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Abstract

Background: Therapeutic low-intensity pulsed ultrasound
(LIPUS) has been found to have anti-inflammatory effectsin
many diseases, attributed to itsimmune-modulating effects.

Aim of Study: This study aimed to examine thepotential
anti-inflammatory impact of LIPUS through modulation of
macrophages’ plasticityin different acute kidney injury (AKI)
models.

Material and Methods: The study was conducted on 90 rats
(250-300 gm body weight) which were divided into 3 groups:
(a) Control group; (b) Untreated group including subgroups
of different AKIs (Rhabdomyolysis, lipopolys accharide, and
ischemia-reperfusion-induced AKI); and (c) AKI-treated with
LIPUS group which was subdivided according to the previ-
ously mentioned models. Renal functions, levels of cytokines
(IL-1B, TNF-a, and IL-10), Macrophage -related markers (M1)
(iNOS and CD38), and M2-related markers [arginase-1 (Arg-
1), CD206, and FIZZ-1] expressions were assessed in renal
tissues using Enzyme-Linked Immunosorbent Assay (ELISA)
and real-time reverse-transcriptase-polymerase chain reaction
(RT-PCR) respectively, in addition to histopathological exami-
nations of renal tissue.

Results: The study reported the ability of LIPUS to switch
macrophages towards the M2 anti-inflammatory phenotypein
different treated -AKI models with restoration of renal function
and structure.

Conclusion: LIPUS has anti-inflammatory properties via
modulating macrophage towards M2 phenotype which could
be a protective approach in mitigation of different models AKI.

Key Words: Low-intensity pulsed ultrasound — Macrophage
plasticity — Acute kidney injury.

Correspondence to: Dr. Nivin Sharawy,
E-Mail: nivinsharawi@amail.com
nivin.sharawi @cu.edu.eg

885

Introduction

ACUTE kidney injury (AKI) isaglobal healthis-
sue with a high risk of developing chronic kidney
disease (CKD) and renal failure. Despite progress
in understanding renal diseases, there are no treat-
ments for renal recovery and repair. Unresolved in-
flammation leads to chronic inflammation [1,2].

Pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns
(DAMPs) trigger pattern recognition receptors and
transcription factor activity, triggering pro-inflam-
matory or anti-inflammatory pathways. In kidney in-
jury, macrophages engulf DNA, activating Absent in
melanoma 2 (AIM2) and enhancing the switch from
anti-inflammatory to pro-inflammatory microenvi-
ronment with subsequent formation of extracellular
matrix and induction of fibrosis[1-3]. Thus, a poten-
tial therapeutic addition in nephrology medicineisto
target inflammation, particularly macrophages.

Despite the identification of anti-inflammatory
therapies targeting immune cells, definitive evidence
linking targeting immune cells to slowing renal inju-
ry progression and chronic kidney disease develop-
ment remains inconclusive. Ultrasound waves have
been tested in pre-clinical studies and have shown a
positive effect on renal protection through the regu-
lation of pathophysiological processes, including
inflammation [4-7]. Low-intensity ultrasound waves
that have little thermal effect have not been defined
yet, but the most frequently used parameters are
spatial and t%mporal average intensity between 0.03
and 1 W/cm . The effects of ultrasound therapy are
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likely to be mediated by mechanosensing proteins
[such as Piezo Type Mechanosensitive lon Channel
Component 1 (PIEZO1)] involved in the regulation
of transcription factors. Because of its non-inva-
sive nature, targeting ability, mechanical potency,
and lack of hepatic and kidney burden, ultrasound
waves appear to be the perfect treatment for renal
inflammatory disorders[8].

Renal inflammation necessitates the production
of sufficient immune cells to combat damage or in-
fection and replenish those that have been disrupted
by the inflammatory challenge. In terms of immune
modulation therapy, macrophages, neutrophils, and
dendritic cells (DCs) are attractive candidates be-
cause of their high level of plasticity and diversity.
Their biological functions are diverse and they can
either enhance tissue repair or induce tissue destruc-
tion by either inhibiting or promoting the inflamma-
tory response[9-12].

Among the two major subsets of macrophages,
M1 isthe pro-inflammatory subset, but M2 isthe
tissue-repairing subset [9]. In the early stages of in-
flammation, M1 is primarily regulated by toll-like
receptor ligation and interferon (IFN)-y, but M2
differentiation is influenced by interleukin (IL)-4
and IL-13 and is skewed in the later stages of renal
injury. M2 macrophages promote tissue healing by
releasing GM-CSF, intrinsic IL-10, colony-stimu-
lating factor 1 (CSF1), and IL-1 receptor-associated
kinase-M (IRAK-M) [12].

Aim of the Work: The aim of this study wasto
estimate the potential modul ating effects of ultra-
sound therapy on macrophage polarization, renal
function, and structure in different models of acute
kidney injury.

Material and Methods

Animals:

Following ethical approval of Institutional An-
imal Care Committee, Cairo, Egypt (CU Ill F 14
22) for the use of animals, 90 rats (250-330gm)
werebought and housed in 27 x 38 x 17 cm cag-
eswith chip beds at Cairo University’s Faculty of
Medicine’' s animal house (from May 2022 till May
2024). All of the animals were conditioned for one
week at room temperature with atypical day-night
cycle prior to the experiment. Additionally, they had
free access to water and chow for the duration of the
experiment.

General protocol:

Following seven days of acclimatization, 90
rats were divided into 9 groups (n=10) at random:
(a) Control group; (b) Untreated acute kidney in-

jury; and (c) Acute kidney injury treated with L1-
PUS. Each group was further subdivided into three
equal subgroups. The control group of rats (group
a), which is neither exposed to disease nor LIPUS
treatment, was sub-divided into group a1 Rhabdo-
myolysis-control (R-Control): Rats were injected
only with a normal saline intramuscular, group a.
2 Lipopolysaccharide-control (LPS-Control): Rats
were injected only with a saline intraperitoneal, and
group a.3 Ischemic-reperfusion control group (IRI-
Control: Rats were subjected to sham surgery in
which the kidney was exposed but without clamp-
ing of therenal artery. Ratsin the untreated acute
kidney injury group (group b) were sub-divided into
group b.1 Rhabdomyolysis-induced acute kidney
injury group b.2 Lipopolysaccharide-induced acute
kidney injury and group b.3 ischemic-reperfusion
acute kidney injury group c include the treated
AKI group in which it was subdivided into group
c.1 treated R-AKI, group c.2. treated L PS-AKI and
group c.3 IRI-AKI.

Induction of AKI models:
Rhabdomyolysis induced AKI:

It was induced by intramuscular injection of
50% glycerol (8 mi/kg B.W.) diluted in a0.9% nor-
mal saline solution and equally divided in both hind
limbs[13], and were sacrificed 4 days after injection.

Lipopolys accharide-induced AKI:

A single dosage of lipopolys accharide (LPS)
from E. coli strain 055:B5 (5mg/kg) was adminis-
tered intraperitoneally (i.p.) to rats [14,15] and were
sacrificed 4 days later.

Ischemia reperfusion-induced AKI:

Rats were anesthetized with an intraperito-
neal mixture of ketamine (80mg/kg) and xylazine
(16mg/kg). The animal was placed on a heating pad
and the body temperature was monitored through-
out the procedure. Following depilation and disin-
fection, the abdomen was opened with amidline
incision and the left kidney was exposed.The rendl
pedicle was carefully dissected and the blood ves-
sels for the renal pedicle were clamped. Successful
ischemia was characterized by a color change of the
kidney from red to dark purple. The vascular clip
was released at 45 minutes to start reperfusion. The
abdomen was closed after verification of kidney
color to change back to red. Thereafter, rats were
observed and sacrificed on day 4 [16].

Protocol for low-intensity pulsed ultrasound
(LIPUS):

Rats were anesthetized intraperitoneally with a
ketamine (90mg/kg) and xylazine (9mg/kg) mixture
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prior to ultrasonic exposure. A depilatory was used
to shave off the fur. For the application of LIPUS,
preheated ultrasonic gel was applied to the depilated
skin. A rectal thermometer and a heating pad were
used to keep the rats' body temperature at 37°C.
LIPUS was performed using the Evo Touch ultra-
sound machine, with a 15L 8w transducer (Quantel
Medical, Paris, France). The left kidney was located
in real time using standard B-mode imaging at afre-
guency of 14 MHz and an on-screen imaging me-
chanical index of 0.99. The two main determinants
of the ultrasonic wave' s energy are intensity and
mechanical index. We used an ultrasonic wave with
agpatial average and atemporal average (SATA,;
the average intensities over the cross-sectional
area of an ultrasound beam and the pul se repeti-
tion period, respectively) to produce low-intensity
(energy) pulsed ultrasound. Rats in LIPUS-treated
acute kidney injury were divided into c.1 LIPUS-
Rhabdomyolysis-AKI (LIPUS-R-AKI), c.2 LIPUS-
lipopolysaccharide-AKI (LIPUS-LPS-AKI), and
c.3 LIPUS-ischemic reperfusion-AKI (LIPUS-IRI-
AKI). Rats in each subgroup received LIPUS24
hours before the induction of acute ki<2:iney injury
(administered at an intensity of 3W/cm™; 80% duty
cycle; 7 MHz frequency, and bursting mechanical
index 1.2 for 2s, repeated every 6sfor 2min for a
total exposure time of 20s per treated animal). The
control animals did not receive LIPUS, although
they underwent the identical preparatory methods

[17].

Assessment of kidney functions:

At the end of the experiment, serum, urine, and
renal samples were collected. Serum and urine sam-
ples were tested by colorimetric for creatinine and
blood urea nitrogen (BUN) levels 24 hours post- R-
AKI and LPS-AKI, and 4 days post-IRI-AKI. Cre-
atinine clearance was estimated using the following
formula. Ccr (ml/min/kg) = [urinary Cr (mg/dl)X
urine volume (ml)/serum Cr (mg/dl)] X [1000/body
weight(g)] X [1/1440(min)] (18] .

Enzyme-linked immunosorbent assay (ELISA):

In accordance with the manufacturer’ sinstruc-
tions, cytokines levels, includelL-1p3, TNF-a, and
IL-10 were measured in the kidney using ELISA
kits developed specifically for rats (Solarbio, Bei-
jing, China). Kidney samples were stored at —80°C,
thawed, homogenized, and centrifuged at 10000g
for 90min. The supernatant was used to measure the
levels of cytokines (IL-1B, TNF-a, and IL-10).

Real-time polymerase chain reaction (RT PCR):

A quantitative real-time polymerase chain reac-
tion was used to measure the expression of genes.
The pro- and anti-inflammatory macrophage phe-
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notype was measured by Applied Biosystem us-
ing software version 3.1 (StepOneTM, USA) and
SYBR Green |. M1 expression markers (iNOS and
CD38) and M2 expression markers (arginase-1
(Arg-1), CD206, and FIZZ-1) were measured in re-
nal tissues, respectively. The real-time PCR work-
flow for gene expression analysisincludes RNA
isolation, reverse transcription, real-time PCR assay
creation, and data processing. The PCR primer pair
sequences for each gene are shown in Table (1).

Table (1): The primer sequences for real-time polymerase chain
reaction (real-time PCR).

GENE PRIMER SEQUENCES (5'-3')

CD 38 Forward 5 -TGTAAAACGACGGCCAGT-3
Reverse 5 -CAGGAAACAGCTATGACC-3

INOS Forward 5 -ACCCAAGGTCTACGTTCAGG-3
Reverse 5 -CGCACATCTCCGCAAATGTA-3

FIZZ 1Forward 5 -ATGAACAGATGGGCCTCCTG-3
Reverse 5-CCAAGATCCACAGGCAAAG-3

CD206 Forward 5 -TCTTTGCCTTTCCCAGTCTCC-3
Reverse 5 -TGACACCCAGCGGAATTTC-3

ARG-1 Forward 5 -ACAAGACAGGGCTCCTTTCA-3
Reverse 5-AGCAAGCCAAGGTTAAAGCC-3

Histopathological Examinations:

Haematoxylin and eosin were used to stain the
kidney dlices after they were embedded in paraf-
fin wax, fixed in 10% formalin, and cut into 5-mm
sections. The tissues underwent light microscopy
evaluation. A pathologist who was not aware of the
experimental protocol conducted the histopatho-
logical assessment to determine the extent of renal
tubular injury.

Satistical analysis:

The results were analyzed using Prism 5
(GraphPad Software, La Jolla, CA, USA), and the
Kolmogorov-Smirnov test was employed to ascer-
tain whether the data was normally distributed. If a
normal distribution was found, one-way analysis of
variance (ANOVA) was applied. If significant dif-
ferences were found, a post hoc analysis using the
Newman-Keuls multiple comparison tests was con-
ducted. The statistical significance was established
at atwo-tailed p-value of 0.05. Means and standard
deviations of the mean (SD) are used to express the
results.

Results

Low-intensity pulsed ultrasound restored there-
nal function and structure after AKI:

In comparison to the control group, it was found
that renal function was significantly impaired after
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different types of AKIs. This effect was significant-
ly ameliorated in rats treated with LIPUS 24h be-
fore induction of AKI (Fig. 1). Histological assess-
ment of kidney tissue from al AKI ratsreveaed an
increase in indices of acute tubular necrosis (ATN),
such as necrotic cellsin the tubular lumen, loss of
the tubular cells brush border, and dilated tubular
lumen, compared to controls. All previous indices
were reduced when AKI rats were treated with L1-
PUS 24hrs before AKI (Fig. 2).

Low-intensity pulsed ultrasound mitigated M1
macrophages expression and its proinflammatory
cytokines after AKI:

The expressions of the pro-inflammatory mac-
rophage (M1) markers (CD 38 and iNOS) and the
renal levels of its related pro-inflammatory (IL-1,

and TNF-a) cytokineswere dramatically increased
in all injured kidney models. Administration of
LIPUS 24 hours before kidney injury in different
AKI groups impeded both pro-inflammatory mac-
rophage (M1)-related markers expression and IL-
1B, and TNF-a levels in renal tissues in the different
models of AKI (Fig. 3).

Low-intensity pulsed ultrasound switched mac-
rophages towards M2 polarization in AKI treated
groups:

The treatment with LIPUS 24 hours before in-
duction of AKI facilitated M2 macrophage polari-
zation, as was observed by the significant increase
in the anti-inflammatory (M2) markers (Arg-1,
CD206, and FIZZ-1) aswell asIL-10 levelsin rena
tissues of the treated groups (Fig. 4).

Fig. (1): Low-intensity pulsed ultrasound restored the renal functions after AKI.

(A-1) Representative colorimetric assessment of Creatinine (A-C), blood urea nitrogen (BUN) (D-F), and estimation of creatinine clearance
(Ccr) (G-1), following low-intensity pulsed ultrasound therapy (LIPUS) in rhabdomyolysis (R-AKI), lipopolysaccharides (LPS-AKI), and ischemic
reperfusion (IRI-AKI) renal injury models. Data are presented as the mean + SD (n=10 rats/group). *p<0.05 vs corresponding controls, **p<0.05 vs
corresponding AKI groups.
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Fig. (2): Low-intensity pulsed ultrasound restored the renal structure after AKI.

Representative of hematoxylin and eosin-stained sections of the kidney. (a) Control groups displayed normal histological structure of glomeruli
(G) and tubules (T), (b) Acute kidney injury (AKI) groups displayed degeneration of some tubules (D) and others appear distorted with intra-luminar
casts (C) in rhabdomyolysis model (R-AKI). In the Lipopolysaccharide (LPS-AKI) group, a marked dilatation and congestion of the renal cortical
blood vessels (curved arrow) was observed. The renal glomeruli show shrunken glomerular capillaries with retraction of the capillary tuft and widen-
ing of the capsular space (S). The Bowman's capsule appears disrupted and irregular (arrow head). The tubules are distorted with cytoplasmic vacu-
oles (V) in their epithelial lining and cellular casts (C) in their lumina. Inflammatory cellular infiltration (1) in the vicinity of interstitial exudate (Ex)
and blood extravasation can also be observed. In ischemia-reperfusion (IRI-AKI) group displaying shrinkage of the renal glomeruli with occasional
glomerulosclerosis, widening of the Bowman's space (S) and discontinuity of the Bowman's capsule (arrow heads). Some glomeruli show marked
congestion of their capillaries (Con). The tubules show marked hyaline degeneration (H) with their epithelium displaying highly-vacuolated cytoplasm
(V) and numerous pyknotic nuclei (P). The tubular lumina are filled with hyaline casts and epithelia casts (E) from the exfoliated tubular cells. (c) The
Low intensity pulsed ultrasound (LIPUS) -treated groups shows restoration of the normal glomerular and tubular architecture with minimal vascular
dilatation and congestion (curved arrow). The glomeruli show intact capillary tuft with normal urinary space between the parietal and visceral layers
of the Bowman's capsule. In between the renal corpuscles, the proximal convoluted tubules (P) are seen lined by pyramidal cells, showing narrow
lumen, acidophilic granular cytoplasm, apical brush border, and rounded vesicular nuclei. The distal convoluted tubules (D) display awide lumen and
are seen lined by cuboidal cells with rounded nuclei and acidophilic cytoplasm. Very few inflammatory cells (1) were observed.
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Fig. (3 A-L): Low-intensity pulsed ultrasound mitigated M 1 macrophages expression and its proinflammatory cytokines after AKI.

(A-L) Representative gRT-PCR analysis of pro-inflammatory M 1-related markers (CD38 (A, E, 1), inducible nitric oxide synthase (iNOS) (B, F,
J), and Enzyme-linked immunosorbent quantifications oftumor necrotic factor alpha (TNF-a,) (C, G, K), and Interleukin-1, (IL-1,) (D, H, L)) in
renal tissues following low-intensity pulsed ultrasound therapy (LIPUS) in rhabdomyolysis (R-AKI), lipopolysaccharides (LPS-AKI), and ischemic
reperfusion (IRI-AKI) renal injury models. Data are presented as the mean + SD (n=10 rats/group).<0.05 vs corresponding controls, **p<0.05 vs
corresponding AKI groups.

A B C D
E F G H
1 J K L

Fig. (4 A-L): Low-intensity pulsed ultrasound switched macrophages towards M2 polarization in AK|-treated groups.

(A-L) representative qRT-PCR evaluation of M2 anti-inflammatory macrophages-related markers (CD206 (A, E, 1), arginase-1 (Arg-1) (B, F, J),
FIZz-1 (C, G, K), and Enzyme-linked immunosorbent quantifications of interleukin-10 (IL-10) (D, H, L)) in renal tissues following low-intensity
pulsed ultrasound therapy (LIPUS) in rhabdomyolysis (R-AKI), lipopolysaccharides (LPS-AKI), and ischemic reperfusion (IRI-AKI) renal injury
models. Data are presented as the mean + SD (n=10 rats/group). *p<0.05 vs corresponding controls, **p<0.05 vs corresponding AKI group.
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Discussion

Our results revealed that LIPUS administration
before induction of AKI has a positive impact onre-
nal structure and function by reducing inflammatio-
nand modulation of macrophage polarization toward
theanti-inflammatory phenotype (M2). Therole of
inflammation in acute and chronic renal diseaseis
well-established [19]. Acute kidney injury dramati-
cally affects the proximal tubule due to an initial
insult and immune cellinfiltration, which primar-
ily resultsin loss of cell cytoskeletal integrity and
mislocalization of adhesion molecules[20]. Since it
is necessary for healing and can also cause damage
through differently released mediators (cytokines,
eicosanoids, and reactive oxygen species), inflam-
mation is a double-edged sword. In agreement with
previous data, we observed that induction of AKI
with different methods (L PS, ischemia-reperfusion
injury, and rhabdomyolysis) is associated with the
pro-inflammatory (M1) infiltration concomitant
with renal function and structure deterioration [21-
23].Regarding our study, the macrophages played a
pivotal role in different models of AKI pathophysi-
ology and deterioration of kidney functions and
structure. Neutrophils and macrophages proliferate
in the early hours following injury, interacting with
interstitial cells and damaged kidney epithelium.
Subsequently, tubular necrosis is exacerbated by
the activation of lymphoid lineage immune cells,
including T cells, B cells, and NK cells. T cells' pre-
dominant function plays amajor part in the persis-
tence of pro-inflammatory macrophage activation
[24].

It is noteworthy that, in renal diseases, the ac-
tivation of M1 macrophagesistriggered by either
TNF-a or interferon gamma (IFN-y). This leads
to the release of various inflammatory mediators,
which, in turn. Trigger the initiation of tubular ne-
crosis and the development of chronic renal disease.
Renal protection linked to a decrease in M1 mac-
rophages through genetic depletion or inhibition
of monocyte chemoattractant protein (MCP-1)has
confirmed the harmful role of M1 macrophages in
renal disease. While M2 macrophage scavenging
cellular debris aids in renal recovery, prolonged M1
activation may tilt the M1/M2 balance in favour of
exacerbating inflammation [25].

Thereis growing interest in the role of immune
cells and mediatorsin renal impairment, and differ-
ent immune pathways (such as NF-xB) contribute
to tubular necrosis and chronic renal failure [26]. An
essential component of the inflammatory response
is the transcription factor NF-kB. As a multitude of
genes involved in inflammation, such as adhesion
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molecules, chemokines, and cytokines, are induced
to be expressed when NF-kB is activated. This pro-
cess facilitates the infiltration of immune cells into
the renal tissue [27].

Research on ultrasound therapy for kidney dis-
ease has recently gained popularity resulting from
the discovery of the immunomodulating mecha-
nism of ultrasound [28]. In the current experimental
study, LIUPS mitigated the inflammatory markers
IL-1B, TNF-a, and IL-10 in different AKI disease
models. According to previous studies, therapeu-
tic ultrasound, either alone or in combination with
other treatments, could change the biomechanical
characteristics in different tissues to speed up the
healing process as reported in nerve injury and bone
fractures models [4-7].

In agreement with the current work, it was re-
ported that ultrasound could dramatically affect the
signaling pathways associated with inflammation
(most notably NF-kB) which results in a reduction
of NF-«xB activation and inflammatory cytokines re-
lease (primarily of IL-1p, TNF-a, and IL-6) [29-32].
The authors added that ultrasound was reported to
modulate the immune cells (infiltration and polari-
zation) in different models Previous studies found
that ultrasound decreased macrophage infiltration
which was reported by decreased expression of
F480 and CD 68 [31,33,34], while other studies found
that it decreased leukocyte, T cells, and dendritic
cells infiltrations [17,29]. Moreover, following US
therapy, neutrophils and lymphocytes were found
to be reduced in the renal tissues of septic rats [30].
Furthermore, favourable results from the ultrasound
were obtained when it was used as a therapeutic as
well as a preventive tool [31]. Although there is in-
creasing evidence that ultrasound has therapeutic
benefits, more significant attempts are being under-
taken to elucidate the signaling-modulating mecha-
nisms of ultrasound. However, because cell activi-
ties and regulation systems differ, it was difficult to
make definitive conclusions about the pathways that
therapeutic ultrasound affected.

2It isworth noting that, High-intensity (>3wW/
cm ) therapeutic ultrasound treatments primarily
take advantage of their thermal effect, whereas the
efficacy of low-intensity (<3W/cm2) treatmentsis
predominately driven by non-thermal effects, such
as acoustic cavitation, microbubbles, and biologi-
cal signaling [35]. The biological signaling effects
of LIPUS were previously demonstrated in two
distinct AKI and CKD models [30,34]. Meanwhile,
HIPUS-induced microbubbling and cavitation have
been observed in the cisplatin AKI model. In their
studies, Ullah and Burks [36,37] focused on using
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HIPUS to modul ate the kidney’ s inflammatory en-
vironment and facilitate the delivery of pluripotent
mesenchymal stem cells. A limited number of stud-
ies have demonstrated that the anti-inflammatory
properties of ultrasound may stem from its impact
on cholinergic anti-inflammatory pathways located
in the spleen. Acute ultrasound activation of adren-
ergic receptors on CD4+ splenocytes resultsin the
release of acetylcholine and the suppression of in-
flammation [38].

Conclusion:

To reduce the risk of death and prevent the de-
velopment of CKD, an anti-inflammatory therapy
that reduces tubular necrosis would be ideal. Based
on our data, ultrasound therapy could successfully
reprogram macrophages from M1 proinflammatory
to M2 anti-inflammatory phenotypesin all studied
models of acute renal injury. Ultrasound has long
been known to have anti-inflammatory properties;
however, thereis limited evidence to support its role
in the modulation of immune cells. Further studies
are needed to understand the mechanisms that en-
hance or restrict immune cell modulation, as well
asto identify the types of immune cellsinvolved in
chronic renal diseases.
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