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Abstract

Diabetes is associated with a number of metabolic and cardiovascular risk factors that con-

tribute to a high rate of microvascular and macrovascular complications. The risk factors

and mechanisms that contribute to the development of micro- and macrovascular disease in

diabetes are not fully explained. In this study, we employed mass spectrometric analysis

using tandem LC-MS/MS to generate a proteomic profile of protein abundance and post-

translational modifications (PTM) in the aorta and kidney of diabetic rats. In addition, sys-

tems biology analyses were employed to identify key protein markers that can provide

insights into molecular pathways and processes that are differentially regulated in the aorta

and kidney of type 1 diabetic rats. Our results indicated that 188 (111 downregulated and 77

upregulated) proteins were significantly identified in the aorta of diabetic rats compared to

normal controls. A total of 223 (109 downregulated and 114 upregulated) proteins were sig-

nificantly identified in the kidney of diabetic rats compared to normal controls. When the pro-

tein profiles from the kidney and aorta of diabetic and control rats were analyzed by principal

component analysis, a distinct separation of the groups was observed. In addition, diabetes

resulted in a significant increase in PTM (oxidation, phosphorylation, and acetylation) of pro-

teins in the kidney and aorta and this effect was partially reversed by insulin treatment. Inge-

nuity pathway analysis performed on the list of differentially expressed proteins depicted

mitochondrial dysfunction, oxidative phosphorylation and acute phase response signaling to

be among the altered canonical pathways by diabetes in both tissues. The findings of the

present study provide a global proteomics view of markers that highlight the mechanisms

and putative processes that modulate renal and vascular injury in diabetes.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187752 November 9, 2017 1 / 23

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Al Hariri M, Elmedawar M, Zhu R, Jaffa

MA, Zhao J, Mirzaei P, et al. (2017) Proteome

profiling in the aorta and kidney of type 1 diabetic

rats. PLoS ONE 12(11): e0187752. https://doi.org/

10.1371/journal.pone.0187752

Editor: Michael Bader, Max Delbruck Centrum fur

Molekulare Medizin Berlin Buch, GERMANY

Received: June 30, 2017

Accepted: October 25, 2017

Published: November 9, 2017

Copyright: © 2017 Al Hariri et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by LCNRS

Award Number 102676 and a grant from the

Medical Practice Plan, Faculty of Medicine, AUBMC

(AAJ).

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0187752
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0187752&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0187752&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0187752&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0187752&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0187752&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0187752&domain=pdf&date_stamp=2017-11-09
https://doi.org/10.1371/journal.pone.0187752
https://doi.org/10.1371/journal.pone.0187752
http://creativecommons.org/licenses/by/4.0/


Introduction

Diabetes mellitus is a worldwide health burden manifested through hyperglycemia accompa-

nied with insulin deficiency or resistance [1,2]. Hyperglycemia causes irreversible damage to

blood vessels and highly vascularized organs at the microvascular and macrovascular levels,

accounting for the highest mortality in diabetic patients, which render diabetes mellitus as an

independent risk factor for Cardiovascular Diseases (CVD) and Chronic Kidney Disease

(CKD) [3,4]. The diabetes-induced lesions at the microvascular level of the renal glomeruli

result in diabetic nephropathy (DN), which constitutes the most recurrent and serious compli-

cation of diabetes mellitus [5]. On the other hand, the lesions at the macrovascular level lead to

diabetes-induced atherosclerotic pathophysiology [6,7]. It has been shown that poor control of

hyperglycemia at the early stages of diabetes would accelerate the incidence and progression of

vascular and renal complications. Outcomes from The Diabetes Control and Complications

Trial (DCCT) [8] and the Epidemiology of Diabetes Intervention and Complications (EDIC)

[9] have proven that the primary modifiable risk factor for the long-term vascular and renal

complications of T1DM is hyperglycemia [10].

Despite the focus on identifying the mediators of the disease progression in diabetes melli-

tus, the exact mechanisms for the cardiovascular and renal complications of T1DM are still

unclear. Many studies have reported that endothelial dysfunction, oxidative stress, advanced

glycation end products, a decrease in nitric oxide production and bioavailability, and deposi-

tion of fibrotic proteins are involved in the initiation or development of CVD and CKD [11–

16]. In this study, we aimed at identifying the global protein changes in response to T1DM-

induced hyperglycemia in the aorta and kidney, by employing Liquid chromatography-tan-

dem mass spectrometry (LC-MS/MS) technique to comparatively quantitate the expression of

different proteins among the different conditions, and to check the intensities of three differ-

ent post-translational modifications, namely acetylation, phosphorylation and oxidation. In

addition, systems biology analysis (Ingenuity Pathway Analysis, IPA) was used to model the

effects of diabetes on different pathways in the two organs, to identify biological processes that

are modified by the exposure conditions [17–19]. This approach allows the identification of

possible novel biomarkers and development of new mechanisms aimed at defining the inter-

play of multiple biological pathways involved in the etiology of renal and vascular disease in

diabetes.

Methods

Induction of diabetes

A total of 9 rats were used in the study divided into three groups with 3 rats in each group.

Non-diabetic control n = 3, diabetic n = 3 and insulin treated diabetic, n = 3. The initial body

weight of the rats used in the study were between 250–275g and were 8 weeks of age. Rats were

housed two to three per cage in a light- and temperature-controlled room and had free access

to food and water. Diabetes was induced by a single intravenous injection of streptozotocin

(STZ), 65 mg/kg body weight through the tail vein. After 24 h, diabetes was confirmed in STZ-

treated rats by tail vein plasma glucose levels. Glucose levels and body weights were measured

at predetermined intervals to characterize the diabetic state. The insulin treated diabetic rats

were treated twice daily with subcutaneous injections of insulin (3U, HUMULIN N) for 4

weeks, two weeks after induction of diabetes. At the end of the study period the rats were sacri-

ficed by CO2 euthanasia followed by harvesting of tissues (kidneys and aorta). Both kidneys

were excised from the rats and the cortices were dissected out and used in our study. The corti-

ces from the left kidney were immediately frozen for proteomic analysis and the cortices from
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the right kidneys were embedded in paraffin for further analysis using immunohistochemistry.

The aorta was removed, denuded and cut into two sections. One half was immediately frozen

for proteomic analysis and the other half was embedded in paraffin for further analysis using

immunohistochemistry. All animal experiments were approved by the Institutional Animal

Care and Use Committee (IACUC) at the American University of Beirut and conducted in

accordance with the guidelines of the Animal Care Facility and IACUC.

Extraction and tryptic digestion of proteins

Denuded aorta and kidney cortices from control, diabetic and insulin-treated diabetic rats

were homogenized using beads beater (Beadbug microtube homogenizer, Benchmark Scien-

tific, Edison, NJ) followed by sonication on ice for 30 min and centrifugation at 14,800 rpm for

10 min. The resulting supernatant was diluted 10x with 50 mM ammonium bicarbonate

(ABC) buffer, and the protein concentration was determined by BCA protein assay kit

(Thermo Scientific/Pierce, Rockford, IL) according to the user’s manual.

Aliquots of 10μg extracted proteins from each sample were denatured at 80˚C for 10 min

followed by adding 200 mM dithiothreitol (DTT) and incubating at 60˚C for 45 min. The

resulting reduced proteins were then alkylated by adding 2–6μl Iodoacetamide (IAA, 200 mM

solution) and incubating at 37˚C in the dark for 45 min. Excessive IAA was quenched by addi-

tional DTT and incubating at 37˚C for 30 min. Trypsin (Promega, Madison, WI) was added at

a ratio of 1:25 (enzyme: proteins, w/w) into samples and incubated at 37˚C for 18 hours fol-

lowed by addition of formic acid at a final concentration of 0.5% to quench the enzymatic reac-

tion. Samples were then centrifuged at 14,800 rpm for 10 min, and the resulting supernatant

containing the digested peptides were dried and then resuspended in an aqueous solution con-

taining 2% acetonitrile (ACN) and 0.1% formic acid (FA) for Liquid Chromatography-Mass

Spectroscopy/Mass Spectroscopy (LC-MS/MS) analysis.

Liquid Chromatography-Mass Spectroscopy/Mass Spectroscopy

analysis

Aliquots (1μg) of tryptic digested samples were subjected to Liquid chromatography-electro-

spray ionization-tandem mass spectrometry (LC-ESI-MS/MS) analysis. The LC-MS/MS data

was acquired using a Dionex Ultimate 3000 nano-LC system (Thermo Scientific, San Jose,

CA) interfaced to an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, San Jose,

CA) equipped with a nano-ESI source. Injected peptides were first purified on-line at a flow

rate of 3 μl/min using a C18 Acclaim PepMap 100 trap column (75 μm I.D. x 2 cm, 3 μm parti-

cle sizes, 100 Å pore sizes, Thermo Scientific, San Jose, CA). Peptides were separated on a C18

Acclaim PepMap RSLC column (75 μm I.D. x 15 cm, 2 μm particle sizes, 100 Å pore sizes,

Thermo Scientific, San Jose, CA). The column temperature was maintained at 29.5˚C and the

flow rate was 350 nl/min during the separation. The mobile phase consisted of solution A

(97.9% water/2% ACN/0.1% FA) and solution B (99.9% ACN/0.1% FA). The separation of

peptides was achieved by following gradient of solution B: 5% over 10 min, 5%-20% over 55

min, 20–30% over 25 min, 30–50% over 20 min, 50%-80% over 1 min, 80% over 4 min, 80%-

5% over 1 min and 5% over 4 min. Data-dependent acquisition mode with two scan events

was employed for MS/MS analysis. The first scan event was a full MS scan of 400–2000 m/z at

a mass resolution of 15,000. In the second scan event, 10 most intense ions detected in the first

scan event were selected with an isolation width of 3.0 m/z to perform CID MS/MS. The

normalized collision energy (CE) was set to 35%, and an activation Q value was 0.250. The

dynamic exclusion was set to have repeat count of 2, repeat duration of 30s, exclusion list size

200 and exclusion duration of 90s.
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Post-Translation modification analysis

The raw data obtained from LC-MS/MS analysis were processed with the MaxQuant software

version 1.5.4.1. Database search was performed against UniProtKB/Swiss-Prot rat database

(35842 entries). The search included cysteine carbamidomethylation as a fixed modification

and multiple variable modifications, including methionine oxidation, phosphorylation of ser-

ine, threonine and tyrosine, in addition to acetylation of protein N-terminal, histidine and

lysine. Corresponding with experimental procedures, trypsin was specified as the proteolysis

enzyme and a maximum of 2 miscleavages were allowed. For identification, the peptide pre-

cursor mass tolerance was 20 pm in the first search and 4.5 pm in the main search. As for frag-

ments matching, a deviation of 0.5 Da was allowed. Only peptides with a minimum length of 7

amino acids were considered for identification. The false discovery rate (FDR) was set to be

0.01 at both peptide and protein levels. The minimum ratio count was set as two to determine

the intensities of proteins. Both unique and razor peptides were considered for quantification.

Data generated by MaxQuant were further interpreted using Perseus. Filters were applied to

eliminate reverse hits and common contaminants for peptide and protein identification, and

an additional filter for protein was only identified by sites. Only proteins that were detected in

at least 2 replicates of at least one sample group were reported.

Systems biology assessment

IPA software (Ingenuity1 Systems, Version 33559992) was employed to examine functional

correlations within the different treatment groups. IPA is a powerful tool that is widely used in

the omics field to suggest/predict the effects of specific conditions or drugs on the biological

outcomes [20–22]. Data sets containing protein identifiers (UniProt-KB) and corresponding

expression values (Log2 [Fold change]) of different comparative groups were uploaded. The

comparative groups were as follows: diabetic vs. control to analyze the effect of diabetes com-

pared to time-matched control, insulin-treated diabetic vs. control to analyze the effect of insu-

lin treatment compared to time-matched control, and insulin-treated diabetic vs. diabetic to

analyze the effect of insulin treatment compared to the diabetic group. Each protein identifier

was mapped to its corresponding protein object in the Ingenuity Pathways Knowledge Base.

All mapped proteins were differentially expressed with p< 0.05 and overlaid onto global

molecular networks developed from information contained in the knowledge base. Networks

were then algorithmically generated based on their connectivity. Networks were “named” on

the most prevalent functional group(s) present. Canonical pathways, Diseases and Bio Func-

tions, and Ingenuity Tox List tools were overlaid on the networks.

Statistical analysis and LC-MS/MS data analysis

Our analysis was initiated by conducting simple descriptive statistics on the overall mean for

every group (control, diabetes, and diabetes with insulin) as well as at each time point. Nor-

mality of the data was assessed graphically using Q-Q plots that determines whether the data

follows the normal distribution as well as numerically using Shapiro-Wilk test for normality.

We conducted first our analysis at a cross sectional level using the nonparametric Kruskal-

Wallis one way ANOVA to test for group effect and reported the P-value for Bonferroni cor-

rection for multiple tests between the groups to identify the groups that differed at each time

point. Then we carried out longitudinal analysis that accounts for the correlation between

the repeated measures on the same rat and adjust for time effects. In this regard we imple-

mented an advanced approach of longitudinal analysis using generalized linear mixed models

(GLMM). We accounted for the correlation in the repeated measures that pertain to the same
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rat using random intercepts for each rat specified in GLMM. Data are expressed as mean ± SE

and significance was considered at p<0.05.

LC-MS/MS data were used to generate mascot generic format file (�.mgf) by Proteome Dis-

cover version 1.2 software (Thermo Scientific, San Jose, CA) then searched using SwissProt

database (Rattus) in MaxQuant version 2.4 (Matrix Science Inc., Boston, MA). Iodoacetamide

modification of cysteine was set as a fixed modification, while oxidation of methionine was set

as a variable modification. An m/z tolerance of 5 ppm was set for the identification of peptides

with maximum 2 missed cleavages. Also, tandem MS ion tolerance was set within 0.8 Da with

label-free quantification. Scaffold Q+ (Proteome Software, Portland, OR) was employed for

spectral counts quantitation. The normalized intensity of target peptides corresponding to

each candidate protein was summed up to represent the abundance of the certain protein. Stu-

dent’s t-tests were performed to determine the significant proteins in the comparison between

every two sample groups with a criteria of p-value < 0.05.

Results

Characteristics of the diabetic state

Plasma glucose levels and body weights of all three groups of rats over the duration of the

study period are shown in Fig 1A and 1B, respectively. Our analysis indicated that both glucose

and weight were not normally distributed with respective Shapiro-Wilk test P-values of

<0.0001 and 0.04. The summary statistics conducted at a group level (control, diabetic, and

insulin-treated diabetic rats) revealed that the group of diabetic rats had the highest glucose

levels 489±32 mg/dl. The second highest group in plasma glucose was that of insulin-treated

diabetic rats with average plasma glucose levels of 305±36 mg/dl. Controls had the lowest

plasma glucose levels with 130±3 mg/dl. Our nonparametric data analysis conducted cross sec-

tional at each time point indicated that there was a significant difference in plasma glucose lev-

els between control and diabetic rats at weeks 3 and 4 with a Bonferroni adjusted p = 0.02 and

0.019, respectively, and between diabetic and insulin-treated diabetic rats at week 6 with a Bon-

ferroni adjusted p = 0.02. To determine if the observed difference in the plasma glucose levels

between the groups is of statistical significance and to account for the longitudinal nature

of the data we implemented the repeated measure generalized linear mixed models with an

intercept as the random effect. This random effect will account for the correlation between the

glucose measures repeated for the same rat, referred to as within subject correlation. The out-

come glucose was modeled as a function of group and week. In addition, to account for any

potential interaction effect, we included in this model an interaction term between week and

group. Our longitudinal analysis indicated that group had a significant effect on plasma glu-

cose levels with overall p< 0.0001. In addition, a significant interaction between week and

group was detected (p = 0.0002), hence this interaction term was left in the model to account

for its effect modification on the relationship between the group and plasma glucose. Time

had a non-significant effect on plasma glucose, indicating that time is not significantly affect-

ing the levels of glucose. Accordingly, group is the main factor that is associating with plasma

glucose. In specific, the diabetes group had a significantly different (higher) glucose levels

compared to controls (p< 0.0001), and diabetes with insulin had also significant difference

(higher) levels of glucose compared to controls (p = 0.0003). Diabetes and diabetes with insulin

did not have a significant difference in glucose (p-value = 0.2689).

The body weight for the controls was 354 ±2 g and that for diabetes were 271±10 g and that

for diabetes and insulin were 284±13g. Our nonparametric data analysis conducted at a cross

sectional level on every week indicated that there was a significant difference in body weight

between control and insulin-treated diabetic rats at weeks 2, with an adjusted Bonferroni

Proteomics in diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0187752 November 9, 2017 5 / 23

https://doi.org/10.1371/journal.pone.0187752


Fig 1. Plasma glucose levels (A) and body weights (B) in control, diabetic and insulin-treated diabetic rats. (A) Plasma glucose

levels were significantly increased one day after STZ injection in both diabetic groups compared to controls. (B) Initial body weights were

not significantly different between diabetic and control rats. The blue line is for Control rats, the red line for Diabetic rats, and the green line

is for Insulin-treated diabetic rats. Cross-sectional analysis using non-parametric Kruskal-Wallis followed by Bonferroni correction was

employed to assess the difference between the groups at each time point. * represents a significant difference between diabetes and

control groups with p<0.03, and # represents a significant difference between insulin-treated diabetes and diabetes groups with p = 0.02.

https://doi.org/10.1371/journal.pone.0187752.g001
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p = 0.02 and between control and diabetic rats at weeks 4, 5, and 6 with an adjusted Bonferroni

p = 0.02, 0.03 and 0.03 respectively. Our longitudinal analysis using the generalized linear

mixed models with random effect on the intercept with lognormal distribution and unstruc-

tured variance-covariance matrix revealed that there is a significant incremental effect of time

(weeks) on weight (p< 0.0001), and a significant interaction between time and group

(p< 0.0001). However, body weight did not significantly differ between the 3 groups with

overall P-value of 0.2507, Fig 1B.

Aorta and kidney proteomic analysis

Comparative proteomic profiling of kidney and aorta protein abundance was done using

LC-ESI-MS/MS followed by MaxQuant analysis of the generated protein spectra. Adopting

this approach, 1128 distinct proteins were identified in the aorta of control and diabetic rats

and 1290 distinct proteins were identified in the kidney of control and diabetic rats. The fre-

quencies of log (base 2) -transformed intensities of proteins in each sample were plotted

(Figure A in S1 File), showing that the intensity frequency follow normal distribution. The list

of identified proteins generated by LC-MS/MS in the different groups are shown in the protein

group data (S2 File).

Effect of diabetes on proteome profile in the aorta and kidney

The aorta and kidney responded to the diabetic state differently as evidenced by the proteomic

profile in these tissues and as illustrated in the heat maps (Fig 2). Amid the 1128 identified pro-

teins in the aorta, 188 (16.6%) were significantly modified by the diabetic state with p< 0.05.

Of these, 111 (59%) proteins were significantly downregulated and 77 (41%) proteins were sig-

nificantly upregulated (Table A in S1 File). Among the 1290 proteins identified in the kidney,

223 (17.3%) were significantly modified by the diabetic state with p< 0.05. Out of these, 109

(48.8%) proteins were significantly downregulated and 114 (51.1%) proteins were significantly

upregulated (Table B in S1 File). A Venn diagram was generated to determine the common

proteins modified by diabetes in the aorta and kidney. Only 12% of proteins that their expres-

sion was significantly modified by the diabetic state were common between the aorta and kid-

ney. The list of common proteins is shown in Table C in S1 File, and included proteins related

to carbon metabolism, citrate cycle (TCA cycle), metabolic pathways, microbial metabolism in

diverse environments, fatty acid degradation, fatty acid metabolism and other pathways.

Effect of diabetes on the expression levels of distinct oxidative stress

enzymes

Diabetes resulted in the differential expression of a cluster of oxidative stress-related enzymes

involved in hydrogen peroxide, electrophilic and superoxide detoxification in the aorta and

kidney. In the aorta, diabetes-induced the protein expression levels of glutathione peroxidase 1

(3.22 fold, p = 0.041) and 3 (2.12 fold, p = 0.004), glutathione S-transferase Pi 1 (2.04 fold,

p = 0.021) and Mu 3 (16.78 fold, p = 0.039), monoamine oxidase A (2.67 fold, p = 0.049) and

reduced the expression of superoxide dismutase 1 (0.7 fold, p = 0.044) compared to levels in

aorta of control normal rats (Table A in S1 File). Whereas in the kidney, diabetes-induced the

protein expression levels of glutathione S-transferase Mu 1 (1.55 fold, p = 0.039) and Zeta 1

(1.86 fold, p = 0.005), peroxiredoxin 3 (1.36 fold, p = 0.001) and 6 (1.67 fold, p = 0.047) and

superoxide dismutase 2 (1.24 fold, p = 0.018) compared to levels in kidney of control normal

rats (Table B in S1 File).
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Effect of diabetes on matrix proteins in the aorta

Analysis of the proteomic abundance of proteins indicated that diabetes induced the expres-

sion levels of collagen type VI α6 (4.32 fold, p = 0.03), collagen type XVIII α1 (2.75 fold,

p = 0.035), and fibulin 1 (4.12 fold, p = 0.013) compared to control tissues. In addition, diabe-

tes induced the protein expression of integrin beta 1 (2.77 fold, p = 0.044), a focal adhesion

protein that links the actin cytoskeleton to the extracellular matrix (Table A in S1 File).

Effect of insulin treatment on proteome profile in the aorta and kidney

Treatment of diabetic rats with insulin for four weeks resulted in partial reversal of the expres-

sion profile of the proteins in aorta and kidney that were significantly modified by the diabetic

state as shown in the heat maps Fig 2. Of the 188 proteins significantly modified by diabetes in

the aorta, only 42 (22%) proteins responded to insulin treatment by normalizing the expres-

sion levels of these proteins (Table D in S1 File). Similarly, of the 223 proteins significantly

Fig 2. Hierarchical clustering (heat maps) of protein expression profiles in the aorta (A) and kidney (B) among the three groups of rats. The

compared groups are Diabetic vs. Control samples, Insulin-treated diabetic vs. Control samples, and Insulin-treated diabetic vs. Diabetic samples. Green

color represents downregulation of protein expression, whereas the red color represents upregulation of protein expression. Color intensity reflects the

expression level of the proteins. The label on the right-hand side of the heat maps represents the accession number of the proteins.

https://doi.org/10.1371/journal.pone.0187752.g002
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modified by the diabetic state in the kidney, only 101 (45%) responded to insulin treatment by

normalizing the expression levels of these proteins (Table E in S1 File).

Effect of diabetes and insulin on kininogen and angiotensin-converting

enzyme

Comparative analysis of the proteomic profile indicated that diabetes induced the protein

expression of high molecular weight kininogen in the aorta (2.91 fold, p = 0.004) as well as in

the kidney (4.61 fold, p = 0.012) compared to controls. It is of interest also to point here that

insulin treatment resulted in increased expression of angiotensinogen levels by 5.89 fold

(p = 0.025) and angiotensin-converting enzyme by 2.03 fold (p = 0.007) in the aorta.

Principal component analysis (PCA)

PCA a derivative of multivariate data analysis, commonly used to reduce multidimensionality

of large datasets and discern features that distinguish the different groups was applied to the

proteomic profiles of the aorta and kidney. As shown in Fig 3A and 3B, PCA efficiently sepa-

rated the groups, indicating that the proteomic profiles contain structure that is discernable

even without considering the identity of individual factors. Importantly, the discriminatory

power of the analysis held when considering the aorta and kidney proteome between the three

different groups.

Effect of diabetes on PTMs

Beyond protein abundance, LC-MS/MS also determined the intensity of proteins modified by

oxidation, phosphorylation, and acetylation in the aorta and kidney of control, diabetic and

insulin-treated diabetic rats. The increased intensity of the PTM proteins we observed was not

due to the abundance of the specific proteins but rather to an effect of the diabetic state on the

intensity of the modified PTM. The mean intensities of oxidized proteins in control aorta is

7.2 ± 0.93 compared to 18.1±0.71 in diabetic aorta (p< 0.001, n = 34) and 6.3±1.2 in control

kidney compared to 18.3±0.85 in diabetic kidney (p< 0.001, n = 25). Treatment of diabetic

rats with insulin significantly reduced the increased intensities of oxidized proteins in the

aorta to 10.03±1.3 and kidney to 9.96±1.75 of diabetic rats to levels not significantly different

from controls (Fig 4). The mean intensities of phosphorylated proteins in control aorta is 6.2

±0.5 compared to 17.8±0.44 in the diabetic aorta (p<0.001, n = 100) and 7.4±0.77 in control

kidney compared to 19.9±0.6 in diabetic kidney (p< 0.001, n = 72). Treatment of diabetic rats

with insulin significantly reduced the increased intensities of phosphorylated proteins in the

aorta to 8.49±0.73 and in the kidney to 13.3±0.97 compared to levels in diabetic rats (Fig 4).

The mean intensities of acetylated proteins in control aorta is 6.7±0.42 compared to 18.4±0.39

in the diabetic aorta (p<0.001, n = 128) and 6.6±0.49 in control kidney compared to 20.1±0.48

in diabetic kidney (p<0.001, n = 105). Treatment of diabetic rats with insulin significantly

reduced the increased intensities of acetylated proteins in the aorta to 9.02±0.6 and in the kid-

ney to 13.99±0.82 compared to levels in diabetic rats (Fig 4).

Pathway and network analysis of proteomic profiles

The proteomic profiles of significantly modified proteins in the aorta and kidney were sub-

jected to IPA analysis. The results shown in Fig 5A–5D offer a graphical representation of the

altered canonical pathways of significantly upregulated and downregulated proteins within

each tissue and between each group.
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Fig 3. Principal component analysis (PCA) of the aorta (A) and the kidney (B) samples. The total normalized expression data of the proteins was

used to depict the scatter plots of the first (X) and the second (Y) principal components. The numbering of the nodes is an identification of the samples.

Abbreviation A (Control), B (Diabetic), and C (Insulin-treated Diabetic). Blue oval encircles the control samples, green oval encircles the diabetic samples,

and red oval encircles the Insulin-treated diabetic samples.

https://doi.org/10.1371/journal.pone.0187752.g003
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Fig 4. Scatter plot of the mean intensities of the three PTMs in the aorta (A, B, and C) and the kidney (D, E, and F) samples. A and C

show the scatter of the oxidized proteins among the 3 different groups. B and E show the scatter of the phosphorylated proteins among the 3

different groups. C and F show the scatter of the acetylated proteins among the 3 different groups (* p<0.05).

https://doi.org/10.1371/journal.pone.0187752.g004

Proteomics in diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0187752 November 9, 2017 11 / 23

https://doi.org/10.1371/journal.pone.0187752.g004
https://doi.org/10.1371/journal.pone.0187752


Fig 5. Canonical pathways of the comparative groups in the aorta and the kidney samples. A: top Canonical pathways related to

proteins altered in the aorta of Diabetes vs. control samples. B: Top Canonical Pathways related to proteins altered in the aorta of Insulin-

treated Diabetic vs Diabetic samples C: Top Canonical Pathways related to proteins altered in the kidney of Diabetic vs. Control samples.

D: Top Canonical Pathways related to proteins altered in the kidney of Insulin-treated Diabetic vs. Diabetic samples. Bars show the total

number of proteins identified in each pathway. The green color represents the downregulated proteins, and the red color represents the

upregulated proteins.

https://doi.org/10.1371/journal.pone.0187752.g005
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Fig 6. IPA network analysis of the modified proteins in the aorta of diabetic relative to control rats. A:

The top diseases and functions related to the modified proteins are Lipid Metabolism, Molecular Transport,

and Small Molecule Biochemistry. The top Toxicity and functions predicted by IPA related to the modified
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Network analysis of aorta of diabetic rats compared to control (Fig 6A) depicted that kini-

nogen (KNG1), transforming growth factor beta (TGFβ), and protein kinase A (PKA) were

upregulated by the diabetic state and they were connected to the activation of angiotensin II

receptor type 2 (AGTR2), Leptin (LEP), and heme oxygenase 1 (HOX1). In addition, network

analysis showed that the modified proteins possessed many aorta toxicity related functions

such as cardiac dysfunction, necrosis, fibrosis, hypertrophy, dilatation, proliferation, cell

death, movement and migration of connective tissue (Fig 6A and 6B). To validate the proteo-

mic analysis findings from the LC-MS/MS of the effects of diabetes on the expression of pro-

teins in the aorta samples, we performed immunohistochemistry (IHC) staining for TGFβ.

The results shown in Figure B in S1 File indicated an increase in the TGFβ (2.5±0.39-fold)

staining in the aorta sections of the diabetic rats compared to the control. In addition, insulin

supplementation showed a significant decrease in the staining of TGFβ (0.9±0.05-fold) com-

pared to the diabetes group.

Network analysis of the effect of insulin treatment on the aorta of diabetic rats, showed that

angiotensinogen (AGT), and angiotensin converting enzyme (ACE) were upregulated and

connected to the inhibition of leptin receptor (LEPR), while alpha-1-microglobulin/bikunin

precursor (AMBP) was downregulated and connected to the inhibition of fibronectin 1 (FN1).

In addition, insulin altered oxidative stress through the upregulation of glutamate-cysteine

ligase modified (GCLM), inhibition of tumor necrosis factor (TNF), nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB), and superoxide dismutase 2 (SOD2), and

activation of CYP (Fig 7A). Toxicity functions involved included cardiac dysfunction, necrosis,

fibrosis, hypertrophy, dilatation, and proliferation. Additionally, the list of modified proteins

showed activation of cell death, and apoptosis and inhibited the formation of actin filaments as

biological functions (Fig 7B).

Network analysis of the modified proteins in the kidney of diabetic rats revealed that the

downregulation of integrin subunit beta 1 (ITGB1), Cofilin1 (CFL1), and fatty acid synthase

(FASN) to be connected with the activation of leptin (LEP), LEPR, matrix metallopeptidase 9

(MMP9), and interleukin 6 (IL6). Diabetes promoted oxidative stress in the kidney through

the downregulation of signal transducer and activator of transcription 3 (STAT3), the upre-

gulation of SOD2, glutathione peroxidase 1 (GPX1), and glutathione S-transferase mu 1

(GSTM1), in addition to the activation of IL6 and the inhibition of NFκB activity (Fig 8A).

IPA also identified toxicity functions of the detected proteins from the kidneys. These

included renal damage, nephritis, necrosis, proliferation, and renal failure. Furthermore, the

modified proteins in the kidney of the diabetic relative to control group showed activation of

biological functions such as the activation of growth of epithelial tissue and oxidation of long

chain fatty acid, and the inhibition of the adhesion of glomerular cells, cell movement, cell

proliferation of kidney cell lines, cell spreading of kidney cell lines, generation of reactive oxy-

gen species, metabolism of reactive oxygen species, microtubule dynamics, quantity of lipid

peroxide, and quantity of superoxide (Fig 8B).

proteins are Cardiac Fibrosis, Cardiac Hypertrophy, Cardiac Necrosis/Cell Death, Increased Cardiac

Dysfunction, Increased Cardiac Proliferation, Increased Cardiac Dilatation, Mitochondrial Dysfunction, and

Oxidative Stress. The main regulated proteins connected in this network were Kng1, AKT, and Leptin. B:

Diseases and Biological Functions predicted by IPA related to the differentially expressed proteins in this

comparative group. The diseases related to these proteins are apoptosis of endothelial cells, formation of

thrombus, necrosis of epithelial tissue, and occlusion of blood vessel. The color intensity of the nodes reflects

the expression of the proteins. Green nodes are downregulated proteins, red nodes are upregulated proteins,

white nodes are IPA predicted proteins with non-consistent activation pattern, blue nodes are IPA predicted

proteins to be inhibited, and orange nodes are IPA predicted proteins to be activated.

https://doi.org/10.1371/journal.pone.0187752.g006
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Fig 7. IPA network analysis of the modified proteins in the aorta of insulin-treated diabetic relative to

diabetes rats. The top Toxicity and functions predicted by IPA related to the modified proteins are Cardiac

Fibrosis, Hypertrophy, Necrosis/Cell Death, Oxidative Stress, Increased Cardiac Proliferation, Dilation, and

Dysfunction. The main regulated proteins connected in this network are ACE, AGT, and TNF. B: Diseases

and Biological Functions predicted by IPA related to the differentially expressed proteins in this comparative

group. The main biological functions altered in this network are apoptosis, metabolism of hydrogen peroxide,

and release of reactive oxygen species. The diseases related to these proteins are damage of blood vessel,

and hypertrophy of thoracic aorta. The color intensity of the nodes reflects the expression of the proteins.

Green nodes are downregulated proteins, red nodes are upregulated proteins, white nodes are IPA predicted

proteins with non-consistent activation pattern, blue nodes are IPA predicted proteins to be inhibited, and

orange nodes are IPA predicted proteins to be activated.

https://doi.org/10.1371/journal.pone.0187752.g007
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Fig 8. IPA network analysis of the modified proteins in the kidney of diabetic relative to control rats.

A: The top Toxicity and functions predicted by IPA related to the modified proteins are Increase Renal

Damage, Nephritis, Proliferation, Necrosis/Cell Death, Oxidative Stress, Acute Renal Failure Panel (Rat), and

Mitochondrial Dysfunction. The main regulated proteins in this network are EGFR, LEP, LEPR, and TNF. B:

Diseases and Biological Functions predicted by IPA related to the differentially expressed proteins in this

comparative group. The main biological functions altered in this network are adhesion of glomerular cells,

generation of reactive oxygen species, the growth of epithelial tissue, and metabolism of hydrogen peroxide

and reactive oxygen species. The diseases related to these proteins are nephrosis, and passive Heymann

nephritis. The color intensity of the nodes reflects the expression of the proteins. Green nodes are

downregulated proteins, red nodes are upregulated proteins, white nodes are IPA predicted proteins with non-

consistent activation pattern, blue nodes are IPA predicted proteins to be inhibited, and orange nodes are IPA

predicted proteins to be activated.

https://doi.org/10.1371/journal.pone.0187752.g008
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To validate the proteomic analysis findings from the LC-MS/MS of the effects of diabetes

on the expression of proteins in the kidney samples, IHC staining for cofilin1 was carried out.

The results shown in Figure C in S1 File indicated a decrease in the cofilin1 staining in the

kidney sections of the diabetic samples (0.4±0.05-fold) and insulin-treated diabetic samples

(0.5±0.06-fold) compared to the control samples.

Network analysis of the effect of insulin treatment on the kidney of diabetic rats showed

that the upregulation of complement C3 (C3) and ITGB1 are connected to the activation of

NFκB and TNF (Fig 9A). Additionally, the upregulation of Gamma-Glutamyltransferase 1

(GGT1), the downregulation of GPX1, peroxiredoxin 5 (PRDX5), and SOD2, and the activa-

tion of NFκB and TNF regulated oxidative stress in this group. Moreover, the downregulation

of Aconitase 2 (ACO2), oxoglutarate dehydrogenase (OGDH), ATP Synthase, H+ Transport-

ing, Mitochondrial F1 Complex, Beta Polypeptide (ATP5B), SOD2, Succinate Dehydrogenase

Complex Flavoprotein Subunit A (SDHA), PRDX5, NADH dehydrogenase [ubiquinone]

iron-sulfur protein 2 (NDUFS2), NADH:ubiquinone oxidoreductase core subunit S7

(NDUFS7), and Cytochrome C Oxidase Subunit 4I1 (COX4I1), and the activation of NFκB,

and TNF regulated mitochondrial dysfunction in this group (Fig 9B). Furthermore, the modi-

fied proteins in the kidney of this group showed activation of adhesion of glomerular cells, cell

death, cell spreading of kidney cell lines, engulfment of cells, metabolism of reactive oxygen

species, the quantity of reactive oxygen species, and synthesis of reactive oxygen species as Bio-

logical Functions.

Discussion

Discovery proteomic analysis of biological tissues and fluids is increasingly employed in the

identification of novel biomarkers. Unlike genomic and transcriptomic approaches for bio-

marker discovery, proteomics provides significant insights into protein abundance and PTM

that modulate protein function and activity [23,24]. In this study, we employed mass spectro-

metric analysis by using tandem LC-MS/MS to generate a proteomic profile that encompasses

information on both protein abundance and post-translational modification in the aorta and

kidney of type 1 diabetic rats. In addition, systems biology analysis was employed on modified

proteins to identify key proteins that can highlight mechanisms and pathways involved in dia-

betic vascular and renal biology.

Our data demonstrated that the aorta and kidney responded to the diabetic state differently

as evidenced by the proteomic profile of modified proteins expressed in these tissues. Diabetes

induced the expression of fibrotic, inflammatory, oxidative and cytoskeleton-related proteins

that are interconnected to cellular networks involved in vascular and renal diseases. Insulin

treatment of diabetic rats partially reversed the expression profile of the proteins in the aorta

and kidney that were significantly modified by the diabetic state, despite normalization of

blood glucose levels at study end. This phenomenon is termed “metabolic memory” to specify

the continuing persistence of hyperglycemic burden even after glycemic control [25]. Epige-

netic modifications of genes caused by the persistent exposure to hyperglycemia may explain

some of the enduring detrimental effects of hyperglycemia on causing tissue damage in diabe-

tes [26–29].

It is also conceivable that factors other than hyperglycemia, may have contributed to the

expression profile of proteins modified by diabetes. In this regard, our data indicated that the

insulin treatment induced the expression of angiotensinogen and ACE in the aorta of diabetic

rats, which could result in increased generation of the vasoactive peptide angiotensin II. The

generated angiotensin II can act in a paracrine and autocrine manner on vascular cells to

mediate a multitude of cellar signaling pathways that results in vascular remodeling [30]. In
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Fig 9. IPA network analysis of the modified proteins in the kidney of insulin-treated diabetic relative

to diabetic rats. A: The top Toxicity and functions predicted by IPA related to the modified proteins are

Increase Damage to Mitochondria, Glomerular Injury, Renal Proliferation, Necrosis/Cell Death, Oxidative

Stress, Acute Renal Failure Panel (Rat), and Mitochondrial Dysfunction. The main regulated proteins in this

network are NFkB (complex), PRDX5, and SOD2. B: Diseases and Biological Functions predicted by IPA

related to the differentially expressed proteins in this comparative group. The main biological functions altered

in this network are adhesion of glomerular cells and metabolism and synthesis of reactive oxygen species.

The diseases related to these proteins are nephrosis, passive Heymann nephritis. The color intensity of the

nodes reflects the expression of the proteins. Green nodes are downregulated proteins, red nodes are

upregulated proteins, white nodes are IPA predicted proteins with non-consistent activation pattern, and

orange nodes are IPA predicted proteins to be activated.

https://doi.org/10.1371/journal.pone.0187752.g009
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fact, angiotensin II has been shown to modulate vascular tone and to promote vascular smooth

muscle cell proliferation and matrix expansion and contributes to vascular disease in diabetes

[31].

Along these lines, analysis of the proteome profile of proteins indicated that diabetes

induced the expression levels of matrix proteins such as collagen type VI α6 and type XVIII

α1, fibulin 1 and transforming growth factor beta (TGF- β) in the aorta. In this regard,angio-

tensin II-induced myocardial fibrosis mediated by TGF-β is modulated by fibulin [32]. More-

over, our data indicated that the expression of prohibitin 1 and 2 was reduced in the aorta of

diabetic rats, thus increasing the susceptibility to vascular injury. Prohibitin overexpression

was associated with inhibition of collagen accumulation and reduction of reactive oxygen spe-

cies generation in diabetes [33–36]. The downregulation of prohibitin expression in the aorta

was associated with the promotion of cell death functions.

Analysis of the proteome profile revealed that diabetes induced the expression of kininogen

in both the aorta and kidney and this effect was modulated by hyperglycemia. In addition

treatment of diabetic rats with insulin to control their blood glucose levels reversed the expres-

sion of kininogen. Upregulation of kininogen was also reported in the urine of T1DM rat

model by Caseiro et al. and in the plasma of T1DM patients at risk for renal disease [37,38].

Although, there is paucity of reports that assess the proteomic profile in the aorta of type 1 dia-

betic rats, Dwinovan et al. employed proteomic analysis to assess the protein abundance in the

aorta of type 2 diabetic rats. Among the altered biological pathways in the diabetic group, they

have reported that inflammatory and oxidative stress related proteins to be modified by diabe-

tes [39], which is in support of our data in the aorta of type 1 diabetes demonstrating similar

alterations in biological processes. In addition our proteomic profiling data in the kidney are

consistent with previous reports using type 1 diabetic animal models showing that the expres-

sion of calbindin, integrin B1, kininogen 1, haptoglobin, and glutathione peroxidase 1 are

altered by the diabetic state [40,41].

Moreover, the effects of diabetes on kininogen expression are in-line with our previous

data where we found that the expression and activity of plasma prekallikrein (PK), the serine

protease that cleaves kininogen to liberate the vasoactive peptide bradykinin, were elevated in

T1DM patients. Furthermore, PK levels were shown to be associated with macroalbuminuria,

and carotid intimal medial thickness implicating a role for PK as a risk factor for vascular and

renal disease in T1DM patients [42,43]. In addition, targeted deletion of bradykinin receptor 2

in diabetic mice conferred renoprotection against the development of diabetic nephropathy

[44]. It is of interest to point here that network analysis of this group of proteins depicted that

kininogen and protein kinase A are connected to the activation of angiotensin II type 2, leptin

and heme oxygenase 1, thus linking the kallikrein kinin system and renin-angiotensin system

to the inflammatory and oxidative stress processes inherent in the diabetic state.

PTMs have been recognized as modulators of target protein resulting in their structural

conformational changes that influence their activity, spatial localization and binding to other

cellular protein partners [45,46]. Virtually all cellular pathways are regulated by PTMs and

their dysregulation has been shown to be related to diseases such as CKD and CVD [47–49].

Our data indicated that diabetes increased the intensities of oxidized, phosphorylated, and

acetylated proteins in both the aorta and kidney. This increase in PTMs was independent of

protein abundance. Hyperglycemia is recognized as one of the main factors that provoke dis-

proportionate reactive oxygen species production in the vasculature, kidney, and heart [50–

52]. Oxidative stress causes modifications of protein, lipids, and DNA and it activates tran-

scription factors that drive inflammation, fibrosis, and cell hypertrophy [26,27,53]. In this

regard, our analysis of the proteome profile indicated that diabetes induced the expression of a

number of oxidative stress related enzymes involved in hydrogen peroxide, electrophilic, and
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superoxide detoxification such as glutathione peroxidase 1 and 3, glutathione S-transferase Pi

1, Mu 1, Mu 3, and zeta 1 and monoamine oxidase A, underscoring the oxidative stress condi-

tion associated with the exposure of cells to hyperglycemia.

Pathway analysis of our proteome profile indicated that diabetes is associated with activa-

tion of inflammatory and oxidative response proteins such as TNF–α, NFκB, leptin, leptin

receptors, and p38 MAPK, factors that have been shown to contribute to micro and macro-

vascular complications of diabetes [54,55]. In addition, our data indicated that diabetes pro-

motes renal cell necrosis through the alteration of the expression of heat shock protein

family A (Hsp70) Member 5 (also known as 78 kDa glucose-regulated protein), superoxide

dismutase 2, heme oxygenase 1, peroxiredoxin 3, kininogen, peroxisome proliferator-acti-

vated receptor gamma (PPARγ) and calbindin 1. The upregulation of calbindin, a vitamin D

binding proteins, is suggested to be related to acute renal failure and long-term renal injury

panels [56,57]. In addition, our data indicated that prohibitin 1 and 2 are upregulated in the

kidney by diabetes and may have a potential role in early stages of diabetic nephropathy

[58].

In summary, we have identified a number of proteins that were differentially expressed and

post-translationally modified by diabetes in the aorta and kidney. Using informatics analysis

of the modified proteome profiles identified key proteins that provided novel insights into bio-

chemical pathways and processes that may be involved in the development of renal and vascu-

lar disease in diabetes.

Supporting information

S1 File. Proteome profiling supplementary information.

(DOCX)

S2 File. Protein group data.

(TXT)

Acknowledgments

This work was supported by LCNRS Award Number 102676 and a grant from the Medical

Practice Plan, Faculty of Medicine, AUBMC (AAJ).

Author Contributions

Conceptualization: Firas Kobeissy, Ayad A. Jaffa.

Data curation: Moustafa Al Hariri, Jingfu Zhao.

Formal analysis: Rui Zhu, Miran A. Jaffa.

Funding acquisition: Ayad A. Jaffa.

Investigation: Moustafa Al Hariri, Mohamad Elmedawar, Rui Zhu, Jingfu Zhao, Parvin Mir-

zaei, Adnan Ahmed, Firas Kobeissy.

Methodology: Moustafa Al Hariri, Rui Zhu, Jingfu Zhao, Parvin Mirzaei, Adnan Ahmed,

Firas Kobeissy.

Project administration: Ayad A. Jaffa.

Resources: Yehia Mechref, Ayad A. Jaffa.

Supervision: Yehia Mechref, Ayad A. Jaffa.

Proteomics in diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0187752 November 9, 2017 20 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187752.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187752.s002
https://doi.org/10.1371/journal.pone.0187752


Validation: Yehia Mechref, Ayad A. Jaffa.

Visualization: Moustafa Al Hariri, Mohamad Elmedawar.

Writing – original draft: Moustafa Al Hariri, Mohamad Elmedawar, Miran A. Jaffa, Jingfu

Zhao, Ayad A. Jaffa.

Writing – review & editing: Moustafa Al Hariri, Mohamad Elmedawar, Firas Kobeissy, Fuad

N. Ziyadeh, Yehia Mechref, Ayad A. Jaffa.

References
1. Cho NH (2016) Q&A: Five questions on the 2015 IDF Diabetes Atlas. Diabetes Res Clin Pract 115:

157–159. https://doi.org/10.1016/j.diabres.2016.04.048 PMID: 27242128

2. da Rocha Fernandes J, Ogurtsova K, Linnenkamp U, Guariguata L, Seuring T, Zhang P, et al. (2016)

IDF Diabetes Atlas estimates of 2014 global health expenditures on diabetes. Diabetes Res Clin Pract

117: 48–54. https://doi.org/10.1016/j.diabres.2016.04.016 PMID: 27329022

3. Ding Y, Sun X, Shan PF (2017) MicroRNAs and Cardiovascular Disease in Diabetes Mellitus. Biomed

Res Int 2017: 4080364. https://doi.org/10.1155/2017/4080364 PMID: 28299324

4. Bannier K, Lichtenauer M, Franz M, Fritzenwanger M, Kabisch B, Figulla HR, et al. (2015) Impact of dia-

betes mellitus and its complications: survival and quality-of-life in critically ill patients. J Diabetes Com-

plications 29: 1130–1135. https://doi.org/10.1016/j.jdiacomp.2015.08.010 PMID: 26361811

5. Mogensen CE (1997) How to protect the kidney in diabetic patients: with special reference to IDDM.

Diabetes 46 Suppl 2: S104–111.

6. Kilpatrick ES (2012) The rise and fall of HbA(1c) as a risk marker for diabetes complications. Diabetolo-

gia 55: 2089–2091. https://doi.org/10.1007/s00125-012-2610-5 PMID: 22711013

7. Nathan DM, Group DER (2014) The diabetes control and complications trial/epidemiology of diabetes

interventions and complications study at 30 years: overview. Diabetes Care 37: 9–16. https://doi.org/

10.2337/dc13-2112 PMID: 24356592

8. (1993) The effect of intensive treatment of diabetes on the development and progression of long-term

complications in insulin-dependent diabetes mellitus. The Diabetes Control and Complications Trial

Research Group. N Engl J Med 329: 977–986. https://doi.org/10.1056/NEJM199309303291401 PMID:

8366922

9. Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA (2008) 10-year follow-up of intensive glucose

control in type 2 diabetes. N Engl J Med 359: 1577–1589. https://doi.org/10.1056/NEJMoa0806470

PMID: 18784090

10. Genuth SM, Backlund JY, Bayless M, Bluemke DA, Cleary PA, Crandall J, et al. (2013) Effects of prior

intensive versus conventional therapy and history of glycemia on cardiac function in type 1 diabetes in

the DCCT/EDIC. Diabetes 62: 3561–3569. https://doi.org/10.2337/db12-0546 PMID: 23520132

11. Zheng H, Wu J, Jin Z, Yan LJ (2017) Potential Biochemical Mechanisms of Lung Injury in Diabetes.

Aging Dis 8: 7–16. https://doi.org/10.14336/AD.2016.0627 PMID: 28203478

12. Hsueh WA, Law RE (1998) Cardiovascular risk continuum: implications of insulin resistance and diabe-

tes. Am J Med 105: 4S–14S. PMID: 9707262

13. Lusis AJ (2000) Atherosclerosis. Nature 407: 233–241. https://doi.org/10.1038/35025203 PMID:

11001066

14. Brownlee M (2001) Biochemistry and molecular cell biology of diabetic complications. Nature 414:

813–820. https://doi.org/10.1038/414813a PMID: 11742414

15. Brahma MK, Pepin ME, Wende AR (2017) My Sweetheart Is Broken: Role of Glucose in Diabetic Car-

diomyopathy. Diabetes Metab J 41: 1–9. https://doi.org/10.4093/dmj.2017.41.1.1 PMID: 28236380

16. Fokkens BT, Mulder DJ, Schalkwijk CG, Scheijen JL, Smit AJ, Los LI (2017) Vitreous advanced glyca-

tion endproducts and alpha-dicarbonyls in retinal detachment patients with type 2 diabetes mellitus and

non-diabetic controls. PLoS One 12: e0173379. https://doi.org/10.1371/journal.pone.0173379 PMID:

28264049

17. Peng W, Zhang Y, Zhu R, Mechref Y (2017) Comparative Membrane Proteomics Analyses of Breast

Cancer Cell Lines to Understand the Molecular Mechanism of Breast Cancer Brain Metastasis.

Electrophoresis.

18. Garcia-Campos MA, Espinal-Enriquez J, Hernandez-Lemus E (2015) Pathway Analysis: State of the

Art. Front Physiol 6: 383. https://doi.org/10.3389/fphys.2015.00383 PMID: 26733877

Proteomics in diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0187752 November 9, 2017 21 / 23

https://doi.org/10.1016/j.diabres.2016.04.048
http://www.ncbi.nlm.nih.gov/pubmed/27242128
https://doi.org/10.1016/j.diabres.2016.04.016
http://www.ncbi.nlm.nih.gov/pubmed/27329022
https://doi.org/10.1155/2017/4080364
http://www.ncbi.nlm.nih.gov/pubmed/28299324
https://doi.org/10.1016/j.jdiacomp.2015.08.010
http://www.ncbi.nlm.nih.gov/pubmed/26361811
https://doi.org/10.1007/s00125-012-2610-5
http://www.ncbi.nlm.nih.gov/pubmed/22711013
https://doi.org/10.2337/dc13-2112
https://doi.org/10.2337/dc13-2112
http://www.ncbi.nlm.nih.gov/pubmed/24356592
https://doi.org/10.1056/NEJM199309303291401
http://www.ncbi.nlm.nih.gov/pubmed/8366922
https://doi.org/10.1056/NEJMoa0806470
http://www.ncbi.nlm.nih.gov/pubmed/18784090
https://doi.org/10.2337/db12-0546
http://www.ncbi.nlm.nih.gov/pubmed/23520132
https://doi.org/10.14336/AD.2016.0627
http://www.ncbi.nlm.nih.gov/pubmed/28203478
http://www.ncbi.nlm.nih.gov/pubmed/9707262
https://doi.org/10.1038/35025203
http://www.ncbi.nlm.nih.gov/pubmed/11001066
https://doi.org/10.1038/414813a
http://www.ncbi.nlm.nih.gov/pubmed/11742414
https://doi.org/10.4093/dmj.2017.41.1.1
http://www.ncbi.nlm.nih.gov/pubmed/28236380
https://doi.org/10.1371/journal.pone.0173379
http://www.ncbi.nlm.nih.gov/pubmed/28264049
https://doi.org/10.3389/fphys.2015.00383
http://www.ncbi.nlm.nih.gov/pubmed/26733877
https://doi.org/10.1371/journal.pone.0187752


19. Takahashi E, Unoki-Kubota H, Shimizu Y, Okamura T, Iwata W, Kajio H, et al. (2017) Proteomic analy-

sis of serum biomarkers for prediabetes using the Long-Evans Agouti rat, a spontaneous animal model

of type 2 diabetes mellitus. J Diabetes Investig.

20. Voss JG, Shagal AG, Tsuji JM, MacDonald JW, Bammler TK, Farin FM, et al. (2017) Time Course of

Inflammatory Gene Expression Following Crush Injury in Murine Skeletal Muscle. Nurs Res 66: 63–74.

https://doi.org/10.1097/NNR.0000000000000209 PMID: 28252568

21. Lu MY, Huang CI, Hsieh MY, Hsieh TJ, Hsi E, Tsai PC, et al. (2016) Dynamics of PBMC gene expres-

sion in hepatitis C virus genotype 1-infected patients during combined peginterferon/ribavirin therapy.

Oncotarget 7: 61325–61335. https://doi.org/10.18632/oncotarget.11348 PMID: 27542257

22. Hatzirodos N, Glister C, Hummitzsch K, Irving-Rodgers HF, Knight PG, Rodgers RJ (2017) Transcripto-

mal profiling of bovine ovarian granulosa and theca interna cells in primary culture in comparison with

their in vivo counterparts. PLoS One 12: e0173391. https://doi.org/10.1371/journal.pone.0173391

PMID: 28282394

23. Lindsey ML, Mayr M, Gomes AV, Delles C, Arrell DK, Murphy AM, et al. (2015) Transformative Impact

of Proteomics on Cardiovascular Health and Disease: A Scientific Statement From the American Heart

Association. Circulation 132: 852–872. https://doi.org/10.1161/CIR.0000000000000226 PMID:

26195497

24. Geyer PE, Kulak NA, Pichler G, Holdt LM, Teupser D, Mann M (2016) Plasma Proteome Profiling to

Assess Human Health and Disease. Cell Syst 2: 185–195. https://doi.org/10.1016/j.cels.2016.02.015

PMID: 27135364

25. Diabetes C, Complications Trial /Epidemiology of Diabetes I, Complications Research G, Lachin JM,

White NH, Hainsworth DP, et al. (2015) Effect of intensive diabetes therapy on the progression of dia-

betic retinopathy in patients with type 1 diabetes: 18 years of follow-up in the DCCT/EDIC. Diabetes 64:

631–642. https://doi.org/10.2337/db14-0930 PMID: 25204977

26. Shao B, Tang C, Sinha A, Mayer PS, Davenport GD, Brot N, et al. (2014) Humans with atherosclerosis

have impaired ABCA1 cholesterol efflux and enhanced high-density lipoprotein oxidation by myeloper-

oxidase. Circ Res 114: 1733–1742. https://doi.org/10.1161/CIRCRESAHA.114.303454 PMID:

24647144

27. Huang Y, DiDonato JA, Levison BS, Schmitt D, Li L, Wu Y, et al. (2014) An abundant dysfunctional apo-

lipoprotein A1 in human atheroma. Nat Med 20: 193–203. https://doi.org/10.1038/nm.3459 PMID:

24464187

28. Voronova V, Zhudenkov K, Helmlinger G, Peskov K (2017) Interpretation of metabolic memory phe-

nomenon using a physiological systems model: What drives oxidative stress following glucose normali-

zation? PLoS One 12: e0171781. https://doi.org/10.1371/journal.pone.0171781 PMID: 28178319

29. Roberto T, Rita BA, Prattichizzo F, La Sala L, De Nigris V, Ceriello A (2017) The "Metabolic Memory"

Theory and the Early Treatment of Hyperglycemia in Prevention of Diabetic Complications. Nutrients 9.

30. Patel VB, Parajuli N, Oudit GY (2014) Role of angiotensin-converting enzyme 2 (ACE2) in diabetic car-

diovascular complications. Clin Sci (Lond) 126: 471–482.

31. Nguyen Dinh Cat A, Touyz RM (2011) A new look at the renin-angiotensin system—focusing on the

vascular system. Peptides 32: 2141–2150. https://doi.org/10.1016/j.peptides.2011.09.010 PMID:

21945916

32. Khan SA, Dong H, Joyce J, Sasaki T, Chu ML, Tsuda T (2016) Fibulin-2 is essential for angiotensin II-

induced myocardial fibrosis mediated by transforming growth factor (TGF)-beta. Lab Invest 96: 773–

783. https://doi.org/10.1038/labinvest.2016.52 PMID: 27111286

33. Dong WQ, Chao M, Lu QH, Chai WL, Zhang W, Chen XY, et al. (2016) Prohibitin overexpression

improves myocardial function in diabetic cardiomyopathy. Oncotarget 7: 66–80. https://doi.org/10.

18632/oncotarget.6384 PMID: 26623724

34. Cai L, Li W, Wang G, Guo L, Jiang Y, Kang YJ (2002) Hyperglycemia-induced apoptosis in mouse myo-

cardium: mitochondrial cytochrome C-mediated caspase-3 activation pathway. Diabetes 51: 1938–

1948. PMID: 12031984

35. Cai L, Kang YJ (2001) Oxidative stress and diabetic cardiomyopathy: a brief review. Cardiovasc Toxicol

1: 181–193. PMID: 12213971

36. Bavelloni A, Piazzi M, Raffini M, Faenza I, Blalock WL (2015) Prohibitin 2: At a communications cross-

roads. IUBMB Life 67: 239–254. https://doi.org/10.1002/iub.1366 PMID: 25904163

37. Caseiro A, Barros A, Ferreira R, Padrao A, Aroso M, Quintaneiro C, et al. (2014) Pursuing type 1 diabe-

tes mellitus and related complications through urinary proteomics. Transl Res 163: 188–199. https://

doi.org/10.1016/j.trsl.2013.09.005 PMID: 24096133

Proteomics in diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0187752 November 9, 2017 22 / 23

https://doi.org/10.1097/NNR.0000000000000209
http://www.ncbi.nlm.nih.gov/pubmed/28252568
https://doi.org/10.18632/oncotarget.11348
http://www.ncbi.nlm.nih.gov/pubmed/27542257
https://doi.org/10.1371/journal.pone.0173391
http://www.ncbi.nlm.nih.gov/pubmed/28282394
https://doi.org/10.1161/CIR.0000000000000226
http://www.ncbi.nlm.nih.gov/pubmed/26195497
https://doi.org/10.1016/j.cels.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/27135364
https://doi.org/10.2337/db14-0930
http://www.ncbi.nlm.nih.gov/pubmed/25204977
https://doi.org/10.1161/CIRCRESAHA.114.303454
http://www.ncbi.nlm.nih.gov/pubmed/24647144
https://doi.org/10.1038/nm.3459
http://www.ncbi.nlm.nih.gov/pubmed/24464187
https://doi.org/10.1371/journal.pone.0171781
http://www.ncbi.nlm.nih.gov/pubmed/28178319
https://doi.org/10.1016/j.peptides.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/21945916
https://doi.org/10.1038/labinvest.2016.52
http://www.ncbi.nlm.nih.gov/pubmed/27111286
https://doi.org/10.18632/oncotarget.6384
https://doi.org/10.18632/oncotarget.6384
http://www.ncbi.nlm.nih.gov/pubmed/26623724
http://www.ncbi.nlm.nih.gov/pubmed/12031984
http://www.ncbi.nlm.nih.gov/pubmed/12213971
https://doi.org/10.1002/iub.1366
http://www.ncbi.nlm.nih.gov/pubmed/25904163
https://doi.org/10.1016/j.trsl.2013.09.005
https://doi.org/10.1016/j.trsl.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24096133
https://doi.org/10.1371/journal.pone.0187752


38. Merchant ML, Niewczas MA, Ficociello LH, Lukenbill JA, Wilkey DW, Li M, et al. (2013) Plasma kinino-

gen and kininogen fragments are biomarkers of progressive renal decline in type 1 diabetes. Kidney Int

83: 1177–1184. https://doi.org/10.1038/ki.2013.8 PMID: 23466993

39. Dwinovan J, Colella AD, Chegeni N, Chataway TK, Sokoya EM (2017) Proteomic analysis reveals

downregulation of housekeeping proteins in the diabetic vascular proteome. Acta Diabetol 54: 171–

190. https://doi.org/10.1007/s00592-016-0929-y PMID: 27796656

40. Liljedahl L, Pedersen MH, Norlin J, McGuire JN, James P (2016) N-glycosylation proteome enrichment

analysis in kidney reveals differences between diabetic mouse models. Clin Proteomics 13: 22. https://

doi.org/10.1186/s12014-016-9123-z PMID: 27757071

41. Fugmann T, Borgia B, Revesz C, Godo M, Forsblom C, Hamar P, et al. (2011) Proteomic identification

of vanin-1 as a marker of kidney damage in a rat model of type 1 diabetic nephropathy. Kidney Int 80:

272–281. https://doi.org/10.1038/ki.2011.116 PMID: 21544065

42. Jaffa MA, Luttrell D, Schmaier AH, Klein RL, Lopes-Virella M, Luttrell LM, et al. (2016) Plasma Prekallik-

rein Is Associated With Carotid Intima-Media Thickness in Type 1 Diabetes. Diabetes 65: 498–502.

https://doi.org/10.2337/db15-0930 PMID: 26603531

43. Jaffa AA, Durazo-Arvizu R, Zheng D, Lackland DT, Srikanth S, Garvey WT, et al. (2003) Plasma prekal-

likrein: a risk marker for hypertension and nephropathy in type 1 diabetes. Diabetes 52: 1215–1221.

PMID: 12716755

44. Jaffa MA, Kobeissy F, Al Hariri M, Chalhoub H, Eid A, Ziyadeh FN, et al. (2012) Global renal gene

expression profiling analysis in B2-kinin receptor null mice: impact of diabetes. PLoS One 7: e44714.

https://doi.org/10.1371/journal.pone.0044714 PMID: 23028588

45. Munoz J, Heck AJ (2014) From the human genome to the human proteome. Angew Chem Int Ed Engl

53: 10864–10866. https://doi.org/10.1002/anie.201406545 PMID: 25079383

46. Schwammle V, Aspalter CM, Sidoli S, Jensen ON (2014) Large scale analysis of co-existing post-trans-

lational modifications in histone tails reveals global fine structure of cross-talk. Mol Cell Proteomics 13:

1855–1865. https://doi.org/10.1074/mcp.O113.036335 PMID: 24741113

47. Gajjala PR, Fliser D, Speer T, Jankowski V, Jankowski J (2015) Emerging role of post-translational

modifications in chronic kidney disease and cardiovascular disease. Nephrol Dial Transplant 30: 1814–

1824. https://doi.org/10.1093/ndt/gfv048 PMID: 25862763

48. Smith LE, White MY (2014) The role of post-translational modifications in acute and chronic cardiovascu-

lar disease. Proteomics Clin Appl 8: 506–521. https://doi.org/10.1002/prca.201400052 PMID: 24961403

49. Del Monte F, Agnetti G (2014) Protein post-translational modifications and misfolding: new concepts

in heart failure. Proteomics Clin Appl 8: 534–542. https://doi.org/10.1002/prca.201400037 PMID:

24946239

50. Fiorentino TV, Prioletta A, Zuo P, Folli F (2013) Hyperglycemia-induced oxidative stress and its role in

diabetes mellitus related cardiovascular diseases. Curr Pharm Des 19: 5695–5703. PMID: 23448484

51. Matsuyama Y, Terawaki H, Terada T, Era S (2009) Albumin thiol oxidation and serum protein carbonyl

formation are progressively enhanced with advancing stages of chronic kidney disease. Clin Exp

Nephrol 13: 308–315. https://doi.org/10.1007/s10157-009-0161-y PMID: 19363646

52. Caimi G, Carollo C, Hopps E, Montana M, Lo Presti R (2013) Protein oxidation in chronic kidney dis-

ease. Clin Hemorheol Microcirc 54: 409–413. https://doi.org/10.3233/CH-131739 PMID: 23719419

53. Stephen EA, Venkatasubramaniam A, Good TA, Topoleski LD (2014) The effect of oxidation on the

mechanical response and microstructure of porcine aortas. J Biomed Mater Res A 102: 3255–3262.

https://doi.org/10.1002/jbm.a.34998 PMID: 24123723

54. Van JAD, Scholey JW, Konvalinka A (2017) Insights into Diabetic Kidney Disease Using Urinary Proteo-

mics and Bioinformatics. Journal of the American Society of Nephrology 28: 1050–1061. https://doi.

org/10.1681/ASN.2016091018 PMID: 28159781

55. Jenkin KA, O’Keefe L, Simcocks AC, Briffa JF, Mathai ML, McAinch AJ, et al. (2016) Renal effects of

chronic pharmacological manipulation of CB2 receptors in rats with diet-induced obesity. Br J Pharma-

col 173: 1128–1142. https://doi.org/10.1111/bph.13056 PMID: 25537025

56. Thongboonkerd V, Zheng S, McLeish KR, Epstein PN, Klein JB (2005) Proteomic identification and

immunolocalization of increased renal calbindin-D28k expression in OVE26 diabetic mice. Rev Diabet

Stud 2: 19–26. https://doi.org/10.1900/RDS.2005.2.19 PMID: 17491655

57. Wang Y, Zhou J, Minto AW, Hack BK, Alexander JJ, Haas M, et al. (2006) Altered vitamin D metabolism

in type II diabetic mouse glomeruli may provide protection from diabetic nephropathy. Kidney Int 70:

882–891. https://doi.org/10.1038/sj.ki.5001624 PMID: 16820793

58. Liu X, Yang G, Fan Q, Wang L (2014) Proteomic profile in glomeruli of type-2 diabetic KKAy mice using

2-dimensional differential gel electrophoresis. Med Sci Monit 20: 2705–2713. https://doi.org/10.12659/

MSM.893078 PMID: 25515740

Proteomics in diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0187752 November 9, 2017 23 / 23

https://doi.org/10.1038/ki.2013.8
http://www.ncbi.nlm.nih.gov/pubmed/23466993
https://doi.org/10.1007/s00592-016-0929-y
http://www.ncbi.nlm.nih.gov/pubmed/27796656
https://doi.org/10.1186/s12014-016-9123-z
https://doi.org/10.1186/s12014-016-9123-z
http://www.ncbi.nlm.nih.gov/pubmed/27757071
https://doi.org/10.1038/ki.2011.116
http://www.ncbi.nlm.nih.gov/pubmed/21544065
https://doi.org/10.2337/db15-0930
http://www.ncbi.nlm.nih.gov/pubmed/26603531
http://www.ncbi.nlm.nih.gov/pubmed/12716755
https://doi.org/10.1371/journal.pone.0044714
http://www.ncbi.nlm.nih.gov/pubmed/23028588
https://doi.org/10.1002/anie.201406545
http://www.ncbi.nlm.nih.gov/pubmed/25079383
https://doi.org/10.1074/mcp.O113.036335
http://www.ncbi.nlm.nih.gov/pubmed/24741113
https://doi.org/10.1093/ndt/gfv048
http://www.ncbi.nlm.nih.gov/pubmed/25862763
https://doi.org/10.1002/prca.201400052
http://www.ncbi.nlm.nih.gov/pubmed/24961403
https://doi.org/10.1002/prca.201400037
http://www.ncbi.nlm.nih.gov/pubmed/24946239
http://www.ncbi.nlm.nih.gov/pubmed/23448484
https://doi.org/10.1007/s10157-009-0161-y
http://www.ncbi.nlm.nih.gov/pubmed/19363646
https://doi.org/10.3233/CH-131739
http://www.ncbi.nlm.nih.gov/pubmed/23719419
https://doi.org/10.1002/jbm.a.34998
http://www.ncbi.nlm.nih.gov/pubmed/24123723
https://doi.org/10.1681/ASN.2016091018
https://doi.org/10.1681/ASN.2016091018
http://www.ncbi.nlm.nih.gov/pubmed/28159781
https://doi.org/10.1111/bph.13056
http://www.ncbi.nlm.nih.gov/pubmed/25537025
https://doi.org/10.1900/RDS.2005.2.19
http://www.ncbi.nlm.nih.gov/pubmed/17491655
https://doi.org/10.1038/sj.ki.5001624
http://www.ncbi.nlm.nih.gov/pubmed/16820793
https://doi.org/10.12659/MSM.893078
https://doi.org/10.12659/MSM.893078
http://www.ncbi.nlm.nih.gov/pubmed/25515740
https://doi.org/10.1371/journal.pone.0187752

