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Abstract: Objective: This study aims to examine the effects of low intensity pulsed ultrasound (LIPUS) on leukope-
nia induced by cyclophosphamide in a rabbit model. Methods: The leukopenia model in New Zealand rabbit was
established by injecting cyclophosphamide into the ear vein. Forty leukopenia model rabbits were randomly allo-
cated to control group (n = 20) and LIPUS group (n = 20). LIPUS group underwent 20 minutes of daily ultrasound
treatment at femoral metaphysis for 7 days while control group received sham treatment. Diarrhea rate, mortality
and blood cell count were calculated. IgA, IgG and IgM levels were measured by ELISA. Flow cytometry was used to
detect CD44, CD49d, and PU.1. HE staining was performed to analyze bone marrow hyperplasia and changes of
skin and muscle. Results: LIPUS treatment significantly promoted the proliferation of bone marrow nucleated cells,
increased the number of WBC, IgA, IgG and IgM in the peripheral blood, and reduced the diarrhea rate and mortality.
The irradiated skin and muscle tissues showed no obvious damages. LIPUS treatment promoted the migration of
hematopoietic cells to peripheral blood by decreasing the expression of CD49d and CD44 on the surface of CD34
positive cells. It also promoted the differentiation of hematopoietic stem cells into granulocytes and lymphocytes
by decreasing the expression of PU.1. Conclusion: LIPUS can be used as a safe and effective clinical treatment for

cyclophosphamide induced leukopenia.
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Introduction

In year 2012, about 14.1 million new cases of
cancer occurred globally and caused about 8.2
million deaths or 14.6% of human deaths [1].
Chemotherapy, as one of the most common
treatments for malignant tumors, has been rap-
idly developed [2, 3]. However, many chemo-
therapy drugs such as busulfan, cyclophospha-
mide, nitrosourea, and mitomycin C have side
effects. These drugs cause myelosuppression,
particularly suppression in granulocyte-macro-
phage cells, and lead to leukopenia [4, 5].

Chemotherapy-induced leukopenia is mainly
due to the lack of specificity in anti-tumor drugs.
When killing tumor cells, they also cause seri-
ous damage on normal cells, for instance, the

bone marrow hematopoietic cells [6]. The white
blood cell (WBC) count usually declines first,
because these cells have the shortest life span
in the blood. Blood cell growth factors are clini-
cally used to boost WBC, most commonly, the
granulocyte colony stimulating factor (G-CSF).
G-CSF can promote granulocyte proliferation,
differentiation and functional activation, and it
is widely used in treatment of neutropenia
induced by chemotherapy or bone marrow
transplantation and for peripheral blood pro-
genitor cell mobilization [7, 8]. However, the dis-
advantages of G-CSF are obvious. For example,
the WBC count is prone to relapse. Adverse
effects of G-CSF such as muscle pain, bone
pain, joint pain, fatigue, fever, gastrointestinal
reactions are common [9, 10]. G-CSF is expen-
sive and the economic burden to the patient
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family is great. Additionally, G-CSF may stimu-
late the proliferation of multipotent hematopoi-
etic stem cells, progenitor cells and immature
cells [11]. Therefore, it is of great significance
to development safe, effective, and afford-
able methods to treat chemotherapy-induced
leukopenia.

LIPUS is approved by the US FDA in 1994 and is
now commonly used for fracture healing.
Studies suggest that LIPUS can promote the
osteoblast proliferation and osteogenic differ-
entiation [12-14]. Besides, LIPUS can also pro-
mote the cell proliferation of the articular carti-
lage, intervertebral disc, and ligament, and, the
secretion of related factors, thus accelerating
the recovery process [15-18]. The mechanism
is assumed to be through its promotive effect
on the proliferation and differentiation of bone
marrow mesenchymal stem cells (BMSC) [19,
20]. In addition, BMSC is believed to have an
impact on hematopoietic stem cell (HSC) prolif-
eration, migration and pluripotency [21], and
can differentiate into adipose cells, osteo-
blasts, fibroblasts and other bone marrow stro-
mal cells [22], which are involved in hematopoi-
esis micro-environment. Previous experiments
have shown that direct LIPUS stimulation on
femoral metaphysis promoted the proliferation
of bone marrow-derived nucleated cells and
bone marrow hyperplasia was evident [23].
However, the effect of LIPUS on chemotherapy-
induced leukopenia is unclear.

In this study, the leucopenia model was induc-
ed by cyclophosphamide in rabbits. The aim of
this study is to investigate whether LIPUS treat-
ment can relieve chemotherapy-induced myelo-
suppression, restore hematopoietic function,
and then serve as an safe, effective and eco-
nomical therapy for leukopenia.

Materials and methods
Animals

Forty New Zealand white rabbits (weight 2.0-
2.5 Kg) were obtained from the Experimental
Animal Center of Chongging Medical University
(production license No. SCXY 2012-0001). All
experimental animals were kept under stan-
dard conditions (humidity 45 + 5%, tempera-
ture 23 + 5°C, light time 12 h/d). The experi-
mental protocol was approved by the Ethics
Committee of Chongging Medical University. All
experiments were performed in accordance
with Guide for the Care and Use of Laboratory
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Animals issued by the Ministry of Science and
Technology.

Model establishment

The leukopenia model in New Zealand rabbit
was established by injecting cyclophosphami-
de (Shanxi Pude Pharmaceutical Co., Ltd.,
China) into the ear vein as described by Luo
[24]. Briefly, 50 mg/kg cyclophosphamide
injected daily for four consecutive days. The
rabbit general conditions including eating,
drinking, activity, mental state, diarrhea, and
mortality were daily monitored from the first
day of cyclophosphamide (-4) to 14 days after
the model establishment.

LIPUS treatment

The leukopenia model rabbits were randomized
into two groups: control group (n = 20) and
LIPUS group (n = 20). After model establish-
ment, the LIPUS group underwent 20 minutes
of daily ultrasound treatment (0.2 W/cm?, 0.6
MHz) at femoral metaphysis started from day 1
and continued for seven days. The control
group received sham treatment.

Sampling

Blood (0.5 ml) was collected from ear artery of
each rabbit before model establishment and
ondays 0, 2,5, 7, 11 and 14 after model estab-
lishment. Bone marrow (1 ml) was taken from
distal femoral of each rabbit before model
establishment and on days O and 7 of model
establishment. Skin and muscle tissues of dis-
tal femoral at the irradiated area were collected
on day 7.

Blood cells counting

WBC, neutrophil, lymphocyte and monocyte in
blood were detected using an automatic blood
cell count analyzer (Bowlinman Sunshine Co.,
Ltd, Beijing, China). The 95% confidence inter-
val was used to calculate the upper and lower
limits of normal values for WBC, neutrophil,
lymphocyte, and monocyte in the blood.

I18A, I8G and IgM detection by ELISA

The serum was isolated from blood by centrifu-
gation at 3000 r/min for 15 min. The detection
of IgA, IgG and IgM was performed using ELISA
kits (Hushang, Shanghai, China) according to
the manufacturer’s instructions. The upper and
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analyze the difference in diar-
rhea rate and mortality.
Multivariate analysis of vari-
ance was used to analyze the
difference in the results of
blood cell count and immuno-
globulin level. One-way analy-
sis of variance and paired t
test were used to analyze the
difference in the results of
PU.1, CD44 and CD49d. A
P-value less than 0.05 was

Diarrhea rate Death rate considered statistically signi-
mLIPUS group = Control group ficant.
Figure 1. The diarrhea rate and mortality rate of New Zealand rabbits, com- Results

paring between the LIPUS group and the control group. *indicates P < 0.05.

Table 1. The normal range reference of blood cell

count

ltem WBC Neutrophil Lymphocyte Monocyte
(10%/L)  (10%/L) (10%/1) (10%/L)

Upper limit  12.19 5.99 6.55 0.64

Lower limit  8.78 3.37 3.81 0.51

lower limits of normal values for IgA, IgG and
IgM were calculated by the 95% confidence
interval.

Flow cytometry

Mononuclear cells were isolated from bone
marrow by density gradient centrifugation. The
cells were labeled with antibodies of PU.1,
CD34, CD44, and CD49d (Novus Biologicals,
USA). Flow cytometry (BD Bioscience, CA, USA)
was used to detect levels of PU.1, CD34, CD44,
and CD49d on bone marrow mononuclear cells.

HE staining

Tissues of bone marrow, skin and muscle tis-
sue were fixed in 4% paraformaldehyde. HE
staining was performed according to routine
procedure. Briefly, samples were dehydrated in
a graded series of ethanol solutions, cleared in
xylene, embedded in paraffin, cut into sections
and stained with hematoxylin and eosin and
observed under a microscope.

Statistical analysis

All the data were expressed as mean * SD.
SPSS 22.0 software (IBM, US) was used for sta-
tistical analysis. Chi-square test was used to
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General conditions of rabbits

After injection of cyclophosphamide, New
Zealand rabbits generally began to develop
symptoms of lack of activity, unresponsive,
decreased intake of food and water, diarrhea.
The general conditions of rabbits were im-
proved after LIPUS treatment. In LIPUS group,
11 rabbits had diarrhea and 2 rabbits died,
with diarrhea rate of 55% and death rate of
10%. In control group, 17 rabbits had diarrhea
and 14 rabbits died, with diarrhea rate of 85%
and death rate of 70%. Both diarrhea and mor-
tality rate were significantly lower in the LIPUS
group than those in the control group (both P <
0.05), as shown in Figure 1.

Peripheral blood cell counting

To determine the effect of LIPUS treatment on
blood cell count, blood routine test was per-
formed. The normal ranges of blood cell count
are summarized in Table 1. As shown in Figure
2A and 2B, WBC count and neutrophil count
increased first and then decreased in both
groups, with peak value on day 2. WBC count
and neutrophil count in the LIPUS group main-
tained to be above the lower limit of normal
value during the observation period, while the
control group did not reach the normal range.
The WBC of the LIPUS group was significantly
higher than that of the control group on days 2,
7,11, and 14 (P < 0.05). The neutrophil count
of the LIPUS group was significantly higher than
that of the control group on days 2 and 14 (P <
0.05). The Imphocyte count in the LIPUS group
peaked on day 5 while that in the control group
fluctuated below the lower limit of normal value
(Figure 2C). LIPUS group had significantly high-
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Figure 2. The number of peripheral WBCs (A), neutrophils (B), lymphocytes (C) and monocytes (D) in the LIPUS group
and the control group on days O, 2, 5, 7, 11 and 14 after modeling. Compared with control group, *P < 0.05.

Table 2. The immunoglobulin normal range
reference

ltem IgA (ug/ml) 1gG (mg/ml) 1gM (ug/ml)
Upper limit 93.36 1.28 84.73
Lower limit 73.19 0.88 62.86

er Imphocyte count than control group on day 7
(P < 0.05). In contrast, no significant difference
in was observed monocyte count between the
two groups (Figure 2D). This data indicates that
LIPUS can significantly increase the number of
peripheral blood WBC, especially neutrophil
and lymphocyte, thereby enhancing the body’s
anti-infection ability.

Serum immunoglobulin levels

To investigate the effect of LIPUS on serum IgA,
1gG and IgM levels, ELISA was performed. The
normal ranges are listed in Table 2. Serum lev-
els of IgA (Figure 3A), I1gG (Figure 3B) and IgM
(Figure 3C) in the LIPUS group were significant-
ly higher than those in the control group on
days 11 and 14; differences of IgA and IgM
were also significant on day 7 (P < 0.05). And
at the end of the observation period, the levels
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of immunoglobulin in the LIPUS group were
higher than the upper limit of normal range,
while those in the control group were around or
below the lower limit of the normal range. The
results show that LIPUS promotes secretion of
IgA, 1gG and IgM levels and enhances humoral
immunity.

Bone marrow tissues

To analyze the effect of LIPUS on bone marrow,
HE staining was performed. The bone marrow
hematopoietic tissue was rich and cell prolifer-
ation was active in normal rabbits (Figure 4A).
After modeling, the normal structure of bone
marrow tissue in New Zealand rabbits were
destroyed, with decreased hematopoietic tis-
sues and increased adipose tissues (Figure
4B). After LIPUS treatment, hematopoietic tis-
sues increased and bone marrow hyperplasia
was evident (Figure 4C). There was an increase
in bone marrow hematopoietic tissue in the
control group, but not as evident as in the LIPUS
group (Figure 4D). The results suggest LIPUS
treatment can promote the proliferation of
bone marrow nucleated cells, thereby increas-
ing the number of peripheral WBCs.
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Figure 4. HE staining results of bone marrow. The bone marrow was collected from each rabbit on day O and 7,
Magnification x 100. The arrows indicate the hematopoietic tissue. A. Bone marrow from rabbit before modeling.

B. Bone marrow of model rabbit on day O. C. Bone marrow from LIPUS group on day 7; D. Bone marrow from sham
treated control rabbit on day 7.
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Figure 5. CD44, CD49d, PU.1 expressions in LIPUS group and control group. The comparing time points were days-4
(before modeling), O and 7. (A, D, G) Were the summaries, and (B), (C), (E), (F), (H), (I) were the comparisons within

each group. *P < 0.05.

Flow cytometry detection

To investigate whether LIPUS can promote the
migration and differentiation of hematopoietic
cells into peripheral blood, we detected the
expression of adhesion molecules CD44 and
CD49d on bone marrow CD34+ cells and the
expression of PU.1 on bone marrow mononu-
clear cells (Figure 5).

CD44 expression

The expression of CD44 on the surface of bone
marrow CD34+ cells in the leukopenia rabbit
was compared on days-4 (before modeling), O
and 7 (Figure BA). The expression of CD44
peaked on day O and then decreased to a level
around the level before modeling on day 7 (P <
0.05). The CD44 expression changes at differ-
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ent time points within group were shown in
Figure 5B and 5C. The results suggest that
LIPUS treatment reduces the expression of
CD44.

CD49d expression

The expression of CD49d on the surface of
bone marrow CD34+ cells in the leukopenia
rabbit was compared on days-4 (before model-
ing), O and 7 (Figure 5D). The expression of
CD49d showed a comparable trend with CD44
expression and peaked on day O, then de-
creased on day 7 to a level around the level
before modeling (P < 0.05). The CD49d expres-
sion changes at different time points within
group were shown in Figure 5E and 5F. The dif-
ference of CD49d expression between LIPUS

Am J Transl Res 2017;9(7):3315-3325
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Figure 6. General condition of skin and HE staining results of skin and muscle tissue. A. Skin surfaces of control
rabbit on day 7. B. Skin surfaces of LIPUS treated rabbit on day 7. The skin and muscle tissue was collected from
each rabbit on day 7 and analyzed with HE staining. Magnification x 100. C and D. Representative HE results of skin
tissues of control and LIPUS group, respectively, on day 7. E and F. Representative HE results of muscle tissues of
control and LIPUS group, respectively, on day 7.

group and control group was statistically signifi-
cant on day 7 (P < 0.05). The results suggest
that LIPUS treatment reduces the expression of
CD49d.

Pu.1 expression

The expression of PU.1 on the bone marrow
mononuclear cells in the leukopenia rabbit was
compared on days-4 (before modeling), 0 and 7
(Figure 5G). The PU.1 expressed decreased
from day-4 to day 0, and continued to decrease
on day 7. These decreases within group were of
statistical significance (Figure 5H and 5I). On
day 7, the PU.1 expression in LIPUS treatment
was lower than that in the control group (Figure
5G). The results suggest that LIPUS can not
only promote the migration of HSC to the
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peripheral blood but also can affect the differ-
entiation of HSC.

Safety evaluation of LIPUS treatment

The skin and muscle tissues that received the
LIPUS irradiation were used to prepare the
specimens for safety evaluation of LIPUS treat-
ment. Compared with control group, no obvious
damages were observed in the skin surface of
LIPUS group after seven consecutive days of
irradiation (Figure 6A and 6B). HE staining was
conducted to analyzed histological changes. As
shown in Figure 6C and 6D, the skin tissues of
both control group and LIPUS group were intact
under light microscope. Cell shapes were nor-
mal. The epidermis and dermis were normal.
Similarly, the muscle fiber of both control group
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and LIPUS group was clear without obvious
inflammatory infiltration (Figure 6E and 6F).
The results suggested that LIPUS treatment
causes no obvious injuries to the skin and mus-
cle tissues, and thus it is a safe treatment.

Discussion

Leukopenia refers to the peripheral blood WBC
absolute count below 4.0 x 10%/L. Tumor che-
motherapy or radiotherapy, viral infection, dr-
ugs and certain immune diseases can cause
WBC reduction [25-30]. Leukopenia is particu-
larly common in the course of chemotherapy
[31], and it is the clinical reason for frequent or
secondary infections, resulting in non-optimal
treatment efficacy. Preventing and managing
bone marrow suppression after chemotherapy
is key to promote bone marrow hematopoietic
recovery, increase peripheral blood WBC,
reduce the risk of infection, and improve the
clinical efficacy.

In recent years, in addition to promoting frac-
ture, the widespread use of LIPUS has gradual-
ly extended to articular cartilage regeneration
[32], soft tissue repair [33], anti-infection and
inflammation [34], nerve regeneration [35],
and blood vessel thrombolysis [36]. LIPUS can
produce a variety of biological reactions and
their synergies-increased cytoplasmic motility,
changes in membrane potential and changes in
enzymes-to promote cell proliferation and
extracellular matrix secretion [37, 38]. Our pre-
vious studies have shown that LIPUS can pro-
mote the proliferation of live rabbit bone mar-
row-derived nucleated cells [23] and in vitro
cultured BMSCs [19, 20]. Bone marrow-derived
nucleated cells are the source of peripheral
blood cells. BMSCs can differentiate into a vari-
ety of bone marrow stromal cells that support
hematopoietic function, and play a key role in
the proliferation, differentiation, migration and
pluripotency of HSC [39-41]. Both of them can
contribute to the recovery of bone marrow
hematopoietic function. While leukopenia can
be caused by myelosuppression, so we investi-
gated the effect of LIPUS on cyclophospha-
mide-induced leukopenia.

The results showed that LIPUS effectively
reduced diarrhea rate and mortality in the
model rabbits. We further measured the num-
ber of peripheral blood WBCs. WBC is a group
of blood cells, including neutrophil, lymphocyte
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and monocyte, and they can effectively kill the
invasion bacteria, reduce the incidence of
infection, thereby reducing diarrhea rate and
mortality. In this study, WBC began to rise after
LIPUS treatment, peaked at 2 days, and
remained within the normal range after treat-
ment withdrawal. This trend in WBC was consis-
tent with the time course of diarrhea and death
in New Zealand rabbits, and we therefore
believe that LIPUS reduces the diarrhea rate
and mortality by increasing the number of
WBCs and enhancing immunity in New Zealand
rabbits. To further understand the immune sta-
tus of New Zealand rabbits, we detected the
peripheral blood immunoglobulin levels of IgA,
IgG, and IgM. The results showed that LIPUS
effectively increased the peripheral blood IgA,
IgG, and IgM levels, suggesting LIPUS can pre-
vent infection through enhancing humoral
immunity.

Kronenwett et al [42] postulate that adhesion
effects of hematopoietic stem/progenitor cells
with bone marrow stromal microenvironment
may determine their colonization or migration
from bone marrow. Studies have shown that
G-CSF can down-regulate the expression of
adhesion molecules on the hematopoietic
stem/progenitor cells surfaces [43, 44]. After
G-CSF mobilization, expressions of CD49d,
c-kitand LFA-3, CD621, CD31, CD44 and LFA-1
on CD34+ cells in peripheral blood are lower
than those in the bone marrow, especially the
expression of CD49d [45, 46]. Our results
revealed that LIPS had similar effects as G-CSF.
Levels of adhesion molecules on those cells
were lower after LIPUS treatment. In addition,
LIPS down-regulated the expression of PU.1 in
bone marrow mononuclear cells in our study.
PU.1 mainly is expressed in hematopoietic
cells, including CD34+ cells, macrophages, B
lymphocytes, neutrophils, mast cells and primi-
tive red blood cells [47]. A high level of PU.1
induces megakaryocyte differentiation while a
low level of PU.1 induces granulocyte differen-
tiation [48]. In addition, when PU.1 level is low,
it can directly induce production of cytokine IL-7
and its receptor alpha to promote B cell and T
cell proliferation and maturation [49]. Our
results are in line with these studies, which
showed an increase of peripheral blood neutro-
phils and lymphocytes when PU.1 expression in
bone marrow decreased. These results sug-
gest that LIPUS may promote the differentia-
tion of HSC to WBC by down-regulating the
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expression of PU.1 and may promote the migra-
tion of HSC to peripheral blood by down-regulat-
ing the expression of adhesion molecules on
HSC.

Conclusion

In summary, we demonstrate here that LIPUS
can increase the number of peripheral WBCs
and reduce diarrhea rate and mortality of New
Zealand rabbits with cyclophosphamide indu-
ced leukopenia. We suggest that LIPUS may
serve as a safe, effective and economical treat-
ment for chemotherapy-induced leukopenia in
the future.
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