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. We developed a novel, erythropoietin-derived, non-erythropoiesis, cyclic helix B peptide (CHBP) that

. displays potent renoprotection against acute kidney injury (AKI). To determine the mechanism of CHBP-
mediated protection, we investigated the proteomic profile of mice treated with CHBP in a kidney
ischemia-reperfusion (IR) injury model. The isobaric tags for relative and absolute quantitation (iTRAQ)-
labeled samples were analyzed using a QSTAR XL LC/MS system. In total, 38 differentially expressed

. proteins (DEPs) were shared by all experimental groups, while 3 DEPs were detected specifically in

. the IR+ CHBP group. Eight significant pathways were identified, and oxidative phosphorylation was

© shown to be the most important pathway in CHBP-mediated renoprotection. The significant DEPs in

. the oxidative phosphorylation pathway elicited by CHBP are NADH-ubiquinone oxidoreductase Fe-S

. protein 6 (NDUFS6), alpha-aminoadipic semialdehyde synthase (AASS) and ATP-binding cassette sub-

. family D member 3 (ABCD3). The DEPs mentioned above were verified by RT-qPCR and immunostaining

. in mouse kidneys. We tested 6 DEPs in human biopsy samples from kidney transplant recipients. The

. trend of differential expression was consistent with that in the murine model. In conclusion, this study

. helps to elucidate the pharmacological mechanisms of CHBP before clinical translation.

. Acute kidney injury (AKI) is a common problem in hospitalized patients, affecting >5% of all inpatients' and 40%
. or more ICU patients. AKI significantly increases the risk of chronic renal disease and death, presenting a major
. burden to patients and healthcare systems**. However, no drug that prevents an increase in serum creatinine has
. been registered by the US Food and Drug Administration (FDA) until now.
: Potential strategies for AKI therapy include drugs, cell therapy and gene intervention etc*. For instance, the
. a-melanocyte-stimulating hormone («-MSH) has anti-inflammatory and anti-apoptotic activities, and has been
. proved to be able to ameliorate kidney ischemia reperfusion injury. AP214, as an a-MSH analogue, significantly
© reduced the composite endpoint consisting of death, need for renal replacement therapy, or a 25% reduction in renal
function during a 90-day postoperative period in a clinical study*. Besides drugs, Xing et al. reported that bone
marrow mesenchymal stem cells (MSCs) contributed to kidney repair after ischemia reperfusion injury in terms
of enhancing peritubular capillaries and tubular epithelial cells repair and decreasing inflammation and apoptosis.
15NP knocks down the p53 gene, and is the first small interfering RNA (siRNA) to be systemically administered
. in humans. Quark company has recently completed a multicenter, randomized, double-blind, dose-escalation
- phase I trial of 15NPS. However, no drug is effective and applicable in clinic yet. Current AKI treatment is limited
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to support therapy and waiting. Therefore, there is an urgent need for a global health strategy to develop better
drugs to reduce the enormous growing burden of AKI and its consequences.

Erythropoietin (EPO) is a hematopoietic hormone produced mainly by adult kidneys and has been routinely
used in clinic for nearly 20y to treat anemia. Apart from its erythropoietic effects, EPO also exhibits powerful
tissue-protective effects against kidney IR injury’. However, four recently published clinical trials using high-dose
EPO treatment following renal transplantation did not reveal any protective effect for short-term renal function,
and in contrast reported an increased risk of thrombosis®. The application of EPO is restricted by its limited dos-
age which significantly breaks the balance between the benefit and risk. With the development of biochemistry
and biotechnology, therapeutic peptides have become popular and are increasingly effective. Recently, our team
and other researchers found that a novel linear peptide helix B surface peptide (HBSP) derived from EPO dis-
plays satisfactory renoprotective function by inhibiting inflammation and apoptosis in AKI models®-!!. However,
the 2-minute plasma half-life of HBSP restricts its application in vivo'?. Therefore, our laboratory designed and
synthesized a conformationally constrained cyclized helix B peptide (CHBP) with more than 30-folds and a
2.5-fold-longer half-life in human plasma and hepatocytes respectively in vitro, and a remarkably slow metabolism
in vivo for the first time. CHBP also exerts potent renoprotective activity and significantly decreases local and
systemic inflammation and apoptosis in the kidney'®.

In the present study, to systemically and comprehensively demonstrate the mechanism of CHBP-mediated
protection against AKI, we investigated the proteomic profile of mice treated with CHBP in a kidney
ischemia-reperfusion (IR) injury model.

Results

CHBP improved renal function and histological structure, and decreased mitochondrial oxidative
stress. To evaluate the renoprotective ability of CHBP, we analyzed the levels of blood urea nitrogen (BUN)
and serum creatinine (Scr), two indicators of renal function. In this kidney ischemia and 48 h reperfusion murine
model, CHBP treatment improved the renal function in terms of much lower levels of BUN and Scr compared
with those in the IR group (Fig. 1a). We further examined the level of mitochondrial oxidative stress in the kidney
with and without CHBP treatment. After IR, the NAD+- level was significantly decreased compared to the normal
group. However, CHBP recovered the NAD+- levels after IR injury. In addition, the level of NAD+ in the kidney
was not influenced by CHBP treatment without IR injury (Fig. 1b). Renal histological assessment in each group was
performed by H&E staining (Fig. 1¢). Semi-quantitative analysis using a histological scoring system revealed that
the tissue structure in the CHBP-treated group was well protected, with mild interstitial edema, fewer protein casts
in tubular lumens, and less cellular infiltration, free from tubular epithelial vacuolation or detachment frequently
found in the CHBP-untreated group (Fig. 1d).

CHBP ameliorated apoptosis. Considering that apoptosis is a main process during kidney IR injury, we
detected apoptotic cells using in situ end labeling (ISEL) assay (Fig. 1e). In the CHBP-treated group, ISEL+ cells
were dramatically reduced in the kidney post-reperfusion. In addition, CHBP did not influence the apoptosis
without IR injury (Fig. 1f).

Identification of differentially expressed proteins. Isobaric tags for relative and absolute quantitation
(iTRAQ)-labeled samples were analyzed using a QSTAR XL LC/MS system to obtain better coverage of the tissue
proteome. The protein signature was searched against the UniProt database. In total, 1102 proteins were identified,
139 of which displayed fold changes > 1.5 (p < 0.05) in all experimental groups compared to the normal group
(Table S1); these proteins were identified as differentially expressed proteins (DEPs). The distributions of the 139
DEPs and their overlapping expression in different groups were illustrated by Venn diagram analysis as shown in
Figure S1. As indicated in Figure S1, 38 DEPs were shared by all experimental groups, 8 DEPs were only detected in
the normal + CHBP kidney group, and 14 DEPs were shared by the normal + CHBP and IR + CHBP groups, indi-
cating that these 14 proteins can be affected by CHBP and are modeled independently (in both healthy and injury
conditions). In contrast, 3 DEPs were detected specifically in the IR + CHBP group, suggesting a disease-specific
correlation involved in the mechanism mediated by CHBP during kidney IR injury.

Gene Network Modules Identified by WGCNA.  Thus far the analyses focused on individual gene changes
between experimental and normal groups, but did not reveal the crucial shift of gene networks. To understand the
co-expression relationships between the 139 DEPs at a systems level, we performed weighted gene co-expression
network analysis (WGCNA)'15,

This unsupervised and unbiased analysis identified multiple gene-network modules corresponding to clusters
of correlated genes, five modules were identified: yellow, green, blue, red, and gray (Fig. 2a). Gene network analysis
of the modules revealed a hierarchical organization of highly connected genes in each module, through which key
hub genes in the network can be identified (Fig. 2b). Using the WGCNA measure of intramodular gene connec-
tivity, we identified 29 hub genes across all modules. To list, NADH-ubiquinone oxidoreductase Fe-S protein 6
(NDUES6), alpha-aminoadipic semialdehyde synthase (AASS) and ATP-binding cassette sub-family D member
3 (ABCD3) are significant hub genes. Others including isocitrate dehydrogenase 1 (IDH1), aconitate hydratase
(ACO2) and malate dehydrogenase (MDH2) et al., which are centrally located in their respective modules and
may thus be critical components within the network (Fig. 3). The discovery of these modules would certainly help
with better understanding of the coordinately expressed genes in all experimental groups.

Functional analysis. Gene Ontology term enrichment analysis revealed the involvement of the modules in
oxidative phosphorylation and in other diverse signaling and physiological pathways (Fig. 3). Molecular function
analysis indicated that these modules are related to a number of molecular activities such as protein binding activity,
oxygen transport and other binding activities. According to the cellular component analysis, most of the genes

SCIENTIFIC REPORTS | 5:18045 | DOI: 10.1038/srep18045 2



www.nature.com/scientificreports/

a Il Normal b
Hl Normal+CHBP
IR
3 IR+CHBP N k. p =0.002
p<0.001 22001 _ p<0.001
— <0.001 p<0.001 B L
2004 P <0.001 1207 P25 E 200 p<0.001 p<0.001
p<0.001 p<0001 § l 2 p <0.001
o — ] —
£ 1504 2 & 150
£ & o~ 80 g
w® < = o
83 § © @  100-
5 g 100+ 9 E 4
S £ =
g S - ~— 404 &
G 50- S ¢ 501
0 & £
0- 0-“ S oA
= NAD+
c d
N | Hl Normal
orma Bl Normal+CHBP
IR
[ IR+CHBP
p <0.001

-
o
1

p =0.001
e |
p =0.001 p=0.005

Hl Normal
Hl Normal+CHBP

IR
1 IR+CHBP

-
o
1

at 200x magnification
i

Score of kidney damage per field
b

p < 0.001
p <0.001
| |
p<0.001 p<0.001
L —

—

N
(=
o

=
(3.
o

-
(=3
o

—

N

Figure 1. Assessment of renal function, NAD+ level, histological injury and apoptosis. In a kidney ischemia
and 48 h reperfusion murine model, significantly lower levels of BUN and Scr were observed in the IR +- CHBP
group compared with the IR group (a). The level of NAD+ was significantly decreased in the IR group, but
restored in the IR + CHBP group (b). Renal histologic damage was assessed in H&E stained sections (c). Mild
tubular vacuolation and hemorrhage were observed in the IR + CHBP kidneys. In contrast, more severe tubular
vacuolation, cell detachment (and luminal cell debris), protein casts and hemorrhage were observed in the IR
kidneys. Semi-quantitative analysis revealed that CHBP significantly ameliorated IR-induced renal histological
injury (d). The apoptotic cells were detected by ISEL assay (e). In the CHBP-treated group, ISEL + cells were
dramatically reduced in the kidney post-reperfusion. In addition, CHBP did not influence the apoptosis without
IR injury (f). Scr: serum creatinine; BUN: blood urea nitrogen; ISEL: in situ end labeling.
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Figure 2. Gene network modules enriched in all experimental groups. Hierarchical cluster tree indicating
co-expression modules in all experimental groups identified using WGCNA. Modules correspond to branches
and are labelled by colour as indicated by the first colour band underneath the tree (a). Gene interaction
network in co-expression modules. Size of the dots represents hubness. Spot color: red, upregulated; green,
downregulated. Spot border color: purple, proteins differentially expressed in only the IR + CHBP group;
yellow, proteins differentially expressed in both the IR + CHBP and normal + CHBP groups; blue, proteins
differentially expressed in only the normal + CHBP group; black, protein interaction partners extracted from
the STRING database (combined information with co-expression, direct interaction). Edge width: interaction
confident score (b).

belong to mitochondrion, extracellular region, cytoplasm and other cell projections and organelles. The biological
process analysis indicated that the majority of these genes play roles in transport, signal transduction, and ATP
hydrolysis-coupled proton transport (Table SI1).

These DEPs were also systematically analyzed using the STRING database, Kyoto Encyclopedia of Genes and
Genomes pathway and Cytoscape software for the identification of various associated networks. These analyses
indicated the association of these DEPs with 8 significant pathways including oxidative phosphorylation signal-
ing; citrate cycle signaling; adherens junction/tight junction signaling; glyoxylate and dicarboxylate metabolism
signaling; antigen processing and presentation signaling; protein processing in endoplasmic reticulum signaling;
alanine, aspartate and glutamate metabolism signaling; and PPAR signaling pathways (Fig. 3). Moreover, oxidative
phosphorylation is the most important pathway in CHBP-mediated renoprotection because the components of
this activity are specifically expressed in the IR + CHBP kidney group.

Verification of the DEPs in mice and human kidneys. The important proteins significantly altered by
CHBP treatment were also evaluated and confirmed at the mRNA level (Fig. 4a). Moreover, we also examined
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Figure 3. Different functional modules and significant pathways involved in CHBP-mediated IR kidney
protection. Genes: spots, with the sizes of the spots indicating the importance of the genes. Spot color: red,
upregulated; green, downregulated. Spot border color: purple, proteins differentially expressed in only the

IR + CHBP group; yellow, proteins differentially expressed in both the IR + CHBP and normal + CHBP groups;
blue, proteins differentially expressed in only the normal + CHBP group; black, protein interaction partners
extracted from the STRING database (combined information with co-expression, direct interaction). Edge
width: interaction confident score.

NDUFS6, ABCD3 and AASS protein expression in mouse kidney using immunostaining (Fig. 4b). These proteins
are primarily in the tubular area, and semi-quantitative analysis confirmed the proteomic profiling results (Fig. 4c).
Finally, we tested these 6 DEPs in human kidney samples from biopsies of kidney transplant recipients (Fig. 5a).
The acute tubular necrosis (ATN) transplant kidney was similar to the IR kidney in the murine model because
the major reason for ATN in clinical transplantation is ascribed to IR injury without rejection injury*®. Due to the
impossibility of performing a renal biopsy on a healthy volunteer, we compared the expression of these 6 significant
proteins between the ATN group and biopsy-proven stable (stable) group. The trend of differential expression is
consistent with that in the murine model (Fig. 5b).

Verification in the IR in vitro model.  To further confirm the proteomic result, we used an IR in vitro model
in the condition of H,0,-induced oxidative stress injury. CHBP significantly inhibited the apoptosis of TECs
compared with that in the H,O, group (Fig. 6a). Besides, the change patterns of ABCD3, NDUFS6 and AASS were
consistent with those in the mice and human kidneys (Fig. 6b).

Discussion

These results suggested that the CHBP-mediated renoprotection against IR injury is primarily dependent on
energy metabolism and oxidative stress. Hypoxic event is an initiation of AKI, which induces tubular cell apop-
tosis!”. For instance, hypoxia inducible factor 1-alpha (HIF-1 alpha) is induced during reperfusion after renal
ischemia and is critical for proximal tubule cell survival'®. Interestingly, in our previous study, we found that
CHBP-mediated renoprotection is involved in energy metabolism!®. This renoprotective activity increased the
expression of AMP-dependent protein kinase (AMPK) o, which acts to restore ATP levels back to homeostasis. We
also found that CHBP regulates the AMP-activated protein kinase (AMPK)/Akt/mTOR axis, which also functions
in protein synthesis and cell proliferation and survival.

The renoprotection pathways mediated by CHBP shown in the present study supports our previous study.
IDH]1 catalyzes the oxidative decarboxylation of isocitrate, producing alpha-ketoglutarate and CO,. ACO?2 cata-
lyzes the stereo-specific isomerization of citrate to isocitrate. MDH2 is an enzyme that reversibly catalyzes the
oxidation of malate to oxaloacetate using the reduction of NAD* to NADH. This reaction is part of many met-
abolic pathways, including the citric acid cycle. Phosphoglycerate kinase 1 (PGK1) is a major enzyme used in
glycolysis, in the first ATP-generating step of the glycolytic pathway. The PPAR-~ pathway is being explored
for their antioxidant and anti-inflammatory activities against IR injury of various organs including kidney*®.
Accumulating experimental data have revealed that natural and synthetic PPAR-~ ligands exert beneficial effects
against IR injury. Activation of PPAR- using a high-affinity ligand nitroalkene derivatives of oleic acid significantly
inhibited mitochondria-dependent apoptotic cascade in human renal tubular epithelial cells (TECs)?. Protein
disulfide-isomerase (P4HB), catenin alpha-1 (CTNNALI) and calreticulin (CALR) were significant DEPs involved
in adherens junction/tight junction signaling, antigen processing and presentation signaling and protein process-
ing in endoplasmic reticulum signaling. Calreticulin was been demonstrated to play a key role in the adaptation
and survival of thick ascending limb of Henle’s loop cells under hyperosmotic NaCl stress conditions due to its
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Figure 4. Verification of NDUFS6, ABCD3 and AASS expression in mouse kidneys. The levels of NDUFS6,
ABCD3 and AASS mRNA expression were examined by RT-qPCR (a). The levels of NDUFS6, ABCD3 and
AASS protein expression were detected in mouse kidneys by immunostaining (b).
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Figure 5. Verification of ABCD3, NDUFS3, NDUFS6, NDUFS8, ATP6V1F and AASS expression in human
transplant kidneys. The expression levels of these 6 proteins, which displayed significant changes in their
proteomic profiles, were detected in human kidney samples from biopsies of kidney transplant recipients (a).
Semi-quantity analysis indicated significant decrease in the expression levels of all except NDUFS6 in the ATN
group (b). ATN: acute tubular necrosis (ATN); stable: biopsy-proven stable.
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Figure 6. Verification in the IR in vitro model. CHBP significantly inhibited apoptosis of TECs compared
with that in the H,O, group (a). The change patterns of ABCD3, NDUFS6 and AASS were consistent with those
in the mice and human kidneys (b).

calcium binding and storage capacity®'. It is given that AKI results in incomplete tubular repair. Renal IR injury
is a well-established cause of renal fibrosis, which is a main cause of end-stage renal disease*>?*. Interestingly, in
a rat renal fibrosis model induced by unilateral ureteric obstruction, CALR was consistently up-regulated from
the earliest stages of the process of renal fibrosis, even before the accumulation of extracellular matrix (ECM)
in TECs?!. In a subsequent study, the pro-fibrosis effect of CALR in kidneys is proved in an in vivo model, and
knockdown of CALR expression reduced the development of tubulointerstitial fibrosis®. In the present study, the
reduction of CALR by CHBP treatment might be an explanation for CHBP-mediated anti-fibrosis in IR-induced
tubulointerstitial fibrosis in our previous study"’.

Oxidative phosphorylation is associated with mitochondrial stress. NAD+ and NADH play crucial roles in
a variety of biological processes including energy metabolism, mitochondrial functions, and gene expression®.
Studies have indicated that NAD- administration can profoundly decrease oxidative cell death in ischemic organ
injury?”8. Here we found that the level of NAD+ in kidneys was significantly increased by CHBP, suggesting that
CHBP ameliorates the oxidative phosphorylation in the presence of IR injury. The significant DEPs in the oxidative
phosphorylation pathway elicited by CHBP are NDUFS6, AASS and ABCD3.

NDUES6 is a nuclear gene that belongs to mitochondrial respiratory chain complex I, the deficiency of which
is the most common energy generation disorder. NDUFS6 mutations are a cause of lethal neonatal mitochondrial
complex I deficiency?. A recent study demonstrated that complex I deficiency due to inhibited NDUFS6 expres-
sion is an independent cause of renal impairment®®. Although NDUFS6 is an indispensable gene responsible for
energy generation in mitochondria, interestingly, CHBP significantly decreased NDUFS6 expression in the kid-
ney. Given that CHBP dramatically improved renal function and ameliorated tissue injury in a mouse IR model
at 48 h post-reperfusion’?, this activity could be explained by a feedback regulatory mechanism. In our previous
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study regarding the mechanism through which HBSP protects the kidneys against 30 min ischemia followed by
48h reperfusion injury, we found that the expression of heterodimer receptor 3cR/EPOR, which is the receptor
of HBSP, was upregulated by IR injury but downregulated by HBSP. IR injury increased the expression of this
endogenous protective heterodimer receptor as a self-protection mechanism. In contrast, the renoprotective effect
of HBSP treatment is sufficient and physiological upregulation is therefore unnecessary'®. This negative feedback
mechanism may also exist for CHBP-mediated renoprotection. Serum creatinine and blood urea nitrogen levels
in the CHBP-treated group at 48 h post-reperfusion were even lower than at 6h and 12h'?, while no fluctuation
of renal function was observed during the entire IR process. This dramatic improvement in renal function indi-
cates that CHBP provides powerful renoprotection that restored the endogenous cellular physiological protective
response to baseline levels quickly. Therefore, NDUFS6 expression is significantly lower after CHBP treatment.

ABCD3 belongs to the ATP-binding cassette (ABC) transporter family, which is composed of 48 multispan
membrane proteins and further divided into seven subfamilies (from ABCA to ABCG) according to their sequence
homology®!'. ABC transporters promote or regulate the transport of specific substrates including amino acids, pep-
tides, and proteins across various biological membranes®. ABCD3 is frequently used as a marker of peroxisomes*?,
which are important for cellular protection against inflammatory damage®. No current studies have examined
the relation between ABCD3 and kidney injury, however there has been report of decrease of ABCD3 expression
in IRhCMEC/D3 cells in a stroke disease model®!. In another neuron injury model, a significant increase in the
expression of the ABCD3 gene encoding peroxisomal membrane protein-70 was observed in drug-protective neu-
rons®®. These results suggested that ABCD3 is a novel target for kidney anti-IR injury therapy and that peroxisome
activity upregulation may be a therapeutic mechanism of CHBP.

AASS is a bifunctional enzyme that catalyzes the first two steps in lysine degradation. In humans, defects in one
or both of these activities result in familial hyperlysinemia®. Thus far, no research regarding the relation between
AASS and kidney injury has been reported. Lysine metabolism participates in several pathophysiological processes
in different organs. For instance, acetylation, which is a lysine modification, has been reported to have neuropro-
tective effects against ischemic retinal degeneration®. Xie et al. found that lysine methylation negatively regulates
FOXO3-mediated transcription and oxidative stress-induced neuronal cell death®. To elucidate the mechanism
of AASS-mediated renoprotection by CHBP therapy, additional studies are required, such as the localization of
AASS in the kidney and its epigenetic modifications. The limitations also include the molecular mechanisms of
NDUFS6 and ABCD3, both of which are involved in the CHBP-mediated renoprotection, further studies still
needs to be done in the future.

Numerous studies performed in animals and humans tried to seek out reliable biomarkers for AKI diag-
nosis or alert using “-omic” technologies, such as genomics, transcriptomics and proteomics®. Neutrophil
gelatinase-associated lipocalin (NGAL) and kidney injury molecule (KIM-1) are classical biomarkers of AKI*®%.
In this study, we analyzed the KIM-1 and NGAL expression in the proteomics data. Compared to normal group,
KIM-1 was increased in the IR kidney (3.87 fold change), while CHBP reduced its expression level (1.51 fold
change). Unfortunately, we didn't find the protein NGAL in our proteomics data. These result indicated that CHBP
ameliorated TECs injury.

In conclusion, this study provides the first comprehensive proteomic analysis of CHBP-regulated kidney protein
expression during IR injury. Oxidative stress is one of the major mechanism associated with CHBP renoprotection
against IR injury. Besides, metabolisms including amino acids and glucoses are also involved in the effect of CHBP.
These results not only help to elucidate the pharmacological mechanisms of CHBP before clinical translation but
also deepen the understanding of molecular and signal pathways in kidney IR injury.

Methods

Kidney IR injury. Male BALB/c mice weighing 20-25 g were obtained from Shanghai Slac Lab Animal, Co.,
Ltd., and bred in an SPF grade experimental animal room. For the kidney IR model, the mice were anesthetized
intraperitoneally with pentobarbital at 0.1 g/kg. The core body temperature of each mouse was maintained at 37 °C
using a homeothermic pad during the entire procedure. The abdominal cavity was exposed by a midline incision.
Then, both kidneys were exposed, and the renal pedicles were carefully isolated. Bilateral renal occlusion was
performed for 30 min using non-traumatic vascular clamps. Occlusion was confirmed by observing the blanching
of the entire kidney surface. After removing the clips, the kidneys were observed for an additional 5min to ensure
the occurrence of color change, which indicated blood reperfusion. Subsequently, 1 mL of 37 °C saline solution was
injected into the abdomen. The incision was sutured in two layers. All animal experiments were performed accord-
ing to the guidelines of the Care and Use of Laboratory Animals of the Laboratory Animal Ethical Commission
of Fudan University with good animal surgical research practices, and was approved by the the Animal Ethical
Committee of Zhongshan Hospital, Fudan University.

To evaluate the CHBP-induced changes in the proteomic profiles, the mice were randomly divided into four
groups (n=5): (1) the normal group: normal mice without any treatment; (2) the normal + CHBP group: normal
mice with one dose of 8 nmol/kg CHBP but without IR injury; (3) the IR group: IR injury with phosphate-buffered
solution (PBS) injected i.p.; and (4) the IR+ CHBP group: IR injury with one dose of 8 nmol/kg CHBP injected
i.p. at the onset of reperfusion. All animals were ethically euthanized at 48 h post-reperfusion.

Renal function and NAD+ measurement. Whole blood was drawn from the heart and centrifuged at
4°C, 2500 rpm, for 25 min to obtain serum samples. The level of serum creatinine and blood urine nitrogen was
measured by the Hitachi 7060 automatic biochemistry analyzer (Hitachi, Tokyo, Japan). Nicotinamide adenine
dinucleotide (NAD+) protein level in the kidney was quantified using a commercially available kit (BioVision,
Milpitas, CA, USA) according to the manufacturer’s instructions.
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Histological assessment. Hematoxylin and eosin (H&E) staining was performed to assess histological
injury. The tissue sections were blind-labeled and reviewed by two renal pathologists. Renal damage was graded by
the percentage of tubular injury, and the following histological scoring system was used to estimate the damage: 0
(<1%),1 (1% to 10%), 2 (11% to 20%), 3 (21% to 40%), 4 (41% to 60%), 5 (61% to 75%), and 6 (>75%). The scores
represent the severity of tubular injury (including proximal tubule brush border loss, cell swelling or vacuolization,
and cell necrosis). Scores in the range from 1 to 2 represent mild injury, whereas scores in the ranges from 3 to 4
and 5 to 6 represent moderate and severe injuries, respectively.

ISEL apoptotic cells. ISEL apoptotic cells were detected using a TUNEL Apoptosis Detection Kit (Millipore,
MA, USA). Paraffin sections of 4 um were digested by 40 pg/mL of proteinase K (EMD Chemicals, NJ, USA) for
15min at 37 °C, incubated with TdT and digoxigenin-dUTP at 37 °C for 60 min, and transferred to a wash/stop
buffer for 30 min. After adding anti-digoxigenin-peroxidase complex for 30 min, the tissue sections immersed in
buffer were developed by 3’-amino-9-ethylcarbazole (AEC, DAKO, Carpinteria, USA) substrate (dark red color).
Apoptotic cells were examined at 200 x magnification in 20 fields for semi-quantitation.

Protein extraction. The collected kidney samples were washed three times with PBS and then homogenized
by crushing in liquid nitrogen with the aid of a mortar and pestle. Once tissues were ground to fine powder, 20%
w/v lysis buffer (7M urea, 2 M thiourea 0.1% Phenylmethanesulfonyl fluoride, and 65 mM Dithiothreitol) was added
and resuspend in ice for 30 min. Tissue lysate was transferred to sterile microcentrifuge tubes and centrifuged at
12000 g at 4 °C for 15 min. Clear supernatant was collected in separate microcentrifuge tubes.

Protein digestion and iTRAQ labeling. High abundance proteins were depleted using ProteoMiner™
protein enrichment kits (Bio-Rad), and protein samples were quantified following the Bradford method*. In
total, 100 pg of protein from each group was reduced, alkylated, and trypsinized following the manufacturer’s
instructions. Then, the digested samples were labeled with 4-plex iTRAQ reagents (Applied Biosystems, Inc.,
Foster City, CA). The sample labeling strategy for differential quantitative proteomic analysis was Normal-119,
Normal + CHBP-113, IR-121 and IR + CHBP-114. The labeled digests were then mixed and dried using a rotary
vacuum concentrator (Christ RVC 2-25; Osterode am Harz, Germany). The analytic processes were repeated
twice, including protein depletion and digestion, iTRAQ labeling, SCX fractionation, and LC-MS/MS analysis.

2D LC-MS/MS analysis

The combined peptide mixture were fractionated by strong cation exchange (SCX) chromatography on a 20 AD
high-performance liquid chromatography (HPLC) system (Shimadzu, Kyoto, Japan) using a polysulfoethyl column
(2.1 x 100 mm, 5pm, 300 A; The Nest Group, Southborough, MA). Peptides were eluted with a linear gradient
0-45% buffer B (350 mM KCI, 10 mM KH,PO, in 25% ACN, pH 2.6) in buffer A (10 mM KH,PO, in 25% ACN,
pH2.6) at a flow rate of 200 pL/min for 60 min at a flow rate of 200 pL/min. The absorbance at 214 and 280 nm
was monitored and a total of 20 SCX fractions were collected along the gradient. These fractions were dried down
by the rotary vacuum concentrator, dissolved in buffer A (5% acetonitrile, 0.1% FA) and analyzed on a QSTAR
XL system (Applied Biosystems) interfaced with a 20AD HPLC system (Shimadzu). Peptides were separated on
a Zorbax 300SB-C,g column (0.1 X 15mm, 5pm, 300 A; Microm, Auburn, CA). The HPLC gradient was 5-35%
buffer B (95% acetonitrile, 0.1% FA) in buffer A (5% acetonitrile, 0.1% FA) at a flow rate of 0.3 pL/min for 70 min.
Survey scans were acquired from #/z 400-1800 with up to four precursors selected for MS/MS from #/z 100-2000.

Data analysis. The MS/MS spectra were extracted and searched against the International Protein Index (IPI)
database (version 3.45, Mouse) using ProteinPilot software (version 3.0, Applied Biosystems). Search parameters
were set as follows: (1) sample type:iTRAQ 4-plex (Peptide labeled); (2) cysteine alkylation: MMTS; (3) digestion:
trypsin; (4) instrument: QSTAR ESI; (5) special factors: none; (6) species: mouse sapiens; (7) ID Focus: biologi-
cal modifications; (8) database: UniProtKB/Swiss-Prot FASTA (166705 mouse sequences); and (9) search effort:
Thorough ID. MS tolerance was set to 100ppm and MS/MS tolerance was set to 0.6 Da.

The software reports two types of scores for each protein: unused ProtScore and total ProtScore. The unused
ProtScore is a measurement of all the peptide evidence for a protein that is not better explained by a higher ranking
protein. Using the following criteria to consider a protein for further statistical analysis: unused ProtScore >1.3 with
at least one peptide with 95% confidence per repetition. The candidate proteins were examined in the Protein ID of
the Protein Pilot software. Protein expression ratios were computed on basis of the peak area ratios of the peptides
accounting for the same protein. The bias correction algorithm was applied to correct for unequal mixing during
the combination of the different labeled samples, based on the assumption that most proteins do not change in
expression. All quant ratios (both the average ratio for proteins and the individual peptide ratios) were corrected
for the bias. The true value for the average ratio was expressed as an error factor (EF = 10%% confidence interval)) a4
calculated as reported*!. Protein quantification required an EF of less than 2 and a P-value < 0.05; only fold-changes
>1.5 or <0.66 were considered significant. The peptide and proteins were exported, and saved as excel files.

Weighted gene co-expression network analysis. A signed weighted correlation network was constructed
using all genes that were expressed at an FPKM value of 0.1 or higher in at least one of the experimental groups.
Soft power parameter was estimated and used to construct adjacency matrix for selected genes using the topolog-
ical overlap measure, and the dynamic hybrid tree cut algorithm was used to detect clusters. The node centrality,
defined as the sum of within-module connectivity measures, was used to rank genes for hubness within the entire
module. To visualize the constructed networks by hard thresholding of edge distances, the closest 150 edges were
represented using Cytoscape 3.0.0%.
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Stable | ATN #1 | ATN #2

Gender Male Male Male
Age (y) 35 43 59
Serum creatinine (pmol/L) 88 139 176
eGFR (ml/min/1.73 m?) 90.9 51.7 36.7
Pre-transplant PRA (%)

Class I 0 0 0

Class II 0 0 0
ISP

CNI+ MMF + Pred (Y/N) Y Y Y

SRL + MMF + Pred (Y/N) N N N

Table 1. Demographic characteristics of patients ATN: acute tubular necrosis; eGFR: estimated glomerular
filtration rate; PRA: panel reactive antibody; ISP: immunosuppressive protocol; CNI: calcineurin inhibitor;
MMF: mycophenolate mofetil; Pred: prednisone; SRL: sirolimus.

Gene ontology analysis. Functional annotation of the differentially expressed tissue proteins (p < 0.05 and
| fold change | > 1.5) identified in different experimental groups in our quantitative proteomic analysis were per-
formed with the Database for Annotation, Visualization, and Integrated Discovery (DAVID)*** and the Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (version 9.1)*°. Fisher exact test was
performed for enrichment and Benjamin adjust was used to correct for multiple testing of the data.

Real-time Quantitative PCR (RT-qPCR). Total RNA was extracted from mouse kidneys using TRIzol
reagent (Invitrogen, Carlsbad, USA) according to the manufacturer’s instructions. Total RNA (3 g to 5ug) was
transcribed into complementary DNA using Superscript II reverse transcriptase (Invitrogen) and random primer
oligonucleotides (Invitrogen). Gene-specific primers for mice were designed based on the sequences available
from PubMed (Table S2 contains the list of primer sequences). RT-qPCR was performed using a MasterCycler
RealPlex4 system (Eppendorf, Hamburg, Germany) in combination with Absolute QPCR SYBR Green premix
(TaKaRa Bio, Inc., Tokyo, Japan). After a hot start (30s at 95°C), the amplification parameters were as follows:
5sat 95°C, 30s at 55°C, and 60 s at 72 °C for 45 cycles. The expression levels, which were normalized to that of
GAPDH, were calculated using the 274 method.

Immunohistochemistry. Immunohistochemical staining was performed on paraffin sections usinga DAKO
ChemMate EnVision Detection Kit (DAKO). Antigen retrieval was performed using 10 mM sodium citrate buffer
(pH 6.0) in a steam bath maintained by high power microwave for 20 min. The sections were blocked and labe-
led with anti-ABCD3 (1:50 dilution, Abcam, Cambridge, MA, USA), anti-NDUFS3 (1:25 dilution, Abcam),
anti-NDUFS6, anti-NDUFS8 (1:50 dilution, Abcam), anti-ATP6V1F (1:25 dilution, Santa Cruz Biotechnology,
Dallas, TX, USA) and anti-AASS antibodies (1:50 dilution, Abcam) at 4°C overnight. The antibody binding was
revealed by diaminobenzidine (DAB).

Tubular epithelial cells (TECs) stimulation and apoptosis detection. Mice renal proximal TECs
were cultured and incubated with CHBP (1 uM) for 12 h, and stimulated with 50 .M H,O, (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) for 45 min. PBS was used as a positive control, and normal TEC without any
stimulation was used as a negative control. After washing and changing the medium, the TEC was cultured for 24 h
with PBS or CHBP. Cell apoptosis was detected by an Annexin V-FITC Apoptosis Detection Kit (Merck, Darmstadt,
German) as mentioned previously™. The experiment was repeated at least three times.

Clinical Sample Collection. To verify the important protein markers identified from the mouse model, we
collected kidney sample from patients. The AKI and stable samples were collected from 3 patients who received
living-related or deceased kidney transplantation at Zhongshan Hospital, Fudan University. Two recipients with
AKI received kidney graft biopsies due to increased serum creatinine, and the recipient with stable renal function
received protocol biopsy. All the diagnoses were confirmed by pathological assessment. The demographic char-
acteristics of patients were shown in Table 1. The tissue sample collection was approved by the Ethic Committee
of Zhongshan Hospital, Fudan University, and the informed consent was obtained from all subjects. The tissue
slides are from biopsy paraffin blocks. The methods were carried out in accordance with the approved guidelines
and complied with the 1975 Declaration of Helsinki.

Statistical Analysis. The data are presented as the mean = standard deviation (SD). Statistical analysis
(Statistical Package for the Social Sciences 18.0 software, SPSS Inc., Armonk, NY, USA) was performed using
one-way ANOVA for more than two groups. The Scheffe test was used for post hoc analysis. Statistical significance
was set at p < 0.05.

References
1. Liangos, O. et al. Epidemiology and outcomes of acute renal failure in hospitalized patients: a national survey. Clin ] Am Soc Nephrol
1, 43-51, doi: 10.2215/CJN.00220605 (2006).
2. Bellomo, R,, Kellum, J. A. & Ronco, C. Acute kidney injury. Lancet 380, 756-766, doi: 10.1016/S0140-6736(11)61454-2 (2012).

SCIENTIFIC REPORTS | 5:18045 | DOI: 10.1038/srep18045 11



www.nature.com/scientificreports/

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

. Kinsey, G. R,, Sharma, R. & Okusa, M. D. Regulatory T cells in AKL. J Am Soc Nephrol 24, 1720-1726, doi: 10.1681/ASN.2013050502

(2013).

. Kaushal, G. P. & Shah, S. V. Challenges and advances in the treatment of AKI. ] Am Soc Nephrol 25, 877-883, doi: 10.1681/

ASN.2013070780 (2014).

. Xing, L. et al. Mesenchymal stem cells, not conditioned medium, contribute to kidney repair after ischemia-reperfusion injury. Stem

Cell Res Ther 5, 101, doi: 10.1186/scrt489 (2014).

. Yang, C., Zhang, C., Zhao, Z., Zhu, T. & Yang, B. Fighting against kidney diseases with small interfering RNA: opportunities and

challenges. ] Transl Med 13, 39, doi: 10.1186/s12967-015-0387-2 (2015).

. Hu, L. et al. Erythropoietin ameliorates renal ischemia and reperfusion injury via inhibiting tubulointerstitial inflammation. J Surg

Res 176, 260-266, doi: 10.1016/j.js5.2011.06.035 (2012).

. van Rijt, W. G., van Goor, H., Ploeg, R. ]. & Leuvenink, H. G. Erythropoietin-mediated protection in kidney transplantation:

nonerythropoietic EPO derivatives improve function without increasing risk of cardiovascular events. Transpl Int 27, 241-248, doi:
10.1111/tri.12174 (2014).

. Patel, N. S. et al. Delayed administration of pyroglutamate helix B surface peptide (pHBSP), a novel nonerythropoietic analog of

erythropoietin, attenuates acute kidney injury. Mol Med 18, 719-727, doi: 10.2119/molmed.2012.00093 (2012).

Yang, C. et al. Helix B surface peptide administered after insult of ischemia reperfusion improved renal function, structure and
apoptosis through beta common receptor/erythropoietin receptor and PI3K/Akt pathway in a murine model. Exp Biol Med (Maywood)
238, 111-119, doi: 10.1258/ebm.2012.012185 (2013).

. Wu, Y. et al. Protective effects of HBSP on ischemia reperfusion and cyclosporine a induced renal injury. Clin Dev Immunol 2013,

758159, doi: 10.1155/2013/758159 (2013).

Brines, M. et al. Nonerythropoietic, tissue-protective peptides derived from the tertiary structure of erythropoietin. Proc Natl Acad
Sci USA 105, 10925-10930, doi: 10.1073/pnas.0805594105 (2008).

Yang, C. et al. A novel proteolysis-resistant cyclic helix B peptide ameliorates kidney ischemia reperfusion injury. Biochim Biophys
Acta 1842, 2306-2317, doi: 10.1016/j.bbadis.2014.09.001 (2014).

Langfelder, P. & Horvath, S. WGCNA: an R package for weighted correlation network analysis. BMC Bioinformatics 9, 559, doi:
10.1186/1471-2105-9-559 (2008).

Zhang, B. & Horvath, S. A general framework for weighted gene co-expression network analysis. Stat Appl Genet Mol Biol 4, Articlel7,
doi: 10.2202/1544-6115.1128 (2005).

Siedlecki, A., Irish, W. & Brennan, D. C. Delayed graft function in the kidney transplant. Am J Transplant 11, 2279-2296, doi:
10.1111/j.1600-6143.2011.03754.x (2011).

Tanaka, T. et al. Hypoxia induces apoptosis in SV40-immortalized rat proximal tubular cells through the mitochondrial pathways,
devoid of HIF1-mediated upregulation of Bax. Biochem Biophys Res Commun 309, 222-231 (2003).

Conde, E. et al. Hypoxia inducible factor 1-alpha (HIF-1 alpha) is induced during reperfusion after renal ischemia and is critical for
proximal tubule cell survival. PLoS One 7, €33258, doi: 10.1371/journal.pone.0033258 (2012).

Singh, J. P,, Singh, A. P. & Bhatti, R. Explicit role of peroxisome proliferator-activated receptor gamma in gallic acid-mediated
protection against ischemia-reperfusion-induced acute kidney injury in rats. J Surg Res 187, 631-639, doi: 10.1016/j.jss.2013.11.1088
(2014).

Nie, H. et al. Nitro-oleic acid attenuates OGD/R-triggered apoptosis in renal tubular cells via inhibition of Bax mitochondrial
translocation in a PPAR-gamma-dependent manner. Cell Physiol Biochem 35, 1201-1218, doi: 10.1159/000373944 (2015).

Bibi, A. et al. Calreticulin is crucial for calcium homeostasis mediated adaptation and survival of thick ascending limb of Henle’s loop
cells under osmotic stress. Int ] Biochem Cell Biol 43, 1187-1197, doi: 10.1016/j.biocel.2011.04.012 (2011).

Bonventre, J. V. & Yang, L. Cellular pathophysiology of ischemic acute kidney injury. J Clin Invest 121, 4210-4221, doi: 10.1172/
JCI45161 (2011).

Yang, B. et al. Inflammation and caspase activation in long-term renal ischemia/reperfusion injury and immunosuppression in rats.
Kidney Int 68, 2050-2067, doi: 10.1111/j.1523-1755.2005.00662.x (2005).

Kypreou, K. P. et al. Altered expression of calreticulin during the development of fibrosis. Proteomics 8, 2407-2419, doi: 10.1002/
pmic.200700831 (2008).

Prakoura, N, Politis, P. K., Ihara, Y., Michalak, M. & Charonis, A. S. Epithelial calreticulin up-regulation promotes profibrotic
responses and tubulointerstitial fibrosis development. Am ] Pathol 183, 1474-1487, doi: 10.1016/j.ajpath.2013.07.014 (2013).

Ma, Y. et al. NAD(+)/NADH metabolism and NAD(+)-dependent enzymes in cell death and ischemic brain injury: current advances
and therapeutic implications. Curr Med Chem 22, 1239-1247 (2015).

Gang, G. T. et al. Protection of NAD(P)H:quinone oxidoreductase 1 against renal ischemia/reperfusion injury in mice. Free Radic
Biol Med 67, 139-149, doi: 10.1016/j.freeradbiomed.2013.10.817 (2014).

Kleikers, P. W. et al. NADPH oxidases as a source of oxidative stress and molecular target in ischemia/reperfusion injury. ] Mol Med
(Berl) 90, 1391-1406, doi: 10.1007/s00109-012-0963-3 (2012).

Kirby, D. M. et al. NDUFS6 mutations are a novel cause of lethal neonatal mitochondrial complex I deficiency. J Clin Invest 114,
837-845, doi: 10.1172/JCI20683 (2004).

Forbes, J. M. et al. Deficiency in mitochondrial complex I activity due to Ndufs6 gene trap insertion induces renal disease. Antioxid
Redox Signal 19, 331-343, doi: 10.1089/ars.2012.4719 (2013).

Lindner, C. et al. ATP-binding cassette transporters in immortalised human brain microvascular endothelial cells in normal and
hypoxic conditions. Exp Transl Stroke Med 4, 9, doi: 10.1186/2040-7378-4-9 (2012).

Grant, P. et al. The biogenesis protein PEX14 is an optimal marker for the identification and localization of peroxisomes in different
cell types, tissues, and species in morphological studies. Histochem Cell Biol 140, 423-442, doi: 10.1007/s00418-013-1133-6 (2013).
Gray, E., Ginty, M., Kemp, K., Scolding, N. & Wilkins, A. Peroxisome proliferator-activated receptor-alpha agonists protect cortical
neurons from inflammatory mediators and improve peroxisomal function. Eur J Neurosci 33, 1421-1432, doi:
10.1111/j.1460-9568.2011.07637.x (2011).

Sacksteder, K. A. et al. Identification of the alpha-aminoadipic semialdehyde synthase gene, which is defective in familial
hyperlysinemia. Am ] Hum Genet 66, 17361743, d0i:10.1086/302919 (2000).

Alsarraf, O. et al. Acetylation: A lysine modification with neuroprotective effects in ischemic retinal degeneration. Exp Eye Res 127,
124-131, doi: 10.1016/j.exer.2014.07.012 (2014).

Xie, Q. et al. Lysine methylation of FOXO3 regulates oxidative stress-induced neuronal cell death. EMBO Rep 13, 371-377, doi:
10.1038/embor.2012.25 (2012).

Ho, ], Dart, A. & Rigatto, C. Proteomics in acute kidney injury—current status and future promise. Pediatr Nephrol 29, 163-171, doi:
10.1007/500467-013-2415-x (2014).

Han, W. K., Bailly, V., Abichandani, R., Thadhani, R. & Bonventre, J. V. Kidney Injury Molecule-1 (KIM-1): a novel biomarker for
human renal proximal tubule injury. Kidney Int 62, 237-244, doi: 10.1046/j.1523-1755.2002.00433.x (2002).

Haase-Fielitz, A., Haase, M. & Devarajan, P. Neutrophil gelatinase-associated lipocalin as a biomarker of acute kidney injury: a critical
evaluation of current status. Ann Clin Biochem 51, 335-351, doi: 10.1177/0004563214521795 (2014).

Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72, 248-254 (1976).

SCIENTIFIC REPORTS | 5:18045 | DOI: 10.1038/srep18045 12



www.nature.com/scientificreports/

41. Shilov, L. V. et al. The Paragon Algorithm, a next generation search engine that uses sequence temperature values and feature
probabilities to identify peptides from tandem mass spectra. Mol Cell Proteomics 6, 1638-1655, doi: 10.1074/mcp.T600050-MCP200
(2007).

42. Cline, M. S. et al. Integration of biological networks and gene expression data using Cytoscape. Nat Protoc 2, 2366-2382, doi: 10.1038/
nprot.2007.324 (2007).

43. Huang da, W,, Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat Protoc 4, 44-57, doi: 10.1038/nprot.2008.211 (2009).

44. Huang da, W, Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: paths toward the comprehensive functional analysis
of large gene lists. Nucleic Acids Res 37, 1-13, doi: 10.1093/nar/gkn923 (2009).

45. Franceschini, A. et al. STRING v9.1: protein-protein interaction networks, with increased coverage and integration. Nucleic Acids
Res 41, D808-815, doi: 10.1093/nar/gks1094 (2013).

Acknowledgements

This study was supported by the National Natural Science Foundation of China (81270832 to RR, 81270833 and
81570674 to TZ, 31401089 to XH and 81400752 to CY), China National Science Fund for Distinguished Young
Scholars (81325020 to YL) and the Science and Technology Commission of Shanghai Municipality (12ZR1405500
to RR).

Author Contributions

C.Y. and J.L. wrote the main manuscript text and prepared all figures. C.Y. and L.L. performed the animal model
and collected the samples. M.H. performed all the immunostaining. Y.L. provided the CHBP. X.L. and Z.S. helped
to revise the manuscript. R.R. and S.L. conceived the study and revised the manuscript. R.R., C.Y,, X.H. and T.Z.
provided the funding support. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yang, C. et al. Proteome Analysis of Renoprotection Mediated by a Novel Cyclic Helix B
Peptide in Acute Kidney Injury. Sci. Rep. 5, 18045; doi: 10.1038/srep18045 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:18045 | DOI: 10.1038/srep18045 13


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Proteome Analysis of Renoprotection Mediated by a Novel Cyclic Helix B Peptide in Acute Kidney Injury

	Results

	CHBP improved renal function and histological structure, and decreased mitochondrial oxidative stress. 
	CHBP ameliorated apoptosis. 
	Identification of differentially expressed proteins. 
	Gene Network Modules Identified by WGCNA. 
	Functional analysis. 
	Verification of the DEPs in mice and human kidneys. 
	Verification in the IR in vitro model. 

	Discussion

	Methods

	Kidney IR injury. 
	Renal function and NAD+ measurement. 
	Histological assessment. 
	ISEL apoptotic cells. 
	Protein extraction. 
	Protein digestion and iTRAQ labeling. 

	2D LC-MS/MS analysis

	Data analysis. 
	Weighted gene co-expression network analysis. 
	Gene ontology analysis. 
	Real-time Quantitative PCR (RT-qPCR). 
	Immunohistochemistry. 
	Tubular epithelial cells (TECs) stimulation and apoptosis detection. 
	Clinical Sample Collection. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Assessment of renal function, NAD+ level, histological injury and apoptosis.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Gene network modules enriched in all experimental groups.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Different functional modules and significant pathways involved in CHBP-mediated IR kidney protection.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Verification of NDUFS6, ABCD3 and AASS expression in mouse kidneys.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Verification of ABCD3, NDUFS3, NDUFS6, NDUFS8, ATP6V1F and AASS expression in human transplant kidneys.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Verification in the IR in vitro model.
	﻿Table 1﻿﻿. ﻿ Demographic characteristics of patients.



 
    
       
          application/pdf
          
             
                Proteome Analysis of Renoprotection Mediated by a Novel Cyclic Helix B Peptide in Acute Kidney Injury
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18045
            
         
          
             
                Cheng Yang
                Junjun Liu
                Long Li
                Meiyu Hu
                Yaqiu Long
                Xiaohui Liu
                Tongyu Zhu
                Xiao Huang
                Shouliang Zhao
                Shangfeng Liu
                Ruiming Rong
            
         
          doi:10.1038/srep18045
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep18045
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep18045
            
         
      
       
          
          
          
             
                doi:10.1038/srep18045
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18045
            
         
          
          
      
       
       
          True
      
   




