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Abstract
Medullary thyroid cancer (MTC) is a highly aggressive and chemotherapy-resistant cancer originating from the thyroid’s par-
afollicular C cells. Due to its resistance to conventional treatments, alternative therapies such as boric acid have been explored. 
Boric acid, a boron-based compound, has shown anticarcinogenic effects, positioning it as a potential treatment option for 
MTC. TT medullary thyroid carcinoma cell line (TT cells) and human thyroid fibroblast (HThF cells) were utilized for the 
cell culture experiments. Cell viability was assessed using the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide (XTT) assay. Total RNA was extracted using Trizol reagent for gene expression and microRNA (miRNA) 
analysis via reverse transcription-polymerase chain reaction (RT-PCR). The extent of apoptosis induced by boric acid was 
determined using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Colony formation assays 
were conducted to evaluate the impact of boric acid on the colony-forming ability of MTC cells. At 48 h, 50% inhibitory 
concentration (IC50) of boric acid was found to be 35 μM. Treatment with boric acid resulted in significant modulation of 
apoptosis-related genes and miRNAs, including increased expression of phorbol-12-myristate-13-acetate-induced protein 
1(NOXA), apoptotic protease activating factor 1 (APAF-1), Bcl-2-associated X protein (Bax), caspase-3, and caspase-9. In 
contrast, the expression of B cell lymphoma 2 (Bcl2), B cell lymphoma‐ extra-large (Bcl-xl), and microRNA-21 (miR-21), 
which are linked to the aggressiveness of MTC, was significantly reduced. The TUNEL assay indicated a 14% apoptosis 
rate, and there was a 67.9% reduction in colony formation, as shown by the colony formation assay. Our study suggests that 
boric acid may have anticancer activity in MTC by modulating apoptotic pathways. These findings suggest that boric acid 
could be a potential therapeutic agent for MTC and possibly for other malignancies with similar pathogenic mechanisms.
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Introduction

Medullary thyroid cancer (MTC) accounts for 5–10% of 
all thyroid carcinomas and originates from parafollicular C 
cells, which are derived from the neural crest and respon-
sible for producing calcitonin [1]. The activation of the 
RET proto-oncogene is primarily linked to the develop-
ment of MTC. MTC can be classified into two types: spo-
radic (sMTC) and hereditary (hMTC). sMTC accounts for 
approximately 75% of MTC occurrences, while the remain-
ing 25% are hMTC cases, which are often associated with 
mutations in the RET proto-oncogene [2]. Genetic screening 
for hMTC can lead to early, potential curative intervention 
through prophylactic total thyroidectomy. In contrast, sMTC 
is often only identified after it has metastasized to lymph 
nodes and distant sites such as bones, liver, and lungs. Total 
thyroidectomy coupled with lymph node dissection remains 
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the cornerstone of treatment for both forms of MTC [3]. 
However, systemic chemotherapy typically shows subopti-
mal response rates and considerable adverse effects. Addi-
tionally, the management of advanced metastatic MTC with 
tyrosine kinase inhibitors has shown limited success [4].

Although RET mutations provide insight into the patho-
physiology of MTC, their role, particularly in metastasis, is 
not fully understood [5]. Recent research has increasingly 
focused on microRNAs (miRNAs) as critical regulators of 
gene expression involved in developmental and pathological 
processes in cancers. MicroRNAs, small non-coding RNAs 
that regulate gene expression by targeting mRNAs and trig-
gering translational repression or RNA degradation, influ-
ence key pathways in cancer progression including cell cycle 
control and apoptosis. They can act as oncogenes or tumor 
suppressors, thereby playing a dual role in cancer biology 
[6]. Understanding specific miRNAs involved in MTC offers 
significant insights into the tumor’s behavior and potential 
responsiveness to treatments. Dysregulation of certain miR-
NAs has been linked to MTC development and progression, 
impacting processes such as cell proliferation, metastasis, 
and resistance to apoptosis [3, 7].

Boron, an element typically found in various compounds 
such as borax, boric acid, colemanite, kernite, ulexite, and 
borates, is not found in its elemental state in nature. Humans 
primarily ingest boron in the form of boric acid [8]. Previ-
ous research, including both in vivo and in vitro studies, 
has highlighted boron’s potential as an anticancer agent and 
demonstrated efficacy against various types of cancer such 
as prostate [9, 10], colon [11], lung [12], breast [13], and 
malignant melanoma [14].

The objective of this study was to investigate the anti-
cancer effects of boric acid on MTC using in vitro models. 
This investigation specifically focused on how boric acid 
influences apoptosis and cell proliferation, as well as viabil-
ity, by modulating gene expression and interacting with key 
microRNAs associated with the pathogenesis of MTC.

Material and Methods

Cell Culture

TT cells (ATCC, CRL 1803TM) and HThF cells (ScienCell 
Cat No: 3730) were utilized in this study. Both cell lines 
were cultured at 37 °C in a 5%  CO2 atmosphere. The growth 
medium used was Dulbecco’s modified Eagle medium 
(DMEM; Sigma), supplemented with 10% heat-inactivated 
fetal bovine serum (FBS; Capricorn Scientific), 20 units/
mL penicillin, 20 μg/mL streptomycin, 0.1 mM amino acid 
solution (Biological Industries), and 1 mM sodium pyruvate 
(Biological Industries). Boric acid (Eti maden) was applied 
to the cells in varying concentrations (10 μM, 20 μM, 35 

μM, 50 μM, 75 μM, 100 μM, 200 μM, 500 μM) in a time- 
and dose-dependent manner.

Cell Proliferation XTT Assay

The effects of boric acid on cell proliferation were assessed 
using the XTT assay, following the manufacturer’s protocol 
(Cell Proliferation Assay with XTT Reagent; Biotium Cat 
No: 30007). TT and HThF cells were seeded into 96-well 
plates at a density of 1 ×  104 cells per well. After 24 h, cells 
were treated with varying concentrations of boric acid for 
24, 48, and 72 h. The dose range was selected based on lit-
erature references [9, 15]. Untreated cells served as controls. 
Post-treatment, the XTT mixture was added, and formazan 
formation was quantified spectrophotometrically at 450 nm 
(reference wavelength 630 nm) using a microplate reader 
(Biotek). Cell viability was calculated as follows:

IC50 doses were determined using the GraphPad Prism 
8 and were employed in subsequent assays such as invasion, 
migration, TUNEL, real-time PCR, and comet assays.

RNA Isolation, cDNA Synthesis, and Real‑Time PCR 
(RT‑PCR)

Total RNA was isolated from control and treated TT cells 
using the Trizol Reagent (Invitrogen, USA), following the 
manufacturer’s guidelines. Complementary DNA (cDNA) 
was synthesized using the high-capacity cDNA reverse tran-
scription kit (Applied Biosystems, USA).

Gene expression profiles for caspase-3, caspase-9, Bcl-2, 
Bcl-xl, APAF-1, Bax, and NOXA were analyzed using beta-
actin as the reference gene. RT-PCR was performed using 
gene-specific primers, as detailed in Table 1.

Changes in miRNA expression were also assessed using 
RT-PCR. The miRNA cDNA synthesis kit (Applied Bio-
logical Materials Inc.) was used for cDNA synthesis, and 
relative quantification of miR-21-5p and miR-224-5p was 
performed according to the EvaGreen (Applied Biological 
Materials Inc) Master Mix protocol. miRNA expression was 
normalized to U6 as the endogenous control.

TUNEL Assay

The apoptotic impact of boric acid on TT cells was evalu-
ated using the TUNEL assay. Cells from both the control 
and treatment groups were fixed using 4% (w/v) paraform-
aldehyde. Apoptosis was subsequently assessed using a 
commercial TUNEL In Situ Cell Detection Kit (AAT Bio-
quest), following the manufacturer’s guidelines. The cells 

Viability (%) =Absorbance of experiment well∕

Absorbance of control well × 100
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were then stained with Hoechst dye and visualized under a 
fluorescence microscope (Olympus Inc., Tokyo, Japan). In 
each sample, cells were counted in ten randomly selected 
fields using the fluorescence microscope. The results were 
quantified as the percentage of TUNEL-positive cells, which 
represents the ratio of apoptotic cells to the total number of 
cells observed.

Colony Formation Assay

The colony-forming ability of TT cells treated with boric 
acid was assessed using a colony formation assay. Cells in 
the exponential growth phase were harvested using trypsin 
digestion and subsequently counted via the trypan blue dye 
exclusion method. These cells were then resuspended in 
DMEM medium supplemented with 10% fetal bovine serum. 
The resuspended cells were seeded into six-well plates at 
a density of 1000 cells per well. The culture medium was 
refreshed every 3 days over a period of 2 to 3 weeks. Once 
visible colonies had formed in the culture dish, they were 
fixed with methanol for 10 min and stained using crystal 
violet. The morphology and number of colonies were then 
examined and counted under a microscope (Olympus Inc., 
Tokyo, Japan).

Study Design

This study outlines two primary experimental conditions 
for evaluation: a control group consisting of untreated (con-
trol) TT cells and a treatment group in which TT cells were 
exposed to boric acid at the IC50 dose of 35 µM for 48 
hours. All assays, except for the XTT assay, were conducted 

on these two groups. XTT assay was conducted on TT 
cells and HThF cells with boric acid exposure time- and 
dose-dependent.

Statistical Analysis

RT-PCR data were analyzed using the  2−ΔΔCt method and 
quantified through specialized software. Group comparisons 
were carried out using “volcano plot” analysis as part of the 
“RT2 Profiles PCR Array Data Analysis” suite. Statistical 
assessments were performed using the Student’s t-test. For 
both parametric and non-parametric analyses of the treat-
ment and control groups, IBM SPSS Statistics V21 (IBM 
Corp., Armonk, NY, USA) was employed. p-value of less 
than 0.05 was considered to be statistically significant. Cells 
were seeded in separate wells for each experimental con-
dition to maintain the independence of observations. The 
XTT assay was conducted in six independent experiments, 
which has been explicitly stated to clarify the sample size 
and statistical power. Statistical analysis of cell viability was 
performed using one-way ANOVA and Tukey’s post hoc test 
to identify significant dose- and time-dependent responses 
to boric acid treatment. For apoptotic cell proportions and 
colony formation, the chi-square test was used for statistical 
analysis.

Results

Anti‑proliferative Effects of Boric Acid in TT 
Medullary Thyroid Cancer

The impact of boric acid on TT cell proliferation was 
assessed using an XTT assay. Our statistical analysis 
revealed a significant dose- and time-dependent inhibitory 
effect of boric acid on TT cell viability. The IC50 of boric 
acid, the concentration at which cell viability is reduced by 
50%, was determined to be 35 µM at the 48-h interval (p < 
0.01). This threshold was statistically lower than the viabil-
ity observed in the control group at the same time point (p < 
0.01), and markedly different from the viability measures at 
lower concentrations of 10 µM and 25 µM at 24 h (p < 0.05 
and p < 0.01, respectively), as well as at 72 h (p < 0.001 
for both) (Fig. 1). In our analysis of the cytotoxic effects of 
boric acid on HThF cells, using a dose- and time-dependent 
framework, statistical outcomes indicated that cell viability 
remained consistently above 50% across all examined doses 
and time intervals, as confirmed by significant findings (p 
< 0.001). Specifically, even at the highest tested concentra-
tion of 500 µM, and extending up to 72 h of exposure, the 
viability threshold did not fall below 50%, highlighting the 
nuanced impact of boric acid on the resilience of HThF cells 
under the conditions studied (Fig. 2).

Table 1  The sequences of primers of genes

BAX Bcl-2 associated X, Bcl-2 B cell lymphoma 2, Bcl-xl B cell lym-
phoma-extra-large, NOXA phorbol-12-myristate-13-acetate-induced 
protein 1, APAF1 apoptotic peptidase activating factor 1, F forward, 
R reverse

Gene names Primary sequence

BAX F: AGA GGA TGA TTG CCG CCG T
R: CAA CCA CCC TGG TCT TGG ATC 

Caspase-3 F: GCA GCA AAC CTC AGG GAA AC
R: TGT CGG CAT ACT GTT TCA GCA 

Bcl-2 F: TTG GCC CCC GTT GCTT 
R: CGG TTA TCG TAC CCC GTT CTC 

Bcl-xl F: GGT CGC ATT GTG GCC TTT TTC 
R: AGC TCG GTA CCA CAG GGT CA

Caspase-9 F: GGC TGT CTA CGG CAC AGA TGGA 
R: CTG GCT CGG GGT TAC TGC CAG 

APAF1 F: ATG AGC CCA CTC AAC AGC AA
R: CGC CAC CAC GCT CTT CTG 

NOXA F: ACC AAG CCG GAT TTG CGA TT R: 
ACT TGC ACT TGT TCC TCG TGG 
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mRNA Expression of Genes and miRNA by Real‑Time 
PCR

Our analysis revealed that exposure to boric acid in TT 
cells resulted in a significant upregulation of genes related 
to apoptosis, including caspase 3, caspase 9, Bax, NOXA, 
and APAF-1 (respectively, p = 0.015, p = 0.046, p = 0.024, 
p = 0.022, p = 0.030). Conversely, there was a notable 
downregulation in the expression levels of Bcl-2 and Bcl-xl, 
which act as negative regulators of apoptosis (respectively, 
p= 0.038, p = 0.002). Additionally, there were statistically 
significant decreases in miRNA-21 and miRNA-224 (respec-
tively, p = 0.020, p = 0.004) (Table 2).

Apoptotic Effects of Boric Acid in the TT Cell Line

We compared the percentage of apoptotic cells between 
control and boric acid-treated TT cells. At the 48-h mark, 
following exposure to a concentration of 35 µM boric acid 
(identified as IC50 from XTT assays), a significant induction 

of apoptosis was observed. The control group exhibited a 
baseline apoptosis rate of 4%, whereas the treated group 
demonstrated a marked increase, with 14% of cells undergo-
ing apoptosis (p = 0.026) (Figs. 3 and 4).

Effects of Boric Acid on Colony Formation of the TT 
Cell Line

A focused analysis was conducted at the 48-h time point 
using a singular, biologically relevant concentration of 
boric acid at 35 μM, which was identified as the IC50 dose 
from preliminary studies. The untreated control group had 
an average colony count of 412, serving as a baseline for 
comparison. In contrast, exposure to the 35 μM dose of 
boric acid resulted in a profound decrease in colony forma-
tion, with an average count of 134 colonies, representing a 
67.9% reduction. The results indicate a significant decrease 
in colony formation of TT cells upon visual and quantitative 
assessment, demonstrating the inhibitory effect of boric acid 
on their proliferative capacity (p < 0.001) (Figs. 5 and 6).

Fig. 1  Effect of boric acid on TT cell viability over time  and 
dose. Significant dose effects  were observed at all time points 
(24  h = p < 0.05, 48  h = p < 0.01, 72  h = p < 0.001). Notably, 35  µM 

boric acid significantly reduced viability at 48  h, marking the IC50 
dose (mean concentration is %48.9)
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Discussion

The study examined the impact of boric acid on cell prolif-
eration, colony formation, apoptosis, and the expression of 
genes and miRNAs related to the cell cycle and apoptosis. 
As there is a lack of research specifically investigating the 
effects of boric acid on MTC cells, our findings were com-
pared to similar studies on other cancer cell lines available 
in the literature.

The cytotoxic impact of boric acid on TT cells was 
assessed, and an IC50 dose of 35 µM at 48 h was estab-
lished. This specific dose served as the basis for subse-
quent experiments, which evaluated alterations in vari-
ous cellular processes in comparison to control groups. In 
the conducted assays with XTT, the HThF cells showed 
a degree of cellular specificity in its anti-proliferative 
effects, with cell viability remaining above 60% for all 
concentrations. On the contrary, TT cells viability showed 
significant reduce between 35 and 500 µM dose of boric 
acid especially at 48 h and 72 h time intervals (p = 0.015). 
The cytotoxic effects of boric acid across various stud-
ies, including our own, consistently demonstrate a dose-
dependent decrease in cell viability, although the specific 
impact varies by cell line and treatment duration. Simi-
lar to findings in DU-145, DMS-114, and SW480 cells 

identified a significant reduction in TT cell viability, par-
ticularly notable at medium to high concentrations over 48 

Fig. 2  Effect of boric acid on HThF cell viability over time and dose. Significant dose- and time-dependent cytotoxic effects were observed on 
cell viability (p < 0.001 for all time points). Notably, cell viability did not decrease below 50% in any of the tested concentrations or time points

Table 2  The mRNA expression changes of apoptosis genes, and 
miRNA mRNA expression in TT cancer cells treated with boric acid 
compared with the control group cells. Data were obtained by RT-
PCR assay via ΔΔCt method in RT2 profile PCR array data analysis 
online program

BAX Bcl-2 associated X, Bcl-2 B cell lymphoma 2, Bcl-xl B cell lym-
phoma-extra-large, NOXA phorbol-12-myristate-13-acetate-induced 
protein 1, APAF1 apoptotic peptidase activating factor 1, p < 0.05 sta-
tistically significant

Apoptosis-related genes

Gene names Fold regulation p-value

Caspase-3 2.3613 0.015
Caspase-9 1.3332 0.046
BAX 4.2143 0.024
Bcl-2  − 2.1713 0.038
Bcl-xl  − 2.1624 0.002
NOXA 3.0652 0.022
APAF1 7.8504 0.030
Apoptosis-related miRNAs
miRNA names Fold regulation p-value
miR-21-5p  − 4.3648 0.020
miR-224-5p  − 8.9801 0.004
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to 72 h [9, 11, 12]. This pattern aligns with observations 
in other cancer cell lines, such as MDA-MB-231, where 
boric acid also showed a concentration-dependent cyto-
toxicity [13]. In contrast, studies like that by Wei Y et al. 
indicate that even low concentrations can be effective 
over extended periods, suggesting that both concentration 

and exposure time are critical factors in boric acid’s cyto-
toxic potential [16]. This variability underscores the 
importance of context in evaluating boric acid’s efficacy 
and highlights the need for tailored approaches depend-
ing on the specific cellular environment and treatment 
objectives.

Fig. 3  Fluorescence microscopy 
images at 20 × magnification 
of control and treatment group 
cells after Hoechst staining. The 
red arrows show the apoptotic 
cells (p = 0.026)

Fig. 4  The percentage of 
apoptotic TT cells at 48 h was 
compared between the control 
and boric acid-treatment groups. 
The treatment group showed a 
significant increase in apoptosis 
(p = 0.026)
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Our investigation centered on the pivotal roles of cas-
pase-3, caspase-8, and caspase-9 in mediating apoptosis 
within TT cells treated with boric acid. These caspases, 
crucial for both the extrinsic and intrinsic apoptotic path-
ways, serve as key executioners of apoptosis. Caspase-3’s 
role as a member of the cysteine-aspartic acid protease 
family is particularly notable for its central position in the 
cascade of apoptotic proteases, ultimately leading to cell 
death. [17, 18].

Boric acid’s influence on these caspases revealed intrigu-
ing patterns. Notably, our results indicated a significant 
upregulation in the expression of caspase-3 and caspase-9 
upon boric acid treatment. This finding aligns with exist-
ing literature that underscores caspase-3’s activation as a 
hallmark of apoptosis induction. However, a unique aspect 
of our study is the concurrent increase in caspase-9 expres-
sion, suggesting that boric acid may particularly emphasize 
the mitochondrial pathway of apoptosis. The increase in 
caspase-3 activity observed in our study is consistent with 

the findings reported by Kahraman E. et al. and Hacioglu 
et al. This highlights boric acid as a significant activator of 
apoptosis by modulating caspase-3, a key executor of the 
apoptotic process [9, 19]. The findings suggest that boric 
acid consistently enhances caspase-3 expression in various 
cancer models, including DU-145 and SW-480 cell lines, 
indicating a potentially universal caspase-3 mediated apop-
totic pathway induced by boric acid [11]. Furthermore, 
Cebeci et al. demonstrated an increase in mRNA levels of 
apoptotic genes, such as caspase-3, following boric acid 
treatment, which supports our findings [12]. Boric acid has 
the ability to trigger a broad-spectrum therapeutic response 
by modulating gene expression and enhancing the enzymatic 
activity of caspase-3.

The findings of our study, as well as other studies, suggest 
that boric acid is an effective inducer of apoptosis through 
a caspase-3 mediated pathway. This indicates that it may 
have broad therapeutic potential across various types of can-
cer. The observed reduction in caspase-9 activity indicates 
a complex interplay in boric acid’s apoptotic mechanism, 
which may affect both intrinsic and extrinsic pathways. 
Boric acid has the potential to provide targeted therapeutic 
strategies due to its distinct impact on caspase pathways. 
This highlights the importance of its complexity.

While many studies have reported on boric acid’s apop-
totic effects through caspase-3 activation, there are discrep-
ancies in the results, with some research showing no signifi-
cant impact on caspase-3 levels [13]. These variations may 
be due to differences in cell types, experimental setups, or 
boric acid doses, indicating that the response to boric acid 
is context-dependent. This inconsistency calls for a cautious 
approach when interpreting the apoptotic potential of boric 
acid. The evidence, while compelling, is not unequivocal, 

Fig. 5  TT cell control and treatment group colony image (p < 0.001)

Fig. 6  The average colony 
counts for control and treat-
ment group, with the treatment 
group displaying a significant 
reduction in colony formation 
by 67.9% (p < 0.001)
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and further research is needed to fully understand its effects 
[12, 15].

The Bcl-2 gene family includes the anti-apoptotic proteins 
Bcl-xl and Bcl-2, which inhibit the release of cytochrome 
c, as well as Bax, a protein that promotes the release of 
pro-apoptotic factors from mitochondria [20]. Hinze et al. 
found strong expression of Bcl-2 and moderate expression of 
Bcl-xl in MTC[21]. Our results demonstrate that boric acid 
treatment increases Bax mRNA expression and decreases 
Bcl-2 and Bcl-xl mRNA levels in cells, which is consistent 
with previous studies [16, 22, 23]. Other studies have also 
reported increased Bax protein levels and decreased Bcl-2 
protein levels in response to boric acid treatment in different 
models, including rat colon tissues and DU-145 cells, indi-
cating a consistent pro-apoptotic effect of boric acid across 
various systems [9, 24]. Overall, the literature and our find-
ings consistently suggest that boric acid modulates apoptosis 
by altering the expression of key apoptotic regulators.

The expression of the pro-apoptotic NOXA gene, a member 
of the Bcl-2 protein family, is regulated by the well-known 
tumor suppressor gene p53 [25]. Previous research has shown 
that the RET proto-oncogene negatively regulates NOXA 
through the action of Transcription Factor 4 (ATF4) [26]. Fur-
thermore, APAF-1, another factor related to apoptosis, forms a 
complex with cytochrome c that activates caspase-9, thereby 
inducing apoptosis [27]. In our study, a significant upregula-
tion of both NOXA and APAF-1 was observed in cells treated 
with boric acid. The upregulation of caspase-3 and caspase-9, 
along with NOXA and APAF-1, supports a cohesive mecha-
nism involving the intrinsic apoptosis pathway. Caspase-9 
is typically activated following APAF-1’s interaction with 
cytochrome c, leading to the activation of caspase-3, a key 
executioner in apoptosis. This cascade, potentially amplified 
by NOXA’s pro-apoptotic influence under p53 regulation, 
underscores a detailed apoptotic response possibly unique to 
exposure to boric acid. This finding suggests a new apoptotic 
mechanism induced by boric acid, which has not been previ-
ously documented in the literature.

The complex biological role of boric acid is underscored 
by the differential impact it has on apoptosis across various 
cell lines, as observed in our study and others. Our investi-
gation found that treating TT cells with an IC50 dose of 35 
µM boric acid significantly increased apoptotic cell rates 
from 4% in the control group to 14% in the treated group, 
indicating a pro-apoptotic effect under these conditions, 
as revealed by a TUNEL assay (0=0.026). In contrast to 
Kobylewski et al.‘s observation, this finding suggests that 
the apoptotic effects of boric acid may be concentration-
dependent, as lower concentrations (10 μM) reduced cell 
viability without triggering apoptosis in prostate cancer 
cells [28]. Additionally, studies with HepG2 cells and other 
cell lines indicate that boric acid can both inhibit prolifera-
tion and induce apoptosis, which differs from Scorei et al.’s 

findings where minimal apoptosis was noted [11–13, 16]. 
These differing outcomes may be attributed to variations 
in cell line susceptibility, experimental conditions, or boric 
acid concentrations. This highlights the necessity for further 
research to clarify the precise mechanisms by which boric 
acid affects cell viability and apoptosis. [13].

Pennelli and colleagues’ study on the PDCD4/miR-21 
pathway in MTC established a correlation between elevated 
miR-21 expression and MTC progression. Higher levels of 
miR-21 were linked to increased calcitonin levels, lymph 
node metastasis, and more advanced and resistant forms 
of the disease [29]. In another study by Chu et al., which 
involved 42 MTC cases, a significant overexpression of miR-
21 was observed in MTC cells compared to normal thyroid 
tissue. Moreover, the elimination of miR-21 and metastasis 
associated lung adenocarcinoma transcript 1 (MALAT-1) 
from MTC cell cultures resulted in a significant reduction 
in both cell proliferation and invasion [30]. In Mian et al.‘s 
study, which included 34 sporadic MTC, six hereditary 
MTC, and two C cell hyperplasia cases, miR-21 levels were 
found to be 4.2 times higher in affected tissue than in nor-
mal thyroid tissue [31]. Recent research has demonstrated 
that miR-21 promotes cell proliferation by inhibiting tumor 
suppressor genes such as PTEN, RECK, PDCD4, and TPM1 
[32, 33]. In our study, a significant reduction in miR-21 lev-
els was observed in the treatment group compared to the 
control group (p = 0.02). The decrease in miR-21 levels sug-
gests interference with the PDCD4/miR-21 pathway, which 
is known to influence medullary thyroid cancer progression. 
This reduction may suppress tumor-related processes such as 
cell proliferation and invasion by restoring function to tumor 
suppressor genes like PTEN and PDCD4, which are typi-
cally inhibited by miR-21. These findings suggest a potential 
therapeutic target for MTC by targeting miR-21.

Previous research on miR-224 in MTC has shown that 
increased levels of miR-224are associated with the absence 
of lymph node metastasis, low-stage disease, and a favora-
ble prognosis [34, 35]. However, studies on other types of 
cancer, such as breast, cervical, and lung cancer, have linked 
elevated miR-224 expression to poor prognosis, increased 
cancer aggressiveness, and advanced disease stages [36]. 
In contrast, our study found a decrease in miR-224 expres-
sion in TT cells treated with boric acid, which is unexpected 
given the generally positive association of miR-224 with 
good prognosis and less aggressive disease in MTC (p = 
0.004). This discrepancy raises questions about the role of 
miR-224 in different cancer types and under varying treat-
ment conditions. Although miR-224 is typically associated 
with better outcomes in MTC, our study suggests that boric 
acid may influence other pathways or mechanisms that 
override its protective effects. Further research is needed to 
explore these dynamics and clarify the implications of miR-
224 modulation in cancer therapy.
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Understanding the therapeutic potential of boric acid 
requires insight into its metabolic processing and absorption 
efficiency in the human body. Boric acid is absorbed through 
the gastrointestinal tract and skin, with its distribution pri-
marily in blood, bones, and teeth. This bioavailability, influ-
enced by factors like metabolic rate and health conditions, 
raises questions about the clinical feasibility of achieving the 
effective in vitro concentrations identified in our study. The 
IC50 dose of 35 µM for TT cells, while potentially achiev-
able in the bloodstream, necessitates careful evaluation 
regarding safe and sustainable tissue concentrations. High 
doses have been associated with toxicity, highlighting the 
need for targeted delivery methods or localized treatments 
to maximize efficacy while minimizing systemic exposure. 
These considerations are crucial for translating in vitro find-
ings into viable therapeutic strategies [37].

This study offers valuable insights into the effects of 
boric acid on medullary thyroid cancer cells, particularly 
highlighting its potential to influence apoptosis and gene 
expression. Despite these promising results, our findings are 
preliminary and should be interpreted with caution due to 
several limitations. The use of 2D cell culture assays may not 
fully represent the complex interactions and three-dimen-
sional microenvironment of tumor cells in vivo. Addition-
ally, our focus on a single cell line limits the generalizability 
of our results across different types of thyroid cancer or other 
cellular environments and the use of a single IC50 dose and 
a single time point in experiments limits our understanding 
of the dose-response relationship and temporal dynamics of 
boric acid’s effects. This approach may not capture the full 
range of cellular responses to varying concentrations and 
exposure times, which are crucial for establishing a compre-
hensive therapeutic index. To overcome these limitations, 
future studies should incorporate 3D culture systems, such 
as spheroids or organoids, which more accurately mimic 
the tumor microenvironment. Expanding the research to 
include a variety of thyroid cancer cell lines will help vali-
date the broader applicability of our findings. Furthermore, 
investigating the differential effects of boric acid on cancer-
ous versus normal cells will be crucial for understanding 
its therapeutic potential and safety profile. Comprehensive 
studies involving both in vitro and in vivo models are needed 
to elucidate the mechanisms by which boric acid modulates 
cell viability and apoptosis, ensuring a more robust evalua-
tion of its clinical relevance in cancer therapy.

Conclusion

The study shows that boric acid can inhibit cell proliferation 
and induce apoptosis in MTC through the modulation of 
miRNAs and apoptotic pathway elements. However, these 

results are preliminary, and further comprehensive in vitro 
and in vivo studies are necessary to confirm these effects and 
elucidate the underlying molecular mechanisms.

Acknowledgements The manuscript was presented as preprint in 
Research Square platform with before.

Author Contribution All authors whose names appear on the submis-
sion made substantial contributions to the conception or design of the 
work. Project administration: SMF. Literature research: all authors. 
Data analysis: OY. MS. YD. GAM. Experimental studies: OY. MS. 
YD. GAM. Manuscript writing and editing: all authors.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Türkiye (TÜBİTAK). This work was 
supported by the Pamukkale University Scientific Research Projects 
Coordination Unit (PAUBAP) (Project No: 2018TIPF040).

Data Availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Ethics Approval TT (ATCC, CRL  1803TM) and HThF (ScienCell Cat 
No: 3730) cell lines, which provide de-identified samples ,were used in 
this study,. This study was reviewed and deemed exempt by our Pamuk-
kale Univercity Institutional Review Board. The BioBank protocols 
are in accordance with the ethical standards of our institution and with 
the 1964 Helsinki declaration and its later amendments or comparable 
ethical standards.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Wells SA Jr et al (2015) Revised American Thyroid Association 
guidelines for the management of medullary thyroid carcinoma. 
Thyroid 25(6):567–610. https:// doi. org/ 10. 1089/ thy. 2014. 0335

 2. Zhao JZ, Guo L, Zhao JQ, Lou J, Tan X (2018) A review on the 
RET proto-oncogene mutation in medullary thyroid carcinoma. 
J Clin Otorhinolaryngol Head Neck Surg 32(22):1754–1758. 
https:// doi. org/ 10. 13201/j. issn. 1001- 1781. 2018. 22. 018

 3. Bartz-Kurycki MA et al (2021) Medullary thyroid carcinoma: 
recent advances in identification, treatment, and prognosis. Ther 
Adv Endocrinol Metab 12:20420188211049611. https:// doi. org/ 
10. 1177/ 20420 18821 10496 11

 4. Okafor C, Hogan J, Raygada M, Thomas B, Akshintala S, Glod J, 
Rivero J (2021) Update on targeted therapy in medullary thyroid 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1089/thy.2014.0335
https://doi.org/10.13201/j.issn.1001-1781.2018.22.018
https://doi.org/10.1177/20420188211049611
https://doi.org/10.1177/20420188211049611


 O. Yıldırım et al.

cancer. Front Endocrinol 12. https:// doi. org/ 10. 3389/ fendo. 2021. 
708949

 5. Salvatore D, Santoro M, Schlumberger M (2021) The importance 
of the RET gene in thyroid cancer and therapeutic implications. 
Nat Rev Endocrinol 17(5):296–306. https:// doi. org/ 10. 1038/ 
s41574- 021- 00470-9

 6. Smolarz B, Durczyński A, Romanowicz H, Szyłło K, Hogendorf 
P (2022) miRNAs in cancer (Review of Literature). Int J Mol Sci 
23(5):2805. https:// doi. org/ 10. 3390/ ijms2 30528 05

 7. Galuppini F et al (2021) MicroRNAs in medullary thyroid carcinoma: 
a state of the art review of the regulatory mechanisms and future 
perspectives. Cells 10(4):955. https:// doi. org/ 10. 3390/ cells 10040 955

 8. Nielsen FH, Eckhert CD (2020) Boron. Adv Nutr 11(2):461–462. 
https:// doi. org/ 10. 1093/ advan ces/ nmz110

 9. Hacioglu C et al (2020) High concentrations of boric acid trig-
ger concentration-dependent oxidative stress, apoptotic pathways 
and morphological alterations in DU-145 human prostate cancer 
cell line. Biol Trace Elem Res. 193(2):400-409. https:// doi. org/ 
10. 1007/ s12011- 019- 01739-x

 10. Henderson KA et al (2015) Boric acid induces cytoplasmic stress 
granule formation, eIF2α phosphorylation, and ATF4 in prostate 
DU-145 cells. Biometals 28(1):133–141. https:// doi. org/ 10. 1007/ 
s10534- 014- 9809-5

 11. Sevimli M et al (2022) Boric acid suppresses cell proliferation 
by TNF signaling pathway mediated apoptosis in SW-480 human 
colon cancer line. J Trace Elem Med Biol 71:126958. https:// doi. 
org/ 10. 1016/j. jtemb. 2022. 126958

 12. Cebeci E, Yüksel B, Şahin F (2022) Anti-cancer effect of boron 
derivatives on small-cell lung cancer. J Trace Elem Med Biol 
70:126923. https:// doi. org/ 10. 1016/j. jtemb. 2022. 126923

 13. Scorei R et al (2008) Comparative effects of boric acid and cal-
cium fructoborate on breast cancer cells. Biol Trace Elem Res 
122(3):197–205. https:// doi. org/ 10. 1007/ s12011- 007- 8081-8

 14. Acerbo AS, Miller LM (2009) Assessment of the chemical 
changes induced in human melanoma cells by boric acid treat-
ment using infrared imaging. Analyst 134(8):1669–1674. https:// 
doi. org/ 10. 1039/ b8232 34b

 15. Barranco WT, Eckhert CD (2004) Boric acid inhibits human pros-
tate cancer cell proliferation. Cancer Lett 216:21–26. https:// doi. 
org/ 10. 1016/j. canlet. 2004. 06. 001

 16. Wei Y, Yuan FJ, Zhou WB et al (2016) Borax-induced apoptosis 
in HepG2 cells involves p53, Bcl- 2, and Bax. Genet Mol Res 15. 
https:// doi. org/ 10. 4238/ gmr. 15028 300

 17. Asadi M, Taghizadeh S, Kaviani E, Vakili O, Taheri-Anganeh 
M, Tahamtan M, Savardashtaki A (2022) Caspase-3: structure, 
function, and biotechnological aspects. Biotechnol Appl Biochem 
69(4):1633–1645. https:// doi. org/ 10. 1002/ bab. 2233

 18 Li P, Zhou L, Zhao T, Liu X, Zhang P, Liu Y, Zheng X, Li Q (2017) 
Caspase-9: structure, mechanisms and clinical application. Oncotarget. 
8(14):23996–24008. https:// doi. org/ 10. 18632/ oncot arget. 15098

 19. Kahraman E, Göker E (2022) Boric acid exert anti-cancer effect in 
poorly differentiated hepatocellular carcinoma cells via inhibition 
of AKT signaling pathway. J Trace Elem Med Biol 73:127043. 
https:// doi. org/ 10. 1016/j. jtemb. 2022. 127043

 20. Kale J, Osterlund EJ, Andrews DW (2018) BCL-2 family proteins: 
changing partners in the dance towards death. Cell Death Differ 
25(1):65–80. https:// doi. org/ 10. 1038/ cdd. 2017. 186

 21. Hinze R, Gimm O, Taubert H, Bauer G, Dralle H, Holzhausen 
HJ, Rath FW (2000) Regulation of proliferation and apoptosis in 
sporadic and hereditary medullary thyroid carcinomas and their 
putative precursor lesions. Virchows Arch 437:256–263. https:// 
doi. org/ 10. 1007/ s0042 80000 233

 22. Khaliq H, Jing W, Ke X et al (2018) Boron affects the devel-
opment of the kidney through nodulation of apoptosis, antioxi-
dant capacity, and Nrf2 pathway in the African ostrich chicks. 

Biol Trace Elem Res 186(1):226–237. https:// doi. org/ 10. 1007/ 
s12011- 018- 1280-7

 23. Faião-Flores F, Coelho PR, Toledo Arruda-Neto JD et al (2013) 
Apoptosis through Bcl-2/Bax and cleaved caspase up-regulation 
in melanoma treated by boron neutron capture therapy. PLoS ONE 
8(3):e59639. https:// doi. org/ 10. 1371/ journ al. pone. 00596 39

 24. Jabbar AAJ, Alamri ZZ, Abdulla MA et al Boric acid (boron) 
attenuates AOM-induced colorectal cancer in rats by augmenta-
tion of apoptotic and antioxidant mechanisms. Biol Trace Elem 
Res. Published online September 29, 2023. https:// doi. org/ 10. 
1007/ s12011- 023- 03864-0

 25. Morsi RZ, Hage-Sleiman R, Kobeissy H, Dbaibo G (2018) Noxa: 
role in cancer pathogenesis and treatment. Curr Cancer Drug Tar-
gets 18(10):914–928. https:// doi. org/ 10. 2174/ 15680 09618 66618 
03081 05048

 26. Bagheri-Yarmand R, Krishna M, Sinha KM, Gururaj AE et al 
(2015) Novel dual kinase function of the RET Proto-oncogene 
negatively regulates activating transcription factor 4-mediated 
apoptosis. J Biol Chem 290:11749–11761. https:// doi. org/ 10. 
1074/ jbc. M114. 619833

 27. Shakeri R, Kheirollahi A, Davoodi J (2017) Apaf-1: Regulation 
and function in cell death. Biochimie 135:111–125. https:// doi. 
org/ 10. 1016/j. biochi. 2017. 02. 001

 28. Kobylewski SE, Henderson KA, Yamada KE, Eckhert CD (2017) 
Activation of the EIF2α/ATF4 and ATF6 pathways in DU-145 
cells by boric acid at the concentration reported in men at the US 
mean boron intake. Biol Trace Elem Res 176(2):278–293. https:// 
doi. org/ 10. 1007/ s12011- 016- 0824-y

 29. Pennelli G, Galuppini F, Barollo S, Cavedon E, Bertazza L, Fassan 
M et al (2014) The PDCD4/miR- 21 pathway in medullary thy-
roid carcinoma. Hum Pathol 46:50–57. https:// doi. org/ 10. 1016/j. 
humpa th. 2014. 09. 006

 30. Chu YH, Hardina H, Schneiderb DF, Chenc H, Lloyda RV (2017) 
MicroRNA-21 and long non- coding RNA MALAT1 are overex-
pressed markers in medullary thyroid carcinoma. Exp Mol Pathol 
103:229–236. https:// doi. org/ 10. 1016/j. yexmp. 2017. 10. 002

 31. Mian C, Pennelli G, Fassan M, Balistreri M, Barollo S, Cavedon E 
et al (2012) MicroRNA profiles in familial and sporadic medullary 
thyroid carcinoma: preliminary relationships with RET status and 
outcome. Thyroid 22:890–896. https:// doi. org/ 10. 1089/ thy. 2012. 0045

 32. Sun LH, Tian D, Yang ZC, Li JL (2020) Exosomal miR-21 pro-
motes proliferation, invasion and therapy resistance of colon ade-
nocarcinoma cells through its target PDCD4. Sci Rep 10(1):8271. 
https:// doi. org/ 10. 1038/ s41598- 020- 65207-6

 33. Feng YH, Tsao CJ (2016) Emerging role of microRNA-21 in can-
cer. Biomed Rep 5:395–402. https:// doi. org/ 10. 3892/ br. 2016. 747

 34. Cavedon E, Barollo S, Bertazza L, Pennelli G, Galuppini F, Watu-
tantrige-Fernando S, Censi S, Iacobone M, Benna C, Vianello 
F, Zovato S, Nacamulli D, Mian C (2017) Prognostic impact of 
miR-224 and RAS mutations in medullary thyroid carcinoma. Int 
J Endocrinol 9:4915736. https:// doi. org/ 10. 1155/ 2017/ 49157 36

 35. Yu L, Zhang J, Guo X, Li Z, Zhang P (2014) MicroRNA-224 
upregulation and AKT activation synergistically predict poor 
prognosis in patients with hepatocellular carcinoma. Cancer Epi-
demiol 38:408–413. https:// doi. org/ 10. 1016/j. canep. 2014. 05. 001

 36. Wang H, Zhu LJ, Yang YC, Wang ZX, Wang R (2014) MiR-224 
promotes the chemoresistance of human lung adenocarcinoma 
cells to cisplatin via regulating G (1)/S transition and apoptosis 
by targeting p21(WAF1/CIP1). Br J Cancer 111:339–354. https:// 
doi. org/ 10. 1038/ bjc. 2014. 157

 37. Lopalco A, Lopedota A, Laquintana V, Denora N, Stella V (2020) 
Boric acid, a Lewis acid with unique and unusual properties: for-
mulation implications. J Pharm Sci. https:// doi. org/ 10. 1016/j. 
xphs. 2020. 04. 015

https://doi.org/10.3389/fendo.2021.708949
https://doi.org/10.3389/fendo.2021.708949
https://doi.org/10.1038/s41574-021-00470-9
https://doi.org/10.1038/s41574-021-00470-9
https://doi.org/10.3390/ijms23052805
https://doi.org/10.3390/cells10040955
https://doi.org/10.1093/advances/nmz110
https://doi.org/10.1007/s12011-019-01739-x
https://doi.org/10.1007/s12011-019-01739-x
https://doi.org/10.1007/s10534-014-9809-5
https://doi.org/10.1007/s10534-014-9809-5
https://doi.org/10.1016/j.jtemb.2022.126958
https://doi.org/10.1016/j.jtemb.2022.126958
https://doi.org/10.1016/j.jtemb.2022.126923
https://doi.org/10.1007/s12011-007-8081-8
https://doi.org/10.1039/b823234b
https://doi.org/10.1039/b823234b
https://doi.org/10.1016/j.canlet.2004.06.001
https://doi.org/10.1016/j.canlet.2004.06.001
https://doi.org/10.4238/gmr.15028300
https://doi.org/10.1002/bab.2233
https://doi.org/10.18632/oncotarget.15098
https://doi.org/10.1016/j.jtemb.2022.127043
https://doi.org/10.1038/cdd.2017.186
https://doi.org/10.1007/s004280000233
https://doi.org/10.1007/s004280000233
https://doi.org/10.1007/s12011-018-1280-7
https://doi.org/10.1007/s12011-018-1280-7
https://doi.org/10.1371/journal.pone.0059639
https://doi.org/10.1007/s12011-023-03864-0
https://doi.org/10.1007/s12011-023-03864-0
https://doi.org/10.2174/1568009618666180308105048
https://doi.org/10.2174/1568009618666180308105048
https://doi.org/10.1074/jbc.M114.619833
https://doi.org/10.1074/jbc.M114.619833
https://doi.org/10.1016/j.biochi.2017.02.001
https://doi.org/10.1016/j.biochi.2017.02.001
https://doi.org/10.1007/s12011-016-0824-y
https://doi.org/10.1007/s12011-016-0824-y
https://doi.org/10.1016/j.humpath.2014.09.006
https://doi.org/10.1016/j.humpath.2014.09.006
https://doi.org/10.1016/j.yexmp.2017.10.002
https://doi.org/10.1089/thy.2012.0045
https://doi.org/10.1038/s41598-020-65207-6
https://doi.org/10.3892/br.2016.747
https://doi.org/10.1155/2017/4915736
https://doi.org/10.1016/j.canep.2014.05.001
https://doi.org/10.1038/bjc.2014.157
https://doi.org/10.1038/bjc.2014.157
https://doi.org/10.1016/j.xphs.2020.04.015
https://doi.org/10.1016/j.xphs.2020.04.015


In Vitro Effects of Boric Acid on Cell Cycle, Apoptosis, and miRNAs in Medullary Thyroid Cancer…

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	In Vitro Effects of Boric Acid on Cell Cycle, Apoptosis, and miRNAs in Medullary Thyroid Cancer Cells
	Abstract
	Introduction
	Material and Methods
	Cell Culture
	Cell Proliferation XTT Assay
	RNA Isolation, cDNA Synthesis, and Real-Time PCR (RT-PCR)
	TUNEL Assay
	Colony Formation Assay
	Study Design
	Statistical Analysis

	Results
	Anti-proliferative Effects of Boric Acid in TT Medullary Thyroid Cancer
	mRNA Expression of Genes and miRNA by Real-Time PCR
	Apoptotic Effects of Boric Acid in the TT Cell Line
	Effects of Boric Acid on Colony Formation of the TT Cell Line

	Discussion
	Conclusion
	Acknowledgements 
	References


