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Papillary thyroid cancer (PTC) typically has a favorable prognosis. However, in some cases, the 
presence of angioinvasion can result in local invasion, recurrence, and distant metastasis, leading to 
poorer outcomes. Identifying disrupted pathways associated with angioinvasion could lead to the 
discovery of novel angioinvasive markers in PTC, which, in turn, may suggest more aggressive clinical 
management strategies, as radioiodine therapy (RAI). This study aims to identify potential markers 
associated with angioinvasive PTC, with a particular focus on nitrosative stress and endothelial 
damage. For the purpose of this study, 45 patients with angioinvasive PTC (study group) and 45 
patients without angioinvasion and characterized by a very low risk of cancer progression (reference 
group) were enrolled. We assessed the levels of total antioxidant capacity (TAC), 3-nitrotyrosine (3-
NT), placental growth factor (PLGF), integrin subunit alpha V (ITGAV), and integrin subunit alpha V 
beta 3 (ITGαVβ3) as potential markers for angioinvasion. Our results revealed significant alterations in 
the concentration patterns of these markers, suggesting their potential utility as screening tools for 
angioinvasion and as prognostic indicators in PTC patients. Specifically, elevated levels of 3-NT, PLGF, 
ITGAV, and ITGαVβ3 were observed, while TAC levels were decreased in the study group compared 
to the reference group (all, p < 0.05). Logistic regression analysis confirmed a significant association 
of TAC, 3-NT, and PLGF with the occurrence of angioinvasion. PLGF demonstrated an area under the 
curve (AUC) of 0.82, indicating its clinical significance. However, to enhance screening utility for clinical 
management, a panel consisting of 3-NT, TAC, and PLGF assessments was created, demonstrating the 
highest potential utility as an angioinvasion screening tool (3-NT + TAC + PLGF AUC = 0.95).
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Thyroid cancer ranks as the fifth most prevalent type of malignancy worldwide, with an estimated annual 
incidence of over 62,000 new cases. Among thyroid tumors, differentiated thyroid cancers (DTC) predominate 
in nearly 90% of cases, with papillary thyroid cancer (PTC) comprising the largest subgroup1. PTC incidence 
has been steadily rising over the past few decades, making it one of the fastest-growing cancers worldwide2. 
PTC originates from the follicular epithelium and typically exhibits a favorable prognosis with a high survival 
rate. However, a subset of patients presents with more aggressive disease progression, often associated with 
angioinvasion and the occurrence of metastasis Angioinvasion, the infiltration of tumor cells into blood vessels, 
serves as a crucial step in tumor progression and metastasis. It correlates with increased tumor aggressiveness, 
recurrence rates, and diminished overall survival3–6. Thus, recognizing biomarkers associated with angioinvasion 
carries significant clinical implications as can guide the implementation of more aggressive therapeutic strategies 
which could improve patient outcomes3,7–9. Nitric oxide (NO) is a reactive signaling molecule involved in 
the regulation of vascular tone, produced by different isoforms of nitric oxide synthase (NOS), including the 
inducible (iNOS), endothelial (eNOS), and neuronal (nNOS) forms10. Thus, reactive nitrogen species (RNS) 
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generated during carcinogenesis can also instigate DNA damage, promote tumor cell proliferation, and 
stimulate angiogenesis especially under decreased total antioxidant capacity (TAC) conditions8. RNS, such as 
peroxynitrite, attack both free and protein-bound tyrosines, resulting in the formation of 3-nitrotyrosine (3-NT). 
Consequently, 3-NT is a useful biomarker for assessing nitrosative stress11. Based on prior studies in PTC and 
other cancer types, we hypothesize that nitrosative stress, may contribute to endothelial dysfunction, integrin 
activation, and angiogenic signaling. This cascade could promote vascular invasion of PTC cells, facilitating 
metastasis9. Markers of endothelial damage, such as placental growth factor (PLGF), integrin subunit alpha 
V (ITGAV), and integrin subunit alpha V beta 3 (ITGαVβ3), may be elevated due to the increased oxidative 
stress observed in more invasive cases of PTC12,13. This complex system may contribute to the process of 
cancer development and represents a promising target for anticancer therapies and novel screening biomarkers 
development14,15. While direct studies in angioinvasive PTC are limited, research by Donckier et al., Patel et al., 
and Nakamura et al. provides a basis for exploring these relationships in PTC-specific settings9,10,14–16. Donckier 
et al. demonstrated overexpression of NOS isoforms and angiogenic factors such as VEGF in PTC tissues, 
supporting the involvement of nitric oxide pathways in PTC progression14. Similarly, Nakamura et al. reported 
that nitrotyrosine, a marker of nitrosative stress, correlates with VEGF-D expression and lymph node metastasis 
in PTC15. PLGF has been shown to promote metastasis in thyroid carcinoma tissues, as evidenced by He et al., 
while integrins such as ITGAV and ITGαVβ3 have been linked to PTC aggressiveness and metastatic potential 
in the study of Mautone et al.17,18. These findings provide a literature-based foundation for exploring the role 
of these markers in angioinvasion risk assessment in PTC16,17. Thus, this study focuses on 3-NT, TAC, PLGF, 
ITGAV, and ITGαVβ3 due to their involvement in potential PTC angiogenesis. By analyzing the expression 
levels of these proteins in PTC patients with and without angioinvasion, we aim to elucidate the mechanisms 
associated with PTC aggressiveness and identify potential biomarkers for clinical screening and management. 
This study has the potential to refine PTC risk stratification, optimize treatment selection, and enhance prognosis 
assessment, ultimately improving clinical outcomes and quality of life for PTC patients.

Material and methods
This study was carried out at the Department of Endocrinology, Diabetology, and Internal Diseases, Medical 
University of Bialystok, Poland. The procedures were approved by the Local Ethics Committee of the 
Medical University of Bialystok, Poland, and written informed consent was obtained from each participant 
(APK.002.7.2024).

Studied population
Patients were enrolled between January 2018 and December 2023 at the Department of Endocrinology, 
Diabetology and Internal Medicine Medical University of Bialystok. In this extensive investigation, a total 
of 300 patients diagnosed with PTC were enrolled. For the specific objectives of this study, we opted to 
exclusively include individuals with clear indications of angioinvasion. Inclusion criteria were: age 18–75 
years, histologically confirmed PTC, no evidence of distant metastasis. Exclusion criteria included: concurrent 
Hashimoto’s thyroiditis or other thyroid pathologies, prior or concurrent malignancies, history of chronic 
treatments, significant comorbidities such as cardiovascular disease, diabetes, autoimmune disorders, or chronic 
inflammatory diseases, as well as conditions that could alter oxidative or nitrosative stress markers, such as 
recent infections or surgeries. Our selection criteria were designed to maintain homogeneity within the study 
cohort. None of the patients were undergoing medication regimens or had any other underlying conditions 
that could potentially affect peripheral oxidative stress or similar factors. Prior to study enrollment, patients 
provided confirmation that they had not adhered to restrictive diets, used tobacco products, consumed alcohol, 
or engaged in excessive physical activity. The presence of comorbidities was also excluded in qualified patients. 
Consequently, 45 patients diagnosed with angioinvasive PTC were included in the study group, while another 45 
patients with PTC assessed as very low risk were chosen as the reference group. Tumor staging was performed 
according to the cancer tumor-node-metastasis (TNM) classification, and relevant clinicopathological details, 
including tumor size, multifocality, and lymph node involvement are provided in Table 1. All patients were 
included in the study post-thyroidectomy, and angioinvasion was confirmed via histopathological examination. 
Venous blood samples (5.5 mL) were collected post-thyroidectomy and centrifuged to separate serum, which 
was then frozen at − 80  °C for further analysis. After blood collection, through the interdisciplinary team 
evaluation, all patients in the study group were qualified for radioiodine therapy (RAI), while patients in the 
reference group were placed under active surveillance in accordance with the American Thyroid Association 
(ATA) and local guidelines19,20.

Biochemical measurement
The enzymatic colorimetric method on a Roche C111 device (Roche Diagnostics, Basel, Switzerland) was 
utilized to assay serum concentrations of triglycerides (TG), low-density lipoprotein (LDL), high-density 
lipoprotein (HDL), cholesterol (CHOL), and C-reactive protein (CRP). Meanwhile, serum concentrations of 
thyroid-stimulating hormone (TSH), free triiodothyronine (fT3), free thyroxine (fT4), thyroglobulin (TGB) and 
antithyroglobulin antibody (TGBAb) were measured using the electrochemiluminescence (ECLIA) method on 
a Roche E411 device (Roche Diagnostics, Sussex, UK).

The total antioxidant capacity (TAC) status was determined by photometric assay (ImAnOx (TAS/TAC) 
Kit, KC5200, 64,625 Bensheim, Germany). Human ITGαVβ3 ELISA Kit (FineTest, EH3080, Wuhan, 430,074, 
Hubei, China) was employed to determine the levels of ITGαVβ3 in serum samples. Following, the Human 
ITGAV ELISA Kit (FineTest, EH0815, Wuhan, 430,074, Hubei, China) was used to assess the levels of ITGAV. 
Additionally, the concentration of PLGF was evaluated using the PLGF ELISA Kit (Human) (AVIVA SYSTEMS 
BIOLOGY, OKBB00242, San Diego, CA 92,121 USA). Finally, the concentration of 3-NT as a marker of 
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nitrosative stress was examined using the 3-NT ELISA Kit (FineTest, EU2560, Wuhan, 430,074, Hubei, China). 
All of these markers concentrations were determined using enzyme-linked immunosorbent assay (ELISA).

Statistical analysis
Statistical analyses were conducted using version 9.0 of the GraphPad Prism software, developed by GraphPad 
Software Inc. (San Diego, CA, USA)21. Initially, the Shapiro–Wilk test was conducted to assess the normality of 
the investigated parameters. It was observed that the studied parameters did not exhibit a normal distribution. As 
a result, nonparametric tests were employed to compare the statistical differences between the groups. The data 
were presented as the range and median values. The Mann–Whitney test for independent groups was utilized 
to evaluate the significant differences in clinical parameters among the studied patients, with a significance level 
set at p < 0.05.

Moreover, in order to discern whether the markers of nitrosative stress and endothelial damage stem from 
the tumor or represent a systemic phenomenon triggered by peripheral processes, simple logistic regression 
analysis was conducted. Additionally, to assess the screening usefulness, receiver operating characteristic (ROC) 
curves were constructed, and the area under the ROC curves (AUC) was scrutinized for examined parameters. 
The combined screening model’s utility was assessed via multiple logistic regression analysis with calculating 
AUC through ROC curve designation. Additionally, odds ratios (ORs) were calculated to further evaluate the 
clinical relevance of the analyzed markers.

Results
To investigate our hypothesis, we categorized the PTC patient cohort into two distinct subgroups. The first 
subgroup comprised individuals displaying angioinvasion (referred to as the study group), while the second 
subgroup consisted of PTC patients without this characteristic (referred to as the reference group). In accordance 
with the 2015 American Thyroid Association guidelines, the reference group was identified as representing the 
very low-risk PTC.

Biochemical characteristics of the PTC patients
Significant elevations in TGB, TGBAb, CHOL, and LDL concentrations were noted in the study group in 
comparison to the reference group (p < 0.05; p < 0.05; p < 0.05; p < 0.001; respectively). Conversely, no significant 
differences were observed among the groups for other parameters, as outlined in Table 2 (p > 0.05).

Nitrosative stress profiling among PTC patients
3-NT
The analysis results revealed that the study group exhibited higher serum levels of 3-NT observed compared to 
the reference group (p = 0.003) (Table 3; Fig. 1).

TAC evaluation
Upon evaluating parameters related to oxidative stress capacity, notable disparities were detected in the 
measurements of TAC (p = 0.004) between the study group, defined by the presence of angioinvasion, and the 
reference group (Table 3; Fig. 1).

Study group Reference group

Number of patients 45 45

Median age (upper and lower quartiles) 52 (50.41; 66.32) 54 (50.61; 66.11)

Sex
M: 12 M: 16

F: 33 F: 29

Menopausal status

Premenopausal 5 6

Postmenopausal 28 23

Stage (TNM)

pT1a(m):11 pT1a:32

pT1b: 13

pT1b: 13
pT1b(m): 6

pT2: 10

pT3/pT4: 5

Patients diagnosed with angioinvasion 45 0

Patients without angioinvasion 0 45

Table 1.  Characteristics of patients with PTC. F-female; M-male; (m)—multifocal; p—pathological; TNM—
Cancer tumor-node-metastasis classification (based on the characteristics of primary tumor site (pT)), pT1a- 
Tumor size ≤ 1 cm in greatest dimension limited to the thyroid, pT1b- Tumor > 1 cm but ≤ 2 cm in greatest 
dimension, limited to the thyroid, pT2- Tumor size > 2 cm but ≤ 4 cm, limited to the thyroid, pT3/pT4-Tumor 
size > 4 cm, with gross extrathyroidal extension; SE- standard error.
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Markers of endothelial damage
In the examination of endothelial damage markers, significant variations were observed in the levels of PLGF 
(p < 0.001) and ITGAV with ITGαVβ3 (p = 0.016; p < 0.001, respectively) between the study group, characterized 
by angioinvasion occurrence, and the reference group (Table 3; Fig. 1).

Logistic regression profiling of the examined parameters
Additionally, in order to ascertain whether the oxidative stress markers stem from the cancer itself or result from 
systemic processes triggered by the disease, logistic regression analysis was conducted. Our findings revealed a 
significant association between angioinvasion and the concentrations of TAC, 3-NT and PLGF. Based on simple 
logistic regression findings, we developed a logistic regression model using the simultaneous assessment of TAC, 
3-NT, and PLGF creating multiple logistic regression model associated with angioinvasion occurrence (Table 4).

The clinical utility
To assess the significance of TAC, PLGF, ITGAV with ITGαVβ3 in angioinvasion screening in PTC patients, 
the ROC curve analysis was performed. The highest screening utility was presented for PLGF (AUC = 0.82), 
3-NT (AUC = 0.70), ITGαVβ3 (AUC = 0.71), TAC (AUC = 0.69), ITGAV (AUC = 0.66) respectively (all p < 0.05) 
(Fig.  2). Furthermore, a logistic regression model incorporating assessments of 3-NT, TAC, and PLGF was 
constructed, demonstrating the highest screening utility (AUC = 0.95 for 3-NT + PLGF + TAC) (Fig. 3).

Correlations
Spearman’s rank correlation coefficient was employed to analyze all correlations within the entire patient 
cohort, aiming to discern relationships with thyroid cancer occurrences. The analysis uncovered significant 
positive correlations between TAC levels and concentrations of 25-OH vit D (r = 0.34, p < 0.02). Conversely, 
significant negative correlations were observed between TAC levels and concentrations of LDL, 3-NT, and 
TGBAb (r = − 0.22, r = − 0.74, r = − 0.3; all p < 0.05, respectively). Furthermore, significant positive correlations 
were found between 3-NT levels and concentrations of TGB (r = 0.41, p = 0.03) and TGBAb (r = 0.39, p = 0.02). 
Conversely, a significant negative correlation was noted between 3-NT levels and 25-OH vit D (r = − 0.43, 

PARAMETER

Study group Reference group

P-value*Median (minimum–maximum) Median (minimum–maximum)

TAC (umol/l) 228.6 (179.7–324.3) 273.8 (170.8–373.3) 0.004

3-NT (ng/mL) 99.1 (51.4–134.4) 29.3 (11.2–123.8) 0.003

PLGF (pg/mL) 139.4 (44.2–874.1) 67.9 (9.7–142.4)  < 0.0001

ITGAV (ng/ml) 8.4 (4.7–19.3) 6.2 (1.4–12.1) 0.0156

ITGαVβ3 (pg/ml) 998.2 (641.7–2134.4) 578.9 (246.1–1734.2)  < 0.0001

Table 3.  Angioinvasion markers profiling. *U-Mann Whitney test. TAC—total antioxidant capacity, 3-NT—3-
nitrotyrosine; PLGF—placental growth factor, ITGAV—integrin subunit Alpha V, ITGαVβ3 integrin subunit 
alpha V beta 3. Significant values are in bold, underline.

 

Parameter

Study group Reference group

P-value*Median (minimum–maximum) Median (minimum–maximum)

TSH (µIU/ml) 0.76 (0.05–3.83) 1.38 (0.09–3.71) 0.092

FT3 (pg/ml) 2.64 (1.36–3.76) 2.41 (1.0–6.27) 0.883

FT4 (ng/mL) 1.22 (0.54–2.14) 1.83 (0.42–1.82) 0.941

TGB (ng/ml) 6.41 (0.04–37.05) 0.39 (0.04–3.20) 0.041

TGBAb (IU/mL) 11.22 (0.6–132.4) 5.99 (0.00–45.10) 0.048

CHOL (mg/dl) 211.00 (160.00–361.00) 184.70 (99.00–262.00) 0.027

LDL (mg/dl) 155.50 (92.00–298.00) 109.10 (60.00–175.00)  < 0.001

TG (mg/dl) 134.00 (70.00–219.00) 128.50 (84.00–151.00) 0.921

HDL (mg/dl) 39.10 (29.00–56.00) 45.80 (40.00–77.00) 0.043

25-OH vit. D (ng/ml) 28.21 (10.5–51.2) 27.18 (12.2–62.6) 0.567

GLUCOSE (mg/dL) 96.05 (77–114) 96.44 (69–118) 0.518

CRP (mg/L) 2.15 (0.4–5.8) 3.4 (0.2–8.6) 0.557

Table 2.  A comparison of the biochemical profiles between the study group and the reference group. * 
U-Mann Whitney test. CHOL—cholesterol, CRP—C reactive protein, PTC—papillary thyroid cancer, fT3—
free triiodothyronine, fT4—free thyroxine, HDL—high-density lipoprotein, LDL—low-density lipoprotein, 
TG—triglyceride, TGB—thyroglobulin, TGBAb -antithyroglobulin antibodies, TSH—thyroid-stimulating 
hormone, vit. D—vitamin D. Significant values are in bold, underline.

 

Scientific Reports |        (2025) 15:26245 4| https://doi.org/10.1038/s41598-025-10982-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 1.  Comparison of Marker Concentrations; TAC—total antioxidant capacity, 3-NT—3-nitrotyrosine; 
PLGF—placental growth factor, ITGAV—integrin subunit Alpha V, ITGαVβ3 integrin subunit alpha V beta 3.
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p = 0.01). Additionally, significant positive correlations were identified between PLGF levels and concentrations 
of TGBAb (r = 0.32, p = 0.04) and TGB (r = 0.41, p = 0.03). Moreover, the analysis revealed a significant negative 
correlation between ITGAV levels and the concentration of 25-OH vit D (r = − 0.56, p = 0.01), along with 
a positive correlation between ITGAV levels and ITGαVβ3 (r = 0.78, p < 0.001). Lastly, significant positive 
correlations between ITGαVβ3 levels and concentrations of TGBAb (r = 0.43, p = 0.02), FT3 (r = 0.33, p = 0.04), 
and 3-NT (r = 0.49, p = 0.01) were observed.

Discussion
Despite considerable advancements in diagnostic tools and therapeutic interventions for PTC, identifying 
more aggressive forms of the disease—characterized by angioinvasion and requiring more intensive treatment 
approaches—remains a persistent clinical challenge7,22. Angioinvasion, defined as the invasion of blood vessels 
by cancer cells, along with increased levels of oxidative stress, has been identified as significant independent 
prognostic factors in various types of cancer, including PTC6,7. Thus, thyroid gland utilizing hydrogen peroxide 
(H2O2) for thyroid hormone production, becomes particularly susceptible to oxidative imbalance23. Even minor 
disruptions in the balance between ROS synthesis and antioxidant mechanisms in thyroid cells can negatively 
impact hormone production in PTC patients, while concurrently favoring the progression of angioinvasion24. 
Studies have shown that increased ROS synthesis promotes PTC angiogenesis, both directly and through 
the generation of active oxidation products, including peroxidized lipids6. In angioinvasive PTC clinical 
management, key therapeutic modalities include thyroidectomy and RAI. In our previously performed study, 
the concentration of malondialdehyde (MDA) in patients with PTC undergoing RAI therapy were assessed. 
MDA, as a major lipid peroxidation product and oxidative stress marker, was found to be elevated in these 
patients, along with an observable increase in MDA levels following RAI therapy6. Therefore, in the following 
study, various oxidative stress markers and proteins associated with the process of angioinvasion in PTC, such 
as total oxidative capacity (TOC), MDA, 8-hydroxy-2'-deoxyguanosine (8-OHdG) and sortilin were evaluated. 
Our results suggest that oxidative stress-related markers may be useful in identifying patients with angioinvasive 
PTC7,8. Our study revealed that oxidative stress-related markers may serve as additional criteria for determining 
the suitability of RAI treatment in PTC patients. Furthermore, our previously conducted studies strengthen 
the understanding of the role of oxidative stress in the pathogenesis of angioinvasion in PTC, consistent with 
the findings reported by Muzza et al., where increased oxidative stress was correlated with more aggressive 
features of thyroid cancer.13. Monitoring oxidative stress-related processes could support the implementation 
of personalized medicine approaches, tailoring treatment strategies to individual patient profiles6. Therefore, 
prompt initiation of treatment, especially among patients with angioinvasive PTC, results in reduced risk of 
cancer progression. Building on these findings and drawing from existing literature data, identifying patients 
with angioinvasive PTC remains a crucial aspect of clinical management25,26. In accordance with the 2015 
American Thyroid Association guidelines, patients presenting with angioinvasive PTC should be advised to 
undergo more aggressive therapeutic interventions, with treatment extended intraoperatively until the desired 
outcomes are achieved27. However, the lack of definitive screening markers presents an additional challenge in 
clinical practice, as the diagnosis of angioinvasion is made postoperatively, thereby prolonging and complicating 
therapeutic decision-making19.

While previous studies have focused primarily on genetic alterations such as BRAF V600E and TERT 
promoter mutations as markers of aggressiveness in PTC28, our study provides a complementary perspective 
by exploring systemic biochemical markers of nitrosative stress endothelial damage markers. The connection 
between nitrosative stress and angioinvasion in PTC remains an emerging area of investigation. Our study bridges 
this gap by exploring how markers such as 3-NT, PLGF, and integrins may reflect or contribute to angioinvasive 
potential. While the rationale is partly extrapolated from other cancers, these findings lay the groundwork for 
further mechanistic research in PTC. The results demonstrated that angioinvasion in PTC is associated with 
elevated levels of 3-NT, decreased TAC, and increased levels of endothelial damage markers, such as PLGF, 
ITGAV with ITGαVβ3. Consistently, our finding of elevated levels of 3-NT in PTC patients with angioinvasion 
aligns with the conclusions drawn by Lopes et al., who investigated the roles of nitrosative stress and inflammatory 
markers in patients with PTC and Hashimoto’s thyroiditis (HT), exploring the potential correlation between 
these two conditions. The study concluded that PTC is associated with pronounced nitrosative stress potentially 
contributing to elevated activity of cell proliferation and increased levels of angiogenesis markers, especially 
in the absence of concurrent HT. These findings suggest that nitrosative stress and inflammation significantly 

Parameter B SE p OR (95% CI)

TAC (umol/l) 7.478 0.381 0.0014 0.996 (0.994–0.998)

3-NT (ng/mL) 0.528 0.603 0.0217 1.016 (1.005–1.029)

PLGF (pg/mL) 2.147 1.314 0.0011 0.978 (0.966–0.986)

ITGAV (ng/ml) 7.816 0.710 0.1814 1.032 (1.014–1.055)

ITGαVβ3 (pg/ml) -2.485 1.357 0.0545 1.004 (0.002–0.006)

SCREENING PANEL 3-NT + TAC + PLGF 1.697 0.019  < 0.0001 1.001 (0.998–1.018)

Table 4.  The angioinvasion logistic regression analysis. TAC—total antioxidant capacity, 3-NT—3-
nitrotyrosine; PLGF—placental growth factor, ITGAV—integrin subunit Alpha V, ITGαVβ3 integrin subunit 
alpha V beta 3 B—beta, SE—standard error, p—p-value, OR—odds ratio. Significant values are in bold.
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contribute to the PTC formation. Nevertheless, the presence of HT seemed to further modulate these factors, 
potentially influencing the aggressiveness and progression of PTC, hypothetically having an even greater impact 
on the increase in nitrosative stress29. The subsequent study, Donckier et al. explored the role of nitric oxide 
(NO) and endothelin-1 (ET-1) in PTC, focusing on their relationship with angiogenic factors. NOS2 and NOS3 
were significantly overexpressed in PTC cells compared to normal tissue, with mRNA levels elevated by 2.6-fold 
and 4.2-fold, respectively (p < 0.02). Angiogenic markers, including VEGF, VEGFR-1, VEGFR-2, angiopoietin-2, 
and Tie2, were also upregulated (p < 0.05), and ET-1 expression correlated with NOS2, angiopoietin-1, and 
angiopoietin-2. These findings suggest that the NO pathway, in coordination with ET-1 and angiogenesis, plays 
a key role in PTC progression and could serve as a therapeutic target30. Therefore, Patel et al. also investigated 

Fig. 2.  The angioinvasion screening utility of markers compared to AUC = 0.5; TAC—total antioxidant 
capacity, 3-NT—3-nitrotyrosine; PLGF—placental growth factor, ITGAV—integrin subunit Alpha V, ITGαVβ3 
integrin subunit alpha V beta 3.
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the role of NO in thyroid tumors from children and adolescents, focusing on its production and relationship 
with tumor growth and vascularization. In that study nitrotyrosine (N-TYR), inducible nitric oxide synthase 
(iNOS), and endothelial nitric oxide synthase (eNOS) levels in 41 PTC, 9 follicular thyroid carcinomas (FTC), 
and 15 benign thyroid lesions were analyzed. Results showed significantly increased staining for N-TYR, 
iNOS, and eNOS in benign adenomas, PTC, FTC, and autoimmune thyroid lesions compared to surrounding 
normal thyroid tissue (p < 0.01). N-TYR levels also correlated with vascular endothelial growth factor (VEGF) 
expression (r = 0.36, p = 0.007) and lymphocyte density (r = 0.39, p = 0.004). Recurrent disease occurred only in 
cases with moderate-to-intense N-TYR staining, suggesting a potential link to tumor aggressiveness, although 
statistical significance was not reached. The findings suggest that NO plays a role in the vascularization of 
thyroid tumors and autoimmune thyroid diseases, potentially contributing to tumor growth and progression31. 
In the following study, by Nakamura et al. examined the role of NO in PTC, focusing on its regulation of vascular 
endothelial growth factor-D (VEGF-D) and its link to lymph node metastasis. In K1 PTC cells, NO donors 
significantly increased VEGF-D production, while NO synthesis inhibition blocked this effect, demonstrating a 
direct connection between NO and VEGF-D. In human PTC samples, high nitrotyrosine levels, a marker of NO 
activity, were observed in 51.8% of cases and correlated with VEGF-D expression and lymph node metastasis. 
These findings highlight NO’s role in promoting metastasis via VEGF-D, suggesting potential therapeutic targets 
in NO-related pathways. Moreover, the formation of NO biomarker, nitrotyrosine, was also correlated with 
VEGF-D expression in human PTC, therefore suggesting potential screening utility15.

To the best of our knowledge, there is still limited literature data focusing on the evaluation of nitrosative 
stress in thyroid cancer pathogenesis. However, nitrosative stress has been evaluated in various other cancer 
conditions, indicating the role of nitration stress in the development of angioinvasion. The study conducted 
by Galiniak et al. aimed to investigate the status of oxidative/nitrosative stress and its role in the development 
and progression of clear cell renal cell carcinoma (ccRCC), demonstrated that in patients with angioinvasion, 
nitrate/nitrite and MDA levels were significantly elevated compared to results obtained among patients without 
angioinvasion. Additionally, nitrosative and oxidative stress increased with the progression of the disease, as 
assessed by TNM classification and histological grade. This study highlights the significant role of oxidative/
nitrosative stress in the development and progression of ccRCC, underlining the need for further research into 
nitrosative stress-related marker evaluation, which could designate the high risk patients with angioinvasion32. 
In the study conducted by Dorf et al., aimed at evaluating nitrosative stress and protein glycoxidation in 
patients diagnosed with gastric cancer compared to healthy controls, elevated levels of parameters related 
to nitrosative stress and protein glycoxidation were observed in patients with gastric cancer compared to 
healthy controls. Specifically, there were significant increases in markers such as NO, S-nitrosothiols, 3-NT, 
kynurenine, N-formylkynurenine, dityrosine, advanced glycation end products (AGE). The study also aimed 
to assess the diagnostic efficacy of these markers in distinguishing between gastric cancer patients based on 
various histopathological classifications and parameters. The results suggest that nitrosative stress and protein 
glycoxidation markers may be useful in diagnosing gastric cancer, demonstrating high sensitivity and specificity 
with received high AUC values in differentiating patients with cancer from healthy individuals33.

The simple logistic regression analysis has also demonstrated a significant association between angioinvasion 
and the concentrations of TAC, 3-NT, and PLGF. Moreover, the ROC curve analysis has highlighted the clinical 
utility of PLGF, 3-NT, ITGαVβ3, TAC, and ITGAV as screening tools for high risk of angioinvasion assessment. 
Particularly, PLGF has emerged as the most promising marker with the highest screening utility, followed by 
3-NT, ITGαVβ3, TAC, and ITGAV, respectively. In the study performed by He et al., PLGF has also been shown 

Fig. 3.  The angioinvasion screening utility of proposed screening model compared to AUC = 0.5; TAC—total 
antioxidant capacity, 3-NT—3-nitrotyrosine; PLGF—placental growth factor.
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to play crucial role in the pathological angiogenesis through regulating matrix metalloproteinases (MMPs), 
contributing to the metastasis of thyroid carcinoma development34. In that study, a strong correlation was 
observed between PLGF and matrix metalloproteinase 9 (MMP9) levels in thyroid carcinoma specimens, with 
higher levels detected in cases exhibiting metastasis. Moreover, antagonizing PLGF in thyroid carcinoma cells 
may hold promise as a therapeutic strategy to suppress cancer metastasis, confirming the specificity of PLGF 
elevation in angioinvasive thyroid cancer34.

Integrins, such as ITGAV and ITGαVβ3, are cell-extracellular matrix adhesion molecules considered 
functionally related to the development of cancer metastasis. In the study conducted by Mautone et al., the 
presence of a PTC-specific integrin expression signature was evaluated in correlation with histopathology, specific 
driver gene mutations, and the aggressiveness of the disease. The study revealed that the PTC variants known as 
“classical” and “tall cell” exhibit a similar integrin expression pattern, contrasting with the “follicular” variant. 
Notably, the presence of the BRAFV600E mutation correlated with elevated integrin expression compared to 
RAS mutations. Additionally, the integrin subunit ITGA3 showed links to advanced disease stage, lymph node 
metastasis, extrathyroidal extension, high-risk, and poorer prognosis18. During in vitro experiments with PTC 
cell lines, Mautone et al., underscored the involvement of α3β1 integrin in cell motility and invasion, reinforcing 
its significance in tumor advancement18. During tumorigenesis and metastasis, integrins regulate localization 
and activity of proteolytic enzymes that remodel the extracellular matrix. Previous studies have demonstrated 
blocking of αVβ3 to effectively inhibit proliferation, angiogenesis, and the survival of various cancer cell types35. 
Assessing concentrations of different integrins may serve as useful predictors of treatment response and 
outcomes in PTC patients, as demonstrated in the results obtained in this study.

For enhanced screening efficacy in this study, a logistic regression model integrating assessments of 
3-NT, TAC, and PLGF was developed, demonstrating the highest screening performance (AUC = 0.95 for 
3-NT + PLGF + TAC). This model shows comparable high AUC values to those reported in a previous study, 
where TAC, 8-OHdG and sortilin were combined into a similar screening panel (TAC + 8-OHdG + sortilin 
AUC = 0.96)8. Therefore, concentrations of 3-NT, TAC, and PLGF appear to be robust predictors in this 
study’s context, potentially serving as valuable biomarkers for screening and prognostic purposes related to 
angioinvasive patients management.

Accordingly, correlation analysis regarding the onset of thyroid cancer angiogenesis holds crucial significance 
in comprehending the pathophysiological mechanisms associated with tumor development and its capability to 
invade blood vessels. Positive correlations observed in this study between 3-NT levels and the concentrations of 
TGBAb and TGB suggest a potential association between nitration stress and the angioinvasive thyroid cancer. 
This finding is significant as it indicates the possible role of nitration stress in the disease’s pathogenesis and 
its correlation with commonly use PTC post-operative predictive markers36. This connection underscores the 
relevance of nitration stress as a potential key pathomechanistic contributor to disease progression and highlights 
its utility in enhancing the accuracy of prognostic assessments. The significance of positive correlations between 
PLGF levels and the concentrations of TGBAb and TGB also implies a potential role of this growth factor in the 
immunological processes related to thyroid cancer and further recurrence of PTC and may enhance screening 
utility37. This finding also suggests that PLGF may play a role in the mechanisms driving PTC recurrence, 
further underscoring its importance as a biomarker and potential therapeutic target in disease management. 
This observation aligns with the results obtained by He et al., who demonstrated that thyroid carcinoma cells 
produce PLGF to promote metastasis34.Additionally, the identification of negative correlations between vitamin 
D levels, TAC, and ITGAV highlights the potential impact of vitamin D deficiency on promoting angioinvasion, 
potentially as a result of decreasing antioxidant capacity. Vitamin D supplementation could potentially lead 
to an increase in TAC, enhancing the body’s antioxidant capacity and potentially mitigating angioinvasion by 
reducing integrin concentrations and decreasing 3-NT levels38. This area warrants further investigation due to its 
potential significant clinical implications for disease prevention and therapy. However, clear recommendations 
regarding the use of vitamin D supplementation for the prevention of thyroid cancer and angioinvasion have not 
yet been established39. Moreover, consistent with our previous findings3,6,40, in this study we observed significant 
alterations in the biochemical profiles of PTC patients with angioinvasion compared to those without. The 
elevated levels of TGB, TGBAb, CHOL, and LDL in the study group corroborate the association between lipid 
metabolism dysregulation and angioinvasion in PTC, as previously reported6–8. This association underscores the 
potential utility of lipid metabolism markers in identifying high-risk PTC patients and highlights the growing 
field of lipidomics, which is currently being explored to discover additional biomarkers for cancer progression 
and angioinvasion41 and targeted therapeutic interventions29. The assessment of oxidative stress parameters 
revealed significantly lower TAC levels in the study group compared to the reference group, reinforcing the 
clinical relevance of reduced TAC as a potential contributor to angioinvasion in PTC. This finding aligns with 
our prior studies, which similarly identified diminished antioxidant defense as a factor associated with more 
aggressive disease behavior and endothelial damage, further implicating oxidative stress in the progression of 
angioinvasive PTC3,7–9,40.

It is important to acknowledge that the present study is exploratory and based on a relatively small sample size 
(n = 45 per group). Although the statistical analyses, including logistic regression and ROC curve assessments, 
revealed significant associations between 3-NT, TAC, PLGF, and angioinvasion, these results should be interpreted 
with caution. The findings provide initial insights into potential markers for angioinvasion risk in PTC, but 
external validation in independent, larger cohorts is necessary to confirm these observations. Furthermore, 
future studies should incorporate multivariate models that adjust for confounding variables such as age, sex, 
tumor stage, lipid profile, and comorbidities to strengthen the robustness of the conclusions. It is important to 
note that this study does not include data on RAI response, disease-free survival (DFS), or recurrence rates41,42. 
Therefore, the potential use of the proposed biomarker panel to guide RAI qualification or therapeutic decision-
making should be considered as a suggestion based on the observed associations between the markers and 
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angioinvasion—a recognized histopathological risk factor for poor prognosis in PTC. The current findings are 
preliminary and hypothesis-generating, and they highlight the need for future prospective studies incorporating 
long-term follow-up, clinical outcomes, and survival analysis to validate the prognostic and predictive utility 
of the panel43,44. A following limitation of this study is the lack of tissue-level validation (e.g., IHC, RT-PCR) 
to confirm the expression and localization of the proposed markers in PTC tissues. We also acknowledge 
the limited PTC-specific mechanistic data directly linking nitrosative stress and angioinvasion. Our findings 
should be interpreted as exploratory, providing a basis for future studies employing experimental models to 
test causality. Nevertheless, by integrating our results with previously conducted research, we contribute to a 
more profound understanding of the PTC aggressiveness. This study provides additional evidence for the role of 
nitrosative stress, endothelial damage, and their interplay in the pathogenesis of angioinvasion in PTC.

Conclusions
The recognition of angioinvasion markers as prognostic factors in individuals diagnosed with PTC has significant 
implications for improving treatment outcomes through personalized clinical management. Our study highlights 
the role of specific biomarkers associated with nitrosative stress and endothelial damage in angioinvasive PTC. 
Markers of nitrosative stress, such as 3-NT, and endothelial damage markers, including PLGF, ITGAV, and 
ITGαVβ3, exhibited significant alterations in their levels among PTC patients with angioinvasion compared 
to those without. Additionally, concentrations of 3-NT, TAC, and PLGF emerged as robust predictors in this 
study, potentially serving as a valuable panel for screening and prognostic purposes related to angioinvasion 
management. The combination of these biomarkers demonstrated high predictive power (AUC = 0.95) for 
identifying angioinvasion, which could aid in the detection and management of PTC during RAI qualification. 
This panel assessment may prove instrumental in treatment planning by identifying patients at higher risk for 
disease progression and poorer outcomes. Moreover, integrating these biomarkers into clinical practice could 
facilitate more personalized treatment strategies for PTC patients, ultimately enhancing patient management 
and outcomes. Future studies should include larger cohorts, external validation, and integration with clinical 
outcomes such as RAI response and survival rates.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable re-
quest.
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