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Abstract Background: DMXAA (5,6-dimethylxanthe-
none-4-acetic acid) is a new drug synthesized in this
laboratory and currently in phase I clinical trial. In mice
it acts as an antivascular drug, selectively inhibiting
tumour blood flow and inducing tumour haemorrhagic
necrosis with resultant tumour regression. It also induces
the synthesis of tumour necrosis factor (TNF), nitric
oxide and serotonin. Cyproheptadine, a type 2 serotonin
receptor antagonist, is known to reduce the degree of
tumour necrosis-induced TNF in mice. We investigated
the pharmacological interaction between a suboptimal
dose of DMXAA (20 mg/kg) and cyproheptadine (20 mg/
kg) using mice with Colon 38 tumours that are sensitive
to DMXAA. Methods: Mice with or without tumours
were treated with DMXAA and/or cyproheptadine.
Concentrations of plasma and tissue DMXAA and the
serotonin metabolite 5-hydroxyindoleacetic acid were
measured by high performance liquid chromatography.
TNF concentrations were measured by ELISA. Results:
While DMXAA alone (20 mg/kg) showed little or no
antitumour activity, coadministration with cyprohepta-
dine was curative in four of five mice. DM XAA half-lives
in plasma and tumour tissue were increased 5.1- and 5.6-
fold, respectively, and the appearance of DMXAA glu-
curonides in bile was almost completely inhibited for up
to 4 h. Serum TNF was low and unchanged by cypro-
heptadine, and plasma concentrations of the serotonin
metabolite 5-hydroxyindoleacetic acid were also not
substantially changed. Conclusion: The augmentation by
cyproheptadine of the induction of tumour response to
DMXAA reflects a pharmacological interaction, leading
to increased plasma and tumour half-lives, and to
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reduced excretion. However, serum TNF concentrations
were not increased, suggesting that the increased anti-
tumour effects are mediated by an increased local tumour
response, arising from the extended tumour DMXAA
concentrations.
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Introduction

The tumour vasculature represents a current focus for
new approaches to anticancer treatment. While most
efforts are concerned with the inhibition of tumour an-
giogenesis [6], a number of studies have been directed
towards the development of agents that selectively target
the existing blood supply of solid tumour tissue. This
approach had its beginnings in mixtures of bacterial
endo- and exotoxins called “Coley’s toxins’’, which were
used in the early 1900s to induce tumour responses in
cancer patients [31]. The antitumour effects of these
toxins appears to be caused by the protein tumour
necrosis factor (TNF) [8] and in experimental solid
tumours is mediated by its selective vascular damage
of tumour tissue [33]. Such work led to clinical trials
of TNF in human cancer, and although host toxicity
prevented general application, success was reported in
isolated limb perfusion studies [21].

The demonstration in mice of the induction of tu-
mour haemorrhagic necrosis and tumour regressions by
flavone acetic acid (FAA) [30] and 5,6-dimethylxanthe-
none-4-acetic acid (DMXAA) [2, 28] raised the question
of whether clinical low molecular weight antivascular
agents might be developed. FAA lacked clinical activity
[15] and DMXAA is currently undergoing phase I clin-
ical trial [13, 29]. In mice, FAA and DMXAA selectively
inhibit tumour blood flow [19, 37, 38], increase serum
TNF [22, 25], and induce nitric oxide production [32].
DMXAA induces selective TNF production in situ in
murine tumours and human tumour xenografts [14].
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Serotonin (5-hydroxytryptamine), a vasoactive amine
with multiple physiological functions including the in-
duction of tumour necrosis [4, 23], appears to have a
significant role in the action of antivascular agents. We
have also previously found that FAA and DMXAA
increase plasma concentrations of serotonin with maxi-
mal concentrations attained after approximately 4 h,
which is subsequent to the maximal increase in plasma
TNF [5]. Coadministration of the type 2 serotonin
receptor antagonist cyproheptadine has been shown to
inhibit tumour haemorrhagic necrosis induced by TNF
in the Meth A fibrosarcoma [23] and the Colon 38 ad-
enocarcinoma [4], suggesting a functional relationship
between TNF and serotonin. Coadministration of cy-
proheptadine (20 mg/kg) has also been shown to delay
tumour necrosis induced by maximal single doses of
DMXAA and FAA, but its effect on the antitumour
properties of DMXAA and FAA could not be measured
because of increased toxicity [4].

In the study reported here we showed that co-
administration of cyproheptadine unexpectedly poten-
tiated the antitumour activity of a lower dose (20 mg/kg)
of DMXAA. We investigated the pharmacological
interaction of cyproheptadine and DMXAA, and
demonstrated that cyproheptadine strongly inhibited
the plasma clearance of DMXAA. We also examined
the effects of the drug combination on the synthesis
of 5-hydroxyindoleacetic acid (SHIAA) and TNF.

Materials and methods

Drugs and dosing

DMXAA was synthesized in this laboratory [28], formulated in
sterile water, protected from light [27] and administered intraperi-
toneally (20 mg/kg; 10 pl/g body weight). Cyproheptadine and
HIAA were obtained from Sigma (St. Louis, Mo.). Cyproheptadine
was dissolved in 30% aqueous ethanol and administered intra-
peritoneally (20 mg/kg; 5 pl/g body weight).

Mouse studies

C57BL/6 and (C57BL/6xDBA/2)F; mice (20-30 g) were housed
under constant temperature and humidity using sterile bedding,
water and food. The Animal Ethics Committee of the University of
Auckland approved all animal procedures. Colon 38 tumours were
transferred subcutaneously to C57BL/6 mice by implantation of
1-mm?® fragments under anaesthesia (pentobarbitone 90 mg/kg).
In tumour histology experiments, female C57BL/6 mice with
tumour volumes of approximately 250 mm® were treated with
DMXAA (20 mg/kg), and the tumours removed after 24 h, fixed,
embedded in paraffin wax, sectioned and stained with haematoxylin
and eosin. The percentage necrosis was determined using a grid
marked at 0.4-mm intervals as previously described [2]. In growth
delay experiments, female DBA/2xC57BL/6 mice F; hybrid mice
were treated 8 days after implantation (tumour volumes approxi-
mately 60 mm?). Tumour diameters were measured with callipers
and tumour volumes calculated as 0.52xa’xb, where a and b were
the minor and major tumour axes [3].

Blood samples (200-300 pl) for pharmacokinetic studies
(DMXAA and SHIAA) were collected from male C57BL/6 mice in
heparinized tubes during terminal halothane anaesthesia, centri-
fuged, and the plasma removed and stored in the dark at —20°C

until analysis. After cervical dislocation, other tissues used for
analysis were removed, homogenized in 10 mM ammonium acetate
buffer (pH 5.5) and stored at —20°C until analysis.

TNF was measured in C57BL mice, which were treated with
DMXAA with or without cyproheptadine. At the indicated times
these were anaesthetized with halothane, and blood was removed
by cardiac puncture, coagulated overnight in the dark in micro-
centrifuge tubes on ice, and centrifuged (15,000 g, 10 min). Serum
was removed and assayed on ELISA plates (OptEIA murine TNF-
o kit; PharMingen, San Diego, Calif.) with appropriate TNF
standards (40-5000 pg/ml) according to the manufacturer’s direc-
tions.

High performance liquid chromatography

DMXAA concentrations in plasma and in tissue homogenates were
measured using automated solid-phase extraction and high-
performance liquid chromatography (HPLC) in subdued light as
previously described [17]. Plasma concentrations of SHIAA were
determined as follows. Working standards of SHIAA (40, 30, 20,
10, 7.5, 5, 3, 2, 1.5, 1, 0.5 and 0.25 pM) were prepared in 0.1%
ascorbic acid and used to make plasma quality controls (50, 500
and 1500 nM), which were stored at —20°C in polyethylene tubes
containing 0.1% ascorbic acid. These were stable for short periods
at 4°C and for long periods at —20°C. Blood samples were centri-
fuged (1000 g, 10 min) and the plasma was stored in polyethylene
tubes containing ascorbate (—20°C) until the time of assay. Plasma
samples (50 pl) were mixed with 0.1 M HCI containing 0.01%
ascorbic acid (2 ml) and transferred to 1 ml/100 mg C18 Bond Elut
columns which had been conditioned with acetonitrile (1 ml) and
Milli-Q water (1 ml). After washing with 1 ml Milli-Q water,
SHIAA was eluted with 800 pl acetonitrile/water (20:80, v/v) into
12x100 mm glass tubes. Aliquots (200 pl) of the resulting eluates
were directly injected into the HPLC. Conditioning, loading,
washing and final elution of the C18 columns were performed as
described for DMXAA. Chromatography was performed using a
Luna C18(2) 5 um 75%x4.6 mm column (Phenomenex, Torrance,
Calif.) equilibrated overnight with mobile phase containing 0.14 M
potassium phosphate buffer, pH 4.5, methanol (15%), acetonitrile
(5%) and cetyltrimethylammonium bromide (0.004%), and a Wa-
ters WISP 712B automatic sample injector with a Model 510 pump
(Waters Associates, Milford, Mass.) with a flow rate of 2 ml/min.
SHIAA was detected using a Model 400 electrochemical detector
(EG & G, Princeton Applied Corporation, N.J.; sensitivity range
1 nA) with a glassy carbon working electrode, a NaCl/AgCl
reference electrode and a working potential of +400 mV.

Pharmacokinetic analysis

The area under the concentration-time curve (AUC) of drug con-
centration as a function of time was calculated using the log
trapezoidal rule over a period of up to either 6 h or 16 h. Half-life
(ti2) was calculated as 0.693/elimination rate constant. Cy,x Was
the maximum concentration achieved. Statistical significance was
assessed by Students r-test with P<0.05 being considered as
significant.

Results

Effects of cyproheptadine on tumour
and host responses to DMXAA

Experiments were carried out in Colon 38-bearing mice
using a suboptimal dose of DMXAA (20 mg/kg).
DMXAA alone had little additional effect on the degree
of tumour haemorrhagic necrosis at 24 h, but its com-
bination with cyproheptadine (20 mg/kg) unexpectedly



caused a high degree of necrosis (Fig. 1). Cyprohepta-
dine alone had no significant effect. The result was re-
flected in the in vivo tumour response: while DMXAA
or cyproheptadine alone (20 mg/kg) had little effect,
combination of the two agents provided cures in four
out of five mice (Fig. 2).
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Fig. 1 Effect of DMXAA (20 mg/kg), cyproheptadine (20 mg/kg)
or DMXAA plus cyproheptadine on the degree of haemorrhagic
necrosis of subcutaneous Colon 38 tumours measured 24 h after
treatment
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Fig. 2 Growth of subcutaneous Colon 38 tumours either with no
treatment (1) or following administration (day 0) of DMXAA
(20 mg/kg) alone (O), cyproheptadine (20 mg/kg) alone (V) or
DMXAA plus cyproheptadine (@®). Each point represents the
arithmetic mean+SEM from five mice. In the group treated with
both drugs there were cures in four of five mice and the mean of all
mice is calculated
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We have previously shown that administration of
DMXAA causes dose-dependent increases in the plasma
concentrations of TNF [25], serotonin and the serotonin
metabolite SHIAA [5]. The effects of coadministration
of cyproheptadine (20 mg/kg) on SHIAA and TNF
concentrations were measured at various times after
administration of DMXAA (Fig. 3). Significant in-
creases in SHIAA were observed at early times after
administration and maximal concentrations were ob-
served after 4 h. Coadministration of cyproheptadine
(20 mg/kg) extended the SHIAA response slightly but
did not affect its magnitude. In contrast, TNF, measured
by ELISA, was below the minimum detectable concen-
tration (40 pg/ml) following administration of DMXAA
(20 mg/kg) with or without cyproheptadine. The anal-
ysis was extended to a DMXAA dose of 30 mg/kg which
did induce TNF with a maximum 3 h after drug ad-
ministration. Coadministration of cyproheptadine de-
layed the onset of TNF production (to 4 h) but did not
affect its magnitude (Fig. 3). Since the mice were sig-
nificantly hypothermic because of the toxicity of this
combination, the delayed onset may have been due to a
lowered body temperature.

Effect of cyproheptadine on the plasma
and tissue pharmacokinetics of DMXAA

To determine whether a pharmacokinetic interaction
was responsible for the potentiation of DMXAA anti-
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Fig. 3A, B Effect of coadministration of cyproheptadine (20 mg/
kg) on SHIAA and TNF production in non-tumour-bearing
animals. A Mice were treated with DMXAA (20 mg/kg) alone
(O), DMXAA plus cyproheptadine (20 mg/kg; @) or solvent alone
(Q) and plasma was prepared at the indicated times for SHIAA
analysis. B Mice were treated with DMXAA (20 mg/kg) alone (A),
DMXAA (20 mg/kg) plus cyproheptadine (20 mg/kg; V), DMXAA
(30 mg/kg) alone (O) or DMXAA (30 mg/kg) plus cyproheptadine
(20 mg/kg; @), and serum was prepared at the indicated times for
TNF measurement. Each point represents the mean+SEM from
three mice
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tumour activity by cyproheptadine, plasma, liver, spleen
and Colon 38 tumour concentrations of DMXAA were
measured up to 8 h after administration of DMXAA
(20 mg/kg) with or without cyproheptadine (Fig. 4).
Coadministration of cyproheptadine (20 mg/kg) caused
no statistically significant change in C,,x values but
dramatically increased the drug half-life. The plasma
half-life was increased 5.1-fold, with a corresponding
2.2-fold increase in plasma AUC, while the tumour tis-
sue half-life was increased 5.6-fold with a corresponding
2.5-fold increase in AUC (Table 1).

Effect of cyproheptadine on the biliary excretion
of DMXAA

DMXAA is metabolized in mice primarily to the glu-
curonide, which is excreted in bile [17]. To determine
whether decreased excretion was responsible for the
decreased clearance of DMXAA, mice were treated with
DMXAA with or without cyproheptadine, and at vari-
ous times later the mice were killed and the gall bladders
removed. Homogenates were assayed before and after
alkaline hydrolysis to provide estimates of unchanged
DMXAA and DMXAA glucuronide. In tumour-bearing

mice, coadministration of cyproheptadine reduced
DMXAA glucuronide concentrations to less than 9% of
that of mice treated with DMXAA alone (Table 2), but
since gall bladders were completely empty between 4 and
8 h after administration, sampling was precluded. The
experiments were therefore repeated in non-tumour-
bearing mice. Coadministration of cyproheptadine re-
duced DMXAA glucuronide concentrations to very low
levels between 1 and 4 h after administration. The con-
centration of unchanged DMXAA was initially higher
after coadministration of cyproheptadine, but had de-
creased 2 and 4 h after administration (Fig. 5, Table 2).

Discussion

Coadministration of the type 2 serotonin receptor an-
tagonist cyproheptadine (20 mg/kg) dramatically in-
creased the degree of tumour necrosis at 24 h (Fig. 1)
and tumour growth delay (Fig. 2) of a submaximal dose
of DMXAA (20 mg/kg). This result extends a long list of
agents, including thalidomide [9, 17], radiation and cy-
totoxic drugs [34, 35], serotonin [4, 19] and bioreductive
drugs [10], that interact productively with DMXAA to
increase its antitumour effect. Coadministration of cy-
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Table 1 Plasma and tissue . . .
pharmacokinetic parameters in Tissue Ciax (umol/l or /kg)*  ty» (h) AUC (umol'h/l or /kg)®  AUC ratio
tumour-bearing mice following 3 3 B
administration of DMXAA Cypro + Cypro Cypro  + Cypro Cypro + Cypro
(20 ma/kg) With O WIthOUt  plasma 213464 23721 19 9.7 642 1410 22
Ceprobepta ine (20 me/ke) Liver 82626 93429 24 10 272 581 21
ypro Spleen 28426  33+1.6 1.9 11 78 201 26
Tumour 39+£3.2 47+£23 32 18 153 381 2.5
#Means + SEM

®Determined over the range 0-8 h



proheptadine causes a substantial change in the plasma
and tissue pharmacokinetics of DMXAA (Fig. 4, Ta-
ble 1) and the 2.5-fold rise in AUC of tumour tissue
provides a likely basis for its potentiation of the anti-
tumour activity of DMXAA. Pharmacokinetic interac-
tions are also involved in combinations of DMXAA
with thalidomide [17], emphasizing the importance of
pharmacokinetics in the analysis of the effects of drug
combinations.

Coadministration of cyproheptadine, as well as
strongly inhibiting the initial plasma and tissue clearance
of DMXAA (Fig. 4), almost completely inhibited the
biliary secretion of DMXAA glucuronides (Fig. 5). The
mechanism of this effect is still unknown. Glucuronida-
tion in the liver is the principal mechanism by which
DMXAA is eliminated from the mouse [16, 24], sug-
gesting three possible mechanisms: prevention of liver
uptake, inhibition of DMXAA glucuronidation and in-
hibition of secretion of DMXAA glucuronides into bile.
Access of drugs to the liver parenchymal cells requires
passage through the fenestrated endothelium and the
Space of Disse in the liver sinusoid, and the fenestrated
endothelium can be altered by drug treatment [12, 36].
The in vitro effect of cyproheptadine on the glucuroni-
dation of DMXAA by liver enzymes has been measured

Table 2 Effect of coadministration of cyproheptadine (20 mg/kg)
(cypro) on biliary concentrations of DMXAA and DMXAA
glucuronide 2 h after administration of DMXAA (20 mg/kg)
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and found to be minimal [18]. Excretion of drug gluc-
uronides is accomplished by transport proteins of the
multiresistant protein (MRP) family [20]. Since cy-
proheptadine is active in overcoming the multidrug
resistance phenotype of doxorubicin-resistant P388
leukaemia cells [26], another possible explanation is that
it affects the activity of MRP proteins. The macroscopic
(mottled, discoloured) appearance of livers from mice
treated with cyproheptadine plus DMXAA, as opposed
to mice treated with either drug alone (results not shown),
is consistent with some type of hepatotoxic effect.

Coadministration of cyproheptadine, despite dra-
matically decreasing the plasma clearance of DMXAA
(Fig. 4), had little effect on either plasma SHIAA con-
centrations or serum TNF concentrations in response to
DMXAA (Fig. 3). The ELISA used has somewhat lower
sensitivity than the bioassay used previously [25] but is
more specific, and showed no significant increase in
serum TNF in response to DMXAA at this dose.
Although surprising, the lack of dependence of TNF
production on the AUC of DMXAA is consistent with
in vitro studies indicating that it is the maximal con-
centration of DMXAA, rather than the duration of ex-
posure, that determines the TNF response (M. Philpott,
unpublished observation). The question of whether the
production of SHIAA is dependent on the C,,,, or the
AUC of DMXAA has not been resolved, but the data in
Fig. 3 suggest that the situation may be similar to that
with TNF.

Many studies have linked the elevation of serum TNF

DMXAA DMXAA + to its antitumour effects [1]. The present results dem-
cypro onstrate that the induction of Colon 38 tumour necrosis
Tumour-bearing mice (1= 3) gnd cures in mice occur in .the absence of a det(_ectable
DMXAA (uM) 126 +23 154 +139 increase in serum TNF. This unexpected result is con-
DMXAA glucuronide (uM) 350+ 102 30+17* sistent with two previous observations. The first is that
Nfgll-\z;rflzr Eb%mg mice (n=3) 3554100 200413 coadministration of thalidomide, while suppressing
M . ;
DMXAA glucuronide (1M) 691 < 189 0.5+ 7% serum TNF. conc.:entrat%ons augments the antitumour
activity and in doing so increases the amount of tumour
*P<0.05 tissue-associated TNF [7]. The second is that DMXAA
Fig. 5A, B Effect of coadmin-
istration of cyproheptadine A I B
(20 mg/kg) on biliary concen- 1000 1000
trations of DMXAA (A) and —
DMXAA glucuronide (B). =
Non-tumour-bearing mice were 800 o 800
treated with DMXAA alone s z
(20 mg/kg; O) or DMXAA plus = S
cyproheptadine (20 mg/kg; @). % 600 3 600 -
Each point represents the g =4
mean = SEM from three mice o é
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® 2
8
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oh . ‘ 0
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(30 mg/kg) induces haemorrhagic necrosis of Colon 38
tumours in TNF knockout mice, and although serum
TNF was absent, TNF in the tumour, derived from the
tumour cells themselves, was present. Taken together,
these results suggest that elevation of tumour tissue
TNF, rather than serum TNF, is necessary for the in-
duction of Colon 38 tumour necrosis. We are currently
investigating whether DMXAA-cyproheptadine combi-
nations modulate tumour concentrations of TNF.

Paradoxically, the antitumour activity of DMXAA
against Colon 38 tumours is augmented both by sero-
tonin [4, 19] and by the serotonin receptor antagonist
cyproheptadine (Fig. 2). The mechanisms of these two
effects may be different, and with different kinetics.
Administration of a high dose of DMXAA (30 mg/kg)
induces high levels of serum TNF [25]. Coadministration
of cyproheptadine prevents the induction of both tu-
mour necrosis and nitric oxide synthesis by administered
TNF [4, 23]. Serotonin is known to bind serotonin re-
ceptors (mainly type 2) on the vascular endothelium and
thereby increase vascular permeability to macromole-
cules [11], thus facilitating the extravasation of proteins
into tissues. The concentration of serotonin (0.5 uM) in
mouse plasma [5] is likely to be sufficient to increase
vascular permeability such that administration of
cyproheptadine, by preventing binding of serotonin to
endothelial cell receptors, will decrease vascular perme-
ability to macromolecules. Thus, coadministration of
cyproheptadine may prevent the extravasation of TNF
into tumour tissue (to induce necrosis) and liver tissue
(to induce nitric oxide synthase). Conversely, reduction
of vascular permeability by cyproheptadine might also
potentiate the effects of local production of cytokines
within tumour tissue by preventing their release into the
circulation.

In conclusion, the results described here suggest that
DMXAA might induce tumour necrosis in two ways,
firstly by stimulating synthesis of circulating TNF that
subsequently extravasates to tumour tissue [1], and
secondly by a local tumour reaction, probably involv-
ing in situ TNF production [14]. There are potentially
important implications of these results for the clinical
trial of DMXAA. Firstly, significant rises in serum
TNF may not be necessary for an antitumour effect,
since under the appropriate conditions local reactions
of tumour tissue may be sufficient to induce antitumour
activity. It will thus be important to measure tissue
concentrations of TNF or other cytokines as markers
of a response to DMXAA. Secondly, if the main action
of cyproheptadine is to extend the half-life of
DMXAA, then administration of DMXAA by infu-
sion, to mimic the pharmacokinetics demonstrated in
Fig. 4, should be considered. We are currently ex-
tending our studies in mice to investigate these possi-
bilities.
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