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Abstract

Mesenchymal stem cells (MSCs), known from their key role in the regeneration process of tissues, and their abilities

to release bioactive factors like extracellular vesicles (EVs) could be considered as a potential, modern tool in the
treatment of AKI (acute kidney injury) in both human and veterinary patients. The complex pathophysiology of a renal
function disorder (AKI) makes difficult to find a universal therapy, but the treatment strategy is based on MSCs and
derived from them, EVs seem to solve this problem. Due to their small size, the ability of the cargo transport, the ease
of crossing the barriers and the lack of the ability to proliferate and differentiate, EVs seem to have a significant impact
on the development such therapy. Their additional impact associated with their ability to modulate immune response
and inflammation process, their strong anti-fibrotic and anti-apoptotic effects and the relation with the releasing of
the reactive oxygen species (ROS), that pivotal role in the AKI development is undoubtedly, limits the progress of AKI.
Moreover, the availability of EVs from different sources encourages to extend research with using EVs from MSCs in
AKl treatment in felines; in that, the possibilities of kidney injuries treatment are still limited to the classical therapies
burdened with dangerous side effects. In this review, we underline the significance of the processes, in whose EVs are

Oxidative stress, Fibrosis

included during the AKl in order to show the potential benefits of EVs-MSCs-based therapies against AKl in felines.
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Treatment strategy in AKl in cats: current
treatment regimens
The main aim of the AKI treatment is preventing from
renal damaging by treating underlying cause and sup-
porting additional possibilities in case to minimize the
clinical sequelae of uremia.

Despite extensive research using rodents model, that
partially allow to determine the factors involved in the
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pathophysiology of AKI, the differences related from
divergence of innate and adaptive immune response
between human and rodents made impossible to directly
transfer therapeutic scheme from animal to human clini-
cal practice.

The application of the large animal models (LAMs)
included cats, probably will make more attractive the
studies of the sequence of events, that occur in the kid-
neys of both humans and animals with ischemic AKI and
allow to establish the proper scheme of treatment [1].

The term AKI (acute kidney injury), originally intro-
duced in the human nephrology, replaced the term
“acute kidney failure” (ARF) in the human and veterinary
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nephrology due to its precision in kidney status evalua-
tion and greater stratification of cases with regard to
severity and prognosis. The introduction of this term
allows to recognize the potential for earlier treatment
and recovery of kidney disorders, while the ARF term
refers only for patients requiring renal replacement ther-
apy (RRT) [2].

Acute kidney injury (AKI) is a serious, rapid and com-
plex disorder of renal function associated with acceler-
ated chronic kidney disease (CKD) in both, human and
animals. Nearly 8-16% of all hospitalized patients with
acute illness suffer from AKI, that is diagnosed by the
presence of albuminuria or by the enhance of glomerular
filtration rate (GFR) [3].

The key diagnostic criteria of AKI included an increase
in serum creatinine (>0.3 mg/dl) within 48 h, or more
than 1.5 times according to the baseline results, that is
known or presumed to have occurred within the prior
7 days. It could be diagnosed also, when the urine volume
is less than 0.5 ml/kg/h for 6 h [4].

Common known risk factors of AKI are drugs/toxins,
sepsis and also the IR (ischemia/reperfusion), that finally
lead to decrease in GFR and to the tubular cell death.

In general, according to the etiology, AKI could be
divided into the three types; prerenal, renal and postre-
nal, where the prerenal is associated with the azotemia,
and is well characterized as a decrease in GFR due to
disorder of the renal pressure perfusion totally without
any changes in renal parenchyma. In normal conditions,
kidneys concentrate the urine maximally and directly
reabsorb sodium due to an increase in intravascular
volume that finally leads to the normalization of renal
perfusion. The disturbances in this process lead to AKI
development.

Postrenal causes of AKI are mainly defined by acute
obstruction to urinary flow, due to enhanced intratubular
pressure. Moreover, acute urinary tract disorders could
induce the impairment of renal blood flow and inflam-
matory processes that could contribute to the decrease
in GFR. Such obstructions in the urinary tract are known
as a common causes of the AKI development and are
typically represented as anuria, nocturia or intermittent
urine flow (e.g., polyuria).

From the other side, the renal etiologies of AKI can be
recognized related to the damaging of the tubules, glo-
meruli, interstitium or intrarenal blood vessels [5].

It is worth noting that ischemia—reperfusion, known as
common AKI pathological cause, ends with organs regain
perfusion in response to the oxidative stress and inflam-
mation process as a consequence of the activation of the
series of cytokines/interleukins (IL) and tumor necrosis
factor (TNFa) that are involved in the promotion of the
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oxidative stress and apoptotic processes leading to the
renal dysfunction [6].

Cats and dogs are also affected by the AKI in similar
way to human. Regardless of AKI etiologies and treat-
ment type, the mortality rates in cats associated with AKI
are equaled to 53% and the greater mortality is observed
in those with the non-infectious etiology.

Among the most important factors contributing to the
AKI development in felines are nephrotoxic substances
involving lily plants, non-steroidal anti-inflammatory
drugs (NSAIDs), polyethylene glycol (PEG), aminoglyco-
sides, doxorubicin, vitamin D analogs (VDA) and besides
melamine and cyanuric acid detected in food, in a lesser
extent ischemic injuries, sepsis and infection involving
upper urinary tract, known as pyelonephritis and neopla-
sia, or prolonged urine tract obstructions [7].

Typical symptoms of AKI in feline are the lack of appe-
tite that dominates together with mild gastric symptoms
like vomiting, diarrhea, polydipsia, anorexia, fetor ex ore
and general dehydration [7].

The diagnosis of AKI should include always hematolog-
ical (anemia and/or neutrophilia) and biochemical results
(the evaluation of azotemia severity) as well as the results
of liver activity tests [8].

Additionally, tests allowing to determine the presence
of metabolic acidosis, which accompanies AKI, such as
bicarbonate production in the kidneys, ability to excrete
hydrogen ions, uremic acids levels, feline pancreatic
lipase immunoreactivity determination and urine specific
gravity measurements should be included in the diagno-
sis strategy [8].

The new grading system for AKI in cats and dogs,
proposed recently by IRIS (International Renal Interest
Society), which is based on the creatinine concentration
and urine output, is used for diagnosis, management and
prognosis prediction. This system is particularly impor-
tant in cats with unstable kidney disease and allows to
define cats with moderate or severe AKI (grade III, IV
and V) with progressive degree of renal parenchyma dis-
order or functional damaged (uremia).

Now, each AKI grade is sub-graded, based on whether
the patients are: oligoanuric (O; oliguria) non-oliguric
(NO>1 ml/kg/hr) or require RRT (renal replacement
therapy). The assessment of urine production is very
important in the sub-grading of AKI, due to its sig-
nificance in therapy and final outcomes (e.g., allows to
choose the optimal status corresponding to the extension
phase of AKI for treating patients with cell or extracellu-
lar vesicles-derived therapies) [8].

It is also worth to note that there were identified renal
biomarkers that may be useful as the indicators of early
kidney damaging prior to development of azotaemia, that
could be measured in urine and/or blood and involving
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neutrophil gelatinase-associated lipocalin, kidney injury
molecule-1, gamma-glutamyl transpeptidase, N-acetyl-p-
glucosaminidase, B-microglobulins, retinal binding pro-
tein and cystatin C [8].

AKI, known from its multifactorial and pathophysiol-
ogy complexity, could be divided into four basic stages
that are involved in the idea of the advancement of the
process. From the point of view of therapy, the crucial
stage is extension phase that occurs immediately after
initiation stage [7].

In the early phases like the initiation phase, when the
renal tubular epithelial cell injury is detected related to
spatially and temporally disruption of the normal fila-
mentous cytoskeleton in the cell, the therapeutic inter-
vention could have weaker effect [5].

In turn, in extension stage presented symptoms corre-
late with severity of the kidney injuries, despite that, this
stage lasts only till 48 h, so the “window time” is very lim-
ited and difficult to establish.

An extension stage presents with ongoing hypoxia
starting after the initial ischemic and extensive inflamma-
tory response. Both of these processes are pronounced in
the corticomedullary junction (CMJ) or in outer medul-
lary renal region.

The key role, in this stage, plays a damage of vascu-
lar endothelium due to enhanced vascular reactivity for
vasoconstrictive agents and decreased for vasodilating.
The observed disruption of the endothelial cells contrib-
utes to enhance the expression of ICAM-1 (intercellular
adhesion molecule-1) and P- and E-selectins involved in
the interactions between endothelial cells and leukocytes
and finally leads to inflammation process development. It
could be recognized as severely reduced blood flow, stasis
and accumulation of red and white blood cells and by the
epithelial ramifications.

In detail, during this phase, cells continue to undergo
the injury and death (necrosis or apoptosis) predomi-
nantly, in the outer medulla. In contrast, the proximal
tubule cells in the outer cortex, where blood flow has
returned to the normal levels, actually undergo cellular
repair and improve morphologically. Moreover, during
this stage, a cellular injury continues in the CMJ region
and the GFR falling down stimulates release of cytokines
and chemokines and further enhances the inflammatory
cascade. It is supposed that interrupting the amplification
of this inflammatory cascade may have therapeutic impli-
cations [5].

Further stages, called maintenance characterized by the
decrease level of creatinine and releasing symptoms typi-
cal for uremia in patient with hypertension, fluid imbal-
ance and hyperphosphatemia, can last up to two weeks
and finally recovery stage characterized by GFR rate
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recuperation and polyuria, which can last for months,
has a little of importance in case of AKI treatment [9].

Taking into account the complexity of the pathomecha-
nism of AKI in feline conservative management includ-
ing fluid therapy (fluids imbalance improvement) in the
course of anuria/oliguria, the correction of electrolyte
and acid—base imbalance with avoidance of nephro-
toxic medications (e.g., nephrotoxic antibiotics like
gentamicin, NLPZ) as well as nutritional support is con-
sidered as a first-line therapy [7].

Each of previously mentioned therapeutic strategy has
its own limitations. For example, fluid volume status in
cats with AKI should be checked firstly, due to the risk
of dehydrated/hypovolemic or fluid volume overload.
The clearly visible dehydration in cats needs to be recov-
ered by fluid administration that corrects the electrolytes
imbalance and acid—base disorders and replaces the fluid
volume, although the excessive fluid administration leads
to reduce renal blood flow (RBF) and decrease GFR and
urine secretion. This situation is particularly visible in
anuric and oliguric cats, and entails the decrease in cre-
atinine concentrations in serum/plasma. Nonetheless,
fluid overload with concurrent anuria/oliguria is the indi-
cation for dialysis [10].

In cats, a good solution for delivering accurate fluid vol-
umes is drip pumps and syringe drivers filled with com-
pound sodium lactate (Hartmann’s lactated Ringer’s) and
physiological saline in case of accompanying hypochlo-
remia, hyponatremia or severe secondary hyperkalemia.
It is recommended, in such cases, to treat the cats with
a fluid bolus of 10-15 ml/kg over 10-20 min, until the
cat becomes hemodynamically stable. During all this
process, the fluidics loosed by urine output, vomiting or
diarrhea should be monitored [11].

This monitoring is very important, in particular in
response to the fluid therapy, and could be achieved by
placement of a urinary catheter combined with a closed
collection system. Both of them should be placed, when
the cat is stabilized under a short-time general anes-
thetic that induces appropriate muscle relaxation. Once
the normal urine output is achieved, the urinary catheter
should be removed as its presence will increase the risk
of urinary tract infections.

Similarly, if a urinary tract obstruction or rupture is
identified then placement of a urinary catheter or rarely
surgical intervention may need to be considered [8].

The main disadvantage of fluid therapy is a risk of elec-
trolytes loosing. Hyperkalemia, probably the most com-
mon complication of AKI, is a result of decreased renal
excretion of K ions, and in the severe form can lead to
the bradykardia [10, 11].

Other way of AKI treatment is diuretics that are used
in oligoanuric veterinary patients despite fluid therapy.
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Furosemide and mannitol are the most commonly used,
although there are no clinical outcomes, confirming that
diuretics can improve status in advanced AKI. Despite
that, the application of diuretics in veterinary plays a cru-
cial role in volume management and the loop diuretics
predominate osmotic in AKI patients due to their high
efficacy and margins of safety.

To the most dangerous, potential adverse effects asso-
ciated with the mannitol administration that belong to
fluidics overload due to high osmolality and the develop-
ment of a renal tubular morphologic lesions, so-called
osmotic nephrosis, characterized by swelling and vacuoli-
zation of the RTCs. Although the effect of alone adminis-
tered mannitol in cats with AKI has not been elucidated,
a combined therapy involving mannitol application and
fluid therapy in healthy, awake cats seems to not affect on
GER ratio or urine output as compared to the fluid ther-
apy alone [10, 11].

At the same time, it is suggested that the ability to
respond on diuretics could be a marker of less severe
renal injuries associated with better prognosis.

From the other hand, in patients with renal failure a
RRT should be considered, although it is indicated only
for those cats that are expected to regain kidney func-
tion. The intermittent hemodialysis and continuous RRT
are used mainly for acid—base, electrolyte or fluid distur-
bances, as well as in the cases of uremia in AKL

The main problems in this case seem to be a size of
the extracorporeal circuit and associated with this vol-
ume of blood; the chemical composition of the fiber
membranes used for hemodialysis and ultrafiltration of
plasma is required to obtain a neutral fluid balance. For
that reason, it is not allowed to perform RRT in cats in
institutions that have no access to plentiful donor RBC
suppliers. Despite that, the RRT therapy is labor intensive
and associated with many additional complications that
limited its usefulness in cats with AKI [10, 11].

Among others, AKI treatment strategies and anti-
emetic therapy with 5-HT3 antagonists or neurokinin-1
are taken into consideration. Except that, also anti-secre-
tory drugs like proton pump inhibitors could be consid-
ered during the prevention of stress-associated mucosal
bleeding that often accompanies to AKI, despite that,
even short-term administration of them can result in
toxic accumulation of aluminum in the organs.

Another possibility is to use a dopamine as a pharma-
cologic agent in AKI to enhance renal blood flow. Despite
the putative dopamine receptor (DA-1) identification in
the feline renal cortex, it seems that the increase in renal
blood flow in cats is associated rather with systemic car-
diovascular effects than by dopamine infusion.

In the analog of DA-1, fenoldopam has higher affin-
ity to DA-1 receptors in cats kidneys but cannot be used
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by long term due to increase in creatinine clearance and
urine output in healthy cats, and is not recommended
as a first-line drug due to its cost, undetermined efficacy
and the pharmacokinetic properties in felines with AKI
[10].

All these problems limit the usefulness of actual known
AKI therapies and are a main cause of searching a new,
more safety scheme of AKI treatments in felines [7].

The modern ideas in AKI treatment in cats

The role of MSCs therapies

Stem cell therapy is an innovative field of scientific inves-
tigation with tremendous potential for clinical appli-
cation that holds a big promise for the treatment of a
variety of diseases also in the veterinary medicine. Based
on the knowledge of desirable properties of mesenchymal
stem cells (MSCs), the therapy has potential for treat-
ment of both acute and chronic kidney diseases in cats.

MSCs could be obtained from different sources, among
others bone marrow, adipose tissue, peripheral blood,
the lungs or the heart; however, the minimal criteria that
allow human MSC defining included positive expression
of CD105 (SH2), CD73 (SH3), CD44 and CD90, while
negative for CD45, CD34, CD14, CD11b, CD79a, CD19
and HLA-DR. Typically, they are characterized by the
ability to adhere to the plastic under standard cell culture
conditions and ability to differentiate into osteoblasts,
chondroblasts or adipocytes under appropriate condi-
tions [12].

MSCs are thought to assist in tissue regeneration and
repair through a multitude of mechanisms that include
cell to cell contact, the secretion of mediators and extra-
cellular vesicles (EVs), as well as by the formation of
membrane nanotubes (TnTs), that transfer the trophic
factors (including mRNAa and miRNAs) and mitochon-
dria between cells in case to repair damaged organs.

MSCs are known from the secretion of many bioactive
factors that influence on the angiogenesis and inflam-
mation processes. Moreover, the factors released from
MSCs are included in the immune system regulation
and can impact on the stem cells recruitment to the local
organ injuries. Their role in the stimulation of the stem
cell action is associated with their abilities to stimulate
stem cell survival, proliferation and differentiation [13].

Despite the species, MSCs could interact with the
immune cells like T and B cells, natural killers (NK),
monocytes/macrophages and dendritic cells (DCs) and
even with neutrophils. In case of felines, it was discovered
that MSCs share the ability to mimic the immunomodu-
latory phenotype between human, equines and canines
MSCs. However, the common difference between them
is their ability to inhibit activation of T cells proliferation
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and reduction of the reactive oxygen species (ROS) secre-
tion by neutrophils [14].

Interestingly, the role of the systemically administered
MSCs in the AKI treatment is mainly focused on the abil-
ity of the MSCs to inflammation modulation. For this
purpose, the autologous stem cells or the allogeneic stem
cells harvested from recipient could be used. In rodent
models, both MSCs sources effect positively on preser-
vation of the kidney architecture, improvement of renal
function and on anti-inflammatory and anti-oxidative
effects [15].

The therapeutic efficacy of the MSCs was observed in
reducing both, AKD and CKD in animal model; there-
fore, rapidly the further studies on safety and efficacy of
allogenic MSCs infusion were performed. Their applica-
tion represents, undoubtedly, the optimal option in AKI
treatment due to their physiological role and ability to
improve the renal function that is associated with GFR
ratio increasing, alleviation of oxidative stress-induced
cell senescence and increase in proliferation of the kidney
cells during IRI-model [16].

Using these cells in AKI treatment required to define
the best route of the administration, the number of cells
per administration, the number of the injections, the
understanding of the interactions between MSCs and
the other cells and finally identifying side effects of MSCs
are observed. It seems that the intravenous injection, the
multiple injections, cell size and the total number of cells
could increase the chance of pulmonary entrapment after
MSCs administration [17].

Moreover on the MSCs properties and usefulness dur-
ing AKI treatment impact, two factors; first—genetic
modifications can strengthen the paracrine effect, hom-
ing, immunomodulatory, anti-inflammatory or tissue
repair, and the second—preconditioning performed by
the culturing MSCs in a hypoxic environment enhances
their multipotency and migratory/proliferative poten-
tial, which in turn inhibits the MSCs differentiation into
tumor-associated fibroblasts in in vitro conditions and
tumors growth in in vivo conditions [18].

The beneficial effects of MSCs application in experi-
mental models of AKI were associated with the further
protection against AKI development and faster renal
repairing in AKI induced by I/R.

It is worth to note that MSCs only transiently traffic in
the post-ischemic kidney declining within 1 day with the
majority of the cells homing in the lung and spleen. Sur-
prisingly, MSCs that produce large amounts of the VEGF
and IGF-1 were repressed by siRNA that impair their role
in the recovery from AKI.

In turn, after glycerol-induced injuries, MSCs homing
was suggested to be associated with the CD44 expres-
sion and its interaction with the hyaluronic acid as an
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inhibitor of CD44 expression on the surface of trans-
planted cells results in the decrease in cells homing and
repairing.

Mostly, the preclinical studies proved that the admin-
istration of MSCs systematically provides the long-
term support by either directly replenishing damaged
tissue or by interacting with surrounding cells to pro-
mote endogenous repairing [19].

Moreover, the effective transplantation of MSCs
assumed that nearly 100% of the cells remain active
after infusion into the subject and the units of the
activity of the transplant would approach steady state
in the timescale of days to weeks after administration,
although normalization of the cell concentration on the
plot takes place during 1-120 h, while the kinetics of
MSCs grafting is much more transient than expected
half-life (24 h) [19].

It should be noticed that after arbitrarily choos-
ing a minimum effective concentration of MSC for
therapy and transposing it from the timescale to a bio-
logical response, the duration of transplanted MSCs
and its therapeutical effect was extremely short (less
than 24 h), precisely corresponding with the meas-
ured serum cytokine levels. Ultimately, the solution
that seems to be administered by the successive doses
of MSCs within a shorter treatment period for sure
allows for the maintenance of MSC therapy within a
therapeutic window and sustains a long-term biological
response [20].

The explanation of the feline MSCs response to the
inflammatory stimuli is associated with the discovery,
that incubation of MSCs with allogeneic peripheral blood
mononuclear cells (PBMCs) stimulated with lectins (con-
canavalin A—ConA, interferon gamma (IFNy) TNFa)
enhances expression of genes related to the immunomod-
ulatory mediators including indoleamine 2,3-dioxygenase
(IDO)1, programmed death ligand-1 (PD-L1), interleukin
(IL)-6, cyclooxygenase 2 (COX2) and hepatocyte growth
factor (HGF) [14].

In the same time, it was noticed that feline’s aMSCs
(adipocyte-derived mesenchymal stem cells) are able
to secrete IDO, prostaglandin E2 (PGE2), IL-6, vascular
endothelial growth factor (VEGF), IL-8 and transform
growth factor beta (TGF), contributing to inhibition of
release in the proinflammatory cytokine TNFa and lym-
phocyte proliferation in the presence of high concentra-
tions of IFNy in the in vitro conditions [21].

Research helped to define the transcriptome of the
three feline’s aMSC-derived cell lines using apoptosis, cell
adhesion, response to oxidative stress and cell differentia-
tion evaluation; however, feline’s models of AKI seem to
be ideal for cats, dogs and also humans studies on AKI
treatment using MSCs.
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Importantly, AKI can be potentially reversible if diag-
nosed early and treated aggressively, so effective regen-
erative therapy seems to be a good solution in this case.
However, till now, such kinds of therapies in AKI are
limited due to the lack of the knowledge about molecu-
lar background of the regeneration process. Till now, in
the literature there is description only for a few of stud-
ies conducted using feline’s MSCs.

First research using feline-derived MSCs was con-
cerned for isolation and characterization of cells iso-
lated from bone marrow (BMSCs) in 2002 and later
readily expanded from fat, fetal fluids and amniotic
membranes. Due to ease of attainment and their supe-
rior proliferative abilities, the adipose-derived MSCs
are now most commonly used in the clinical applica-
tions. Besides, the feline MSCs are not well catego-
rized and known, and ongoing research confirms that
they have similar immunomodulatory potency as more
recently defined human MSCs [22].

There were a few pilot studies with MSCs adminis-
tration in case of the treatment of cats with CKD and
AKI in the ischemic kidney model. Investigation, that
MSCs could be administered in AKI model treatment,
showed no difference in AKI development or urine spe-
cific gravity, proteinuria, GFR and histopathology in
cats. At this time, MSC therapy for feline CKD and AKI
ischemic model should be considered an experimental
and unproven therapy [22].

The role of using the MSCs for AKI treatment is con-
sidered based on their protective role and commitment
in the oxidative stress suppression. The observation in
rats model of adriamycin-induced nephropathy MSCs,
may reduce the oxidative stress and inflammation and
could act as a potential neuroprotective factor for hip-
pocampal neurons against synapses damages, contrib-
uting to the further development of studies on MSCs
application in the AKI treatment. It was established
that MSCs transplantation could minimalize glomeru-
lonephritis through antioxidation and anti-apoptosis
effects in nephritic rats [23, 24].

It is not without significance that the intravenous
applications of MSCs have no life-threatening side
effects. Clinical signs follow its administration includ-
ing only vomiting, nausea and mild disturbances in the
respiratory rate [25].

In the literature, a description of the case of febrile
(104.4°F), lack of appetite, exhibited open-mouthed
breathing and ptyalism about 1 h after intravenous cell
administration in human. However, all of the resolved
symptoms, beside the lack of appetite, disappears
within a few days, and would last only for 24 h after
subcutaneous administration of fluids and primary
care.
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A single intravenous (IV) administration of allogenic
MSCs appears to be safe and induces only mild reactions,
previously reporting a hyperthermia as a secondary reac-
tion of immune system to the cells [25].

The main problem with the MSC administration to the
cats is obtaining high amounts of the cells, what causes
that the injection of the MSC should be divided into a
few parts. It was noticed that better results are obtained
after using aMSCs from cryopreserved adipose tissue
than from cryopreserved MSCs.

There is no recommendation to use directly cryopre-
served aMSCs due to its involvement in the treatment-
related side effects. The most likely explanation of this is
an instant blood-mediated inflammatory reaction, which
results in clumping of the cells due to their contact with
the blood and the subsequent potential for micropulmo-
nary thromboembolism [26].

In summary, it is believed that although MSC therapy
has the potential for the great applicability to feline dis-
eases, there are still additional questions; those should
be answered like logistics of its use, the optimal route of
their administration and the ideal source of the MSCs
(allogeneic vs autologous, culture-expanded vs SVF) as
well as the impact of the tissue donor status (age, disease
status, sex) on their function [26].

Is not well known, if the way and the speed of admin-
istration of MSCs can influence on the side-effect pres-
entation or the allergic reaction in patients. It can be
said that adverse effects are barely significant after MSCs
administrating encourages to further develop therapy
using MSCs or derived from the EVs.

The role of extracellular vesicles in AKI treatment in cats
EVs are involved in the mechanism of the intracellular
communication between donor and recipient cells, and
based on the typical for them cargo, size range and cel-
lular origin could be divided into microvesicles (MVs),
exosomes, ectosomes, shedding vesicles and microparti-
cles (MPs) among others shedding by healthy cells [27].

It is well known that EVs could be secreted by nearly all
cells, healthy or apoptotic and could carry different car-
gos including proteins, lipids and various kinds of RNA
(mRNA, miRNA, IncRNA and many others) and DNA
(mtDNA, ssDNA or dsDNA) [23].

Interestingly, some proteins in EVs are shared between
specific types of them and therefore might be used as
a typical for their markers, while the content of EVs
depends on the lineage of the parent cell and its detection
could improve the ability to recognize their origin in the
tissues or organs. Moreover, within the same cell lineage,
the composition of released EVs can be differed depend-
ing on the activation state of cells, viability or even ROS
releasing [23].
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The smallest EVs, called exosomes, range between 30
and 150 nm in diameter. They are generated within the
cellular endocytic compartment through reverse budding
of the limiting membrane of MVBs (multivesicular bod-
ies) as a ILVs (intraluminal vesicles). Further, the MVBs
could either fuse with lysosomes, what leads to ILVs
degradation or with plasma membrane, what leads to
ILVs releasing to the extracellular environment and body
fluids.

Generally, MVs are larger than exosomes and are gen-
erated by shedding the plasma membrane. The route
of their formation is not well established; however it is
known that the cytoskeleton components like actin and
microtubules, together with molecular motor proteins
(kinesins and myosins) and SNAREs (SNAP REceptor)
machinery, are required to their releasing [28].

The third type called apoptotic bodies (ApoBDs) is
released during the apoptosis, which involve many cellu-
lar signaling pathways depended on a wide range of stim-
uli, intracellular proteolytic cascades or DNA cleavage. In
opposite, to the different types of EVs, ApoBDs contain
organelles derived from origin cells.

It is interesting that EVs could participate in the main-
tenance of both physiological and pathological condi-
tions involving cancers, neurodegenerative, rheumatic
and even infectious diseases [23]. Moreover, EVs may
have beneficial effects in the regenerative medicine due
to its release by stem cells and their abilities to mimic
their function [29].

According to the literature, EVs could be recognized
in the kidneys and participate in their pathophysiology
by mediating intercellular communication, transferring
their contents and activating signaling pathways in the
target cells.

The urinary EVs are actively released by almost all renal
cells along the nephron and the urogenital tract as well as
by infiltrating inflammatory cells. Moreover, EVs can be
uptaken using lipid drafts along the urogenital tract and
can affect the function of recipient cells.

The glomerular filtration protects renal nephron from
EVs presence in the blood entering into their lumen.
Secreted into the extracellular fluids, EVs could play an
important role in the renal signaling solely by stimulating
different cell types and by cooperating with the vascular
compartment and various immune cells [30].

Moreover in the healthy conditions, nephron cells con-
tinuously release EVs containing nearly identical cell sur-
face proteins to those from their origin that could fuse
with the target cells and after biological molecules releas-
ing induce cellular response in the target cells.

EVs can play a key role as a messenger in the
nephrons and specifically interact with the recipi-
ent cells that use cilia to uptake the EVs. Based on the
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electron microscopy results, it was established that
EVs adhere to the cilia and emerge from an intracel-
lular vesicle near the base of the cilia. The process of
EVs uptaking is typically concentration dependent and
could be increased in the cellular stress situation [31].

A common interest in EVs studies is associated with
their ability to act as a biomarkers of disease, e.g., EVs
isolated from urine can reflect the development of AKI
[17]. However, their therapeutic potential in many dis-
eases also cannot be overlooked. In major perspec-
tives, the promising aspects of using EVs in therapeutic
schemes are associated with their abilities to transport
genetic information, proteins, lipids, etc., between cells
and with the stability of their cargo in in vivo condi-
tions [32].

The important issue that should be taken into
account, during consideration of EVs application in
clinics, is its biodistribution in the body and half-life.
According to the literature, the general half-life of the
EVs in in vivo conditions determined in athymic nude
mice was approximately 30 min, and the total time
required to clear the blood after intravenous injection
of EVs was approximately 6 h [33].

The analysis of EXOs, that are the best studied EVs
in the context of clinical usage, showed that EXOs had
short half-life in the blood circulation (about 2 min
after intravenous injection to mice) that could sig-
nificantly affect on the success of therapy with their
implementation.

The biodistribution of
tered EXOs has

exogenously adminis-
been best studied using lipo-
philic ~ fluorescent dyes such as lipophilic
near-infrared dyes; DiD (1,1’-dioctadecyl-3,3,3/3’-
tetramethylindodicarbocyanine perchlorate) or DiR
(1,1’-dioctadecyltetramethyl indotricarbocyanine
iodide) after intravenous injection of fluorescent-
labeled EXOs released from MSCs to healthy mice. The
results of these experiments revealed that EXOs accu-
mulate mainly in the spleen and in the liver; however in
case of AKI mice model, EXOs could also accumulate
in kidneys.

Further experiments using HEK293T cell line (human
embryonic kidney) proved that there is a link between
the route of EXOs administration and the site of their
accumulation. It was observed that EXOs administered
intravenously accumulate mainly in the liver, while those
administered intraperitoneal or subcutaneous liver, pan-
creas or gastrointestinal tract. Similarly, the biodistribu-
tion of the EXOs obtained from the body fluids (from
bovine milk) administered orally accumulates the liver,
lungs, kidneys, pancreas, spleen, ovaries and brain within
4 days, while administered intravenously predominantly
the liver [34].



Krainska et al. Stem Cell Res Ther (2021) 12:504

The application of EVs-derived from MSCs in the treatment
of feline AKI

Interest in EVs application in the treatment of AKI using
MSCs was associated with recent discoveries those
proved that MSCs may promote recovery from AKI,
mainly in the paracrine mechanism based on the media-
tors released from them [25].

In comparison with stem cells, EVs are characterized by
higher physicochemical stability and stronger signaling
[35, 36]. In addition, they have a lower ability to induce an
immune response due to their low immunogenicity, that
in case of treatment with using EVs allow on using parti-
cles from different stem cell sources [37]. This approach,
in case of tissue repair, unlike cell therapy, is associated
with a lower risk of complications especially graft versus
host disease (GVHD) or cytokine release syndromes [37].

Moreover, EVs are characterized by high biocompat-
ibility, and due to their small size, can easily overcome
biological barriers [38, 39] and achieve target tissues in a
very short [28, 36, 38, 39].

EVs, unlike stem cells, do not have the ability to prolif-
erate or differentiate, which reduces the likelihood of the
formation of abnormally differentiated cells or neoplasms
[36, 40].

It is worth to note that EVs released from MSCs express
proteins involved in the MSCs self-renewal and differ-
entiation and the nucleic acid composition (mRNA and
microRNA) typical for MSCs.

Taking all these features into consideration, it is not
surprised that EVs isolated from MSCs become so fast
a potential agent in treatment of kidney injuries. As far
as their source, in the initial studies, researchers used
EVs obtained from bone marrow MSCs (BM-MSCs) and
observed the recovery of the injured renal tubular cells,
cell proliferation and apoptosis inhibition during the AKI
induced by glycerol injection model, and that encouraged
them to conduct further studies, using several models of
AKI and CKD [22, 41].

This turns out that the treatment strategy based on EVs
isolated from stem cells may be as effective or even more
effective in AKI than classical cell therapy [42]. For these
reasons, MSC-derived EVs seem to be a promising thera-
peutic agent in AKL

The beneficial effects of EVs-derived from MSCs, dur-
ing the course of AKI, are associated with their anti-
apoptotic, anti-fibrotic and immunomodulatory abilities.

The problem is that, according to the literature obtain-
ing large amounts of EVs required for the clinical appli-
cation should be a big problem (the literature data show
that cells secrete only about 100 pg/10° cells/day of
therapeutic mediator that corresponds to 0.1 fg/cell/
day). Based on this, nearly 100 x 10° cells should be given
intravenously to obtain 10 ng of a therapeutic molecules,
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what is difficult to achieve; however, the positive sides of
such therapy for sure rewards efforts taking for EVs mas-
sive production [5].

The anti-apoptotic effect of EVs during AKI treatment

A common process, during the AKI course, is the apop-
tosis of renal tubular epithelial cells (RTECs), that in
mostly cases is a consequence of the exposure to toxic
agents.

RTECs, normally involved in the absorption of glucose,
amino acids, etc., from the primary urine, constitute an
outer layer of cells in the renal tubule [43]. Classically,
they are characterized by the expression of the death
cell receptors belonging to the tumor necrosis factor
(TNF) superfamily, strictly contributing to the apoptosis
induction.

RTECs disturbances during the pathological condi-
tions are related to the AKI etiologies, e.g., in ischemia/
reperfusion AKI, RTECs loss the brush border and cell
polarization, leading to the tubular obstruction, necrosis
and apoptosis. In opposite, in AKI induced by cisplatin,
damaging of DNA and mitochondria induces the inflam-
mation and apoptosis. However, the most serious conse-
quences are associated with the AKI induced by sepsis
due to its impact on the renal vasodilation caused by
iNOS (inducible nitric oxide synthase) releasing [44].

Recently performed studies have demonstrated that
MSCs application during the course of AKI could protect
RTECs against apoptosis, due to their role in the accel-
eration of the endothelial cells proliferation and angio-
genesis promotion. This observation strictly implicates
further studies using MSCs and derived from them EVs
in the range of apoptosis inhibition [45].

In the histopathological studies, comparing the effect
of human MSCs and MVs derived by MSCs injected
intravenously to SCID mice suffered from AKI induced
by glycerol observed a visible reduction in the casts of
vitreous tubules, cytoplasmic vacuolation and necrosis
of RTECs. In addition, mice treated with MVs present
reduced, blood urea nitrogen (BUN) and creatinine (Cr)
levels [46].

Interestingly, the effect of MVs on RTECs was modified
in in vitro conditions and the final reports showed that
the renal tubular epithelial cells incubated in the pres-
ence of MVs represent limited apoptotic profile. Similar
observation related to beneficial effects of MVs derived
from human MSCs was made in the glycerol-induced
AKI model in mice [46].

A congruous effect of using MSCs-EVs in the same
AKI model was also confirmed by Bruno et al. in 2017
in next studies. The pro-regenerative properties of EVs
in the same AKI model were observed after a single
administration of EVs derived from MSCs, partially due
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to the presence of mRNAs and miRNAs involved in the
modulation of cell division and counteracting with anti-
apoptotic pathways including phosphoinositide 3-kinase
(PI3K) and the mechanistic target of rapamycin (mTOR)
[47].

The efficacy of MSCs-derived MVs was also con-
firmed in a model of AKI induced by cisplatin. In 2012,
Bruno et al. confirmed that MVs exert strong anti-apop-
totic effect against RTECs in mice during the course of
AKI and showed that repeated administration of MVs
released from hMSCs to mice with cisplatin-induced AKI
improved kidney status and prolonged the overall sur-
vival of mice treated in this way.

Interestingly, multiple infusions of MVs were in this
case more effective, than single one, what suggests that
the therapeutic effect of MVs was associated with the
inhibition of programmed cell death. The salutary effect
of these MVs was confirmed in the histological studies,
where the tissue morphology appeared normal in the
mice treated with several doses of MVs, that was proven
by MVs apoptosis counteracting (significant reduction of
caspase-1 (Casp-1) expression) [48].

In turn, Zhou et al. in 2013 showed that the adminis-
tration of EXOs (exosomes) derived from human umbili-
cal cord mesenchymal stem cells (hUC-MSCs) to rats
alleviated cisplatin-induced kidney damages, partially by
reducing RTECs apoptosis. The protective effect of these
EXOs was probably associated with their ability to incor-
porate into the injured cells followed by acceleration of
the recovery of kidneys [17].

Similar abilities of EVs to counteract with apoptosis
have been recently confirmed also in the model of AKI
induced by ischemic reperfusion injury (IRI) [16, 49].

Gatti et al. in 2011 verified the exerted nephropro-
tective effect of MVs released by MSCs in rats with
AKI caused by ischemia-reperfusion injury by histo-
logical observations, that demonstrated that the group,
that received MSC-MVs were characterized by signifi-
cantly reduction of the pathological changes in the renal
tubules. It was occurred that directly after injection, MVs
accumulate in glomeruli and in injured RTECs stimulates
their proliferation. In addition, MVs could act through a
mechanism that limits the extension of injury by reduc-
ing RTECs apoptosis [50].

A similar study was conducted by Li et al. in 2019,
where the authors demonstrated that the injection of
EXOs released from MSCs into rats with IRI reduced the
number of apoptotic cells, thereby weakening renal dys-
function. MSC-EXOs counteracted apoptosis by reduc-
ing the expression of Casp9, Bax (Bcl-2 associated X)
and cleaved Casp-3, while increasing the transcription
of Bcl-2 (B-cell CLL/lymphoma 2) gene. These results
clearly indicate that the protective effect of MSCs-EXOs
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was due to the inhibition of the mitochondrial pathway of
programmed cell death [44].

Additionally, Zhu et al. in 2019 concluded that miR-
199a-3p was involved in the anti-apoptotic effect of
EXOs secreted by MSCs in the bilateral mouse IRI. This
miR was presented in EXOs after inhibiting the expres-
sion of semaphorin 3A (Sema3A), that induced the inclu-
sion of pathways, in which protein kinase B (AKT) and
extracellular signal-regulated kinase (ERK) were involved
leading to the apoptosis limitation [17].

The complexity of the anti-apoptotic effects of EVs is
shown in Fig. 1.

Interestingly, EVs released from human stem cells
derived from Wharton’s jelly (hWJMSCs) also revealed
the anti-apoptotic properties. According to Gu et al.
studies from 2016, a single administration of hWJMSC-
EVs alleviated acute kidney damage in the rat unilateral
IRI model in in vivo and in vitro conditions [51].

The pro-regenerative effect of hWJMSC-EVs resulted
from the transfer of miR-30, which inhibited that activa-
tion of dynamin-related protein 1 (DRP1) was considered
as the main modulator of mitochondrial fragmentation,
thus reducing their fusion, which consequently counter-
acted RTECs apoptosis. Moreover, in kidney tissues of
subjects treated with hWJMSC-EVs, the content of Casp9
was decreased, which may confirm that the miRNA-30
presented in EVs inhibits mitochondrial pathways of pro-
grammed cell death [51].

In addition, the effect of EVs isolated from hBMSCs in
the IR in an in vitro induced model is associated with the
reduction of the apoptosis of damaged proximal tubular
epithelial cells (PTECs).

It is worth noting that microRNAs could lower the
expression of genes involved in the apoptosis process,
e.g., Casp-3 as a target for miR-410, let-7a, miR-495 and
also for miR548c-5p, while Casp-7 as a target for miR-
375, miR-548c-5p and miR-495 [52].

The anti-inflammatory effects of EVs released from MSCs
in AKI
Independently of the etiology, AKI is an inflammatory
disease, where the RTECs damaging initiates an immune
response. Generally, it is associated with the presence of
the necrotic cells and releasing by them the intracellular
molecules called DAMPs (damage-associated molecular
patterns) that could activate TLRs (toll-like receptors) on
the surface of RTECs, dendritic cells and even on fibro-
blasts. Moreover, DAMPs are also involved in the recruit-
ment of leukocytes secreting proinflammatory cytokines
and chemokines, thus finally leading to extension of kid-
ney injuries [53].

Interestingly, during the AKI course, there are also
opposing mechanisms associated with the releasing by
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Fig. 1 The anti-apoptotic effects of the EVs in in vitro and in vivo conditions
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lymphocytes and macrophages a wide panel of the anti-
inflammatory cytokines.

Macrophages actively participate in the development
of the inflammation during the early phases of AKI
through releasing TNF-a and IL-6, whereas in the repair
stage, they exert anti-inflammatory profile and stimulate
RTECs regeneration [53].

The key role of EVs in the immune system is associated
with the mediation in both innate and adaptive immune
responses, mainly in the context of antigen presentation
due to the presence of MHC class I and II molecules on
their surface. In turn, the therapeutic effect of the MSCs
is observed and derived from them EXOs were observed
in IRIL This effect was probably partially associated with
the decrease in the expression of pro-inflammatory
cytokines; TNF-a and IL-1f, proteins were involved in
inflammation processes (NF-kB), macrophage migration
inhibitor factor (MAF), plasminogen activator inhibitor
1 (PAI-1) and cyclooxygenase-2 (Cox-2). In addition, a
reduced number of CD68+ macrophages in the micro-
scopic analysis seem to confirm this [54].

Moreover, the observations that EXOs derived from
mouse bone marrow mesenchymal stem cells (mBM-
MSCs) could reduce kidney damages in IRI and
improve their function due to expression on their sur-
face the C—C motif chemokine receptors 2 (CCR2), that

binds with its ligand CCL2/MCP1 (monocyte chemoat-
tractant protein 1) confirms their role in the regulation
of inflammation. MCP1 is known from a strong ability
to drive the chemotaxis for among others monocytes.
Normally, the expression of CCL2 is inducible and
could be noticed in the circulation and in tissues, con-
tributing to leukocytes recruitment and organ repairing
[55, 56].

Studies on rats with unilateral IRI demonstrated that
intravenous administration of MSC-EXOs alleviates not
only strong anti-apoptotic effect, but also tissue injuries
that contribute to the improvement of the conditions of
the kidneys [44].

It was established that treatment with using MSCs or
EXOs derived from MSCs has the ability to decrease the
levels of pro-inflammatory cytokine transcripts for inter-
leukin-6, TNF-a and IEN-y [Li et al. 2019].

In the same time, strong decreased expression of
phosphorylated nuclear factor kappa B (p-NF-kB) and a
phosphorylated kB inhibitor (p-IkB), together with the
increase in IkB expression level ultimately leads to the
activation of NF-kB, which by penetrating the nucleus
can modulate the expression of many genes involved;
among others, those included in the inflammatory and
apoptosis processes. This for sure indicates that MSC-
EXOs could inhibit the NF-kB pathway, which may be
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significant during the inflammation development in IRI
[44, 57, 58].

Interestingly, it was reported that pulsed focused ultra-
sound (pFUS) procedure has the ability to enhance MSC
therapy in the context of cisplatin-induced AKI. It was
demonstrated that pFUS enhances the content of local
cytokines thus act as a homing signals for MSCs and
increasing their accumulation. From the other hand,
the positive effect of pFUS on MSCs application in this
model of AKI could be totally independent of increased
MSCs homing due to pFUS alleviates inflammation asso-
ciated with NRLP3 (NLR family pyrin domain containing
3).

NRLP3, together with ASC and pro-caspase 1, states an
inflammasome, which is an intracellular protein complex,
contributing in the conversion of IL-1§ and IL-18 into
the mature forms.

Importantly, the combined therapy of pFUS and EXOs
derived from MSCs decreases the expression of the
HSP90 (heat shock proteins), HSP70 and NLRP3 dur-
ing the AKI induced by cisplatin injection. These HSPs
are known from their abilities to regulate inflammation,
although their direct effect depends on the context, e.g.,
knockdown of HSP70 leads to decrease in expression of
NRLP3, suggesting its role in the positive regulation of
inflammasome function [59] (Fig. 2).
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Similar results were obtained in the context of different
AKI models; e.g., in gentamycin-induced AKI, the injec-
tion of allogeneic MSC-EVs into rats decreased the lev-
els of TNFa, IL-6 and IFNy, while increasing the level of
IL-10 [60].

In turn, in the mouse model of AKI induced by glyc-
erol, the anti-inflammatory effect of EVs released by
MSCs was confirmed by the slightly decrease expression
of the genes, related to inflammation process [52].

The same effect was observed in the mouse model of
AKI induced by sepsis, where treatment with using EXO
released by MSCs was contributed into the inhibition of
NE-kB pathway, largely activated by the proinflammatory
cytokines [61].

Similar observations were reported in the mouse model
of cisplatin-induced AKI, treating by EXOs released from
MSCs. The application of EXOs in this model alleviates
the expression of pro-inflammatory cytokines genes, thus
influencing on the level of IL-2, IL-17, TNFa, IFNy, IL-4
and IL-10 in the serum of mice [62].

In addition, the same effect was observed in case of
unilateral IRI treating with EVs-derived from hUC-MSC.
The injection of hUC-MSC-EVs into the rats with this
model of AKI slightly diminished the kidney damaging
due to decrease in a number of NK (natural killer) cells
and the expression of TLR2 (toll-like receptor 2) [17].
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Fig. 2 The role of EVs released from MSCs in inflammation and immunomodulation
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The oxidative stress in the AKI treatment with EVs

Oxidative stress (OS) is a key player during the patho-
physiology of AKI. Typically, OS occurs as a result of the
excessive accumulation of OS-mediated molecules; ROS
(reactive oxygen species) and RNS (reactive nitrogen
species). The most important in this group seems to be
superoxide anion (O,’), hydroxyl radical (OH), hypochlo-
rous acid (HOCI) and hydrogen peroxide (H,O,).

Importantly, besides their critical role in the regulation
of fundamental cellular mechanisms, their high content
could lead to the damaging cellular integrity and capac-
ity. It is worth to underline that ROS could be released
by both endogenous and exogenous sources. However,
in the context of AKI, a pivotal role plays endogenous
sources of ROS production attributed to the mitochon-
drial electron transport chain, that is strictly associated
with the relationship between the numbers of mitochon-
dria and the kidneys susceptibility to damage induced by
0S [63, 64].

In general, the accumulation of ROS leads to deficiency
and inactivation of NO (nitric oxide) in RTECs during
the AKI, thus contributing to the anti-oxidant effect.

OS appearing is usually associated with the Nrf2
(nuclear factor erythroid 2—related factor 2) activation
and entering to the cell nucleus, where it attached the
anti-oxidant response elements (AREs) leading to their
enhanced expression. Nrf2 is considered as a main mod-
ulator of the response during the OS that plays a key role
in maintaining the redox balance in cells, helping them to
survive in adverse conditions [65].

For the first time, the unique abilities of EVs obtained
from human Wharton Jelly mesenchymal stromal cells
(hWJMSCs), in the context of a reduction of OS, were
noticed in rats with AKI treated using MVs. Interest-
ingly, it was demonstrated, during these studies, that
even a single application of MVs obtained from hWJM-
SCs to rats, shortly after the occurrence of IRI (ischemia/
reperfusion injury), could reduce the level of ROS, and
the same the OS. Probably, the protective role of MVs
was associated with the inhibition of NADPH-2 oxidase
(NOX2) expression, which is known from its strong pro-
oxidative effects [61].

Similar positive effect of the administration of EVs
released by hWJMSCs was demonstrated after intrave-
nous administration of EVs to rats with IRIL. This proce-
dure lowered OS by increasing the activation of Nrf-2/
ARE, contributing to the reduction of tubular dam-
ages, and finally improved the kidney function. The
reduced levels of MDA (malondialdehyde) and 8-OHdg
(8-hydroxy-2"-deoxyguanosine) proved the effectiveness
of EVs in alleviating OS.

Moreover, increased expression of genes encod-
ing superoxide dismutase (SOD) and HO-1 (heme
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oxygenase-1) known as enzymes with antioxidant prop-
erties, controlled by ARE has been observed, after EVs
treating during the AKI [66] (Fig. 3).

The anti-fibrotic effect of EVs derived from MSCs during AKI
Interestingly, the serious problem in the AKI is also fibro-
sis. In 2016, Zou et al. demonstrated that in rats with
unilateral IRI treated with hUC-MSC-EVs, decreased
fibrosis was associated with increased angiogenesis. EVs
promoted renal capillary formation by delivering to the
tubular epithelial cells both vascular endothelial growth
factor (VEGF) and RNA related to this process. Relieved
fibrosis was evidenced by the reduction of the collagen
deposition in damaged tissue and decreased expres-
sion of alpha-smooth muscle actin (a-SMA), protein
expressed by myofibroblasts, known as a marker of the
epithelial-mesenchymal transition process (EMT) [17].

A similar study was conducted by Ju et al. in 2015,
where administration of hUC-MSC-MVs into the rats
with ischemia—reperfusion injury increased hepatocyte
growth factor (HGF) levels in TECs that was correlated
with reduced renal tubular fibrosis [67].

Microscopic images revealed by Zou et al. in the group
of rats treated with hUC-MSC-MVs showed the decrease
in collagen deposition in the damaged kidney linked with
decreased level of a-SMA. Interestingly, these changes
were not accompanied by a change in TGF-B (tumor
growth factor ) expression that may indicate that MVs
enhancing the tissue repair by increasing the level of
HGF (hepatocyte growth factor).

As it was shown, the treatment with hWJMSC-MVs
decreases the expression of CX3CL1, and contributes to
the reduction of inflammation in rats with IRI by reduc-
tion of interstitial fibrosis, that is evidenced by reduced
collagen accumulation and decreased expression of
a-SMA in kidney tissues [17].

Interestingly, EVs isolated from other populations of
mesenchymal stem cells were also able to counteract
fibrosis, for example, Lin et al. in 2016 indicated that pro-
viding aMSC-EXOs to rats with bilateral IRI also attenu-
ated fibrosis. This was confirmed by the reduced levels of
profibrotic proteins—p-Smad3 (phosphorylated mothers
against decapentaplegic homolog 3) and TGF-p. At the
same time, an increased expression of p-Smadl/5 and
BMP-2 (bone morphogenetic protein 2) counteracting in
this process was observed [68].

This anti-fibrotic effect was also confirmed by Lindoso
et al. in 2014, who showed this effect after hBMSC-EVs
application into the in vitro obtained IRI model in mice
[52].

The protective effect of hBMSC-EVs was mediated by
miRNAs, which regulates SMAD4. The protein encoded
by it gene plays a significant role in EMT initiated by
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TGF-B1. Authors showed that the expression of SMAD4
in PTECs was reduced after incubation with EVs, that
confirmed, that miRNAs could regulate the function of
EVs [52].

In addition, Zhang et al. in 2020 reported that intrave-
nous administration of hUC-MSC-EVs to mice with IRI
reduced fibrosis by inhibiting the expression of Snail, a
gene encoding a zinc finger transcription factor known to
trigger EMT [69].

Interestingly, EVs overexpressing oct-4 (octamer-bind-
ing transcription factor 4) further reduced Snail expres-
sion, and thus inhibited fibrosis more effectively.

Future perspectives
It is worth to note that certain cancers like leukemias,
lymphomas, multiple myelomas (MM) and renal cell
cancer (RCC) in both human and veterinary patients are
related with the higher risk of AKI development, not only
due to the accompanying kidney involvement, but also
due to the hypotension, sepsis, administration of different
anti-fungal and anti-bacterial agents, cytotoxic or immu-
nosuppressive drugs and even hematopoietic stem cell
transplantation (HSCT) and tumor lysis syndrome (TLS).
The appropriate scheme of cancer treatment seems to be
an ideal preventive strategy from AKI development [70].
Actual treatment strategies in AKI involve not spe-
cific procedures and have many disadvantages and

complications, e.g., the most used fluid therapy should
be carefully monitored due to its impact on the increased
morbidity and mortality in both human and animals.

Searching for the new advanced and target AKI treat-
ment strategy included also using a MSC cells that seems
to be a promising tool in such situation; however, the lack
of knowledge about their molecular mechanism of action
during the regeneration processes in AKI seems to be a
main cause that limits their use in the clinical practice.

However, from the other side, to undoubted advantages
of using MSC-based therapies belong the fact that MSCs
could be easily isolated from various sources including
peripheral blood, bone marrow, adipose tissue, umbili-
cal cord blood, amniotic membrane and fluids, placenta
and even breast milk or dental pulp and etc. Moreover,
not without significance are the facts that MSCs have the
ability to differentiate into the various cell types, benefi-
cial immunologic properties and are relative ease to cul-
ture in in vitro conditions [71].

Currently, such type of therapy is used primarily, in
treating many degenerative diseases (osteoporotic in
joints) and in the regenerative medicine of bones and
cartilages. Its potential benefits are reflected also in the
plastic surgery, aesthetic medicine and in treatment of
cardiovascular, nervous and endocrine disorders. Fur-
thermore, their application in the cell transplantation has
been popular for years [72].
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The main problem using stem cell-based therapies
is the risk of tumorigenesis due to the MSCs ability to
proliferate, its high viability and strong resistance to
the apoptosis. Moreover, the long-term process of their
culturing in in vitro conditions required to achieve
the appropriate amount and properties of MSCs could
cause genetic and chromosomal aberrations, that can
lead to development of tumors in the recipient.

In AKI treatment, MSCs-based therapy has the pro-
tective potential, although conducted studies showed
that injected MSCs mostly incorporate into the tubules,
vessels and other compartments of kidneys due to their
subcellular mechanism of action that handicaps their
protective function. As it was proven, their protec-
tive potential in AKI treatment seems to be a result of
released by them EVs [16].

The growing interest of EVs-derived from MSCs in
AKI treatment is, on the one hand, the result of the lack
of target, specific therapy, from the other is a result of
the observation, that EVs obtained from MSCs have a
potential to modulate anti-inflammatory response and
have a significant impact on the cell apoptosis/necrosis,
oxidative stress, anti-fibrotic and even on the proangio-
genic processes, that are all included in the process of
the tissue regeneration.

Encouraging in this case are the results of previously
performed preclinical studies that confirmed the role
of EVs-derived from MSCs in the improving of kidney
conditions regardless of the cause of the main disease.
The preliminary results with using EVs in the therapy
of kidney injuries indicating their positive impact on
the renal function reflected by the ratio of GFR and
encouraging to continue these studies [22, 41].

Moreover, the low immunogenicity and high biocom-
patibility as well as the ease to penetrate the barriers
make them an ideal tools for further AKI therapies in
both human and animals.

The problem is that still the lack of the optimal pro-
tocols allows on the appropriate isolation and storage
of EVs obtained from different sources of MSCs. At the
same time, the problem is how to obtain the identical
effectiveness of different batches of EVs [73].

In summary, EVs derived from MSCs seem to be a
good alternative tool in the AKI treatment, due to their
key role in the regulation of processes associated with
the proper kidney function, although their heterogene-
ity could limit the beneficial effects.

The main problems, whose need to be solved before
using EVs released from MSCs in the AKI treatment,
are the determination of its safety, assessment of the
amounts guaranteeing the expected protective effect,
their ~pharmacodynamics, pharmacokinetics and
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accurate biodistribution allowing to choose an appro-
priate administration route [73].

Nevertheless, the beneficial properties of EVs derived
from MSCs cells in AKI allow to suppose that therapy
based on the EVs fills the gap between the classical and
stem cell-based therapies in AKI in the near future.

Abbreviations

AKI: Acute kidney injury; AKT: Protein kinase; aMSCs: Adipocyte-derived mes-
enchymal stem cells; ApoBDs: Apoptotic bodies; ARE: Anti-oxidant response
element; ARF: Acute kidney failure; aSMA: a-Smooth muscle actin; Bax:

Bcl-2 associated X; Bcl-2: B-cell CLL/lymphoma 2; BM: Bone marrow; BMP2:
Bone morphogenetic protein 2; BUN: Blood urea nitrogen; Casp: Caspase;
CCR-2: C-C motif chemokine receptor 2; CKD: Chronic kidney disease; CMJ:
Corticomedullary junction; ConA: Concanavalin A; COX-2: Cyclooxygenase;
Cr: Creatinine; DAMPs: Damage-associated molecular patterns; DCs: Dendritic
cells; DRP1: Dynamin-related protein 1; EMT: Epithelial-mesenchymal transi-
tion process; ERK: Extracellular signal regulated kinase; EXOs: Exosomes; EVs:
Extracellular vesicles; GFR: Glomerular filtration rate; GvHD: Graft versus host
disease; HGF: Hepatocyte growth factor; HO-1: Heme oxygenase01; HOCI:
Hypochlorous acid; H,O,: Hydrogen peroxidase; HSP: Heat shock protein;
hUC-MSC: Human umbilical cord mesenchymal stem cells; hWJMSCs: Human
stem cells derived from Wharton'’s jelly; ICAM: Intracellular adhesion molecule;
IDO: Indoleamine 2,3-dioxygenase; IFNy: Interferon gamma; IL: Interleukin;
ILVs: Intraluminal vesicles; iNOS: Inducible nitric oxide synthase; IRI: Ischemic
reperfusion injury; IRIS: International Renal Interest Society; LAMs: Large
animal models; MAF: Macrophage migration inhibitor; MCP-1: Monocyte
chemoattractant protein 1; MDA: Malondialdehyde; MM: Multiple myeloma;
MPs: Microparticles; MSCs: Mesenchymal stem cells; MVs: Microvesicles; MVBs:
Mutivesicular bodies; NFk: Nuclear factor k3; NK: Natural killers; NO: Nitric
oxide; Nrf2: Nuclear factor erythroid-2 (related factor 2); NRLP3: NLR family
pyrin domain containing 3; NSAID: Non-steroidal anti-inflammatory drugs; O,:
Superoxide anion; Oct-4: Octamer binding transcription factor 4; OH: Hydroxy!
radical; OS: Oxidative stress; PAI-1: Plasminogen activator inhibitor I; PBMCs:
Peripheral blood mononuclear cells; PD-L1: Programmed death ligand-1; PEG:
Polyethylene glycol; pFUS: Pulsed focused ultrasound; PGE2: Prostaglandin
E2; PI-3K: Phosphatidylinositol 3-kinase; p-SMAD3: Phosphorylated mothers
against decapentaplegic homolog 3; PTEC: Proximal tubular epithelial cells;
RCC: Renal cell cancer; RBF: Reduced renal blood flow; RNS: Reactive nitrogen
species; ROS: Reactive oxygen species; RRT: Renal replacement therapy; RTEC:
Renal tubular epithelial cells; Sema3A: Semaphorin 3A; SNARE: SNAP receptor;
SOD: Superoxide dismutase; TGF: Tumor growth factor 3; TLR: Toll-like recep-
tors; TNFa: Tumor necrosis factor ; TnT: Nanotubes; VDA: Vitamin D analog;
VEGF: Vascular endothelial growth factor.

Acknowledgements
Not applicable

Authors’ contributions
M.MK, N.P, E.T wrote manuscript draft; KM, Z.L, ET. revised the manuscript
draft. All authors read and approved the final version of manuscript.

Funding

Narodowe Centrum Nauki; Project Harmonia 9 Number 2017/26/M/
NZ5/01184. The publication is financed under the Leading Research Groups
support project from the subsidy increased for the period 2020-2025 in the
amount of 2% of the subsidy reffered to Art 387 (3) of the Law of 20 July 2018
on Higher Education and Science, obtained in 2019.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.



Krainska et al. Stem Cell Res Ther (2021) 12:504

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

!International Institute of Translational Medicine (MIMT), Jesionowa St 11,
55-114 Malin, Wisznia Mata, Poland. ?Department of General and Transplant
Surgery, Warsaw Medical University, Nowogrodzka St 59, 02-014 Warszawa,
Poland. *Department of Experimental Biology, Wroclaw University of Environ-
mental and Life Science, Norwida St 27B, 50-375 Wroctaw, Poland. “Nankai
University School of Medicine, 94 Weijin Road, Tianjin 300071, China.

Received: 14 June 2021 Accepted: 27 August 2021
Published online: 15 September 2021

References

1. Singh AP, et al. Animal models of acute renal failure. Pharmacol Rep.
2012;,64:31-44.

2. Siew, E. D, Davenport, A. The growth of acute kidney injury: a rising tide
or just closer attention to detail&quest. Kidney Int. 2014;87.

3. BaoYW,YuanY, Chen JH, Lin WQ. Kidney disease models: tools to identify
mechanisms and potential therapeutic targets. Zool Res. 2018;39:72-86.

4. Kellum JA, et al. Kidney disease: improving global outcomes (KDIGO)
acute kidney injury work group. KDIGO clinical practice guideline for
acute kidney injury. Kidney Int Suppl. 2012;2:1-138.

5. Basile DP, Anderson MD, Sutton TA. Pathophysiology of acute kidney
injury. Compr Physiol. 2012,2:1303-53.

6. Kalogeris, T, Baines, C.P, Krenz, M., Korthuis, R.J. Cell biology of ischemia/
reperfusion injury. Int Rev Cell Mol Biol. 2012;298.

7. Monaghan K, Nolan B, Labato M. Feline acute Kidney injury: 1. Patho-
physiology, etiology and etiology-specific management considerations. J
Feline Med Surg. 2012;14:775-84.

8. Box.VETcpd-Feline Treatment protocols for ethylene glycol toxicity.

9. Makris K, Spanou L. Lesion renal aguda otro. Clin Biochem Rev.
2016;37:85-98.

10. Langston C, Eatroff A. Acute kidney injury. August’s Consult Feline Intern
Med. 2016;7(7):483.

11. Finch, N. Vet times acute kidney injury in cats: part three-management
fluid therapy.

12. Hass R, Kasper C, Bohm S, Jacobs R. Different populations and sources
of human mesenchymal stem cells (MSC): a comparison of adult and
neonatal tissue-derived MSC. Cell Commun Signal. 2011;9:12.

13. Ding DC, Shyu WC, Lin SZ. Mesenchymal stem cells. Cell Transpl.
2011;20:5-14.

14. Wang B, et al. Pre-incubation with hucMSC-exosomes prevents cisplatin-
induced nephrotoxicity by activating autophagy. Stem Cell Res Ther.
2017,8:1-14.

15. Wang, S, Qu, X, Zhao, R.C. Clinical applications of mesenchymal stem
cells (2012).https://doi.org/10.1186/1756-8722-5-19

16. Yun, C.W, Lee, S. H. Potential and therapeutic efficacy of cell-based
therapy using mesenchymal stem cells for acute/chronic kidney disease.
Int J Mol Sci. 2019;20.

17. Zhou, Y. et al. exosomes UCB.pdf (2013).

18. Liu, Y, Fang, J. Review article mesenchymal stem cells as therapeutic
agents and novel carriers for the delivery of candidate genes in acute
kidney injury (2020).https://doi.org/10.1155/2020/8875554

19. Parekkadan, B., Milwid, J.M. Mesenchymal stem cells as therapeutics
(2010).https://doi.org/10.1146/annurev-bioeng-070909-105309

20. Pazik R, et al. Facile non-hydrolytic synthesis of highly water dispersible,
surfactant free nanoparticles of synthetic MFe204 (M-Mn2+-, Fe2+,
Co2+, Ni2+) ferrite spinel by a modified Bradley reaction. RSC Adv.
2013;3:12230-43.

21. Taechangam N, lyer SS, Walker NJ, Arzi B, Borjesson DL. Mechanisms
utilized by feline adipose-derived mesenchymal stem cells to inhibit T
lymphocyte proliferation. Stem Cell Res Ther. 2019;10:1-12.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 150f 16

Aghajani Nargesi A, Lerman LO, Eirin A. Mesenchymal stem cell-derived
extracellular vesicles for kidney repair: current status and looming chal-
lenges. Stem Cell Res Ther. 2017;8:1-12.

Chen Z, Larregina AT, Morelli AE. Impact of extracellular vesicles on innate
immunity. Curr Opin Organ Transpl. 2019;24:670-8.

Zhang R, et al. Human umbilical cord mesenchymal stem cell exosomes
alleviate sepsis-associated acute kidney injury via regulating microRNA-
146b expression. Biotechnol Lett. 2020;42:669-79.

Quimby JM, et al. Assessment of intravenous adipose-derived allogeneic
mesenchymal stem cells for the treatment of feline chronic kidney dis-
ease: a randomized, placebo-controlled clinical trial in eight cats. J Feline
Med Surg. 2016;18:165-71.

Quimby, J. M., Borjesson, D. L. Mesenchymal stem cell therapy in cats:
current knowledge and future potential.https://doi.org/10.1177/10986
12X1875859020,208-216

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles,
and friends. J Cell Biol. 2013;200:373-83.

Nicolas, R.H., Goodwin, G.H. Overview of extracellular vesicles, their origin,
composition, purpose, and methods for exosome isolation and analysis.
Cells. 2019;41-68.

Petrovcikova E, Vicikové K, Leksa V. Extracellular vesicles—biogenesis,
composition, function, uptake and therapeutic applications. Biologia
(Poland). 2018;73:437-48.

Marycz, K., Grzesiak, J., Wrzeszcz, K., Golonka, P. Adipose stem cell com-
bined with plasma-based implant bone tissue differentiation in vitro and
in a horse with a phalanx digitalis distalis fracture: a case report. Case
Report Veterinarni Medicina vol. 57.

Kwon SH. Extracellular vesicles in renal physiology and clinical applica-
tions for renal disease. Korean J Intern Med. 2019;34:470-9.

Gyorgy B, Hung ME, Breakefield XO, Leonard JN. Therapeutic applications
of extracellular vesicles: clinical promise and open questions. Annu Rev
Pharmacol Toxicol. 2015;55:439-64.

Goran Ronquist K. Extracellular vesicles and energy metabolism. Clin
Chim Acta. 2019;488:116-21.

Morishita M, TakahashiY, Nishikawa M, Takakura Y. Pharmacokinetics of
exosomes—an important factor for elucidating the biological roles of
exosomes and for the development of exosome-based therapeutics. J
Pharm Sci. 2017;106:2265-9.

Lamparski, H. G. et al. Production and characterization of clinical grade
exosomes derived from dendritic cells. J Immunol. Methods. 1998; 273.
www.elsevier.com/locate/jim

Turturici G, Tinnirello R, Sconzo G, Geraci F. Extracellular membrane
vesicles as a mechanism of cell-to-cell communication: advantages and
disadvantages. Am J Physiol Cell Physiol. 2014;306:621-33.

Sun X, Meng H, Wan W, Xie M, Wen C. Application potential of stem/
progenitor cell-derived extracellular vesicles in renal diseases. Stem Cell
Res Ther. 2019;10:1-9.

Shen, B. et al. CCR2 Positive exosome released by mesenchymal stem
cells suppresses macrophage functions and alleviates ischemia/reperfu-
sion-induced renal injury. Stem Cells Int. 2016;2016.

Zhao, A. G, Shah, K, Cromer, B., Sumer, H. Mesenchymal stem cell-derived
extracellular vesicles and their therapeutic potential. Stem Cells Int.
2020;2020.

Patel DB, et al. Impact of cell culture parameters on production and vas-
cularization bioactivity of mesenchymal stem cell-derived extracellular
vesicles. Bioeng Trans| Med. 2017;2:170-9.

Grange C, Skovronova R, Marabese F, Bussolati B. Stem cell-derived extra-
cellular vesicles and kidney regeneration. Cells. 2019;8:1-13.

Liu C, et al. Extracellular vesicles for acute kidney injury in preclinical
rodent models: a meta-analysis. Stem Cell Res Ther. 2020;11:1-15.

Hong S, Healy H, Kassianos AJ. The emerging role of renal tubular epithe-
lial cells in the immunological pathophysiology of lupus nephritis. Front
Immunol. 2020;11:1-8.

Li L, et al. Exosomes derived from mesenchymal stem cells ameliorate
renal ischemic-reperfusion injury through inhibiting inflammation and
cell apoptosis. Front Med. 2019;6:1-8.

Yuan X, Wang X, Chen C, Zhou J, Han M. Bone mesenchymal stem cells
ameliorate ischemia/reperfusion-induced damage in renal epithelial cells
via microRNA-223. Stem Cell Res Ther. 2017;8:1-13.

Bruno S, et al. Mesenchymal stem cell-derived microvesicles protect
against acute tubular injury. J Am Soc Nephrol. 2009;20:1053-67.


https://doi.org/10.1186/1756-8722-5-19
https://doi.org/10.1155/2020/8875554
https://doi.org/10.1146/annurev-bioeng-070909-105309
https://doi.org/10.1177/1098612X1875859020,208-216
https://doi.org/10.1177/1098612X1875859020,208-216
http://www.elsevier.com/locate/jim

Krainska et al. Stem Cell Res Ther (2021) 12:504

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Bruno S, et al. Renal regenerative potential of different extracellular vesi-
cle populations derived from bone marrow mesenchymal stromal cells.
Tissue Eng Part A. 2017;23:1262-73.

Bruno, S. et al. Microvesicles derived from mesenchymal stem cells
enhance survival in a lethal model of acute kidney injury. PLoS ONE.
2012;7.

Huang Y, Yang L. Mesenchymal stem cells and extracellular vesicles in
therapy against kidney diseases. Stem Cell Res Ther. 2021;12:1-12.

Gatti S, et al. Microvesicles derived from human adult mesenchymal stem
cells protect against ischaemia-reperfusion-induced acute and chronic
kidney injury. Nephrol Dial Transplant. 2011;26:1474-83.

Gu, D. et al. Mesenchymal stromal cells derived extracellular vesicles
ameliorate acute renal ischemia reperfusion injury by inhibition of mito-
chondrial fission through MIR-30. Stem Cells Int. 2016,2016.

Lindoso RS, et al. Extracellular vesicles released from mesenchymal stro-
mal cells modulate miRNA in renal tubular cells and inhibit ATP depletion
injury. Stem Cells Dev. 2014;23:1809-19.

Sato 'Y, Yanagita M. Immune cells and inflammation in AKI to CKD progres-
sion. Am J Physiol Ren Physiol. 2018;315:F1501-12.

LiN, et al. Major signaling pathways and key mediators of macrophages
in acute kidney injury (review). Mol Med Rep. 2021;23:1-12.
Gschwandtner M, Derler R, Midwood KS. More than just attractive: how
CCL2 influences myeloid cell behavior beyond chemotaxis. Front Immu-
nol. 2019;10:1-29.

Wang, M., Yuan, Q, Xie, L. Mesenchymal stem cell-based immunomodula-
tion: properties and clinical application. Stem Cells Int. 2018;2018.
Christian F, Smith E, Carmody R. The regulation of NF-kB subunits by
phosphorylation. Cells. 2016;5:12.

Sanz AB, et al. NF-kB in renal inflammation. J Am Soc Nephrol.
2010;21:1254-62.

Ullah M, Liu DD, Rai S, Concepcion W, Thakor AS. HSP70-mediated NLRP3
inflammasome suppression underlies reversal of acute kidney injury fol-
lowing extracellular vesicle and focused ultrasound combination therapy.
Int J Mol Sci. 2020,21:1-13.

Reis, L. A. et al. Bone marrow-derived mesenchymal stem cells repaired
but did not prevent gentamicin-induced acute kidney injury through
paracrine effects in rats. PLoS ONE. 2012;7.

Zhang G, et al. The anti-oxidative role of micro-vesicles derived from
human wharton-jelly mesenchymal stromal cells through NOX2/

Page 16 of 16

gp91(phox) suppression in alleviating renal ischemia-reperfusion injury in
rats. PLoS ONE. 2014;9:1-11.

62. de Almeida DC, et al. A regulatory miRNA-mRNA network is associated
with tissue repair induced by mesenchymal stromal cells in acute kidney
injury. Front Immunol. 2017;7:1-18.

63. Sureshbabu A, Ryter SW, Choi ME. Oxidative stress and autophagy: crucial
modulators of kidney injury. Redox Biol. 2015;4:208-14.

64. Palipoch, S, Thammarat, N.S. Palipoch. Afr J Tradit Complement Altern
Med. 2013;10(4), 88-93.

65. WeiW, Ma N, Fan X, Yu Q, Ci X. The role of Nrf2 in acute kidney injury:
novel molecular mechanisms and therapeutic approaches. Free Radical
Biol Med. 2020;158:1-12.

66. Zhang G, et al. Mesenchymal stromal cell-derived extracellular vesicles
protect against acute kidney injury through anti-oxidation by enhancing
Nrf2/ARE activation in rats. Kidney Blood Press Res. 2016;41:119-28.

67. JuGQ, et al. Microvesicles derived from human umbilical cord mesen-
chymal stem cells facilitate tubular epithelial cell dedifferentiation and
growth via hepatocyte growth factor induction. PLoS ONE. 2015;10:1-16.

68. Lin KC, et al. Combination of adipose-derived mesenchymal stem cells
(ADMSC) and ADMSC-derived exosomes for protecting kidney from
acute ischemia-reperfusion injury. Int J Cardiol. 2016;216:173-85.

69. Lee SW, et al. Snail as a potential target molecule in cardiac fibrosis: parac-
rine action of endothelial cells on fibroblasts through snail and CTGF axis.
Mol Ther. 2013;21:1767-77.

70. Cosmai L, et al. Preventive strategies for acute kidney injury in cancer
patients. Clin Kidney J. 2021;14:70-83.

71. Musiat-Wysocka A, Kot M, Majka M. The pros and cons of mesenchymal
stem cell-based therapies. Cell Transplant. 2019,28:801-12.

72. Fitzsimmons, R. E. B, Mazurek, M. S,, Soos, A, Simmons, C. A. Mesenchy-
mal stromal/stem cells in regenerative medicine and tissue engineering.
Stem Cells Int. 2018;2018.

73. Tetta C, Deregibus MC, Camussi G. Stem cells and stem cell-derived
extracellular vesicles in acute and chronic kidney diseases: mechanisms
of repair. Ann Transl Med. 2020;8:570-570.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Extracellular vesicles derived from mesenchymal stem cells as a potential therapeutic agent in acute kidney injury (AKI) in felines: review and perspectives
	Abstract 
	Treatment strategy in AKI in cats: current treatment regimens
	The modern ideas in AKI treatment in cats
	The role of MSCs therapies
	The role of extracellular vesicles in AKI treatment in cats
	The application of EVs-derived from MSCs in the treatment of feline AKI
	The anti-apoptotic effect of EVs during AKI treatment
	The anti-inflammatory effects of EVs released from MSCs in AKI
	The oxidative stress in the AKI treatment with EVs
	The anti-fibrotic effect of EVs derived from MSCs during AKI


	Future perspectives
	Acknowledgements
	References


