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Goiter is a term to describe the enlargement of the thyroid gland. The
pathophysiology and molecular changes behind development of diffuse
benign goiter remains unclear. The present study targeted to identify and
describe the alterations in the thyroid tissue proteome from patients (obese
euthyroid) with benign diffuse goiter (BDG) using proteomics approach.
Thyroid tissue samples, from 7 age and sex matched, patients with BDG and
7 controls were obtained at the time of surgery. An untargeted proteomic
analysis of the thyroid tissue was performed out utilizing two-dimensional
difference (2D-DIGE) in gel electrophoresis followed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) for
identification of the proteins. Progenesis software was used to identify changes
in expression of tissue proteins and found statistically significant differences in
abundance in a total of 90 proteins, 46 up and 44 down (1.5-fold change,
ANOVA, p < 0.05) in BDG compared to the control group. Bioinformatic
analysis using Ingenuity Pathway Analysis (IPA) identified dysregulation of
signalling pathways linked to ERK1/2, Glutathione peroxidase and NADPH
oxidase associated to organismal injury and abnormalities, endocrine system
disorders and cancer. The thyroid tissue proteome in patients with BDG
revealed a significant decrease in thyroglobulin along with dysregulation of
glycolysis and an increase in prooxidant peroxidase enzymes. Dysregulation of
metabolic pathways related to glycolysis, redox proteins, and the proteins
associated with maintaining the cytoskeletal structure of the thyrocytes was
also identified.
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Introduction

The term goiter generally describes a thyroid gland
enlargement. It presents usually as an incidental swelling in
the neck discovered by the patient or on routine physical
examination. Various causes ranging from physiological to
pathological mechanisms lead to hypertrophy of thyroid gland.
Physiological increase in the thyroid gland volume is seen during
adolescence, pregnancy, menopause and also associated with
obesity, insulin resistance, and metabolic syndrome (1-3). On
the other hand, pathological causes of goiter include genetic
causes, inflammatory conditions, autoimmune disorders, and
rarely thyroid hormone resistance and thyrotropin thyroid
stimulating hormone (TSH)-secreting pituitary tumors (4, 5).

Depending on the pathophysiology, goiters can be diffuse,
involving the whole gland or localized as in case of nodular goiter.
The clinical presentation can vary based on secretion of the
thyroid hormones (TH) from euthyroidism, hypothyroidism, to
hyperthyroidism and with the size and location of the goiter.
The most common type of goiter clinically encountered in
the absence of inflammation and thyroid dysfunction is
the simple nontoxic goiter that is classified as endemic and
sporadic goiter. Although endemic goiter, due to iodine
deficiency accounts for the higher prevalence worldwide, not all
causes of goiter can be tracked back to iodine deficiency. A large
number of cases with sporadic goiter are noted due to the presence
of goitrogens and endocrine disruptors (5-7). In contrast,
excessive doses of iodine have been shown to counteract the
thyroid’s response to TSH and may even cause thyroid cell
apoptosis (8).

The development of goiter involves global activation of
thyroid epithelial cell proliferation following iodine deficiency
or other goitrogenic stimuli. Benign goiter is an adaptive
response of thyroid follicular cells to process that inhibit or
diminishes TH production with a compensatory elevation of
TSH to maintain normal circulating TH levels. This elevated
TSH levels even though minimal causes significant increases in
thyroid volume due to its proliferative and mitotic actions (5, 9).
Long standing cases of goiter are known to result in developing
thyroid nodules as a result of differential stimulation of the
thyroid follicles. According to the Framingham study, new
nodules emerged at a rate of 1 per 1000 each year, putting the
lifetime risk of developing a nodule between 5 and 10% (10).
People with central obesity have a 1.6 times higher risk of
developing goter and thyroid nodules (11-13). In addition to
the higher TSH, hyperinsulinemia found in individuals with
obesity has been implicated with the higher incidences of thyroid
nodules. Under these conditions, the mitogenic action of insulin
and the increased availability of insulin-like growth factor-1 may
contribute to the development of nodular hyperplasia (14). In a
recent study, we had used the MALDI imaging technique to
identify discriminatory peptides that were significantly altered in
patients with goiter between lean and obese groups (15).
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Proteomics has become one of the most important
disciplines for characterizing cellular protein composition and
providing insight into the mechanisms of biological processes in
a high-throughput manner. Mass spectrometry proteomic
techniques, using an untargeted approach provide an unbiased
approach to comprehensively profile all the proteins within a
cellular organelle, cell, or a tissue. These approaches can be used
for proteome profiling, comparative expression analysis between
the disease states (16, 17). Few studies have evaluated the
changes in circulating proteome in thyroid pathology and have
explored plasma proteome changes in patients with
hypothyroidism and hyperthyroidism before and after
treatment (18-20). On the other hand, a large body of
literature has looked at the differences in the proteomic
profiles of thyroid disease with a focus on benign nodules and
malignancy (21-25) or normal thyroid tissue and malignant
tissues (26-29). The current study aims to compare the tissue
proteome of benign goiter and normal thyroid using a 2D-DIGE
mass spectrometry proteomics approach. Finding the proteomic
differences between the normal and the goitrogenous thyroid
tissue will further our understanding of the changes occurring at
the cellular and protein level in patients with goiter.

Subjects and Methods
Ethical approval and informed consent

The study procedures and protocols, including clinical
samples, were reviewed and approved by the Institutional
Review Board of the College of Medicine, King Saud
University, Riyadh, Saudi Arabia (registration no. E-10-172).
The patients/participants provided their written informed
consent to participate in this study.

Study design and patient selection

Thyroid tissue samples, from age and sex matched, patients
with BDG (n=7) and controls (n=7) were obtained at the time of
surgery from patients referred to the outpatient endocrine breast
and surgery clinic at King Khalid University Hospital (KKUH)
with complaints of benign goiter. Tissue samples were obtained
from each patient with BDG at the time of total thyroidectomy.
The control samples were collected from patients undergoing
surgery for benign adenoma from the normal thyroid lobe by
our collaborating surgeon. A 100 mg of tissue was excised from
thyroid gland and was snap freezed in liquid nitrogen and stored
until analysis. Venipuncture was used to obtain blood samples
into plain tubes (Vacutainer, BD Biosciences, CA, USA) from
each patient after a 10 hour fast for routine biochemical
measurements and evaluation of the thyroid profile.
Biochemical investigations were carried out using a Siemens
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Healthcare -Dimension Xpand Plus integrated autoanalyzer
(Diagnostics, IL, USA). The sample size was calculated using a
power analysis with the Progenesis SameSpots non-linear
dynamics statistical software to determine the minimum
number of biological replicates required.

Tissue collection and protein extraction

Proteins extraction from thyroid tissue samples were carried
out using T25 digital ULTRA TURRAX homogenizer (IKA,
Germany) in lysis buffer (0.5 ml, pH 8.8, 30 mM Tris-HCI, 7 M
urea, 2 M thiourea, 2% CHAPS, and a 1x protease inhibitor mix)
on ice. The suspension was shaken at room temperature for 1
hour before being sonicated (Microsonicator, Qsonica
Sonicators, USA; 30% pulse, two intervals of 1 min each,
separated by a 1 min gap). Dithiothreitol (DTT, Fifty mM)
was then added and the protein extracts centrifuged (4°C, 20,000
xg, 40 mins). The impurities were removed, and the
supernatants were cleaned using a 2D clean-up kit, following
the manufacturer’s instructions (GE Healthcare, Sweden)
(30, 31).

Cye dye labelling, two-dimensional
electrophoresis and image scanning

The protein pellets (each sample) were re-suspended in
labelling buffer (7 M urea, 4% CHAPS, 2 M thiourea, 30 mM
Tris) and a pH of 8.5 was adjusted. Protein concentrations were
determined in triplicate using the 2D-Quantkit (GE Healthcare,
Sweden). Labelling of proteins were performed using CyDyeTM
DIGE Fluor minimal dyes (400 pmol/50 ug, GE Healthcare,
Sweden) as previously described by our group (20, 21). In
summary, for each sample 50 ug of protein was incubated (on
ice, in the dark, 30 mins) with 400 pmol of Cy-5/Cy3 freshly
dissolved in anhydrous dimethyl formamide (DMF). The
addition of lysine (1.0 L, 10 mM, 10 min, on ice, in the dark)
terminated the process. Each sample was covalently labeled with
either a Cy3 or a Cy5 flurophore. A pooled internal standard
containing 50 ug of total protein from each sample was labeled
with Cy2. As previously described (20, 21), the labeled samples
were pooled according to the experimental design (Table S1) and
ran on the same gel for comparison.

Analytical gel electrophoresis (First dimension) and Second
dimension sodiumdodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed as previously
reported (20, 21). Sapphire Biomolecular Imager (Azure Bio
systems, OH, USA) was used for scanning the gels analyzed
using image analysis software Sapphire Capture system (Azure
Biosystems,OH, USA). Total protein (1 mg) was extracted from
a pool of equal amount of protein from the 14 thyroid tissue
samples (7 BDG and 7 Control) to make preparative gels. Gels
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were stained for 5 days, then rinsed briefly with Milli-Q water
and stored until the spots could be excised and identified by MS
as described previously by our group (30, 31).

Statistical analysis

An automatic spot detection method was employed to
evaluate the gel images (2D-DIGE) using Progenesis
SameSpots software (Nonlinear Dynamics, UK). Gel warping,
DIGE normalization, and comparison modules are included in
the package. To verify that no data was lost, all gel images were
matched to a reference gel and superimposed. Log
transformation of the spot volumes was performed to generate
normally distributed data. Log normalized volume (LNV) was
used to quantify differential expression. The BDG and control
groups were directly compared, and one-way ANOVA was used
to calculate fold difference values and p-values. Before applying
the statistical criteria (ANOVA, p < 0.05 and fold >1.5), all spots
were pre-filtered and manually examined. In statistical
processing, normalized spot volumes were used instead of spot
intensities. Only those spots were submitted for MS analysis that
met the following statistical criteria.

Protein identification (MALDI-TOF MS)

Manually excised Coomassie stained gel spots were washed
and digested according previously reported studies (20, 21). The
mixture of tryptic peptides (0.8 HL) derived from each protein
was spotted onto a MALDI target (384 MTP Anchorchip; 800
pum Anchorchip; Bruker Daltonics, Bremen, Germany). MALDI-
MS(/MS). As previously mentioned, spectra were obtained using
an UltraflexTerm time-of-flight (TOF) mass spectrometer
equipped with a LIFT-MS/MS device (Bruker Daltonics) at 21
kV reflector and 17 kV detector voltages, respectively (20, 21).
PMFs were calibrated against a standard (peptide calibration
standard II, Bruker Daltonics). Flex Analysis software was used
to assess the PMFs (Bruker Daltonics v.2.4). Interpretation of
MS data was done using BioTools v3.2 (Bruker Daltonics). The
peptide masses were searched against the Mascot search
algorithm (v2.0.04, updated on 09/05/2021; Matrix Science
Ltd., UK). Identified proteins were accepted as correct if they
the Mascot score > 56. Because some proteins were in low
abundance and did not give sufficiently powerful mass
fingerprints, not all spots of interest could be recognized; some
spots were mixtures of multiple proteins (30, 31).

Bioinformatics analysis

Ingenuity pathway analysis (IPA) v9.0 (Ingenuity Systems,
CA, USA) was employed to analyze interaction of protein
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networks and the functions of tissue proteins that were
differentially expressed in BDG and control samples. UniProt
IDs are mapped by IPA into the ingenuity knowledge base,
which is the world’s largest manually curated resource
containing data from all published scientific studies. This
software also determines the functions and pathways which
are significantly connected with the MS-generated protein list
by matching the experimental expression data onto networks
constructed from interactions published. Additionally, using the
PANTHER (http://www.pantherdb.org) the detected proteins
were grouped into distinct groups based on their molecular
function and biological function.

Results
Clinical and biochemical data

The clinical and biochemical characteristics of age and BMI
matched groups are shown in Table 1. None of our patients with
benign diffuse goiter (BDG) showed any alteration in their
thyroid profile and had no clinical evidence of increased
thyroid antibodies. Histological findings from the post total
thyroidectomy specimens revealed presence of large
hyperplastic thyroid follicles with abundant colloid.

Proteomic analysis of differentially
expressed proteins (2D-DIGE)

To determine the proteins differentially expressed in BDG
compared to control group, thyroid tissue samples from BDG

10.3389/fendo.2022.923465

(n = 7) and control (n = 7) were compared by 2D-DIGE.
Progenesis Same Spots v3.3 software (Nonlinear Dynamics
Ltd, UK) was used for analyses of gel images. Automated
image analysis detected a total of 1150 spots on the gels
among which 152 were statistically significant with ANOVA, P
< 0.05; fold-change > 1.5 between the BDG and control samples.
Representative fluorescent protein profiles of a 2D-DIGE of
BDG samples labeled with Cy3 (Figure 1A), control samples
labeled with Cy 5 (Figure 1B), pooled internal control labeled
with Cy2 (Figure 1C), and representative overlay of Cy3/Cy5/
Cy2 images are shown in Figure 1. (Figure 1D). The gels revealed
a total of 152 spots that were significantly different (ANOVA, P
< 0.05; fold-change > 1.5) between the BDG and control samples
(Figure 2). The spot patterns were consistent across all 14 image
gels, allowing them to be aligned and analyzed further. An
internal standard with Cy2-labelling was used to achieve
normalization across the entire gel sets and differential analysis
(quantitative) of the protein levels. The 152 spots on the
preparative gel with statistical significance between the BDG
and controls were then excised for identification of proteins by
MALDI-TOF MS.

Peptide mass fingerprinting (PMFs) recognized 90 of the 152
protein spots excised from preparative gel; MALDI-TOF mass
spectrometry identified 61 spots as unique protein sequences,
which Mascot matched with high confidence to entries in the
SWISS-PROT database (Table 2, Table S2). The sequence
coverage of the identified proteins ranged from 10% to 95%.
Variants of the same protein were detected in many locations on
the gel in a few cases (Table 2, Figure S1). Among the 90 proteins
identified, 46 protein spots were up-regulated, 44 were
downregulated in tissue samples of BDG patients compared to
control. Among the significantly upregulated proteins included

TABLE 1 Mean, SD and P values of biochemical characteristics of study subjects.

Mean + SDControls

N 7

Age (years) 423 +12.2
Gender (male/female) 5/2
BMI 272+ 15
Urea (mmol/L) 4.7 + 0.7
Creatinine (mmol/L) 72.5 £ 13.1
Aspartate transaminase (IU/L) 334+ 6.6
Fasting glucose (mmol/L) 53+04
Alkaline phosphatase (IU/L) 949 + 259
Alanine transaminase (IU/L) 18.0+5.8
TSH (mIU/) 12+21
FT4 (pmol/L) 143 +£55
Triglycerides (mmol/L) 12+03
LDL cholesterol (mmol/L) 1.2+04
Total Cholesterol (mmol/L) 4.6 + 0.6
HDL cholesterol (mmol/L) 29+08
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Mean + SDBDG P values
7
373+89 0.32
4/3
295+ 23 0.81
46+09 0.81
76.1 + 133 0.61
357 +£9.0 0.59
50+ 0.5 0.23
96.8 + 31.2 091
17.4 + 3.9 0.81
1.9+ 09 041
158 5.7 0.62
14403 0.21
1.0+03 031
48+07 0.57
3.0£06 0.79
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FIGURE 1

Representative fluorescent protein profile of a 2D-DIGE comprising tissue samples from BDG patients labelled with Cy3 (A), Cy5 (B), pooled

internal control labelled with Cy2 (C), and merged image (D)

Fatty acid-binding protein, adipocyte (up 4.09 fold, p = 6.67E-
04), Hormonally up-regulated neu tumor associated kinase (up
3.07 fold, p = 0.007), Actin, cytoplasmic 1 (up 2.92 fold, p =
0.02), Unconventional myosin-Th (up 2.82 fold, p = 0.035),
Actin, alpha cardiac muscle 1 (up 2.42 fold, p = 0.019),
Peroxiredoxin-2 (up 2.16 fold, p = 0.007), Superoxide
dismutase (Cu-Zn) (up 1.98 fold, p = 8.42E-04),
Glyceraldehyde-3-phosphate dehydrogenase (up 1.59 fold, p =
0.046), (see Table 2 for complete list). The significantly
downregulated proteins included Thyroglobulin (down 2.34

0.15

Principal Components Analysis

fold, p = 0.004), Serine/threonine kinase greatwall (down 2.33
fold, p = 0.048), Actin, alpha skeletal muscle (down 2.11, p =
0.02), Protein disulfide-isomerase A32 (down 2.06 fold, p =
0.01), Fructose-bisphosphate aldolase A (down 2.04 fold, p =
0.02) and Vimentin (down 1.78 fold, p = 0.04) (Table 2, Table
S2). Among the identified proteins, Fibrinogen beta chain, ATP
synthase subunit alpha, mitochondrial, Thyroglobulin,
Peroxiredoxin-2, Immunoglobulin heavy constant gamma 1,
Unconventional myosin-Ic, Actin, Actin, Alpha skeletal
muscle, Alpha cardiac muscle 1, DNA repair protein XRCC3,

CONTROL
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FIGURE 2

The two first principle components are plotted on a PCA. Together, they explained 82 percent of the variability in the chosen spot. Gels and

spots are represented as colored dots and numerals, respectively
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TABLE 2 Proteins identified in thyroid tissue samples with differences in abundance between BDG and control states.

S1 Spot
no: No*
1 1560
2 1651
3 1605
4 343
5 449
6 1300
7 318
8 1157
9 1657
10 317
11 1427
12 342
13 548
14 1419
15 1380
16 297
17 1778
18 1548
19 1564
20 1568
21 404
22 296
23 403
24 1511
25 362
26 393
27 316
28 310
29 1451
30 673
31 275
32 272
33 415
34 1188
35 476
36 1512
37 1247
38 1650
39 1609
40 573
41 366
42 406
43 149
44 1553
45 1491
46 1609
47 573
48 366

Accession
No

P32119
P15090
P00441
P02675
P10809
Q07890
P01859
P04075
Q3KQZ1
P25705
095833
Q16851
P01266
P02647
Q13162
P25705
P20472
P32119
P57058
P32119
P30101
P01857
Q14145
Q8TEDO
P01857
P30101
P01857
Q6RFH5
P04792
P00738
P01857
P02768
000159
P63244
Q9Y646
P07741
P22626
Q6p5S2
P68032
P68133
P30101
043542
Q06830
Q99497
P61106
P68032
P68133
P30101

Protein Name

Peroxiredoxin-2

Fatty acid-binding protein, adipocyte
Superoxide dismutase (Cu-Zn)

Fibrinogen beta chain

60 kDa heat shock protein, mitochondrial
Son of sevenless homolog 2
Immunoglobulin heavy constant gamma 2
Fructose-bisphosphate aldolase A

Solute carrier family 25 member 35

ATP synthase subunit alpha, mitochondrial
Chloride intracellular protein 3
UTP—glucose-1-phosphate uridylyltranferase
Thyroglobulin

Apolipoprotein A-I

Peroxiredoxin-4

ATP synthase subunit alpha, mitochondrial
Parvalbumin alpha

Peroxiredoxin-2

Hormonally up-regulated neu tumor associated kinase
Peroxiredoxin-2

Protein disulfide-isomerase A3
Immunoglobulin heavy constant gamma 1

Kelch-like ECH-associated protein 1

U3 small nucleolar RNA-associated preotein 15 homolog

Immunoglobulin heavy constant gamma 1
Protein disulfide-isomerase A3
Immunoglobulin heavy constant gamma 1
WD repeat-containing protein 74

Heat shocked protein beta-1

Heptoglobin

Immunoglobulin heavy constant gamma 1
Albumin

Unconventional myosin-Ic

Receptor of activated protein C kinase 1
Carboxypeptidase Q

Adenine phosphoribosyltransferase
Heterogeneous nuclear ribonucleoprotein A2/B1
Protein LEG1 homolog

Actin, alpha cardiac muscle 1

Actin, alpha skeletal muscle

Protein disulfide-isomerase A3

DNA repair protein XRCC3
Peroxiredoxin-1

Parkinson disease 7

Ras-related protein Rab-14

Actin, alpha cardiac muscle 1

Actin, alpha skeletal muscle

Protein disulfide-isomerase A3

MASCOT ID

PRDX2_HUMAN
FABP4_HUMAN
SODC_HUMAN
FIBB_LHUMAN
CH60_HUMAN
SOS2_HUMAN
IGHG2_HUMAN
ALDOA_HUMAN
§2535_HUMAN
ATPA_HUMAN
CLIC3_HUMAN
UGPA_HUMAN
THYG_HUMAN
APOA1_HUMAN
PRDX4_HUMAN
ATPA_HUMAN
PRVA_HUMAN
PRDX2_HUMAN
HUNK_HUMAN
PRDX2_HUMAN
PDIA3_HUMAN
IGHGI_HUMAN
KEAP1_HUMAN
UTP15_HUMAN
IGHG1_HUMAN
PDIA3_HUMAN
IGHGI_HUMAN
WDR74_HUMAN
HSPB1_HUMAN
HPT_HUMAN
IGHGI_HUMAN
ALBU_HUMAN
MYO1C_HUMAN
GBLP_HUMAN
PGCP_HUMAN
APT_HUMAN
ROA2_HUMAN
LEG1_HUMAN
ACTC _HUMAN
ACTS_HUMAN
PDIA3_HUMAN
XRCC3_HUMAN
PRDX1_HUMAN
PARK7_HUMAN
RAB14_HUMAN
ACTC _HUMAN
ACTS_HUMAN
PDIA3_HUMAN

P value®
(ANOVA)

5.35E-04
6.67E-04
8.42E-04
0.002
0.002
0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.004
0.006
0.006
0.006
0.006
0.007
0.007
0.007
0.008
0.008
0.008
0.009
0.01
0.011
0.012
0.013
0.014
0.014
0.015
0.015
0.015
0.016
0.017
0.019
0.019
0.019
0.019
0.02
0.021
0.021
0.021
0.022
0.024
0.019
0.02
0.021

Ratio Expd
BDG/C*
1.76 UP
4.09 UP
1.98 UP

-2.05 DOWN
-1.94 DOWN

2.37 UP

-1.8 DOWN

-2.04 DOWN
2.06 UP

-1.94 DOWN
1.9 UP

-1.82 DOWN
-2.34 DOWN

1.77 UP
2.19 UP
-1.72 DOWN
1.84 UP
2.16 UP
3.07 Up
1.67 UP

-2.31 DOWN
-1.68 DOWN
1.84 UP

2.02 UP

-1.62 DOWN
-2.06 DOWN
-2.03 DOWN
-1.82 DOWN

1.94 UP

-1.6 DOWN
-1.97 DOWN
-2.3 DOWN
191 UP

1.8 Up
-1.66 DOWN
1.98 UpP
2.42 UP

1.5 UP
242 Up

-2.11 DOWN
-1.65 DOWN
-1.76 DOWN

2.01 UP
1.61 UP
2.02 UP
2.42 UP

-2.11 DOWN
-1.65 DOWN
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TABLE 2 Continued

S1 Spot  Accession Protein Name

no: No* No

49 406 043542 DNA repair protein XRCC3

50 1496 Q06830 Peroxiredoxin-1

51 1553 Q99497 Parkinson disease 7

52 1491 P61106 Ras-related protein Rab-14

53 1615 Q01469 Fatty acid-binding 5

54 1289 P60709 Actin, cytoplasmic 1

55 412 P30101 Protein disulfide-isomerase A3

56 1594 Q99497 Parkinson disease 7

57 1586 Q99497 Parkinson disease 7

58 291 QI9UHG3  Prenylcysteine oxidase 1

59 397 P30101 Protein disulfide-isomerase A3

60 1699 Q8NIT3 Unconventional myosin-Th

61 631 P19652 Alpha-1-acid glycoprotein 2

62 597 P06733 Alpha-enolase

63 1634 P68871 Hemoglobin subunit beta

64 340 Q6PCBO Von willebrand factor A domain containing protein 1

65 764 P33176 Kinesin-1 heavy chain

66 1637 P68871 Hemoglobin subunit beta

67 334 P68871 Hemoglobin subunit beta

68 421 P30101 Protein disulfide-isomerase A3

69 1664 Q96N38 Zinc finger protein

70 324 P10109 Adrenodoxin, mitochondrial

71 564 P08670 Vimentin

72 345 Q8NB42 Zinc finger protein 527

73 315 P02675 Fibrinogen beta chain

74 344 000159 Unconventional myosin-Ic

75 292 Q07507 Dermatopotin

76 972 P06733 Alpha-enolase

77 460 P01266 Thyroglobulin

78 699 P01266 Thyroglobulin

79 409 Q66GS9 Centrosomal protein of 135 kDa

80 247 A8MUN3  Putative uncharacterized protein ENSP00000381830

81 1627 P15090 Fatty acid-binding protein, adipocyte

82 1259 P04406 Glyceraldehyde-3-phosphate dehydrogenase

83 308 Q13228 Methanethiol oxidase

84 1603 P30626 Sorcin

85 1465 QIA5X7 Putative WASP homolog-associated protein with actin, membranes
and microtubules-like protein 1

86 328 Q96GX5 Serine/threonine kinase greatwall

87 1426 P02743 Serum amyloid P-component

88 969 P14550 Aldo-keto reductase family 1 member Al

89 359 Q13228 Methanethiol oxidase

90 983 P40121 Macrophage-capping protein

“Protein accession number.

°P-Value (ANOVA).

“Ratio BDG/control group.

9Protein expression between BDG and control group.

MASCOT ID

XRCC3_HUMAN
PRDX1_HUMAN
PARK7_HUMAN
RAB14_HUMAN
FABP5_HUMAN
ACTB_HUMAN
PDIA3_HUMAN
PARK7_HUMAN
PARK7_HUMAN
PCYOX_HUMAN
PDIA3_HUMAN
MYO1H_HUMAN
A1AG2_HUMAN
ENOA_HUMAN
HBB_HUMAN
VWAI_HUMAN
KINH_HUMAN
HBB_HUMAN
HBB_HUMAN
PDIA3_HUMAN
ZN714_HUMAN
ADX_HUMAN
VIME_HUMAN
ZN527_HUMAN
FIBB_HUMAN
MYO1C_HUMAN
DERM_HUMAN
ENOA_HUMAN
THYG_HUMAN
THYG_HUMAN
CP135_HUMAN
YQ048_HUMAN
FABP4_HUMAN
G3P_HUMAN
SBP1_HUMAN
SORCN_HUMAN
WHAL1_HUMAN

MASTL_HUMAN
SAMP_HUMAN
AK1A1_HUMAN
SBPI_HUMAN
CAPG_HUMAN

10.3389/fendo.2022.923465

P value® Ratio Exp?
(ANOVA)  BDG/C*

0.021 -1.76 DOWN
0.021 2.01 UP
0.022 161 up
0.024 2.02 UP
0.019 2.16 up

0.02 2.92 UP
0.021 -1.63 DOWN
0.021 2.08 UP
0.021 1.51 UP
0.022 -1.85 DOWN
0.022 -1.63 DOWN
0.035 2.82 UP
0.036 161 UP
0.036 1.64 up
0.036 1.86 UP
0.036 -1.71 DOWN
0.037 1.62 UP
0.037 1.77 up
0.039 -1.99 DOWN
0.039 -1.63 DOWN
0.039 15 UP
0.039 -1.79 DOWN
0.04 -1.78 DOWN
0.04 -1.69 DOWN
0.041 -1.77 DOWN
0.041 1.68 UP
0.042 -1.93 DOWN
0.043 1.53 UP
0.044 -2.08 DOWN
0.044 -1.62 DOWN
0.044 -1.92 DOWN
0.045 -1.8 DOWN
0.046 1.75 UP
0.046 1.59 UP
0.047 -1.73 DOWN
0.048 224 UP
0.048 1.69 UP
0.048 -2.33 DOWN
0.049 15 UP

0.05 -1.57 DOWN
0.05 -1.73 DOWN
0.050 -1.79 DOWN

Using 2D-DIGE-MALDI TOF, average ratio values between the two states are displayed together with their associated fold changes and one-way ANOVA (fold-change > 1.5, P < 0.05).

Database: SwissProt; taxonomy: Homo sapiens.
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Peroxiredoxin-1, Parkinson disease 7, Ras-related protein Rab-
14, Alpha-enolase, Hemoglobin subunit beta and Methanethiol
oxidase were found in more than one spot on the gels, which
could be associated with the cleavage by enzymes,post-
translational modifications, or the presence of different
protein species.

Principal component and cluster analysis

Principal component analysis (PCA) performed on all 90
spot features demonstrated significant (p < 0.05 by ANOVA)
changes in abundance, as identified by MS. Also, Furthermore,
PCA demonstrated that the two groups clustered significantly
differently based on distinct proteins, with an 82 percent cutoff
score (Figure 3). Based on hierarchical clustering analysis,
differentially abundant spots showed clusters of expression
patterns (Figures 4A, B). The clustering pattern revealed that
the change in protein intensity between BDG and control
samples was significantly different for selected spots.

Protein interaction analysis

All 90 differentially regulated proteins were submitted to
bioinformatic analysis using IPA. The analysis revealed that 29
proteins interacted directly/indirectly via protein networks
(Figure 4A). To construct a protein-protein interactions
network, the software computes a score based on the best fit
from the input data set and the biological functions database.
The resulting network is enriched for proteins with interactions,
where the interacting proteins are represented by nodes and a
line denotes their biological relationships. Fifteen interaction
networks were identified for the proteins exhibiting differential
expression profile. The proposed highest interaction network
pathway (Score=48) was related to Organismal Injury and
Abnormalities, Endocrine System Disorders and Cancer. Only
the most important paths are displayed (Figure 4A). Figure 4B
shows the canonical pathways that are enriched in the current
dataset. In Figure 4B, the canonical pathways are sorted by
decreasing log (p-value) of enrichment. Acute Phase Response
Signaling (p value: 4.08E-07, overlap: 3.9%), NRF2-mediated
Oxidative Stress Response (p value: 5.68E-07, overlap: 3.7%),
and Clathrin-mediated Endocytosis Signaling (p value: 6.54E-07,
overlap: 3.6 percent) were the three most interesting enriched
canonical pathways. Canonical pathways identified in the study
are summarized in (Figure S2).

Functional classification of key proteins

For the classification of identified proteins according to their
molecular function (Figure 5A) and biological function, the
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Protein Analysis Through Evolutionary Relationships
(PANTHER) system was utilized (Figure 5B). The majority of
the differentially expressed proteins were enzymes with catalytic
activity (49%) and binding proteins (39%) according to the
functional category (Figure 5A). In terms of biological activities,
the majority of the proteins found were engaged in cellular
processes (27%) and localisation (21%) respectively (Figure 5B).

Discussion

The application of proteomic analysis yielded protein
fingerprints displaying a pattern of differential expression of
proteins between the BDG compared to the normal thyroid
tissue. A diffuse nontoxic goiter is defined as a diffuse
enlargement of the thyroid without nodules or
hyperthyroidism. Because there are no nodules, this is referred
to as ‘simple goiter,” or ‘colloid goiter,” because uniform follicles
filled with colloid are present (32). The significantly different
protein expressions found in the BDG tissues reflect the
underlying molecular features of its probable pathology. Our
results indicate that BDG tissues are characterized by an increase
in the proteins involved in increasing the redox state of the
thyrocytes, and chaperone proteins involved in regulating
protein folding and glycosylation. It is also reflected in the
pathway analysis. The central nodes with the highest
connectivity in the IPA analysis were linked around activity of
NADPH oxidase, glutathione peroxidase and ERK1/2 signaling
pathways. Dysregulation of metabolic pathways related to
glycolysis, and the proteins involved in maintenance of the
cytoskeletal structure of the thyrocytes were also identified.

Proteins involved in regulating oxidative
stress

The proteomic analysis of BDG thyroid tissues compared to
the controls showed an increase in abundance of enzymes
regulating the redox state of the thyrocytes. These included
peroxiredoxin-1,2, and 4, superoxide dismutase (SOD), PARK 7,
SOS and RAB14. TH synthesis requires the presence of the
reactive oxygen species (ROS) radicals, especially hydrogen
peroxide (H202) for oxidation of iodide, iodination of
tyrosine residues and coupling of iodotyrosines to
thyroglobulin (Tg) catalyzed by thyroid peroxidase (33, 34).
H202 generation in the thyroid gland is usually carried out by
the NADPH oxidases (NOX) and by superoxide dismutase. An
increase in abundance of superoxide dismutase (Cu-Zn), also
known as superoxide dismutase 1 (SOD1), catalyzes the
conversion of superoxide to H202 was noted in our study
(34). The increase in this enzyme could be an attempt by the
thyrocytes to increase the TH synthesis in the patients with
BDG. Additionally, two other proteins increased in our data set,
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Son of sevenless homolog 2 (SOS2) and RAB14 are known to
interact with the NOX system and increase intracellular H202
and ROS levels intracellular. SOS2 is a guanine nucleotide
exchange factor involved in the cell signalling, that activates
the Ras-GTPases enzymes that directly stimulate the NOX
enzymes (35, 36). The mechanism by which Ras controls the
amounts of reactive oxygen species (ROS) is still unknown.
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Proteins involved in glycolysis and
cytoskeletal proteins

The proteomic profiling of the BDG showed differential
regulation in the levels of enzymes involved glycolysis
compared to the controls. We noted an increase in the
abundance of alpha enolase and glyceraldehyde 3 phosphate
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FIGURE 5

Comparative representation (percentage) of identified proteins divided into groups based on their Molecular function (A) and Biological

process (B).

dehydrogenase (GAPDH) while levels of fructose bisphosphate
aldolase were reduced. Previous studies have shown the
involvement of these proteins in numerous diverse roles
besides glycolysis. GAPDH in particular is known to facilitate
a metabolic shift from anaerobic respiration to the pentose
phosphate pathway that regenerates NADPH and aids in the
maintenance of oxidation/reduction balance (37). Moreover,
GAPDH and alpha enolase independent from the glycolytic
function are also known to interact with the cytoskeletal
proteins. Previous studies have demonstrated their binding
with actin filaments facilitating microtubule bundling and
actin polymerization, which in turn improves vesicular
trafficking between cellular compartments (38, 39). In relation
to this we also noted an increase in abundance of the actin
proteins in our data set along with myosin. Both the cytoskeletal
proteins are known to participate in the vesicular mediated
transport and endocytosis (40, 41). Transport and release of
TH as well processing of Tg molecules within the thyrocyte are
dependent on vesicular transport. The increase in these proteins
could be a probable mechanism aimed at increasing the TH
synthesis and release by the BDG thyroid tissue.
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Proteins involved in regulation of
thyroglobulin

We found a decrease in the abundance of Tg, protein
disulfide-isomerase A3 and UTP-glucose-1 phosphate uridyl
transferase (UGPA) in the BDG tissues. Tg is a large
glycoprotein synthesized by the thyrocytes that serves as a
matrix for thyroid hormones synthesis and storage in the
follicles. Defects in Tg have been attributed to development of
thyroid disorders including goitre and congenital
hypothyroidism. Thyrocytes are responsible for the
biosynthesis of Tg, which accounts for more than half of
the thyroid gland’s total protein. Mature Tg is a heavily
glycosylated molecule that is stored as colloid in the
thyroid follicles. Defective glycosylation of the Tg prevents
its effective iodination resulting in impaired TH synthesis.
Glycan attachment is a multistep enzymatic process that
includes the transfer of monosaccharides from activated
nucleoside triphosphate donors to a sugar acceptor (42).
A decrease in abundance of the glycosyltransferase
enzyme, UGPA involved in catalyzing the key regulatory role
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in glycosylation was noted in our study (42). In addition to this
enzyme our proteomic profile in BDG showed a decrease
in another protein involved in regulation of Tg, namely
protein disulfide-isomerase A3 (PDIA3). PDIA3 is a thiol
oxidoreductase enzyme that functions as a chaperone protein
which is involved in regulating the proper folding of
thyroglobulin (43). Defects in the regulation of Tg synthesis
result in defective iodination and coupling of the iodinated
residues could account for the hypertrophy and hyperplasia of
the thyroid.

Other proteins

Besides the above mentioned protein we also found an
increase in alpha-1-acid glycoprotein 2, an acute phase protein
synthesized mainly by the hepatocytes. In-vitro studies have
shown that alpha-1-acid glycoprotein 2 in low concentrations
stimulated the effect of TSH and in high concentrations
inhibited the effect of TSH (44). Serum amyloid P-component,
a protein from the pentraxin family of proteins, was found
expressed highly in the BDG tissues. Although there is no known
function of human serum amyloid P-component protein, it is
believed to contribute to innate immunity. It is also the main
component of amyloid deposits in the cells (45). It is not clear
whether the increased abundance of serum amyloid P-
component protein in the nodules indicates amyloid
deposition. Serine/threonine kinase greatwall, also known as
Greatwall (GWL), is a regulator of mitosis. It is reported to be
up-regulated in many cancer types and is found to be associated
with aggressive malignancies (46). Our results show that GWL
protein is downregulated in the BDG tissues. Apolipoprotein A-I
is another protein that is found highly expressed in the nodules
compared to normal thyroid tissue. It is a major component of
high density lipoprotein particles. A higher abundance of
Apolipoprotein A-I was reported previously in cold thyroid
nodules (47). Another lipid transporting molecule, adipocyte
fatty acid-binding protein, is also found to be high in the BDG
tissues. Increased expression of lipid transporters in the nodules
could be an indication of increased cholesterol uptake.
Adipocyte fatty acid-binding protein is usually expressed in
the adipocytes and macrophages. Ectopic expression of
adipocyte fatty acid-binding protein in normal thyroid tissue
has not been reported before. Expression of adipocyte fatty acid-
binding protein in other tissues was found to be associated with
tumor growth (48).

The present study has found that the oxidative systems
which are required for thyroxine production are in an
activated state in the BDG tissues in response to lower
thyroglobulin production. In addition, the present study has
unraveled some novel molecular features of the BDG tissues.
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Conclusion

The proteomics of BDG tissues reveals an increase in
enzymes involved in regulating the oxidative balance in the
thyrocytes. The increase in oxidative stress can be a
compensatory mechanism to overcome the decreased and
defective Tg synthesis in these cases.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding author.

Ethics statement

All procedures and protocols, including clinical samples,
were reviewed and approved by the Institutional Review Board
of the College of Medicine, King Saud University, Riyadh, Saudi
Arabia (registration no. E-10-172). The patients/participants
provided their written informed consent to participate in
this study.

Author contributions

AAA, HB and AM conceived the idea and designed the
study. AAA, AM and AA were involved in patient recruitment.
HB and MM performed the proteomics lab work. HB, AM, MM
and AAA carried out data analysis. AM, HB, MR, MM and AAA
wrote the manuscript. All authors have read and approved the
final manuscript.

Funding
This project was funded by the National Plan for Science,
Technology and Innovation (MAARIFAH), King Abdulaziz City

for Science and Technology, Saudi Arabia, (Project No. 08-
MED513-02).

Acknowledgments

We wish to acknowledge Mr. Majed Kenneth and Ms.
Amina Fallata for their assistance in the laboratory work.

frontiersin.org


https://doi.org/10.3389/fendo.2022.923465
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Benabdelkamel et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be considered as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Santini F, Marzullo P, Rotondi M, Ceccarini G, Pagano L, Ippolito S, et al.
Mechanisms in endocrinology: the crosstalk between thyroid gland and adipose
tissue: signal integration in health and disease. Eur J Endocrinol (2014) 171(4):
R137-52. doi: 10.1530/EJE-14-0067

2. Blanc E, Ponce C, Brodschi D, Nepote A, Barreto A, Schnitman M, et al.
Association between worse metabolic control and increased thyroid volume and
nodular disease in elderly adults with metabolic syndrome. Metab Syndrome
Related Disord (2015) 13(5):221-6. doi: 10.1089/met.2014.0158

3. Rezzonico J, Rezzonico M, Pusiol E, Pitoia F, Niepomniszcze H. Introducing
the thyroid gland as another victim of the insulin resistance syndrome. Thyroid Off
J Am Thyroid Assoc (2008) 18(4):461-4. doi: 10.1089/thy.2007.0223

4. Zheng R, Rios-Diaz AJ, Thibault DP, Crispo JAG, Willis AW, Willis AL A
contemporary analysis of goiters undergoing surgery in the united states. Am J
Surgery (2020) 220(2):341-8. doi: 10.1016/j.amjsurg.2020.01.005

5. Knobel M. Etiopathology, clinical features, and treatment of diffuse and
multinodular nontoxic goiters. J Endocrinolog Invest (2016) 39(4):357-73. doi:
10.1007/s40618-015-0391-7

6. Can AS RA. Goiter. In: StatPearls [Internet]. Treasure Island (FL: StatPearls
Publishing (2022).

7. Rendina D, De Filippo G, Mossetti G, Zampa G, Muscariello R, Benvenuto G,
et al. Relationship between metabolic syndrome and multinodular non-toxic goiter
in an inpatient population from a geographic area with moderate iodine deficiency.
J Endocrinolog Invest (2012) 35(4):407-12. doi: 10.1002/ceat.201290011

8. Burikhanov RB, Matsuzaki S. Excess iodine induces apoptosis in the thyroid
of goitrogen-pretreated rats in vivo. Thyroid Off ] Am Thyroid Assoc (2000) 10
(2):123-9. doi: 10.1089/thy.2000.10.123

9. Krohn K, Fuhrer D, Bayer Y, Eszlinger M, Brauer V, Neumann §, et al.
Molecular pathogenesis of euthyroid and toxic multinodular goiter. Endocrine Rev
(2005) 26(4):504-24. doi: 10.1210/er.2004-0005

10. Hegedus L, Bonnema SJ, Bennedbaek FN. Management of simple nodular
goiter: current status and future perspectives. Endocrine Rev (2003) 24(1):102-32.
doi: 10.1210/er.2002-0016

11. Song B, Zuo Z, Tan J, Guo ], Teng W, Lu Y, et al. Association of thyroid
nodules with adiposity: a community-based cross-sectional study in China. BMC
Endocrine Disord (2018) 18(1):3. doi: 10.1186/s12902-018-0232-8

12. Eray E, Sari F, Ozdem S, Sari R. Relationship between thyroid volume and
iodine, leptin, and adiponectin in obese women before and after weight loss. Med
Principles Pract Int ] Kuwait University Health Sci Centre. (2011) 20(1):43-6. doi:
10.1159/000322075

13. Sousa PA, Vaisman M, Carneiro JR, Guimaraes L, Freitas H, Pinheiro MF,
et al. Prevalence of goiter and thyroid nodular disease in patients with class III
obesity. Arquivos brasileiros endocrinol e metabologia. (2013) 57(2):120-5. doi:
10.1590/S0004-27302013000200004

14. Bradley D. Obesity, thyroid nodularity, and thyroid cancer:
Epiphenomenon or cause? J Clin Endocrinol Metab (2020) 105(8):e3010-2. doi:
10.1210/clinem/dgaa376

15. Alfadda AA, Benabdelkamel H, Fathaddin AA, Alanazi 10, Lauzon N,
Chaurand P, et al. A matrix-assisted laser desorption/ionization imaging mass
spectrometric approach to study weight-related changes within thyroid tissue. J
mass spectrometry JMS. (2021) 56(1):e4671. doi: 10.1002/jms.4671

16. Masood A, Benabdelkamel H, Alfadda AA. Obesity proteomics: An update
on the strategies and tools employed in the study of human obesity. High-
throughput (2018) 7(3):27-40. doi: 10.3390/ht7030027

Frontiers in Endocrinology

13

10.3389/fendo.2022.923465

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fendo.2022.923465/full#supplementary-material

17. Ekhzaimy AA, Masood A, Benabdelkamel H, Elhassan T, Musambil M,
Alfadda AA. Plasma proteomics reveals an improved cardio-metabolic profile in
patients with type 2 diabetes post-liraglutide treatment. Diabetes Vasc Dis Res
(2022) 19(3):14791641221094322. doi: 10.1177/14791641221094322

18. Masood A, Benabdelkamel H, Jammah AA, Ekhzaimy AA, Alfadda AA.
Identification of protein changes in the urine of hypothyroid patients treated with
thyroxine using proteomics approach. ACS Omega (2021) 6(3):2367-78. doi:
10.1021/acsomega.0c05686

19. Alfadda AA, Benabdelkamel H, Masood A, Jammah AA, Ekhzaimy AA.
Differences in the plasma proteome of patients with hypothyroidism before and
after thyroid hormone replacement: A proteomic analysis. Int ] Mol Sci (2018) 19
(1):88-101. doi: 10.3390/ijms19010088

20. Masood A, Benabdelkamel H, Ekhzaimy AA, Alfadda AA. Plasma-based
proteomics profiling of patients with hyperthyroidism after antithyroid treatment.
Molecules. (2020) 25(12):2831-46. doi: 10.3390/molecules25122831

21. Ciregia F, Giusti L, Molinaro A, Niccolai F, Mazzoni MR, Rago T, et al.
Proteomic analysis of fine-needle aspiration in differential diagnosis of thyroid
nodules. Trans Res ] Lab Clin Med (2016) 176:81-94. doi: 10.1016/j.trs.2016.04.004

22. Lu], Zhang Y, Sun M, Ding C, Zhang L, Kong Y, et al. Multi-omics analysis
of fatty acid metabolism in thyroid carcinoma. Front Oncol (2021) 11:737127. doi:
10.3389/fonc.2021.737127

23. Xiao H, Liang J, Liu S, Zhang Q, Xie F, Kong X, et al. Proteomics and
organoid culture reveal the underlying pathogenesis of hashimoto's thyroiditis.
Front Immunol (2021) 12:784975. doi: 10.3389/fimmu.2021.784975

24. Temiz Karadag D, Cetinarslan B, Kasap M, Canturk NZ, Akpinar G,
Canturk Z, et al. Proteomic analysis of thyroid tissue reveals enhanced catabolic
activity in graves' disease compared to toxic multinodular goitre. Cell Biochem
Funct (2021) 39(5):658-66. doi: 10.1002/cbf.3632

25. Garcia-Vence M, Chantada-Vazquez MDP, Cameselle-Teijeiro JM, Bravo
SB, Nunez C. A novel nanoproteomic approach for the identification of molecular
targets associated with thyroid tumors. Nanomaterials (Basel) (2020) 10(12):2370.
doi: 10.3390/nano10122370

26. Gawin M, Kurczyk A, Stobiecka E, Fratczak K, Polanska ], Pietrowska M,
et al. Molecular heterogeneity of papillary thyroid cancer: Comparison of
primary tumors and synchronous metastases in regional lymph nodes by mass
spectrometry imaging. Endocrine Patholo (2019) 30(4):250-61. doi: 10.1007/
512022-019-09593-2

27. Martinez-Aguilar J, Clifton-Bligh R, Molloy MP. Proteomics of thyroid
tumours provides new insights into their molecular composition and changes
associated with malignancy. Sci Rep (2016) 6:23660. doi: 10.1038/srep23660

28. Jin S, Bao W, Yang YT, Fu Q, Bai Y, Liu Y. Proteomic analysis of the
papillary thyroid microcarcinoma. Annales d'’Endocrinol (2019) 80(5-6):293-300.
doi: 10.1016/j.and0.2019.01.003

29. Ucal Y, Eravci M, Tokat F, Duren M, Ince U, Ozpinar A. Proteomic analysis
reveals differential protein expression in variants of papillary thyroid carcinoma.
EuPA Open Proteomics. (2017) 17:1-6. doi: 10.1016/j.euprot.2017.09.001

30. Benabdelkamel H, Masood A, Almidani GM, Alsadhan AA, Bassas AF,
Duncan MW, et al. Mature adipocyte proteome reveals differentially altered protein
abundances between lean, overweight and morbidly obese human subjects. Mol
Cell Endocrinol (2015) 401:142-54. doi: 10.1016/j.mce.2014.11.021

31. Alfadda AA, Benabdelkamel H, Masood A, Moustafa A, Sallam R, Bassas A,
et al. Proteomic analysis of mature adipocytes from obese patients in relation to
aging. Exp gerontol (2013) 48(11):1196-203. doi: 10.1016/j.exger.2013.07.008

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2022.923465/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.923465/full#supplementary-material
https://doi.org/10.1530/EJE-14-0067
https://doi.org/10.1089/met.2014.0158
https://doi.org/10.1089/thy.2007.0223
https://doi.org/10.1016/j.amjsurg.2020.01.005
https://doi.org/10.1007/s40618-015-0391-7
https://doi.org/10.1002/ceat.201290011
https://doi.org/10.1089/thy.2000.10.123
https://doi.org/10.1210/er.2004-0005
https://doi.org/10.1210/er.2002-0016
https://doi.org/10.1186/s12902-018-0232-8
https://doi.org/10.1159/000322075
https://doi.org/10.1590/S0004-27302013000200004
https://doi.org/10.1210/clinem/dgaa376
https://doi.org/10.1002/jms.4671
https://doi.org/10.3390/ht7030027
https://doi.org/10.1177/14791641221094322
https://doi.org/10.1021/acsomega.0c05686
https://doi.org/10.3390/ijms19010088
https://doi.org/10.3390/molecules25122831
https://doi.org/10.1016/j.trsl.2016.04.004
https://doi.org/10.3389/fonc.2021.737127
https://doi.org/10.3389/fimmu.2021.784975
https://doi.org/10.1002/cbf.3632
https://doi.org/10.3390/nano10122370
https://doi.org/10.1007/s12022-019-09593-2
https://doi.org/10.1007/s12022-019-09593-2
https://doi.org/10.1038/srep23660
https://doi.org/10.1016/j.ando.2019.01.003
https://doi.org/10.1016/j.euprot.2017.09.001
https://doi.org/10.1016/j.mce.2014.11.021
https://doi.org/10.1016/j.exger.2013.07.008
https://doi.org/10.3389/fendo.2022.923465
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Benabdelkamel et al.

32. Hoang VT, Trinh CT. A review of the pathology, diagnosis and
management of colloid goitre. Eur Endocrinol (2020) 16(2):131-5. doi: 10.17925/
EE.2020.16.2.131

33. Schweizer U, Chiu J, Kohrle J. Peroxides and peroxide-degrading enzymes
in the thyroid. Antioxidants Redox Signaling (2008) 10(9):1577-92. doi: 10.1089/
ars.2008.2054

34. Muzza M, Fugazzola L. Disorders of H202 generation. Best Pract Res Clin
Endocrinol Metab (2017) 31(2):225-40. doi: 10.1016/j.beem.2017.04.006

35. Ferro E, Goitre L, Retta SF, Trabalzini L. The interplay between ROS and ras
GTPases: Physiological and pathological implications. J Signal transduction. (2012)
2012:365769. doi: 10.1155/2012/365769

36. Rojas JM, Oliva JL, Santos E. Mammalian son of sevenless guanine
nucleotide exchange factors: old concepts and new perspectives. Genes Cancer
(2011) 2(3):298-305. doi: 10.1177/1947601911408078

37. Tristan C, Shahani N, Sedlak TW, Sawa A. The diverse functions of
GAPDH: views from different subcellular compartments. Cell Signalling (2011)
23(2):317-23. doi: 10.1016/j.cellsig.2010.08.003

38. Reiss N, Oplatka A, Hermon ], Naor Z. Phosphatidylserine directs differential
phosphorylation of actin and glyceraldehyde-3-phosphate dehydrogenase by protein
kinase c: possible implications for regulation of actin polymerization. Biochem Mol Biol
Int (1996) 40(6):1191-200. doi: 10.1080/15216549600201833

39. Didiasova M, Schaefer L, Wygrecka M. When place matters: Shuttling of
enolase-1 across cellular compartments. Front Cell Dev Biol (2019) 7:61. doi:
10.3389/fcell.2019.00061

40. Smythe E, Ayscough KR. Actin regulation in endocytosis. J Cell Sci (2006)
119(Pt 22):4589-98. doi: 10.1242/jcs.03247

Frontiers in Endocrinology

14

10.3389/fendo.2022.923465

41. DePina AS, Langford GM. Vesicle transport: the role of actin filaments and
myosin motors. Microscopy Res Technique (1999) 47(2):93-106. doi: 10.1002/
(SICI)1097-0029(19991015)47:2<93::AID-JEMT2>3.0.CO;2-P

42. Zabczynska M, Kozlowska K, Pochec E. Glycosylation in the thyroid gland:
Vital aspects of glycoprotein function in thyrocyte physiology and thyroid
disorders. Int ] Mol Sci (2018) 19(9):2792. doi: 10.3390/ijms19092792

43. Delom F, Mallet B, Carayon P, Lejeune PJ. Role of extracellular molecular
chaperones in the folding of oxidized proteins. refolding of colloidal thyroglobulin
by protein disulfide isomerase and immunoglobulin heavy chain-binding protein. J
Biol Chem (2001) 276(24):21337-42. doi: 10.1074/jbc.M101086200

44. Zimmermann-Belsing T, Rasmussen AK, Feldt-Rasmussen U, Bog-Hansen
TC. The influence of alphal-acid glycoprotein (orosomucoid) and its glycoforms
on the function of human thyrocytes and CHO cells transfected with the human
TSH receptor. Mol Cell Endocrinol (2002) 188(1-2):241-51. doi: 10.1016/S0303-
7207(01)00650-5

45. Pepys MB. The pentraxins 1975-2018: Serendipity, diagnostics and drugs.
Front Immunol (2018) 9:2382. doi: 10.3389/fimmu.2018.02382

46. Fatima I, Singh AB, Dhawan P. MASTL: A novel therapeutic target for
cancer malignancy. Cancer Med (2020) 9(17):6322-9. doi: 10.1002/cam4.3141

47. Krause K, Karger S, Schierhorn A, Poncin S, Many MC, Fuhrer D.
Proteomic profiling of cold thyroid nodules. Endocrinology. (2007) 148(4):1754—
63. doi: 10.1210/en.2006-0752

48. Furuhashi M, Saitoh S, Shimamoto K, Miura T. Fatty acid-binding protein 4
(FABP4): Pathophysiological insights and potent clinical biomarker of metabolic
and cardiovascular diseases. Clin Med Insights Cardiol (2014) 8(Suppl 3):23-33.
doi: 10.4137/CMC.S17067

frontiersin.org


https://doi.org/10.17925/EE.2020.16.2.131
https://doi.org/10.17925/EE.2020.16.2.131
https://doi.org/10.1089/ars.2008.2054
https://doi.org/10.1089/ars.2008.2054
https://doi.org/10.1016/j.beem.2017.04.006
https://doi.org/10.1155/2012/365769
https://doi.org/10.1177/1947601911408078
https://doi.org/10.1016/j.cellsig.2010.08.003
https://doi.org/10.1080/15216549600201833
https://doi.org/10.3389/fcell.2019.00061
https://doi.org/10.1242/jcs.03247
https://doi.org/10.1002/(SICI)1097-0029(19991015)47:2%3C93::AID-JEMT2%3E3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-0029(19991015)47:2%3C93::AID-JEMT2%3E3.0.CO;2-P
https://doi.org/10.3390/ijms19092792
https://doi.org/10.1074/jbc.M101086200
https://doi.org/10.1016/S0303-7207(01)00650-5
https://doi.org/10.1016/S0303-7207(01)00650-5
https://doi.org/10.3389/fimmu.2018.02382
https://doi.org/10.1002/cam4.3141
https://doi.org/10.1210/en.2006-0752
https://doi.org/10.4137/CMC.S17067
https://doi.org/10.3389/fendo.2022.923465
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Proteomic profiling of thyroid tissue in patients with obesity and benign diffuse goiter
	Introduction
	Subjects and Methods
	Ethical approval and informed consent
	Study design and patient selection
	Tissue collection and protein extraction
	Cye dye labelling, two-dimensional electrophoresis and image scanning
	Statistical analysis
	Protein identification (MALDI-TOF MS)
	Bioinformatics analysis

	Results
	Clinical and biochemical data
	Proteomic analysis of differentially expressed proteins (2D-DIGE)
	Principal component and cluster analysis
	Protein interaction analysis
	Functional classification of key proteins

	Discussion
	Proteins involved in regulating oxidative stress
	Proteins involved in glycolysis and cytoskeletal proteins
	Proteins involved in regulation of thyroglobulin
	Other proteins

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


