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Abstract:

The low-molecular weight dipeptide bestatin is a potent inhibitor of aminopeptidase N and has been demonstrated to have antitumor

and immunomodulatory effects. The effects of bestatin on interleukin (IL)-1� synthesis and release by peritoneal macrophages

stimulated in vitro with lipopolysaccharide (LPS) from E. coli, the phagocytic and oxidative burst activity from peripheral blood

monocytes and granulocytes and the number of blood leukocytes and blood picture in cyclophosphamide-treated mice were tested.

Bestatin at doses of 1 and 0.1 mg/kg was injected into cyclophosphamide-treated mice ip five times on alternating days or ten times

at 24 h intervals. The first dose of bestatin was administered 24 h after a single injection of cyclophosphamide at a dose of 350 mg/kg.

It was found that bestatin administered at doses of 1 and 0.1 mg/kg five times on alternating days increased the synthesis and release

of IL-1� by resident peritoneal murine macrophages stimulated in vitro with LPS in cyclophosphamide-treated mice. The immuno-

correcting action of bestatin on the picture of peripheral blood in cyclophosphamide-treated mice was primarily observed with

young forms of neutrophilic granulocytes. The changes were observed irrespective of the dosage and the number of subsequent

doses applied. Moreover, the administration of bestatin after pharmacological immunosuppression partially prevented the suppres-

sive effects of cyclophosphamide on the oxidative burst activity of peripheral blood monocytes and stimulated the phagocytic activ-

ity of granulocytes.
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Abbreviations: APN – aminopeptidase N, BE – bestatin, CD –

cluster of differentiation, CFU-GM – colony forming unit-

granulocyte/macrophage, Con A – concanavalin A, CSF – col-

ony stimulating factor, CY – cyclophosphamide, DCH –

delayed-cutaneous hypersensitivity, DTH – delayed-type hy-

persensitivity, FBS – fetal bovine serum, FMLP – formyl-

methionyl-leucyl-phenylalanine, GM-CSF – granulocyte/

macrophage colony stimulating factor, HLA-DR – major histo-

compatibility complex 2, IL – interleukin, LPS – lipopolysac-

charide, LTBMC – long-term human bone marrow cultures,

MIP-1� – macrophage inflammatory protein, PBS – phosphate

buffered saline, PMA – phorbol 12-myristate 13-acetate,

TGF-� – transforming growth factor �

Introduction

Macrophages, monocytes and neutrophils are phago-

cytes that are important in the immunological re-

sponse and immunity of macroorganisms. The cells

primarily function in innate immunity because they

are not able to recognize the antigens specifically;

however, they are also involved in the mechanisms of

acquired immunity. Therefore, the ability to modulate

the functions of these cells may be therapeutically be-

neficial for the treatment of many infectious diseases.
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Bestatin (ubenimex), a low-molecular weight di-

peptide, is known to be a biological response modifier

[21]. The drug is also known for its antitumor [7, 10,

11, 22, 24], antibacterial [9], antiviral [4, 30, 31] and

antifungal [2] effects as a result of a direct activity in

the cells of the immune system. Moreover, this agent

stimulates the activity of macrophages [37]. As shown

previously, bestatin activates the tumoricidal properties

in mouse peritoneal macrophages in vitro and tumor

cytotoxicity in macrophages of mice treated with the

drug [33]. Bestatin also increases the cytotoxic activity

of peripheral blood lymphocytes and spleen cells of

cancer patients due to the activation of macrophages

[15]. In addition, the mitogenic action of this immuno-

modulator on lymphocytes is also connected with the

stimulation of macrophages [14].

Previous studies have shown that bestatin has many

diverse effects on the production of cytokines [19, 25,

27, 38]. It stimulates the humoral immune response

[17, 31, 39], hematopoiesis [1], augments delayed-type

hypersensitivity (DTH) to SRBC and restores the im-

paired DTH to SRBC and delayed cutaneous hypersen-

sitivity (DCH) to oxazolone [13, 39]. Bestatin inhibits

aminopeptidases, especially aminopeptidase N (APN)

[3, 18, 36], which is identical to the cell surface mole-

cule CD13 [20]. Membrane-bound APN/CD13 is dis-

tributed in hematopoietic cells of myeloid origin and

outside of the hematopoietic system in epithelial, en-

dothelial and fibroblast cells. Overexpression of

APN/CD13 has been observed in various inflamma-

tory diseases and cancers [3]. As an inhibitor of

APN/CD13, bestatin has shown beneficial effects in

the treatment of some inflammatory diseases and

types of cancer [3, 28, 29]. It is currently used in Ja-

pan as an immunomodulator and antitumor drug.

However, there are little data about the influence of

bestatin on the immune response impaired by immuno-

suppressants. Therefore, the purpose of the present study

was to determine the effects of bestatin in different dos-

ages and schedules of treatment on the activity of perito-

neal macrophages and peripheral blood monocytes and

granulocytes as well as on the number of blood leuko-

cytes and blood picture in cyclophosphamide-treated

mice. Cyclophosphamide, an alkylating agent used in

cancer treatment and autoimmune diseases, is also

used in experimental immunopharmacology to induce

immunosuppression and estimate the immunocorrect-

ing action of the drugs or substances considered as

immunomodulators.

Materials and Methods

Animals

The studies were conducted on female Balb/c mice

(8 weeks of age), with each weighing 20 g. The mice

were kept under conventional conditions. The animals

were fed a commercial, granulated food and water ad

libitum. The experimental animals were obtained

from the Breeding Center of Laboratory Animals at

the Institute of Occupational Medicine, £ódŸ, Poland.

The principles of laboratory animal care (NIH publi-

cation No. 86–23, revised 1985) as well as the spe-

cific national laws on the protection of animals were

followed. The study protocol was approved by the

Local Ethics Committee in Wroc³aw, Poland (No.

08/2008).

Drugs and treatment

Pharmacological immunosuppression was induced by

a single intraperitoneal (ip) injection of cyclophos-

phamide (Endoxan – Baxter) administered at a dose

of 350 mg/kg. Bestatin (in subst., Sigma) at doses of

1 and 0.1 mg/kg was injected into cyclophosphamide-

immunosuppressed mice ip five times at 48-h inter-

vals or ten times at 24-h intervals. The first dose of

bestatin was administered 24 h after the cyclophos-

phamide injection. Bestatin and cyclophosphamide

were dissolved in phosphate buffered saline (PBS,

Institute of Immunology and Experimental Therapy,

Wroc³aw, Poland). The trials in the control groups

were conducted in parallel. The mice in the control

groups received PBS instead of bestatin or cyclophos-

phamide. The volume of each dose of bestatin, cyclo-

phosphamide or PBS was 0.2 ml per animal. Each ex-

perimental group consisted of eight mice.

Measurements

The following indices were measured: (i) the produc-

tion of interleukin-1� (IL-1�) in the culture super-

natants of peritoneal macrophages stimulated in vitro

with lipopolysaccharide (LPS) from E. coli (055:B5,

Sigma); (ii) the number of leukocytes in the blood and

blood picture; (iii) the phagocytic activity of the blood

monocytes and granulocytes; and (iv) the oxidative

burst activity of the blood monocytes and granulo-

cytes. The level of IL-1� was determined 24 h after
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the last bestatin injection, whereas the number of leu-

kocytes in the blood, the blood picture and the phago-

cytic and the oxidative burst activity of the blood

granulocytes and monocytes were determined 24 and

72 h after the last bestatin administration.

Cytokine assay

The mice were anesthetized with halothane (Narco-

tan, Zentiva, Prague, Czech Republic) and euthanized

by cervical dislocation. Peritoneal exudate macro-

phages were harvested in sterile, ice-cold PBS with

two antibiotics: penicillin 10 U/ml and streptomycin

1 µg/ml (Penicillin-Streptomycin Solution Stabilized,

Sigma). The cells were washed and suspended in

RPMI-1640 medium (Institute of Immunology and

Experimental Therapy, Wroc³aw, Poland) supple-

mented with 10% fetal bovine serum (FBS) (Sigma),

10 mM HEPES (Sigma), 2 mM L-glutamine (Sigma)

and antibiotics (10 U/ml penicillin and 1 µg/ml strep-

tomycin, Sigma), adjusted to a concentration of 1.5

× 10� cells/ml, and dispensed in 100 µl volumes in

a 96-well flat bottom plate (Sarstedt Inc., Newton,

USA). The medium with non-adherent cells was re-

placed after 3 h incubation at 37°C in normal atmos-

phere with 5% CO�. The incubation was continued,

and the medium was replaced after 20 h by the me-

dium without FBS but containing LPS from E. coli,

serotype 055:B5 (Sigma), at a concentration of

2.5 µg/ml. After 24 h of incubation, the supernatants

were removed and stored at –70°C [5].

A commercial ELISA kit (Quantikine, R&D Sys-

tems, Minneapolis, USA) was used to determine the

murine IL-1� (pg/ml) levels in macrophage culture

supernatants, according to the manufacturer’s instruc-

tions. Each sample was tested in duplicate.

Preparation of blood smears

Blood smears were performed on microscopic glass

and stained with Giemsa and May-Grunwald rea-

gents. The preparations were analyzed using 1000×

magnification in immersion oil. Up to 100 cells were

counted on two preparations for each mouse (eight

mice per group). The results are presented as the

mean values (in total number) for each cell type (lym-

phocytes, bacilliform neutrophils, segmented neutro-

phils, basophils, eosinophils and monocytes).

The phagocytic and the oxidative burst activity

The blood samples were collected from retro-ocular

arteries of halothane-anesthetized mice in tubes con-

taining a heparin anticoagulant (Equimed, Kraków,

Poland). Next, the mice were euthanized by cervical

dislocation.

Commercial Phagotest and Bursttest (Phagoburst)

kits were used according to the manufacturer’s instruc-

tions (ORPEGEN Pharma, Heidelberg, Germany).

Fluorescence was analyzed using a flow cytometer

(FACS Calibur, Becton-Dickinson Biosciences) and

the CellQuest 3.1f. software.

The Phagotest kit contains fluorescein-labeled op-

sonized E. coli (E. coli-FITC) and the necessary rea-

gents, which allowed us to measure the percentage of

phagocytosing blood granulocytes and monocytes (in-

gestion of one or more bacteria per cell) and their

mean fluorescence intensity (the number of bacteria

per cell).

The Bursttest kit contains unlabeled opsonized E.

coli, phorbol 12-myristate 13-acetate (PMA) and

formyl-methionyl-leucyl-phenylalanine (FMLP) as

stimulants and the necessary reagents. The Bursttest

allowed us to determine the leukocyte oxidative burst

by measuring the percentage of blood granulocytes

and monocytes producing reactive oxygen radicals

and their mean fluorescence intensity (enzymatic ac-

tivity).

Statistical analysis

The differences between the groups were assessed

using the one-way analysis of variance (ANOVA) and

post-hoc analysis using the Scheffé test using

STATISTICA 9.1 software. A p value of < 0.05 was

considered significant.

Results

The effect of bestatin on the synthesis and

release of IL-1� by peritoneal macrophages

in cyclophosphamide-treated mice

A single dose of cyclophosphamide (350 mg/kg) did

not induce the synthesis and release of IL-1� by

murine peritoneal macrophages stimulated in vitro
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with LPS from E. coli (2.5 µg/ml cell culture) on day

12 after injection of this immunosuppressive drug.

with LPS from E. coli (2.5 µg/ml cell culture) on day

12 after injection of this immunosuppressive drug.

Administration of bestatin after a single injection

of a high dose of cyclophosphamide induced the syn-

thesis and release of IL-1� by mouse peritoneal

macrophages stimulated in vitro with LPS. The effect

of bestatin was dependent on the dosage and the

number of doses applied. The strongest stimulating

effect was observed after five injections of bestatin on

alternating days at a dose of 0.1 mg/kg. In this experi-

ment, the concentration of IL-1� increased to greater

than three-fold as compared to the control group. In

contrast, five injections of bestatin at 48-h intervals at

a dose of 1 mg/kg doubled the synthesis and release of

IL-1� by mouse peritoneal macrophages stimulated in

vitro with LPS. No significant differences were observed

after ten injections of bestatin (0.1 or 1.0 mg/kg) at 24-h

intervals (Fig. 1).

The effects of bestatin on the number of blood

leukocytes and the blood picture in

cyclophosphamide-treated mice

A single administration of cyclophosphamide at a dose

of 350 mg/kg decreased the number of peripheral

blood leukocytes and lymphocytes, monocytes, and

bacilliform neutrophils on days 12 and 14 following

exposure to the drug (Tabs. 1 and 2).

The administration of bestatin after exposure to

a high dose of cyclophosphamide partially improved

the picture of the peripheral blood in cyclophospha-

mide-treated mice. However, bestatin administered

five or ten times at two subsequent doses did not

change the effect of cyclophosphamide on the number

of blood leukocytes in the mice. As can be seen in

Tables 1 and 2, the exposure to bestatin at doses of

0.1 and 1 mg/kg administered five or ten times com-

pletely prevented the suppressive action of cyclophos-

phamide on the absolute number of bacilliform neu-

trophils. The strongest stimulating effect was ob-

served after ten injections of bestatin at 24-h intervals

at doses of 0.1 mg/kg and 1 mg/kg on day 12 after im-

munosuppression. In this experiment, the absolute

number of bacilliform neutrophils increased by half,

as compared to the control group (Tab. 2). The effect

of bestatin on the absolute number of lymphocytes

was dependent on the dosage, the number of doses ap-

plied and the time after exposure to cyclophospha-

mide. The immunocorrecting effect on the absolute

number of lymphocytes was observed on day 14 after
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Fig. 1. The effects of bestatin (BE) administered five times on alternating days or ten times at 24-h intervals on IL-1� production by peritoneal
macrophages stimulated in vitro with LPS in cyclophosphamide (CY)-treated mice; the data represent the mean values (n = 8) and standard
deviation. Data with different letters show significant differences (p < 0.05)
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Tab. 1. Changes in the composition of blood cell types in cyclophosphamide (CY)-treated mice after administration of bestatin (BE) five times
on alternating days; the data represent the mean values (n = 8) and standard deviation

Number of cells (10�/µl) Hours Group

Control CY 1 � 350 mg/kg CY + BE 5 � 1 mg/kg CY + BE 5 � 0.1 mg/kg

Leukocytes 24 7.7 ± 2.3� 3.6 ± 0.8� 5.0 ± 0.8� 4.1 ± 0.9�

72 6.8 ± 1.5� 2.9 ± 0.7� 4.6 ± 1.1� 4.4 ± 1.2�

Lymphocytes 24 5.9 ± 1.7� 2.4 ± 0.6� 3.2 ± 0.6� 2.8 ± 0.5�

72 5.2 ± 1.1� 1.9 ± 0.5� 2.9 ± 0.8� 2.8 ± 0.7�

Bacilliform neutrophils 24 0.3 ± 0.1� 0.03 ± 0.03� 0.4 ± 0.06� 0.3 ± 0.05�

72 0.3 ± 0.08� 0.03 ± 0.03� 0.4 ± 0.2� 0.3 ± 0.07��

Segmented neutrophils 24 1.2 ± 0.4 1.0 ± 0.2 1.2 ± 0.3 0.9 ± 0.3

72 1.1 ± 0.2 0.9 ± 0.1 1.2 ± 0.1 1.2 ± 0.4

Basophils 24 0.08 ± 0.08 0.04 ± 0.04 0.03 ± 0.03 0.01 ± 0.02

72 0.03 ± 0.04 0.02 ± 0.02 0.01 ± 0.02 0.0 ± 0.0

Eosinophils 24 0.04 ± 0.04 0.05 ± 0.03 0.06 ± 0.05 0.05 ± 0.04

72 0.04 ± 0.04 0.04 ± 0.02 0.05 ± 0.02 0.03 ± 0.03

Monocytes 24 0.1 ± 0.05� 0.06 ± 0.03� 0.09 ± 0.05�� 0.04 ± 0.04�

72 0.1 ± 0.07� 0.05 ± 0.02� 0.02 ± 0.02� 0.02 ± 0.02�

Data with different superscript letters show significant differences (p < 0.05)

Tab. 2. Changes in the composition of blood cell types in cyclophosphamide (CY)-treated mice after administration of bestatin (BE) ten times at
24 h intervals; the data represent the mean values (n = 8) and standard deviation

Number of cells (10�/µl) Hours Group

Control CY 1 � 350 mg/kg CY + BE 10 � 1 mg/kg CY + BE 10 � 0.1 mg/kg

Leukocytes 24 9.2 ± 1.0� 5.7 ± 1.0� 6.2 ± 1.7� 6.1 ± 1.2�

72 4.9 ± 1.0 3.5 ± 1.2 3.9 ±1.0 4.7 ± 0.7

Lymphocytes 24 7.2 ± 1.0� 3.8 ± 0.7� 3.6 ± 1.0� 3.8 ± 0.7�

72 3.8 ± 0.9� 2.2 ± 0.6� 2.9 ± 0.7�� 3.6 ± 0.5�

Bacilliform neutrophils 24 0.4 ± 0.2� 0.07 ± 0.07� 0.6 ± 0.2� 0.6 ± 0.09�

72 0.3 ± 0.08� 0.06 ± 0.06� 0.2 ± 0.07�� 0.3 ± 0.09�

Segmented neutrophils 24 1.4 ± 0.2 1.6 ± 0.3 1.8 ± 0.5 1.6 ± 0.3

72 0.6 ± 0.1 0.9 ± 0.3 0.6 ± 0.1 0.7 ± 0.1

Basophils 24 0.05 ± 0.05 0.05 ± 0.05 0.02 ± 0.03 0.02 ± 0.03

72 0.03 ± 0.03 0.05 ± 0.02 0.04 ± 0.04 0.03 ± 0.02

Eosinophils 24 0.05 ± 0.05 0.08 ± 0.05 0.07 ± 0.06 0.07 ± 0.05

72 0.04 ± 0.05 0.05 ± 0.03 0.05 ± 0.04 0.03 ± 0.02

Monocytes 24 0.1 ± 0.06� 0.09 ± 0.05�� 0.04 ± 0.04� 0.04 ± 0.03�

72 0.09 ± 0.02 0.1 ± 0.06 0.1 ± 0.05 0.09 ± 0.04

Data with different superscript letters show significant differences (p < 0.05)



the cyclophosphamide injection in the group adminis-

tered ten times with 0.1 mg/kg bestatin (Tab. 2). How-

ever, bestatin was not able to reduce the suppressive

effect of cyclophosphamide on the absolute number

of blood lymphocytes in the remaining schedules of

treatment (Tabs. 1 and 2). Bestatin did not exert an

immunocorrecting effect on the absolute number of

monocytes (Tab. 1). The drug administered ten times

at all doses under investigation even decreased the ab-

solute number of these cells on day 12 after the cyclo-

phosphamide injection (Tab. 2).

The effects of bestatin on the phagocytic

activity of granulocytes and monocytes in

cyclophosphamide-treated mice

A single injection of a high dose of cyclophosphamide

did not change the percentage of the phagocytosing

granulocytes and monocytes. However, cyclophos-

phamide on day 14 after administration decreased the

fluorescence intensity of granulocytes and monocytes,

which indicated that the number of ingested bacteria

per cell had been reduced (Tab. 3).

Five administrations of bestatin at doses of 0.1 and

1 mg/kg after exposure to a high dose of cyclophos-

phamide increased the percentage of granulocytes,

indicating phagocytosis, as compared to the control

group on day 12 after injection of the immuno-

suppressant. However, the number of ingested bacte-

ria per granulocyte (intensity of fluorescence) in-

creased only in the group administered 0.1 mg/kg of

bestatin. In contrast, bestatin administered five times

at a dose of 0.1 mg/kg decreased the percentage of

monocytes, indicating phagocytosis, on day 14 after

cyclophosphamide injection. On day 14 following the

exposure to cyclophosphamide, the immunocorrect-

ing action of bestatin on the reduced number of

ingested bacteria per one granulocyte or monocyte

was not observed (Tab. 3).

The effects of bestatin on oxygen burst activity

of granulocytes and monocytes in

cyclophosphamide-treated mice

As shown in Table 4, a single injection of cyclophos-

phamide did not change the percentage of granulo-

cytes producing reactive oxidants and enzyme activity

(fluorescence intensity). However, cyclophosphamide

decreased the percentage of monocytes producing re-

active oxygen metabolites and the enzyme activity of

monocytes on day 14 after the injection. Bestatin at

a dose of 1 mg/kg administered five times at 48 h in-

tervals increased the percentage of granulocytes pro-

ducing reactive oxidants on day 12 after cyclophos-

phamide treatment but decreased the enzyme activity

(fluorescence intensity) of these cells on day 14 fol-
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Tab. 3. The phagocytic activity of peripheral blood granulocytes and monocytes in cyclophosphamide (CY)-treated mice after administration
of bestatin (BE) five times on alternating days or ten times at 24 h intervals; the data represent the mean values (n = 8) and standard deviation

Group % of phagocytosing cells Mean fluorescence intensity

Granulocytes Monocytes Granulocytes Monocytes

24 h 72 h 24 h 72 h 24 h 72 h 24 h 72 h

Control group 82.5 ± 4.5� 85.6 ± 6.6 80.2 ± 4.7 77.5 ± 3.8� 83.3 ± 6.6�� 61.0 ± 10.8� 59.0 ± 7.2 44.9 ± 5.0�

CY 1 � 350 mg/kg 87.3 ± 6.1�� 83.3 ± 6.8 68.5 ± 6.5 62.5 ± 11.9�� 75.3 ± 10.4� 44.8 ± 7.2� 44.9 ± 12.2 33.5 ± 6.6�

CY 1 � 350 mg/kg
+ BE 5 � 1 mg/kg

93.0 ± 3.7� 85.1 ± 3.8 74.6 ± 6.1 62.8 ± 4.7�� 97.0 ± 10.9�� 44.2 ± 7.3� 54.1 ± 15.1 33.0 ± 3.5�

CY 1 � 350 mg/kg
+ BE 5 � 0.1 mg/kg

92.7 ± 2.8� 83.8 ± 6.4 82.1 ± 4.3 59.2 ± 10.1� 98.5 ± 11.0� 43.6 ± 7.7� 64.8 ± 8.5 33.0 ± 6.0�

CY 1 � 350 mg/kg
+ BE 10 � 1 mg/kg

88.9 ± 5.1�� 88.9 ± 4.0 73.8 ± 8.4 71.3 ± 5.0�� 81.4 ± 10.2�� 55.1 ± 7.9�� 54.7 ± 10.7 39.4 ± 5.6��

CY 1 � 350 mg/kg
+ BE 10 � 0.1 mg/kg

90.3 ± 6.0�� 88.7 ± 3.6 78.3 ± 9.0 65.4 ± 12.2�� 80.0 ± 9.3�� 54.1 ± 6.3�� 48.9 ± 7.7 36.3 ± 7.3��

Data with different superscript letters show significant differences (p < 0.05)



lowing exposure to cyclophosphamide (compared to

the control group). Moreover, bestatin, irrespective of

the dosage and the number of subsequent doses ap-

plied, completely inhibited the suppressive effect of

a high dose of cyclophosphamide on the percentage of

the monocytes producing reactive oxidants. The

strongest immunocorrecting action was observed after

five injections of bestatin at a dose of 0.1 mg/kg on

day 14 after immunosuppression. However, the drug

was not able to restore the impairment by cyclophos-

phamide enzyme activity of monocytes (Tab. 4).

Discussion

The results obtained in the present study show that

bestatin had a modulating effect on the synthesis and

release of IL-1� by murine peritoneal macrophages

stimulated in vitro with LPS from E. coli, the phago-

cytic and oxidative burst activity of peripheral blood

monocytes and granulocytes and the blood picture in

cyclophosphamide-treated mice.

Bestatin at doses of 1.0 and 0.1 mg/kg administered

five times on alternating days increased the production

and release of IL-1� by murine peritoneal macro-

phages in cyclophosphamide-treated mice. However,

cyclophosphamide did not affect the release of pro-

inflammatory cytokine IL-1�. Although, Bryniarski et

al. [5] reported that peritoneal macrophages from

cyclophosphamide-treated mice (50 mg/kg) or murine

macrophages incubated in vitro with alkylating me-

tabolites, acrolein (10�� M) and phosphoramide mus-

tard (10�� M) increased production of pro-inflamma-

tory IL-6 and IL-12, and the simultaneously decreased

production of anti-inflammatory IL-10 and TGF-� cy-

tokines. Shibuya et al. [35] also reported a stimulating

effect of bestatin at concentrations of 1 and 100 µg/ml

on the synthesis of IL-1, but they studied unstimu-

lated murine peritoneal macrophages. The effect was

even greater at lower concentrations (0.1, 1 and

10 µg/ml) in the presence of concanavalin A (Con A).

Bestatin at a dose of 5 mg/kg administered to mice

orally on days 5 and 3 prior to the removal of a sam-

ple of murine macrophages also augmented the re-

lease of IL-1. In our study, the enhanced synthesis and

release of this cytokine was observed 24 h after the

last dose of bestatin. However, in our experimental

model, the schedule and the method used to measure

the concentrations of IL-1� were different. Further,

Lkhagvaa et al. [19] observed different effects of

bestatin on the synthesis of cytokines by stimulated

and unstimulated monocytes and macrophages. The
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Tab. 4. The oxidative burst activity of peripheral blood granulocytes and monocytes in cyclophosphamide (CY)-treated mice after administra-
tion of bestatin (BE) five times on alternating days or ten times at 24 h intervals; the data represent the mean values (n = 8) and standard devia-
tion

Group % of cells producing reactive oxygen radicals Mean fluorescence intensity

Granulocytes Monocytes Granulocytes Monocytes

24 h 72 h 24 h 72 h 24 h 72 h 24 h 72 h

Control group 77.7 ± 5.8� 77.8 ± 7.8 25.0 ± 3.8 21.1 ± 5.3� 6.1 ± 0.7 8.8 ± 1.5� 6.9 ± 0.5 8.9 ± 1.9�

CY 1 � 350 mg/kg 85.7 ± 6.8�� 78.3 ± 5.1 31.0 ± 8.5 13.4 ± 5.1� 7.5 ± 1.5 8.7 ± 1.6�� 5.2 ± 0.6 5.7 ± 0.7�

CY 1 � 350 mg/kg
+ BE 5 � 1 mg/kg

88.4 ± 4.4� 75.2 ± 8.1 34.9 ± 3.0 30.4 ± 6.3�� 7.3 ± 0.7 7.4 ± 0.9� 6.1 ± 0.8 6.3 ± 0.9�

CY 1 � 350 mg/kg
+ BE 5 � 0.1 mg/kg

85.0 ± 4.9�� 83.5 ± 2.8 26.8 ± 3.9 37.1 ± 8.8� 6.8 ± 0.5 8.8 ± 0.9�� 5.9 ± 1.0 6.4 ± 0.8�

CY 1 � 350 mg/kg
+ BE 10 � 1 mg/kg

86.6 ± 5.1�� 85.1 ± 5.7 33.3 ± 9.7 32.2 ± 11.1�� 7.3 ± 1.2 9.1 ± 1.3�� 5.6 ± 0.9 6.4 ± 1.4�

CY 1 � 350 mg/kg
+ BE 10 � 0.1mg/kg

86.3 ± 4.2�� 85.3 ± 4.9 36.8 ± 8.7 35.3 ± 8.5�� 7.6 ± 0.6 8.4 ± 1.1�� 6.2 ± 1.3 5.7 ± 0.4�

Data with different superscript letters show significant differences (p < 0.05)



drug at concentrations of 10 and 50 µg/ml suppressed

the synthesis of IL-6 and IL-8 by human monocytes

stimulated in vitro with LPS. In addition, bestatin

used at a higher concentration (50 µg/ml) also inhib-

ited the production of MIP-1� (macrophage inflam-

matory protein) but increased the synthesis of IL-10.

In contrast, bestatin increased the production of cyto-

kines by unstimulated human monocytes. The drug at

a concentration of 50 µg/ml increased the synthesis of

IL-6 by these cells. Bestatin at a concentration of

50 µg/ml exhibited a suppressive action on the pro-

duction of cytokines by alveolar macrophages isolated

from patients with sarcoidosis. The drug inhibited the

overproduction of IL-6 and IL-8 in these cells. The ac-

tion of bestatin, i.e., inhibition of the synthesis of IL-6,

IL-8 and MIP-1�, which are considered as pro-

inflammatory cytokines and stimulation of the produc-

tion of the anti-inflammatory IL-10 cytokine, allows us

to propose that bestatin may be effective in the treat-

ment of various inflammatory diseases [19].

IL-1 plays an important role in the development of

inflammatory processes. Lkhagvaa et al. [19] reported

the suppressive effect of bestatin on the production of

pro-inflammatory cytokines (IL-6, IL-8 and MIP-1�).

However, the results of our studies showed an in-

crease in the synthesis of IL-1� after bestatin treat-

ment, although there were some differences in the ex-

perimental protocol. In our study, bestatin was admin-

istered in vivo to mice and not to the cells in culture,

which might be one of the reasons for the different re-

sults. Further studies are needed to explain the action

of bestatin on the production of cytokines.

The results of the present study also show that

bestatin exerts a partial immunocorrective effect on

white blood cells in cyclophosphamide-treated mice.

Bestatin increased the absolute count of lymphocytes

and neutrophils (decreased by cyclophosphamide),

but the effect was dependent on the dosage and the

number of doses applied. The immunocorrecting ac-

tion of bestatin was primarily observed with young

forms of neutrophilic granulocytes (bacilliform neu-

trophils) because an increase in the absolute number

of these cells was observed after five and ten expo-

sures to the bestatin doses under investigation on days

12 and 14 after cyclophosphamide injections.

The results of earlier studies conducted in vitro [8]

showed that bestatin exerted a stimulating effect on

hematopoiesis in long-term human bone marrow cul-

tures (LTBMC). Bestatin at concentrations of 0.1 and

1 µg/ml added to the culture at the onset and at each

weekly medium change for 5 weeks activated the pro-

duction of mature cells and myeloid progenitors in

LTBMC through the stimulating action on the secre-

tion of IL-6. Bestatin within the concentration ranges

of 0.001–1 µg/ml augmented the G-CSF and GM-

CSF-induced colony formation of human bone mar-

row cells [34]. It also enhanced the ability of L920

cell supernatant, which shows a macrophage-colony

stimulating activity, to induce colony formation of

mouse bone marrow progenitor cells, reaching the

maximum effect at a concentration of 0.01 µg/ml

[23]. Abe et al. [1] reported that a single intraperito-

neal injection of bestatin within a dose range of

2.5–100 mg/kg increased the frequency and absolute

number of CFU-GM in the mice. The effect was also

observed after intravenous and oral administration.

However, the dose of immunosuppressant was much

lower (200 mg/kg) than in our study. The immunocor-

recting action of bestatin was observed when the ad-

ministration of bestatin began 2–24 h following the

injection of cyclophosphamide but was not observed

when bestatin was injected prior to the immunosup-

pressant. Okamura et al. [26] showed that bestatin at

a concentration of 100 µg/ml incubated with human

mononuclear cells for 24 h increased granulocyte-

macrophage colony stimulating factor activity. Con-

sidering the results obtained in our study and reports

by other authors, we can assume that bestatin may ex-

ert a stimulating action on normal and cyclophospha-

mide-suppressed hematopoiesis of mice by directly

affecting the bone marrow progenitor cells and indi-

rectly affecting the synthesis and release of colony

stimulating factors and other cytokines by cells, such

as macrophages and monocytes [1].

The purpose of the present study was to also inves-

tigate the immunocorrective action of bestatin on the

phagocytic and oxidative burst activity of peripheral

blood granulocytes and monocytes in cyclophospha-

mide-treated mice. As we have shown, the effect was

dependent primarily on the kind of cells and, to

a lesser extent, on the dosage and the number of sub-

sequent doses applied.

The results of earlier studies conducted in vitro and

in vivo [32] show that bestatin increased the phago-

cytic and oxidative burst activity of human monocytes

and mouse macrophages. Bestatin also enhanced the

spontaneous migration of human granulocytes and the

migration of these cells in the presence of chemotactic

stimuli and in the phagocytosis of human granulo-

cytes. However, bestatin did not augment the oxida-
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tive burst activity of these cells, as measured by their

ability to reduce nitroblue tetrazolium [16].

Ino et al. [12] reported a stimulating effect of besta-

tin on human monocytes, which also confirms the

ability of the drug to enhance the phagocytic and oxi-

dative burst activity of these cells. These findings

were also confirmed in our studies and other reports.

Neopterin, a low molecular compound derived from

guanosine triphosphate, is released by activated

monocytes and macrophages and is considered to be

a reliable marker of activation of these cells. In addi-

tion, their activation was exhibited by an increased

expression of a CD16 molecule, a low affinity recep-

tor for IgG (FcgRIII), and an HLA-DR molecule be-

longing to the second class of the major histocompati-

bility complex on monocytes/macrophages.

The increased expression of CD16 and HLA-DR

molecules on monocytes and release of neopterin by

these cells after bestatin treatment was found in lym-

phoma patients after autologous bone marrow trans-

plantation. Bestatin administered orally at low doses

(10 or 30 mg/day) for 60 days increased the serum

neopterin level, whereas high doses (90 or 180 mg/

day) increased the expression of CD16 and HLA-DR

molecules and the level of the granulocyte/macro-

phage colony stimulating factor (GM-CSF). However,

bestatin did not affect the frequency and the absolute

number of monocytes [12].

It is assumed that the activation of monocytes by

bestatin stimulates the release of monokines by these

cells, including CSF, which can explain the adjuvant

action of the drug on the regeneration of the hemato-

poietic system and its stimulating action on the activ-

ity of T and B lymphocytes [12].

In conclusion, it can be stated that bestatin was able

to stimulate phagocytic activity of peripheral blood

granulocytes and restore the impaired oxidative burst

activity of monocytes in cyclophosphamide-treated

mice. Further, the drug restored the absolute number

of neutrophils reduced by cyclophosphamide in

a manner irrespective of the dosage and schedule of

the treatment. The drug also increased IL-1� expres-

sion by peritoneal murine macrophages. We propose

that bestatin, a potent immunocorrecting drug, may be

of potential therapeutic value in the restoration of the

immune status of patients undergoing chemotherapy.
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