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cisplatin injection. ANP also attenuated the decrease in the 
number of live cells and CFU-GM colonies in bone mar-
row 2, 4, and 8 days after cisplatin injection. ANP signifi-
cantly increased serum G-CSF levels 1 day after cisplatin 
injection.
Conclusions ANP has protective effects in cisplatin-
induced granulocytopenia, with increased G-CSF 
production.
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Introduction

Cisplatin is an effective chemotherapeutic agent and 
broadly used for the treatment of a wide variety of malig-
nant tumors. Myelosuppression is the major toxicity asso-
ciated with cisplatin and sometimes necessitates dose 
reduction or discontinuation of cancer treatment [1, 2]. 
In particular, febrile neutropenia (FN) increases the risk 
of infection, which is associated with significant morbid-
ity and mortality [1, 2]. The management of granulocyto-
penia is therefore an important issue for cancer treatment. 
Since no prophylactic strategy has been established, the 
development of effective treatments for granulocytopenia is 
desirable.

Granulocyte colony-stimulating factor (G-CSF) is the 
major regulator of granulocyte production. G-CSF is pro-
duced by bone marrow stromal cells, endothelial cells, 
macrophages, and fibroblasts [3]. G-CSF accelerates 
granulopoiesis in the bone marrow and peripheral tissues 
by stimulating the differentiation and proliferation of col-
ony-forming units, such as colony-forming unit-granulo-
cyte–macrophage (CFU-GM) [4, 5]. G-CSF increases the 
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production and release of neutrophils, mobilizes hemat-
opoietic stem and progenitor cells, and modulates the dif-
ferentiation, life span, and effector functions of mature 
neutrophils [6, 7]. G-CSF is currently used to treat chem-
otherapy-induced FN and to mobilize hematopoietic stem 
cells for cancer patients [7].

Atrial natriuretic peptide (ANP) is a cardiac hormone 
that has been used clinically for the treatment of acute heart 
failure in Japan. ANP exerts a wide range of protective 
effects, including heart, blood vessels, lung, and kidney, 
through binding to the guanylyl cyclase-A (GC-A) receptor 
[8, 9]. We have previously reported that ANP had protec-
tive effects on cisplatin-induced acute kidney injury [10]. 
On the basis of these previous studies, we hypothesized 
that ANP may protect against cisplatin-induced myelosup-
pression in mice. The objective of the present study was 
to investigate the protective effects of ANP on cisplatin-
induced myelosuppression.

Materials and methods

Animals and experimental design

Seven-week-old C57BL/6 mice were purchased from Japan 
SLC, Inc. (Shizuoka, Japan). ANP was obtained from the 
Peptide Institute Inc. (Osaka, Japan). Cisplatin was pur-
chased from Yakult Co. Ltd. (Tokyo, Japan). The mice were 
randomly divided into two groups: vehicle with cisplatin 
(n = 6) and ANP with cisplatin (n = 6). One day before 
cisplatin administration, ANP administration was started 
using an osmotic mini-pump, as previously reported [10]. 
The osmotic mini-pump (Alzet Model 1003D, Durect Cor-
poration, Cupertino, CA) containing either saline (vehicle) 
or ANP in saline (1.5 μg/kg/min) was implanted subcuta-
neously under anesthesia in the upper back of each mouse. 
Cisplatin was administered as a single intraperitoneal dose 
of 16 mg/kg. The mice were allowed free access to water and 
food. The mice were killed 0, 2, 4, 8, and 14 days after cispl-
atin injection under general anesthesia, and the white blood 
cell (WBC) count, red blood cell (RBC) count, and platelet 
count in the peripheral blood were examined in both groups. 
The numbers of total and live cells and CFU-GM colonies in 
the bone marrow of the mice were also examined. In addi-
tion, to investigate the influence of ANP administration on 
granulocyte–macrophage colony-stimulating factor (GM-
CSF) and G-CSF levels in the acute phase, mice were killed 
0, 0.5, 1, and 2 days after cisplatin injection, and serum GM-
CSF and G-CSF levels, and GM-CSF and G-CSF mRNA 
levels in the bone marrow and spleen of the mice were exam-
ined. The experimental protocol was approved by the Animal 
Care Ethics Committee of the National Cerebral and Cardio-
vascular Center Research Institute.

WBC, RBC, and platelet counts

On the day of killing, blood samples were collected via a 
femoral vein, and cytometry was performed using whole 
blood with the Celltac MEK-6450 (Nihon Kohden Co., 
Tokyo, Japan) according to the manufacturer’s protocol.

Colony‑forming unit assay

Bone marrow cells were flushed out from one femur with 
phosphate-buffered saline (PBS). After trypan blue (Thermo 
Fisher Scientific Inc., Waltham, MA) staining and counting 
of the nucleated cells by automated cell counter (Countess; 
Thermo Fisher Scientific Inc.), the viable nucleated cells were 
isolated. An aliquot of the cells was resuspended in PBS to a 
concentration of 1 × 106 cells/ml. After the cell suspension 
(300 µl) was added to 3 ml of MethoCult GFM-3534 (Stem-
Cell Technologies Inc., Vancouver, Canada), the media (1.1 ml 
per dish in duplicate) were cultured in a humidified incubator 
at 37 °C and 5 % CO2. Twelve days after plating, the number 
of colonies assessed by CFU-GM was counted according to 
the morphological characteristics under the microscope.

Measurement of GM‑CSF and G‑CSF levels by ELISA

Serum GM-CSF and G-CSF levels were determined using 
the Quantikine ELISA kit (R&D Systems, Minneapolis, 
MN) according to the manufacturer’s protocol.

Quantitative real‑time PCR analysis

Total RNA was isolated using an RNeasy Mini Kit (Qia-
gen, Hilden, Germany). The obtained RNA was reverse-
transcribed into cDNA using a QuantiTect Reverse Tran-
scription Kit (Qiagen). PCR amplification was performed 
using SYBR Premix Ex Taq (Takara Bio Inc., Tokyo, 
Japan). Quantitative PCR was performed in a 96-well 
plate using a Light Cycler 480 System II (Roche Applied 
Science, Indianapolis, IN). The primers used were as fol-
lows: for GM-CSF, sense 5′-GTGTGCCACCTACAAGC 
TGTGTCAC-3′ and antisense 5′-TCCATCTGCTGCCAG 
ATGGTGGTGG-3′; for G-CSF, sense 5′-TGCTGGGCCAC 
TCTCTGGGGATCC-3′ and antisense 5′-GCATGGCGCT 
CTGTGTGGGCTGCA-3′; and for 36B4, sense 5′-TCATTG 
TGGGAGCAGACAATGTGGG-3′ and antisense 5′-AGGT 
CCTCCTTGGTGAACACAAAGC-3′. Quantification of 
gene expression was calculated relative to the housekeep-
ing gene 36B4.

Statistical analysis

Results are expressed as mean ± SE. The statistical signifi-
cance of differences was determined by one-way ANOVA 
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followed by the post hoc Tukey’s test. P < 0.05 was consid-
ered significant.

Results

ANP protects against granulocytopenia induced 
by cisplatin

To investigate the effects of ANP on myelosuppression, 
mice were pretreated with or without ANP 1 day before 
cisplatin injection, cisplatin was then administered, and 
they were finally killed 0, 2, 4, 8, and 14 days after cis-
platin injection. Figure 1 shows body weight and WBC, 
RBC, and platelet counts in both groups. There was no sig-
nificant difference in weight loss between the two groups 
(Fig. 1a). In the vehicle group, the WBC count was signifi-
cantly decreased 2 and 4 days in the peripheral blood after 
cisplatin injection. In contrast, ANP significantly attenu-
ated the decrease of WBC count 2 and 4 days after cisplatin 
injection compared to the vehicle (Fig. 1b). The RBC count 
was increased 2 and 4 days after cisplatin injection in both 
groups. ANP significantly increased the RBC count 2 days 
after cisplatin injection compared to the vehicle (Fig. 1c). 

There was no significant difference in the platelet count 
after cisplatin injection in both groups (Fig. 1d).

ANP protects the number of live cells in the bone 
marrow after cisplatin injection

Whether ANP affects the number of total and live cells in 
the bone marrow after cisplatin injection was then inves-
tigated. The number of total cells in the bone marrow was 
relatively higher in the ANP group compared to the vehi-
cle group, but there was no significant difference (Fig. 2a). 
The numbers of live cells and CFU-GM colonies were 
decreased in both groups after cisplatin injection, but ANP 
significantly attenuated the decrease in the numbers of live 
cells and CFU-GM colonies in the bone marrow 2, 4, and 
8 days after cisplatin injection (Fig. 2b, c).

ANP affects GM‑CSF and G‑CSF levels after cisplatin 
injection

The influence of ANP on GM-CSF and G-CSF levels 
in the bone marrow and spleen in the acute phase after 
cisplatin injection was then investigated. GM-CSF and 
G-CSF mRNA levels in the bone marrow and spleen 

Fig. 1  Effects of ANP on body weight and blood cell counts after cisplatin injection. Body weight (a) and WBC (b), RBC (c), and platelet 
counts (d) in each group at 0, 2, 4, 8, and 14 days after cisplatin injection. Data are expressed as mean ± SE (n = 6, each group). *P < 0.05
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were upregulated 0.5 days after cisplatin injection in 
both groups. ANP significantly increased GM-CSF and 
G-CSF mRNA levels 0.5 days after cisplatin injection 
compared to the vehicle (Fig. 3). Finally, the influence of 
ANP administration on serum GM-CSF and G-CSF lev-
els was examined in both groups. Serum GM-CSF levels 
were not detectable in all samples of both groups before 
and after cisplatin injection. Serum G-CSF levels were 
increased 0.5 and 1 days after cisplatin injection in both 
groups. ANP significantly increased serum G-CSF levels 
one day after cisplatin injection compared to the vehicle 
(Fig. 4).

Discussion

By comparing ANP-treated mice with vehicle mice in a 
cisplatin-induced myelosuppression model, it was possible 
to show for the first time that ANP has a prophylactic effect 
on cisplatin-induced granulocytopenia. ANP significantly 
reduced the decrease of the WBC count induced by cispl-
atin. The present findings indicate that ANP pretreatment is 

a valuable option to prevent granulocytopenia induced by 
chemotherapy including cisplatin.

Granulocytopenia caused by the suppression of bone 
marrow differentiation and proliferation is a serious risk 
of cytotoxic chemotherapy. ANP significantly increased 
the expression levels of GM-CSF and G-CSF in spleen 
and bone marrow and serum G-CSF levels of the mice 
after cisplatin injection. It is considered that hematopoi-
etic cytokines, such as GM-CSF and G-CSF increased 
by ANP, attenuated the decrease in the number of CFU-
GM colonies in cisplatin-treated bone marrow. These 
findings suggest that ANP can reduce cisplatin-induced 
granulocytopenia.

Numerous studies have shown that GM-CSF or G-CSF 
plays the central role in the regulation of cisplatin-induced 
granulocytopenia [11, 12]. Mobilization of granulocytes 
and their progenitors from bone marrow to the blood 
stream is induced by GM-CSF or G-CSF [11, 12]. In the 
normal state, serum G-CSF levels are generally below 
40 pg/ml. Following therapy with cytotoxic chemother-
apy, serum G-CSF levels increase markedly. However, the 
significant reactions of differentiation and proliferation 

Fig. 2  Effects of ANP on the number of total and live cells and 
CFU-GM colonies in the bone marrow after cisplatin injection. The 
number of total cells (a), live cells (b), and CFU-GM colonies (c) in 

each group at 0, 2, 4, 8, and 14 days after cisplatin injection. Data are 
expressed as mean ± SE (n = 6, each group). *P < 0.05
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of granulocytes and their progenitors often require some 
time. Therefore, patients with FN have an increased risk 
of severe infections [1, 2]. Recombinant G-CSF has been 
clinically available for these high-risk patients. Prophy-
laxis with G-CSF administration has been reported to 

improve clinical outcomes for FN patients [13, 14]. How-
ever, no therapy that increases endogenous G-CSF levels 
has been developed; therefore, a prophylactic strategy 
for reducing the incidence of FN would be effective and 
needed.

In previous studies, we have reported that ANP had 
protective effects on cisplatin-induced acute kidney 
injury [10]. Recent studies showed that G-CSF rescues 
mice from acute kidney injury induced by cisplatin [15, 
16]. Therefore, it is possible that the protective effects of 
ANP on acute kidney injury induced by cisplatin are par-
tially due to increased G-CSF levels. This action is very 
important for cancer patients receiving chemotherapy, 
because G-CSF is used clinically in conditions showing 
both acute renal injury and granulocytopenia for patients 
receiving cytotoxic chemotherapy. ANP treatment is use-
ful for preventing acute kidney injury and granulocyto-
penia induced by cisplatin at the same time. The effects 
of ANP on G-CSF levels provide great insight for can-
cer treatment including myelosuppressive nephrotoxic 
chemotherapy.

Numerous studies have shown that ANP exhibits a 
wide range of cardioprotective effects, including antifibro-
sis, antihypertrophy, anti-inflammatory, and inhibition of 

Fig. 3  Effects of ANP on GM-CSF and G-CSF expression levels 
in the bone marrow and spleen after cisplatin injection. The mRNA 
expression levels of GM-CSF (upper) and G-CSF (lower) normal-

ized by 36B4 mRNA levels in the bone marrow (a) and spleen (b) of 
each group at 0, 0.5, 1, and 2 days after cisplatin injection. Data are 
expressed as mean ± SE (n = 6, each group). *P < 0.05

Fig. 4  Effects of ANP on serum G-CSF levels after cisplatin injec-
tion. Serum G-CSF levels of each group at 0, 0.5, 1, and 2 days after 
cisplatin injection. Data are expressed as mean ± SE (n = 6, each 
group). *P < 0.05RETRACTED A

RTIC
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sympathetic nerve activity, the renin–angiotensin–aldoster-
one system, and endothelin synthesis [8, 9]. However, there 
have been few studies examining the effects of ANP on 
myelosuppression and the pathophysiology of bone mar-
row disorders. ANP is an endogenous peptide that has been 
approved for treatment of acute heart failure since 1995 in 
Japan, and few patients have suffered severe side effects. 
Therefore, the clinical safety of ANP has already been 
established. In surgical treatment, we previously reported 
that ANP administration during the perioperative period 
had a prophylactic effect on postoperative cardiopulmonary 
complications in lung cancer surgery [17–19]. Recently, we 
reported that ANP had prophylactic effects on postopera-
tive cancer recurrence after curative surgery in lung cancer 
patients [20]. Therefore, ANP could be a valuable option 
for the treatment of the patients with malignant tumors. The 
observed protective effects of ANP on cisplatin-induced 
granulocytopenia in this study may reduce the severity of 
side effects resulting from cytotoxic chemotherapy agents. 
We have already started a clinical trial examining the use of 
human ANP for preventing acute kidney injury and granu-
locytopenia in lung cancer patients undergoing chemother-
apy (JPRN-UMIN000018851). This first trial using human 
ANP in addition to cytotoxic chemotherapy agents will be 
able to answer questions about its clinical application. Vari-
ous cytokines including interleukin (IL)-1, IL-3, IL-5, or 
IL-7 have been reported to be associated with the regula-
tion of G-CSF levels [21, 22]. There are various compli-
cated mechanisms in G-CSF levels or granulocytopenia. 
However, in this study, we could not uncover the mecha-
nisms of G-CSF upregulation or granulocytopenia in ANP 
treatments. Further studies are required.

In summary, the present study showed for the first time 
that ANP has protective effects in cisplatin-induced granu-
locytopenia through increased G-CSF levels. ANP pretreat-
ment may become a new candidate for the prophylaxis of 
cisplatin-induced granulocytopenia. However, the detailed 
mechanism is not yet clear. Further studies to assess the 
effects of ANP on cisplatin-induced myelosuppression are 
warranted.
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