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Acute kidney injury (AKI) is one of the more frequent and lethal pathological conditions seen in
intensive care units. Currently available treatments are not totally effective but stem cell-based
therapies are emerging as promising alternatives, especially the use of mesenchymal stromal
cells (MSC), although the signaling pathways involved in their beneficial actions are not fully
understood. The objective of this study was to identify signaling networks and key proteins
involved in the repair of ischemia by MSC. Using an in vitro model of AKI to investigate
paracrine interactions and label-free high definition 2D-NanoESI-MSE, differentially expressed
proteins were identified in a human renal proximal tubule cell lineage (HK-2) exposed to hu-
man MSC (hMSC) after an ischemic insult. In silico analysis showed that hMSC stimulated
antiapoptotic activity, normal ROS handling, energy production, cytoskeleton organization,
protein synthesis, and cell proliferation. The proteomic data were validated by parallel experi-
ments demonstrating reduced apoptosis in HK-2 cells and recovery of intracellular ATP levels.
qRT-PCR for proteins implicated in the above processes revealed that hMSC exerted their
effects by stimulating translation, not transcription. Western blotting of proteins associated
with ROS and energy metabolism confirmed their higher abundance in HK-2 cells exposed to
hMSC.
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1 Introduction

Acute kidney injury (AKI) is a major health issue that af-
fects up to 20% of hospitalized patients [1]. The condition
is associated with late development of chronic renal disease,
high mortality, and inevitably increased health expenditure.
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Since there is no definitive or completely effective treatment
to prevent impairment of renal function or improve patient
recuperation [1,2], much effort has been concentrated on the
development of alternative treatments such as stem cell-based
therapies [3, 4].

Among the different types of stem cells investigated as can-
didates for cell therapies, mesenchymal stromal cells (MSC)
have received special attention. Their use in treating neuro-
logical, immunological, cardiac, and renal diseases has been
extensively explored [5]. MSC are multipotent cells present in
adult organisms and are capable of differentiating into spe-
cialized cells, e.g. osteoblasts, chondrocytes, adipocytes, and
others [6]. The most common sources of MSC are the bone
marrow and adipose tissue [7], but other organs such as the
kidney have their own niches of MSC-like cells [8].

Besides their broad distribution in the body and ease of
isolation, interest in MSC was originally stimulated by their
capacity to differentiate into other cell types, suggesting that
they could be a source of healthy cells to repair/replace in-
jured tissue [9]. There is substantial evidence from both in
vitro studies and animal models of AKI that MSC can pro-
mote and/or improve regenerative responses in the injured
kidney, leading to tissue repair and recuperation of renal func-
tion [10–12]. However, few MSC remain in the kidney after
a deleterious insult, making the hypothesis that they fuse or
transdifferentiate into renal cells unlikely to explain their pro-
tective effects [13, 14]. There is now strong evidence that the
beneficial effects of MSC are attributable to paracrine mecha-
nisms, i.e. local secretion of biologically active molecules that
modulate tissue responses to an insult [15]. Together, these
trophic factors trigger antiapoptotic, immunomodulatory, an-
tiscarring, and angiogenic responses, which culminate in tis-
sue repair [5, 16].

Despite the knowledge that has accumulated about the
potential therapeutic effects of MSC, the specific molecular-
level changes they cause in injured renal cells are still not
fully understood. Therefore, the focus of this study was to
identify key proteins and metabolic/signaling pathways reg-
ulated by human MSC (hMSC) in human renal proximal
tubule cells after ischemic injury, especially those contribut-
ing to the protective effects of hMSC. Using an in vitro model
of AKI and label-free high definition 2D-NanoESI-MSE, we
were able to identify differentially expressed proteins in a
human renal proximal tubule cell lineage (HK-2) exposed to
hMSC after the insult. Subsequent in silico analysis revealed
the biochemical pathways and cellular processes modulated,
providing evidence that hMSC affect important cellular pro-
cesses culminating in repair.

2 Materials and methods

2.1 Human kidney (HK-2) cell cultures

Immortalized HK-2 cells (CRL-2190; ATCC, Manassas, VA,
USA), a proximal tubule cell lineage, were grown in 75-cm2

cell culture flasks containing DMEM supplemented with
penicillin (100 U/mL), streptomycin (100 �g/mL), and 10%
FBS, all purchased from InvitrogenTM, Life Technologies
(Carlsbad, CA, USA). The cells were maintained at 37�C in
100% humidified air containing 5% CO2.

2.2 Human mesenchymal cells (hMSC): Isolation

and culture

Bone marrow samples were obtained from healthy donors
after written informed consent, according to the guidelines
of the local ethics committee (National Institute of Cancer,
Rio de Janeiro, Brazil). hMSCs isolated from heparinized
bone marrow samples as previously described [17] were
grown in low glucose DMEM supplemented with 10% FBS
(HyClone R©, Waltham, MA, USA), 2 mM glutamine, 100
U/mL penicillin and 100 �g/mL streptomycin (InvitrogenTM)
and incubated as described above. One half of the medium
was changed twice a week until 80–90% confluence had been
reached (approximately 10 days). The cells were harvested
with 0.1% trypsin and replicated at 2 × 105 cells/cm2 in
medium as above.

2.3 In vitro model of acute renal injury

We used a well-established in vitro model of acute renal in-
jury based on glucose and ATP depletion [18–20]. A total of
106 HK-2 cells from the cultures described in Section 2.1
were transferred to a 55 cm2 cell culture dish containing
10 mL supplemented DMEM. Cells were cultured for 72 h
until 80% confluence, rinsed twice with PBS and the medium
replaced with Hank’s balanced salt solution containing
1.3 mM CaCl2, 0.8 mM MgCl2, 50 �M antimycin A (an in-
hibitor of the mitochondrial electron transport complex III)
and 10 mM 2-deoxyglucose (a nonmetabolizable analog of
D-glucose that inhibits glycolysis), both purchased from
Sigma-Aldrich (Saint Louis, MO, USA). After 30 min, the
solution was discarded and the cells were rinsed twice with
PBS to remove the inhibitors. In order to mimic an in vivo
“reperfusion” by reexposure to normal metabolic conditions,
10 mL low glucose DMEM (not supplemented with FBS) were
added to the culture dish, which was maintained at 37�C in
the atmosphere described above for a 3-h “recovery period.”

2.4 Coculture of HK-2 cells with hMSC during

recovery period

To assess the influence of hMSC on protein expression in
HK-2 cells, the two types of cells were cocultured during
the recovery period. For this purpose, a permeable support
system (Transwell R©, Corning, Tewksbury, MA, USA) with a
0.4 �m porous membrane was fitted into the 55 cm2 cul-
ture dish containing HK-2 cells that had been ATP- and
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glucose-deprived, as described in Section 2.3 above, and then
6 mL of low glucose DMEM (not supplemented with FBS)
containing 106 hMSC were layered on the upper surface of
the support. The permeable membrane of the coculture sys-
tem ensures that the two cell populations remain physically
separated, but they can communicate through the release of
soluble factors into the culture medium [21, 22]. After the re-
covery period (3 h) the insert was carefully removed to avoid
cross-contamination and only the HK-2 cells were analyzed.

2.5 Coculture of HK-2 cells with human fibroblasts

(hFB) during the recovery period

Human fibroblasts (HFF-1; Rio de Janeiro Cell Bank, Rio
de Janeiro, Brazil) were used instead of hMSC in control
experiments to determine whether they could influence re-
nal cell death and intracellular ATP content. These cells were
grown in 75 cm2 culture flasks containing low glucose DMEM
supplemented with penicillin (100 U/mL), streptomycin
(100 �g/mL), and 10% FBS, all purchased from InvitrogenTM,
Life Technologies. hFB were maintained at 37�C in a 100%
humidified air containing 5% CO2 until use. HK-2 cells (ini-
tially 106 cells cultured for 72 h until they reached 80% con-
fluence) and hFB (106 cells per transwell) were cocultured as
described in Section 2.4.

2.6 Protein extraction and in-solution tryptic

digestion

A total of four 55 cm2 cell culture dishes containing HK-
2 cells subjected to ATP depletion and then cocultured
with hMSC, as described in Sections 2.3 and 2.4, were
harvested with 0.1% trypsin and washed twice with PBS,
and proteins were extracted immediately [23]. This proce-
dure was repeated on HK-2 cells subjected to ATP deple-
tion but not cocultured with hMSC. All experiments were
performed in triplicate. Briefly, the collected cells were re-
suspended in 100 �L cold lysis buffer containing 50 mM
Tris-HCl (pH 7.5), 5 mM EDTA, 10 mM EGTA, 50 mM
NaF, 20 mM KCl, 250 mM NaCl supplemented with 1 �L
protease inhibitor cocktail (GE Healthcare, Life Sciences,
Piscataway, NJ, US) and phosphatase inhibitors (20 mM
sodium orthovanadate (Na3VO4) and 1 �M okadaic acid).
After 1 h at 4�C, the suspension was frozen and thawed
twice in liquid N2. The total extracts were centrifuged at
12 000 × g for 30 min and the supernatants were collected
for storage at –80�C.

After Bradford quantification of protein, the samples were
concentrated 39× and exchanged with 50 mM NH4HCO3

using a 3-kDa ultra-filtration device (Millipore, Billerica, MA,
USA). A total of 200 �g of protein were denatured (0.1%
RapiGEST SF at 60�C for 15 min) (Waters, Milford, MA,
USA), reduced with 10 mM DTT at 60�C for 30 min, alkylated
with 10 mM iodoacetamide for 30 min at room temperature
in the dark and enzymatically digested with trypsin at a 1:50

w/w enzyme/protein ratio (Promega, Madison, WI, USA).
Digestion was stopped by adding 10 �L 5% TFA, and yeast
alcohol dehydrogenase (ADH; P00330, Waters) was added
to the digests to a final concentration of 10 fmol/uL as an
internal standard for absolute quantification [24, 25].

2.7 Label-free protein quantification by MS

Qualitative and quantitative nano-ultra-high pressure chro-
matography (nanoUPLC) tandem nanoESI-HDMSE experi-
ments were conducted with a nanoACQUITY UPLC system
(Waters) [26], but with slight modifications. For the first di-
mension, a 180 �m × 23 mm strong cation exchange (SCX)
column (Waters) packed with 5 �m PolySULFOETHYL As-
partamide (PolyLCTM, Columbia, MD, USA) was used. Typ-
ical on-column sample loads were 3 �g of protein digest
for triplicate analyses. Samples were eluted in nine fractions
from the SCX column using a salt gradient (2 �L salt plugs
containing 50, 100, 150, and 200 mM ammonium formate
(NH4FA) with 5% ACN, followed by a RP gradient (2 �L or-
ganic plugs 10%, 20%, and 30% ACN with 200 mM NH4FA,
30% ACN with 350 mM NH4FA) and a flush. Each plug was
loaded with loading buffer (5 mM NH4FA, pH 3.2, containing
5% ACN) at 3 �L/min flow rate for 3 min [27]. The peptides
released were captured by a downstream RP trap column
(180 �m × 20 mm, 5 �m Symmetry C18, Waters). After all the
peptides had been captured, the trap column was placed on-
line with another RP analytical column (100 �m × 100 mm,
1.8 �m C18, nanoACQUITY UPLC HSS T3, Waters). A RP
gradient 5–40% ACN (containing 0.1% v/v formic acid) in
58 min was used for the second dimension at a flow rate of
600 nL/min.

All analyses were performed using nano-electrospray ion-
ization in the positive ion mode nanoESI (+) and a NanoLock-
Spray ionization source (Waters). The lock mass channel was
sampled every 30 s. The mass spectrometer was calibrated
with a MS/MS spectrum of [Glu1]-Fibrinopeptide B human
(Glu-Fib) solution (Sigma-Aldrich) (100 fmol/mL) delivered
through the reference sprayer of the NanoLockSpray source.
The doubly-charged ion ([M + 2H]2+ = 785.8426) was used
for initial single-point calibration and MS/MS fragment ions
of Glu-Fib were used for the final instrument calibration.
Multiplexed data-independent (DIA) scanning with added
specificity and selectivity of a nonlinear “T-wave” ion mo-
bility (HDMSE) experiments were performed with a Synapt
HDMS mass spectrometer (Waters) [23]. The mass spectrom-
eter switch between low collision energy MS (3 eV) and ele-
vated collision energies MSE (high resolution label-free MS
with data-independent scanning) (12–40 eV) applied to the
trap “T-wave” CID cell with argon; the transfer “T-wave” col-
lision cell was adjusted to 1 eV, using a scan time of 1 s,
at both low and high energies, providing a minimum of 10
points above 10% peak capacity. Full-scan orthogonal acceler-
ation TOF (oa-TOF) MSE was acquired from m/z 50 to 2000.
The MS profile was tuned to guarantee that the low energy
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LC/MS data were effectively acquired from m/z 400 to 2000,
ensuring that all masses <m/z 400 in the LC/MSE arose from
dissociations in the collision cell in the second total ion count
channel of the mass spectrometer.

2.8 Database searching and quantification

Database searching and quantification were as previously de-
scribed [23]. Protein identification and quantitative data pack-
aging were generated by appropriate algorithms [27, 28] and
searching against a human-specific database. The databases
used were randomised "on-the fly" during database queries,
and appended to the original database to access the false-
positive rate of identification [29]. For appropriate spectral
processing and database searching conditions, a ProteinL-
ynxGlobalServer v.2.5.2 (PLGS) with ExpressionE informatics
v.2.5.2 was used. UniProtKB (release 2011_11) with manually
reviewed annotations was used, and search conditions were
based on taxonomy (Homo sapiens), maximum missed cleav-
ages by trypsin allowed up to 1, variable modifications by car-
bamidomethyl (C) and acetyl N-terminal and oxidation (M)
[30]. Only those proteins that were identified in all replicates
during the IdentityE step of PLGS analysis were considered
in the expression analysis performed by ExpressionE tool.

Protein interactions were analyzed using Ingenuity Path-
way Analysis software (IPA-http://www.ingenuity.com) and
GeneGO MetaCore software (GeneGO, Encinitas, CA). For
network analysis, transcription regulation, and direct interac-
tions, the workflow tool was used.

2.9 Analysis of renal cell death and intracellular ATP

assay

To evaluate the paracrine influence of hMSC on renal cell
death and intracellular ATP content after ATP and glucose
depletion (Section 2.3), the two cell populations were cocul-
tured as described in Section 2.4. The HK-2 cells were har-
vested with 0.1% trypsin (InvitrogenTM), washed twice with
PBS and immediately used for cell death analysis and intra-
cellular ATP assay. In parallel assays, ATP content and renal
cell death were also evaluated in: (i) HK-2 cells not subjected
to respiration blockade; (ii) HK-2 cells treated with antimycin
A to block mitochondrial respiration and ATP synthesis fol-
lowed by a 3-h recovery period; (iii) HK-2 cells treated with
antimycin A, washed and cocultured with hMSC during the
3-h recovery period; (iv) HK-2 cells treated with antimycin
A, washed and cocultured with hFB during the 3-h recovery
period.

For the renal cell death assays, a total of 105 cells were
suspended in binding buffer (10 mM HEPES, 140 mM NaCl,
and 2.5 mM CaCl2; pH 7.4) to a final volume of 100 �L, and
incubated in the dark with 5 �L Annexin V-Alexa FluorTM

(InvitrogenTM) for 15 min at room temperature. Propidium
iodide (1.5 �M final concentration; Sigma-Aldrich) was added
and the samples were placed on ice for immediate analy-

sis. Cell death was evaluated using a flow cell based bench
top FACS Calibur Cytometer (BD Biosciences, Billerica, MA,
USA).

Intracellular ATP was assayed by the luciferase and lu-
ciferin method [31]. A 100 �L aliquot containing 105 cells
was mixed with 100 �L somatic cell ATP releasing reagent
(Sigma-Aldrich) and immediately treated with the biolumi-
nescent ATP assay kit (FLASC, Sigma-Aldrich).

2.10 Quantitative real-time PCR

RNA transcripts were quantified using real-time PCR. Four
micrograms of RNA extracted from HK-2 cells with Trizol (In-
vitrogen) were reverse-transcribed with the ImProm-IITM Re-
verse Transcription System (Promega, Madison, WI, USA).
The cDNAs were mixed with SYBR Green PCR Master Mix R©

(Applied Biosystems, Foster City, CA, USA) and target genes
of pyruvate kinase, malate dehydrogenase, succinate dehy-
drogenase A and B, F0F1-ATP synthase � and �-subunits,
peroxiredoxin 1 and 6, cofilin 1, profilin 1, septin 7, and �-
actin. Real-time PCR was performed with 45 cycles of 15 s at
95�C and 1 min at 60�C in an ABI Prism 7000 thermocycler
(Applied Biosystems, Foster City, CA, USA). The expression
level of each sample was estimated from triplicate experi-
ments with specific and control primers. The amounts of the
target gene and internal control (�-actin) transcripts were esti-
mated using a standard curve. The fold change in expression
was calculated using the 2−(��Ct) method, the values being
expressed in arbitrary units as the fold increase of the target
gene transcript under AR or AR + hMSC conditions com-
pared to normal cells (data represented by means ± SD). The
primer sequences are available upon request.

2.11 Western blotting

The proteomic data were further validated by Western blot-
ting of key proteins in pathways associated with ROS handling
and energy metabolism. The following antibodies were used:
polyclonal ab59543 for peroxiredoxin 6 (1:500 dilution), poly-
clonal ab96193 for malate dehydrogenase 2 (1:1000 dilution),
and monoclonal ab14730 for FoF1-ATPsynthase �-subunit
(1:500 dilution), all purchased from Abcam (Cambridge, MA,
USA); polyclonal #3186 for pyruvate kinase isoforms 1 and 2
(1:1000 dilution) purchased from Cell Signaling Technology
(Danvers, MA, USA). The secondary antibodies were goat
anti-rabbit IgG-HRP sc-2030 and donkey anti-mouse IgG-
HRP sc-2318, Santa Cruz Biotechnology (both at 1:2000).
ImageJ software (http://rsbweb.nih.gov/ij/) was used for im-
munosignaling quantification.

2.12 Statistical analysis

Statistical analyses are described in the figure legends. Graph-
Pad Prism version 6.0 Demo version (GraphPad Software,
San Diego, CA, USA) was used.
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Figure 1. Label-free proteomic analysis. (A) Bidimensional chromatographic distribution of HK-2 renal cells under AR and AR + hMSC
conditions. Traces indicate injections in triplicate. (B) LogE intensity plot of three replicate injections. (C) Peptide match distribution of the
identified peptides. PepFrag1 and PepFrag2: peptide matches compared to database by PLGS; VarMod: variable modifications; InSource:
fragmentation that occurred on ionization source; MissedCleavage: missed cleavage by trypsin; Neutral loss: water precursor loss. (D)
Coefficient of variation plots of exact mass retention time (EMRT) for the triplicates in the two conditions.

3 Results

3.1 Human mesenchymal stromal cells induce

modifications in the global protein expression of

injured renal cells

To investigate the mechanisms underlying the therapeutic
effects of hMSC in treating AKI, the global proteome of hu-
man renal cells (HK-2) subjected to chemical anoxia followed
by a 3-h recovery period (anoxia → reoxygenation condition,

AR) was compared with that of renal cells subjected to anoxia
and cocultured with hMSC during the recovery period (AR +
hMSC condition). The proteins from both conditions were
identified using label-free protein quantification by MS (Sec-
tions 2.7 and 2.8). The identified proteins were organized by
the PLGS ExpressionE tool algorithm into a list of those with
significantly different expression levels in the AR + hMSC
condition compared to the AR condition. The bidimensional
chromatographic distribution using the SCX and RP set-ups
is given in Fig. 1A.

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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Figure 2. (A) Differential expression analysis obtained with
ExpressionE indicating higher or lower protein levels in renal cells
after chemical anoxia and coculturing with hMSC for 3 h (AR +
hMSC) than in renal cells subjected to similar conditions, but not
exposed to hMSC during the 3-h recovery period (AR). Common:
proteins detected under both conditions. Unique: proteins de-
tected under only one condition. (B) In silico analysis showing
the six top GO processes. (C) In silico analysis showing six top
biological pathways. p-value: the probability of the association
between the cellular function and the upregulated protein being
random.

More than 8000 peptides were identified, 5047 in AR and
4077 in AR + hMSC. The complete list of proteins and pep-
tides confidentially identified among the six runs (three for
each experimental condition) is presented in the Supporting
Information Tables S1 and S2. The exact mass accuracy for
85% of the precursor ions demonstrates the distribution at a
minimum of 15 ppm and the fragment ions at 5 ppm. The
LogE intensities of the exact mass retention (EMRT) clusters
obtained for both conditions are shown in Fig. 1B. The CV
for the 135 272 EMRT clusters was <4 under both conditions
(Fig. 1D). Approximately 6000 peptides were used for absolute
quantification at the peptide level and the protein sequence
coverage distribution was consistent with the EMRT clusters
in our model (Supporting Information Fig. S1). The peptide
match distribution demonstrates that 14% of the peptides
were in source and that most identifications were consistent

with the fragmentation in the trap CID cell (Fig. 1C). The
dynamic range of quantified proteins under both conditions
was consistent with the instrument used, covering a three Log
dynamic range without ion mobility (Supporting Information
Fig. S2).

High-throughput proteomic screening identified 553 pro-
teins (236 in AR and 317 in AR + hMSC), of which 310 were
differentially expressed between the two conditions. Among
these, 262 were higher or unique in AR + hMSC and 48 were
lower or not detected (Fig. 2A—see Supporting Information
Table S3 for a complete list of the differentially expressed
proteins, with annotations and quantification information).

3.2 In silico analysis reveals key cellular processes

regulated by hMSC after ischemia

In silico analysis was performed with both IPA and MetaCore
software (Section 2.8) to identify the cellular processes rep-
resented by the dataset of proteins differentially expressed in
the ischemic renal cells cocultured with hMSC (AR + hMSC)
during the recovery period. Both upregulated and downreg-
ulated proteins were analyzed simultaneously. Statistically
validated IPA analysis uncovered the top cellular processes,
some of which are particularly interesting in the context of
AKI (Fig. 2B). These include protein synthesis/processing;
cellular growth and proliferation; cell death and survival; cel-
lular function and maintenance; energy metabolism; and cel-
lular assembly and organization. The top cellular pathways
identified (Fig. 2C) include glycolysis and gluconeogenesis
(Supporting Information Fig. S3), cytoskeletal remodeling
(Supporting Information Fig. S4), and role of 14–3–3 proteins
in cell-cycle regulation (Supporting Information Fig. S5; for
legends to MetaCore symbols see Supporting Information
Fig. S6).

3.3 hMSC promote kidney cell survival, restore

intracellular ATP, and stimulate protein

translation

In silico analyses indicated the important cellular processes
that might participate in the therapeutic actions of hMSC.
Among these, we chose to investigate processes critical for
the recuperation of renal cells after anoxia, which include cell
death and survival, energy metabolism, and protein synthe-
sis/processing. For this purpose, we used different orthogo-
nal strategies: (i) annexin V/propidium iodide FACS to follow
the influence of hMSC on cell death; (ii) chemical measure-
ment of intracellular ATP to assess their effect on energy
metabolism; (iii) qRT-PCR of mRNAs to examine their influ-
ence on the transcription of representative proteins.

During ischemia (AR condition) the percentage of apop-
totic renal cells was �fivefold higher than in normal cells
(Fig. 3A and B). However, exposure to hMSC during the
recovery period (AR + hMSC) decreased the number of

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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Figure 3. Representative cytometry for HK-2 cell death analyses
with hMSC (A) or hFB (C). (B) and (D) Graphic representation of
the percentage of apoptotic (empty bars) and necrotic (black bars)
cells. The results are mean ± SEM of three determinations per-
formed in triplicate using different renal cell cultures and different
samples of hMSC originated from three donors. Different lower
case letters above the bars indicate statistically different means (p
< 0.05) (one-way ANOVA, followed by Newman–Keuls test). NS:
No significant difference was found between AR and AR + hFB.
No differences between conditions were found in necrotic cells.
Normal cells: HK-2 cells not subjected to respiration blockade;
AR: HK-2 cells treated with antimycin A to block mitochondrial
respiration and ATP synthesis followed by a 3-h recovery period;
AR + hMSC: HK-2 cells treated with antimycin A, washed and
cocultured with hMSC during the 3-h recovery period; AR + hFB:
HK-2 cells treated with antimycin A, washed and cocultured with
hFB during the 3-h recovery period.

apoptotic cells by >40%. Control experiments with hFB
demonstrated that they have no significant protective effect
on renal cells after ischemia (Fig. 3C and D). The difference
in number of necrotic cells between the two groups was not
statistically significant. The decrease in apoptotic cells in AR
+ hMSC could be explained by the upregulation of several
proteins involved in cellular survival responses, as indicated
by both proteomic and genomic ontology analyses (Support-
ing Information Table S3).

With respect to energy metabolism, the anticipated exhaus-
tion of intracellular ATP content in AR was significantly pre-
vented in the coculture (AR + hMSC) condition (Fig. 4A).
The data suggest that hMSC augment the cellular capacity to
produce ATP, probably by enhancing the protein machinery
needed to maintain normal energy status in the renal cells.
Again, control experiments demonstrated that hFB did not
influence the intracellular ATP content of renal cells after
ischemia (Fig. 4B).

We also wanted to assess the transcriptional status of mR-
NAs for some of the proteins involved in the above-mentioned
cellular processes. Key proteins in energy metabolism (pyru-
vate kinase, malate dehydrogenase, succinate dehydrogenase
A and B, and the � and � subunits of the F0F1-ATP synthase),
ROS handling (peroxiredoxin 1 and 6) and cytoskeletal re-
modeling (cofilin 1, profilin 1, and septin 7) were chosen.
qRT-PCR (Fig. 5A, B, and C) demonstrated that the mRNAs
of all these proteins were notably increased in AR, but their
levels returned to near normal in AR + hMSC.

Since the RNA levels were apparently inconsistent with
the proteomic data, the latter were further validated by West-
ern blotting of key proteins involved in pathways related to
ROS handling and energy supply. Levels of the � subunit of
F0F1-ATP synthase (Fig. 6A), malate dehydrogenase (Fig. 6B),
peroxiredoxin 6 (Fig. 6C), and pyruvate kinase (Fig. 6D) were
higher in HK-2 cells cocultured with hMSC.

4 Discussion

The central hypothesis of this work was that paracrine inter-
actions between a human proximal tubule cell lineage espe-
cially sensitive to ischemic injury [32] and hMSC modulate
the expression of key proteins involved in cellular regener-
ation after ischemia. To test this supposition, we applied a
large-scale MS-based approach [33] using NanoUPLC and
label-free quantification with MSE technologies. These tech-
niques have the advantages of requiring only minute quan-
tities of sample and accurately identifying a large number
of proteins [34]. Unlike data-dependent acquisition, peptides,
and corresponding fragment ions are acquired at the same
time in MSE, thereby avoiding partial sampling of chromato-
graphic peaks, which significantly improves the quality of
the data [35, 36]. This analytical strategy proved to be a valu-
able tool to investigate complex phenomena and allowed a
comprehensive view of the events that occur in injured re-
nal cells during their interaction with hMSC, providing new
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Figure 4. Intracellular ATP determinations in HK-2 cells. (A) With hMSC, (B) With hFB. The results are mean + SEM of three determinations
performed in triplicate using different renal cell cultures and different samples of hMSC originated from three donors. Different lower-case
letters above the bars indicate statistically different means (p < 0.05) (unpaired Student’s t-test). NS: No significant difference between AR
and AR + hFB. Normal cells: HK-2 cells not subjected to respiration blockade; AR: HK-2 cells treated with antimycin A to block mitochondrial
respiration and ATP synthesis followed by a 3-h recovery period; AR + hMSC: HK-2 cells treated with antimycin A, washed and cocultured
with hMSC during the 3-h recovery period; AR + hFB: HK-2 cells treated with antimycin A, washed and cocultured with hFB during the 3-h
recovery period.

mechanistic insights about stem cells effects on different
metabolic and signaling pathways in renal cells.

Differential proteomic analysis revealed that exposure to
hMSC enhances the protein machinery necessary for renal
cells to survive the deleterious consequences of ischemia-
induced ATP depletion, which would otherwise lead to apop-
tosis and necrosis [37]. It should be emphasized that the sub-
stantial antiapoptotic paracrine effect of hMSC on renal cells
(Fig. 3) matches the in silico analysis, which demonstrates
that cellular processes linked to growth and proliferation—
such as those given in Supporting Information Fig. S5—and
to cell death and survival (Fig. 2B) are significantly repre-
sented in the ensemble of differentially expressed proteins.
One of these proteins is BIRC-3 (baculoviral IAP repeat con-
taining protein 3), also known as c-IAP2, which could only
be detected in the treatment condition, indicating a strong
influence of hMSC on its synthesis. BIRC-3 belongs to the
human family of inhibitors of apoptosis proteins (IAP) [38];
it functions as an ubiquitin ligase targeting proapoptotic pro-
teins (caspases 3, 7, and 9) for degradation [39]. BIRC-3 also
participates in the signaling cascade that leads to activation
of NF-�B, a transcriptional regulator of genes involved in
cellular growth and inhibition of apoptosis [40], notably in
ischemia [41].

The 14–3–3 group of proteins deserves special mention in
the context of the antiapoptotic effects of hMSC (Fig. 3). These
proteins modulate a broad spectrum of cell processes, notably
by targeting hundreds of predominantly phosphorylated part-
ner proteins that represent over 0.5% of the human proteome
[42,43]. Also relevant from these analyses, the 14–3–3 proteins
interfere with apoptosis through a variety of mechanisms that
culminate in inhibition of the process [44]. In a recent publi-
cation [22] we demonstrated that bone marrow mononuclear
cells prevent apoptosis in an ischemia reperfusion model in
vivo, also preserving mitochondrial function, tubular struc-
ture, and key functional markers. It is therefore plausible that

the beneficial influence of hMSC against apoptosis in HK-2
cells (Fig. 3) (in addition to those encountered in vivo [22])
involves the antiapoptotic properties of 14–3–3 proteins. The
latter bind to phosphorylated Bcl-2-associated death promoter
(BAD) [45, 46], helping to maintain it in the inactive form
and consequently to slow the mitochondrial apoptotic path-
way. Interestingly, Tögel et al. [47] demonstrated that MSC
secrete survival factor insulin-like growth factor 1, which is
known to promote the phosphorylation and inactivation of
BAD [48]. Our proteomic studies support the view that the
anti-apoptotic effects of MSC are due, in part, to the secretion
of insulin-like growth factor 1 triggering the phosphoryla-
tion and inactivation of BAD, which occurs in conjunction
with the upregulation of 14–3–3 proteins that help to keep it
inactive.

Although identification of the 14–3–3 protein isoforms
(Supporting Information Table S3) was based on a group
of peptides, the list could show some redundancy. For exam-
ple, when peptide DSTLIMQLLR is used to generate a list
of identifications, we cannot accurately consider from which
isoform this peptide is coming, or to which isoform the pep-
tide quantification contributes most. This problem of protein
inference, however, does not affect the main conclusion, that
hMSC leads to the upregulation of an important protein in-
volved in the antiapoptotic defenses of renal cells.

Other important participants in apoptosis are ROS, which
are formed in substantial amounts and contribute signifi-
cantly to the pathogenesis of several lesions encountered in
AKI [49]. Supporting Information Table S3 demonstrates that
coculture of HK-2 cells with hMSC also leads to upregulation
of key enzymes implicated in ROS and redox handling as
a whole, including NO, with impairment of apoptotic path-
ways: thioredoxin and peroxiredoxins 1 and 6. Thioredox-
ins belong to a family of proteins that catalyze the deni-
trosylation of S-nitrosylated proteins and trans-nitrosylation
of other enzymes, as with caspase 3 [50]. Peroxiredoxin 6

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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Figure 5. qRT-PCR analysis. (A) En-
ergy metabolism. (B) ROS han-
dling. (C) Cytoskeleton remodeling.
Normal cells: HK-2 cells not sub-
jected to respiration blockade (empty
bars); AR: HK-2 cells treated with
antimycin A to block mitochon-
drial respiration and ATP synthe-
sis followed by a 3-h recovery
period (gray bars); AR + hMSC:
HK-2 cells treated with antimycin A,
washed and cocultured with hMSC
during the 3-h recovery period (black
bars). Abbreviations: KPYM, pyru-
vate kinase; MDHM, malate dehydro-
genase; DHSA/B succinate dehydro-
genase A and B isoforms; ATPA/B,
FoF1-ATP synthase � and � subunits;
PRDX1/6, peroxiredoxin 1 and 6 iso-
forms; COF1, cofilin 1; PROF1, profilin
1; SEPT7, septin 7.

(upregulated �two fold with respect to the AR condition) cat-
alyzes the reduction of hydroperoxides [51], thus decreasing
the local superoxide anion (O2

−.) concentration. Therefore,
differential proteomics analysis supports the hypothesis that
hMSC induces cooperative and simultaneous upregulation of
two proteins in renal cells subjected to chemical anoxia in a
process that culminates in the reduction of both O2

−. and NO,
and consequently in lower local formation of deleterious per-
oxynitrite (ONOO−). This anion has been implicated in the
nitration and indiscriminate inactivation of proteins, making
it a potent inducer of cell death [52]. Recently, we demon-
strated that stem cells strongly decrease ROS formation and
stimulate S-nitrosylation of high-molecular mass proteins in
renal mitochondria subjected to ischemia/reperfusion, as in
cultured renal cells injured with antimycin A [22]. The present
proteomic analysis allows us to hypothesize that the mech-
anisms involved in this key signaling/detoxification process
underlie, at least in part, the MSC-induced upregulation of
thioredoxin and peroxiredoxins 1 and 6.

Recovery from AKI requires restoration of ATP generation,
an especially critical task in the organ with the greatest respi-
ratory demand in humans [53]. We previously demonstrated
that stem cells can preserve ATP synthesis in mitochondria

after ischemia/reperfusion [22], which is consistent with the
significant recovery of intracellular ATP levels in HK-2 cells
cocultured with hMSC (Fig. 4). Furthermore, in view of the
results of the present proteomic study, we propose that the
marked upregulation of F0F1-ATP synthase �-subunit (Sup-
porting Information Table S3), which participates directly in
the catalysis of ATP synthesis, plays a structural role in the
beneficial effects of stem cells on this process. Parallel up-
regulation of cytochrome c in renal cells by hMSC cooperates
with augmented ATP generation because this protein conveys
electrons to the final step of the mitochondrial electron trans-
port chain [54], thereby maintaining full respiratory function.
It could be argued that the low levels of intracellular ATP
recovered after treatment with hMSC (Fig. 4) would not be
enough to meet the physiological demands of cells recover-
ing from anoxia. However, we propose that the lower steady
levels of ATP reflect very high turnover, which underpins
the multiple cell functions involved in accelerated recovery.
This is supported by the marked hMSC-induced reduction in
the number of apoptotic cells (Fig. 3), which would not be
observed if the ATP supply was insufficient.

However, ATP synthesis also requires reduced species
to feed the respiratory chain and generate a mitochondrial
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Figure 6. hMSC-induced increase of selected proteins, analyzed by Western blotting. Panels show representative immunostainings from
the same gel and the fold increase of abundance in HK-2 exposed to hMSC, calculated from the different replicates, with the AR condition
as reference. The conditions are indicated on the abscissae. (A) ATPB, FoF1-ATP synthase � subunit. (B) MDHM, malate dehydrogenase.
(C) PRDX6, peroxiredoxin 6 isoform. (D) KPYM, pyruvate kinase. Immunoassays for ATPB, MDHM, and PRDX6 were carried out using
three gels, each one containing lanes loaded with samples obtained in AR and AR + hMSC conditions. Different extract preparations were
used for each gel. Absolute values of immunosignals in arbitrary units were used to calculate intraassay coefficients of variation (CV)
among replicates, mean values being shown within the bars. (D) Single run of immunoanalysis for KPYM in which the AR and AR + hMSC
conditions were assayed in the same gel. �-Actin was used in this case as a control for protein loading, using the sc-47778 antibody (1:1000
dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA). AR: HK-2 cells treated with antimycin A to block mitochondrial respiration and
ATP synthesis followed by a 3-h recovery period; AR + hMSC: HK-2 cells treated with antimycin A, washed and cocultured with hMSC
during the 3-h recovery period.

membrane potential. Thus, the following question emerged:
do mesenchymal cells also upregulate enzymes involved in
glycolysis and the Krebs cycle? The answer is yes. Some of
the enzymes critical in energy metabolism are increased af-
ter exposure of renal cells to indirect contact with hMSC.
Among these, the convergent upregulation of pyruvate ki-
nase and L-lactate dehydrogenase at the end of the glycolytic
pathway (Supporting Information Table S3), contributing to
increased availability of pyruvate, seems to be strategically
important from the perspective of cell survival when circu-
lation and oxygenation recover after AKI. Moreover, extrap-
olating these findings to humans, the increased level of lac-

tate dehydrogenase when O2 is restored could help to clear
the high plasma levels of L-lactate that frequently accompany
AKI [55].

Another remarkable effect of hMSC detected through pro-
teomic analysis is the increased expression of different pro-
teins involved in cytoskeletal regulation and protein synthesis
pathways in general (Fig. 2B and C). Organization of the actin
cytoskeleton is essential for cell-to-cell and extracellular ma-
trix adhesions and for preserving cell polarization, so it plays
a central role in epithelial cell function. One consequence
of ATP depletion is disruption of the actin cytoskeleton
[37]; therefore it is reasonable to suppose that the protective
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effect of hMSC interferes with cytoskeletal dynamics. The im-
provement of tubule architecture and functional parameters
following stem cell administration has been demonstrated
in an in vivo model of AKI [22], and our proteomic analy-
sis indicates that this effect is mediated by the upregulation
of actin-binding proteins, e.g. septin 7, filamin, profilin, and
cofilin 1 and 2. Septin family proteins contribute to polar-
ity and asymmetry in epithelial cells [56], which are crucial
for normal vectorial transport of fluid through renal tubule
cells. Filamin family proteins are important organizers of the
cytoskeleton, and they contribute to membrane stabilization
and act as signaling scaffolds and anchors for transmembrane
proteins [57]. In addition to their role in the polymerization of
actin monomers [58], profilin, and cofilin participate in energy
homeostasis during ATP depletion [57,59–61]. An additional
role of cofilin is the chaperoning of actin to the nucleus, which
can stimulate gene transcription [62], accelerating the cell cy-
cle during recovery from AKI. This correlates closely with the
upregulation of the 14–3–3 protein mentioned earlier (despite
the problem of protein inference mentioned above regarding
identification of isoforms), which has a clear role in maintain-
ing the cell cycle (Supporting Information Fig. S5). Finally,
the upregulation of several elongation and translation factors
implicated in RNA expression and protein synthesis demon-
strate that hMSC exposure leads to enhanced global protein
synthesis, which is necessary to sustain their overall effects
on cell growth, decreasing free radicals, and decelerating cell
death.

The qRT-PCR data regarding key proteins linked to energy
metabolism (Fig. 5A), cytoskeleton remodeling (Fig. 5B), and
ROS handling (Fig. 5C) have an unexpected and apparently
contradictory hallmark regarding the interaction of anoxic
renal cells with hMSC during respiratory recovery. In most
cases, the huge increase in mRNA after chemical anoxia em-
phasizes impaired translation, which seems to be released
toward greater protein synthesis under the paracrine influ-
ence of hMSC during recovery. Uncontrolled accumulation of
mRNA could—at least in part—be an effect of ATP depletion
that leads to impaired translation, since ribosome biogenesis
and translation are among the most energy-demanding pro-
cesses in cells [63]. Indeed, it has already been demonstrated
that global mRNA translation is intensely inhibited during
hypoxia, but also that this inhibition is reversible [64,65] and,
most important, that the correlation between gene expression
and protein expression is frequently poor [66, 67]. hMSC-
induced abundance of proteins assayed by Western blotting
does not quantitatively match the fold increase detected by
MS. At first glance, this could be ascribed essentially to the
different nature of the techniques. Although this is a limita-
tion, the immunoassays support the view that—for the same
proteins—proteomic data exhibit an opposite trend compared
with qRT-PCR data, i.e. mRNA levels decrease (Fig. 5) as the
abundance of protein rises (Fig. 6). Recovery of the intra-
cellular ATP content (Fig. 4A) can be considered additional
evidence that enzymes linked to energy metabolism are in-
deed more abundant in renal cells cocultured with hMSC.

The discordance between protein abundance and mRNA lev-
els, however, is far from being resolved and deserves further
investigation.

It is noteworthy that the proteomic data were also vali-
dated by the functional data demonstrating decreased apop-
tosis, besides partial restoration of intracellular ATP con-
tent in HK-2 cells cocultured with hMSC. During the re-
covery period, soluble growth factors secreted by hMSC [9]
as a result of a cross-talk with the injured renal cells [21]
could interact with receptors on the HK-2 cell surface, trig-
gering downstream signaling pathways that rapidly and ulti-
mately switch on translation. The simultaneous restoration
of ATP synthesis would provide the energy required for ini-
tiation, t-RNA/amino acid interaction, translation and ter-
mination of polypeptide chains [68]. It is also possible that
simultaneous hMSC-induced upregulation of initiation and
elongation factors in HK-2 cells (Supporting Information Ta-
ble S3) synergizes with this stimulation of translation. Taken
as a whole, these findings suggest that the effect of hMSC
on renal cells is mediated mainly by the induction of protein
translation—from the mRNA accumulated during anoxia—
rather than transcription, a process made feasible by a par-
allel enhancement of ATP synthesis. This could explain the
increased expression of the proteins we have investigated and
the reduction of the corresponding mRNA in AR + hMSC
cells.

The large-scale shotgun proteomic approach applied here
provides a comprehensive view of events in injured renal
cells during their interaction with hMSC, providing new in-
sights into the molecular mechanisms involved. The possi-
bility of quantitatively analyzing hundreds of proteins in a
single experiment makes 2D-NanoUPLC tandem nanoESI-
MSE a valuable tool for investigating complex phenomena
such as–in this case–the mechanism of action of stem cells
on renal cells. This contributes to a better understanding of
the mechanisms of cell therapy in kidney diseases, which is
vital for improving both efficacy and safety in clinical prac-
tice. Comprehension of the molecular mechanisms of the
paracrine interactions between hMSC and injured targets
in human tissues will improve safety and quality control of
hMSC-based cell therapies. Currently, a growing number of
clinical trials are being carried out in order to test the efficacy
and safety of the infusion of hMSC to treat various clinical
conditions (http://clinicaltrials.gov). MSC capacities to home
to sites of injury and to secrete bioactive factors are considered
some of the most important biological characteristics that en-
able them to exert therapeutic effects [69]. In this respect, the
use of MSC conditioned medium instead of cell infusion is
likely to recapitulate the regenerative effects, as previously
demonstrated in kidney [47], liver [70], central nervous sys-
tem [71], and heart [72]. These results certainly represent an
opportunity to open a wide range of possibilities for clinical
applications in more diseases, as recently emphasized [69].
Moreover, MSC from other sources such as umbilical cord
or adipose tissue, which could deliver an ensemble of factors
and extracellular vesicles differing in part from those secreted
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by bone marrow-derived MSC, will shed additional light on
the field of MSC-based cell therapies.
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