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Abstract
Objectives Bone marrow stromal cells (BMSC) transplanta-
tion proves successful in treating kidney disease and injury in
many studies. However, their reparative capacity is limited by
the poor homing ability in vivo, which is decided mainly by
the local expression of chemoattractants. Our study explored

the mechanical effects of ultrasound targeted microbubble de-
struction (UTMD) on BMSCs homing ability in treated kid-
ney tissues.
Methods Rats were injected with red fluorescent protein (RFP)-
labelled BMSCs and sonicated with microbubble-mediated ul-
trasound. Then, we tested kidney micro-environment changes
induced and their influence on stem cell homing ability.
Results The results showed that the mechanical effects of
UTMD would increase local and transient levels of
chemoattractants (i.e. cytokines, integrins and growth factors)
in targeted kidney tissues. Transmission electron microscopy
showed that vascular endothelial cell was discontinuous in the
UTMD group post-treatment, becoming smooth 72 h later.
Confocal laser scanning microscopy and RT-PCR showed
up to eight times more stem cells in the peritubular regions
of experimental kidneys on days 1 and 3 post-treatment com-
pared with the contralateral kidney.
Conclusions These results confirmed that renal micro-
environment changes caused by appropriate UTMDmay pro-
mote BMSC homing ability toward treated kidney tissues
without renal toxicity and cell damage.
Key Points
• This experiment showed a feasible strategy in promoting
stem cell homing ability.

• The treatment uses diagnostic ultrasound during enhance-
ment with IV microbubbles.

• A suitable micro-environment was important for targeted
stem cell homing and retention.

• The method is effective for stem cell homing to kidney
diseases.

• More work is required with larger animals before potential
human trials.
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Introduction

In recent years, bone marrow derived mesenchymal stem cell
(BMSC) therapy has proven to be a promising approach for
solving many kidney diseases owing to the paracrine secretion
and transdifferentiation ability of these cells [1, 2]. BMSCs
were successfully used in animal models of acute renal failure
and diabetic nephropathy [3, 4].Much of the ongoing research
utilizes intravenous (IV) injection because it as a non-invasive
and promising therapeutic approach to deliver cells to targeted
tissues [5]. However, studies show that specific exogenously
infused BMSCs home to kidney tissues at very low levels after
transplantation (<0.1 % of injected dose), which has limited
the effective implementation of BMSC-based strategies [6–8].
Efficacy and targeting of kidney tissue cell engraftment are
crucial variables determining BMSC transplantation therapeu-
tic value [9]. Therefore, it is critically important to enhance the
abilities of transplanted cells to home to and engraft at targeted
renal tissues.

An efficient cell therapy requires transmigration of injected
BMSCs across the vascular endothelium; the BMSCs reach
the inflamed parenchyma by a process called homing [10, 11].
Similar to that of inflammatory cells, the homing process of
BMSCs involves several steps, including chemotactic re-
sponse by chemokine–chemokine receptor interactions, at-
tachment to vascular endothelial cells and transendothelial
migration into the parenchyma [12]. Although the homing
mechanisms of BMSCs remain unclear, many studies suggest
that regional micro-environmental changes (i.e. the release of
chemoattractants and growth factors) associated with inflam-
mation and injury stimulate adhesion of BMSCs and the sub-
sequent transmigration from the vascular into inflamed tissues
[13, 14]. Therefore, developing an effective and non-invasive
modality to trigger the release of chemoattractants within the
local micro-environment is urgently needed to improve the
therapeutic applications of BMSCs.

A suitable local micro-environment plays an important role
in the migration and survival of transplanted stem cells [15].
Tang et al. showed that a mild inflammatory response caused
by microbubble (MB) destruction by 1.0 W/cm2 ultrasound
can increase the homing of BMSCs to acute kidney injury
tissue and improve kidney recovery [16]. However, excessive
inflammatory infiltration may lead to cell apoptosis and ne-
crosis, which is a disadvantage for BMSC therapy [17]. Com-
pared to the focused ultrasound therapy apparatus used by
many researchers, diagnostic ultrasound devices have less out-
put and an appropriate image monitoring system, which is
more convenient for mediating targeted MB destruction. We
hypothesize that the kidney micro-environment will be altered
by UTMD, thereby providing a suitable condition for BMSC
delivery in kidney disease therapy.

The purpose of this study was to investigate the possibility
of increasing BMSC homing ability through transient

elevations of chemoattractants (chemokines, adhesion and tro-
phic factors) by using diagnostic ultrasound coordinated with
IV injection of microbubbles.

Materials and methods

Microbubble

Lipid-coated MBs filled with perfluoropropane were prepared
at our department as previously described [18]. The mean
diameter of the microbubble was 2 μm, and 98 % of the
particles had diameters less than 5 μm. The bubbles were
diluted with saline to a concentration of 7×109/mL before
use. Liu et al. showed that it had no significant influence on
blood pressure and kidney function [18].

Rat BMSCs culture and labelling

Ninety-eight Sprague–Dawley rats (6–8 weeks old) were pro-
vided by the Center for Experimental Animals of Xinqiao
Hospital. The experimental protocol conformed to the guide-
lines for the care and use of laboratory animals (NIH Publica-
tion No. 85–23, revised 1996). BMSCs were obtained from
the femur and tibia and pooled into one single cell suspension.
The cells were then cultured (37 °C, 5 % CO2) with α-MEM
(Hyclone, Logan, UT, USA) medium containing 10 % fetal
bovine serum (Gibco, USA). Non-adherent cells were re-
moved after 12 h. Once cells reached 80 % confluency, they
were passaged with 0.25 % trypsin–EDTA solution (Gibco,
USA) and subcultured. Cells at passage 3 were used for sub-
sequent experiments. Flow cytometry analysis was performed
to ensure BMSCs were positive for BMSC surface markers
and negative for non-BMSC markers.

To track the transplanted BMSCs in kidney tissues, cells
were transfected with lentiviral vectors carrying red fluores-
cent protein (RFP, Invitrogen Trade Co. Ltd, Shanghai, China)
as a cell tracker. Briefly, BMSCs were seeded in 6-well plates
at a concentration of 105 cells/well. The next day, 1 mL com-
plete medium per well containing viral vectors were added at
an MOI (multiplicity of infection) of 10. We observed the
infected BMSCs by confocal laser scanning microscopy
(CLSM, TCS SP5, Leica, Germany).

Experimental protocols

All experimental rats were fixed in left lateral position after
satisfactory anaesthesia with intraperitoneal injection of 2 %
pentobarbital sodium (40 mg/kg). Only the right kidney was
irradiated, and the left kidney served as internal control. A 9L4
transducer with a frequency of 8MHz from a clinical Siemens
2000 Dimension ultrasound instrument (Siemens, Germany)
was used for two-dimensional echography and Doppler
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imaging (Fig. 1a–c). We injected 0.05 mL/kg MBs to evaluate
the kidney blood perfusion condition (Fig. 1d, e). Then, we
switched to a 4P1 transducer with a frequency of 1.75 MHz
and a mechanical index (MI) of 1.4, and placed it vertically
above the kidney and irradiated for 5 min (Fig. 1f). Immedi-
ately after ultrasound exposure, RFP-labelled BMSCs (1×
106) were resuspended in 2 mL PBS and injected through
the tail vein. The kidney micro-environmental changes in-
duced by UTMD were detected by assessing chemoattractant
expression (chemokines, adhesion and trophic factors). The
expression of stromal cell derived factor-1 (SDF-1), vascular
cell adhesion molecule-1 (VCAM-1), E-selectin and vascular
endothelial growth factor (VEGF) proteins were detected by
Western blotting.

To assess BMSC homing ability to kidney tissues induced
by UTMD, the experimental rats were randomly assigned into
four different groups: (i) Con group (n=12; BMSCs injection
only); (ii) MB group (n=12; MB was first injected, followed
by BMSC injection); (iii) US group (n=12; diagnostic ultra-
sound sonication followed by BMSC injection) and (iv)
UTMD group (n=12; UTMD following by BMSC injection).
Four cohorts of rats were killed at 12 h, 24 h, 48 h and 72 h
post-treatment. Their kidneys were rapidly dissected. CLSM
was used to evaluate the number of BMSCs located in frozen
kidney sections (5 mm in thickness). The frozen sections were
stained in 5 mg/mL DAPI (4',6-diamidino-2-phenylindole)
dihydrochloride (Sigma, USA) for 5 min to mark the nucleus.
The survival rates of implanted BMSCs were evaluated in
frozen sections by counting six randomly chosen fields under
CLSM. The high magnification images from the random
fields within each slice were analysed by a commercial

computer image analysis system: Image-Pro Plus 5.1 (IPP
5.1 for Windows®; Media Cybernetics, Silver Spring, MD,
USA) [19]. In addition, real-time PCR (RT-PCR) analysis
was performed to investigate RFP mRNA expression in rat
kidney tissues, which could reflect the number of RFP-
labelled cells located in kidney tissues.

Real-time PCR

To determine the quantity of RFP-labelled BMSCs deposited
in the sonicated kidney tissues, the kidneys were rapidly dis-
sected for RT-PCR analysis. The experimental kidney tissues
were weighed, minced and homogenized in a glass homoge-
nizer immediately after kidneys were dissected. DNA was
extracted with chloroform and precipitated with ethanol, and
the total DNA was assayed by UV absorbance. The oligonu-
cleotide primer sequences were as followings: RFP, 5'-
AGTTCCAGTACGGCTCCAAG-3' (sense), and 5'-
AGATCTCGCCCTTCAGCAC-3' (anti-sense). We per-
formed RT-PCR assay with target DNA, RFP primer by using
a real-time PCR instrument (Applied Biosystems, USA). The
left kidney was used for normalization and all items were
measured in triplicate.

Western blotting

The expression of SDF-1, VCAM-1, E-selectin and VEGF in
kidneys was examined by Western blotting assay. We extract-
ed the proteins using a protein extraction reagent according to
the protocol provided by the manufacturer. The proteins were
separated by 5 % sodium dodecyl sulfate polyacrylamide gel

Fig. 1 Ultrasound images of rat kidney targeted for UTMD treatment.
We used an 9 L4 transducer with an 8-MHz frequency for two-
dimensional ultrasound images (a); colour (b) and Doppler (c)
ultrasound images indicate good blood perfusion in targeted kidney
tissues. Then, intravenous injected microbubbles arrived in kidney

tissues as shown by ultrasound image at 8 MHz (d) and contrast-
enhanced ultrasound mode (e). A 4P1 transducer with a frequency of
1.75 MHz and a mechanical index of 1.4 was switched to continuously
irradiate targeted kidney tissues (f)
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electrophoresis and then transferred to poly(vinylidene fluo-
ride) (PVDF) membranes. Membranes were blocked with
50 mL/L of skim milk in Tris-buffered saline and Tween
20 at room temperature, then incubated with rabbit anti-rat
SDF-1 IgG (Abcam, Cambridge, UK), VCAM-1 IgG
(Abcam, Cambridge, UK), E-selectin IgG (Abcam, Cam-
bridge, UK) and VEGF IgG (Abcam, Cambridge, UK) at a
final dilution of 1:100. The protein bands were normalized
with GAPDH. A BioSpectrum Imaging System (Chemi-
Smart 3000, France) was used to analyse the optical density
of the protein bands.

ELISA analysis

To examine the effects of UTMD in treated kidneys and its
ability to increase the levels of cytokines, we divided the rats
into two groups (control group and UTMD group; n=12 for
each group). The rats were killed at 12 h, 24 h, 48 h and 72 h
post-UTMD treatment for cytokine analysis. The amounts of
interleukin (IL)-1 alpha (1α), IL-2, IL-3, IL-4, interferon-γ
(IFN-γ), tumour necrosis factor alpha (TNF-α), monocyte
chemotactic protein-1 (MCP-1) and macrophage inflammato-
ry protein-1α (MIP-α) were measured using an enzyme-
linked immunosorbent assay (ELISA, R&D Systems, Minne-
apolis, MN, USA)-based method according to the manufac-
turer’s instructions. All measurements were performed in
triplicate.

Transmission electron microscopy

To assess the possible mechanisms for kidney micro-
environment changes, we investigated ultra-morphology
changes of kidney vascular endothelial cells using transmis-
sion electron microscopy (TEM). Rat kidneys were removed
at 0, 12, 24, 48 and 72 h after UTMD treatment (n=3
for each group). We cut the renal cortices into 1-mm
pieces and fixed them in 2 % glutaraldehyde (Beyotime,
Shanghai, China). The samples were then post fixed,
dehydrated and embedded in epoxy resin. The ultra-
thin sections (50 nm) were double-stained with uranyl
acetate and lead citrate, then examined with a transmis-
sion electron microscope (Hitachi Inc., Tokyo, Japan) by
a pathologist who was blinded to our study.

Histopathology

The kidney tissues of rats in the study were obtained before
UTMD treatment and at 0, 12, 48 and 72 h after UTMD
treatment (n=3 for each group). The tissues were fixed in
10 % neutral buffered formalin and embedded in paraffin.
Then, 5-μm-thick sections were stained with haematoxylin
and eosin (H&E) and periodic acid–Schiff (PAS) for histo-
pathologic examination. The sections were examined under

a light microscope (×400) by a pathologist who was blinded
to our study.

Renal function analysis

To evaluate renal function changes under UTMD treatment,
rat blood was drawn from the tail vein at 12, 24, 48 and 72 h
post-UTMD treatment (n=3 for each group). The levels of
blood urea nitrogen (BUN) and serum creatinine (Scr) were
measured in the Xinqiao Hospital clinical laboratory using an
automatic biochemical analyzer (Hitachi, Japan).

Statistical analysis

All data (mean±standard deviation) was analysed to identify
statistical significant differences between multiple groups
using one-way analysis of variance (ANOVA). An alpha value
of P<0.01 was considered statistically significant. The statis-
tical analysis was performed using SPSS 13.0 software (SPSS
Inc., Chicago, IL, USA).

Results

Culture, identification and labelling of rat BMSCs

Most of the primary cultured rat BMSCs were spindle shaped
and became more homogeneous in shape after two passages
(Fig. 2a, b). BMSCs transfected with lentiviral vectors carry-
ing RFP showed bright red fluorescence under CLSM
(Fig. 2d, e). Flow cytometry (FCM) showed that the level of
RFP expression in BMSCs was approximately 97±0.53 %
(Fig. 2f, g). These expanded BMSCs were positive for BMSC
surface antigens CD29 (98.9 %, Fig. 2h), CD44 (96.8 %,
Fig. 2i) and CD90 (95.9 %, Fig. 2j), and negative for the
leukocyte common antigens CD34 (1.09 %, Fig. 2k) and
CD45 (1.20 %, Fig. 2l).

Assessment of BMSCs engrafted to kidney

CLSM images showed that RFP-labelled BMSCs were most-
ly localized in the extravascular region of the interstitial cap-
illary bed. Only a small number of deposited BMSCs were
observed in glomeruli (Fig. 3a). Quantification analysis of
RFP-labelled BMSCs in renal tissue showed that the number
of engrafted RFP-labelled BMSCs in the UTMD group (91.5
±3.8 cells) was statistically greater than in the US group (19.3
±1.6 cells), MB group (19.8±2.12 cells) and Con group (19.0
±1.64 cells) 12 h post-treatment (P<0.01). No significant dif-
ference was found between the US group, MB group and Con
group. The number of engrafted BMSCs in kidney tissues was
greater in the UTMD group than other groups at 24, 48 and
72 h post-treatment (Fig. 3b).
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The expression of RFP mRNA in each group showed the
same trend as with CLSM images. The results revealed that
RFP mRNA expression was increased in the UTMD group at
12, 24, 48 and 72 h post-treatment compared with the US
group, MB group and Con group (P<0.01). No significant
difference was found between the US group, MB group and
Con group (Fig. 3c).

Kidney micro-environmental changes induced by UTMD

Western blotting results indicated that UTMD treatment
markedly increased and E-selectin, VCAM-1, SDF-1

and VEGF levels at 12, 24 and 48 h post-treatment
compared to the control group (P<0.01). They returned
to normal levels by 72 h post-treatment (P>0.05)
(Fig. 4). This indicated that renal micro-environments
could be altered transiently and be recoverable through
UTMD treatment.

Cytokines

ELISA-based cytokine array (Fig. 5a) showed that cer-
tain cytokine expression was increased at 12, 24 and
48 h post-UTMD treatment compared to the control

Fig. 3 Transplanted RFP-labelled BMSCs dwelling in UTMD-treated
kidneys. a Four CLSM images depicting engrafted BMSCs in sonicated
kidney tissues for four different experimental groups as mentioned at 12 h
post-treatment. Red fluorescence represents RFP and blue fluorescence
represents the cell nucleus. These images show that the deposition of RFP
in kidney tissues was most clearly observable in the UTMD group and
was mostly located in the extravascular region of interstitial capillary. b
Quantitative analysis by Image-Pro Plus 5.1 revealed that the number of

RFP-labelled BMSCs in the UTMD group was significantly more than in
other groups at 12, 24, 48 and 72 h post-treatment. The asterisk indicates
a significant difference compared to the Con group; *P<0.01. c RT-PCR
analysis revealed that the quantity of RFP mRNA expression in the
UTMD group was significantly more than in the other groups at 12, 24,
48 and 72 h post-treatment. No significant difference was found between
the Con group, MB group and US group. The asterisk indicates a
significant difference compared to the UTMD group; *P<0.01

Fig. 2 BMSCs culture and characteristics. After 10–14 days of primary
culture (a), the subcultured BMSCs at passage 3 became more
homogeneous and spindle shaped and proliferated to approximately
80 % confluence (×100) (b). Bmscs were transfected with lentiviral
vectors carrying RFP as a cell tracker. CLSM images showed red
fluorescence representing RFP expression in experimental BMSCs, and
blue fluorescence showed nuclear staining (c–e). FCM analysis showed

RFP expression efficiency (the number of cells expressing RFP/number
of cells in total) in experimental BMSCs 48 h after transfection was
98.9 % (g) compared to non-RFP-transfected control cells (f). The
phenotype of BMSCs was shown to be positive for CD29 (98.9 %, h),
CD44 (96.8 %, i) and CD90 (95.9 %, j) and negative for CD34 (1.09 %,
k), CD45 (1.20 %, l)
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group; these cytokines included IL-1α, IL-2, IL-3,
IFN-γ, TNF-α, MCP-1 and MIP-α. The levels of cy-
tokine expression in UTMD-treated kidneys returned
to control kidney levels by 72 h post-treatment
(P>0.05; Table 1).

Transmission electron microscopy

Ultra-structural changes observed by TEM indicated
that part of the renal interstitial vascular endothelial
cell membranes became discontinuous, deficient and
roughened at 12, 24 and 48 h post-UTMD treatment
compared to the control group (Fig. 6a, c–e). The in-
tegrity of the renal capillary wall gradually recovered
over time. Thus, 72 h after UTMD treatment, the vas-
cular endothelial cell membranes had become smooth
and intact again (Fig. 6b). The findings suggested that
the mild vascular endothelial cell injury may be re-
sponsible for renal micro-environment changes caused
by UTMD treatment.

Histopathology and renal function analysis

There were no significant differences in the serum BUN and
Scr levels at 12, 24, 48 and 72 h post-UTMD treatment com-
pared to their respective pretreatment values (P>0.05; Fig. 5b;
Table 1). HE staining showed no signs of cytolysis or cell
necrosis following UTMD treatment; only mild haemorrhage
and inflammation were observed after UTMD treatment
(Fig. 7a). PAS staining demonstrated no obvious signs of renal
tissue disorganization after UTMD treatment (Fig. 7b).

Discussion

Although many studies have shown the curative effect of
BMSC therapy, their clinical application was restricted by
insufficient numbers of engrafted cells remaining in targeted
renal tissues [20, 21]. Cheng et al. found that the IV injected
BMSCs were largely localized in pulmonary capillaries, and
only a small number of cells could home into renal tissues and

Fig. 4 Western blot analysis of protein expression in UTMD-treated
kidneys. a The representative Western blots for the expression of E-
selectin, VCAM-1, SDF-1 and VEGF in the kidneys before and after
UTMD treatment, which were normalized to GAPDH. b The

expression of E-selectin, VCAM-1, SDF-1 and VEGF at 12, 24, and
48 h post-treatment was significantly higher than at 0 h and returned to
normal levels by 72 h post-treatment. The asterisk indicates a significant
difference compared with the Con group (0 h): *P<0.01

Fig. 5 Cytokine expression and renal function analysis in UTMD-treated
kidneys. a The expression of IL-1α, IL-2, IL-3, IFN-γ, TNF-α, MCP-1
and MIP-α at 12, 24 and 48 h post-UTMD treatment was significantly
higher than in the Con group (P<0.01) and returned to normal levels by

72 h post-treatment (P>0.05). The asterisk indicates a significant
difference compared with Con group (0 h): *P<0.01. b There was no
significant difference in the BUN and Scr levels at 12, 24, 48 and 72 h
post-UTMD-treatment compared to the Con group
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exhibit transient survival [22]. Many methods have been de-
veloped to enhance stem cell homing ability. Image-guided
implantation of stem cells into targeted tissues was previously
used because the injected BMSCs could bypass the initial
pulmonary trapping. However, more than 90 % of cell death
will occur as a result of lack of nutrition and oxygen [23].
Intra-arterial injections could also bypass the initial pulmonary
trapping to areas of interest with homing efficiency dependent
on blood perfusion. However, this therapy modality may in-
crease the potential of micro-infarcts and ischaemia induced
by passive trapping of stem cells [24]. IV injection showed
lower homing efficiency but with minimal injury [25, 26].
Therefore, it is valuable to develop an effective and safe
method to enhance BMSC homing ability for successful stem
cell therapies.

Rapid progress has been made in evaluating BMSC thera-
peutic potency in clinical trials and experimental animal dis-
ease models. However, understanding the mechanisms in-
volved in stem cell bio-distribution and homing in vivo has
been slow to develop [8]. BMSCs may localize to inflamed
tissue by active homing mechanisms, which are thought to be
analogous to leukocyte homing to specific inflamed tissues
[27, 28]. Active homing may involve the rolling and tethering
of BMSCs to integrins highly expressed in endothelial cells,
followed by migration into the parenchyma as a result of lo-
cally expressed cytokines gradients in pathology [29].

UTMD is reportedly a novel non-invasive therapy modal-
ity for the delivery of drugs or genes in vivo [30, 31]. The
mechanism may be concerned with the widened capillary en-
dothelium gap, the ruptured capillary and the increased vas-
cular permeability [32]. The inflammatory response caused by
repair of these injuries would release some types of cytokines
from subsequent inflammatory cells, and this may play a vital
role in the homing and survival of BMSCs [33, 34]. A mild

inflammatory response may be helpful for the homing and
mobilization of BMSCs, while an excessive inflammatory re-
sponse will induce cell necrosis and haemorrhage [15, 16].We
selected diagnostic ultrasound, which has real-time imaging
capability and less output compared to therapeutic ultrasound,
to induce local UTMD in kidney tissues.

In this study, we investigated the micro-environment
changes and homing of ability of BMSCs induced by UTMD
in irradiated kidneys. The number of RFP-labelled BMSCs in
the UTMD group was much larger than those of Con, MB and
US groups at 12, 24, 48 and 72 h post-treatment. Histological
examination demonstrated that neither kidney architecture
changes nor any cell apoptosis induced in the targeted kidney
was found; only a mild, transient inflammatory response oc-
curred, which was recoverable after UTMD treatment. Renal
function analysis indicated no significant difference in the
post-treatment serum BUN and Scr levels compared with pre-
treatment values. These findings suggested that diagnostic
UTMD was effective for homing of BMSCs to kidney paren-
chyma without obvious tissue damage. This is largely because
the diagnostic ultrasound apparatus was of lower power (the
maximum acoustic intensity, ISPTA≤539 mW/cm2) compared
to therapeutic ultrasound (intensity between 0.2 and 3W/cm2)
[35]. To apply this therapeutic modality for human kidney
disease treatment, additional obstacles must be overcome.
Firstly, a new diagnostic ultrasound transducer should be well
designed so that the acoustic beam could achieve optimal
treatment for human beings. Secondly, we should optimize
the parameters involved to get the maximum treatment. The
sonication duration, injected MB dose and mechanical index
(MI) of the ultrasound device might affect the therapeutic
effect of UTMD. Thirdly, the attenuation of acoustic intensity
will be higher in bigger animals compared to rats, so we
should study suitable parameters for future application of this

Table 1 Quantitatively analysis of cytokines and renal function at 12 h, 24 h, 48 h and 72 h post-UTMD treatment

Cytokine analysis

Cytokines Con 12 h 24 h 48 h 72 h

Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N

IL-1α 86.3 6.8 3 227.6 6.2 3 187.4 4.8 3 112.6 6.6 3 99.4 5.2 3

IL-2 38.4 4.6 3 115.4 4.6 3 94.5 8.7 3 66.5 7.9 3 43.8 8.4 3

IL-3 115.9 5.3 3 336.7 8.4 3 287.3 5.3 3 186 6.8 3 138.6 6.1 3

IFN-γ 226.8 5.4 3 436.8 8.6 3 376.4 6.4 3 310.5 5.9 3 241.4 5.8 3

TNF-α 56.8 8.4 3 148.6 7.8 3 113.5 5.2 3 78.7 5.6 3 69.4 5.8 3

MCP-1 67.8 9.4 3 207.6 6.7 3 183.4 6.7 3 116.5 6.9 3 78.6 8.6 3

MIP-α 168.6 8.6 3 449.8 10.8 3 364.8 7.4 3 266.4 9.8 3 183.6 7.3 3

Renal function analysis

Con 12 h 24 h 48 h 72 h

Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N

BUN 7.4 2.1 3 7.1 1.6 3 7.4 2.2 3 6.94 2.3 3 7.56 2.4 3

Scr 54.6 5.3 3 51.4 3.7 3 56.7 3.5 3 51.3 6.7 3 54.8 5.5 3
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Fig. 6 Assessment of renal
vascular endothelium changes
under microbubble-mediated
ultrasound irradiation by TEM. a
The endothelial cells of renal
interstitial capillary showed an
intact and smooth surface before
UTMD treatment. b The integrity
of renal capillary walls recovered
from UTMD and became smooth
and intact again 72 h after UTMD
treatment. c–e Part of the renal
interstitial capillary endothelium
is damaged by UTMD. The
vascular walls have become
thinner, discontinuous, deficient
and roughened at 12, 24 and 48 h
post-UTMD-treatment,
respectively

Fig. 7 HE and PAS staining showed changes in UTMD-treated kidney
tissues. a HE staining showed no signs of haemorrhage, cytolysis or cell
necrosis in the Con group and UTMD-treated kidney tissues
(magnification ×400). Only mild inflammatory responses were found;
these were transient and recoverable after UTMD treatment. The black

arrows indicate inflammatory cells around kidney capillary tissues. b
PAS staining showed no relevant signs of renal tissue disorganization
between the Con group or UTMD treated kidney tissues (magnification
×400)
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technology for potential application in human beings. Fourth-
ly, in-depth safety studies should be performed in the future.
Last, further study is needed to clarify the precise morphology
and molecular biological profile of UTMD-treated kidney.
Tebebi et al. have investigated the characteristic molecular
responses to mechanical pulsed focused ultrasound (pFUS)
for establishing local gradients of cytokines and chemokines
in treated skeletal muscle that subsequently allow infused
BMSCs to migrate into the parenchyma. The results showed
that TNF-α drives cyclooxygenase-2 (COX2) signalling,
which is induced through mechanotransduction, may be re-
sponsible for the established local cytokine gradients [36].
Further study is needed to explore whether COX2 and the
NFkB pathway are the possible mechanisms for UTMD caus-
ing release of chemoattractants in the kidney in our study.

Our study showed that diagnostic UTMD may transiently
increase the expression of some inflammatory cytokines, en-
dogenous angiogenic growth factors and adhesion molecules.
We selected four representative cytokines (VEGF, SDF-1,
VCAM-1 and E-selectin) as the major diagnostic factors and
tried to elucidate the local kidney micro-environment changes
[37–40]. These cytokines were transiently increased at 12, 24
and 48 h post-treatment compared to the control group and
returned to normal levels by 72 h. Some cytokines, including
IL-1α, IL-2, IL-3, IL-4, IFN-γ, TNF-α, MCP-1 and MIP-α,
showed similar changing trends in an ELISA-based cy-
tokine array [41]. The ruptured capillary observed by
TEM and subsequent inflammatory response might in-
duce different types of cytokines that may change the
local kidney micro-environment. We hypothesize that
the potential mechanism has something to do with this
fact, which played a vital role in the homing and sur-
vival of BMSCs in kidney tissues.

Active targeting of IV injected BMSCs to targeted tissues
has been accompanied successfully by local radiation therapy
and pFUS. Low-dose radiation to tumours has been recom-
mended to increase the tropism of BMSCs for tumour satellite
micro-metastases [42, 43]. However, radiation may result in
unwanted damage of surrounding tissues as it cannot focus on
deep tissues. Ziadloo et al. showed that pFUS (spatial average,
temporal peak intensity=2667W/cm2; duty cycle=5%) could
improve BMSC therapies for targeted kidney tissues by estab-
lishing local chemoattractant gradients [44]. Burks et al.
showed that repeated application of pFUS could increase the
magnitude of homing of stem cells in skeletal muscle [45].
Our results regarding the chemoattractant response showed
the same trend compared as those of Ziadloo and Burks. How-
ever, FUS units are currently only approved by the US Food
and Drug Administration for possible application in limited
areas, like uterine fibroid and the early phase of malignancy
[46, 47]. Further study is needed before the potential clinical
application of enhancing BMSCs engraftment by pFUS in
human beings, particularly in relation to understanding their

unclear biological effects and side effects in vivo. Diagnostic
UTMDmay bemore readily available in many countries com-
pared with other methods, because most departments have
access to diagnostic ultrasound devices than to pFUS and
image-guided focused ultrasound etc.

An ideal stem cell homing strategy capitalizes on enhance-
ment of chemoattractants in targeted tissues without obvious
injury. In this study, we demonstrated that diagnostic
ultrasound-mediated UTMD could increase the engraftment
of IV injected BMSCs by releasing some cytokines within
48 h without any side effect in targeted kidney tissues. These
findings could be explained by the enhanced acoustic cavita-
tion resulting from the reversible and non-destructive interac-
tions between UTMD and biological tissue. We hypothesize
that the ruptured capillary walls and the increased cytokine
expression can promote the attachment of stem cells onto the
injured endothelium, and some of the increased cytokine gra-
dient may be helpful for stem cell migration. While this study
was performed in normal kidney tissues, attempting to
direct BMSC migration during pathology may be com-
plicated by endogenous inflammation associated with
increased inflammatory cells and cytokines. Therefore,
we should continue to explore whether UTMD can in-
duce enhanced stem cell homing ability and similar mo-
lecular changes in kidney diseases.
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