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Type 1 diabetes is characterized by hyperglycemia, which in the chronic stage is associated with abnor-
malities in lipids, protein and, carbohydrate metabolism, as well as oxidative stress. New strategies for
prevention and treatment are needed, as type 1 diabetes affects life quality and survival, and involves
high-cost treatment. Proteomic and metalloproteomic studies can elucidate the functional and physiolog-
ical aspects of biomolecules. In the present study, differential proteomics was used to identify potential
biomarkers of diabetes in rat plasma associated with copper, selenium, zinc, and magnesium fraction-
ation in control and diabetic rats, as well as diabetic rats treated with insulin. 2D-PAGE was used in
the plasma protein fractionation; graphite furnace atomic absorption spectrometry (GFAAS) and flame
atomic absorption spectrometry (FAAS) were used for quantitative determination of copper, magnesium,
selenium, and zinc in the spots that showed different expression; and protein spots were characterized by
electrospray ionization-tandem mass spectrometry (ESI-MS/MS) after tryptic digestion. ESI-MS/MS anal-
ysis characterized 35 different proteins, indicating alpha-1-macroglobulin and haptoglobulin as potential
candidates as biomarkers for diabetes treated with insulin; also, 2’-deoxynucleoside 5'-phosphate N-
hydrolase 1, transmembrane protein 11, serum amyloid P component, vitamin D-binding protein, and
biliverdin reductase were identified as potential candidates as biomarkers for uncontrolled diabetes.

© 2017 Elsevier B.V. All rights reserved.
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focus [8], but plasma seems to be more stable than serum [8].
Plasma is the most varied sample of the proteome present in the
body; the protein profiles of plasma vary with physiological and
pathological conditions [9]. Proteomics has been used to reflect
clinically relevant molecules in the blood due to specific diseases
[10]. The objectives of the use of proteomics in plasma are as
follows: elimination of the need for biopsy, diagnosis of specific
diseases (using proteins as biomarkers), understanding the patho-
genesis of disease, and monitoring the progress of therapeutic
interventions. This is due to the urgent need to identify molecu-

1. Introduction

Diabetes mellitus type 1 (DM1) is a chronic autoimmune dis-
ease of pancreatic (3-cell destruction, resulting in an ongoing state
of insulin deficiency [1]. The rate of pancreatic [3-cell destruction is
variable, being rapid in children and adolescents and mainly slow
in adults [2]. DM1 is one of the most common chronic diseases of
childhood [3], occurring between 5 and 7 years of age and also close
to puberty [4]. Studies suggest that most patients with longstand-
ing DM1 have [-cell regeneration in early childhood, but not in

adolescence or adulthood [5].

Studies have shown different protein profiles obtained from
serum and plasma [6,7]. It is difficult to decide between serum or
plasma as preferable for use in proteomic studies with biomarker
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lar targets (functional proteome) for early diagnosis and effective
treatment of disease [11].

The interaction between a causative agent and the organism
may modify various biological parameters. Several studies have
involved comparing the biomarker protein pattern present in a
healthy sample with that of an affected sample because proteins
play crucial roles in biological systems (specific activities associ-
ated with other biomolecules, where their expression levels are
essential for optimal performance of cellular functions) [12]. The
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diagnosis of primary and secondary complications of DM1 using
biomarkers will help to prevent secondary complications of dia-
betes and thus reduce the severity of the disease.

On the other hand, one-third of all proteins possess a bound
metal [13]. Metalloproteins involve diverse classes of proteins, with
intrinsic metal atoms providing different functions (catalytic, reg-
ulatory, and structural) [ 14]. Metalloproteomes are investigated by
a combination of approaches: annotation of a protein and identifi-
cation of the intrinsic metal, and bioinformatics analysis [14]. The
Protein Data Bank shows that the most abundant are magnesium
(Mg) and zinc (Zn), and calcium (Ca), manganese (Mn), iron (Fe),
and nickel (Ni) are frequently observed [13].

DM1 causes metabolic and functional alterations which can alter
the proteome and metalloproteome; the comparative metallopro-
teome has not been reported in the literature involving DM1. In this
context the present study involves the study of differential pro-
tein expression in diabetic rat plasma following fractionation by
two-dimensional electrophoresis (2D PAGE) and identification by
electrospray ionization-tandem mass spectrometry (ESI-MS/MS)
followed by Cu, Se, and Zn investigation of these spots by graphite
furnace atomic absorption spectrometry (GFAAS) and of Mg by
flame atomic absorption spectrometry (FAAS).

2. Material and methods
2.1. Experimental animals

The experimental procedures were approved by the Ethics
Committee on the Use of Animals (CEUA) of the Institute of Bio-
sciences/Sdo Paulo State University (UNESP) - Botucatu, which
were in accordance with the ethical principles in animal research
provided by the Brazilian College of Animal Experimentation (pro-
tocol: CEUA-436/2012).

The animals used were male Wistar rats (n =24, Rattus norvegi-
cus) with an average initial weight of approximately 250 g and age
of 45 days; these were kept in individual plastic cages under con-
trolled temperature (25 4 2 °C) and photoperiod (12:12 h light/dark
cycle) conditions. The animals received water and commercial diet
(Purina Labina, Campinas, SP) ad libitum throughout the experi-
mental period. Water and food intake was controlled daily and
weighing of the animals was performed weekly.

The animals were randomly assigned to the following experi-
mental groups (n=8 per group): C (control) — normal rats which
received water and food, DM1 (diabetic rats) - diabetic rats which
received water and food and DM1 +1 (diabetic rats treated with
insulin) - diabetic rats treated with insulin replacement, which
received water and food. Experimental DM1 was induced by the
intraperitoneal administration of streptozotocin (STZ, single dose,
60 mgkg~! body weight). The STZ was diluted with sodium citrate
buffer (0.1 M, pH 4.5) and the animals received 1 mL of the pre-
pared solution. Those animals with glucose concentrations above
220 mg dL-! were considered diabetic and used in the experiment.
The DM1 +1 group received insulin replacement at an initial dose
of 3U/animal (subcutaneously) of Humulin N100UI neutral pro-
tamine Hagedorn (NPH), Lilly brand. The blood glucose values
were checked daily and the initial insulin dose was adjusted or
maintained to obtain normal glucose levels (110 mgdL-1).

At the end of the 30-day experimental period, the animals were
anaesthetized (ketamine hydrochloride 10%, 0.1 mL/100g body
weight, i.p.) and sacrificed by decapitation. The blood was col-
lected in the presence of heparin, and the plasma was separated
by centrifugation for 15 min at 6000 x g.

2.2. Biochemical determinations

Blood glucose was determined using the method of Moura et al.
[15], in which the staining intensity is proportional to the glucose
concentration in the sample; this was performed prior to the pool-
ing of plasma samples in order to verify that the animals in the
DM1 group presented hyperglycemia and that the DM1 animals
were able to achieve normoglycemia with insulin replacement,
thus ensuring that the animals used in the experiment reproduced
the pathological findings typical of DM1 and responded appropri-
ately to insulin therapy. Having made this determination from the
individual glucose concentrations of these animals, n=8 animals
were selected for each experimental group in order to pool plasma
samples for each group.

The total protein concentration in rat plasma samples was
determined by the Biuret method using bovine serum albumin
as standard. Analytical calibration curves were constructed with
concentrations of 10-100gL-! from a stock solution of albu-
min (100gL-1). The method used 50 mL of sample for standards
and 2.5 mL of Biuret reagent, which were mixed and placed in a
water bath at 37°C for 10 min. After 5min at room temperature,
absorbance readings were performed in a spectrophotometer at a
wavelength of 545 nm.

2.3. Electrophoretic separation of protein fractions

Six gels were made for each group (pooled plasma), resulting in a
total of 18 gels. To retain the solubilized proteins, aliquots of pooled
plasma were diluted in urea solution containing 7 mol L, thiourea
2mol L~1, CHAPS (3-[(3-chloroaminopropyl)-dimethylammonio]-
1-propane sulfate) 2% (w/v), ampholytes 0.5% (v/v) at pH ranging
from 4 to 7, and 0.002% bromophenol blue (w/v); 2.8 mg of DTT
(1,4-dithiothreitol) (GE Healthcare) was then added to this buffer.
Dilution of the plasma pool was made in such a way that the result-
ing concentration of total proteins in the rehydration solution was
the same for all samples. Prior to the electrophoretic separation
process, a mass of 375 pg of rat plasma proteins was applied to
13 cm strips for isoelectric focusing; these strips contained a pre-
cast gel with immobilized ampholytes at pH 4-7 (GE Healthcare).
These strips were placed in the apparatus and allowed to stand
for 12 h at room temperature to allow rehydration of the protein
extract. After this period, the rehydrated strip was taken to the iso-
electric focusing system (Ettan™ IPGphor™, GE Healthcare Life
Sciences) for isoelectric focusing in the first dimension, which was
performed for a total of 18,000 Vh.

After separation in the first dimension, the strip proteins, which
had been separated according to pl, were equilibrated in two steps.
First, we used 10 mL of solution containing urea 6 molL~!, SDS
(sodium dodecyl sulfate) 2% (w/v), 30% glycerol (v/v), Tris-HCI
50 mmol L~ (pH 8.8),0.002% bromophenol blue (w/v), and 2% (w/v)
DTT, in order to keep the proteins in their reduced forms. The
second stage used a solution of similar composition, substituting
DTT for iodoacetamide (IAA) 2.5% (w/v) to obtain alkylation of the
protein thiol groups and thus prevent possible reoxidation. Each
step lasted for 15 min and was performed under low agitation on a
table. In the second step of the electrophoretic (SDS-PAGE) process,
the strips were applied to polyacrylamide gels at 10% (w/v), previ-
ously prepared between 180 x 160 x 1.5 mm plates. We applied the
molecular mass standards (12-225 kDa) to the side of the strip, and
both were sealed with an agarose solution (0.5% w/v); the run was
doneintwo steps: 7.5 mA/gelat 30 minand 15 mA/gel at 6 h 10 min.

After the running period, the proteins in the gel were fixed for
1 h using a solution containing 10% acetic acid (v/v) and 40% (v/v)
ethanol. Proteins were visualized by employing colloidal Coomassie
stain, and the gel was scanned and the image analyzed using Image-
Master Platinum image processing software version 7.0 to obtain
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Table 1
Body weight (g, initial and final), glucose (mgdL-'; initial and final) feed intake (g/day), and water consumption (mL/day) for the different experimental groups.
C DM1 DM1 +1
Initial weight (g) 298.56+10.59a 295.47 +15.34a 288.52+18.06a

Final weight (g) 371.66 + 14.68a

Initial glucose (mgdL-1) 108.88 £10.88a
Final glucose (mgdL!) 110.29+23.73a
Feed intake (g/dia) 2593 +2.01a
Water cosnumption (mL/dia) 33.66+3.62a

234.91+34.86b
101.29+19.38a
427.97 +40.34b
44.44+8.55b

161.34+20.88b

341.82+17.93a
104.17 £4.17a
126.02+£15.03a
27.68+7.12a
51.96+14.51a

All values are expressed as means + SD. *P“Means followed by different letters indicate significant differences between the groups (p <0.05).

the following program parameters: number of spots, percentage of
matching between gels, pl, and molecular mass of spots.

2.4. Analysis of differential expression

To determine the statistical significance between the spots,
the normalized volume (%V) was used and analysis of variance
(ANOVA) was performed using ImageMaster Platinum software
version 7.0. The significance level adopted was 5%.

2.5. Protein spot characterization by ESI-MS/MS

The protein spots were extracted from the gels and prepared for
MS according to Shevchenko et al. [16] with some modifications,
using the following steps: stain removal, reduction and alkylation
of proteins, trypsin digestion, and elution of peptides. The solution
containing peptides was analyzed by obtaining mass spectra using
a nanoACQUITY UPLC-Xevo QT-MS (Waters, Manchester, UK) sys-
tem. The scan range was 50-2000Da, and the data was acquired
over 20 min. ProteinLynx Global Server (PLGS) version 3.0 was
used to process and search the continuum LC-MSE data, setting
carbamidomethylation of cysteines as the fixed modification and
oxidation of methionines as the variable modification, allowing one
missing cleavage and a maximal error tolerance of 10 ppm [17].

Protein identification was obtained with the embedded ion
accounting algorithm of the software and searching in the Rat-
tus norvegicus database (UniProtKB/Swiss-Prot at www.uniprot.
org). Some parameters commonly used in ESI-MS/MS are shown
in Table 2 such as the protein accession number, the identification
used in the database (UniProtKB/Swiss-Prot at www.uniprot.org);
the protein score is derived from the ion scores and for a search
that contains a small number of queries is the sum of the high-
est ion score for each distinct sequence; the protein pl and Mw
experimental are obtained in the Platinum ImageMaster software
for each gel run; the protein pl and Mw theoretical are obtained
in the database for each protein using the protein accession num-
ber (UniProtKB/Swiss-Prot at www.uniprot.org); and coverage is
used to determine the percentage of the residues in each pro-
tein sequence that have been identified. FASTA sequences of the
detected proteins were obtained and imported into the Blast2GO
program (B2G), which enabled separation into two levels (cellular
component and molecular function) [18].

2.6. Cu, Mg, Se, and Zn mapping by FAAS or GFAAS

The protein spots identified with differential expression were
analyzed by GFAAS and FAAS after mineralizing the samples (spots,
feed, and total plasma) as described by Moraes et al. [19]. We
used two different electrophoretic runs, and Cu, Mg, Se, and Zn
determinations were performed with a Shimadzu AA-6800 atomic
absorption spectrometer using wavelengths of 324.7 nm, 285.2 nm,
190.0 nm, and 213.9 nm, respectively. The current used for Cu, Se,
and Zn determinations was 400 mA and 10 mA was used for Mg,
using curves with concentration ranges 5.00-20.00 wgL-! for Cu
and Zn; 0.10-0.40 mg L~! for Mg, and 10.00-60.00 p.g L~! for Se. The

region of the gel where no protein spots appeared was used as the
analytical blank. The limits of quantification (LOQ) of Cu, Mg, Se, and
Zn were 0.046 ugL~1, 0.94 pgL-1, 0.083 wgL-! and 0.023 pgL1,
respectively.

2.7. Statistical analyses

For biochemical and nutritional variables, a completely random-
ized design was used according to ANOVA. The level of significance
for statistical analyses was o = 0.05 and F statistics were significant
atp <0.05.Tukey’s test was used to compare means between groups
[20].

3. Results and discussion
3.1. Analysis of experimental groups

Animals were chosen to compose the results set on the basis of
glycemic analysis of experimental groups, associated with weight
loss/gain and symptoms observed, such as polyuria and polyphagia,
over the 30 experimental days (Table 1).

After the induction of experimental diabetes, it was noted that
the DM1 animals had lower (p <0.05) final body weight compared
with the other experimental groups (C and DM1 +1I), which did
not differ from each other. This indicates a greater weight loss in
untreated diabetic animals compared with groups C and DM1 +1.
Weight loss, which is commonly observed in DM1, is one of the
most common manifestations and may result either from excessive
protein degradation or high lipolysis [21]. The final glucose con-
centrations in untreated diabetic rats (DM1) showed a significant
increase when compared with the other groups (Cand DM1 +1). The
hyperglycemia observed in DM1 may have been due to low periph-
eral glucose utilization or abnormalities in glucose metabolism, in
particular, activation of gluconeogenesis and glycogenolysis [22].

DM1 animals showed symptoms of polyuria and polyphagia.
An increase in both feed and water intake was noted for DM1
animals compared with C and DM1 +1 animals, which did not dif-
fer from each other. The increase in food consumption in DM1
could have been related to the availability of intracellular glucose
molecules and also to high glycosuria [23], whereby water intake
is high due to brisk diuresis because the glucose concentration in
the glomerular filtrate is increased due to hyperglycemia. With
insulin replacement in DM1 +1 animals, there was an improvement
in the above-mentioned parameters, such as increased weight gain
and reduced food, water, and glucose consumption; this may be
attributed to improved glycemic control.

The results for the protein concentration obtained by the Biuret
method, in gL-!, were as follows: C=61.70, DM1=>55.60, and
DM1 +1=58.50. Based on the results of the total protein present in
rat plasma samples, the amount to be added in the hydration steps
prior to isoelectric focusing (separation of proteins by isoelectric
point) was calculated.
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Table 2

Characterisation of protein spots that showed differential expression (p <0.05) by ESI-MS/MS. Positive and negative values indicate up or down abundance of proteins in relation to the spot analysed.

Spot ID Protein Access Score pl/Mw experimental pl/Mw theoretical Coverage (%) p<0.05
1(-C/+DM1) Histidine-rich glycoprotein HRG_RAT 507 5.08/63,445 7.76/59,049 8 0.035
Plasma protease C1 inhibitor IC1_RAT 460 5.53/55,611 14.68
2 (+C/-DM1) Small kinetochore-associated protein SKAP_RAT 65 4.84/48,794 5.33/34,885 6.09 0.035
3 (+C/-DM1) Alpha-1-antiproteinase A1AT_RAT 1882 5.11/48,093 5.70/46,136 7.79 0.038
4 (+C/-DM1) Alpha-1-antiproteinase A1AT_RAT 1078 5.20/48,100 5.70/46,136 12.41 0.007
5 (—C/+DMT1) Transmembrane protein 11, mitochondrial TMM11.RAT 124 5.21/52,609 6.98/21,342 3.68 0.014
2’-deoxynucleoside 5’-phosphate N-hydrolase 1 DNPH1.RAT 102 4.95/17,781 9.82
6 (—C/+DM1) Serum albumin ALBU_RAT 740 5.89/35,808 6.09/68,731 8.72 0.016
7 (+C/-DM1) Alpha-1-antiproteinase ATAT_RAT 94 5.97/32,346 5.70/46,136 3.67 0.029
8 (—C/+DM1) Haptoglobin HPT_RAT 474 6.03/30,236 6.10/38,563 8.07 0.019
9 (—C/+DM1) Fibrinogen beta chain FIBB_.RAT 751 6.72/48,687 7.89/54,235 16.28 0.013
Ig gamma-1 chain C region IGHG1_RAT 184 6.43/35,946 4.91
Taste receptor type 2 member 114 TR114_RAT 54 9.27/35.604 3.24
10 (—C/+DM1) Galanin peptides GALA_RAT 112 6.05/20,170 5.76/13,328 18.55 0.040
Protein phosphatase 1 regulatory subunit 11 PP1RB_RAT 84 6.21/13,936 24.41
11 (—C/+DM1) Ig kappa chain C region, A allele KACA_RAT 257 5.38/21,296 4.99/11,732 283 0.048
12 (+C/-DM1) Serum amyloid P-component SAMP_RAT 593 4.92/23,098 5.50/26,176 16.23 0.047
13 (-C/+DM1) Neutrophil cytosol factor 2 NCF2_RAT 13 4.56/23,453 5.67/59,573 2.66 0.035
14 (-C/+DM1) Vitamin D-binding protein VTDB_RAT 535 5.48/51.551 5.65/53,544 2.94 0.049
Biliverdin reductase A BIEA_RAT 135 33,566 13.56
15 (+C/-DM1 +1) Afamin AFAM_RAT 145 5.11/72,357 5.87/69,335 12.5 0.026
16 (—C/+DM1+1) Serotransferrin TRFE_RAT 154 4.99/68,771 7.14/76,395 2.58 0.011
17 (—C/+DM1+1) Serotransferrin TRFE_RAT 378 5.05/68,468 7.14/76,395 10.89 0.015
18 (+C/—DM1 +1) Hemopexin HEMO_RAT 1078 5.20/48,100 7.58/51,351 14.78 0.001
19 (+C/-DI) Serum albumin ALBU_RAT 245 6.30/59,343 6.09/68,731 8.72 0.005
20 (—C/+DM1+1) Serine protease inhibitor A3L SPA3L_RAT 252 4.95/56,047 5.48/46,277 7.26 0.018
Serine protease inhibitor 2.1 SPI21_RAT 251 6.83/24,218 11.21
21 (—C/[+DM1+1) Alpha-1-macroglobulin ATM_RAT 574 5.05/56,000 6.46/167,125 58 0.024
22 (—C/[+DM1+I) Etoposide-induced protein 2.4 homolog EI24 RAT 94 5.21/20,121 9.75/38,893 4.71 0.016
F-box/SPRY domain-containing protein 1 FBSP1_RAT 74 8.41/25,759 10.43
23 (—C/+DM1+I) Fuctinin-2 GALA_RAT 143 5.38/17,721 4.30/2,489 54.55 0.014
24 (+C/-DM1+1) Serum albumin ALBU_RAT 124 6.24/51,484 6.09/68,731 4.44 0.003
25 (—C/+DM1 +1) Alpha-1-antiproteinase A1AT_RAT 94 5.98/31,395 5.70/46,136 3.67 0.016
26 (—-DM1/+DM1+1I) Serine protease inhibitor A3L SPA3LRAT 523 4.72/56,371 5.48/46,277 5.81 0.013
27 (+DM1/-DM1 +1) Transmembrane protein 11, mitochondrial TMM11.RAT 124 5.21/52,609 6.98/21,342 3.68
2’-deoxynucleoside 5’-phosphate N-hydrolase 1 DNPH1.RAT 102 4.95/17,781 9.82
28 (+DM1/-DM1 +1) Probable N-acetyltransferase CML5 CMLO5_RAT 108 5.22/48.304 8.99/25.167 15.11 0.016
29 (+DM1/-DM1 +1) Vitamin D-binding protein VTDB_RAT 535 5.49/51.247 5.65/53,544 2.94 0.046
Biliverdin reductase A BIEA_RAT 135 33,566 13.56
30 (—-DM1/+DM1 +1) Etoposide-induced protein 2.4 homolog EI24 RAT 94 6.24/51.484 9.75/38,893 4.71 0.011
F-box/SPRY domain-containing protein 1 FBSP1_RAT 74 8.41/25,759 10.43
31 (—DM1/+DM1 +1I) Alpha-1-macroglobulin ATM_RAT 81 5.99/32,532 6.46/167,125 0.6 0.003
32 (—~DM1/+DM1+1) Haptoglobin HPT_RAT 281 5.18/31,546 6.10/38,563 13.26 0.001
33 (-DM1/+DM1+1I) Haptoglobin HPT_RAT 67 5.18/31,546 6.10/38,563 3.46 0.015
34 (-DM1/+DM1 +1) C-reactive protein CRP_RAT 76 4.41/26,661 4.89/25,468 522 0.038
35 (—DM1/+DM1 +1) Not identified 5.11/24,969 0.024
36 (~DM1/+DM1+1) Serum amyloid P-component SAMP_RAT 124 4.92/23,098 5.50/26,176 16.23 0.047
37 (-DM1/+DM1 +1) Not identified 5.41/18,385 0.013
38 (—DM1/+DM1+1) Src kinase-associated phosphoprotein 1 SKAP1_RAT 39 5.64/16,826 4.35/40,903 4.8 0.045
Synaptogyrin-2 SNG2_RAT 28 4.61/24,711 8.04
39 (+DM1/-DM1 +1) Ig lambda-2 chain C region LAC2_RAT 759 5.70/20,029 5.76/11,318 14.42 0.041
40 (-DM1/+DMT1 +1) Apolipoprotein A-I APOA1_RAT 64 5.99/16,766 5.52/30,062 347 0.049
41 (+DM1/-DM1 +1) Ig kappa chain C region, A allele KACA_RAT 363 6.07/19,496 4.99/11,732 283 0.014
42 (+DM1/-DMT1 +1) cAMP-regulated phosphoprotein 19 ARP19_RAT 88 6.22/18,449 9.07/12,293 38.39 0.011
Proline-rich nuclear receptor coactivator 2 PNRC2_RAT 87 10.19/14.881 6.72
43 (+DM1/-DM1 +1) Not identified 6.99/19.839 0.014
44 (-DM1/+DM1 +1I) Gamma-glutamylaminecyclotransferase GGACT-RAT 48 5.78/73,265 6.03/16,925 16.78 0.013
45 (+DM1/-DM1 +1) Alpha-1-antiproteinase A1AT_RAT 2143 5.78/49,014 5.70/46,136 14.11 0.001
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Fig. 2. Classification of sequences of proteins differentially expressed (p <0.05). A. Cellular component. B. Molecular function.

3.2. Electrophoretic runs

The images were compared between pairs of gels by means
of the matching process using ImageMaster Platinum version 7.0,
which identifies the spots that are equivalent between pairs. The
result of the image processing procedure yielded a correlation
between the pairs of gels presented. Image processing of the
electrophoretic runs disclosed, for example, average correlations
between gels of 78%, 85%, and 85% for C, DM1, and DM1 +I groups,
respectively; this simplified mode means that the protein spots

were present in two replications of these gels. This indicates good
repeatability and reproducibility of repetitions performed on the
same gels. In the study of gel images, correlations between pro-
tein spots of different experimental groups were estimated and
compared with the %V, which enabled us to evaluate a possi-
ble correlation between protein expression and the set of protein
spots analyzed. Since we seek to understand the influence of pro-
tein expression in DM1, this strategy can provide information that
allows us to discuss and understand them. The correlation between
protein spots on gels C and DM1 (r>0.78), C and DM1 +1 (r>0.87),
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and gels DM1 and DM1 +1 (r>0.67) was determined, considering
the %V. Correlation analysis allowed us to observe that the pro-
teomic profiles of groups C and DM1 +1 were closer to each other
than those of groups C and DM1. On the basis of this information,
it can be inferred that the expression of plasma proteins in group C
is most similar to that of group DM1 +1.

It was generally observed that the gels had a homogeneous
distribution of protein spots according to their respective pls and
molecular masses in the different experimental groups. We also
observed that most of the protein spots that make up the sample
proteomic map in rat plasma were found to be distributed mainly
in the molecular mass range of 31-76 kDa, more frequently in the
range 5-6 pl.

3.3. Differences in protein expression and quantitative analysis of
Cu, Mg, Se, and Zn

A comparison between Cand DM1 showed 149 coincident spots
and 14 spots with differential expression, while C and DM1 +1
showed 175 coincident spots and 11 spots with differential expres-
sion, and DM1 and DM1 +I showed 143 coincident spots and 20
spots with differential expression, according to the analysis per-
formed by ImageMaster Platinum version 7.0.

In Fig. 1 and Table 2, data regarding the characterization
obtained in the analysis of proteins identified by ESI-MS/MS are
shown. Of the 45 spots analyzed by ESI-MS/MS, three were not
identified as proteins, which may be related to a fault in the tryptic
digestion step - or even the low protein concentration — not gener-
ating peptides that could be sequenced; 35 different proteins were
identified among the 45 protein spots analyzed.

Of these 35 proteins, their associated sequences were compared
with those of cellular component- and molecular function-related
sequences described in Fig. 2A and B. These sequences were most
associated with the cellular components cell (103), extracellular
regions (19), and organelles (16), and with the molecular functions
of binding (25) and catalytic activity (8).

The following concentrations were determined in feed analysis:
Se: <LOQ, Cu: 2.36 ugL~1, Mg: 28.90 pgL~!, and Zn: 51.40 pgL?,
with major sources of Mg and Zn. In total plasma, the concentra-
tions were determined as Cu: 84.06 wgL~!, Mg: 2141.10 pgL~1, Se:
157.33 wgL-1, and Zn: 2340.73 pgL~! in C; Cu: 59.40 ugL~!, Mg:
212220 pgl-1, Se: 250.48 wgL-1, and Zn: 2377.02 pgL~! in DMT1;
and Cu: 82.74pgL1, Mg: 211590 ugL-1, Se: 146.98 wgL~!, and
Zn: 4129.65 pgL~! in DM1+1. High plasma Se was found in our
study, as observed in other studies that associated high serum Se
concentration with an increased prevalence of diabetes [24,25].

Table 3 shows the quantitative determination of Cu, Mg, Se,
and Zn in the protein spots with different expression between the
experimental groups.

In spot 1 (—C/+DM1), there were two proteins: histidine-rich
glycoprotein and plasma protease C1 inhibitor. Histidine-rich gly-
coprotein is involved in the transport of glucose, and negatively
regulates fibrinogens and signaling of vascular endothelial growth
factor [26]. Plasma protease C1 inhibitor is involved in the innate
immune response, the regulation of proteolysis, and the nega-
tive regulation of complement activation. With regard to lectin
and endopeptidase activity, these were upregulated in DM1. In
this study, Mg and Se were found in the plasma of DM1 animals.
Histidine-rich glycoproteins bind with divalent metals [27], and
the literature reports binding with Cu, Zn, Ni, and mercury (Hg), for
example; this could explain why we found Mg and Se.

Small kinetochore-associated protein (+C/—DMT1) is related to
cell division as an essential component of the mitotic spindle that
isrequired for chromosome segregation and anaphase progression;
this promotes the metaphase to anaphase transition and is neces-
sary for the alignment of chromosomes and the normal segregation

of sister chromatids [28]. There are no reports in the literature that
this protein has a specific metal-binding property, but in our work,
we found Cu, Se, and Zn in C and Mg and Se in DM1. The presence of
a cysteine in the amino acid composition could explain the binding
of these metals.

Alpha-1-antiproteinase was found in spots 3,4, 7 (+C/—DM1), 25
(—C/+DM1 +1), and 45 (+DM1/-DM1 +1). Alpha-1-antiproteinase
is an inhibitor of serine proteases; its primary target is elastase,
but it also has a moderate affinity for plasmin and thrombin,
exerts responses to hypoxia, triglycerides, and lipopolysaccharides,
stimulates estradiol, cytosine, and peptide hormones, downregu-
lates endopeptidase activity, and is involved in the regulation of
proteolysis [29]. Alpha-1-antiproteinase protects the connective
tissue from inflammatory enzymes and helps to prevent blood clot-
ting, which could be related to why this protein was more highly
expressed in group C than in group DM1. Levels of serum acute-
phase protein groups were shown to correlate positively with blood
pressure in humans [30]; this is one of the most abundant proteins
in the urine of patients with proteinuria, and has been suggested as
a marker of glomerulopathy. The somewhat increased expression
of this protein in DM1 compared with DM1 +1 may be due to some
secondary complication of the disease. In C, it was shown to bind
to Cu, Se, and Zn, while in DM1 +], it bound to Mg and Se. We did
not find any reports in the literature, which may suggest that this
is a newly discovered interaction.

In spots 5 (—C/+DM1) and 27 (+DM1/-DM1 +I), we identi-
fied protein 2’-deoxynucleoside 5-phosphate N-hydrolase 1 and
transmembrane protein 11. The protein 2’-deoxynucleoside 5'-
phosphate N-hydrolase 1 is involved in metabolic processes for
the positive regulation of nucleotide synthesis, cell proliferation,
and cell growth; this enzyme catalyzes the cleavage of N-glycosidic
deoxyribonucleoside-5’-monophosphate to produce deoxyribose
5-phosphate and a purine or pyrimidine base, and can be upreg-
ulated in response to c-myc and by partial hepatectomy [31]. This
protein presents no reports related to diabetes, but it is known to
be mainly upregulated in response to c-myc; this gene encodes
proteins that regulate gene transcription and thus may influence
the cell response [32]. In vitro studies of mesangial cells by Wolf
et al. [33] showed that c-myc is expressed when cells are exposed
to high glucose concentrations, which may explain to some extent
why this protein is upregulated in diabetic animals. Mitochondrial
transmembrane protein 11 is related to negative regulation of cell
growth by gluconeogenesis and glycolysis [34], which explains its
upregulation in animals from group DM1. There are no reports in
the literature on metal binding to this protein; in our study, there
was binding of Cu and Se in C, and Cu, Mg, and Zn in DM1 +1.

Haptoglobin (spot 8: —C/+DM1; spot 32 and 33:
—~DM1/+DM1+1) captures and combines with free plasma
hemoglobin to allow hepatic recycling of heme iron to prevent
kidney damage, acts as an antioxidant, and plays a modulatory role
in various aspects of the acute-phase response [35]. This protein
was shown to bind with Cu (DM1 and C), Se (C, DM1, and DM1 +1),
Mg (DM1), and Zn (DM1 +1).

Fibrinogen beta chain (—C/+DM1) acts in translational signaling
protein polymerization, tissue regeneration, and cellular responses
to the stimulation of leptin and interleukin-1, because they are
associated with the inflammatory response and the risk of sec-
ondary complications, such as the risk of coronary heart disease
observed in DM1 [36]. Also in spot 9 (—C/+DM1) we identified Ig
gamma-1 chain C region, taste receptor type 2 member 114, and
the presence of Se in C.

Galanin peptides (—C/+DM1) are involved in the regulation of
inflammatory immune responses, which are related to carbohy-
drate metabolism and the regulation of glucocorticoid metabolism,
and inhibit glucose-induced insulin release [37]. Protein phos-
phatase 1 regulatory subunit 11 (C/DM1) negatively regulates



Table 3
Determination of Cu, Mg, Se and Zn in the different experimental groups.
C DM1 DM1 +1
Spot Id Cu Mg Se Zn Spot Id Cu Mg Se Zn Spot Id Cu Mg Se Zn
pgl! pgl! pgl! pgl! pgl! pgl! pgl! pgl! pgl! pgl! pgl! pgl!
1 <LOQ <LOQ <LOQ <LOQ 1 <LOQ <LOQ <LOQ <LOQ 1 <LOQ 97 +291 41+£1.23 <LOQ
2 23+0.69 <LOQ 0.42+0.01 94 +2.82 2 <LOQ <LOQ <LOQ <LOQ 2 <LOQ 152 +4.56 0.67+0.02 <LOQ
3 17 +£0.51 <LOQ 234+0.69 12+0.36 3 <LOQ <LOQ <LOQ <LOQ 3 <LOQ 260+7.8 11+0.33 <LOQ
4 22+0.66 <LOQ 0.96+0.02 <LOQ 4 <LOQ <LOQ <LOQ <LOQ 4 <LOQ 237+7.11 17+0.51 <LOQ
5 0.744+0.02 <LOQ 13+0.39 <LOQ 6 <LOQ <LOQ <LOQ <LOQ 5 <LOQ 82+2.46 0.56+0.02 <LOQ
6 <LOQ <LOQ <LOQ <LOQ 5 <LOQ <LOQ <LOQ <LOQ 6 <LOQ 127 +3.81 41+1.23 569 +17.07
7 <LOQ <LOQ 0.65+0.02 <LOQ 7 63+1.89 <LOQ <LOQ <LOQ 7 <LOQ 245+7.35 15+0.45 524 +15.72
8 <LOQ <LOQ 20+0.6 <LOQ 8 46 +1.38 <LOQ 564+ 1.68 <LOQ 8 <LOQ 225+6.75 0.79+0.02 578 +17.34
9 <LOQ <LOQ 16+0.48 <LOQ 9 <LOQ <LOQ <LOQ <LOQ 9 <LOQ <LOQ <LOQ <LOQ
10 <LOQ <LOQ <LOQ <LOQ 10 31+0.93 <LOQ 10+0.3 <LOQ 10 <LOQ <LOQ <LOQ 14+0.42
11 0.97+0.03 <LOQ 17+£0.51 <LOQ 11 <LOQ <LOQ <LOQ <LOQ 11 <LOQ 67+ <LOQ <LOQ
12 <LOQ <LOQ <LOQ <LOQ 12 <LOQ <LOQ <LOQ <LOQ 12 <LOQ <LOQ <LOQ <LOQ
13 32+0.96 <LOQ 22+0.66 <LOQ 13 0.67 +£0.02 <LOQ 54+1.62 <LOQ 13 <LOQ 212+ 11+ 674+
14 <LOQ <LOQ <LOQ <LOQ 14 <LOQ <LOQ <LOQ <LOQ 14 <LOQ <LOQ <LOQ <LOQ
15 0.87+0.03 <LOQ 0.90+0.03 <LOQ 15 <LOQ <LOQ 0.65+0.02 105+3.15 15 <LOQ 220+ 0.90+ <LOQ
16 0.37+0.01 <LOQ 12+0.36 <LOQ 16 2740.81 <LOQ 0.65+0.02 <LOQ 16 <LOQ 102 +3.06 36+1.08 <LOQ
17 0.95+0.03 <LOQ 0.87+0.03 <LOQ 17 <LOQ <LOQ <LOQ <LOQ 17 <LOQ <LOQ <LOQ <LOQ
18 <LOQ <LOQ 0.20+0.006 <LOQ 18 <LOQ <LOQ <LOQ 95+2.85 18 <LOQ 0.5+0.01 33+0.99 723 +£21.69
19 <LOQ <LOQ <LOQ <LOQ 19 <LOQ <LOQ <LOQ <LOQ 19 <LOQ <LOQ <LOQ <LOQ
20 0.46+0.01 <LOQ 0.96+0.03 <LOQ 20 <LOQ <LOQ <LOQ <LOQ 20 <LOQ <LOQ <LOQ <LOQ
21 <LOQ <LOQ <LOQ <LOQ 21 <LOQ <LOQ <LOQ <LOQ 21 <LOQ <LOQ <LOQ <LOQ
22 <LOQ <LOQ <LOQ <LOQ 22 41+1.23 185+5.55 <LOQ <LOQ 22 <LOQ 397+11.91 0.11+0.003 0.07 +0.002
23 <LOQ <LOQ <LOQ <LOQ 23 <LOQ <LOQ <LOQ <LOQ 23 <LOQ <LOQ <LOQ <LOQ
24 <LOQ <LOQ 13+0.39 <LOQ 24 <LOQ <LOQ <LOQ <LOQ 24 <LOQ 412+12.63 11+0.33 <LOQ
25 <LOQ <LOQ <LOQ <LOQ 25 <LOQ <LOQ 1+0.03 107 +£3.21 25 <LOQ <LOQ <LOQ <LOQ
26 <LOQ <LOQ <LOQ <LOQ 26 <LOQ <LOQ <LOQ <LOQ 26 <LOQ 182+5.46 344+1.02 <LOQ
27 0.20+0.006 <LOQ 0.99+0.03 <LOQ 27 34+1.02 70+2.1 <LOQ <LOQ 27 <LOQ <LOQ <LOQ <LOQ
28 <LOQ <LOQ <LOQ <LOQ 28 <LOQ 32+0.96 <LOQ <LOQ 28 <LOQ <LOQ <LOQ <LOQ
29 0.73+0.02 <LOQ 324+0.96 <LOQ 29 <LOQ <LOQ <LOQ <LOQ 29 <LOQ <LOQ <LOQ <LOQ
30 <LOQ <LOQ 20+0.6 23 30 125+3.75 <LOQ 65+1.95 <LOQ 30 <LOQ <LOQ <LOQ <LOQ
31 <LOQ <LOQ <LOQ <LOQ 31 <LOQ <LOQ <LOQ <LOQ 31 <LOQ <LOQ <LOQ <LOQ
32 37+1.11 <LOQ 15+0.45 <LOQ 32 0.58+0.02 <LOQ 42 +1.26 <LOQ 32 <LOQ 112+3.36 28+0.84 58+1.74
33 <LOQ <LOQ 29+0.87 <LOQ 33 0.85+0.02 <LOQ 46+1.38 <LOQ 33 <LOQ 275+8.25 34+1.02 546 +16.38
34 <LOQ <LOQ <LOQ <LOQ 34 <LOQ <LOQ <LOQ <LOQ 34 <LOQ <LOQ <LOQ <LOQ
35 <LOQ <LOQ <LOQ <LOQ 35 0.087 +0.003 <LOQ 594+1.77 <LOQ 35 <LOQ <LOQ <LOQ <LOQ
36 <LOQ <LOQ <LOQ <LOQ 36 <LOQ <LOQ <LOQ <LOQ 36 <LOQ <LOQ <LOQ <LOQ
37 37+1.11 <LOQ 10+0.3 <LOQ 37 <LOQ <LOQ <LOQ <LOQ 37 <LOQ <LOQ <LOQ <LOQ
38 <LOQ <LOQ 0.87+0.03 <LOQ 38 <LOQ <LOQ 11+0.33 <LOQ 38 <LOQ <LOQ 11+0.33 <LOQ
39 <LOQ <LOQ <LOQ <LOQ 39 24+0.72 <LOQ <LOQ <LOQ 39 <LOQ <LOQ 0.28+0.01 <LOQ
40 <LOQ <LOQ 0.60+0.02 <LOQ 40 20+0.6 112+3.36 <LOQ <LOQ 40 <LOQ <LOQ 0.78 +£0.02 <LOQ
41 <LOQ <LOQ 2240.66 <LOQ 41 <LOQ <LOQ <LOQ <LOQ 41 <LOQ <LOQ <LOQ <LOQ
42 12+0.36 1+0.03 16+0.48 <LOQ 42 26+0.78 <LOQ <LOQ <LOQ 42 <LOQ <LOQ <LOQ <LOQ
43 <LOQ <LOQ <LOQ <LOQ 43 <LOQ <LOQ <LOQ <LOQ 43 <LOQ <LOQ <LOQ <LOQ
44 <LOQ <LOQ 274+0.81 <LOQ 44 0.20+0.006 <LOQ <LOQ <LOQ 44 <LOQ <LOQ <LOQ <LOQ
45 <LOQ <LOQ <LOQ <LOQ 45 <LOQ <LOQ 1+0.03 <LOQ 45 <LOQ <LOQ <LOQ <LOQ
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catalytic activity [38]. In spot 10, Cu and Se were found in DM1, and
Zn in DM1 +1. There are no reports about these proteins binding to
Cu, Se, and Zn.

Serum amyloid P component (spot 12: +C/—DM1; spot 36:
—DM1/+DM1 +1) binds two calcium ions per subunit. A precursor
of amyloid P component, which is found in the basal and associated
with amyloid deposits in the membrane, it also acts as a complex-
forming protein [39], and in this case was downregulated in animals
from group DM1. In our study, there was no presence of Cu, Mg, Se,
or Zn associated with this protein in spots 12 and 36.

Neutrophil cytosol factor 2 (—C/+DM1) was upregulated in DM1;
this may be because its function is related to response to glucose
stimulus, catabolic processes involved in the NADP-dependent gen-
eration of superoxide anions, and cellular defense responses [40].
Neutrophil cytosol factor 2 showed the presence of Cu and Se in C
and DM1, and Mg, Se, and Zn in DM1 +1.

Vitamin D-binding protein (spot 14: —C/+DM1; spot 29:
+DM1/-DM1+I) in plasma carries vitamin D sterols and pre-
vents polymerization of actin monomers, connecting their present
response to tumor necrosis factor, vitamin D metabolic processes,
and cellular death factor [41]. This is related to cardiovascular dis-
eases arising from diabetes, and this mechanism was found to be
upregulated in DM1. Biliverdin reductase A (spot 14: —C[+DM1;
spot 29: +DM1/-DM1 +I) is involved in metabolic processes of
small molecules, heme, and catabolic processes in redox processes
(with concomitant oxidation of the NADH or NADPH cofactor) [42].
A previous study has shown that biliverdin reductase suppresses
insulin signaling and acts as a negative regulator of glucose uptake
[42], in a way explaining its upregulation in DM1 animals; it also
binds to the p85 regulatory subunit of PI3K/Akt [43], a mechanism
that may also lead to an improvement in insulin sensitivity [44].
However, these animals may have increased the expression of this
protein, trying to supply insulin or reset the mechanism respon-
sible for insulin deficiency in the pathological state. In addition,
there was no association with the presence of Cu, Mg, Se, or Zn in
this spot.

Afamin (+C/—DM1) is a protein linked to vitamin E that can be
carried in body fluids under conditions where the system does not
contain sufficient lipoproteins. Afamin has already been reported
to be an ovarian cancer marker [45], but its relationship to dia-
betes has not been previously reported. In this study, it was shown
to be downregulated, which may have resulted in increased oxida-
tive stress in diabetes due to the overproduction of reactive oxygen
species (ROS) and decreased efficiency of antioxidant defenses.
Moreover, the carrying capacity of vitamin E, as a non-enzymatic
antioxidant system in diabetes, may be reduced due to a decreased
ability to remove ROS, thus explaining the downregulation of
afamin in DM1. The presence of Cu and Se in C, Se and Zn in DM1,
and Mg and Se in DM1 +1 was observed.

Alpha-1-macroglobulin (spot 21: -C/+DM1+I; spot 31:
—DM1/+DM1 +1) is able to inhibit all four classes of proteases
by a single mechanism. This protein has a length of peptide that
contains specific cleavage sites for different proteases: proteinase
cleaves a certain region, and a conformational change in the
protein induces proteinase to retain the encapsulated enzyme,
which remains active against low molecular weight substrates
(activity against substrates of high molecular weight is very low)
[46]. Then, one thioester bond in the cleavage region is hydrolyzed
and mediates binding of the protein to a covalent proteinase,
causing further downregulation of endopeptidase activity [46].
The DM1 +1 group showed increased expression of this protein,
which may be explained by insulin treatment in these animals
having reduced the effects of endotoxin-induced shock, but also
being able to modulate the immunological response in plasma,
somewhat controlling the secondary complications of DM1. In
addition, our study suggests that alpha-1-macroglobulin could

play a local anti-inflammatory role [47]. The presence of Cu, Mg,
Se, and Zn was not observed in these two spots (21 and 31).
C-reactive protein (—DM1/+DM1 +1) is a metalloprotein (binds
two calcium ions per subunit) that has several functions associ-
ated with host defense: it promotes agglutination, phagocytosis,
and complement fixation through calcium-dependent binding to
phosphorylcholine, can interact with DNA and histones and clean
nuclear material released from damaged circulating cells, and
presents negative regulation for the storage of lipids [48]. C-reactive
protein is a marker of inflammation; in patients with diabetes,
low-grade inflammation is evidenced by increased plasma levels
[48]. However, in our study, animals in the DM1 +I group showed
upregulation of this protein, which could also be associated with a
decreased risk of cardiovascular disease in diabetes. The presence
of Cu, Mg, Se, and Zn was not observed in this protein.
Apolipoprotein A-I (~-DM/+DMT1 +1) is part of the reverse trans-
port of cholesterol from the tissues to the liver for excretion, by
promoting cholesterol efflux from tissues and acting as a cofactor
for lecithin cholesterol acyltransferase. Some studies have reported
lower levels of apolipoprotein A-I in the presence of coronary com-
plications [49]. The hyperglycemia observed in type 1 diabetes is
closely related to lipidemic disorders, such as increased LDL choles-
terol and triglycerides and reduced HDL cholesterol, which increase
the risk of ischemic heart disease. Thus, the reduction of hyper-
glycemia that was observed in the animals of group DM1 +1 has
been found to be beneficial as a determining factor for decreased
oxidative stress and reduced diabetic atherogenesis; in turn, this
protein was upregulated in these animals [49]. In this protein, the
presence of Cu was found in C and DM1 +1, and Cu and Mg in DM1.

4. Conclusion

Thirty-five proteins showed differential expression in plasma,
indicating that alpha-1-macroglobulin and haptoglobulin may be
potential candidates as biomarkers for controlled diabetes (treated
with insulin), because significant changes were detected in this
group, indicating a potential side effect of insulin treatment itself.
Proteins such as 2’-deoxynucleoside 5'-phosphate N-hydrolase 1,
transmembrane protein 11, serum amyloid P component, vitamin
D-binding protein, and biliverdin reductase may be potential can-
didates as biomarkers for uncontrolled diabetes; these proteins
changed in the diabetic group and did not maintain the same profile
in the diabetic group treated with insulin. The proteins showed dif-
ferent interactions with Cu, Mg, Se, and Zn, suggesting how bonds
are altered in type 1 diabetes in plasma and revealing new func-
tional aspects that may be involved in diabetes progression and
protein expression.
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