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Modulatory effects of dopamine (DA) on hematotoxicity and antitumor efficacy of cyclophosphamide (CY) were
studied in Swiss mice bearing transplantable Ehrlich ascites carcinoma (EAC). DA was administered i.p. at a dose of 50
mg/kg/day for 5 consecutive days beginning day 3 after tumor transplantation. CY (200 mg/kg i.p.) was injected 24 hour
after completion of DA treatment. DA pretreatment reduced the suppressive effects of CY on hemoglobin, RBC, total
WBC, neutrophil, platelet, and bone marrow nucleated cell counts. Likewise, DA partially prevented the CY-induced fall
in pluripotent (CFU-S;,) and lineage-specific stem cells for granulocytes (CFU-C) in bone marrow. Moreover, mice
receiving a combination of DA and CY illustrated greater reduction in tumor volume, viable tumor cell count and mitotic
index along with upregulation of tumor cell apoptosis than CY-only group. As a result, the former group demonstrated
prolonged hosts’ survival. Thus, DA protected to a great extent the hematopoietic cells of tumor bearing hosts from the
suppressive action of CY and concomitantly augmented its antitumor efficacy resulting in improved hosts’ survival.
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Myelosuppression and peripheral blood cytopenias are
common side effects of cancer chemotherapy [7, 10]. To
circumvent this problem, hematopoietic growth factors
(HGFs) such as granulocyte-, and granulocyte-macrophage
colony stimulating factors (G-CSF and GM-CSF, respec-
tively) are used [29]. However, several studies have illu-
strated certain disadvantages of HGFs. For instance,
HGFs may promote hematopoiesis of a particular lineage
at the cost of other, such as increase in granulocytopoiesis
with concomitant thrombocytopenia and associated hemor-
rhage by G-CSF treatment [29]. Several human tumors ex-
press the receptors for HGFs, and many human cancer cells
produce G-CSF and GM-CSF that act as tumor growth en-
hancer via autocrine growth loop [1, 17, 25]. GM-CSF, on
the other hand, can facilitate tumor metastasis [17]. More-
over, the HGFs are too expensive for routine clinical use,
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particularly in the developing countries and their beneficial
effect on overall survival of the patients is questionable [24].
These observations highlight the need for suitable alterna-
tive to HGFs that will protect the hematopoietic cells from
the toxic effects of anticancer drugs and would improve
hosts’ survival. In the present study we have examined the
potential of dopamine (DA) in this regard.

DA, the precursor of norepinephrine, is synthesized from
amino acid tyrosine. It acts as a neurotransmitter in the cen-
tral nervous system, while peripheral DA is believed to be
involved in cardiovascular, immune and renal functions [14].
The rationale for considering DA for this study is its stimula-
tory action on multilineage hematopoiesis [20, 21], while it
inhibits tumor growth in laboratory animals [20]. Therefore, it
seems possible that DA could protect the hematopoietic or-
gans from the toxic effects of anticancer drugs and concomi-
tantly augments their tumoricidal efficacy when used in
combination. We have tested this hypothesis in mice bearing
Ehrlich ascites carcinoma by using DA in combination with
cyclophosphamide, a commonly used anticancer drug with
profound hematotoxicity [30].
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Material and methods

Animal and tumor. Male Swiss mice, 8-10 week old and
weighing 20-22 g were obtained from the Institute’s own
breeding facility. Food (pellet) and water were given ad
libitum. Ehrlich ascites carcinoma (EAC) was maintained
in Swiss mice by weekly intraperitoneal (i.p.) transplanta-
tion of 10 viable tumor cells suspended in 0.5 ml of phos-
phate-buffered saline (PBS). The tumor-bearing animals
survived for an average period of 3 weeks after transplanta-
tion. The Institutional Animal Ethics Committee approved
the study protocol.

Treatment. Dopamine hydrochloride (TTK Pharma,
Chennai, India) was dissolved in PBS and injected i.p. at
adose of 50 mg/kg/day for 5 consecutive days beginning day
3 after tumor transplantation. Cyclophosphamide (CY, En-
doxan-Asta, German Remedies, Mumbai, India) was dis-
solved in sterile water and injected in a volume of 0.5 ml i.p.
at a dose of 200 mg/kg on day 8 of tumor bearing, i.e. 24 hr
after completion of DA treatment. Age- and sex-matched
control mice received saline instead of DA and CY.

Hematology, bone marrow and spleen count. Hematolo-
gical parameters were evaluated from free-flowing tail vein
blood by standard procedures [2]. The animals were sacri-
ficed thereafter by cervical dislocation. Both femurs and
spleen were surgically removed, and bone marrow (BM)
cells were flushed from the femoral shaft into PBS. Spleen
cells were harvested in PBS by teasing the organ in steel
wire mesh. Nucleated cell counts in BM and spleen cell
suspensions were done under microscope using hemocyt-
ometer. Granulocytes, lymphocytes and their precursors
were identified and counted from Geimsa-stained smears.
Erythroblasts and megakaryocytes were identified and
counted following benzidine [15] and acetylcholinesterase
[11 ] staining, respectively.

Erythropoiesis. The rate of erythrocyte production was
assessed by measuring 72-hr RBC *’Fe incorporation fol-
lowing intravenous injection of 37 kBq of *’FeCl; (BARC,
Mumbai, India) assuming total blood volume as 7% of body
weight [4].

CFU-S1, and CFU-C. Pluripotent hematopoietic stem
cells were assessed as day 12 colony-forming unit in spleen
(CFU-S;,) of irradiated mice (9.1 Gy from *Co source)
following the procedure of TILL and McCULLOCH [27].
Myeloid stem cells (CFU-C) were assayed in vitro [19]. In
brief, 2x10° BM cells were cultured for 10 days at 37 °C and
5% CO,in RPMI-1640 (GIBCO, USA) supplemented with
10% fetal bovine serum (GIBCO, USA) in 0.3% bacto-agar
(DIFCO, USA) and 500 U of GM-CSF (GIBCO, USA) as
growth stimulus. CFU-C colonies (>50 cells) were scored
under inverted microscope.

Tumor growth measurement and survival. The animals
were sacrificed by cervical dislocation at day 10 after trans-

plantation and tumor ascites was collected from the perito-
neal cavity using Pasteur pipette and the volume was
recorded. Viable tumor cell count was done by 0.4% trypan
blue dye exclusion under microscope using hemocytometer.
For measurement of mitotic index, the animals were in-
jected i.p. with 0.04% colchicine (Bubeck, Switzerland,)
two hours before sacrifice to arrest the proliferating cells
in metaphase. Tumor cell smears were made on clean glass
slides, fixed in methanol for 10 min and stained with Giem-
sa. Mitotic cells in metaphase were identified and counted
after screening at least 2000 tumor cells. Survival of control
and treated EAC-bearing mice was recorded daily for 12
weeks. Prolongation of hosts’ survival was recorded as per-
centage increase in life-span (% ILS) calculated by the for-
mula %ILS = (T/C - 1) x 100, where T and C are median
survival in days of treated and control groups respectively
[28].

Enzyme activity. Succinate dehydrogenase (SDH) and f-
glucuronidase enzyme activities in EAC cells were evalu-
ated cytochemically [9, 16]. Enzyme activities were evalu-
ated by subjective grading [5] of the intensity of color
reaction (0 to 4 +) after examining at least 200 tumor cells
in each slide.

Apoptosis and cell cycle analysis of tumor cells. Apoptosis
of tumor cells were determined by the in situ nick-end label-
ing (TUNEL) method [8] using in situ death detection Kkit,
POD (Boehringer Mannheim, Germany) following the
manufacturer’s protocol. For cell cycle analysis, EAC cells
were washed twice in PBS and fixed in methanol at 4 °C for
90 min. Thereafter the cells were treated with RNase (10 pg/
ml, ICN, USA), labeled with propidium iodide (5 ug/ml,
Sigma Chem. USA) and analyzed on a flow cytometer
(FACS Calibur, Becton Dickinson, USA) using Cell Quest
software (Becton Dickinson, USA).

Toxicity study. Serum aspartate transaminase (AST),
alanine transaminase (ALT), urea, and urea nitrogen were
measured spectrophotometrically [13] using commercially
available kits (Span Diagnostics, Surat, India).

Statistical analysis. The results were statistically analyzed
by Student’s t test and p<0.05 was considered significant.

Results

Hematological improvements. Tumor growth was asso-
ciated with decline in hemoglobin and RBC values with
concomitant rise in neutrophil and platelet counts. CY in-
jection reduced the WBC and platelet counts along with
reductions in hemoglobin and RBC values. In contrast,
DA plus CY-injected mice elicited improvements in all
these parameters as the values showed a change towards
normalcy (Tab. 1). DA elicited significant protection to cir-
culating neutrophils against the suppressive action of CY,
and the protection was not at the cost of lymphocytes as the
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Table 1. Hematological changes in EA C-bearing mice following treatment
with CY and DA

EAC-bearing mice treated with

Saline CY DA DA+CY
Hemoglobin (g/dl) 105+1.3 102405 11.0+04 12.7+0.5"
RBC (x10%ul) 47403 43+04 50406 5.6+03°
WBC (x10%/ul) 342422 115410 225418 147+1.1
Neutrophil (x10%/ul) 225+17 39+08 159+1.1 6.8+08"
Lymphocyte (x10%/ul) 103+08 69+14 59+ 07 74407
Platelet (x10%/ul) 105408 32406 105+1.0 83+12"

Results are mean +S.E.; 10 animals were used in each group; DA was
injected on day 3-7 post-transplantation, CY on day 8; “p<0.05 compared
with mice that received only CY.

Table 2. Total and differential counts of bone marrow and spleen

EAC, EAC+ EAC+ EAC+
day 10 CYy DA CY+DA
FEMORAL MARROW
Erythroblast (%) 43+03 3.0+02 84+06 88+0.7
Granulocytic cell (%) 80.9+1.2 437425 629+29 60.9+2.3"
Lymphoid cell (%) 122415 497422 264+19 263+1.6°
Megakaryocyte (%) 05+01 02401 06+01 05+01"
TNC (x10%femur) 148+12 75408 13.8+1.0 135+12"
SPLEEN
TNC/spleen, x107 223416 121413 175+1.7 16.0+1.0"
Lymphoid cell (%) 80.3+25 872430 81.7+2.6 80.5+3.1
Granulocytic cell (%) 155+0.5 82+05 133+09 143+0.7"

Results are mean +S.E; "p<0.05 compared with EAC+CY group; TNC —
total nucleated cell.

Table 3. Pluripotent hematopoietic stem cells in EA C-bearing mice after DA
and CY treatment

Group CFU- S;,/femur CFU-S;,/spleen
EAC, day 10 1422498 2732488
EAC+CY 447+17 315+13
EAC+DA 1160+ 145 24344106
EAC+DA+CY 875+87" 1016+ 118"

Results are mean + SE; “p<0.05 compared with EAC+CY group.

Table 4. Granulocytic stem cells in femoral marrow of tumor bearing mice
treated with DA and CY

Group CFU-C/femur (x10%) % Change over control
EAC control, day 10 67.3+2.6 -

EAC+CY 11.8+1.8 -82.5
EAC+DA 543435 -19.3
EAC+DA+CY 21.8+2.2" -67.6

Results are mean + S.E; "p<0.05 compared with EAC+CY group.

——s

72 hr RBC 59Fe incorporation (%)
=

L T 4 I 1

O EAC OEAC+CY MEAC+DA+CY
* p<0.05

Figure 1. Assessment of erythropoiesis in terms of 72 h RBC Fe incorpora-
tion (expressed as percentage of injected radioactivity) shows depression of
red cell production in CY-injected EAC-bearing mice. Pretreatment with
DA (50 mg/kg/day x 7) appreciably prevented the suppression of erythropoi-
esis.

absolute number of circulating lymphocytes also showed
a mild increment (Tab. 1).

BM and spleen cellularity. EAC-bearing mice showed
profound decline in nucleated cell count in the femoral mar-
row but marked increase in cell number in the spleen. CY
administration further reduced the number of nucleated
cells in femur. It also elicited decline in spleen cell count.
DA treatment before CY substantially lessened the sup-
pressive action of CY on BM and spleen cell counts (Tab.
2). Differential counts of BM following CY treatment re-
vealed marked depression of cells of the granulocyte line-
age, erythroblasts and megakaryocytes. DA pretreatment
elicited appreciable protection to these cells. DA treatment
before CY also prevented the fall in granulocytic cells in the
spleen (Tab. 2).

Erythropoiesis. Erythropoiesis, assessed in terms of 72-hr
RBC *°Fe incorporation, was drastically reduced in CY-in-
jected mice. DA pretreatment substantially improved the
rate of RBC production (Fig. 1).

Stem cells. CY injection caused 69% and 89% fall in the
number of pluripotent hematopoietic stem cells (CFU- S12)
in femur and spleen, respectively. Prior administration of
DA lessened the suppressive action of CY on these stem
cells (Tab. 3). Besides pluripotent stem cells, CY elicited
suppressive effects on CFU-Cin the BM, and partial protec-
tion was given to these cells by DA (Tab. 4).
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Table 5. Tumor inhibition by cycl pl de and dop Table 8. Cell cycle analysis of bone marrow cells of EAC-bearing mice
Treatment Tumor volume (ml) Total viable tumor Treatment Sub-G% Go/G1% S% G,M%
cell count (x107)

Saline 0.1+0.02 653+2.8 145413 19.1+1.7
CY only 0.6+0.2 105+1.5 CY 1.04+0.1 90.5+1.1 3.6+04 49405
DA only 12402 20.14+2.1 DA 0.24+0.04 57.942.7 11.4+0.8 30.5+1.6
DA+CY 0240.1" 33404 DA+CY 0.5+0.05" 72.54+1.9" 45407 225+1.8"
Saline 28+04 86.8+1.4

Results are mean +S.E of day 10 after tumor transplantation; “p<0.05 com-
pared with CY-only group.

Table 6. Succinate dehydrogenase (SDH) and f-glucuronidase enzyme ac-
tivities in tumor cells

Results are mean +S.E; "p<0.05 compared with CY-only group.

Table 9. Effect of cyclophc

| Ly

ide and dc

mitosis, apoptosis, and host survival

|

treatment on tumor cell

Treatment High SDH activity High f-glucuronidase
(2-4+) activity (2-4+)

CY alone 66.8+3.2 25.742.7

DA alone 76.44+2.6 14.841.5

DA+CY 928+24" 38.8+2.3"

Saline 94.9+1.2 10.54+0.7

Results are expressed as percentage of positive cells; enzyme activity was
evaluated by subjective grading (0—4+); tumor cells were harvested on day 10

Treatment Mitotic index (%) Apoptotic index (%) % ILS
CY 0.5+0.1 12+0.2 74
DA 12402 0.7+0.1 48
DA+CY 0.1+0.03" 2.6+03" 115
Saline 31402 0.2+0.04 -

%ILS — percentage increase in life span; 8 animals were used for mitosis and
apoptosis studies and 25 animals for survival in each group; “mitosis and
apoptosis values were obtained from mice at day 10 post-transplantation;
p<0.05 compared to saline-injected control.

post-transplantation; ‘p<0.05 compared with CY-alone group.

Table 7. Effects of dopamine and cyclophosphamide on cell cycle of EAC

cells

Treatment Sub-G1% Go/G1% S% G,M%
Saline 02401 604+1.1 19.1+1.4 203406
DA 39402 57.9+2.8 114405 268+1.4
CcY 1.6+0.2 5.0+0.8 49403 88.5+22
DA+CY 9.6+0.3" 120+13" 6.5+02" 71.9+432"

Table 10. Liver and kidney function

Mice Serum AST  Serum ALT  Serum urea Serum urea
(U/ml) (U/ml) (mg/dl) nitrogen

(mg/dl)

Normal mice 33.0+1.6 22.6+3.4 17.8+0.2 8.3+0.2
EAC, control 54.6+2.2 36.7+1.6 247+1.4 11.6+1.1
EAC+DA 51.6+18 394419 27.5+1.7 10.74+0.8
EAC+CY 68.7+2.6 459427 33.64+2.3 16.6 +1.5
EAC+DA+CY 55.6+2.1" 40.7+2.8 28.84+2.0 13.6+1.5

Results are mean +S.E; "p<0.05 compared with CY-only group.

Tumor response. The mean (+S.E.) tumor volume of
control EAC-bearing mice at day 10 after tumor transplan-
tation was 2.84+0.4 ml. Administration of CY, DA and
a combination of both reduced the tumor volume by
67.8%, 57.1% and 78.6%, respectively. Thus, reduction of
tumor volume was greatest in DA plus CY-injected group.
Similarly, highest reduction (96.2% ) in tumor cell number
was recorded in mice receiving DA and CY while CY and
DA alone were able to reduce tumor cell count by 87.9%
and 76.8%, respectively (Tab. 5).

Tumor regression was accompanied by decrease in SDH
and increase in f-glucuronidase enzyme activity in tumor
cells, suggesting inhibition of cell growth and acceleration of
cell death, respectively. Suppression of SDH and rise in /-
glucuronidase activity were most remarkable in mice that
received DA before CY (Tab. 6). This group also demon-
strated lowest mitotic index of tumor cells compared with
other treatment groups (Tab. 9).

Values are mean =+ SE; “p<0.05 compared with EAC+CY, 8 animals were
used in each group.

CY injection in tumor bearing mice caused S-phase re-
duction and blockade of EAC cells in G2/M phase. Table 7
shows that DA and CY in combination mediated remark-
able increase in sub-G1 peak suggesting induction of apop-
tosis. Apoptosis-enhancing effect of DA on EAC cells was
further established by TUNEL assay. Compared to saline-
treated control tumor bearing mice, DA and CY recipients
displayed 3.5- and 6-fold rise in the percentage of TUNEL-
positive tumor cells, respectively. In comparison, adminis-
tration of DA and CY in combination resulted in 13-fold
increase in programmed cell death of tumor cells (Tab. 9).

Cell cycle analysis of BM. CY blocked the BM cellsin G1,
as a result S- and G2/M populations were markedly re-
duced. In addition, it increased the percentage of sub-di-
ploid cells as evident from rise in the proportion of cells in
sub-G1 (Tab. 8). DA treatment before CY partially re-
moved the G1 blockade resulting in increase in S and G2/
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M fractions, and reduced the percentage of sub-G1 cells
from 1% to 0.5% (Tab. 8).

Liver and kidney toxicity. Tumor growth was followed by
alterations in liver and kidney functions as evidenced by rise
in serum AST, ALT, urea and urea nitrogen. CY raised
these values further. DA pretreatment reduced the severity
of CY-induced changes in biochemical parameters of liver
and kidney functions, and the improvement in serum AST
level was statistically significant (Tab. 10).

Host survival. Tumor inhibition by DA and CY was fol-
lowed by prolongation of hosts’ life span. The percentage
increase in life span (% ILS) was 68 and 47 in CY-injected
and DA-treated groups, respectively. Further increment in
life span (98% ILS) was recorded when DA and CY were
used in combination (Tab. 9).

Discussion

Although chemotherapy constitutes the principal mode
of treatment for leukemia, lymphoma and many solid tu-
mors, their toxic effects on normal cells have been of monu-
mental concern. Bone marrow cells are among the first to be
adversely affected by chemotherapeutic drugs, leading to
decline in circulating blood cells. The HGFs, which were
earlier thought to control these problems, have several dis-
advantages. It is therefore highly desirable to search for
agent (s) that can effectively destroy cancer cells but has
minimal or no side effects on normal proliferating cells.
We have earlier reported the potential of DA in this regard
[20]. In the present preclinical study we have investigated
the activity of DA in combination with commonly used an-
ticancer drug CY. We found that DA substantially reduced
the hematotoxicity of CY, augmented the antitumor effect
of this alkylating agent, and more importantly, prolonged
the lifespan of the tumor-bearing animals.

Inhibition of tumor by DA has been widely reported [6,
20, 28]. How DA inhibits the growth of tumor cells is a topic
of current research. Our previous studies have shown sti-
mulation of natural killer (NK) cells [3] and induction of
apoptosis in tumor cells by DA [22]. It is possible that DA
has upregulated NK cell activity and concomitantly aug-
mented tumor cell apoptosis in CY recipients, leading to
acceleration of tumor cell destruction. Indeed, apoptosis
of EAC cells was maximal in mice that received a combina-
tion of DA and CY. Alternatively, the action of DA could
be mediated by its effect on cell growth-related enzymes.
SDH is an important respiratory enzyme and its activity is
considered an index of cell growth and metabolism, whether
normal or neoplastic [S]. DA selectively inhibits the actions
of SH-group-containing enzymes to which SDH belongs
[12]. Hence inhibition of SDH and resultant suppression

of tumor cell growth may play a role in the mechanism of
tumor regression by DA. The activity of lysosomal enzyme
p-glucuronidase, on the other hand, is associated with cell
lysis, and is used in assessing the efficacy of antitumor agents
[5]- Therefore, marked increase in the activity of this en-
zyme in DA-treated mice suggests enhancement of cell ly-
sis. This is confirmed by increased percentage of sub-G1
fraction and TUNEL-positive EAC cells, indicating rise in
tumor cell apoptosis following DA treatment. In conformity
with the present finding, induction of apoptosis by DA has
been reported in human oral carcinoma cells [26].

How bone marrow cells are unaffected when tumor cells
are killed or checked from further proliferation by DA is not
known. Compared to BM cells, more tumor cells were in
sub-G1 stage of cell cycle, suggesting that EAC cells were
predominantly killed via upregulation of apoptosis. We
have earlier shown that the present dose schedule of DA
(50mg/kg/d x 5) significantly induces apoptosis in tumor
cells, while the bone marrow and spleen cells were relatively
unaffected by its action [22]. Irrespective of as-yet-unknown
protective mechanism(s) operating in bone marrow cells, it
is clear from our present and earlier [22] in vivo studies that
DA has the novel property of preferentially killing tumor
cells leaving hematopoitic cells of the host relatively un-
harmed.

DA has a LDs value of 1100 mg/kg body weight in nor-
mal mice [6]. Therefore, the total dose of DA used in this
study (250 mg/kg) represents about one fourth of LDsg
dose. Admittedly it is high enough to elicit some toxicity
in normal mice. But in tumor-bearing animals, we did not
observe any adverse reaction in biochemical parameters of
liver and kidney function. In fact, DA provided modest
protection to liver and kidney from the adverse effects of
CY on the functioning of these vital organs. In agreement
with the present observation, DA induces recovery from IL-
2 impaired renal function [18] in humans. Since toxicologi-
cal studies in mice accurately predict the effects in man [23],
hematoprotection by DA against the toxic effects of CY in
tumor bearing mice is expected to be also effective in human
cancer patients. Therefore, the present report describing
hematoprotective action of DA appears highly encouraging
with obvious clinical relevance.
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