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Introduction

Acute kidney injury (AKI) is a condition in which kidney 
function rapidly deteriorates within hours to days, and it 
remains a major global health problem that leads to high 
mortality and morbidity1. According to a worldwide meta-
analysis in 2013 based on the Kidney Disease Improving 
Global Outcome (KDIGO), the overall AKI-associated mor-
tality rate is 23%2. Furthermore, episodes of AKI increase 
the risk of chronic renal failure and end-stage renal disease 
(ESRD)3,4. Current treatment for AKI includes hemodynamic 
control using fluids, diuretics, dopamine, a calcium channel 
inhibitor, and a renin-angiotensin system (RAS) inhibitor5. 
Currently, no single drug can be used for AKI due to its com-
plex pathophysiology5. Moreover, it has been suggested that 
the current therapeutic protocol is not adequate due to the 
lack of a strategy that can enhance the regeneration of renal 
parenchymal cells6.

During the past decade, growing evidence has shown that 
mesenchymal stem cells (MSCs) have therapeutic potential in 
degenerative diseases, including AKI7–9. MSCs release extra-
cellular vesicles and other active biomolecules including 
growth factors and cytokines, which all can stimulate the 
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Abstract
Mesenchymal stem cells (MSCs) have gained interest as an alternative therapeutic option for renal diseases, including acute 
kidney injury (AKI). However, their use is often limited owing to low survival rates in vivo. Fenoldopam mesylate (FD) is a 
selective dopamine D1 receptor agonist with antioxidative and anti-apoptotic roles. Herein, we investigated whether FD can 
enhance the survival of MSCs undergoing oxidative stress in vitro. In addition, the therapeutic effect of MSCs and FD-treated 
MSCs (FD-MSCs) was compared in a mouse model of AKI induced by cisplatin. The survival of MSCs under oxidative stress 
was augmented by FD treatment. FD induced the phosphorylation of cAMP response element–binding protein and AKT, 
contributing to enhanced growth compared with untreated MSCs. The expression of nuclear factor erythroid-2-related 
factor 2 (NRF2) and heme oxygenase-1 was increased by FD treatment, and nuclear translocation of NRF2 was found 
exclusively in FD-MSCs. FD downregulated BAX expression, increased the mitochondrial membrane potential, reduced 
reactive oxygen species generation, and decreased the apoptotic death of MSCs induced by oxidative stress. Moreover, 
renal function and tubular injury were improved in FD-MSCs compared with non-treated MSCs. Furthermore, tubular injury, 
apoptosis, and macrophage infiltration, as well as the serum level of tumor necrosis factor-α were reduced, while tubular 
cell proliferation was markedly increased in FD-MSCs compared with MSCs. Our study demonstrated that FD increases the 
survivability of MSCs in an oxidative environment, and its use may be effective in preparing robust therapeutic MSCs.
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recovery of injured tissue10. The expression of major histo-
compatibility complex antigens in MSCs is relatively low, 
making them implantable and increasing their potential clini-
cal uses11. However, their therapeutic efficacy varies, often 
resulting in inconsistent outcomes12. Particularly, transplanted 
cells encounter stressful situations such as low oxygen, 
restricted nutrient supply, and oxidative stress10,13, resulting in 
reduced proliferation, loss of stemness, and senescence14. 
Thus, attempts have been made to enhance the survival or 
therapeutic efficacy of MSCs by improving survival or migra-
tion via culture condition optimization, genetic engineering, 
or treatment with cytokines or small molecules15–17.

Oxidative stress can be defined as a serious disturbance  
of the balance between the production and removal of pro-
oxidants or free radicals, which oxidize lipids, proteins,  
and DNA, and detoxification ability18. Several dopamine 
receptors, including D1, D2, and D5, have been shown to 
be important for maintaining a normal redox balance19. 
Fenoldopam mesylate (FD) is the first selective dopamine 
D1 receptor agonist approved for clinical use20. In cell-based 
studies, a low concentration of dopamine D1 agonists has 
been demonstrated to have antioxidant effects in diverse 
cells21–24. For example, a dopamine D1 agonist reduces 
platelet-derived growth factor-beta-induced oxidative stress 
via activation of protein kinase A in vascular smooth muscle 
cells21. Another report showed that the D1 receptor is 
involved in decreasing reduced nicotinamide adenine dinu-
cleotide phosphate oxidase activity, thereby lowering oxida-
tive stress in renal tubular cells22.

Here, we investigated whether FD can increase the sur-
vival of MSCs undergoing oxidative stress. We also tested 
whether the therapeutic efficacy of MSCs can be enhanced 
by FD treatment in a mouse model of cisplatin-induced AKI.

Materials and Methods

Cell Culture

Human MSCs from umbilical cord tissue were purchased 
from ATCC (Manassas, VA, USA). A total of three cell 
batches from different donors were used. MSCs were main-
tained in Minimum Essential Medium-alpha (MEM-α) 
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (Atlas Biologicals, 
Fort Collins, CO, USA) and antibiotics-antimycotics 
(Genedirex, Taoyuan, Taiwan). MSCs cultured for five or 
six passages were used in all experiments. FD was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). First, 
MSCs were cultured with various concentrations of FD  
(1, 3, or 5 µg/ml) for 24, 48, or 72 h. To evaluate the effect 
of FD on oxidative stress–induced cell death, FD (1 or 3 µg/
ml) was treated with MSCs in the presence of 300 µM of 
hydrogen peroxide (Daejung Chemicals, Siheung-si, Korea) 
for 12, 24, or 48 h. Independently, MSCs prestimulated 
with 3 µg/ml of FD for 72 h was treated either with 500 µM 

for 6 h (for assessing ROS generation and apoptosis) or 
with 300 µM for 24 h (for measuring mitochondrial mem-
brane potential). Cell viability was analyzed using a Cell 
Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, 
Japan) according to the manufacturer’s instructions. The 
detailed procedures for the characterization of MSCs are 
available in the Supplemental Materials and Methods.

Quantitative Reverse Transcription PCR

Total RNA was extracted using TRIzol® (Invitrogen, 
Carlsbad, CA, USA) following the manufacturer’s instruc-
tions. Complementary DNA (cDNA) was synthesized using 
a cDNA synthesis kit (Philekorea, Daejeon, Korea), and 
quantitative polymerase chain reaction (qPCR) was per-
formed using an Accupower® 2× GreenStar qPCR Master 
Mix (Bioneer, Daejeon, Korea) in a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA). The expression of each gene was  
normalized against glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), and the relative expression was analyzed 
using the 2–ΔΔCt method25. The sequences of the primers are 
as follows: GAPDH, 5′-GAGTCAACGGATTTGGTCGT-3′ 
and 5′-TTGATTTTGGAGGGATCTCG-3′; heme oxygen-
ase-1 (HO-1), 5′-TCTCTTGGCTGGCTTCCTTAC-3′ and 
5′-GCTTTTGGAGGTTTGAGACA-3′; and NRF2, 5′- TAC 
TCCCAGGTTGCCCACA-3′ and 5′-CATCTACAAACGG
GAATGTCTGC-3′.

Analysis of Apoptosis

Apoptosis was measured using an Annexin V-FITC apopto-
sis detection kit (BD Biosciences, Franklin, NJ, USA). 
Briefly, MSCs were plated at a density of 1 × 105 cells/ml in 
six-well culture plates and incubated with or without FD for 
72 h and then incubated with 500 μM H2O2 for 6 h. The cells 
were then harvested, washed in cold phosphate-buffered 
saline (PBS), and resuspended in 500 μl of binding buffer. 
Annexin V-FITC solution (5 μl) and propidium iodide (5 μl) 
were added to each group (100 μl), and the cells were incu-
bated for 30 min. Flow cytometry data were analyzed using 
the BD FACS DIVA software (Ver 6.1.3; BD Biosciences).

Detection of Mitochondrial Membrane Potential

After MSCs were stimulated with or without 3 µg/ml of FD 
for 72 h, cells were treated with 300 µM of hydrogen per-
oxide for 24 h. A JC-1 MitoMP Detection Kit (Dojindo 
Laboratories) was used to measure changes in mitochon-
drial membrane potential (MMP). Briefly, cells were 
washed with cold PBS, stained with 4 μM JC-1, and incu-
bated for 45 min at 37°C. Subsequently, the cells were 
washed twice with ice-cold PBS and analyzed using a BD 
FACSCantoTM II Cytometer and FACS DIVA software 
(Ver6.1.3; BD Biosciences).
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Measurement of Reactive Oxygen Species

MSCs pretreated with or without FD (3 µg/ml) for 72 h were 
cultured with H2O2 (500 µM) for 6 h. Cells were then washed 
and incubated with 10 μM 2,7-dichlorofluorescein diacetate 
(DCF-DA; Sigma-Aldrich) for 30 min. After being washed 
twice with PBS, DCF fluorescence intensity (excitation/
emission = 495/520 nm) was measured using a cell imaging 
system (Cytation5; BioTek, Winooski, VT, USA).

Western Blot Analysis

Cells were washed with ice-cold PBS, lysed using a radioim-
munoprecipitation assay (RIPA) buffer (Bio-solution, 
Suwon, Korea), and centrifuged at 12,000 × g for 15 min at 
4°C. The protein concentration was then measured using a 
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific). 
Protein extracts (20 μg) were separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
transferred to nitrocellulose membranes. The membrane was 
blocked with 5% non-fat dry milk in Tris-buffered saline 
with 0.1% Tween-20 (TBST) and incubated overnight at 
4°C with primary antibodies against phosphorylated (p)-
AKT1/2/3, AKT1/2/3, cAMP response element–binding pro-
tein (CREB), p-CREB, BAX, HO-1, and β-ACTIN. Detailed 
information on these antibodies is listed in Supplemental 
Materials and Methods. The membrane was then washed 
three times with TBST for 15 min each and incubated for  
1 h at room temperature with horseradish peroxidase–
conjugated anti-rabbit or anti-mouse antibodies (1:10,000) 
(Abcam, Cambridge, UK). The immunoreactivity of the blot 
was examined using an enhanced chemiluminescence kit 
(Thermo Fisher Scientific). The electrochemical images 
were then obtained using a Davinci-K Gel Imaging System 
(Davinci-K, Seoul, Korea). The relative densities of bands 
were quantified using ImageJ software (Version 1.50; 
National Institutes of Health, Bethesda, MD, USA).

Confocal Microscopic Analysis

Cells (7,000 per well) were plated in an eight-well chamber 
slide (SPL Lifesciences, Pochun, Korea) and cultured for 24 
h. They were then washed three times with cold PBS and 
fixed using 4% paraformaldehyde in PBS (pH 7.4) for 10 
min at room temperature. The cells were incubated for 10 
min with PBS containing 0.1% Triton X-100 and washed 
three times with cold PBS, followed by blocking in 1% 
bovine serum albumin in PBST (PBS + 0.1% Tween20) for 
30 min. The cells were then incubated with primary antibod-
ies against NRF2 (Abcam; 1:1,000) overnight at 4°C. Cells 
were washed three times with cold PBS and then incubated 
with goat anti-rabbit IgG (Alexa Fluor® 488) (Abcam; 
1:5,000) for 1 h. After the cells were washed three times with 
PBS, samples were stained with 0.1 μg/ml 4′,6-diamidino-
2-phenylindole for 1 min. Images were analyzed and 

recorded under a confocal microscope (Leica TCS SP8 
STED; Leica Camera AG, Wetzlar, Germany).

Animal Studies

All animal experiments were approved by the Institutional 
Animal Care and Use Committee of Seoul National 
University (no. SNU-190413-6-1). Male BALB/c mice 
weighing 21–23 g (8 weeks old) were obtained from Koatech 
(Pyeongtaek, Korea) and maintained under specific patho-
gen-free conditions. The mice were randomly divided into 
several groups. Cisplatin (12 mg/kg) was intraperitoneally 
injected. After 24 h, MSCs (5 ×  105) treated with or with-
out FD (3 µg/ml) for 72 h were retro-orbitally injected. For 
negative control, saline was injected. All animals were euth-
anized by CO2 asphyxiation at 96 h after cisplatin injection.

Serum Analysis

Blood was collected by cardiac puncture and left at room 
temperature for 20 min in a BD Microtainer Serum Separator 
Tube (BD Biosciences). After centrifugation at 3,000 × g for 
20 min, serum samples were subjected to measurement of 
blood urea nitrogen and creatinine using a Catalyst Dx 
Chemistry Analyzer system (IDEXX Laboratories, Inc., 
Westbrook, ME, USA). A tumor necrosis factor (TNF)-α kit 
was purchased from Abcam (ab208348, Mouse TNF alpha 
ELISA Kit; Abcam), and the concentrations were measured 
as described in the manufacturer’s instructions.

Kidney Histology and Injury Scoring

Kidney tissues were fixed in 4% paraformaldehyde and pro-
cessed for paraffin embedding. Sections were stained with 
hematoxylin and eosin for histological assessment. For quan-
tification of renal injury, the injury score was analyzed as 
described in a previous study26. Briefly, tubules were marked 
as viable (intact tubular morphology) or necrotic (totally dis-
rupted tubule with loss of cuboidal cells) and counted in 
stained tissue at a 200× magnification. With these two 
extremes, tubules with a thin cytoplasm containing less 
nuclei were counted as injured ones. Tubules showing more 
nuclei with normal cells were counted as recovering ones. 
Finally, the percentage (%) of each pattern in the total num-
ber of tubules was calculated.

Immunohistochemistry and TUNEL Assay

Formalin-fixed, paraffin-embedded slides were deparaf-
finized in xylene and rehydrated in descending order of etha-
nol (100%–70%). Then, antigen retrieval was performed 
using an Antigen Retrieval Buffer (Citrate Buffer pH 6.0) 
(Abcam) according to the manufacturer’s instructions. An 
UltraVision LP Detection System HRP DAB kit (Thermo 
Fisher Scientific) was used according to the manufacturer’s 
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protocol. Briefly, slides were immersed in UltraVision 
Hydrogen Peroxide Block for 10 min at room temperature, 
washed four times in PBST (0.05% Tween20), and incubated 
with UltraVision Protein Block for 5 min at room tempera-
ture. After washing four times with PBST, the slides were 
incubated with F4/80 (D2S9R) XP® Rabbit monoclonal 
antibody (mAb; 1:250) (70076T; Cell Signaling Technology, 
Danvers, MA, USA) and proliferating cell nuclear antigen 
(PCNA) mAb (1:500) (sc-56; SCBT, Dallas, TX, USA) over-
night at 4°C. After washing in PBST four times, the reactiv-
ity was validated using a mouse/rabbit specific HRP/DAB 
IHC Detection Kit (Micro-polymer, ab236466; Abcam). The 
slides were then subsequently washed four times with dis-
tilled water and counterstained in Mayer’s hematoxylin 
(4Science, Gyeonggi-do, Korea) for 1.5 min at room tem-
perature. For detecting apoptotic cells in kidney tissues, 
TUNEL (terminal deoxynucleotidyl transferase dUTP nick 
end labeling) was performed using an ApopTag® Peroxidase 
In Situ Apoptosis Detection Kit (S7100; EMD Millipore, 
Temecula, CA, USA) according to the user guide. After 
washing in running tap water, the slides were dehydrated in 
ascending order of ethanol (from 70% to 100%). Images 
from representative fields were obtained using an Olympus 
BX43 light microscope (magnification, 400×; Olympus 
Corporation, Tokyo, Japan). Quantifications of positively 
stained cells were performed by calculating the mean num-
ber of positive cells from 10 non-overlapping fields per slide 
at a magnification of 400×.

Statistical Analysis

Statistical analysis was performed using analysis of variance, 
followed by Tukey’s multiple comparisons test. All analyses 
were performed using GraphPad Prism 9.0 software 
(GraphPad, San Diego, CA, USA). P < 0.05 was considered 
statistically significant.

Results

Effect of FD on the Growth and Survival of MSCs

To determine the optimal concentration of FD for MSC pro-
liferation, the growth of MSCs cultured under various con-
centrations of FD (0.1–50.0 μg/ml) was examined. As shown 
in Fig. 1A, the highest proliferation capacity of MSCs was 
observed when cultured under 0.5 and 1.0 μg/ml of FD at 48 
and 72 h. Next, the effect of various concentrations of FD (1, 
3, 5 µg/ml) on MSC proliferation was tested for 24, 48, and 
72 h. At 24 h, the viability of MSCs was the highest when 
cultured under 3 µg/ml of FD. At 48 h, 1 and 3 µg/ml of FD 
showed an enhanced cell growth over 5 µg/ml. At 72 h, all 
concentrations of FD (1, 3, 5 µg/ml) led to an increase in cell 
growth to a similar degree (Fig. 1B). Based on these results, 
we selected 3 µg/ml as the concentration for all subsequent 
experiments. Next, we evaluated the potential of FD in 

improving the survival of MSCs under oxidative stress. 
H2O2-induced oxidative cell death was observed at all time-
points (12, 24, and 48 h). In contrast, the viability of MSCs 
was restored by FD treatment to a level comparable to that in 
cells in the steady state at 24 and 48 h (Fig. 1C).

As shown in Fig. 1D, AKT phosphorylation increased 
after 0.5 h of FD stimulation in MSCs. Rapid phosphoryla-
tion of CREB by the activation of the dopamine D1 receptor 
has been reported previously27. Moreover, the CREB phos-
phorylation increased after 0.5 h of FD treatment but 
decreased to the baseline level at 1 h (Fig. 1E).

Characterization of FD-Treated MSCs

Both MSCs and FD-MSCs were positive for antibodies 
against CD73, CD90, and CD105, but negative for the 
hematopoietic/endothelial marker CD34 (Supplementary 
Fig. 1A). Next, we examined MSC and FD-MSC differentia-
tion into chondrogenic, osteogenic, and adipogenic lineages. 
We found that the potential of differentiation toward these 
lineages increased in FD-MSCs compared with non-treated 
MSCs (Supplementary Fig. 1B; P < 0.0001 and P = 0.012 
for chondrogenic and osteogenic differentiation, respec-
tively). No difference was found in the adipogenic potential 
between MSCs and FD-MSCs (Supplementary Fig. 1B). 
Finally, FD-MSCs yielded more colony-forming units than 
observed with MSCs (P = 0.006; Supplementary Fig. 1C).

Effect of FD on NRF2/HO-1 Activation

Previous studies have revealed that the antioxidative effects 
of D1-like receptors are exerted by stimulating HO-128,29. 
Thus, we examined the effect of FD treatment on the expres-
sion of HO-1 and NRF2, two genes essential for antioxida-
tive function. As shown in Fig. 2A, the messenger RNA 
expression of HO-1 was significantly higher in MSCs that 
received FD treatment for 72 h compared with the control 
(30-folds and 50-folds with 3 and 5 μg/ml FD, respectively) 
(P < 0.0001). In addition, the expression of NRF2, an 
upstream factor of HO-1, increased after 72 h of FD treat-
ment (P < 0.0001 and P = 0.0062 at 3 and 5 μg/ml FD, 
respectively). Furthermore, immunoblot analysis revealed 
that HO-1 protein expression increased in FD-MSCs com-
pared with the control (Fig. 2B, P = 0.0202). Finally, nuclear 
translocation of NRF2 was observed after FD treatment  
(Fig. 2C), indicating that FD reduces oxidative cell death via 
NRF2/HO-1 pathway activation30.

Effect of FD on MSC Apoptosis

Figure 3A illustrates the overall experimental design for 
investigating the anti-apoptotic function of FD in MSCs 
undergoing oxidative cell death. We assessed the effect of FD 
on BAX stabilization and subsequently on oxidative stress–
induced apoptosis of MSCs (Fig. 3B). Immunoblot analysis 
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Figure 1.  Effect of fenoldopam mesylate (FD) on the growth and oxidative stress–induced cell death in mesenchymal stem 
cells (MSCs). (A) Growth kinetics of MSCs treated with various concentrations of FD for 72 h. Optical density (OD450) was 
measured for determining the relative number of viable cells after 3 h of Cell Counting Kit-8 (CCK-8) treatment. (B) Effect of 
various concentrations of FD on the growth of MSCs. The relative number of viable cells under various concentrations of FD was 
determined by measuring the optical density (OD450) after 3 h of CCK-8 treatment. (C) Effect of FD on the survival of MSCs under 
H2O2-mediated cell death. MSCs were pretreated with FD (1 or 3 μg/ml) in the presence or absence of H2O2 for 12, 24, and 48 h.  
(D and E) Immunoblot analysis of AKT (D) and cAMP response element–binding protein (CREB) (E) phosphorylation in MSCs 
stimulated with FD (3 μg/ml). Beta-actin was used as the loading control. The expression of phosphorylated AKT and CREB was 
normalized against those of total AKT and CREB, respectively. Data are expressed as mean ± standard deviation. *P < 0.05;  
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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revealed that H2O2 upregulated the stabilization of proapop-
totic BAX, whereas FD treatment remarkably downregulated 
its expression. Accumulation of reactive oxygen species 
(ROS) beyond the cells’ scavenging capacity decreases the 
MMP, which leads to apoptotic cell death through decreased 
ATP production31,32. As shown in Fig. 3C, H2O2 considerably 
reduced MMP, while FD increased the MMP to a level com-
parable to that of the untreated control group.

We next investigated whether FD can reduce apoptotic 
cell death induced by ROS. Flow cytometry analysis revealed 
that the relative population of viable cells was decreased by 

ROS (80% and 58% in normal and H2O2-treated cells, 
respectively), while FD treatment led to a recovery of cell 
viability to a degree comparable to that of the normal control 
(Fig. 3D). Next, we examined whether pretreatment of MSCs 
with FD can reduce the generation of ROS under oxidative 
stress. As shown in Fig. 3E, ROS generation was increased 
by H2O2, but markedly reduced by FD treatment. Collectively, 
these data suggest that FD protects oxidative cell death via 
BAX stabilization, increasing MMP, inhibiting apoptosis, 
and reducing ROS production.

Assessment of the Therapeutic Function of  
FD-MSCs in AKI Mice

As shown in Fig. 4A, the color of the kidney of the AKI mice 
turned pale. FD-MSCs led to a restoration to dark purple, 
while this change was less significant in the kidney from the 
MSC-treated mice. The level of blood urea nitrogen (BUN) 
and creatinine was markedly lower in the FD-MSC animals 
than in the MSC-treated animals (P = 0.0027 and 0.0209, 
respectively). Furthermore, cisplatin treatment led to an 
increase in the serum level of TNF-α, which was reversed by 
FD-MSCs (P = 0.0053). However, this change was not 
observed with MSCs (P = 0.1863). We next compared the 
degree of tubular damage of AKI mice that received MSCs 
or FD-MSCs. To this end, we classified the degree of tubular 
damage into healthy, recovering, injured, and necrotic, based 
on a previous protocol26. Then, we measured the relative 
percentages of tubules of each category. In vehicle-treated 
animals, the percentage of injured (17.4%, P < 0.0001) or 
necrotic (19.1%, P = 0.0001) tubules was higher than for 
recovering ones (2.2%). In the MSC-treated group, the per-
centage of injured (12.7%, P = 0.0005) or necrotic (10.7%, 
P = 0.0029) tubules was higher than for recovering ones 
(6.4%). In contrast, less necrotic tubules (4.4%) were 
detected compared with recovering (9.5%, P = 0.0005) or 
injured (7.9%, P = 0.0005) tubules. No difference was found 
in the percentage of recovering and injured cells in animals 
that received FD-MSCs.

We found more PCNA-positive cells in the AKI mice 
compared with the normal animals (P = 0.007). This increase 
was augmented in the mice administered MSCs (P = 0.0012 
compared with the vehicle), and this increase was more 
significant in FD-MSCs (P < 0.0001 compared with the 
vehicle). In addition, the number of PCNA-positive cells was 
more abundant in FD-MSCs compared with MSCs (P < 
0.0001) (Fig. 5A). As shown in Fig. 5B, the TUNEL analysis 
showed that the number of apoptotic cells markedly increased 
in the renal tissue of the AKI mice. In the MSC-treated ani-
mals, the number of apoptotic cells remained unchanged. In 
the FD-MSC-treated animals, however, the number of apop-
totic cells significantly reduced compared with that in ani-
mals that received the vehicle (P = 0.0212). No significant 
change was observed between the animals that received 

Figure 2.  Effect of fenoldopam mesylate (FD) treatment 
on nuclear factor erythroid-2-related factor 2 (NRF2)/heme 
oxygenase-1 (HO-1) expression in mesenchymal stem cells 
(MSCs). (A) Quantitative reverse transcription polymerase chain 
reaction analysis of HO-1 and NRF2 messenger RNA expression 
in MSCs treated with FD (3 or 5 μg/ml) for various durations. 
****P < 0.0001 and **P = 0.0062. (B) Immunoblot analysis of 
HO-1 expression in MSCs treated with or without FD (3 μg/ml) 
for 24 h. Beta-actin was used as the loading control. *P = 0.0202. 
(C) Immunocytochemical analysis of nuclear NRF2 expression in 
MSCs treated with or without FD (3 μg/ml) for 24 h. Data are 
expressed as mean ± standard deviation.
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MSCs and FD-MSCs (P = 0.4872). Finally, macrophage 
infiltration decreased in the MSC- and FD-MSC-treated 
mice (P = 0.0021 and P < 0.0001, respectively) compared 
with the vehicle control. Notably, less F4/80-stained cells were 
detected in the animals treated with FD-MSCs compared 
with the animals treated with MSC (P = 0.0002) (Fig. 5C).

Discussion

The purpose of this study was to evaluate whether FD, a 
dopamine D1 receptor agonist, can improve the antioxidative 
and anti-apoptotic functions in MSCs undergoing oxidative 
stress and to assess whether FD-treated MSCs have superior 
function over nontreated MSCs in improving AKI. We found 
that FD-MSCs had improved potential in self-renewal activ-
ity, osteogenic/cardiogenic differentiation, and proliferation 
via CREB and AKT phosphorylation. In addition, FD 

stimulated NRF2/HO-1 expression and nuclear translocation 
of NRF2. The prosurvival role of FD in MSCs was further 
supported by a reduction in BAX expression, ROS genera-
tion, and apoptotic cell death, as well as an increase in the 
MMP in MSCs under oxidative injury. In the mouse model of 
AKI, FD-MSC was more effective at enhancing the renal 
function, histological score, macrophage infiltration, and 
tubular cell proliferation and decreasing apoptosis compared 
with non-treated MSCs. Our results suggest that FD can 
serve as a novel priming factor that can enhance the thera-
peutic outcome in MSC-based therapy in AKI.

Dopamine D1 receptor belongs to the superfamily of G 
protein–coupled receptors19. In the kidneys, a local dopami-
nergic system regulates blood pressure, electrolyte balance, 
and kidney function19,33. FD has been approved for clinical 
use, and its downstream signaling pathways are well identi-
fied20, making it readily usable as a cell culture supplement. 

Figure 3.  Role of fenoldopam mesylate (FD) on apoptotic cell death of mesenchymal stem cells (MSCs). (A) Schematic illustration 
of the experimental design. MSCs were cultured with or without FD (3 μg/ml) for 72 h. Subsequently, MSCs were incubated with 
300 or 500 μM of H2O2 for 24 or 6 h, respectively. JC-1 dye (tetraethylbenzimidazolylcarbocyanine iodide) was used for detecting 
mitochondrial membrane potential (MMP). (B) Immunoblot analysis of BAX in MSCs and FD-MSCs. The lanes were rearranged from 
a single blot that includes other lanes tested with various concentrations of H2O2 (300, 500, and 700 μM). Beta-actin was used as the 
loading control. (C) Analysis of MMP (Ψm) in MSCs and FD-MSCs undergoing oxidative stress. The change in MMP was measured by 
calculating the ratio between red and green fluorescence (R/G) measured by flow cytometry. (D) Flow cytometry analysis of reactive 
oxygen species (ROS)-mediated apoptosis in MSCs pretreated with or without FD. (E) Detection of ROS in MSCs and FD-MSCs. ROS 
was detected by H2DCFH-DA (2´,7´-dichlorodihydrofluorescein diacetate) assay. Magnifications are 40×. Data are expressed as mean 
± standard deviation. *P < 0.05; **P < 0.01; ***P < 0.001.
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A previous study showed that FD can exert a cytotoxic effect 
by increasing the production of ROS34. Accordingly, we 
first determined the optimal concentration of FD. We found 
that at a concentration of 3 µg/ml, FD did not alter the basic 
characteristics of MSCs, but augmented their growth, 

differentiation, and colony-forming ability and restored 
apoptotic cell death induced by oxidative stress. Moreover, 
we found that FD activates CREB, which is consistent with a 
previous study which reported that FD stimulates adenylate 
cyclase and subsequent CREB activation35. In addition, FD 

Figure 4.  Evaluation of the therapeutic efficacy of fenoldopam mesylate (FD)-treated mesenchymal stem cells (FD-MSCs) in acute 
kidney injury (AKI). MSCs were treated with or without FD (3 μg/ml) for 72 h. At 24 h of cisplatin administration, MSCs or FD-MSCs 
were intravenously administered into the AKI mice. At 96 h, mice were sacrificed and various parameters were analyzed. Animals 
administered saline were used as the control. (A) The morphology and color of kidneys. (B) The serum concentration of blood urea 
nitrogen (BUN) (**P = 0.0027 between MSCs and FD-MSCs), creatinine (*P = 0.029, MSC vs FD-MSC), and tumor necrosis factor-α 
(**P = 0.0053, vehicle vs FD-MSC). (C) Assessment of renal injury by microscopic image of hematoxylin and eosin–stained renal tissues. 
(D) Measurement of renal injury. More injured (P < 0.0001) and necrotic (P = 0.0001) tubules over recovering ones were found in 
vehicle-treated mice. In MSC-treated animals, more injured (***P = 0.0005) and necrotic (**P = 0.0029) tubules over recovering ones 
were found. In FD-MSC-treated mice, the proportion of necrotic (***P = 0.0005) or injured (***P = 0.0005) tubules was decreased 
compared with recovering ones. All data are expressed as mean ± standard deviation. Five mice were used in each group. *P < 0.05;  
**P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 5.  Immunohistochemical staining of kidneys from acute kidney injury mice. Tissues were obtained after 72 h of cell or vehicle 
transplantation. (A) Expression of proliferating cell nuclear antigen (PCNA). P = 0.007, vehicle vs normal; P = 0.0012, mesenchymal 
stem cell (MSC) vs normal; P < 0.0001, FD-treated MSC (FD-MSC) vs normal. (B) Detection of apoptotic tubules. P = 0.0212, vehicle vs 
FD-MSC; P = 0.4872, MSC vs FD-MSC. (C) Detection of F4/80-positive cells in renal tissue. P = 0.0021, MSC vs vehicle; P < 0.0001,  
MSC vs FD-MSC. Quantifications were performed by calculating the number of positively stained cells in 10 fields per slide at a 
magnification of 400×. All data are expressed as mean ± standard deviation. Five mice were used in each group. Scale bar is 50 μm.  
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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activated AKT signaling, which is a well-known pathway for 
migration, survival, and growth of MSCs36. FD treatment 
promoted the nuclear translocation of NRF2, which may 
have increased the upregulation of its downstream gene 
HO-1. It is well known that cells have developed endoge-
nous cytoprotective strategies to recover from damage 
caused by excessive ROS; the NRF2/antioxidant response 
element (ARE) axis is a powerful antioxidative mechanism 
for regulating the redox state, contributing to homeostasis 
against intracellular oxidative stress30,37. As an ARE-
regulated phase II detoxifying enzyme, HO-1 is upregulated 
by NRF2 activation, and NRF2/HO1 has an antioxidative 
function38. Determining changes in the downstream metabo-
lites of HO-1, such as bilirubin or carbon monoxides, which 
have been reported to have anti-apoptotic function, would be 
necessary to clarify its function30,39.

The therapeutic efficacy of MSCs can be increased by 
altering the culture conditions or by being treated with solu-
ble factors via improving adhesion, migration, and survival 
and reducing premature senescence10. For example, the 
expression of glucose-regulated protein 78 (GRP78), a key 
regulator of unfolded protein response, has been stabilized in 
MSCs cultured under hypoxic conditions, promoting GRP78-
activated AKT signaling, resulting in enhanced MSC sur-
vival when transplanted in the legs of mice undergoing 
hindlimb ischemia40. Although preconditioning is ideal for 
improving the survival or therapeutic function of MSCs, 
finding a proper substrate can be challenging; only a few 
studies have shown the effect of MSCs preconditioned with 
chemical compounds or cytokines. Zhou et al.41 showed that 
erythropoietin, a glycoprotein hormone produced by the 
kidney, can increase the expression of SIRT1 and BCL2 in 
MSCs, thus reducing the apoptosis and increasing the local-
ization of MSCs in the kidney of rats that received ischemia/
reperfusion injury. Another potent, clinically available bio-
logical substance is melatonin, a neurohormone secreted by 
the pineal gland. Recent studies have demonstrated that mel-
atonin is able to reduce free radicals as well as local inflam-
mation. In a model of AKI induced by cecal-ligation and 
punction, treatment of MSCs with melatonin showed consid-
erably greater therapeutic effects induced by antioxidation, 
anti-inflammation, anti-apoptosis, and anti-fibrosis activity42. 
Zhao et  al.43 reported that conditioned medium collected 
from adipose-derived stem cells pretreated with melatonin 
lead to an increased proliferation of human renal epithelial 
cells (HK-2) and reduced apoptotic cell death induced by 
cisplatin.

The enhanced therapeutic outcome of FD-MSCs may 
substantially be due to increased HO-1 expression. Indeed, 
a substantial amount of literature have demonstrated that 
HO-1 plays a pivotal role in inhibiting the mechanisms  
of tissue injury that are associated with inflammation, oxi-
dative stress, and ischemia/reperfusion injury44. In AKI, 
several studies have demonstrated that HO-1 is related to 
inhibiting the progression of AKI induced by nephrotoxin, 

ischemia/reperfusion injury, and rhabdomyolysis44,45. Cho 
et  al.46 demonstrated that human adipose tissue–derived 
MSCs cultured for four passages have a higher HO-1 level; 
in addition, coculture of HO-1high MSCs with HK-2 under-
going cisplatin-induced death leads to an increased surviv-
ability compared with MSCs with other lower level passages. 
Our preliminary examination showed that the number of 
injected cells in the kidney of AKI mice was similar between 
MSCs and FD-MSCs after 72 h (data not included), indicat-
ing that FD does not affect the long-term survivability of 
MSCs in vivo. From these results, the effect of FD on MSC 
may be largely due to the antioxidative function of HO-1.

MSCs and FD-MSCs further augmented the number of 
PCNA-stained cells that were increased by cisplatin, with 
FD-MSCs showing an improved outcome. The increase in 
PCNA-positive cells with cisplatin is consistent with previ-
ous studies that used various experimental renal injuries, 
including d-galactose-induced oxidative stress in the kidney, 
as well as cisplatin- or ischemia/reperfusion-induced AKI47–49. 
Given the therapeutic function of MSC in tissue regenera-
tion50, the increase in PCNA-positive cells in FD-MSC over 
MSC may be due to enhanced survival. This possibility is 
supported by a previous investigation that showed an increase 
in KI-67-positive cells by MSCs in a cisplatin-induced AKI 
model in mice51 and a dose-dependent increase in PCNA-
stained cells by quercetin in the kidney of a d-galactose-
induced oxidative stress model in rats47. Another study 
showed that the stromal vascular fraction from adipose tissue 
transplanted into renal subcapsular space markedly increases 
the KI67-positive cells in a rat model of cisplatin-induced 
AKI while reducing apoptotic cell death52. Collectively, it 
can be argued that the increased therapeutic outcome by 
FD-MSCs over MSCs is possibly due to the proliferation of 
tubular cells in cisplatin-induced AKI.

We found that FD-MSCs had an improved anti-inflamma-
tory potential, as shown by reduced macrophage infiltration 
into the AKI kidney as well as the serum level of TNF-α. 
Several reports have shown that macrophage infiltration is a 
major cellular mechanism for inflammation in renal diseases, 
including AKI50,53. Together with the results of PCNA stain-
ing, a marked reduction in the number of infiltrated macro-
phages by FD-MSCs over MSCs is likely to be associated 
with reduced tubular cell death by FD-MSCs as seen in the 
TUNEL staining, as well as enhancement of renal function 
markers and the injury score. These findings are in line with 
other studies. For example, Zheng et al.50 demonstrated that 
the mobilization of macrophages into the kidney is sup-
pressed upon treatment with conditioned medium of MSCs 
following unilateral ureteral obstruction in mice. Furthermore, 
the infiltration of macrophages into the kidney was increased 
in the AKI mice, which was reduced by genistein, a soybean-
derived flavonoid. Finally, the reduced level of serum TNF-α 
may have contributed to the amelioration of AKI by 
FD-MSCs, and this notion can be supported by a review54 
and previous studies. For example, Ramesh and Reeves55 
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showed that TNF-α is a key player in AKI induced by cispla-
tin, as shown by reduced AKI progression in mice deficient 
in TNF-α or those treated with anti-TNF-α-antibody. 
Collectively, these results suggest that the enhanced recovery 
of AKI by FD-MSC is at least attributable to reduced inflam-
mation by FD treatment.

In summary, our findings suggest that FD augments the 
survival and therapeutic function of MSCs in an oxidative 
environment. Our results may provide an efficient method 
for preparing robust therapeutic MSCs for AKI.
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