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Introduction 
 
Medullary thyroid cancer (MTC) is a rare neuro-
endocrine malignancy, accounting for 5-10% of 
all thyroid cancer cases, predominantly diagnosed 
through fine-needle aspiration biopsy (FNAB) (1, 
2). Prognosis is influenced by factors such as age, 
gender, tumor stage, and histological grade (3, 4). 
MTC can be sporadic (70-80% of cases) or inher-
ited, with the sporadic form most commonly oc-
curring in individuals aged 40-60 years (5). Surgi-
cal treatment, including total thyroidectomy and 
bilateral cervical lymph node dissection, is the 

primary modality for most patients (6, 7). How-
ever, the emergence of distant metastases signifi-
cantly worsens prognosis, with a survival rate of 
45% for patients with distant metastases at diag-
nosis (4, 5, 8). Thus, there is an urgent need for 
improved diagnostic techniques and novel thera-
peutic strategies for advanced stages of MTC. 
Metabolomics has emerged as a powerful tool in 
molecular oncology, providing insights into tu-
mor characteristics through metabolic patterns (9, 
10). Various techniques, such as gas chromatog-
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raphy-mass spectrometry (GC/MS), liquid chro-
matography-mass spectrometry (LC/MS), and 
nuclear magnetic resonance (NMR) spectroscopy, 
are widely used to explore metabolic alterations 
in diseases (11, 12). In thyroid cancer research, 
metabolic analyses of blood, urine, and tissue 
have been conducted for over two decades (13). 
NMR-based metabolomics offers a valuable ap-
proach for analyzing low molecular weight me-
tabolites across biological matrices, including 
plasma, urine, and tissues (14-16). Several studies 
have applied NMR to differentiate between thy-
roid cancer patients and healthy individuals by 
identifying altered metabolic pathways (17). 
Despite these advancements, the metabolic 
mechanisms underlying MTC remain poorly un-
derstood at the molecular level. To address this 
gap, we employed untargeted 1H-NMR metabo-
lomics to investigate plasma metabolic profiles in 
MTC patients, compared to healthy controls, as a 
preliminary step toward understanding the dis-
ease's metabolic characteristics. 

 

Materials and Methods  
 
Sample Collection 
This case-control study was conducted among 
patients referred to the Cellular and Molecular 
Endocrine Research Center at the Research Insti-
tute for Endocrine Sciences, Shahid Beheshti 
University of Medical Sciences in Tehran, Iran.  
Ethical approval for this study was obtained from 
the Ethics Committee of Shahid Beheshti Uni-
versity of Medical Sciences (No. 
IR.SBMU.ENDOCRINE.REC.1397.124). All 
participants, both patients and healthy controls, 
provided written informed consent prior to their 
inclusion in the study. The study adhered to the 
principles outlined in the Declaration of Helsinki.  
Peripheral blood samples were obtained from 16 
MTC patients (11 females and 5 males), with an 
average age of 43 ± 18.40 years. Diagnosis of 
MTC was confirmed through histopathological 
validation and clinical outcomes. Additionally, a 
demographically matched control group com-

prised 12 healthy volunteers (8 females and 4 

males) with a mean age of 35.8 ± 20.95 years. 
Exclusion criteria included individuals using med-
ications that could affect thyroid function or 
those with other forms of malignancy and meta-
bolic disorders, such as metabolic syndrome, dia-
betes, and insulin resistance (IR). Approximately 
10 mL of blood was collected into tubes contain-
ing the anticoagulant ethylenediaminetetraacetic 
acid (EDTA). After blood collection, plasma was 
promptly separated by centrifugation at 13,000 
rpm for 30 minutes and stored at -80°C until 
analysis. 
 
Plasma Metabolite Extraction for NMR-
based Metabolomics Analysis 
To extract metabolites and precipitate protein 
content, 1 mL of methanol was added to each 
300 µL plasma sample. After vortexing, the tubes 
were stored at -20 °C for 20 minutes, followed 
by centrifugation at 13,000 rpm for 30 minutes at 
4 °C. The supernatants were then transferred 
into new tubes and dried using an Eppendorf 
vacuum centrifuge for 3 hours at 45 °C. Finally, 
dried samples were reconstituted in a 600 μL 
phosphate buffer solution (composed of 0.2 M 
Na2HPO4/NaH2PO4) containing 10% deuteri-
um oxide (D2O) at pH 7.4, supplemented with 5 
mM 4,4-dimethyl-4-silapentane-1-sulfonic acid 
(DSS) as a chemical shift reference (δ 0.0). After 
centrifugation at 13,000 rpm for 30 minutes at 4 
°C, the clear supernatant was carefully trans-
ferred into a 5-mm NMR tube for NMR spec-
troscopy analysis. 
 
NMR Setup 
A 600 µL aliquot of each sample was subjected to 1H-
NMR spectroscopic analysis, performed at a frequency 
of 400.202 MHz using a Bruker AscendTM 400 spec-
trometer (Bruker BioSpin, Germany) with the following 
parameters: 292 transients were acquired with 512 scans, 
using an 8012/82 MHz pulse width, an acquisition time 
of 4 s, and a repetition delay of 1 s between transients. 
 
Statistical Data Analysis of NMR Spectra 
Spectra processing was performed using the 
Bayesil web-based system, with the water peak at 
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δ 5 ppm being omitted. Phase and baseline cor-
rections were done using Mnova NMR Suite 
Version 6.0.2 (Mestrelab Research, S.L., Registro 
Mercantil de A Coruna, Spain). The metabolites 
identified by Bayesil were cross-checked against 
the Human Metabolome Database (HMDB). 
Normalization and data processing were per-
formed using MetaboAnalyst v.5.0 
(https://www.metaboanalyst.ca) and SIMCA-P 

14.0 software (Umetrics, Umeå, Sweden). 
Orthogonal partial least squares-discriminant 
analysis (OPLS-DA) was utilized to identify out-
liers and detect metabolic differences between 
MTC patients and the healthy control group. 
Variable Importance in Projection (VIP) scores 
greater than 0.8 within the OPLS-DA model 
were considered to have significant influence in 
differentiating between subjects with MTC and 
those in the healthy group. Student's t-test (p < 
0.05) was applied to determine significantly al-
tered metabolites between the two groups. 

Given the small sample size, a more stringent 
threshold was applied to increase the robustness 
of the findings. We applied the Benjamini-
Hochberg False Discovery Rate (FDR) method 
to control for multiple comparisons. As a result, 
metabolites with an FDR-adjusted p-value of 
<0.05 were considered significant. This adjust-
ment ensures that the identified metabolites have 
a high probability of being true positives while 
minimizing the risk of type I errors. 

 

Results 
 
The clinical and pathological characteristics of 
the study participants are outlined in Table 1. 
This study included 28 individuals divided into 
two groups: MTC patients (n = 16) and a healthy 
control group (n = 12). As shown in Table 1, the 
mean ages and standard deviation (SD) of MTC 
patients and healthy participants were (43 ± 
18.40) and (35.8 ± 20.95), respectively 

.
 

Table 1: Demographic characteristics of the study subjects 

 
Parameter Sex MTC (n=16) Healthy (n=12) P. value 

Sex Male 5 4 P>0.999 

Female 11 8 

Age (mean ± SD; 
years) 

Male 49.6 ± 15.70 44.25 ± 27.19 P= 0.7606 

Female 43.72± 14.14 35.32 ±12.82 

MTC; medullary thyroid carcinoma, SD; standard deviation 

 
Metabolic Profiles of Plasma Samples be-
tween Two Groups by 1H NMR 
Supervised analysis using OPLS-DA was con-
ducted to identify differing metabolites between 
MTC patients and the healthy group. However, 
the OPLS-DA score plot (Fig. 1) did not show 
clear separation between the two groups. Hierar-
chical clustering heatmap analysis was performed 
to detect variations in metabolites between the 

groups (Fig. 2A). 

To pinpoint metabolites with significant altera-
tions between MTC patients and the healthy 
group, we combined Student's t-test analysis (P-
value < 0.05) with a VIP score threshold > 1 de-
rived from the OPLS-DA (Table 2). Our results 
revealed significant changes in three metabolites: 
glycerol, isobutyric acid, and valine. Box plots 
illustrated the mean concentrations of these three 
significantly altered metabolites between the 
MTC and healthy groups (Fig. 2B). 
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Table 2: Normalized concentration of metabolites in MTC and healthy patients 

 
Metabolites MTC 

(Mean ± SD) 
Healthy 

(Mean ± SD) 
P. value VIP 

2-Hydroxybutyrate -0.01657389±0.202664 0.022099±0.242752 0.6621 0.738967 

Acetic acid -0.002414387±0.184436 0.003219±0.222985 0.9444 1.00382 

Betaine 0.084645967±0.234102 -0.11286±0.318328 0.0798 1.48573 

Acetoacetate 0.003833641±0.294702 -0.00511±0.266926 0.9371 0.504379 

L-Carnitine -0.013642358±0.220888 0.01819±0.233978 0.7258 0.929449 

Creatine -0.011785872±0.235889 0.015714±0.296182 0.7943 0.992128 

Citric acid 0.031999897±0.283602 -0.04267±0.319018 0.5345 0.960428 

Choline -0.037610705±0.146675 0.050148±0.249301 0.2720 1.03563 

D-Glucose -0.023116192±0.324137 0.030822±0.364072 0.6938 0.923433 

Glycine 0.006664714±0.138725 -0.00889±0.239863 0.8370 0.139075 

Glycerol -0.081695568±0.232765 0.108927±0.171019 0.0293* 1.76358 

Formic acid 0.019505227±0.301707 -0.02601±0.227239 0.6766 0.507999 

Hypoxanthine -0.013363198±0.121847 0.017818±0.248022 0.6769 0.94625 

L-Alanine 0.070137929±0.23085 -0.09352±0.23304 0.0865 1.28026 

L-Proline 0.00679162±0.210323 -0.00906±0.221856 0.8541 0.286476 

L-Threonine 0.074781489±0.303924 -0.09971±0.190974 0.1043 1.12731 

L-Asparagine 0.020760723±0.230428 -0.02768±0.203474 0.5820 0.759984 

L-Isoleucine -0.005453532±0.233608 0.007271±0.179473 0.8808 0.107239 

L-Lactic acid 0.05984595±0.295764 -0.07979±0.149093 0.1606 1.3331 

L-Aspartic acid -0.041052748±0.219133 0.054737±0.244627 0.3038 0.773378 

Succinic acid -0.007359423±0.187526 0.009813±0.304447 0.8608 1.0072 

3-Hydroxybutyric acid 0.008124752±0.31475 -0.01083±0.18406 0.8591 0.472136 

Creatinine 0.008095434±0.265566 -0.01079±0.202446 0.8445 1.03201 

L-Leucine -0.024486745±0.230767 0.032649±0.199966 0.5144 0.490737 

Malonic acid 0.032523355±0.177298 -0.04336±0.310176 0.4384 1.02474 

L-Methionine 0.00964029±0.230518 -0.01285±0.215053 0.8020 0.576807 

Isopropanol -0.07849301±0.306047 0.104657±0.161959 0.0809 1.2925 

L-Valine -0.066121061±0.18818 0.088161±0.171598 0.0412* 1.59705 

Acetone -0.000114847±0.240428 0.000153±0.221451 0.9977 0.330091 

Isobutyric acid -0.103479132±0.252309 0.137972±0.302099 0.0355* 1.67127 

MTC; medullary thyroid carcinoma, VIP; Variable importance values in the projection, SD; standard deviation 
P-values were calculated using the Student t-test. Statistical significance was defined as p < 0.05*. Values are pre-
sented as mean ± SD for biological replicates (MTC n=18, healthy n=12) 
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Fig. 1: OPLS-DA score scatter plot from 1H-NMR metabolic profiles of MTC (red) and healthy (blue). MTC; me-
dullary thyroid carcinoma 

 

 
Fig. 2: A) Heatmap visualization of all metabolites. B) Box-and-whisker plots presenting the normalized values of 
three chosen metabolites. The specific metabolite is displayed on the x-axis, while the normalized peak intensity is 

displayed on the y-axis 
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Discussion 
 
The main findings of our study include the 
identification of three metabolites—glycerol, 
valine, and isobutyric acid—that were 
significantly altered in MTC patients compared 
to healthy controls. These metabolites may serve 
as potential biomarkers for MTC diagnosis, 
although further validation is needed to confirm 
their clinical utility. While the results are 
promising, we acknowledge several limitations of 
the study. The small sample size is a key 
limitation, and it may have limited the statistical 
power of our analyses, which could explain the 
lack of clear separation between the MTC and 
control groups in the OPLS-DA plot. 
Additionally, the heterogeneity of MTC, with its 
varying metabolic profiles across patients, may 
have contributed to the observed variability in 
the data. Larger cohorts and more refined 
methodologies are needed to further assess the 
robustness and reproducibility of these findings. 
Regarding the potential diagnostic utility of the 
identified metabolites, while their diagnostic 
value remains to be fully validated, these 
metabolites could be used in conjunction with 
existing diagnostic techniques, such as fine-
needle aspiration biopsy (FNAB), to improve 
early detection and monitoring of MTC. Further 
studies should focus on assessing their sensitivity, 
specificity, and ability to distinguish MTC 
patients from healthy individuals, and whether 
they could provide complementary information 
alongside current diagnostic methods. The role 
of isobutyric acid in MTC is particularly 
intriguing, although its precise mechanistic role 
remains speculative. We hypothesize that 
isobutyric acid may influence key metabolic 
pathways involved in cancer progression, such as 
the tricarboxylic acid (TCA) cycle and cellular 
energy production. Future studies should focus 
on investigating these pathways to better 
understand the involvement of isobutyric acid in 
MTC and its potential as a therapeutic target or 
biomarker. 

Thyroid cancer (TC) is the ninth most prevalent 
cancer in males and the fifth most prevalent in 
females (18). The global incidence of thyroid 
cancer is rising, primarily due to increased 
utilization and improvement of diagnostic 
imaging and monitoring practices (19). Despite 
this trend, the precise causes behind the 
incidence and mortality rates of TC remain 
partially unknown. Thus, non-invasive diagnostic 
biomarkers are essential in this context (20). 
NMR spectroscopy is a major analytical method 
used in the rapidly expanding field of 
metabolomics. Several attributes inherent to 
NMR, such as its notable reproducibility, 
quantitative capabilities, non-selective nature, and 
non-invasive characteristics, make it 
advantageous for metabolomics applications (21). 
Researchers have demonstrated the crucial role 
of 1H-NMR metabolomics in identifying 
metabolic biomarkers in various diseases, 
including thyroid cancer (17). 
In this study, we employed 1H-NMR to identify 
plasma metabolic alterations in MTC patients. 
Our findings indicated different patterns of 
glycerol, isobutyric acid, and valine between 
MTC patients and the healthy control group. 
While we identified three metabolites (glycerol, 
valine, and isobutyric acid) with significant 
changes between MTC patients and healthy 
controls, it is important to note that the p-values 
for these metabolites (glycerol: p=0.0293, valine: 
p=0.0412) are close to the threshold for 
statistical significance. This suggests that the 
findings may not be highly robust, particularly 
given the small sample size in this study. As such, 
these results should be interpreted with caution. 
Larger cohorts are needed to confirm these 
preliminary findings and assess the clinical utility 
of these metabolites as potential biomarkers for 
MTC. 
Metabolic reprogramming plays a pivotal role in 
facilitating the proliferation of cancer cells. 
Essential and non-essential amino acids serve as 
energy sources, contribute to the biosynthesis of 
crucial molecules, and maintain redox 
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equilibrium, providing the altered metabolites 
necessary for cancer progression (22). 
Recent advancements in understanding the 
tricarboxylic acid (TCA) cycle have revealed the 
involvement of substances beyond glucose, 
notably amino acids like valine and glutamine. 
These amino acids participate in the TCA cycle 
by releasing amine groups and generating acetyl-
CoA. Branched-chain amino acids (BCAAs), 
including valine, contribute significantly to the 
energy production of cancer cells, accounting for 
approximately 12% to 55% of total ATP. The 
conversion of valine by valine transaminase 
yields glutamate, which is crucial for sustaining 
tumor growth and facilitating the TCA cycle  
(23). 
In the context of thyroid cancer, J. Lu et al 
conducted a study involving papillary thyroid 
microcarcinoma (PTMC) samples (17). These 
investigations revealed a significant decrease in 
valine levels in the PTMC group. Similarly, our 
study demonstrated reduced valine concentration 
in the MTC group compared to healthy controls, 
potentially indicating a correlation between valine 
and the TCA cycle. This alteration could suggest 
increased protein synthesis, a process of great 

significance in advancing cancer. 
Glycerol, another metabolite of interest in our 
study, is transported across cell membranes by 
AQP3, a transmembrane channel (24, 25). As an 
important metabolic molecule, glycerol serves 
dual roles in generating ATP (cellular energy) and 
producing triglycerides, both crucial for 
sustaining cell growth and division. Further 
investigation is warranted to fully understand the 
implications of glycerol and other altered 
metabolites in the context of MTC. 
A study involving various thyroid cancer cell 
lines, including hyperplastic and neoplastic cells, 
revealed an intriguing pattern. MTC cells exhibit-
ed elevated expression of AQP3. This higher 
AQP3 expression potentially facilitates increased 
glycerol absorption and breakdown, leading to 
greater ATP production and augmented lipid 
synthesis. These metabolic changes collectively 
increase cell proliferation within MTC cells (26). 

In agreement with recent research data, our re-
sults demonstrated that glycerol is critically uti-
lized in MTC patients to provide energy and lipid 
synthesis necessary for robust tumor cell growth 
and progression. These findings underscore the 
complex interplay between metabolism and can-
cer progression, shedding light on potential ave-

nues for therapeutic intervention in the future. 
Isobutyric acid, also referred to as 2-
methylpropanoic acid, belongs to the class of 
carboxylic acids and is classified as one of the 
short-chain fatty acids (SCFAs). These SCFAs 
have the unique capability to permeate the rumen 
wall and enter the bloodstream, elevating their 
concentrations. This, in turn, can stimulate great-
er secretion of growth hormone (GH) from the 
pituitary gland (27, 28). Consequently, isobutyric 
acid could influence host endocrine functions 
and impact diabetes and oncological diseases. 
For this reason, isobutyric acid could be used as 
a putative biomarker for various diseases, includ-
ing cancer (29). 
In a notable study by Wang et al., they conducted 
an investigation using 1H NMR-based metabolic 
profiles of whole blood samples obtained from 
healthy individuals and those diagnosed with pa-
pillary thyroid carcinoma (PTC), with or without 
lymph node metastasis. Their findings revealed a 
noteworthy increase in isobutyric acid levels 
among PTC patients compared to the control 
group. Remarkably, their research demonstrated 
that isobutyric acid could effectively distinguish 
between PTC patients and healthy individuals, 
although it could not discern the presence of 
lymph node metastasis (30). Despite the growing 
body of research on isobutyric acid, its role in 
MTC remains relatively unexplored. However, 
our study reveals a pivotal discovery—isobutyric 
acid levels are decreased in individuals diagnosed 
with MTC. This finding suggests that isobutyric 
acid plays a critical role in the development and 
progression of MTC and can be harnessed with a 
high degree of accuracy to differentiate MTC 
patients from healthy subjects. While the effect 
sizes for the three significantly altered metabo-
lites (glycerol, isobutyric acid, and valine) are 
relatively small, these findings may still have clin-
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ical relevance. Even modest metabolic changes 
can reflect important underlying biological pro-
cesses, which may offer valuable insights into the 
pathophysiology of Medullary Thyroid Cancer 
(MTC). These metabolites could potentially serve 
as biomarkers for MTC diagnosis, especially 

when combined with other clinical factors or di-
agnostic methods. It is important to note that the 
clinical utility of these metabolites will require 
further validation in larger studies to assess their 
robustness and sensitivity in distinguishing MTC 
patients from healthy individuals (Fig. 3). 

 

 
 
Fig. 3: Schematic form of the altered metabolite involvement in MTC. This schematic illustrates the intricate role of 
altered metabolites in the context of medullary thyroid cancer. The diagram visually represents the metabolic chang-
es, such as lipogenesis, TCA, etc., within the cells of this specific type of thyroid cancer, highlighting key metabolites 
and their interactions. By providing a visual representation of these alterations, it helps researchers gain insights into 
the underlying mechanisms driving MTC, potentially leading to more effective diagnostic and therapeutic strategies. 

BCAA: branched-chain amino acid, TCA: tricarboxylic acid cycle, MTC: medullary thyroid carcinoma 

  
A limitation of this study is the relatively small 
sample size, which is a challenge inherent to 
studies investigating rare diseases such as MTC. 
MTC accounts for approximately 5-10% of all 
thyroid cancers, and its low incidence and preva-
lence make patient recruitment difficult. While 
this study provides valuable preliminary data, 
larger case-control studies are needed to confirm 
and further validate these findings. We anticipate 
that future research with larger sample sizes will 
provide greater insights into the clinical utility of 
the identified metabolites. 
 

Conclusion 
 
To the best of our knowledge, this is the first 
study to utilize 1H-NMR-based metabolomics to 

investigate altered metabolites in MTC patients. 
Our findings unveiled distinctive metabolic 
reprogramming characterizing patients with 
MTC, primarily manifested through disruptions 
in valine metabolism, glycerol metabolism, and 
isobutyric acid metabolism—these perturbations 

are visually represented in Fig. 3. Further 
investigations conducted on a larger sample size 
are crucial to ascertain the sensitivity and 
specificity of these biomarkers. Moreover, such 
studies are essential to validate the practical 
utility of these markers in enhancing existing 
screening initiatives and to assess their viability 

for incorporation into diagnostic tests for MTC.  
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