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Abstract
Kidney Disease (KD), has a high global prevalence and accounts for one of the most prominent causes of morbidity and 
mortality in the twenty-first century. Despite the advances in our understanding of its pathophysiology, the only available 
therapy options are dialysis and kidney transplantation. Mesenchymal stem cells (MSCs) have proven to be a viable choice 
for KD therapy due to their antiapoptotic, immunomodulatory, antioxidative, and pro-angiogenic activities. However, the low 
engraftment, low survival rate, diminished paracrine ability, and delayed delivery of MSCs are the major causes of the low 
clinical efficacy. A number of preconditioning regimens are being tested to increase the therapeutic capabilities of MSCs. In 
this review, we highlight the various strategies to prime MSCs and their protective effects in kidney diseases.
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Introduction

The regenerative capabilities of stem cells, especially mes-
enchymal stem/stromal cells (MSCs), are remarkable as they 
hold the potential of curing many degenerative/chronic dis-
eases. However, the conflicting clinical outcomes of stem 
cell therapy originate from the large host specific variations 
found in the disease tissue niche.

In this review, we focus on kidney disease due to its high 
prevalence and high rate of mortality and morbidity. More 
than 750 million people around the world suffer from kidney 
disease. This results in 5 to 10 million deaths annually [67, 
92]. There’s an established link between obesity [62], dia-
betes [5], hepatitis B virus infection [32] and the onset and 
progression of KD which in turn further increases the risk 
of cardiovascular disorders.

Acute kidney injury (AKI) and chronic kidney disease 
(CKD) are the two major renal disorders. Almost one-third 
of children and one-fifth of adult’s worldwide experience 
AKI. It is characterized by an abrupt loss of kidney func-
tion or kidney failure [102]. Numerous factors, such as 
renal ischemia, crush injuries, inflammation, and infections/

obstructions of the urinary tract, can contribute to AKI [31, 
86]. The diagnostic features include increased blood urea 
nitrogen (BUN) and creatinine concentrations, as well as 
decreased urine output [86]. Aside from a few initial symp-
toms, individuals experiencing AKI have a significant pre-
disposition to CKD. CKD which is characterised by a pro-
gressive loss of kidney function which eventually leads to 
End-stage renal disease (ESRD). This progression is char-
acterised by accumulation of collagen, which is brought on 
by inflammation, fibrosis initiation, vascular damage and 
tubular cell apoptosis [3] (Fig. 1). Diabetic Nephropathy 
(DN) is the most prevalent form of end-stage kidney disease 
(ESKD), which necessitates kidney replacement therapy 
(dialysis or transplant) worldwide [40, 68, 69].

Current interventions include drugs, hemodialysis, perito-
neal dialysis, and renal transplantation as therapeutic options 
for kidney disease [18]. However, the efficacy of these inter-
ventions is variable due to the fact that kidney damage is 
irreversible, prevalence of drug induced severe side effects, 
inconsistencies in dialysis, and there is always a long wait-
ing list for the donors [12]. As a result, there is an urgent 
need to investigate new therapeutic strategies to slow the 
progression of KD [1].

Stem cells have recently been used as a regenerative 
therapy for a variety of diseases, including KD. MSCs - 
based therapy for the treatment of KD has increased over 
the past ten years in a wide range of preclinical models. 
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MSCs are multipotent fibroblast-like cells with strong self-
renewal, regeneration, proliferation, and multilineage dif-
ferentiation abilities. They can be obtained from a range of 
tissues, including bone marrow (BM), urine, umbilical cord 
blood, adipose tissue, wharton's jelly, umbilical tissue, and 
placenta. MSCs secrete a variety of chemokines, cytokines, 
growth factors, exosomes, and microvesicles (MVs) that 
have anti-inflammatory, anti-apoptotic, regenerative, angio-
genic, anti-fibrotic, and immunomodulatory activities [27, 
60, 70, 83]. In addition to the release of paracrine or endo-
crine chemicals, MSCs therapy involves direct cell-to-cell 
interactions [34]. Evidently, renal pericytes, which form a 
network around the microvasculature, are one of the source 
of MSCs [16]. They play a vital role in the regulation of 
capillary permeability, endothelial cell survival, renal blood 
flow, and immune responses [63]. As a result of their regen-
erative, angiogenic and immunomodulatory properties, 
MSCs are a promising therapeutic candidate for the recovery 
of damaged sites and the treatment of various pathological 
conditions, such as renal injury and renal failure.

However, clinical applications and experimental evidence 
differ majorly. Reduced cell function following transplanta-
tion is a major factor contributing to MSCs' subpar clinical 
outcomes in kidney disease [99]. Others include poor sur-
vival, limited engraftment, and diminished paracrine activity 
of MSCs following delivery [106].

Post cell transplantation, MSCs encounter an unfavour-
able environment as opposed to an ideal well-regulated con-
ditions as found in in vitro cultures. This results in early 
cell apoptosis and loss of functions. Few studies pinpoint 
towards 80%-90% cell death, 72 hours post transplanta-
tion [113]. According to [38] only about 3% of MSCs those 
were transplanted remained alive 14 days following injection 
[38]. Additionally, MSCs exposed to uremic toxins released 
during AKI or CKD have diminished angiogenic potential, 
irregular migration patterns, and accelerated cellular senes-
cence [33, 79].

The hostile endogenous environment that the cells 
face post transplantation is a major hurdle in the field of 
MSCs therapy [116]. To overcome this bottleneck, the 

Fig. 1   Illustration of the kidney disease's pathogenesis and disease development
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preconditioning strategies for empowering the MSCs in a 
disease specific manner is the need of the hour. Pre-con-
ditioning confers survival advantage to MSCs in adverse 
microenvironments by imposing conditions that are similar 
to the diseased or the injured tissue and enhance their par-
acrine responses during in vivo expansion.

There have been recent developments to improve 
MSCs' effectiveness in preclinical AKI models by 
subjecting them to a varied licensing environments 
in vitro and the findings so far are encouraging. This 
review focuses on describing the various precondition-
ing strategies used over the past ten years to increase 
the effectiveness of MSCs in KD models.

Strategies for Preconditioning MSCs

Advances in MSCs biology and bioengineering have 
revealed novel solutions with the potential to solve many 
of the difficulties associated with MSC-based therapy. In 
general, the preconditioning regimens include exposure to 
hypoxic conditions, pharmacological or chemical induc-
tion (cytokines, hormones and drugs) and physical factors. 
By a regulated licensing of MSCs before utilising them for 
transplantation, their properties can be enhanced, leading to 
beneficial outcomes in vivo.

Preconditioning with Hypoxia

Hypoxia is analogous to the natural microenvironment 
where stem cells thrive in contrast to the ambient oxygen 
tension (21%) in a typical cell culture environment. It is 
well known that low tissue oxygen levels provides a suit-
able environment for stem cells to survive, proliferate and 
renew [22, 91] and thereby pre-exposure expansion of the 
cells in an oxygen environment more similar to the environ-
ment in vivo has a considerable positive impact on parac-
rine capacity of MSCs [25]. Expression of genes encoding 
CXCR7, CXCR4, CX3CR1, and hypoxia-inducible factor 
(HIF), which play a role in cell migration and combating 
oxidative stress are shown to be activated when MSCs are 
first exposed to hypoxia [52, 71, 72].

Typically, the MSCs expanded under normoxic con-
ditions, when transplanted to a diseased ischemic and 
hypoxic condition, leads to apoptosis of majority of MSCs. 
Pre-exposure of MSCs to hypoxia may aid in overcoming 
this challenge. While the ideal intensity of hypoxia varies 
throughout research studies, nevertheless the results are 
quite encouraging.

MSCs cultured for 24 hours under 1% O2 hypoxic con-
ditions expressed higher levels of basic fibroblast growth 
factor (bFGF) and vascular endothelial growth factor 

(VEGF). These elevated factors exerted angiogenic, anti-
oxidative, and antiapoptotic effects on ischemia-reperfu-
sion induced (IRI-induced) AKI renal cells [114]. Pre-
incubating MSCs in a hypoxic environment with 0.5% 
O2 reportedly influenced changes in the expression of 
64 proteins, including bFGF, VEGF, and matrix metal-
loproteinase 12 (MMP12). These hypoxia conditioned 
MSCs dramatically decreased the levels of inflammatory 
cytokines and serum creatinine in a mouse model of cis-
platin-induced AKI [81].

Interestingly, cobalt is an agent that aids in the genera-
tion of hypoxic conditions and has been shown to signifi-
cantly improve the MSCs activity/migration by activating 
HIF-1 and up-regulating CXCR4. These cobalt conditioned 
MSCs have resulted in improved kidney function in AKI 
rats [111]. Administration of a high dose of hypoxia pre-
conditioned Bone Marrow derived Mesenchymal Stem cells 
(BM-MSCs) via the renal artery, concurrently with induc-
tion of IRI results in optimal recovery of renal function after 
renal IRI [55].

Ishiuchi et al. [54] concluded that 1% O2 licensed MSCs 
significantly reduced inflammation and renal fibrosis in IRI 
rats compared to MSCs expanded in 21% O2. They also 
discovered that 1% O2 MSCs enables the upregulation of 
humoral factors like HGF, VEGF, and PGE2 that have a 
direct anti fibrotic effect. Collectively, these findings sug-
gest that the allogeneic transplantation of hypoxia-precon-
ditioned MSCs can be used as a cell therapy to attenuate 
the progression of AKI to CKD [54]. The mechanistic path-
ways as depicted by Tseng et al. [104] emphasize on tubular 
autophagy modulation in response to hypoxic MSCs in IRI 
injury rat models [104].

Hypoxia (5%) preconditioned MSCs have been shown 
to have a superior beneficial effect as compared to the nor-
moxic MSCs mediating improvement in the renal function, 
and decrease in creatinine level and BUN in gentamicin- 
induced Acute renal failure (ARF) rats [84].

Likewise, in another IRI induced fibrosis model, Gao 
et al. [42] found that hypoxia pretreated human placenta 
derived MSCs extracellular vesicles (Hypo-EVs) display 
improvement in the repair of renal structure, the restoration 
of renal function, and the reduction of renal fibrosis. Hypo-
EVs lead to an improved mitochondrial fatty acid oxidation 
(FAO) in the kidney, thereby reducing IRI damage, partially 
explained by the improvement of overall mitochondrial 
homeostasis [42].

Hypoxia (1%) preconditioned Adipose derived Mesen-
chymal Stem Cells (AD-MSCs) have also been shown to 
alter the properties of secreted EVs which restores the renal 
function after IRI by triggering different energy supply 
reactions, immunomodulatory, antiapoptotic, anti-oxidative 
stress and angiogenic responses in kidney tissue, compared 
with EVs secreted by MSCs in normoxic conditions [23]. 
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Table 1 summarizes the effect of hypoxia preconditioned 
MSCs in KD disease preclinical models.

Preconditioning with Biological Compounds

Inspite of their hypoimmunogenic responses, MSCs respond 
with enhanced immunosuppressive abilities in an inflamma-
tory milieu. Pre-activation with inflammatory agents or pro-
inflammatory cytokines is well proven in simulating MSCs 
with an enhanced immunomodulatory action. In addition 
to priming of MSCs with different cytokines such as IFNγ, 
TNF-α, IL-17, IL-1β, TLR, ligands also have the capabil-
ity to elevate the therapeutic effect of MSCs. Till date, no 
study has been published in which TNF-α primed MSCs has 
been used to in ameliorating kidney disease symptoms, how-
ever many studies depict that TNF-α preconditioned MSCs 
enhance the therapeutic ability of MSCs in other diseased 
conditions [11, 49, 65, 77]. Effect of other factors used for 
preconditioning MSCs in KD preclinical studies are com-
piled in Table 2.

Furthermore, combinatorial therapy with few hormones 
has been shown to influence renoprotection in a remarkable 
way in various animal models. Hormonal preconditioning 
of MSCs can provide novel insights into their therapeutic 
use in kidney diseases and the latest findings in the field are 
summarised in Table 3.

Cytokines

IL‑17A  IL-17A is a potent cytokine and has capability to 
modulate immune functions of MSCs, without affecting 
their MHC expression [47, 82, 100]. Preconditioning of 
BM-MSCs with IL-17A increases the potential of MSCs 
to ameliorate the AKI in mice. Mechanistically, expansion 
of Regulatory T cells (Tregs) post IL-17a priming lead to 
enhanced immunosuppression resulting in improving the 
renal function. Contrarily, depletion of Tregs resulted in 
decrease suppression of T cell proliferation, and reverses 
the therapeutic potential of IL-17-A primed MSCs [9].

IFN‑γ  Another preconditioning strategy involves treating 
MSCs with IFN-γ which is a cytokine secreted by natural 
killer cells, regulates array of immune responses. In a study, 
IFNγ pretreated BM-MSCs were administered in Ischemia- 
reperfusion injury (IRI) and Unilateral ureter obstruction 
(UUO) KD model of rats via abdominal aorta. It resulted 
in significant amelioration of renal fibrosis and suppression 
of immune cell infiltration. IFNγ primed MSCs have the 
potential to mediate their effect by inhibiting TGFβ smad 
signalling pathway- the main player for inducing renal 
fibrosis. Moreover, IFN-γ induces MSCs to release PGE2, 
which mediates the polarization of M1 macrophages into 
M2 macrophages. As a result, M2 macrophages enhance 
the production of anti-inflammatory cytokines attenuating 

Table 1   Hypoxia preconditioned MSCs in various preclinical models of KD

S.No Source of MSCs Animal model Disease model Outcome Reference

Hypoxia
  1 hAD-MSCs Rats IRI induced AKI • Improvement in apoptosis, anti-oxidative capacity, vasculari-

zation, and histological injury
• Renal function improvement

[114]

  2 AD-MSCs Mice Cisplatin-induced AKI • Effective source of inductive signals in form of VEGF, HIF-1, 
MMP-12 to restore kidney function.

[81]

  3 Rat BM-MSCs Rats IRI induced AKI • Enhanced expression of HIF-1 and CXCR4, migration, reten-
tion time, and secretory capability

[111]

  4 hBM-MSCs Rats IRI induced AKI • High-dose Hypoxia-hBMSC may help restore renal function [55]
  5 hBM-MSCs Rats IRI induced CKD • Increased expression of PGE2, VEGF, and HGF secretion

• 1%O2 MSCs dramatically reduced inflammation and renal 
fibrosis in IRI rats.

[54]

  6 BM-MSCs Rats IRI induced AKI • Increased renal tubular autophagy
• Renal function impairment, interstitial inflammation, and 

renal tubular mortality.

[104]

  7 hUC-MSCs Rats Gentamicin induced ARF • VEGF, HGF, integrin α4 and integrin β1 forming very late 
antigen 4 (VLA-4), and stromal-derived factor-1 expression

• Ameliorating renal function in ARF.

[84]

  8 hpMSCs-EVs Mice IRI induced CKD • Restoration of renal function, recovery of damaged kidney 
structure

• Reduction of renal fibrosis

[42]

  9 hAD-MSCs Rats IRI induced AKI • Better results for Hypoxia EVs linked to immunomodulation, 
intracellular ATP recovery, angiogenesis

• Decrease of ROS, and mitochondrial preservation.

[23]
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inflammation at the injured site in above mentioned preclini-
cal models [59].

IL‑1β  IL-1β has also been shown to enhance the immu-
nomodulation of MSCs. IL-1β conditioned MSCs when 
administered intravenously in haemorrhagic rat model 
resulted in lower serum creatinine levels hence improving 
the kidney function. These prelicensed MSCs potentiate 
reparative mechanisms and immunomodulation in haem-
orrhagic shock induced AKI by decreasing the levels of 
cytokines like IL-6, IL-10 and IL-1α [7].

TLR4

In a preclinical rat model, LPS (TLR-4 agonist) precon-
ditioned AD-MSCs have been shown to reverse the DN 
pathophysiology including dysregulation in glomerular 
basement of glomeruli, tubules and mesangial cells [29]. 
These primed MSCs were effective in lowering blood 
glucose levels by restoring beta cell activity, as well as 
regulating inflammatory processes, fibrosis and angio-
genesis, podocyte protection and decreasing serum urea 
levels. In addition, TLR-4 primed MSCs were responsible 
for attenuating the levels proinflammatory cytokines and 
down-regulate TGF-β expression involved in renal atro-
phy mediated by collagen accumulation and apoptosis of 
endothelial cell. As a result, primed TLR 4 primed MSCs 
were responsible in promoting kidney tissue regeneration 
in DN animal model [103].

Hormones

Melatonin  A neurohormone, melatonin is mainly 
secreted by the pineal gland. It is a fundamental regulator of 
circadian rhythms that regulate physiological function [90]. 
In animals, a sleep–wake cycle is ensured by a low blood 
level of melatonin during the day and an elevated level at 
night [88].

Melatonin is now believed to play many distinct patho-
physiologic roles in addition to its conventional activity. 
Melatonin was found to be a potent free radical scavenger 
that has protective benefits in numerous malfunctioning 
organs, including the kidneys [58, 89]. Since all four key 
factors—inflammation, oxidative stress, thermal injury, and 
hypoxia—are the reason for the malfunction of implanted 
MSCs under disease settings, preconditioning with mela-
tonin may be an effective tactic [94].

Animal models of myocardial infarction, cerebral 
ischemia, and limb ischemia all have shown that pre-trans-
plant melatonin incubation of MSCs may improve thera-
peutic outcomes [45, 66]. It was considered, in general, that 
melatonin may adequately act as an antioxidant and shield 
MSCs from oxidative damage by physiologically reducing 
free radicals [41].

Melatonin receptors MT1 and MT2, which have also 
been discovered to be extensively expressed on the surface 
of MSCs, may possibly govern the fate of MSCs in a recep-
tor-dependent manner in addition to receptor-independent 
mechanisms [30, 101].

Table 2   Biological compound preconditioned MSCs in KD preclinical model

S. No Source of MSCs Animal model Disease model Biological 
compound

Outcome Reference

1 Mice BM-MSCs Mice IRI- AKI IL-17A • Improved efficacy of MSCs alleviate 
inflammation

• Upregulation of COX2
• Increased secretion of PGE2,—high 

percentage of Tregs.

[9]

2 Rat BM-MSCs Rats IRI & UUO-AKI IFNγ • Increase production of PGE2
• Production of immunosuppressive 

macrophages
• Reduce inflammation

[59]

3 Rat BM-MSCs Rats HS- induced organ injury IL-1β • Low levels of creatinine, urea and 
cystatin in serum as well low levels 
of systemic cytokines.

• High secretion of immunomodula-
tory molecules.

[7]

4 hAD-MSCs Rats STZ- induced Diabetic Nephrophathy TLR4 • Significant decrease in the levels of 
proinflammatory

cytokines
• Decrease apoptosis
• Lower blood urea nitrogen levels.

[103]
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Table 3   Hormones preconditioned MSCs in different KD preclinical model

Hormones

S. No. Source of MSCs Animal model Disease model Outcome Reference

Melatonin
  1 BM-MSCs Rats UUO induced CKD • Improved survival and homing of 

BMMSCs in the injured kidney
• Reduced renal fibrosis and inflam-

mation markers

[94]

  2 Rat A-ADMSCs Rats Sepsis-induced AKI CKD • Reduced kidney injury and inflam-
mation

• Suppress ROS generation and 
oxidative stress, reduce fibrosis and 
apoptosis.

[20, 21]

  3 hAD-MSCs Human HK-2 (In-Vitro) Cisplatininduced AKI • Improved proliferation, expression 
of survival proteins, and antioxida-
tive enzymes.

[115]

  4 Rat BM-MSCs Rats IRI-AKI • Upregulation of Antioxidant 
Enzymes, Overexpression of Anti-
oxidant Enzymes, Protection Against 
Oxidative Stress

• Improved Proangiogenic, Antiapop-
totic Effect Properties

[74]

  5 Rat BM-MSCs Rats Diabetic nephropathy • Decrease in TNF-α levels indicating 
an antiinflammatory effect

• Increase in IL-10 levels suggesting 
an antiinflammatory and organ-
protective effect, increase in SOD 
1 levels, indicating an antioxidant 
effect, decrease in TGF-β levels, 
suggesting a reduction in fibrosis and 
glomerulosclerosis.

[87]

  6 hAD-MSCs p-Cresol induced CKD • Activating the PI3K/Akt pathway, 
increasing catalase activity

• Upregulation of total AMPK and 
reduces mTOR phosphorylation

[112]

  7 Mice BM-MSCs Mice CKD mouse models • Enhancing angiogenesis, enhancing 
mitochondrial function

[48]

Erythropoietin
  8 Rat BM-MSCs Rats Nephrotoxicity CsA-induced nephro-

toxicity
• Restored the renal function, and 

chronic toxic renal injury brought on 
by CsA

• Improved the healing of renal 
fibrosis.

[119]

  9 Rat BM-MSCs Rats IRI AKI • Reduced blood urea nitrogen, patho-
logical scores, and serum creatinine

[118, 120]

Relaxin
  10 hBM-MSCs Mice UUO induced CKD • Showed the presence of an anti-

fibrotic alongside MSCs reduces 
kidney fibrosis that has already 
developed and increases tissue heal-
ing to a higher level.

[53]

  11 hBM-MSCs Human End Stage kidney disease (ESRD) 
patient

• Restored and enhanced endothelial 
cells

[8]

  12 BM-MSCs Mice CK D 1 K/DOCA/salt-injured • Inhibited renal fibrosis and proximal 
tubular epithelial injury by restoring 
renal function

[68, 69]



744	 Stem Cell Reviews and Reports (2024) 20:738–754

Saberi et al. [94] transplanted MSCs into UUO rats after 
pre-treating them with melatonin. They observed that pre-
treated MSCs could, in comparison to the control group, 
decrease the expression of TGF‐β1, TNF-α, and α-smooth 
muscle actin (α‐SMA) while increasing the expression of 
E-cadherin. As a result reduction in fibrosis of renal tissues 
were observed. Additionally, the prelicensed MSCs were 
found in the damaged kidneys post engraftment, pointing 
towards improved MSC migration and survival owing to 
melatonin incubation [94].

A noticeable subtype of acute kidney injury with a signifi-
cant risk of death and morbidity is sepsis-induced AKI [15]. 
In a series of evaluations, Chen et al. [20, 21] compared mel-
atonin and apoptotic adipose-derived MSCs (A-ADMSCs) 
with A-ADMSCs alone in a rat model of sepsis to determine 
whether the combination of both might have additional bene-
fits in reducing sepsis-AKI. The combination treatment after 
caecal ligation and puncture (CLP) showed higher therapeu-
tic results in terms of anti-inflammation, antioxidation, anti-
apoptosis, anti-fibrosis activity, and the level of creatinine in 
the blood. Furthermore, haematoxylin and eosin (HE) stain-
ing revealed decreased kidney damage in the group receiving 
combination therapy [20, 21].

The effects of melatonin on ex vivo ADMSCs have 
also been assessed. Melatonin pretreatment substantially 
enhanced the proliferation of ADMSCs. Additionally, higher 
expression of P-Erk1/2, P-Akt, superoxide dismutase 1 
(SOD-1), and heme oxygenase 1 (HO-1) was found, show-
ing that AMSCs had improved survival, antiapoptotic, and 
antioxidative capability after being exposed to melatonin. 
Melatonin-pretreated AMSCs' conditioned media was also 
superior in promoting the proliferative, migratory, prosur-
vival, and antiapoptotic properties of human kidney epithe-
lial cells (HK2) cells exposed to cisplatin [115]. Adminis-
tration of melatonin-preconditioned BMMSCs to rats with 
IRI-AKI showed the protective mechanisms of the MSCs 
revealing that melatonin may have a role in guarding trans-
planted MSCs in the in vivo milieu. An in vitro examination 
showed that the preconditioning group had greater levels of 
catalase and SOD1 expression as well as overexpression of 
basic fibroblast growth factor (bFGF) and hepatocyte growth 
factor (HGF). The melatonin receptor antagonist luzindole, 
however, abolished all of these positive effects, indicating 
that melatonin can increase the inbuilt prosurvival and par-
acrine properties of MSCs via their receptors [74].

When compared to the untreated DN animal model, the 
melatonin licensed MSCs treatment dramatically enhanced 
renal functioning while also ameliorating the underlying DN 
pathogenesis through elevating Beclin-1 protein levels [87].

The pretreatment of MSCs with melatonin has also been 
shown to inhibit ROS-dependent, AMPK pathway-medi-
ated autophagy and prevented p-cresol-induced senescence 
of Human adipose tissue-derived MSCs by activating the 

PI3K and Akt pathways [112]. Likewise, melatonin and 
pioglitazone mixture conditioning was helpful in prevent-
ing the MSCs from enduring cell senescence induced by 
the uremic toxin IS. Co-treatment with melatonin and 
pioglitazone protected MSCs from uremic toxin-induced 
senescence through the regulation of the PPAR-γ-PrPC 
axis as compared to treatment with either melatonin or 
pioglitazone alone [48].

Erythropoietin  The proliferation and differentiation of 
hematopoietic stem cells (HSCs) in the bone marrow are 
stimulated by the glycoprotein hormone EPO through EPO 
receptor (EpoR) signalling. Both BMSCs and bone mar-
row HSCs express EpoR that are homologous to each other. 
Its evident that numerous disorders, including cerebral 
ischemia, myocardial infarction, chronic congestive heart 
failure, and renal damage, can be effectively treated with 
EPO mainly due to their anti-inflammatory and anti-oxidant 
properties [56, 110]. The in vitro pretreatment with EPO has 
substantial advantages in terms of clinical viability when 
compared to other pretreatments or methods that enhance 
the therapeutic efficacy of MSCs. For these effects, EPO is 
a prescribed widely with few adverse effects.

A pretreatment of BM MSCs with 500 IU/ml erythro-
poietin (EPO) for 48 hours before infusion significantly 
improved their capacity for homing and healing. This effect 
was mediated through improved dispersion of BMSCs in the 
target organs while decreased entrapment in the lungs. The 
apoptosis brought on by the toxicity of cyclosporine A (CsA) 
in HK2 cells was dramatically reduced by these BMSCs. 
Additionally, the EPO-BMSCs single infusion treatment 
dramatically restored the renal function in rats with chronic 
toxic renal injury brought on by CsA and encouraged the 
healing of renal fibrosis [119].

In an another study where IRI-AKI kidney homogen-
ate supernatant (KHS) exposure led BMSCs to undergo 
apoptosis, was inhibited by pretreatment with EPO, dem-
onstrating that EPO protected the cells against apoptosis. 
EPO was also shown to upregulate the expression of p53, 
Bcl-2, and silent information regulator 1 (SIRT1). The rats 
infused with EPO-BMSCs showed significantly greater lev-
els of IL-10 and lower levels of serum IL-1β and TNF-α that 
led to decreased serum creatinine, blood urea nitrogen, and 
pathological scores in IRI-AKI rats [118, 120].

Relaxin  In order to mediate the adaptive hemodynamic 
changes during pregnancy (improving cardiac output, renal 
blood flow, and arterial compliance), relaxin, an endogenous 
6kDa peptide hormone, is primarily produced by the cor-
pus luteum (ovary) during pregnancy. It is also produced 
in lesser amounts by the brain, heart, and kidney [13, 14, 
24, 96, 97].
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Various studies have analysed the combined effect of 
MSCs with synthetic relaxin [8, 53, 68, 69].This combina-
torial therapy has been shown to prevent fibrosis progres-
sion in normotensive mice subjected to unilateral ureteric 
obstruction (UUO)-induced tubulointerstitial disease [53].

Badawi et al. [8] have identified a novel combined effect 
therapy for ESKD patients with synthetic relaxin (Serelaxin) 
and BM-MSCs which restored and enhanced the endothe-
lial progenitor cells (EPCs) population [8]. BM-MSCs 
alone have been shown to attenuate BP to a similar degree 
as perindopril and decreased injury-induced fibrosis. Sere-
laxin alone significantly reduced tubular injury and mod-
estly decreased renal fibrosis. Surprisingly, in comparison 
to either therapy alone and to the effects of perindopril, the 
combined effects of BM-MSCs (at both doses) and serelaxin 
dramatically reduced renal fibrosis and proximal tubular epi-
thelial damage while restoring renal architecture [68, 69].

Preconditioning with Pharmacological Drugs

Calycosin

Calycosin (CA), an isoflavone, is a naturally occurring phy-
toestrogen. It is isolated from Astragalus membranaceus 
with kidney tonifying effect. It has a wide range of pharma-
cological activities such as anti-inflammatory, anti-cancer, 
anti-oxidant, pro-angiogenic properties [28]. Hu et al. [50], 
pretreated BM-MSCs with CA in mouse model of UUO 
(unilateral ureteral obstruction). It was demonstrated that 
pretreated MSCs could reduce renal fibrosis and prevent 
necroptosis in UUO mice, Additionally, by blocking the 
TGF-β1/TNF-α/TNFR1/Necroptosis pathway, CA pretreated 
MSCs improved the antifibrotic effects [50].

Chlorzoxane

For painful musculoskeletal diseases with central function, 
chlorzoxazone (5-chloro-3H-benzooxazol-2-one) is admin-
istered as a powerful muscle relaxant. The medication pri-
marily affects the spinal cord and subcortical regions, sup-
pressing multisynaptic reflex arcs that are involved in the 
development and maintenance of skeletal muscle spasms 
from a variety of sources. Spasms and pain related to muscu-
loskeletal illnesses can be relieved by lowering muscle tone 
and tension through administering this drug [2]. Addition-
ally, it appears in humans as a marker for hepatic cytochrome 
P4502E1 [80]. Deng et al. [28] demonstrated that Chlorzox-
ane (CZ) pretreated UC-MSCs can more effectively reduce 
inflammatory infiltration and tissue damage in the acute 
kidney injury rat model by inhibiting T cells activation and 
proliferative growth, enhancing the production of IDO and 
other immune mediators in vitro, and all of these effects in 
combination. It was found that CZ alters the phosphorylation 

of the transcriptional factor forkhead box O3 (FOXO3) with-
out using the traditional AKT or ERK signalling pathways, 
promoting expression of downstream immune-related genes 
and enhancing the immunosuppressive potential of MSCs 
[28].

Metformin

A first-line treatment for type 2 diabetes is metformin [26]. 
Metformin is known to have pleiotropic effects in addition 
to its anti-diabetic effects, which include favorable effects on 
the kidney and cardiovascular systems as well as potentially 
lowering cancer risk [37]. Although many studies [19, 64, 
75, 78, 98] have emphasised the renal protective effects of 
metformin, the risk of lactic acidosis makes it difficult to 
use metformin in patients with severe kidney dysfunction 
and absolutely contraindicated in those with an estimated 
glomerular filtration rate (eGFR) <30 ml/min/1.73 m2 [26].

AD-MSCs from stage-5 CKD patients primed with met-
formin attenuated the senescence of CKD-MSCs. Moreover, 
metformin-treated AD-MSCs effectively reduced inflamma-
tion and fibrosis in UUO-CKD mice model concluding that 
treated CKD-MSCs can be used to develop patient-derived, 
autologous MSC-based therapeutics for CKD patients by 
optimising cell functionality [61].

Atorvastatin

Statins have been proven to have biological effects other than 
cholesterol reduction, including anti-apoptotic, antioxidant 
effect and anti-inflammatory responses. It has been shown 
that statins are responsible for improving microenviron-
ment for MSCs and preventing them from apoptosis [85]. 
Cai et al. [17] strategize to provide combined therapy against 
IRI in rat model. 3 day prior pretreatment with statins before 
the administration of MSCs via left carotid artery immedi-
ately after IRI injury may be effective in improving the renal 
microenvironment. The resultant findings indicated that this 
combinatorial therapy downregulated the expression of oxi-
dative stress and inflammation markers in the injured kidney, 
specifically MDA, MPO, IL-1β and TNF-α, while upregulat-
ing the expression of IL- 10 [17].

Darbepoetin‑α

EPO receptors are shown to be present on the surfaces of 
tubular epithelial and mesangial cells. Animal studies indi-
cate that EPO can act on these cells to protect the kidneys 
from acute damage. This protection appears to be linked 
to EPO's anti-apoptotic, antioxidant, and anti-inflammatory 
capabilities, as well as its proangiogenic potential [57]. 
Co-administration of Darbepoetin-α (DPO) had a greater 
renoprotective function. Histological studies also proved 
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that MSCs and DPO have role in reducing tissue injury 
and serum levels of creatinine were significantly decreased. 
Hence, combination of DPO and MSCs can be explored fur-
ther to treat AKI [6].

Vitamin E

Vitamin E is a fat-soluble vitamin with antioxidant proper-
ties. Its beneficial in the treatment line of AKI by decreasing 
oxygen-free radicals in renal tissue and preventing cell death 
[4, 73, 95]. Therapeutic effect of BM-MSCs and Vit E in the 
gentamicin-induced AKI model has been shown to lower the 
serum creatinine, reduce necrosis/apoptosis, and an over-
all improvement in renal pathological abnormalities [73]. 
Another study demonstrated the immunomodulatory effect 
of UC-MSCs and Vit E in AKI model. This combinatorial 
therapy lessened the damage in renal tissue of AKI mice and 
had a more favourable therapeutic outcome than using either 
UC-MSC or Vit E alone [44].

Recent studies reporting the usage of pharmacological 
drugs preconditioned MSCs in KD preclinical model are 
cited in Table 4.

3D Culture

Two-dimensional (2D) systems are the foundation of tradi-
tional method for MSC culture. However, 2D environment 
frequently leads to senescence and loss of cell functions. 
Whereas, a 3D microenvironment fills the gap between the 
conventional culture system and provides an intricate in vivo 

architecture in overcome these shortcomings. As a result of 
their greater ability to promote the survival and function of 
the transplanted cells, 3D techniques have also become a 
frontier in the delivery of stem cells [117]. These methods 
can be broadly divided into two categories: scaffold-based 
(hydrogel-focused) and scaffold-free (spheroid culture) 
techniques.

Hydrogel

One of the most promising candidates for 3D stem cell 
delivery and culture has been thought to be hydrogels. High 
water content and customizable mechanical, physical, and 
chemical properties define hydrogels, which are chemically 
or physically cross-linked within three-dimensional porous 
polymeric networks. The hydrogels' high moisture content 
and porous design enable the transportation of nutrients and 
metabolites in the networks [10, 109]. In this way, hydro-
gels can function as a synthetic extracellular matrix (ECM) 
that surrounds the cells, creating the ideal environment for 
cell-cell and cell-matrix interactions, which in turn affect 
MSC behaviour and functions [106]. So far, a wide range of 
hydrogels of natural and synthetic origins have been studied 
to imitate the native milieu in vivo [106]. Numerous preclini-
cal KD models have shown the importance of hydrogels as 
scaffolds for promoting cell development and function.

A novel therapeutic approach for Rhabdomyolysis-
Induced Acute Kidney Injury was developed using a hydro-
gel rich in mesenchymal stem cells and a programmable 
artificial kidney capsule (AKC). In particular, an elastic 

Table 4   Drugs preconditioned MSCs in KD preclinical model

Pharmacological drugs

S. No. Source of MSCs Animal model Disease model Drugs Outcome Reference

1 Mice BMMSCs Mice AKI Unilateral ureteral Calycosin • Reduced renal fibrosis and prevention 
of necroptosis

[50]

2 h-ADMSCs Rats Thy1.1 induced AKI Chlorzoxazone • Reduced inflammatory infiltration and 
tissue damage

[28]

3 Mice ADMSCs Mice Unilateral ureteral obstruction Metformin • Reduced inflammation and fibrosis [61]
4 Rat BMMSCs Rats IRI-AKI Atorvastatin • Improved Survival Rate,

• Decrease in oxidative stress and levels 
of cytokines.

[17]

5 Rat BMMSCs Rats IR-AKI DPO • Improved renal function
• Kidney tissue recovery, renoprotec-

tion

[6]

6 Rat BMMSCs Rat Gentamicininduced AKI Vitamin E • Less necrosis, degeneration, and renal 
tubule enlargement occurred after the 
improvement in renal pathological 
abnormalities.

[73]

7 Mice UCMSCs Mice AKI Vitamin E • Reduced renal inflammation by 
controlling inflammatory cytokines 
in the kidney's AKIrelated microenvi-
ronment.

[44]
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capsule with an interior chamber the same size and form 
as the kidney was created using 3D modelling and printing 
and used as the outer covering for kidney- and cell-filled 
hydrogels. Such a model offered a practical and adaptable 
technique for the repair and recovery of other organs in addi-
tion to offering a viable option for the treatment of AKI [39].

In an another interesting study, the bioactive motif Insu-
lin like growth factor-1 (IGF-1C) and the D-form assem-
bly motif Nap-DFDFG were combined with human placenta 
derived Mesenchymal stem cells (hp-MSCs) to develop a 
de novo β sheet supra-molecular self-assembling peptide 
hydrogel for AKI treatment. The results demonstrated the 
enhancement of cell engraftment; recovery of renal function; 
facilitation of angiogenesis; decrease in renal fibrosis in IRI 
induced AKI mice model [105].

A decellularized vascular matrix and collagen co-gel 
was tested to see if it enhanced the therapeutic potential of 
MSCs for AKI. The results depicted the survival and parac-
rine effects of MSCs in the injured kidney were improved 
when the co-gel and MSCs were co-transplanted into the 
kidney of model rats with IRI- AKI. More crucially, the 
co-gel enhanced the therapeutic effects of MSCs for AKI 
as demonstrated by reduced cell death & tissue damage, 
improved vascularization and renal function [51].

Duragen has also been used as a biological membrane 
to encapsulate MSCs on glycerol-injured renal tissue in an 
in vivo setting to avoid the escape of MSCs and enable their 
prolonged survival within the body. The encapsulation of 
MSCs using a biological membrane reduced kidney damage 
and cell death brought on by rhabdomyolysis [43].

Feng et al. immobilised the IGF-1 C domain peptide 
(IGF-1C) on chitosan to create a bioactive hydrogel. CS-
IGF-1C hydrogel could shield the supplied ADSCs and fur-
ther encourage the functional and structural recovery of the 
kidney when implanted into an ischemic kidney. In addition 
to giving ADSCs a synthetic niche, covalent immobilisation 
of IGF-1C peptide to CS hydrogel promoted the cell matrix 
anchoring and controlled cell proliferation and inflammation 
in kidney regeneration following AKI [35].

Through physical crosslinking, an injectable NO-
releasing hydrogel based on short aromatic dipeptides was 
recently created. The Fmoc-diphenylalanine S-nitroso-N-
acetyl penicillamine hydrogel (Fmoc-FFSNAP) could more 
effectively mediate the regeneration of renal IRI injuries and 
improve renal function due to its localized and sustained 
release of NO. Recently, the effectiveness of therapy of 
Fmoc-FF+Fmoc-RGD-SNAP-MSCs in the renal IRI injury 
model was assessed in relation to free MSCs and Fmoc-
FF+Fmoc-RGD-SNAP-MSCs. WJ-MSCs were used in 
combination with hydrogel as mentioned above and admin-
istered to IRI mice via intra-renal parenchymal injection at 
three different sites. As a result, kidney functional biomark-
ers, reactive oxygen production, histopathological changes 

and each parameter revealed positive results which signify, 
recovery of injured kidney and endothelial regeneration as 
compared with free MSCs [76]. In another study, in order 
to enhance the retention of AD-MSCs after transplantation, 
cells were embedded on kidney extracellular matrix hydro-
gel (EMCH). These embedded MSCs were injected into 
ischemic SD rats and it substantially elevated the retention 
and survival of cells at transplanted site. Also, ECM promote 
secretion of growth factors, decrease oxidative stress and 
apoptosis. Hence, has the potential to treat kidney injury 
[118, 120]. Yet, another study proves that administration 
of MSCs through injectable hydrogels enhances the thera-
peutic efficacy of MSCs. Unilateral delivery of MSCs via 
hyaluronic acid hydrogel below the kidney capsule in mice 
showed significant reduction in kidney studies. Further, 
proteomics studies also revealed the decrease expression of 
inflammatory and fibrosis markers [46]. Above mentioned 
studies provide a substantial evidence that injectable MSCs 
based hydrogel have the potential to mitigate the symptoms 
kidney injury.

Spheroid Culture

Another potential technique for 3D cell culture is spheroid 
culture. Without the use of a scaffold that mimics actual tis-
sues, it is possible to create 3D aggregations of MSCs and 
their secreted ECM using this technique. Spheroid produc-
tion methods include hanging drop, liquid overlay, spinner 
culture, pellet culture, and magnetic levitation, among others 
[36, 93]. Several studies have shown the therapeutic poten-
tial of spheroid MSCs application in kidney disease.

In order to treat acute kidney injury (AKI), Xu et al. [107] 
studied the curative properties of 3D spheroids of hAD-
MSCs. Their set up revealed that 3D spheroids of MSCs pro-
duced more extracellular matrix proteins, such as collagen 
I, fibronectin, and laminin, and had stronger anti-apoptotic 
and anti-oxidative properties than 2D cultivated cells [107].

Furthermore, the paracrine secretion of cytokines by 
MSCs was also shown to be increased by 3D spheroid 
culture, including angiogenic factors (VEGF and basic 
fibroblast growth factor), anti-apoptotic factors (epidermal 
growth factor and hepatocyte growth factor), anti-oxidative 
factors (insulin-like growth factor) and anti-inflammatory 
proteins (tumor necrosis factor-alpha stimulated gene/protein 
6). MSCs derived from 3D spheroids displayed improved 
survival and paracrine effects in vivo, which was consistent 
with in vitro findings. Additionally, 3D spheroids were supe-
rior to 2D cultured cells at protecting the IRI kidney against 
apoptosis, reducing tissue damage, promoting vasculariza-
tion, and improving renal function when injected into the 
kidney of model rats with IRI- induced AKI [107].

MSCs, vascular endothelial cells, and podocytes were 
combined to create hybrid 3D cell spheroids that mimicked 
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the glomerular milieu. Mice with hypertensive nephropa-
thy had improved kidney function after receiving these 
hybrid 3D cell spheroids transplanted into their renal cor-
tex. This suggests that podocyte transplantation using the 
newly developed hybrid 3D cell spheroids may hold great 
potential to further improve the effectiveness of podocyte 
replenishment and subsequent therapeutic function [108]. 
3D cultured-MSCs in KD model are summarized in Table 5.

Discussion

The degree to which MSCs contribute clinically to KD is 
largely influenced by their capacity for paracrine secretion, 
survival and migration. However, there's still a long way 
to go before MSCs are used clinically, despite encouraging 
results in preclinical models. The heterogenous responsive-
ness is dependent upon various parameters like experimental 
models, dose-timings of infusion, intrinsic immune environ-
ment of the host. The relatively low quantity of transplanted 
MSCs to the kidneys following systemic delivery could 

explain the limited efficacy of MSC treatment in human 
AKI. The harsh in vivo milieu i.e. ischemia, inflammation, 
oxidative stress, and mechanical stress results in a low sur-
vival rate of administered MSCs. Therefore, it is challenging 
to assess the settings leading to the complete therapeutic 
competence of MSC-based therapies.

For the successful translation of MSCs applications from 
preclinical research to clinical trials, a full proof standard 
protocol using MSCs for KD therapy must be established. 
Different preconditioning techniques unquestionably 
increase MSCs survival and paracrine capacity, enhancing 
their positive effects. To date, there is a growing evidence 
that preconditioned MSCs indeed exhibit better therapeutic 
benefits than naive MSCs in a KD setting as documented in 
several studies cited above. Priming the MSCs with vari-
ous agents especially the inflammatory cytokines or hypoxic 
agents prepares them to perform better in harsh environ-
ments, likewise it complements with various hormones, 
drugs etc which standalone are not sufficient for alleviating 
the disease but in a combinatorial way, the performance of 
both the MSCs and other factors increases markedly.

Table 5   Effects of 3D culture in KD models

3D Culture

S. No Source of MSCs Animal model Disease model Outcome Reference

Hydrogel
  1 BM-MSCs Mice Glycerol induced AKI • Renal function improvement

• Reduction of tubular fibrosis and damage
[39]

  2 hp-MSCs Mice IRI-AKI • Enhancement of cell engraftment
• Decrease in Renal Fibrosis, Facilitation of angiogenesis
• Recovery of renal function

[105]

  3 hAD-MSCs Rat IRI-AKI • MSC survival and paracrine actions are
• Increased; renal function is improved
• Vascularization is encouraged
• Tissue injury and apoptosis are decreased.

[51]

  4 Mouse BMMSCs Mice Glycerol induced AKI • Injured renal tissue improved renal tubular lesions
• Decreased apoptosis, and retained renal function.

[43]

  5 Mice ADMSCs Mice IRI-AKI • Enhancement of anti-inflammatory effects
• Angiogenesis improvement, and MSC survival and reten-

tion promotion

[35]

  6 Rat ADMSCs Rats IRI—AKI • Improve retention of AD-MSCs
• Increase survival rate
• Decrease oxidative stress and apoptosis

[118, 120]

  7 WJ-MSCs Mice IRI—AKI • Increase proliferation of MSCs
• Enhance recovery of renal injury, Decline in kidney 

injury-related biomarkers

[76]

  8 MSCs Mice IRI—AKI • Significant reduction in fibrosis-related markers
• Decrease in the inflammatory cytokines
• Decrease in urine NGAL

[46]

  9 hADMSCs Rats IRI-AKI • Produced higher level of extracellular matrix protein
• Increase the paracrine secretion of cytokines, Reduce tis-

sue damage

[107]

  10 hMSCs Mice Hypertensive nephropathy • Improved engraftment efficiency and replenished glomeru-
lar podocytes

[108]
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Inspite of these , it is challenging to establish which 
preconditioning technique is the most effective due to the 
significant variation in MSCs therapy regimens cited in lit-
erature. Inspite of the potential that preconditioned MSCs 
evidently possess, a few problems must be resolved before 
it can be successfully implemented in clinical settings. 
Some preconditioning techniques call for greater caution 
than others. For e.g., preconditioning with pharmacologi-
cal/chemical agents or trophic factors/cytokines theoreti-
cally raises concerns about mode of action of these factors 
in a synergistic way. Every combination or preconditioning 
therapy must have a proof of concept study in preclinical 
models. Point of emphasis is to weigh the benefits and 
risks thoroughly. Furthermore,there are not enough stud-
ies comparing various preconditioning approaches thereby 
making it challenging to establish which preconditioning 
technique is the most effective. Different preconditioning 
techniques may be required depending on variable dis-
eased niches that they are proposed to be transplanted into. 
Increased adoption of the preconditioning technique in KD 
and avoidance of potential adverse effects may be greatly 
aided by a greater knowledge of the molecular and cellular 
mechanisms underlying it. The best preconditioning tech-
nique for KD therapy is one that not only improves MSCs 
survival, paracrine function, and migration but poses no 
negative effects. With the development of new regimens 
for licensing MSCs, we expect to overcome the current 
barriers in therapeutic usage of MSCs.

To conclude, its pertinent to mention that new innova-
tions combined with large scale futuristic clinical trials, 
disease specific licencing of MSCs can prove to be a major 
technology as treatment option for kidney diseases. On the 
basis of available literature and compilation of research as 
above, evidence-based approaches can be formulated and 
explored in the treatment of patients.

Summary

Stem cells therapy for kidney disease is a potential therapeu-
tic strategy but it comes with various blind spots/loopholes 
when thought about in for clinical applications. We look 
forward to overcome existing hinderances and elevate the 
clinical use of MSCs in different kidney diseases by pre-
conditioning the mesenchymal stem cells. Priming of MSCs 
apparently would elevate their therapeutic performance and 
renoprotective mechanism. Furthermore, combination of two 
or more preconditioning regimens may work in a synergistic 
way and aiding in ameliorating kidney disease. Nevertheless, 
a broader understanding of the mechanism of action of these 
preconditioning regimens and deciphering their precise sign-
aling pathways will aid bench to bedside translation.
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