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Abstract Indoxyl sulfate (IS) is a digestive inter-
mediate product that is a known indicator of chronic
kidney disease. Its toxicity has also been suggested to
accelerate chronic kidney disease. Recently, mes-
enchymal stem cells (MSCs) have been confirmed as a
potential treatment in kidney regeneration. To deter-
mine the universal alteration in gene expression, we
combined high-throughput microarray technology and
in vitro culture of adipose-derived mesenchymal stem
cells at different doses of IS (20, 40, 60 mg/l). We
found that indoxyl sulfate has a remarkable intercon-
nection with stem cell and calcium/calmodulin-de-
pendent kinase pathways. In vitro results showed that
indoxyl sulfate exerts anti-proliferation and anti-
migration effects on ADMSCs. In addition, IS effects
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lead to increase in apoptotic cells and cells arrested at
the G1 phase. Moreover, MEF2-A, MEF2-D and
CACNALIS expression significantly decreased after
indoxyl sulfate treatment. It can be speculated that
following treatment with indoxyl sulfate, the function
of ADMSCs is decreased and ADMSCs’ ability to
support renal tubule regeneration in chronic kidney
disease patients may be lower.
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Introduction

Chronic kidney disease (CKD) has been documented
as a public health dilemma because of the high cost
treatment and health weakening issue (Tonelli and
Riella 2014). In addition, chronic kidney disease has
other major effects on the overall population. Several
studies have suggested that all-cause mortality such as
high-risk diabetics, hypertensive population, espe-
cially cardiovascular disease (CVD) events, are
strongly affected by loss of kidney function (Nugent
et al. 2011). The kidneys play a crucial role in
excreting numerous types of body waste, such as
metabolites and other biochemical substances. Once
renal function is decreased, these substances accumu-
late in the body and form uremic toxins (Vanholder
etal. 2003). Over 100 types of uremic toxins have been
determined to play roles in various biological pro-
cesses that result in uremic syndromes. These disor-
ders have a closed relationship with cardiovascular
malfunction (Duranton et al. 2012; Vanholder and De
Smet 1999; Vanholder et al. 2003). Patients suffering
from chronic kidney disease caused by indoxyl sulfate
also have cardiovascular dysfunction (Barreto et al.
2009). Indoxyl sulfate has been detected in the plasma
of patients who underwent renal replacement therapy
and is associated with heart failure (Cao et al. 2014). In
addition, indoxyl sulfate is thought to take part in the
disease mechanism of atherosclerosis in dialysis
patients; however, the molecular mechanistic and
signal transduction pathways of indoxyl sulfate and
chronic kidney disease still need investigation.
High-throughput microarray technology is an
important investigational model that assists advances
in functional genomics and biological systems to
determine global changes in gene expression. This
technology allows the measurement of thousands of
gene expressions using a single microarray. Popular
applications for this technology have led to the rapid
advancement of microarray datasets that are available
in the gene expression omnibus (GEO), which is
maintained by the National Center for Biotechnology
Information (NCBI). Consequently, we collected gene
expression data from GSE34259 and used Metacore to
analyze potential signaling in indoxyl sulfate-treated
cells. A previous study also showed that indoxyl
sulfate stimulates chronic kidney disease progression
(Wu et al. 2011), however the details of the down-
stream signaling pathway remain largely unknown.

@ Springer

Based on our bioinformatics analysis, we found that
indoxyl sulfate-induced chronic kidney disease has a
high connection to stem cell and calcium/calmodulin-
dependent kinase (CaMK) signaling pathways.

By employing bioinformatics tools, we obtained
outcomes showing that indoxyl sulfate-induced
chronic kidney disease conceivably could involve
the calcium/calmodulin-dependent kinase (CaMK)
signal pathway. Chronic kidney disease patients
usually develop cardiovascular disease at higher rates
than patients with other types of conditions. Preclin-
ical treatment revealed a correlation between vascular
modifications and indoxyl sulfate concentrations in
patients’ sera (Ardhanari et al. 2014; Barreto et al.
2009; Vanholder et al. 2005). Previous studies indi-
cated that CaMK and cardiovascular diseases are
correlated (Ai et al. 2005; Maier and Bers 2007).
However, evidence-based investigations are needed to
confirm the underlying mechanism in which indoxyl
sulfate induces high cardiovascular risks and modest
renal malfunctions. A previous study presented the
correlation between voltage-dependent calcium chan-
nel (VGGCs) and cardiovascular diseases (Hansen
2014). However, the manner in which indoxyl sulfate
modulates cardiovascular diseases through VGGC is
still unknown. The L-type voltage-dependent calcium
channel family (VGCCL) is very important in many
physiological processes in various types of cells (Li
and Xiong 2011) playing extremely critical roles in
modulating cell cycle progression (MacFarlane and
Sontheimer 2000), cell proliferation (Pardo 2004), cell
migration (Becchetti and Arcangeli 2010), and apop-
tosis (Lang et al. 2005; Patel and Lazdunski 2004).
Nifedipine, an L-type calcium channel blocker, has
been suggested to decrease calcium currents, which
might lead to reductions in cell growth and the
differentiation of bone marrow Mesenchymal Stem
Cells (MSCs) (Wen et al. 2012). Mesenchymal stem
cells are prominent cells because of their multitude,
harvesting proficiency, and low immune response, in
which adipose-derived MSCs (ADMSCs) (Hum-
phreys and Bonventre 2008; Salem and Thiemermann
2010) particularly show their specific distinctive in
massive production and slightest encroachment (Gim-
ble and Nuttall 2011). Accordingly, in the current
investigation, we used ADMSCs as a prominent cell
model to elucidate the molecular mechanistic in
ongoing chronic kidney disease induced by indoxyl
sulfate at different concentrations. Thus, an
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investigation of VGCCL’s effect on the cellular
activities of ADMSCs in uremic patients is essential
to interpret the fundamental mechanism of indoxyl
sulfate with regard to ADMSCs. They could be new
targets for the prospective treatment for renal failure.

We hypothesize that the accumulation of indoxyl
sulfate during the different stages of chronic kidney
disease progression might result in the functional
incompetence of ADMSCs. This study aims to
determine the effects of indoxyl sulfate in various
chronic kidney disease stages on the performance of
ADMSCs and assess the protein expressions of
VGCCL, MEF2A, and MEF2D as a possible
underlying mechanism for indoxyl sulfate metabo-
lism in ADMSCs.

Materials and methods
Bioinformatics analysis

The underlying mechanism on how indoxyl sulfate
promotes the onset of chronic kidney disease still
unclear (Wu etal. 2011). We accordingly accumulated
gene expression data from the gene expression
omnibus (GEO) database (http://www.ncbi.nlm.nih.
gov/geo/) under series accession number GSE34259.
Each data set provides normalized signal data. By
computing the fold change, the average expression in
KCI control samples (n = 7) and the difference
between average expression in indoxyl sulfate induced
samples (n = 7), we could detect the dominant signal
pathways responsible for indoxyl sulfate inducing
chronic kidney disease. MetaCore (GeneGo, Inc, St.
Joseph, MI, USA) was employed in investigating GO
molecular functions and GeneGo maps (pathways)
MetaCore builds biological networks from the input
gene set, then the biological processes associated with
each network were listed. Fold change >2.0 genes
were uploaded into Metacore software by comparing
the regular expression with indoxyl sulfate treatment
and KCI control samples. Based on the data, “Cell
cycle and its regulation” (p value = 4.320e—25,
FDR = 2.679¢—23), “Calcium signaling” (p value
= 2.681e—10, FDR = 7.915e—10) and “Stem cells
signaling” (p value = 1.421e—8, FDR = 3.671e—8)
were supposed to take essential roles in indoxyl sulfate
induced microarray data (Fig. la). Despite that, cal-
cium signaling also encompasses various pathways

(Fig. 1b) as “Development Role of HDAC and cal-
cium/calmodulin-dependent kinase (CaMK) signal-
ing” pathway, this is also accounted as an important
pathway in indoxyl sulfate induced microarray data
(p value = 4.413e—2). Significant difference was set
at p value < 0.05 (Fig. lc).

Culture of ADMSCs

Based on our bioinformatics analyses (Fig. 1a), we
found that stem cell signaling (p value = 1.421e—8,
FDR = 3.671e—8) plays an essential part in indoxyl
sulfate-induced microarray datasets. MSCs are promi-
nent cells because of their multitude, harvesting
proficiency, and low immune response, in which
ADMSCs (Humphreys and Bonventre 2008; Salem
and Thiemermann 2010) particularly show their
specific distinctive in massive production and slightest
encroachment (Gimble and Nuttall 2011).

The ADMSCs were purchased from Promocell
(Heidelberg, Germany). ADMSCs were cultured
using DMEM (Gibco, Grand Island, NY, USA) with
10 U/ml penicillin, 100 pg/ml streptomycin (all from
Sigma-Aldrich, St. Louis, MO, USA), and 10 % fetal
bovine serum supplement (FBS; Gibco) at 37 °C in a
humidified 5 % CO, incubator. The medium was
changed every 3 days thereafter. The cells were
passaged using Trypsin—-EDTA after the culture
reached approximately 80 % (Sigma Aldrich). All
subsequent experiments used the cells from the third
passage.

Chemical and reagent preparation

A 250 mg aliquot of indoxyl sulfate was purchased
from Sigma-Aldrich (I3875-250MG). Based on pre-
vious studies, we used different concentrations (20,
40, 60 mg/l) that represented the different stages of
chronic kidney disease progression (Lin et al. 2011).
Indoxyl sulfate was mixed with DMEM and applied to
the ADMSCs. The following assays were then
performed.

MTT proliferation assay
For this assay, 24-well plates were used for cell
seeding at a clone density of 4 x 10° cells/well in

600 pl of the medium. Four FBS treatment groups
were used: 20 mg/l indoxyl sulfate, 40 mg/l indoxyl
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Fig. 1 a MetaCore pathway analysis indicated that cell cycle
regulation (p value = 4.320e—25) and Calcium signaling
(p value = 2.68le—10) and stem cell signaling (p value =
1.421e—8) and were significantly associated with IS treated
microarray datasets. b Metacore pathway analysis indicated that
Development_Role of HDAC and calcium/calmodulin-dependent
kinase (CaMK) signaling pathways were significantly modulated
after indoxyl sulfate treatment (p value = 4.413e—2). ¢ CaMK

sulfate, 60 mg/l indoxyl sulfate, and a pure basal
medium as the control. The MTT assay was performed
every 24 h. In brief, 40 pl of the 3-(4,5-dimethythi-
azol-2-y)-2,5-diphenyl tetrazolium bromide MTT
(5 mg/ml) solution was added to each well and then
keptat37 °Cand 5 % CO, for 4 h. The MTT solution
was then washed off, 450 pl of dimethyl sulfoxide was
added to each well, and resuspended by pipetting to
dissolve the formazan. All the steps were performed in
the dark. The data were collected over 15 days with
six repeats using an ELISA reader (Epoch, BioTek,
Winooski, VT, USA) at a wavelength of 520 nm.
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signaling pathways were identified from MetaCore database
(p <0.05 means significant different in statistical analysis.
B binding, CM covalent modifications, +P phosphorylation,
T transformation, 7n transport, Z catalysis, 7R transcription
regulation, /E influence on expression, GR group relation, CM
covalent modifications. Green arrow means positive/activation of
process. Red arrow means negative/inhibition of process. Grey
arrow means unspecified process. (Color figure online)

Apoptosis analysis

To induce cell apoptosis, the ADMSCs were cultured
in a medium with or without indoxyl sulfate in 25 cm”
flasks. After 15 days, the ADMSCs were detached
using trypsin and collected by centrifugation (Kubota
Corp., Tokyo, Japan, Model 3740, ser. no. NY3285-
B600) at 1000 rpm for 5 min. Next, the Cell Meter™
Annexin V Binding Apoptosis Assay Kit (AAT
Bioquest, Sunnyvale, CA, USA, cat. no. 22824) was
employed. The cells were washed with ice-cold PBS,
mixed in 200 pl of the binding buffer, and incubated
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Fig. 1 continued

within 30 min in the dark at 4 °C with 2 pl of Annexin
V and 2 pl of the PI solution. Then 200 pl of the
binding buffer was added to the samples to increase the
total volume. Finally, flow cytometry (BD, San Diego,
CA, USA, Accuri™ (6, ser. no. 3038) was performed
immediately with a counting threshold of 10° cells.

Cell cycle assessment

For the cell cycle assay, ADMSCs were grown in
25 cm?® flasks with or without indoxyl sulfate for
15 days. The cells were then dissociated using trypsin
and collected by centrifugation (Kubota Corp., Model

3740, ser. no. NY3285-B600, Tokyo, Japan). Ice-cold
PBS was used to wash the cells. Afterwards, the cells
were centrifuged for 5 min at 1000 x g, fixed with 2 ml
ice-cold 70 % alcohol and 1 ml ice-cold PBS, and
incubated at 40 °C for a minimum of 30 min. RNase
(Takara, Shiga, Japan) was added to the samples
within 30 min at 37 °C. The Annexin V-FITC Apop-
tosis Kit (AAT Bioquest, cat. no. 22824) was used.
The DNA was labeled using 2 pl of the PI solution in
the dark for 30 min at 37 °C. All samples were
analyzed using flow cytometry (BD Accuri™ C6, ser.
no. 3038) with a counting threshold of 10° cells. Each
group was analyzed in triplicate.
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In vitro scratch wound healing assays

To evaluate the effects of indoxyl sulfate on
ADMSCs’ migration capacity, we conducted scratch
wound healing assays. ADMSCs were seeded in
25 cm? flasks with different concentrations of indoxyl
sulfate for 15 days. Next, 10° cells were grown in each
well of a 6-well plate. We used a pipette tip to scratch
the cell layer and simulate physical trauma. All
samples were washed with ice-cold PBS and main-
tained at 37 °C in a humidified 5 % CO, incubator
within for 12 h. The samples were then washed using
PBS before adding a negative control (serum-free
DMEM) and ADMSC growth medium with one of the
different treatments, and the cells were incubated at
37°C and 5 % CO, for 12 h. We used a light
microscope to capture images of the wound area both
before incubation and after 12 h of incubation for
comparison (Jie et al. 2010).

Transwell migration assay

ADMSC cultures were prepared with DMEM con-
taining 10 % FBS at standard culture conditions. For
this assay, the cells were harvested and resuspended in
the DMEM medium with 0.2 % BSA at 10° cells/ml.
We then placed Thincert™ 8 pm-pore 12-well cell
culture inserts (Greiner Bio-One GmbH, Fricken-
hausen, Germany, cat. no. 662160) into the wells of a
Cellstar® 12-well cell culture plate (Greiner Bio-One
GmbH, cat. no. 662638). Then, 1000 pl of the culture
serum-free DMEM medium with different concentra-
tions of indoxyl sulfate (including controls) were
added to each well for the lower part of the arrange-
ment. For the upper part of the arrangement, 400 pl of
the ADMSC cell suspensions were added followed by
incubation at standard conditions for 3-24 h. On the
second day, the medium in each well was replaced
with 800 ul DMEM containing 8 pM of Calcein-AM
(4 mM in anhydrous DMSO) (Sigma, cat. no. C1359)
and incubated for 45 min. Afterwards, the media in the
cell inserts were removed, and the cell inserts were
transferred into a 24-well plate with each well
containing 1000 pul of the pre-warmed Trypsin—
EDTA. The plate was then incubated for 10 min and
was gently agitated from time to time. Finally, 200 pl
of the Trypsin—-EDTA solution (now containing
migratory cells) were placed in a black 96-well
polystyrene plate (Greiner Bio-One GmbH, cat. no.
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756076), and a fluorescence reading was taken at the
485 nm excitation and 520 nm emission wavelengths.

Western blot analysis

ADMSC lysates were made using the RIPA lysis
buffer (0.5 M Tris—HCl at pH 7.4, 10 % NP-40, 1.5 M
NaCl, 10 mM EDTA, 2.5 % deoxycholic acid, I mM
DTT, and phosphatase and protease inhibitors) and
centrifuged at 2900xg and 4 °C for 20 min. The
protein concentration was measured using the Brad-
ford Assay (Bio-Rad, Richmond, CA, USA).

A detailed description of the theoretical and
experimental study can be found in a previous
publication (Zor and Seliger 1996). The mathematical
equation was experimentally tested and found to yield
a linear calibration curve over the entire protein
concentration range (Zor and Seliger 1996; Ernst and
Zor 2010).

Each protein sample (20 pg) was mixed with the
loading buffer (125 mM Tris at pH 6.8, 4 % SDS,
20 % glycerol, 0.06 % bromophenol blue, 10 % beta-
mercaptoethanol) to obtain a final volume of 15 pl.
Next, the samples were heated at 95 °C for 10 min
before they were separated by gel electrophoresis
using either 6 % or 10 % SDS-polyacrylamide gel.
The proteins were then transferred to polyvinylidene
difluoride (PVDF) membranes (Thermo Fisher Sci-
entific, Taipei, Taiwan) and blocked using the
blocking buffer. The blots were then incubated
overnight with the primary antibodies in 5 % non-
fat milk at 4 °C. Following the manufacturer’s
instructions, the primary antibodies (polyclonal anti-
bodies) against phospho-MEF2A (Ser408)(1:1000,
Cell Signaling Technology, Danvers, MA, USA),
against phosphor-MEF2D (Ser444)(1:1000, Gene-
Tex, Irvine, CA, USA), against CACNAILS (1:1000,
GeneTex), and against actin (1:1000, GeneTex) were
first incubated with the antigen at a 1 pg: 1 pg ratio
at room temperature for 2 h as a pre-absorption
control. The membranes were then washed three
times with TBST for 15 min and were incubated with
the relevant HRP-conjugated secondary antibody in
5 % non-fat milk for 2 h at room temperature while
avoiding light. Finally, the membranes were washed
three times with TBST for 20 min, and the signals
were read using the SuperSignal® West Dura
Extended Duration ECL Substrate for 8 min with
GeneSnap v. 6.08 software.
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Statistical analysis

The experiments were performed in triplicate and were
displayed as the mean + standard deviation (SD). A
one-way ANOVA was used to compare multiple
groups with appropriate post hoc tests, and the
Student’s ¢ test was used to compare the two groups
(StatView 5.01; SAS Institute, Cary, NC, USA). A
p value of <0.05 indicated a significant difference.

Results
Bioinformatics analysis results

To identify pathways relevant to indoxyl sulfate-
induced disease, we utilized Metacore GeneGo software
to map a list of differentially expressed genes in indoxyl
sulfate induced microarray data. MetaCore software
utilizes a proprietary, manually curated database asso-
ciated with protein-DNA, protein—protein, protein
compound interactions, and metabolism-associated
signaling pathways. After comparing the average
expressions in indoxyl sulfate treatment groups and
KCl control samples, we uploaded genes with a fold
change greater than 2.0 into the Metacore software. The
data showed that the cell cycle and its regulation
(p value = 4.320e—25, FDR = 2.679e—23), calcium
signaling (p value = 2.681e—10, FDR = 7.915e—10),
and stem cell signaling (p value = 1.421e-8,
FDR = 3.671e—8) might play important roles in
indoxyl sulfate-induced microarray data (Fig. 1a). Cal-
cium signaling contains many pathways; however, after
MetaCore analysis, we found that the development role
of HDAC and CaMK signaling might be key players in
indoxyl sulfate-induced microarray data
(p value = 4.413e—2). A p value of <0.05 was
generally considered significant (Fig. 1b).

Two families of transcription factors take part in the
mammalian differentiation process: myocyte enhancer
factor 2 (MEF2), which consists of MEF2A, MEF2B,
MEF2C, and MEF2D. These transcription factors
could shape homo- and heterodimers that constitu-
tively unite to the promoters or enhancers of the
majority of muscle-specific genes. Furthermore, MRF
and MEF2 members could physically interact with
each other to supportively trigger various muscle-
specific genes (McKinsey et al. 2002; Xu and Wu
2000). The MEF2 activity is contingent on the complex

regulation of binding protein p300 (p300); K(lysine)
acetyltransferase 2B (PCAF); the nuclear factor of
activated T-cells; nuclear receptor coactivator 2
[NCOA2 (GRIPI/TIF2)]; cytoplasmic; calcineurin-
dependent 2 [NF-xAT1(NFATC2)]; MYOD; 14-3-3;
mitogen-activated protein kinase 7 [ERKS (MAPK7)];
and histone deacetylases 4, 5, 7, and 9 (HDACH4,
HDACS5, HDAC7, HDAC9). The MAP kinase cas-
cades and calcium signaling in turn regulate these
kinds of proteins.

Extensive bioinformatics data strongly suggest that
indoxyl sulfate plays a crucial role in various signal
pathways and processes, including stem cell signaling,
the role of HDAC, and CaMK signaling pathways via
MEF2A, MEF2D, and CACNALS signaling (Fig. 1c).
Nevertheless, indoxyl sulfate and CaMK signaling
pathways mechanisms have not been verified in human
stem cell. Accordingly, ADMSCs were selected as the
experiment model to investigate the molecular machinery
of indoxyl sulfate-induced chronic kidney disease.

MTT proliferation assay results

In our experiments, we elucidated the influences of
indoxyl sulfate on the proliferation of ADMSCs using
an MTT assay. Subsequently, we found that indoxyl
sulfate displayed dose-dependent inhibition profiles
on the growth of ADMSCs (Fig. 2). The results
showed that 20 mg/I of indoxyl sulfate had a slightly
inhibitory effect in comparison with other treatments.
The viability of the cells in 60 mg/l of indoxyl sulfate
was significantly lower than the cell viability in the
other treatments.

Apoptosis analysis results

Indoxyl sulfate significantly increased the apoptosis of
ADMSCs in a dose-dependent manner. We detected
the induction of ADMSC apoptosis in the presence of
different concentrations of indoxyl sulfate (Figs. 3, 4):
20 mg/l showed 19.5-20.2 %, 40 mg/l showed
38-39.4 %, and 60 mg/l showed 41-44 % compared
to untreated ADMSCs, which showed 7-7.3 %. These
results demonstrated that the presence of indoxyl
sulfate increased the amount of apoptosis in ADMSCs.
Similar to our previous results with MTT, the amount
of apoptotic cells was directly proportional to the
indoxyl sulfate levels.

@ Springer



2596 Cytotechnology (2016) 68:2589-2604
Fig. 2 MTT assay results 0.25
of ADMSC:s cultured in the r .
IS-treated group and control I Control
group (n = 6). *p < 0.05 I 20mgA
versus control group 020 J | @ 40mgA
[ 60mgA * x
» : T » P
T r M
o 0.15 * L I:
3 x
© * i
> P
(o]
o 0.10 - *
0.05 -
0.00
3 5 7 9 11 13 15
Time (day)

Cell cycle assessment results

Using bioinformatics analysis (Fig. 1a), we found that
the cell cycle and its regulation (p value = 4.320e—25,
FDR = 2.679¢e—23) might play a crucial part in the
indoxyl sulfate-induced microarray dataset. Therefore,
we employed flow cytometry to explore the effect of
indoxyl sulfate on ADMSCs. In this study, we also
assessed the influences of indoxyl sulfate on cell cycle
arrest using flow cytometry after 15 days of treatment
(Figs. 5, 6). Our data showed an increment in the
proportion of cells arrested in the G1 phase (p < 0.05;
43 % in the indoxyl sulfate-free condition, 82.5 % in the
indoxyl sulfate 20 mg/l condition, 80 % in the indoxyl
sulfate 40 mg/1 condition, and 81.6 % in the indoxyl
sulfate 60 mg/l condition). The data also showed a
significant decrease in the proportion of cells entering
the S and M phases for cells treated with different
indoxyl sulfate concentrations (p < 0.05) compared to
the untreated control condition.

Migration wound healing analysis results

To further analyze the effect of indoxyl sulfate on
ADMSCs’ biological functions, its effect on ADMSC
migration was studied. As shown in Fig. 7, cell
migration was significantly reduced in uremic MSCs
compared to the control cells. The effect was also
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dose-dependent; as indoxyl sulfate levels increased,
the cell migration efficiency decreased.

Transwell migration assay results

We tested whether indoxyl sulfate diminishes
ADMSC migration using transwell migration assays.
A significant decline in migration was detected in
uremic ADMSCs relative to the control MSCs 24 h
after incubation (Figs. 8, 9). This result is similar to
the previous result obtained from the wound healing
assay and the overall trend of reduced cell prolifera-
tion with increased indoxyl sulfate levels.

Effects of indoxyl sulfate on MEF2 protein
expression levels results

These outcomes prove our hypothesis that indoxyl
sulfate reduces the proliferation and migration of
ADMSCs, induces apoptosis, causes G1 cell cycle
arrest, and could eventually lead to decreased kidney
regeneration. However, the exact mechanisms of
indoxyl sulfate with regard to the biological functions
of ADMSC:s is still unclear. Because MEF2 plays an
important role in mediating diverse cellular pro-
gresses, we conducted western blot assays to clarify
the protein expression levels of MEF2A and MEF2D.
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Fig. 3 Representative apoptosis results of ADMSCs by flow
cytometer. Viable cells were stained by Annexin V—/PI— (LL
quadrant). The Annexin V+/PI— cells were in the early process
of apoptosis (LR quadrant), whereas the Annexin V+/PI+ cells

Our results show that indoxyl sulfate inhibits
MEF2A and MEF2D expressions as measured by
western blot analysis. MEF2A and MEF2D protein
expressions were reduced in a dose-dependent man-
ner. We found that indoxyl sulfate substantially
decreased the MEF2A protein expression in ADMSCs

Propodium lodine-A
10E0 10E1 10E2 10E3 10E4 10E5 10E6 10E7.2

10E0 10E1 10E2 10E3 10E4 10E5 10E6 10E7.2
Annexin V-FITC-A

had lost cell membrane integrity and entered the late phase of
apoptosis (UR quadrant). Necrotic cells indicated in Annexin
V—/PI+ staining (UL quadrant)

treated with 40 and 60 mg/1 of indoxyl sulfate, while
cells treated with 20 mg/1 of indoxyl sulfate showed a
slight decrease. As with MEF2A, the MEF2D protein
expression of ADMSCs treated with different indoxyl
sulfate concentrations was slightly reduced. However,
our results showed a stronger expression of MEF2D in
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Fig. 4 Apoptotic rate
analysis of different groups.
The results are presented as
the ratio of apoptosis
induced by 20, 40, 60 mg/1
IS compared with
corresponding control cells
(mean £ SD, n = 6 each,
*p < 0.05 vs. control group)

Fig. 5 Cell cycle
distribution analysis by flow
cytometry. Cells were
incubated in different
concentration of IS.
Ordinate represents cell
number while abscissa
depicts DNA content. The
M1 area denotes Sub G1
phase, the first sharp peak
M2 stand for GO/G1 phase
cells, and the M3 area
indicates S phase cells and
the following lower peak
M4 shows G2/M phase cells
(n = 4). The numbers below
each M-area of each figure
indicated the percentage of
cells in each phase
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Fig. 6 Flow cytometry 100

analysis results of the cell
cycle between different
groups (n = 4). The results *
are presented as the ratio of 80 -
cells in different phases of
cell cycle induced by 20, 40,
60 mg/l IS with
corresponding control cells

I

(mean = SD, n = 6 each, % 60
*p < 0.05 vs. control group) 2
g
=

8w

20

Fig. 7 Representative images of wound-healing assays.
ADMSCs were incubated with different indoxyl sulfate
concentration groups. a Control, b 20 mg/l, ¢ 40 mg/l,

comparison with MEF2A (Fig. 10). This might imply
that MEF2D in ADMSCs is more common and plays a
more crucial role in chronic kidney disease than does
MEF2A. Taken together, these results suggest that
indoxyl sulfate inhibits the expression of MEF2 family

I Control
N 20mg/l
[ 40mg/l
= 60mg/l

d 60 mg/l of IS. When the cells are confluent, wound-healing
assays were performed as described in the “Materials and
methods” section

transcription factors in the different stages of chronic
kidney disease.

Next, to determine the relationship between the
L-type calcium channel and the different stages of
chronic kidney disease, we examined the expression of
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Fig. 8 Representative images of transwell migration assay.
ADMSCs were seeded on upper transwell migration chamber
and the serum-free DMEM medium was added in the lower part
for 24 h; (a—d control, 20, 40, 60 mg/1 of IS). The cells migrated

-

to the lower chamber and were stained with Calcein-AM as
mentioned in “Materials and methods” section. The images of
migrated cells were captured after stained with Calcein-AM

Fig. 9 Effect of different IS 0.018
concentrations on ADMSCs
migration evidenced by the 0.016 -

relative fluorescence
activity of ADMSCs
(n=7). *p < 0.05.
ADMSCs migration was
negatively affected by IS in
a dose-dependent manner.
All groups with IS were
characterized by a
significantly decreased cell
migration ability

Relative Fluorescence Unit

the o1S subunit (CACNAI1S) L-type calcium channel
in ADMSCs treated with different concentrations of

indoxyl sulfate. After each treatment, a western blot
was performed for the olS subunit (CACNAILS)
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protein. Our results demonstrated that the expression
of the a1S subunit (CACNAL1S) protein significantly
decreased compared to the controls in a dose-depen-
dent manner (Fig. 11). Indoxyl sulfate substantially
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decreased the CACNAIS protein expression of
ADMSCs treated with 40 and 60 mg/l of indoxyl
sulfate, while cells treated with 20 mg/l of IS showed a
slight decrease. These observations suggest that
indoxyl sulfate might block the «l1S subunit of
VGCCp, which could lead to the promotion of chronic
kidney disease. Indoxyl sulfate down-regulates
MEF2A, MEF2D, and CACNAIS protein expressions
in vitro.

Discussion

Stem cells’ potential benefits in regenerative medicine
have been known for over a decade because of their
roles in regeneration and tissue repair (Stocum 2001).
MSC treatments for acute myocardial infarction,
skeletal muscle regeneration, and acute renal failure
(ARF) have provided promising results (Crop et al.
2009; Ferrari et al. 1998; Poulsom et al. 2001; Semedo
et al. 2007). Furthermore, the positive outcomes
obtained from MSC treatments have led to a focus
on kidney regeneration. Surprisingly, the current study
revealed that indoxyl sulfate induces the functional
incompetence of ADMSCs in the different stages of
chronic kidney disease through the EMF2 protein
family and VGCC.. Previous evidence demonstrated
that indoxyl sulfate suppresses endothelial cell prolif-
eration, wound repair (Dou et al. 2004), and other
metabolic activities in a time- and dose-dependent
manner (Ying et al. 2010). A recent study showed that
indoxyl sulfate stimulates chronic kidney disease
progression (Lin et al. 2011), and one study indicated
that indoxyl sulfate may cause heart diseases (Barreto
et al. 2009). However, a detailed mechanism of CaMK
signaling in indoxyl sulfate-induced pathways is still
largely unknown. Thus, we collected gene expression

CcT 20 40 60
MEF2A [

MEF2D m

Actin e e — —

Fig. 10 Western blotting analysis of MEF2A and MEF2B
under control and uremic ADMSCs conditions. CT control, 20:
20, 40: 40 and 60: 60 mg/l of IS. Actin was employed as loading
protein control

CT 20 40 60
cacnats

ACtin | .

Fig. 11 Expression of a-subunit L-type calcium channel upon
the treatment of IS. (Upper panel) Representative blots showing
the expression of a-subunit L-type calcium channel in ADMSCs
upon the treatment in the presence of different concentrations of
IS. Actin was used as protein loading control

data from GSE34259 and utilized Metacore software
to reanalyze potential signaling in indoxyl sulfate-
induced human cells. We found that CaMK signaling
is the most significant pathway for indoxyl sulfate
regulation. The goal of this study is to determine the
target proteins involved in indoxyl sulfate-induced
chronic kidney disease and the consequent effects of
this malfunction on the cardiac system. Data regarding
the signal transduction pathways of two target proteins
(MEF2A and MEF2D) that are involved in CaMK
signaling also represent a novel finding obtained by
this research. Our results indicated that accumulation
of indoxyl sulfate, which is the most important
protein-bound compound in chronic kidney disease,
considerably induces the functional incompetence of
human ADMSCs.

A recent study reported that indoxyl sulfate
decreased bone marrow-derived stromal cell prolifer-
ation capacities after 48 h of treatment (Noh et al.
2011). Our results extend this finding by monitoring
the influences of indoxyl sulfate on ADMSCs with a
longer treatment period (15 days). We found that the
dose-dependent manner and the proliferation capacity
significantly decreased in the presence of uremic
indoxyl sulfate concentrations when compared to the
control condition. On the other hand, we observed an
increase in the proportion of apoptotic cells using flow
cytometry after 15 days of treatment, which also
confirmed the inhibitory effect of indoxyl sulfate on
cell proliferation. In addition, our results show that
indoxyl sulfate inhibited the cell cycle progression and
caused the arrest of the ADMSC cell cycle in the G1
phase. The expressions of the p21 and p27 proteins,
which are involved in regulating cell cycle progression
(Gorenne et al. 2006), were reduced by the presence of
indoxyl sulfate (Mozar et al. 2011). Here, we found
that the protein expressions of MEF2A and MEF2D
were increased in comparison with the control
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ADMSCs

. competency

!

CACNA1S

i

= e
|

CDK Regeneration Capacity

Fig. 12 Schematic summary of IS induced ADMSCs function-
ally incompetence via MEF2A, MEF2D and CACNAIS. The
malfunction of ADMSCs subsequently resulted in declined the
capacity of stem cells proliferation, migration and wound

samples. Han and Prywes (1995) suggested that MEF2
was an important downstream effector involved in
mitogenic signaling pathways through the serum-
inducible expression of C-JUN. This could help
explain why the cell cycle arrest of ADMSCs
increased under uremic conditions. Decreased cell
proliferation, apoptosis induction, cell cycle arrest,
and compromised migratory capacity are some char-
acteristics of stem cell incompetence. Taken together,
our results support the hypothesis that the accumula-
tion of indoxyl sulfate in chronic kidney disease stages
substantially impairs the function of ADMSCs.
Many studies have demonstrated that the mRNA of
the a1 subunit VGCCy is expressed in undifferentiated
hMSCs (Graf et al. 2005; Heubach et al. 2004,
Zahanich et al. 2005). Thus, we aimed to conduct a
western blot analysis to investigate the protein
expression levels of the alS (CACNAILS) subunit
VGCC;, under different uremic conditions. Our results
show that the expression of CACNAILS is highly
decreased compared to that of the control condition.
These observations showed the same trend as those
seen for MEF2A and MEF2D protein expression.

@ Springer

healing power. Meanwhile, cell apoptosis process has been
progressively escalated concomitant with cells blocked at G1
phase. These features eventually hold back the regeneration
capacity of chronic kidney disease patients

Furthermore, a recent study suggested that the MEF2
family of transcription factors plays an important role
in regulating the genes responsible for cell prolifera-
tion, differentiation, and death by linking to calcium-
dependent signaling pathways. Hence, the MEF2
protein family could associate with L-type calcium
channels to regulate cell behavior and enhance wound
healing (Fig. 12). This information might help
researchers to interpret or elucidate the important
fundamental and molecular mechanisms leading to
changes in ADMSCs induced by indoxyl sulfate.

In conclusion, our study demonstrated that VGCCy,
is related to the functional activities of ADMSCs in
chronic kidney disease patients. Indoxyl sulfate
induces the functional incompetence of ADMSCs in
the different stages of chronic kidney disease through
the EMF2 protein family and VGCC. Moreover, the
alS subunit might be a key player in controlling
VGCC;. These findings provide important new
insights and a novel treatment for chronic kidney
disease patients. On the other hand, these novel
observations could draw research attention to a
mechanism that could result in ADMSC dysfunction
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under uremic conditions and utilize the prospective
functions of Ca®" channels as a target for controlling
MSC:s in kidney regeneration. The current work could
provide a better approach for the treatment of chronic
kidney disease, thereby improving the quality of life of
patients with chronic kidney disease.
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