fluosol-DA and carbogen breathing, the size of tumors in-
creased 4-fold in about 22 days.

The relative effectiveness of the different treatments
was calculated in terms of growth delay by subtracting the

Table 1. Influence of Fluosol-DA 20% and carbogen breathing on the toxicity of CTX

Treatment group

Proportion of deaths per CTX dose:

50 mg/kg 300 mg/kg 600 mg/kg
Air CTX 0/12 (0%) 6/18 (33%) 11/14 (79%)
breathing CTX + FDA 0/12 (0%) 4/22 (18%) 14/14 (100%)
Carbogen CTX 0/12 (0%) 6/19 (32%) 11/13 (85%)
breathing CTX + FDA 0/12 (0%) 3/12 (25%) 11/14 (79%)

FDA, Fluosol-DA 20%



number of days required for the untreated tumors to in-
crease 4-fold in size from the corresponding days for the
treated tumors. Figure 2 shows the growth delay of RIF-1
tumors treated with various doses of CTX with or without
Fluosol-DA treatment and carbogen breathing. Dose-
modification factors (DMF) for the adjuvant treatment
were calculated by dividing the dose of CTX that resulted
in a tumor growth delay of 15 days by the dose that caused
the same effect with the adjuvants. The DMF for Fluosol-
DA treatment with air breathing was 1.18 £0.06, and that
for carbogen breathing alone was 1.29+0.07. The DMF
for Fluosol-DA treatment with carbogen breathing in-
creased to 1.63+0.05. Animal lethality following various
combinations of the treatments is summarized in Table 1.
Increases in the CTX dose led to increased animal mor-
tality. The addition of Fluosol-DA alone or in combina-
tion with carbogen breathing exerted no effect on CTX-in-
duced mortality in mice.

Discussion

The present experiments demonstrated that carbogen
breathing alone for § h could significantly enhance the an-
titumor effect of CTX on RIF-1 tumors in mice. Moreover,
the addition of Fluosol-DA in combination with carbogen
breathing for the same duration markedly increased CTX
antitumor activity.

The mechanism by which the antitumor activity of
CTX was enhanced by Fluosol-DA injections and car-
bogen breathing is unclear. It has repeatedly been dem-
onstrated that the administration of Fluosol-DA with
carbogen breathing significantly enhances the response of
tumors in vivo to radiation [6, 7, 8, 9, 11, 13, 14, 16, 17].
Such a radiosensitizing effect has been attributed to an in-
crease in tumor pO, and the resultant reoxygenation of
hypoxic cells [3, 14]. Thus, it would be reasonable to con-
clude that the enhancement of CTX effects by Fluosol-DA
with carbogen breathing is also due to an improvement in
tumor oxygenation. In this connection, Dixon et al. [2]
reported that CTX was less effective in killing hypoxic
cells relative to oxic cells in an experimental rat tumor.
However, the effect of CTX on murine tumor cells has also
been shown to be independent of the oxygenation status of
tumors {1, 15].

Indications are that the marked increase in the an-
titumor effects of a number of drugs brought about by
Fluosol-DA injection and carbogen breathing was, at least
in part, due to changes in pharmacokinetics. Being a
prodrug, CTX is not directly cytotoxic and must be ac-
tivated to toxic metabolites by hepatic microsomal oxi-
dase. Juma et al. [5] have demonstrated that the half-life of
plasma alkylating activity in man is 7.7 h. The plasma level
of alkylating activity has been maintained for at least 6 h
after CTX administration in man [21]. Teicher et al. [19]
have suggested that Fluosol-DA may protect lipophilic
drugs from hydrolysis or binding in circulation, thereby
increasing the delivery of some drugs, such as melphalan,
to the tumor.

We have previously observed that carbogen breathing
alone or Fluosol-DA injection alone slightly increases the
tumor blood flow (Lee and Sorg, unpublished data).
Recently, Hiraga et al. [4] demonstrated that a perfluoro-
chemical emulsion could increase local cerebral blood
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flow in intracranial Walker 256 tumors in rats. Therefore,
it would be reasonable to conclude that an increase in the
delivery of cytotoxic metabolites of CTX to tumors as a
consequence of an increase in blood flow is at least partial-
ly responsible for the observed enhancement of CTX an-
titumor activity by Fluosol-DA in combination with car-
bogen breathing.

Our observation that Fluosol-DA and carbogen breath-
ing did not increase the toxicity of CTX sufficiently to kill
mice is in agreement with the report by Teicher et al. [21]
that the toxicity of CTX to bone marrow was not in-
fluenced by Fluosol-DA and/or carbogen breathing. If the
increased antitumor activity of CTX caused by Fluosol-
DA and carbogen was attributable to a change in phar-
macokinetics, i. e., increased delivery of the drug to tissues,
it is not clear why the combination of Fluosol-DA and car-
bogen breathing did not increase the effect of CTX on nor-
mal tissues. Perhaps an increase in oxygen delivery is the
major mechanism by which Fluosol-DA and carbogen en-
hance the effect of CTX in vivo, and the effect of CTX on
the well-oxygenated normal tissues is thus not affected by
these adjuvants.

In conclusion, Fluosol-DA combined with carbogen
breathing enhanced the effect of CTX to suppress the
growth of RIF-1 tumors in C3H mice. The death of C3H
mice due to high doses of CTX was not affected by
Fluosol-DA or carbogen alone or in combination. Al-
though the mechanism underlying this chemosensitization
remains unclear, our results as well as the observations of
other investigators strongly indicate the potential useful-
ness of perfluorochemical emulsion combined with car-
bogen or oxygen breathing in enhancing the antitumor ac-
tivity of CTX.
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