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Cyclosporine A, a potent immunosuppressive agent extensively used to prevent allograft
rejections, is under scrutiny due to severe toxic effects. CsA therapy is often continued during
pregnancy in conditions such as organ transplantations and autoimmune diseases. Herein, we
investigated the effects of CsA on early morphogenesis of zebrafish and identified a spectrum
of proteins whose expression was altered in the drug treated embryos. Time-lapse fluorescence
imaging of germ-line double transgenic zebrafish embryos treated with CsA revealed severe
blood regurgitation in heart chambers, absence of blood circulation in vessels, pericardial and
yolk sac edema.Wealso observed lack ofmature blood vessels and down-regulation of endothe-
lial markers in CsA treated embryos. Proteomic analysis using 2D-DIGE followed by mass-
spectrometry led to the identification of 37 proteins whose expression was significantly modu-
lated inpresence of the drug. These proteinsweremostly associatedwith cytoskeletal/structural
assembly, lipid-binding, stress response andmetabolism. Furthermore, mRNA expression anal-
ysis of eight proteins and Western blotting of actin revealed consistency between the changes
observed in protein expression and its corresponding mRNA levels. Our findings demonstrate
that CsA administration during early morphogenesis in zebrafish modulates the expression of
some proteins which are known to be involved in important physiological processes.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Ever since the discovery of its immunosuppressive activity,
Cyclosporine A (CsA) has revolutionized the field of immuno-
pharmacology in terms of organ transplantations. It was the
first drug known to selectively suppress T-cell immunity and
is administered to patients with surgical problems of kidney,
liver, bone marrow and cardiac allograft transplants [1–3]. In
addition, the ability of CsA to inhibit T-cell activation has been
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shown to have a beneficial role in the treatment of diseases
such as nephrotic syndrome, refractory Crohn's disease and
ulcerative colitis, biliary cirrhosis, aplastic anaemia, rheuma-
toid arthritis, Behcet's disease,myasthenia gravis and dermato-
myositis [4–11].

The immunosuppressant property of CsA is attributed to
its ability to inhibit Calcineurin/NFAT signalling pathway [12].
This pathway not only brings about the T-cell response in the
immune system but is also involved in a broad spectrum of
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developmental processes in a variety of organ systems includ-
ing skin, cardiovascular system, skeletal muscle, immune cells
and nervous system [13–16]. The general mechanism of inhibi-
tion involves formation of high-affinity complexes of CsA with
its ubiquitous cytosolic binding partners, the cyclophilins [17].
This complex associates with the catalytic subunit of calci-
neurin, a calcium calmodulin dependent phosphatase, to inhib-
it its phosphatase activity. As a result, Calcineurin fails to
dephosphorylate the NFAT family of transcription factors in-
volved in transcriptional regulation of a number of genes in-
volved in diverse biological processes, thus bringing about the
cellular response of a system towards CsA [18].

Although CsA has expanded the horizons of organ trans-
plantation, the drug has been shown to induce serious nephro-
toxic, hepatotoxic, neurotoxic and cardiotoxic injuries [19]. CsA
causes endothelial cell injury resulting in haemolytic-uremia
of the vasculature as shown in bovine aortic endothelial cells
in culture [20]. In cell culture experiments, CsA treatment in-
hibits the differentiation of skeletal and vascular smooth mus-
cle cells, contractile activity and calcium handling in
cardiomyocytes [21–24]. Although various reports have con-
firmed the effects of CsA administration in adults, only a hand-
ful has investigated its role in embryonic or fetal stages [25]. This
is important since CsA has the ability to cross the placenta [26]
and hence pregnant women undergoing CsA therapy expose
their foetuses to CsA resulting in complications like abortion,
prematurity and intra-uterine growth retardation [27,28]. Stud-
ies in animal models showed that pregnant mice injected with
CsA showed signs of embryo toxicity, visible malformations of
neural tubes [29] and delay in development of haematopoietic
organs [30]. CsA administration during pregnancy caused neph-
ron deficit in young rabbits [31]. Recent findings also show that
CsA interferes with morphogenesis of the cardio-vasculature
in avian, mice and zebrafish models [32–35]. Together these
studies demonstrate that prenatal exposure of developing em-
bryos to CsAmay adversely affect the normal nephritic, hepatic,
neuronal and cardiovascular development. In order to under-
stand the teratogenic effects of CsA during embryonic growth,
we identified the proteins that are differentially expressed due
to CsA treatment. With the advent of gel based techniques
such as 2D-Differential in-gel electrophoresis (DIGE) (which pro-
vides relative quantitation of proteins) followed by mass spec-
trometric identification of proteins; it is now possible to
identify proteins that are differentially expressed under differ-
ent conditions [36]. In this studywe used 2D-DIGE in an attempt
to identify the proteins that are differentially expressed in zeb-
rafish embryos treated with CsA.

The zebrafish systemoffers a unique advantage for studying
vertebrate organogenesis, as the embryos develop externally
and are transparent throughout development. The embryos
have the ability to survive without a functional cardiovascular
system as they receive sufficient oxygen by passive diffusion
to allow heart morphogenesis to proceed to a late stage, even
in the absence of circulation [37]. This makes it an exciting
model for studies on cardiovascular development. Further, the
availability of tissue specific fluorescent protein expressing sta-
ble transgenic lines can greatly facilitate the study of drug-
induced phenotypic malformations in vivo. Most importantly
the evolutionary conservation of the Calcineurin/NFAT path-
way [34,35] renders it a good model to study the effects of CsA.
Please cite this article as: Ponnudurai RP, et al, Proteomic analysi
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These characteristics of zebrafish make it an attractive model
to study effects of chemicals like cyclosporine.
2. Materials and methods

2.1. Chemicals and reagents

CsA, phenylthiourea (PTU), urea, thiourea, CHAPS, Bradford
reagent, dithiothreitol (DTT), iodoacetamide (IAA), trifluoroace-
tic acid (TFA), SDS, acetone, methanol and acetonitrile (ACN)
and cellular homogenizer Teflon pestle were purchased from
Sigma-Aldrich, India. Protease Inhibitor cocktail EDTA-free
were obtained from ROCHE. Sequencing grademodified trypsin
and HPLC-grade formic acid were obtained from Promega.
Tricaine methane sulfonate (TMS) was obtained from Aqualife.

2.2. Treatments and conditions

Zebrafish used in this study were obtained from the zebrafish
breeding facility at the Institute of Genomics and Integrative
Biology, where they were raised and bred under standard lab-
oratory conditions as described earlier [38]. The zebrafish
work carried out in this study was conducted with the approv-
al and clearance provided by the Animal Ethics Committee
and the Institutional Biosafety committee constituted by the
Institute of Genomics and Integrative Biology, Delhi, India.
Germ line double transgenic zebrafish embryos expressing
GFP in developing vasculature including heart (fli-1:eGFP) and
RFP specifically in blood cells (gata-1:dsRED) were used in our
study [39]. Fertilized embryos were collected and incubated
at 28 °C in 0.0001% PTU. Triplicate sets of hundred embryos
were treated with 10 μg/ml of CsA from a stock solution of
50 mg/ml while the other triplicate set was used as control.
Treatment commenced from 22 hpf and terminated at
48 hpf. Embryos were imaged and screened manually under
fluorescence microscope for visible phenotypic defects.

2.3. ApoTome imaging for vasculature analysis

For imaging zebrafish vessels, live embryos were dechorio-
nated manually with forceps, anesthetized using 0.016% tri-
caine (Sigma). Multi-layered image acquisitions were
performed with 10× water immersion objective using Apo-
Tome Zeiss fluorescent microscope. Multilayered ApoTome
stacks were processed for maximum focusing of thick embryo
vessels using Axioscope 4.0 software.

2.4. Whole mount o-dianisidine staining of control and
CsA treated zebrafish embryos

o-Dianisidine staining was employed for identification of the
red blood cells in developing embryos. Untreated and 10 μg/
ml CsA treated embryos at 72 hpf were stained with o-
Dianisidine solution as described previously [40].

2.5. Sample preparation

At 72 hpf, a hundred embryos each from control and treated
groups were homogenized using a cellular homogenizer in
s of zebrafish (Danio rerio) embryos exposed to cyclosporine A,
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lysis buffer containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS
and 1× protease inhibitor cocktail EDTA-free. The lysate was
centrifuged at 13,000 rpm (60,000 g) for 15 min at 4 °C and su-
pernatant was stored at −80 °C for further analysis. Total pro-
tein concentration was estimated using Bradford reagent.
From each set, 500 μg of protein was precipitated using Ettan
Dalt 2D clean-up kit (GE Healthcare/Amersham Biosciences)
according to manufacturer's protocol and reconstituted in
10 μl of lysis buffer for DIGE experiments.

2.5.1. 2D DIGE
2D differential in gel electrophoresis was performed to identify
proteins that are differentially expressed between controls and
CsA treated zebrafish embryos. These two groups were com-
pared based on three biological replicates with dye swapping
for each to account for dye biasness. 50 μg of each samplewas la-
beled with either 400 pmol of Cy3 or Cy5 (CyDye DIGE Fluor min-
imal dye, GEHealthcare, NJ). An internal standardwas created by
pooling 50 μg of each of the six samples (3 biological replicates for
each condition) which was labeled with Cy2. The samples were
incubatedwith thedyes for 30 min indark for labeling and the re-
action was stopped by adding 10mM lysine. For preparatory gel
1 mg of unlabeled protein obtained from the pool was used.

Samples were then reduced and denatured in rehydration
buffer [8.5 M Urea, 4% (w/v) CHAPS, 0.002% (w/v) Bromophenol
Blue, 2.8 mg/ml Dithiothreitol (DTT) (18.15 mM), 1.2% (v/v)
Destreak reagent, 0.5% immobilized pH gradient (IPG) buffer
pH interval 4–7 (GE Healthcare, NJ)]. For each gel, a Cy3- and
a Cy5-labeled sample was mixed with an equal volume of Cy2-
labeled internal standard. The samples were then applied to a
24 cm, pH 4–7 Immobiline DryStrip (GE Healthcare, NJ) and
were kept for 16–17 h for complete rehydration of the strips.

Isoelectric focusing (IEF) was performed using Ettan IPGphor
II (GEHealthcare, NJ) for a total focusing timeof 120,000 vh (volt-
hours) at 20 °C. After IEF the strips were equilibrated with 0.5%
(w/v) DTT (reducing agent) for 20 min followed by 1.25% (w/v)
iodoacetamide (alkylating agent) in equilibration buffer
containing 50mMTris–HCl (pH 8.5), 6 M urea, 30% (v/v) glycerol,
2% (w/v) SDS and 0.002% (w/v) bromophenol blue for 20min.
The IPG strips were then electrophoresed on a 24 cm 15% SDS
polyacrylamide gel using an Ettan DALT six system (GE Health-
care, NJ) at constant power of 1 W/gel.

2.5.2. Image acquisition and analysis
The gels were scanned at 488 nm (Cy2), 532 nm (Cy3), and
633 nm (Cy5) with Typhoon Trio variable mode imager (GE
Healthcare, NJ). The images were analysed using DeCyder
software (version 6.5, GE Healthcare, NJ) using Differential In
gel Analysis module (DIA) and Biological Variation Analysis
(BVA) module. The Coomassie stained preparatory gel was
scanned with Cy5 excitation laser with a resolution of
100 μm. Protein spots exhibiting a statistically significant
(p<0.05) difference in intensity between the three experimen-
tal groups were excised from the preparatory gel and identi-
fied using MALDI TOF/TOF mass spectrometry.

2.6. In-gel trypsinization of protein spots

The protein spots were de-stained using methanol and am-
monium bicarbonate (50 mM), dehydrated using acetonitrile
Please cite this article as: Ponnudurai RP, et al, Proteomic analysis
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and vacuum dried. They were then reduced with 25 mM DTT
and alkylated with 55 mM IAA in 25 mM ammonium bicar-
bonate. The gel plugs were washed thoroughly in water, dehy-
drated in acetonitrile, vacuum dried, rehydrated in trypsin
solution (12.5 ng/μl; Promega V511) in the ratio 1:50 and incu-
bated overnight at 37 °C. The digestion mixture was then
extracted using 50 mM ammonium bicarbonate, vacuum con-
centrated and stored at −20 °C.

2.7. MALDI TOF/TOF analysis

The digested and extracted peptides were spotted in dupli-
cates onto MALDI sample plate and mixed with equal volume
of α-cyano-4-hydroxyl-cinnamic acid matrix solution (10 mg/
ml) in 0.1% TFA and 50% ACN. Peptide mass spectra were
obtained using a MALDI-TOF/TOF 5800 mass spectrometer
(ABSciex, CA) operating in reflectron mode over a window of
m/z 700 to m/z 4000. A combined MS peptide fingerprint and
MS/MS peptide sequencing search was performed against
the SwissProt 51.6 and MSDB 20060831 databases using the
ProteinPilot software v3.0 (Applied Biosystems) via MASCOT
search engine v2.2. Tryptic digestion with a maximum of 1
missed cleavage was considered. The search parameters
allowed oxidation of methioine, carboxyamidomethylation
of cysteine. The monoisotopic precursor ion tolerance was
set to 100 ppm and the MS/MS ion tolerance to 0.4 Da. Protein
identifications were accepted with a statistically significant
probability based Mowse score (p≤0.05). Proteins with at
least 2 peptides that were unique to the specific protein
were only considered.

2.8. Validation of differentially expressed proteins

2.8.1. Western blot analysis
80 μg of total protein extract was subjected to 12% SDS-PAGE and
transferred to nitrocellulose membrane (Millipore, MA), followed
by incubation with antibodies against antibeta-actin antibody
(goat antimouse, Santacruz) at 1:1000 dilution and subsequently
with IR 800 labeled secondary antibody (rabbit antimouse, Santa-
cruz). Themembranewas scanned using a LICOR infra-red scan-
ner (Thermo-scientific) for imaging of bands. Densitometric
analysis was done to determine fold-change in actin expression
between control and treated actin samples.

2.8.2. QPCR

Since the antibodies of the proteins (other than actin) that
were found to be differentially expressed in our study were not
available to us, we validated the differential expression of
these proteins using RT-PCR. Total RNA was isolated, purified
and quantitated from control and CsA treated triplicate sets of
embryos at 72 hpf (for the endothelial markers Flk1 and
Ephrin2B triplicate set of embryos at 2 time points 48 hpf and
72 hpf were used) using Trizol™ reagent (Invitrogen, Carlsbad,
California, USA). Reverse transcription was performed using
2 μg of RNA and adapter primers (5′-GGC CAC GCG TCG ACT
AGT ACT TTT TTT TTT TTT TTT T-3′). Briefly, RNA and
adaptor primer were denatured for 10 min at 70 °C and chilled
on ice for 5 min. RT master mix containing reaction buffer, 1 M
DTT, 10mM DNTPs, 25mM MgCl2 and 1 U of M-MLV reverse
of zebrafish (Danio rerio) embryos exposed to cyclosporine A,
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transcriptasewas added andRTwas performedat 42 °C. T. QPCR
was performed to detect the corresponding mRNA levels of the
differentially expressed proteins identified in the proteomic
study. The sequences of the primers used are listed in Supple-
mentary Table 1. All reaction was done in triplicates with
Rplp2l (ribosomal protein large P2) as an endogenous standard.
The relative abundance of target cDNA within a sample set
was calculated from serially diluted cDNA (standard curve).
QPCR performed using Roche LightCycler 480 (Roche) with
SYBR green master mix. Differences in expression levels were
calculated using the relative quantification method [41].
3. Results

3.1. Flourescence microscopic observation and time-lapse
imaging of CsA treated embryos

To specifically observe development of heart and vascula-
ture in real time in zebrafish embryos we used the transgenic
lines (fli-1: eGFP; gata-1:dsRED) which express GFP in developing
Fig. 1 – Microscopical analysis of 72 hpf control (untreated) and C
Flourescence images of gata-1:DsRed control and CsA treated em
(A and C) and CsA treated (B and D) embryos showing blood regu
(E and F) Bright-field images of o-dianisidine stained control and C
intense staining of accumulated blood cells (oxygenated) in CsA tr
images of gata-1:DsRed trangenic control and CsA treated embryo
region) also showsundisrupted circulationof blood through thehea
showing blood accumulation (H-boxed region) also shows absenc
PS: Pericardial Sac, YS: Yolk Sac, PHS: Primary head sinus, Se: Inte

Please cite this article as: Ponnudurai RP, et al, Proteomic analysi
J Prot (2011), doi:10.1016/j.jprot.2011.10.016
vasculature including heart and RFP in blood cells. CsA was
added at 22 hpf and treatment continued till 48 hpf (to ensure
maximal action) as this time-window (22–30 hpf) has been
shown to be crucial for calcineurin activity during heart valve
formation [31,32]. After the drug washout, the embryos were
grown for a further 24 h. The rate of survival of both control
and CsA treated embryos was more than 70% (Supplementary
Fig. 1A). By 48 hpf, the CsA treated embryos showed accumula-
tion of blood cells in the pericardial region and circulation of
blood cells throughout the vasculature was visibly sluggish as
compared to untreated ones (Supplementary Fig. 2). At 72 hpf,
more than 94% of the CsA treated embryos showed abnormal
phenotype (Supplementary Fig. 1B) and displayed severe regur-
gitation of blood in the heart chambers (Fig. 1A and C: control; B
and D: treated). This is also clearly visualized in time-lapse
videos (Videos 1, 2, 3 and 4: Control; Videos 5, 6, 7 and 8: CsA
treated; Supplementary Fig. 3) of embryos showing accumula-
tion of RFP expressing blood cells in the heart chambers.
The control and CsA treated embryos fixed and stained
with o-dianisidine showed intense staining at the cardiac re-
gion revealing the presence of oxygenated blood cells trapped
in the chambers, in contrast to the continuously circulating
sA (10 μg/ml) treated embryos. (A–D) Bright-field and
bryos. The embryos show ( normal heart development
rgitation in heart chambers, pericardial and yolk sac edema.
sA treated embryos respectively. The circlemarks the region of
eated compared to control G–J) Bright-field and Flourescence
s. Control embryos not showing blood accumulation (G-boxed
d, trunk and tail region (I) of the embryos. CsA treated embryos

e of blood circulation in the vessels (J). HC: Heart chambers,
rsegmental vessel, DA: Dorsal Aorta and CV: Caudal vessel.

s of zebrafish (Danio rerio) embryos exposed to cyclosporine A,
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Fig. 2 – Microscopical analysis of blood vessels in CsA treated and untreated embryos at 72 hpf. Ai–iv. Bright-field and RFP
images showing normal development versus blood accumulation and regurgitation phenotype of control and CsA treated
emrbyos. Circle depicts the cardiac region. Av–vi. Fli:eGFP images of control and CsA treated embryos. Avii and viii Gata:DsRed
(5× magnification) images depicting normal blood circulation and absence of blood in vessels (Se, DA and CV) in control and
CsA treated embryos respectively. Aix and x. Fli:eGFP (5× magnified) images showing immature development of blood vessels
in control and treated embryos respectively. Bi and ii. Apotome images (10× magnification) showing well-differentiated
vasculature in control as compared to thinner vessels (Se and DA) and improperly aligned (Se) in CsA treated embryos. C. Real
Time-QPCR showing downregulation of Flk-1 gene transcripts at both 48 hpf (N=3; 0.80±0.18 fold) and 72 hpf (N=3; 0.35±0.2
fold) control and CsA treated emrbyos. D. Real Time-QPCR showing downregulation of Ephrin2B gene transcripts at both 48 hpf
(N=3; 0.94±0.3 fold) and 72 hpf (N=3; 0.54±0.2 fold) control and CsA treated emrbyos.
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Fig. 3 – A. Master Gel image showing 55 differentially expressed proteins of interest (POI) excised from preparatory gel for
MALDI ToF/ToF identication. The spots are circled along with their corresponding spot numbers (Master/Spot IDs).
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blood in untreated embryos (Fig. 1E and F). Almost all of the
untreated embryos, both at 48 hpf (Supplementary Fig. 1B) and
72 hpf (Fig. 1G and I) showed uninterrupted flow of blood
throughout developing blood vessels indicating a well differen-
tiated fully functional atrioventricular (AV) and outflow tract
(OT) valves. However, in stark contrast to control, the CsA trea-
ted embryos showed minimal circulation of blood cells in the
vasculature as blood cells were trapped inside the heart cham-
bers unable to flow out (Fig. 1H and J). Additionally, a majority
of the abnormal embryos showed swelling of pericardial and
yolk sacs as visualized in bright-field images which were not
seen in untreated embryos (Fig. 1A and B).We also observed ab-
normalities in vasculature development in 74% of the treated
embryos compared to the normally differentiated vasculature
in controls (Supplementary Fig. 1C). The control andCsA treated
embryos showing normal and regurgitation/blood accumula-
tion phenotype respectively as visualized by bright-field
(Fig. 2Ai and ii), fluorescence microscopy of RFP tagged blood
cells (Fig. 2Aiii and iv) and GFP expressing vasculature
(Fig. 2Av and vi) were used in the analysis. Untreated embryos
showing normal uninterrupted blood circulation in their vascu-
lature were indicated by the continuous flow of blood in the
inter-segmental, dorsal aorta and caudal plexus (Fig. 2Avii)
also showed visibly well-formed blood vessels (Fig. 2Aix) How-
ever, in CsA treated embryos showing lack of blood circulation
in vasculature (Fig. 2Aviii), developmental defect in inter-
segmental vessels, dorsal aorta and caudal plexus was seen
(Fig. 2Ax). Detailed microscopic analysis using ApoTome imag-
ing clearly showed developmental defect in inter-segmental
vessels, dorsal aorta and caudal plexus as mentioned above in
CsA treated embryos as compared to untreated embryos
(Fig. 2Bi and ii). Quantitative real-time PCR of angiogenesis
marker Flk1 revealed that the gene transcripts were reduced
Please cite this article as: Ponnudurai RP, et al, Proteomic analysi
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by about 0.8 fold at 48 hpf which dipped further to 0.3 fold at
72 hpf in CsA treated embryos as compared to controls
(Fig. 2C). A similar trend was also observed in QPCR results of
Ephrin2B gene transcripts, a marker for arterial and endothelial
differentiation, which showed a decrease of 0.9 fold at 48 hpf
to 0.5 fold at 72 hpf was seen in Ephrin2B transcripts from
48 hpf to 72 hpf (Fig. 2D).

3.2. Proteomic analysis of CsA treated embryos

To identify proteins whose expressions are altered in the
presence of CsA, we compared the proteomic profiles of em-
bryos showing regurgitation phenotype (as mentioned
above) with control zebrafish embryos using 2D-Differential
In-Gel Electrophoresis (DIGE). Proteins obtained from three in-
dependent sets of control and treated embryos were labeled
with CyDyes. To eliminate dye bias if any, we swapped the
dyes in the technical replicates. Thus, there were three biolog-
ical and two technical replicate gels amounting to a total of six
(3×2) replicate gels. We detected over 2000 spots on an aver-
age in each of the images using DeCyder 2D software. The
gel image with the maximum number of spot descriptions
was assigned as the “Master gel”. On average, over 900 spots
from each image matched to the master gel image. Analysis
of the gels revealed 72 spots to have significantly different in-
tensities (p<0.05) in CsA treated embryos as compared to con-
trols and these were assigned protein of interest (POI) status.
The internal controls of our gels were fairly reproducible as
can be seen from the images of Cy2 in the 6 gels (Supplemen-
tary Fig. 4). Further, the technical replicates in our gel were
very well correlated. For instance the average correlation coef-
ficient of the spot volumes between of the technical replicates
s of zebrafish (Danio rerio) embryos exposed to cyclosporine A,
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for the spots that were found to be significantly differentially
expressed were 0.91 for the six technical replicates which is
highly correlated. In contrast the average correlation coeffi-
cient between treated and controls for the same set was 0.5.
Of the 72 spots that were determined 45 appeared in all 6
gels while 27 appeared in 5 gels. Of these 72 spots 17 could
not be visualized in the preparatory gel. Thus, a total of 55 pro-
tein spots were excised from the preparatory gel (Fig. 3) and
processed for protein identification using MALDI TOF/TOF.
The MASCOT search engine was used to search spectral data
from two separate databases Swissprot and MSDB. A total of
37 spots could be identified with high confidence, i.e., these
had significantly high scores with a minimum of 3 peptide
matches with atleast 2 unique peptide per protein (Table 1).
24 of these 37 proteins were unique and non-redundant, the
rest being isoforms or cleavage products. The twomost differ-
entially modulated proteins were apolipoprotein A-1 precur-
sor protein spot (spot no. 1187), which was down-regulated
by 3.47 fold while one of the isoforms of vitellogenin was up-
regulated by 3.13 folds. The image view and graph view of
these two proteins are shown in Fig. 4.

Analysis of the 2D gels also allowed us to resolve protein iso-
forms (Fig. 5). For instance, the expression of six isoforms of
enolase 1 alpha were significantly modulated in the presence
of CsA, of which 4 were up-regulated and 2 down-regulated
with respect to controls (Fig. 5A and i). Similar results were
also observed for isoform protein spots of mitochondrial ATP-
Synthase (two isoforms; Fig. 5B and ii), actin (five isoforms;
Fig. 5C and iii), apolipoprotein A-1 precursor (three isoforms;
Fig. 5D and iv), muscle creatine kinase (three isoforms; Fig. 5E
and v) and heat-shock protein (two isoforms; Fig. 5F and vi).

3.3. Validation of protein expression changes by Western
blotting and real-time PCR studies

We validated the DIGE results in a total of 8 proteins (Heat
shock 70 kDa protein 8, Heat shock 60 kDa protein 1, Enolase
1, Nucleoside diphosphate kinase, Actin alpha, cardiac mus-
cle, Beta actin 2, Apoliprotein A-1 precursor, Mitochondrial
ATP synthase beta subunit) by comparing the mRNA expres-
sion levels in embryos treated with CsA and controls. The pro-
tein expression level of actin was also validated by Western
blotting. The alterations in mRNA expression levels of the
genes Heat shock 70 kDa protein 8, Heat shock 60 kDa protein
1, Enolase 1, nucleoside diphosphate kinase, actin alpha cardi-
ac muscle, apolipoprotein A-1 precursor, mitochondrial ATP
synthase beta were found to be 0.30 fold, 2.79 fold, 4.75 fold,
4.13 fold, 0.49 fold, 0.20 fold, and 2.5 fold respectively, in CsA
treated embryos as compared to controls, consistent with
the proteomic data as seen in Fig. 6A–G.

For the validation of the highly conserved protein actin,
the changes in levels of both protein (0.47 fold) and mRNA
(0.58 fold) showed consistency with the downregulation of
0.48 fold observed in proteomic data as seen in Fig. 6H.
4. Discussion

The immunosuppressive drug, CsA is widely used in post-
allogenic organ transplantations to suppress the immune
Please cite this article as: Ponnudurai RP, et al, Proteomic analysis
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system and reduce the risk of organ rejection. In fact, the ad-
vent of CsA revolutionized the world of organ transplantation
as it decreased mortality and morbidity considerably, en-
abling routine transplantations a reality. However, CsA has
been shown to induce adverse nephrotoxic, hepatotoxic, neu-
rotoxic and cardiotoxic side effects. In this study we aimed to
identify the proteins that are modulated in the presence of
CsA in zebrafish embryos. Our microscopic analysis of CsA
treated embryos prior to proteomic investigation indicated
phenotypic differences in the developing heart and blood ves-
sels. After exposure of embryos to CsA, we found the charac-
teristic phenotypes of severe blood regurgitation in heart
chambers and absence of blood in vessels along with pericar-
dial and yolk sac edema. o-dianisidine staining of oxygenated
blood cells confirmed that the trapped RFP fluorescing cells
are indeed blood cells and not autoflourescing dead cells.

Apart from these we also found differences in the mor-
phology of blood vessels of CsA treated embryos compared
to untreated. As the drug action starts, the abnormal pheno-
type increases in severity causing trapping of blood cells in
the regurgitating heart chambers. As a result, the blood ves-
sels are devoid of blood cells by 72 hpf indicating that the sub-
sequent process of vessel maturation essential for attaining
functionality has been hindered. Our QPCR results revel the
downregulation of the transcript levels at 48 hpf and 72 hpf
of Flk1 and Ephrin2B which are known to be early markers of
endothelial cell differentiation regulating vessel maturation
in zebrafish embryos [42,43], suggesting developmental dysre-
gulation in CsA treated embryos. The thinner and improperly
aligned blood vessels indicative of the absence of mature,
fully functional blood vessels could be due to the lack of hae-
modynamic shear forces [44], a major force generated by
undisrupted blood flow in the vasculature, lack of which
may cause the developing blood vessels to remain immature.

Analysis of differential protein expression of whole embry-
onic proteome revealed significant changes in protein fami-
lies primarily the cytoskeletal group of proteins viz., actin,
tubulin, tropomyosin and myosin light polypeptide. The em-
bryonic heart has been shown to co-express two highly con-
served isoforms of actin viz., cytoskeletal actin and cardiac
actin required to maintain the myofibrillar integrity [45,46].
Both these forms of cytoskeletal proteins detected in our
study showed more than two-fold downregulation in both
the protein and its corresponding mRNA levels.

During normal developmental process, changes in Ca2+

levels activate calcineurin which in turn dephosphorylates
NFATc3 that translocates to the nucleus. NFATc3 interacts
with GATA4, resulting in synergistic transcriptional activation
of a number of genes including beta myosin heavy chain and
alpha actin, essential for cardiac development [47]. From the
results obtained in our study, we speculate that CsA mediated
inhibition of calcineurin, might have resulted in reduction in
the levels of actin and myosin in cardiac cells as indicated
by the down regulated protein expression. Further, inhibition
of calcineurin/NFAT signalling and low actin levels could
also contribute to abnormalities in blood vessel formation
found in CsA treated embryos [48,]. Decreased levels of actin
may also delay or disrupt skeletal muscle development and
its adverse effects on cytoskeletal organization in a number
of organs such as heart, thymus, neurons and kidney as
of zebrafish (Danio rerio) embryos exposed to cyclosporine A,
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Table 1 – List of proteins differentially expressed in the presence of CsA.
aSpot bAccession cMW dScore eDescription fpI gPep.

Count

hppm iCov.
(%)

jAv.
ratio

kT-tes Function

467 Q6NYR4_BRARE 71136 220 Hspa8 protein (Heat shock 70 kDa protein 8) (Heat
shock protein 8).—Brachydanio rerio

5.32 8 41 23 −1.96 0.00077 Response to stress

470 Q803B0_BRARE 61158 570 Hspd1 protein (Heat shock 60 kDa protein 1)—
Brachydanio rerio

5.56 13 43 36 1.5 0.0021 Response to stress, protein folding, anatomical
structure development

548 Q6NWJ5_BRARE 50002 540 Similar to tubulin, alpha 1 (Tubulin alpha 6).—
Brachydanio rerio

4.93 12 8 47 −1.69 0.011 Cellular component /macromolecular/protein
complex assembly

1116 ACTB1_BRARE 41740 144 Actin, cytoplasmic 1 (Beta-actin-1)—Brachydanio
rerio

5.3 3 36 17 1.37 0.0061 Cytoskeleton, nucleotide binding, ATP binding

2265 ACTB1_BRARE 41740 152 Actin, cytoplasmic 1 (Beta-actin-1)—Brachydanio rerio 5.3 3 50 46 1.34 0.035
720 ACTB2_BRARE 41726 152 Actin, cytoplasmic 2 (Beta-actin-2)—Brachydanio rerio 5.3 5 29 32 −2.07 0.031
753 S71120 41948 169 Actin alpha, cardiac muscle—Japanese pufferfish 5.22 5 46 23 −2.74 0.011 Embryonic heart tube development; structural

constituent of cytoskeleton939 S71120 41948 269 Actin alpha, cardiac muscle—Japanese pufferfish 5.22 5 37 27 −1.59 0.018
1171 Q803M1_BRARE 28827 1380 Tropomyosin 3.—Brachydanio rerio 4.76 22 25 80 1.5 0.028 Cytoskeleton, actin binding and brain

development.
1496 Q93409_BRARE 18853 559 Myosin light chain 2 (Myosin, light polypeptide 2,

skeletal muscle).—Brachydanio rerio
4.68 10 24 89 −1.76 0.031 Actin filament based movement, smooth muscle

contraction, calcium ion binding
2262 Q9I8U7_BRARE 16757 301 Fast skeletal muscle myosin light polypeptide 3

(Mylz3 protein).—Brachydanio rerio
4.39 7 22 72 −2.04 0.011 Cardiac muscle contraction, positive regulation of

ATPase activity
622 Q4VBK0_BRARE 54966 560 Mitochondrial ATP synthase beta subunit-like Hypo-

thetical protein zgc:111961.—Brachydanio rerio
5.25 12 23 42 −1.62 0.020 ATP synthesis coupled transport,

625 Q4VBK0_BRARE 54966 1090 Mitochondrial ATP synthase beta subunit-like Hypo-
thetical protein zgc:111961.—Brachydanio rerio

5.25 20 63 66 1.97 0.00077

634 Q6TH14_BRARE 47442 696 Enolase 1, (Alpha).—Brachydanio rerio 6.25 14 27 62 −1.47 0.018 Negative regulation of transcription, in utero
embryonic development.644 Q6TH14_BRARE 47442 200 Enolase 1, (Alpha).—Brachydanio rerio 6.25 6 28 26 −1.88 0.0011

649 Q6TH14_BRARE 47442 405 Enolase 1, (Alpha).—Brachydanio rerio 6.25 8 42 34 1.54 0.031
653 Q6TH14_BRARE 47442 384 Enolase 1, (Alpha).—Brachydanio rerio 6.25 11 11 55 1.87 0.0021
663 Q6TH14_BRARE 47442 1120 Enolase 1, (Alpha).—Brachydanio rerio 6.25 17 59 59 1.96 0.00077
652 Q568G3_BRARE 47402 190 Enolase 3, (Beta, muscle).—Brachydanio rerio 6.2 3 45 36 1.77 0.0040 Phosphopyruvate hydratase activity, magnesium

ion binding
714 Q7T306_BRARE 42825 195 Muscle creatine kinase bZgc:64204 (Creatine kinase

CKM3).—Brachydanio rerio
6.29 5 29 33 −3 0.042 Phsphorylation, catalytic activity, ATP binding

719 Q90XI9_BRARE 42798 174 Muscle-specific creatine kinase (Creatine kinase,
muscle).—Brachydanio rerio

6.32 6 35 42 −3.01 0.0016
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989 Q7T306_BRARE 42825 334 Muscle creatine kinase bZgc:64204 (Creatine kinase
CKM3).–Brachydanio rerio

6.29 8 77 34 −1.33 0.040

1160 BHMT1_BRARE 44038 330 Betaine–homocysteine S-methyltransferase 1 (EC
2.1.1.5) Zgc:123027 protein—Brachydanio rerio

5.83 19 55 70 −1.38 0.050 Methionine biosynthetic process, metal ion biding

1187 APOA1_BRARE 30237 184 Apolipoprotein A-I precursor (ApoA-I)—Brachydanio
rerio

5.06 4 50 40 −3.47 0.000777 Cholesterol homeostasis, blood vessel endothelial
cell migration, cdc42 protein signal transduction,
adrenal gland development1193 CAA74004 30237 805 DRAPLIPAI NID:—Danio rerio 5.06 16 25 70 −1.96 0.0096

1200 CAA74004 30237 1330 DRAPLIPAI NID:—Danio rerio 5.06 19 9 70 2.04 0.00077
1014 Q1LWN2_BRARE 149140 628 Vg1 protein.—Brachydanio rerio 8.74 14 21 15 3.13 0.0011 Response to xenobiotic stimulus, lipid transport,

response to estradiol stimulus1068 Q504J4_BRARE 36409 810 Vg1 protein.—Brachydanio rerio 9.23 12 43 48 2.10 0.038
1184 Q504J4_BRARE 36409 790 Vg1 protein.—Brachydanio rerio 9.23 13 27 51 −1.57 0.017
1189 Q504J4_BRARE 36409 272 Vg1 protein.—Brachydanio rerio 9.23 7 23 31 −1.58 0.042
811 Q7SY50_BRARE 39215 100 Similar to stomatin (Epb7.2)-like 2.—Brachydanio

rerio.
7.04 3 41 27 2.29 0.0011 Protein homo-oligomerization

935 Q568N9_BRARE 32622 294 Hypothetical protein ppa1.—Brachydanio rerio. 5.25 6 26 57 1.78 0.00077 Inorganic diphosphatase activity, magnesium ion
binding

1086 Q6IQT1_BRARE 27945 505 Tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, iota polypeptide
Zgc:55807 protein.—Brachydanio rerio

4.78 12 26 57 2.74 0.017 Mono-oxygenase activity, protein domain specific
binding

1394 Q7T3G2_BRARE 27915 190 14-3-3 protein Zgc:63883 protein.—Brachydanio rerio 4.67 6 20 42 −2.01 0.0027
1151 Q7ZV16_BRARE 24470 263 Eukaryotic translation elongation factor 1 beta 2.—

Brachydanio rerio
4.49 5 16 47 1.52 0.017 Translational elongation activity

2264 PRV2_BRARE 11615 211 Parvalbumin-2 (Parvalbumin beta)—Brachydanio rerio 4.47 5 47 48 2.21 0.048 Calcium ion binding
2272 Q9PTF5_BRARE 17283 175 Nucleoside diphosphate kinase Z1-Brachydanio rerio 7.77 4 75 37 1.45 0.031 Epithelial cell differentiation, GTP biosynthetic

activity

NA, Not Available.
a Gel spot number (Master ID) assigned by Decyder 2D software for analysis of 2D-DIGE spots.
b Accession number.
c Molecular weight.
d MASCOT protein score.
e Protein name assigned by database.
f Isoelectric point.
g Number of peptides identified (confirmed by MS/MS).
h Error in parts per million.
i Total protein coverage (%) according to MS.
j Change of corresponding spot volumes in Control (untreated) and CsA treated embryos at 72 hpf.
k Average t-Test value (p≤0.05).
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Fig. 4 – Differential expression of apolipoprotein and vitellogenin. 4. A (i) and B (i) shows images of apolipoprotein (spot no.
1187) and vitellogenin (spot no. 1014) in control and CsA treated embryos. 4. A (ii) and B (ii) shows the Standard Log Abundance
plot in standard, control and treated sets of all six replicate gels.
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alpha actin are early markers of myogenesis in mammalian
[49] and zebrafish models [50].

CsA has been shown to directly inhibit APOA1 gene expres-
sion in rats [51]. Further, patients with kidney transplants show
low HDL levels due to reduction in serum APOA1 levels [52,53].
It has been clearly demonstrated in cell lines harbouring APOA1
reporter gene that activation of the calcineurin pathway by intra-
cellular calciummobilization stimulates APOA1 gene expression
and calcineurin inhibition by CsA results in reduced APOA1 gene
expression [54]. In our study, both the expression of apolipopro-
tein A1 precursor protein and its corresponding mRNA levels
was seen to be significantly down regulated. Hence, this reduc-
tion in APOA-1 protein levels could be attributed to the inhibition
ofAPOA-1 gene expressionbyCsA thereby resulting inmore than
threefold down-regulation in CsA treated embryos.

An important observation in our study, which has also
been reported in earlier proteomic studies [55] is the differen-
tial expression seen between various isoforms of proteins, a
characteristic feature of 2D-Electrophoresis. For instance in
enolase, we identified six different spots, five of which are
identified as enolase 1 (Alpha) and the sixth as Enolase 3
(Beta, muscle). Enolase, a multifunctional enzyme is found
Please cite this article as: Ponnudurai RP, et al, Proteomic analysi
J Prot (2011), doi:10.1016/j.jprot.2011.10.016
as several isozymes [56]. Other r spots showing such isoform
patterns are the Mitochondrial ATP synthase beta-subunit
like protein , heat shock proteins 70 kDa protein 8 and heat-
shock protein 60 kDa protein 1, Muscle-specific creatine ki-
nases and Vg 1 protein. The differential expression of such
isoforms/cleavage products (both up regulated and down reg-
ulated) may suggest isoform specific regulation of these pro-
teins owing to differential splicing or post-translational
modifications of functional groups. However, the exact biolog-
ical role of these isoforms needs to be understood.

Several other proteins such as parvalbumin—a calcium
binding protein, 14-3-3 protein—are regulatorymolecules bind-
ing to amultitude of functionally diverse signalling proteins, in-
cluding kinases, phosphatases, and transmembrane receptors.
Nucleoside diphosphate kinase is known to be an important
player in G-protein signalling pathways. Stomatin-like protein
which are integral membrane proteins have been found to be
differentially expressed in CsA control and treated groups. All
these proteins have a number of pathological associations
with various disorders. However, their exact role in CsA interac-
tion pathways still remains unclear leaving scope for a number
of specific targeted follow-up studies.
s of zebrafish (Danio rerio) embryos exposed to cyclosporine A,

image of Fig.�4
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Fig. 5 – Isoforms of identified proteins. Differentially expressed isoform distributions of enolase, mitochondrial ATP-synthase, actin,apolipoprotein, muscle creatine kinase and
heat-shock proteins (939* and 989*: Spot image not shown). The histogram shows the average ratio of each isoform represented by different spot numbers (Master IDs) ( Note :
The isoforms of Alpha tubulin, myosin light polypeptide and Vg 1 proteins not represented in figure).
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5. Conclusion

Our pilot study aims to detect the protein alteration of zebrafish
embryos treated with CsA. Microscopical analysis post CsA
treatment clearly confirmed the presence of earlier reported
phenotypes such as blood regurgitation, yolk sac and pericardi-
al edema. Our study also reports the absence of blood circula-
tion and abnormalities in vasculogenesis found in CsA treated
embryos opening up further vistas of targeted approach in
order to specifically probe the process of vessel maturation
and the potential inhibitory role of CsA. Our proteomic data
also reveals a number of abundant proteins to be differentially
expressed laying down cues to their possible interactive role
with CsA during early embryogenesis, an arena which needs
to be further investigated. Although in this study we looked at
the proteomic changes in the whole embryo some of the pro-
teins that we found to be differentially expressed are highly
expressed in certain tissues. For instance proteins like actin,
myosin, tropomyosin or enolase which in humans are known
to be very highly expressed in muscles including heart as com-
pared to other tissues. Similarly, proteins like BHMT and Apoli-
poprotein A are very highly expressed in liver. Thus, our results
paveway for future tissue specific identificationof differentially
expressed proteins. The proteins identified in our study belong
to essential families that play a crucial role in structural and
functional developmental pathways.

Supplementary materials related to this article can be
found online at 10.1016/j.jprot.2011.10.016.
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Appendix

CsA: CyclosporineA
NFAT: Nuclear factor of activated T-cells
EMT: Epithelial-to-mesenchymal transition
VEGF: Vascular Endothelial Growth Factor
RFP: Red fluorescent protein
GFP: Green fluorescent protein
Hpf: Hours post fertilization
Fig. 6 – Validation of proteins shown to be differentially expresse
average fold change between the protein expression and its corre
CsA treated embryos (N=3). H. Western blot, and mRNA analysis
magnified images of protein spots from the 2D-DIGE gels are sho
protein levels based on 2-DE, mRNA levels and Western blot (act
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PTU: Phenylthiourea
DAVID: Database for Annotation, Visualization and Inte-

grated Discovery
PVALB: Parvalbumin
FABP7: Fatty-acid binding Protein 7a
ENO1: Enolase 1
ENO3: Enolase 3
AV: Atrio-ventricular Valve
OT: Outflow tract
EC: Endocardial cushion
APOA: Apoliprotein A
ECM: Extracellular matrix
R E F E R E N C E S

[1] Kahan BD. Cyclosporine: the agent and its actions. Transplant
Proc 1985;17:5–18.

[2] Moorman MT, Epstein RB, Smith JW, O'Neal C, Holter JL.
Management of cyclosporine overdose in a hematopoietic stem
cell transplant patient with sequential plasma exchange and
red blood cell exchange. J Clin Apher 2011;26(3):156–8.

[3] Sayin R, Soyoral YU, Erkoc R. Polyneuropathy due to
cyclosporine A in patients with renal transplantation: a case
report. Ren Fail 2011;33(5):528–30.

[4] Czolpinska K, MacDonald AS, Williams CN. Cyclosporin A
therapy of Crohn's disease. Clin Invest Med 1987;137:799–802.

[5] Gupta S, Keshavarzian A, Hodgson HJ. Cyclosporin in
ulcerative colitis. Lancet 1984;2:1277–8.

[6] Bray GP, Williams R. Immunointervention in primary biliary
cirrhosis: an overview. J Autoimmun 1992;5(Suppl. A):293–300.

[7] Mackenzie IL, Manoharan A. Cyclosporine A in the treatment
of aplastic anemia. Am J Hematol 1988;28:211–6.

[8] Tugwell P. Cyclosporin in the treatment of rheumatoid
arthritis. J Autoimmun 1992(Suppl. A):231–40.

[9] Bang D. Treatment of Behçet's disease. Yonsei Med J 1997;38:
401–10.

[10] Elkharrat D, Goulon M, Gajdos P. Cyclosporine for myasthenia
gravis. N Engl J Med 1987;317:770–8.

[11] Lueck CJ, Trend P, Swash M. Cyclosporin in the management
of polymyositis and dermatomyositis. J Neurol Neurosurg
Psychiatry 1991;54:1007–8.

[12] Flanagan MW, Corthesy B, Bram RJ, Crabtree GR. Nuclear
association of a T-cell transcription factor blocked by FK-506
and cyclosporine A. Nature 1991;352:803–7.

[13] Al-Daraji WI, Grant KR, Ryan K, Saxton A, Reynold NJ.
Localization of calcineurin/NFAT in human skin and
psoriasis and inhibition of calcineurin/NFAT activation in
human keratinocytes by cyclosporin A. J Invest Dermatol
2002;118:779–88.

[14] Schulz RA, Yutzey KE. Calcineurin signaling and NFAT
activation in cardiovascular and skeletal muscle
development. Dev Biol 2004;266:1–14.

[15] Serfling E, Klein-Hessling S, Palmetshofer A, Bopp T, Stassem
M, Schmitt E. NFAT transcription factors in control of
peripheral T cell tolerance. Eur J Immunol 2006;36:2837–43.

[16] NguyenT,DiGiovanni S.NFAT signaling in neural development
and axon growth. Int J Dev Neurosci 2008;26:141–5.
d in Control and CsA treated embryos. Panels A–G show the
sponding mRNA levels measured using QPCR in control and
of Actin protein in the zebrafish control and CsA treated. The
wn in the upper part of each panel. The line charts show the
in only) .The values represent the average fold changes.

of zebrafish (Danio rerio) embryos exposed to cyclosporine A,

http://dx.doi.org/10.1016/j.jprot.2011.10.016
http://dx.doi.org/10.1016/j.jprot.2011.10.016


14 J O U R N A L O F P R O T E O M I C S X X ( 2 0 1 1 ) X X X – X X X
[17] Crabtree GR. Generic signals and specific outcomes: signalling
through Ca2+, calcineurin, and NF-AT. Cell 1999;96:611–4.

[18] Ho S, Clipstone N, Timmermann L, Northrop J, Graef I,
Fiorentino D, et al. The mechanism of action of cyclosporin A
and FK506. Clin Immunol Immunopathol 1996;80:S40–5.

[19] Rezzani R. Cyclosporine A and adverse effects on organs. Prog
Histochem Cytochem 2004;39:85–128.

[20] Zoja C, Furci L, Ghilardi F, Zilio P, Benigni A, Remuzzi G.
Cyclosporin-induced endothelial cell injury. Lab Invest
1986;55:455–62.

[21] Abbott KL, Friday BB, Thaloor D, Murphy TJ, Pavlath GK.
Activation and cellular localization of the cyclosporine
A-sensitive transcription factor NF-AT in skeletal muscle
cells. Mol Biol Cell 1998;9:2905–16.

[22] Robida AM, Xu K, Ellington ML, Murphy TJ. Cyclosporin A
selectively inhibits mitogen-induced cyclooxygenase-2 gene
transcription in vascular smooth muscle cells. Mol
Pharmacol 2000;58:701–8.

[23] Ohkawa Y, Hayashi K, Sobue K. Calcineurin-mediated
pathway involved in the differentiated phenotype of smooth
muscle cells. Biochem Biophys Res Commun 2003;301:78–83.

[24] Janssen PM, Zeitz O, Keweloh B, Siegel U, Maier LS,
Barckhausen P, et al. Influence of cyclosporine A on
contractile function, calcium handling, and energetics in
isolated human and rabbit myocardium. Cardiovasc Res
2000;47:99–107.

[25] Suzuki M. Children's toxicology from to bed—drug-induced
renal injury (4): effects of nephrotoxic compounds on fetal
and developing kidney. J Toxicol Sci 2009;34:267–71.

[26] Flechner SM, Katz AR, Rogers AJ, VanBuren C, Kahan BD. The
presence of ciclosporine in body tissues and fluids during
pregnancy. Am J Kidney Dis 1985;5:60–3.

[27] Miniero R, Tardivo I, Curtoni ES, Segoloni GP, La Rocca E, Nino
A, et al. Pregnancy after renal transplantation in Italian
patients: focus on fetal outcome. J Nephrol 2002;15:626–32.

[28] Sgro MD, Barozzino T, Mirghani HM, Sermer M, Moscato L,
Akoury H, et al. Pregnancy outcome post renal
transplantation. Teratology 2002;65:5–9.

[29] Uhing MR, Goldman AS, Goto MP. Cyclosporin A-induced
embryopathy in embryo culture is mediated through
inhibition of the arachidonic acid pathway. Proc Soc Exp Biol
Med 1993;202:307–14.

[30] Rezzani R, Rodella L, Bianchi R. Cyclosporine and pregnancy
in the rat. Transplantation 1997;63:164–7.

[31] Tendron A, Decramer S, Justrabo E, Gouyon JB, Semama DS,
Gilbert T. Cyclosporin A administration during pregnancy
induces a permanent nephron deficit in young rabbits. J Am
Soc Nephrol 2003;14:3188–96.

[32] Liberatore CM, Yutzey KE. Calcineurin signaling in avian
cardiovascular development. Dev Dyn 2004;229:300–1129.

[33] Pompa D, Timmerman LA, Takimoto H, Yoshida H, Elia AJ,
Samper E, et al. Role of the NF-ATc transcription factor in
morphogenesis of cardiac valves and septum. Nature
1998;392:182–6.

[34] Chang CP, Neilson JR, Bayle JH, Gestwicki JE, Kuo A, Stankunas
K, et al. A field of myocardial–endocardial NFAT signaling
underlies heart valve morphogenesis. Cell 2004;118:649–63.

[35] Beis D, Bartman T, Jin SW, Scott IC, D'Amico LA, Ober EA, et al.
Genetic and cellular analyses of zebrafish atrioventricular
cushion and valve development. Development 2005;132:
4193–204.

[36] Klawitter J, Klawitter J, Kushner E, Jonscher K, Bendrick-Peart
J, Leibfritz D, et al. Association of
immunosuppressant-induced protein changes in the rat
kidney with changes in urine metabolite patterns: a
proteo-metabonomic study. J Proteome Res 2010;9:865–75.

[37] Stainier DY. Zebrafish genetics and vertebrate heart
formation. Nat Rev Genet 2001;2:39–48.
Please cite this article as: Ponnudurai RP, et al, Proteomic analysi
J Prot (2011), doi:10.1016/j.jprot.2011.10.016
[38] Westerfield M. The Zebrafish book. A guide for the laboratory
use of Zebrafish (Danio rerio). Eugene: Univ. of Oregon Press;
2004.

[39] Pickart MA, Klee EW, Nielsen AL, Sivasubbu S, Mendenhall
EM, Bill BR, et al. Genome-wide reverse genetics framework to
identify novel functions of the vertebrate secretome. PLoS
One 2006;1:e104.

[40] Lieschke GJ, Oates AC, Crowhurst MO, Ward AC, Layton JE.
Morphological and functional characterization of
granulocytes and macrophages in embryonic and adult
zebrafish. Blood 2001;98(10):3087–96.

[41] PfafflMW.Anewmathematicalmodel for relative quantification
in real-time RT-PCR. Nucleic Acids Res 2001;29(9):e45.

[42] Liao W, Bisgrove BW, Sawyer H, Hug B, Bell B, Peters K, et al.
The zebrafish gene cloche acts upstream of a flk-1
homologue to regulate endothelial cell differentiation.
Development 1997;124:381–9.

[43] Lawson ND, Scheer N, Pham VN, Kim CH, Chitnis AB,
Campos-Ortega JA, et al. Notch signaling is required for
arterial-venous differentiation during embryonic vascular
development. Development 2001;128:3675–83.

[44] Buschmann IR, Lehmann K, Le Noble F. Art. Net. Physics
meets molecules: is modulation of shear stress the link to
vascular prevention? Circ Res 2008;102(5):510–2.

[45] Ordahl CP. The skeletal and cardiac α-action genes are
coexpressed in early embryonic striated muscle. Dev Biol
1986;117:488–92.

[46] Kumar A, Crawford K, Close L, Madison M, Lorenz J,
Doetschman T, et al. Rescue of cardiac a-actin-deficient mice
by enteric smooth muscle g-actin. Proc Natl Acad Sci 1997;94:
4406–11.

[47] Mitchell JW, Mitchell JJ, Low RB, Kieny M, Sengel P, Rubbia L,
et al. α-Smooth muscle actin is transiently expressed in
embryonic rat cardiac and skeletal muscles. Differentiation
1988;39:161–6.

[48] Graef IA, Chen F, Chen L, Kuo A, Crabtree GR. Signals
transduced by Ca(2+)/calcineurin and NFATc3/c4 pattern
calcineurin B1 is essential for the developing vasculature.
Cell 2001;105:863–75.

[49] Sassoon DA, Garner I, Buckingham MD. Transcripts of
alpha-cardiac and alpha-skeletal actins are early markers for
myogenesis in the mouse embryo. Development 1988;104:
155–64.

[50] Costa ML, Escaleira RC, Rodrigues VB, Manasfi M,
Mermelstein CS. Some distinctive features of Zebrafh
myogenesis based on unexpected distributions of the muscle
cytoskeletal proteins actin, myosin, desmin, α-actinin,
troponin and titin. Mech Dev 2002;116:95–104.

[51] Zheng XL, Wong NC. Cyclosporin A inhibits apolipoprotein AI
gene expression. J Mol Endocrinol 2006;37:367–73.

[52] Kheirollah A, Ito J, Nagayasu Y, Lu R, Yokoyama S.
Cyclosporin A inhibits apolipoprotein A-I-induced early
events in cellular cholesterol homeostasis in rat astrocytes.
Neuropharmacology 2006;51:693–700.

[53] Le Goff W, Peng DQ, Settle M, Brubaker G, Morton RE, Smith
JD. Cyclosporin A traps ABCA1 at the plasma membrane and
inhibits ABCA1-mediated lipid efflux to apolipoprotein A-I.
Arterioscler Thromb Vasc Biol 2004;24:2155–61.

[54] Zheng XL, Wong NC. Cyclosporin A inhibits apolipoprotein AI
gene expression. J Mol Endocrinol 2006;37:367–73.

[55] Puigmulé M, López-Hellin J, Suñé G, Tornavaca O, Camaño S,
Tejedor A, et al. Differential proteomic analysis of
cyclosporine A-induced toxicity in renal proximal tubule
cells. Nephrol Dial Transplant 2009;24:2672–86.

[56] Pancholi V. Multifunctional a-enolase: its role in diseases.
Cell Mol Life Sci 2001;58:902–20.
s of zebrafish (Danio rerio) embryos exposed to cyclosporine A,

http://dx.doi.org/10.1016/j.jprot.2011.10.016

	Proteomic analysis of zebrafish (Danio rerio) embryos exposed to cyclosporine A
	1. Introduction
	2. Materials and methods
	2.1. Chemicals and reagents
	2.2. Treatments and conditions
	2.3. ApoTome imaging for vasculature analysis
	2.4. Whole mount o-dianisidine staining of control and CsA treated zebrafish embryos
	2.5. Sample preparation
	2.5.1. 2D DIGE
	2.5.2. Image acquisition and analysis

	2.6. In-gel trypsinization of protein spots
	2.7. MALDI TOF/TOF analysis
	2.8. Validation of differentially expressed proteins
	2.8.1. Western blot analysis
	2.8.2. QPCR


	3. Results
	3.1. Flourescence microscopic observation and time-lapse imaging of CsA treated embryos
	3.2. Proteomic analysis of CsA treated embryos
	3.3. Validation of protein expression changes by Western blotting and real-time PCR studies

	4. Discussion
	5. Conclusion
	Acknowledgements
	Appendix
	References


