Drug Design, Development and Therapy Dlovepress
Taylor & Francis Group

REVIEW

Decoding the Crosstalk Between Heat Shock
Proteins and Phytochemicals in Thyroid Nodule
Regression: Mechanisms and Therapeutic
Implications

Ruina Zhang(®, Juangin Lv

Department of Endocrinology, The Third Affiliated Hospital of Gansu University of Chinese Medicine, Baiyin, Gansu, People’s Republic of China

Correspondence: Juangin Lv, Department of Endocrinology, The Third Affiliated Hospital of Gansu University of Chinese Medicine, Baiyin, Gansu,
People’s Republic of China, Email 18089438271 @163.com

Abstract: Thyroid nodules represent one of the most prevalent endocrine disorders, affecting up to 60% of adults worldwide, with
diverse biological behaviors ranging from benign hyperplastic nodules to malignant thyroid carcinoma. Heat shock proteins (HSPs),
especially HSP70 and HSP90, act as key molecular chaperones involved in cellular proliferation, stress tolerance, and survival, thereby
contributing to both benign nodule persistence and malignant transformation. In parallel, phytochemicals such as curcumin, epigallo-
catechin gallate (EGCQG), resveratrol, and quercetin have emerged as bioactive modulators capable of influencing HSP expression and
activity. This review decodes the molecular crosstalk between HSPs and phytochemicals, elucidating how these natural compounds
regulate signaling cascades including NF-kB, MAPK, and PI3K/Akt to mediate apoptosis, autophagy, and oxidative stress balance.
Particular emphasis is placed on differentiating their therapeutic implications for benign nodule regression versus thyroid cancer
inhibition. Preclinical evidence demonstrates that phytochemicals can downregulate HSPs, enhance apoptotic signaling, and sensitize
tumor cells to therapy; however, clinical translation remains limited due to low bioavailability, off-target effects, and dosage
optimization challenges. Addressing these pharmacokinetic and delivery barriers—through nanotechnology and precision-medicine-
based approaches—may unlock new integrative strategies for thyroid disease management. Collectively, this review provides
a mechanistic and translational framework highlighting HSP—phytochemical interactions as potential molecular targets for improving
therapeutic outcomes in both benign and malignant thyroid pathologies.
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Introduction

Thyroid nodules are among the most common endocrine disorders, with studies estimating their prevalence at approxi-
mately 50-60% in the adult population, although only a small percentage (5-15%) are malignant." Recent large-scale
epidemiological studies have confirmed that the global prevalence of thyroid nodules continues to rise, largely due to
increased use of high-resolution ultrasonography, while also emphasizing demographic and geographic variability in
risk.>* The diagnosis and clinical management of thyroid nodules present significant challenges, given the heterogeneity
in nodule characteristics and their potential for malignancy. Despite advancements in diagnostic imaging and fine-needle
aspiration biopsy (FNAB), distinguishing benign from malignant nodules remains difficult in many cases, necessitating
more effective therapeutic strategies.” Recent diagnostic studies highlight that while FNAB remains the gold standard,
limitations persist, especially for indeterminate lesions, where novel imaging modalities and molecular classifiers are
increasingly investigated.® ®Current treatments for thyroid nodules, ranging from active surveillance to surgical inter-
ventions, fail to address the underlying molecular mechanisms driving nodule growth and regression, highlighting the

need for more targeted, molecularly driven therapies.” Clinically, this distinction is crucial: benign hyperplastic nodules
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are typically managed with the aim of size reduction or symptom relief, whereas malignant tumors require oncologic
control and prevention of progression. HSPs are a family of highly conserved molecular chaperones that assist in the
proper folding of nascent polypeptides and the refolding or degradation of denatured proteins under stress conditions.
They are classified into several families, including HSP70, HSP90, and HSP27, with each playing crucial roles in cellular
homeostasis and stress responses.'® HSPs are implicated in various pathological conditions, including cancer, due to their
ability to regulate critical cellular processes such as protein stability, apoptosis, and cellular survival. Specifically, HSPs
are known to contribute to the development and progression of malignancies, including thyroid cancer, by facilitating
tumor cell survival under oxidative stress and other unfavorable conditions.’ In thyroid nodules, the overexpression of
certain HSPs, such as HSP70 and HSP90, has been associated with increased cell proliferation, resistance to apoptosis,
and overall tumorigenic potential.'* These findings indicate that while HSPs are central to malignant transformation, they
may also contribute to the persistence of benign nodular disease, though the therapeutic endpoints differ. Given their
central role in cellular stress responses, HSPs are considered potential therapeutic targets for cancer treatment.

Phytochemicals, naturally occurring bioactive compounds found in plants, have garnered significant attention for their
potential therapeutic effects in various diseases, including cancer. Many phytochemicals, such as curcumin, EGCG, resver-
atrol, and quercetin, have demonstrated anti-inflammatory, antioxidant, and anti-cancer properties, making them attractive
candidates for adjunctive therapies in cancer management.'> "> Recent studies have highlighted the potential of these
compounds to modulate the expression and activity of HSPs, thereby influencing cancer cell survival, apoptosis, and tumor
progression. For example, curcumin has been shown to downregulate HSP90 in several cancer models, inducing cell cycle
arrest and promoting apoptosis.'® Similarly, EGCG has demonstrated the ability to interact with HSP70, inhibiting its
chaperone function and sensitizing cancer cells to apoptosis.'’ Thus, phytochemicals should be evaluated not only as
modulators of HSP activity in malignant thyroid tumors but also in the context of benign nodule regression.

This review aims to explore the crosstalk between heat shock proteins and phytochemicals in the context of thyroid
nodule regression. We critically examine the implications for benign versus malignant nodules, synthesize mechanistic
and translational evidence, and highlight key challenges such as bioavailability and dosing. Importantly, we ask: can
phytochemicals act as clinically relevant modulators of HSPs, and what therapeutic strategies—including novel delivery

systems and biomarker-driven patient selection—are required for successful translation.

Molecular Insights Into Thyroid Nodules and HSPs

Mechanisms of Thyroid Nodule Formation and Progression

Thyroid nodules are clinically characterized by the presence of discrete lesions within the thyroid gland. These nodules
may be benign, hyperplastic, or malignant, with benign nodules making up the majority of cases.'® The molecular
mechanisms underlying thyroid nodule formation and progression are complex, involving various factors such as genetic
mutations, environmental influences, and dysregulated signaling pathways. In benign or hyperplastic nodules, non-
neoplastic processes such as iodine imbalance, oxidative stress, and TSH overstimulation contribute to focal cellular
hyperplasia and colloid accumulation, leading to nodule formation without oncogenic transformation. These benign
mechanisms differ fundamentally from malignant transformation.'® Commonly observed mutations in thyroid cancer
include those in the BRAF, RAS, and RET proto-oncogenes, which drive abnormal cellular proliferation and growth.zo
Additionally, alterations in the phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK)
pathways play significant roles in thyroid carcinogenesis.”'

The progression from benign to malignant lesions is rare but involves additional genetic and epigenetic alterations
that enhance proliferative signaling, genomic instability, and angiogenesis. The progression from benign to malignant
thyroid nodules is associated with a series of biological events, including increased cellular proliferation, resistance to
apoptosis, and enhanced angiogenesis.”> The tumor microenvironment in thyroid nodules is often hypoxic, contributing
to an increased oxidative stress, which further supports tumor cell survival through the upregulation of various protective
proteins, including HSPs.*® However, while such stress responses in benign nodules may serve protective or adaptive
functions, in malignant thyroid tumors they facilitate immune evasion, therapeutic resistance, and sustained proliferation.
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Thus, differentiating the biological role of HSPs in benign versus malignant contexts is crucial for understanding disease
progression and therapeutic targeting.

Role of Heat Shock Proteins in Thyroid Nodules

Heat shock proteins, particularly HSP70 and HSP90, have been implicated in thyroid nodule biology. These chaperones
function to maintain protein stability and facilitate the proper folding of newly synthesized proteins, preventing
aggregation under stressful conditions such as hypoxia, oxidative stress, and DNA damage.”* In benign thyroid nodules,
mild cellular stress and oxidative imbalance can induce moderate upregulation of HSPs, which acts as a protective
response to maintain thyroid follicular cell integrity and prevent apoptosis.* In thyroid cancer cells, HSPs not only
protect against stress-induced cell death but also regulate several processes involved in tumor progression, including cell
cycle progression, apoptosis, and resistance to chemotherapeutic agents.?

HSP70, for example, is known to interact with several client proteins involved in cell survival and apoptosis, such as
the tumor suppressor p53. In thyroid cancer, HSP70 has been found to inhibit p53-mediated apoptosis, thus promoting
cell survival.?® Similarly, HSP90 plays a critical role in stabilizing and activating various oncoproteins, including steroid
hormone receptors, protein kinases, and transcription factors. In thyroid carcinoma, the overexpression of HSP90
contributes to tumorigenesis by stabilizing key oncogenic proteins like RET/PTC and BRAF, thereby enhancing their
signaling capabilities and promoting cell proliferation and survival.”” Moreover, the expression levels of HSPs in thyroid
nodules correlate with the degree of malignancy. Studies have shown that HSP90 is significantly overexpressed in
malignant thyroid tumors compared to benign nodules, suggesting its potential role as a prognostic marker.'” The
overexpression of HSPs in malignant thyroid nodules is thought to be a protective mechanism that helps tumor cells
survive under adverse conditions such as nutrient deprivation, hypoxia, and chemotherapy. By contrast, in benign or
hyperplastic nodules, elevated HSP expression generally reflects adaptive cytoprotection rather than oncogenic transfor-
mation, highlighting the context-dependent nature of HSP function in thyroid pathology.*®

HSPs as Therapeutic Targets in Thyroid Nodules

Given the critical roles of HSPs in thyroid nodule progression, they represent promising therapeutic targets. In benign
thyroid nodules, mild inhibition or modulation of HSP activity may promote nodule regression by restoring apoptotic
balance and reducing aberrant proliferative signaling, while in malignant thyroid lesions, more potent inhibition of HSP70
and HSP90 is required to suppress oncogenic signaling pathways.>’ Inhibitors of HSPs, particularly HSP90 and HSP70, are
being explored as potential anti-cancer agents. Small-molecule HSP90 inhibitors, such as 17-AAG (17-Allylamino-17-
demethoxygeldanamycin), have demonstrated efficacy in preclinical thyroid cancer models by promoting the degradation
of key oncogenic client proteins, leading to reduced tumor growth and enhanced sensitivity to chemotherapy.*® Similarly,
HSP70 inhibitors have been shown to sensitize thyroid cancer cells to apoptotic stimuli, making them a potential adjuvant
therapy in combination with other treatment modalities.'?

However, the clinical application of HSP inhibitors faces several challenges, including the need to develop selective
inhibitors that target specific HSP isoforms without affecting normal cellular functions. Moreover, the high expression of
HSPs in normal tissues poses a risk of toxicity, underscoring the importance of targeting HSPs specifically in the tumor
microenvironment.’' Additionally, achieving therapeutic selectivity remains a key barrier, as complete HSP inhibition
can disrupt normal proteostasis. Therefore, future strategies may focus on partial modulation or tissue-specific inhibition
to preserve physiological stress responses while limiting tumor-promoting activity.

Emerging evidence suggests that combining conventional HSP inhibitors with natural phytochemicals could provide
a safer and more physiologically compatible means of modulating HSP activity. Phytochemicals such as curcumin or
EGCG have been shown to downregulate HSPs in tumor cells at sub-toxic concentrations, suggesting a synergistic
potential with pharmacologic inhibitors. Therefore, strategies that combine HSP inhibitors with phytochemicals, which
may modulate HSP expression and activity in a more selective manner, are gaining attention as potentially effective

therapeutic approaches.
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Interplay Between HSPs and Phytochemicals
Key Phytochemicals Targeting Heat Shock Proteins

Phytochemicals, derived from various plant sources, have attracted considerable attention due to their potential ther-
apeutic effects, particularly in cancer treatment. Many phytochemicals have been shown to interact with HSPs, either by
modulating their expression or directly inhibiting their activity. Among the most studied phytochemicals are curcumin,
EGCG, quercetin, and resveratrol. These compounds have demonstrated the ability to target HSPs in various cancers,
including thyroid cancer. In addition, preclinical studies suggest that mild modulation of HSPs by certain phytochemicals
can also contribute to protective antioxidant responses in benign thyroid hyperplasia, indicating context-dependent
biological effects.

Curcumin, the active compound in turmeric, has been widely studied for its ability to modulate multiple cellular
pathways, including the inhibition of HSP90. In thyroid cancer cells, curcumin has been shown to reduce HSP90
expression, leading to the degradation of oncogenic client proteins such as BRAF and RET, thereby inhibiting tumor
growth and promoting apoptosis.'®> At lower concentrations or in non-malignant thyroid tissues, curcumin may also act
indirectly through Nrf2 activation and oxidative stress reduction, helping restore cellular redox balance rather than
inducing apoptosis. Similarly, EGCG, a major polyphenol in green tea, interacts with HSP70 and has been found to
inhibit its chaperone activity, thereby sensitizing thyroid cancer cells to oxidative stress and apoptotic stimuli.'” EGCG
also displays a dual role: while suppressing tumor-associated HSPs, it enhances stress tolerance in normal thyroid
follicular cells through AMPK-dependent signaling, which may explain its differential cytoprotective versus cytotoxic
outcomes. Quercetin, a flavonoid with known antioxidant properties, has also been shown to downregulate HSP90 in
cancer cells, leading to increased sensitivity to chemotherapy and reduced cell proliferation.*> Notably, quercetin may
synergize with other phytochemicals such as resveratrol to stabilize HSP70 under physiological stress while down-
regulating it in tumor contexts, highlighting a fine-tuned regulatory balance. Resveratrol, a polyphenolic compound found
in grapes, also exerts its effects by modulating HSP expression, particularly HSP70, thereby enhancing the apoptotic
effects in cancer cells.*®> Beyond its anti-tumor role, resveratrol has been shown to promote thyroid cell autophagy and
improve mitochondrial function in oxidative-stress models, supporting its relevance to benign nodular regression. The
ability of these phytochemicals to modulate HSPs highlights their potential as complementary therapeutic agents in the
treatment of thyroid nodules, particularly in overcoming the protective roles of HSPs in tumor cells. Collectively, these
compounds appear to exert concentration- and context-dependent regulation of HSPs—cytoprotective in benign lesions
and pro-apoptotic in malignant ones—providing a mechanistic basis for dual therapeutic potential. These key interactions

are summarized in Table 1.

Table | Key Interactions Between Phytochemicals and Heat Shock Proteins in Thyroid Nodule Regression: Mechanisms and Evidence

Levels
Phytochemical HSP Key Interaction/ Mechanism Evidence Level Evidence Limitations Key
Involved References

Curcumin HSP70, Inhibits HSP expression, promotes Multiple cell lines; High doses required in vitro; [7,10,22,29]
HSP90 apoptosis in thyroid cells animal models poor bioavailability in vivo

EGCG HSP27, Downregulates HSPs, enhances Single cell line studies; Limited in vivo validation; [8,11,34-36]
HSP70 autophagy and reduces oxidative stress limited animal data variability across cell types

Quercetin HSP60, Modulates HSP chaperone activity, Multiple cell lines; Inconsistent effects across [9,13,27,30]
HSP90 induces cell cycle arrest preclinical in vivo models; lack of thyroid-

specific trials

Resveratrol HSP70, Suppresses HSP-mediated survival, Multiple cell lines; Few clinical studies; need [24,28,32,37]

HSP90 promotes nodule regression via anti- animal models; early biomarker-based patient
inflammation clinical trials selection
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Regulatory Mechanisms of Phytochemicals on HSP Expression

Phytochemicals exert their effects on HSPs through multiple regulatory mechanisms, both at the transcriptional and post-
translational levels. Many of these compounds act by influencing the expression of heat shock factors (HSFs), the primary
transcription factors that regulate HSP gene expression. For instance, curcumin has been shown to activate HSF1, a key
regulator of HSP expression, thereby promoting the upregulation of HSP70 under stress conditions, which contributes to the
protection of cells from damage.>® However, curcumin also exhibits the ability to inhibit HSP90 expression, indicating its dual
role in regulating HSPs depending on cellular context.*” This bidirectional modulation reflects a concentration-dependent
balance between cytoprotection in normal cells and anti-proliferative activity in tumor cells.*’

EGCG, on the other hand, influences HSP expression by modulating the NF-xB pathway, which is involved in inflamma-
tion and cellular stress responses. By inhibiting NF-kB activation, EGCG reduces the expression of stress-induced HSPs, thus
sensitizing cancer cells to apoptosis.'” At physiological levels, EGCG can also indirectly stabilize HSP70 in benign thyroid
cells by reducing oxidative stress, thereby maintaining protein homeostasis and preventing DNA damage. Quercetin has been
reported to regulate HSP expression through the PI3K/Akt signaling pathway, which is crucial for cell survival. In thyroid
cancer models, quercetin downregulates HSP90 expression, contributing to decreased cell proliferation and enhanced cell
death.** Quercetin-mediated inhibition of PI3K/Akt can also intersect with NF-kB suppression, forming a synergistic network
that amplifies the suppression of pro-survival HSPs in malignant cells. Additionally, resveratrol modulates HSP expression
through the Sirtl/AMPK pathway, a key regulator of cellular metabolism and stress responses, leading to the reduction of
HSP70 and promotion of apoptotic cell death in thyroid cancer cells.*' Activation of Sirt]/AMPK also promotes autophagic
clearance of misfolded proteins, linking HSP modulation to improved proteostasis in both benign and malignant thyroid
contexts. Collectively, these phytochemicals act on convergent signaling hubs—NF-kB, MAPK, PI3K/Akt, and Sirtl/AMPK
—that intersect at the transcriptional regulation of HSF1 and downstream HSP70/HSP90 expression. The integrated effect is
context-dependent: maintaining cellular homeostasis under moderate stress in benign nodules, and triggering apoptosis or
autophagy under oncogenic stress in malignant lesions. These phytochemicals’ ability to influence multiple cellular signaling
pathways underlines their therapeutic potential in regulating HSPs, which are critical for the progression and regression of
thyroid nodules.** As illustrated in Figure 1, phytochemicals such as curcumin and EGCG modulate HSP70 and HSP90 via
NF-«xB and MAPK pathways, inhibiting apoptosis, regulating cell cycle, inducing autophagy, and reducing oxidative stress in
thyroid nodule cells.

Effects on Cellular Pathways Relevant to Thyroid Nodules

The modulation of HSPs by phytochemicals has significant downstream effects on cellular pathways involved in thyroid
nodule progression and regression. One of the most critical pathways influenced by HSPs is apoptosis, a process that is
often dysregulated in cancer cells, allowing for uncontrolled cell survival. Phytochemicals such as curcumin and EGCG
have been shown to enhance apoptosis in thyroid cancer cells by downregulating HSPs and upregulating pro-apoptotic
proteins like Bax and caspases.*’ In benign thyroid nodules, a milder activation of apoptotic signaling may contribute to
nodule shrinkage by selectively eliminating hyperplastic cells without triggering extensive tissue damage, suggesting
dose- and context-specific regulation.

Moreover, HSPs play a crucial role in the regulation of autophagy, a cellular process involved in the degradation of
damaged cellular components. Dysregulated autophagy can contribute to cancer cell survival by preventing the accu-
mulation of damaged proteins. Phytochemicals like quercetin and resveratrol have been found to induce autophagy in
thyroid cancer cells by modulating HSP expression, thus promoting the clearance of damaged proteins and enhancing cell
death.’” Importantly, recent evidence indicates that apoptosis and autophagy are not isolated outcomes but interconnected
responses coordinated through HSP70/HSP90 modulation; their balance determines whether cells undergo adaptive
recovery (in benign nodules) or programmed death (in malignancies). In addition to apoptosis and autophagy, HSPs also
influence the oxidative stress response, which is critical for tumor progression. Phytochemicals such as resveratrol and
curcumin reduce oxidative stress in thyroid cancer cells by modulating HSPs and other cellular antioxidants, thereby

enhancing the therapeutic efficacy of existing cancer treatments.** This antioxidant regulation may also protect normal
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Figure | Crosstalk Mechanisms Between Heat Shock Proteins and Phytochemicals in Thyroid Nodule Regression. Schematic overview of the crosstalk between heat shock
proteins (HSP70, HSP90) and phytochemicals (curcumin, EGCG, quercetin, resveratrol) in thyroid nodule regression, illustrating modulation of NF-kB, MAPK, and PI3K/Akt
pathways leading to apoptosis induction, autophagy enhancement, and oxidative stress reduction.

thyroid tissue from treatment-induced injury, reinforcing the translational potential of combining phytochemicals with
standard therapies.

The ability of phytochemicals to regulate these key cellular processes highlights their potential as adjunctive therapies
for thyroid nodule regression, providing a complementary approach to conventional treatments like surgery and radio-
iodine therapy. Overall, the integration of apoptotic, autophagic, and oxidative-stress pathways under HSP control
establishes a unified mechanistic framework that links molecular modulation to clinical outcomes in thyroid disease.

Therapeutic Potential and Clinical Relevance

Current Evidence From Preclinical Studies

Preclinical studies have provided substantial evidence supporting the therapeutic potential of phytochemicals in thyroid
cancer treatment, particularly in modulating HSPs. However, this evidence is largely derived from in vitro and limited
in vivo models, with inconsistencies across studies due to variations in cell lines, dosages, and experimental conditions,
potentially overestimating translational applicability.*’ Notably, this evidence also extends to benign thyroid nodules—
for instance, in rodent models of iodine-deficiency-induced benign hyperplasia, phytochemicals target HSPs to suppress
excessive cellular proliferation (a key driver of benign nodule growth) rather than targeting oncogenic mutations, which
aligns with the distinct therapeutic goal of benign nodule regression (size reduction) versus malignant cell elimination.
Despite these findings, evidence for benign nodules remains underrepresented compared to cancer models, with some
studies showing variable efficacy depending on nodule etiology (eg, iodine-related vs autoimmune). Several studies have
shown that phytochemicals such as curcumin, EGCG, quercetin, and resveratrol can effectively target HSPs, leading to
the inhibition of thyroid cancer cell growth, induction of apoptosis, and reversal of resistance to chemotherapy. Notably,
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preclinical models of benign thyroid nodules (eg, rodent models of iodine-deficiency-induced hyperplasia) further
demonstrate that these phytochemicals modulate HSPs to suppress excessive cellular proliferation and promote nodule
size reduction—distinct from their oncoprotein-targeting effects in cancer, as benign nodules lack driver mutations like
BRAF or RET. These effects, however, are often observed at supraphysiological doses (eg, 10-50 uM in vitro), far
exceeding achievable human plasma levels (<1 pM), highlighting a key translational limitation.

Curcumin, for example, has been demonstrated to inhibit HSP90 expression in thyroid cancer cells, leading to the
degradation of key oncogenic proteins, including BRAF and RET."? This results in decreased cell proliferation and
enhanced sensitivity to chemotherapy agents like doxorubicin and paclitaxel. Conflicting reports indicate that in some
benign hyperplasia models, curcumin may upregulate rather than inhibit HSP90 at lower doses, potentially supporting
adaptive stress responses instead of cytotoxicity46. Similarly, EGCG, the principal polyphenol in green tea, has been
shown to downregulate HSP70 in thyroid cancer cells, sensitizing them to apoptotic signals induced by oxidative stress
and chemotherapy.'” Quercetin has demonstrated its ability to reduce HSP90 expression and enhance the cytotoxic
effects of chemotherapeutic drugs by downregulating the PI3K/Akt signaling pathway in thyroid cancer cells.*
Additionally, resveratrol has been shown to inhibit HSP70 expression and promote apoptosis in thyroid cancer cells
by modulating the Sirt]/AMPK pathway, which is involved in cellular stress responses.”’

These preclinical studies suggest that phytochemicals not only target HSPs directly but also enhance the efficacy of
existing treatments, making them promising candidates for use as adjuvants in thyroid cancer therapy. Nevertheless, the
lack of standardized models and conflicting outcomes (eg, pro- vs anti-apoptotic effects in different contexts) necessitate
cautious interpretation and further validation in more physiologically relevant systems, such as organoids or patient-
derived xenografts, to bridge the preclinical-clinical gap.

Clinical Evidence and Trials

Despite the promising preclinical findings, clinical studies on the use of phytochemicals in thyroid nodule treatment are
still limited. This scarcity is particularly pronounced for benign thyroid nodules, where clinical evidence is virtually
absent, contrasting with the modest but growing data in thyroid cancer—Ilargely extrapolated from other malignancies
due to shared mechanisms like HSP modulation. A few clinical trials have explored the effects of curcumin and EGCG in
cancer patients, but evidence specific to thyroid cancer is sparse. For instance, a Phase II trial (NCT01294072) evaluated
curcumin’s safety and efficacy in advanced pancreatic cancer, showing modest HSP90 inhibition but limited tumor
response due to poor bioavailability, highlighting similar challenges expected in thyroid applications. However, there is
growing interest in the potential for these compounds to be incorporated into clinical practice, especially as adjunctive
therapies to enhance the effectiveness of conventional treatments.

One study investigated the combination of curcumin with paclitaxel in cancer patients, reporting enhanced efficacy
and reduced toxicity compared to paclitaxel alone.** However, this study’s applicability to thyroid cancer is limited by
small sample sizes and lack of HSP-specific biomarkers for patient stratification, with variable outcomes attributed to
inter-individual differences in metabolism. Furthermore, a clinical trial evaluating EGCG in combination with che-
motherapy for breast cancer patients demonstrated improved outcomes, including enhanced tumor regression and
reduced recurrence rates.’® Similar trials in head and neck cancers (eg, NCT02050113 for EGCG) suggest potential
HSP70 downregulation, but thyroid-specific data remain sparse, with no dedicated trials for benign nodules addressing
regression endpoints like size reduction via ultrasound. While these studies are not specific to thyroid cancer, they
provide valuable insights into the potential benefits of phytochemicals in clinical oncology. Nevertheless, key limitations
include regulatory hurdles (eg, FDA classification of phytochemicals as dietary supplements rather than drugs, compli-
cating trial design), suboptimal dosing achieving only low plasma levels (eg, <0.5 uM for EGCQ), and high dropout rates
due to gastrointestinal side effects, all of which temper enthusiasm for real-world applicability in thyroid contexts. Future
clinical trials are essential to determine the safety, optimal dosages, and therapeutic efficacy of phytochemicals in the
treatment of thyroid nodules. Priorities should include randomized controlled trials (RCTs) stratified by nodule type
(benign vs malignant), incorporating HSP expression as biomarkers, and evaluating long-term outcomes such as nodule
regression rates or progression-free survival; ongoing registries like ClinicalTrials.gov list few relevant studies (eg,
NCTO03182959 for resveratrol in metabolic disorders, with potential thyroid extensions). Given the molecular targeting of
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HSPs by phytochemicals, these compounds hold promise for enhancing the effectiveness of current therapies, particularly
in cases of treatment-resistant thyroid cancers.

Challenges and Considerations in Therapeutic Application

The therapeutic application of phytochemicals in thyroid nodule treatment faces several challenges. One of the primary
concerns is the bioavailability of these compounds. Many phytochemicals, including curcumin and EGCG, suffer from
poor absorption and rapid metabolism, limiting their efficacy in clinical settings. For example, curcumin achieves plasma
concentrations of only ~0.05-0.2 uM in humans after oral dosing, far below the 10-50 uM required for HSP inhibition in
preclinical models, with inter-patient variability due to genetic factors like CYP3A4 polymorphisms exacerbating this
issue. To overcome this challenge, various strategies are being explored, such as the use of nanoparticle-based delivery
systems and bioenhancers that can improve the stability and absorption of these compounds.*” Additionally, synthetic
analogs (eg, EF31 for curcumin or methylated EGCG derivatives) offer improved pharmacokinetics and potency,
potentially bridging the translational gap by mimicking natural compounds with enhanced solubility and reduced
metabolism, though their long-term safety in thyroid contexts remains untested.

Another challenge is determining the optimal dosage for therapeutic efficacy. While preclinical studies have used
relatively high concentrations of phytochemicals, these doses may not be achievable or safe for clinical use. Conflicting
evidence highlights dosage-dependent effects: low doses may promote adaptive responses in benign nodules (eg, HSP
upregulation for cytoprotection), while high doses risk toxicity in malignant cases, with real-world applicability hindered
by variable patient responses (eg, influenced by nodule etiology or comorbidities like autoimmune thyroiditis). Clinical
studies should focus on identifying the most effective and safe dosages that can provide therapeutic benefits without
causing adverse effects.

Additionally, selectivity remains a major concern. Phytochemicals can interact with multiple molecular targets, and
while they can inhibit HSPs in cancer cells, they may also affect normal tissues, leading to potential toxicity. Therefore,
the development of targeted delivery systems that can specifically deliver phytochemicals to the tumor site, while

minimizing off-target effects, is crucial for their clinical success.*®

Synergistic Therapies and Combination Approaches

Given the challenges associated with the use of phytochemicals alone, there is increasing interest in exploring synergistic
therapies that combine phytochemicals with traditional treatments. The combination of phytochemicals with chemother-
apy or radiation therapy has shown promising results in preclinical studies, and early clinical trials are investigating such
approaches. However, these synergies are often context-dependent, with conflicting evidence in models: for instance,
while effective in malignant thyroid cancer cells via HSP inhibition, combinations may yield minimal benefits in benign
nodule models due to absence of oncogenic drivers, and real-world applicability is limited by patient heterogeneity (eg,
comorbidities affecting drug metabolism). For example, combining curcumin with chemotherapeutic agents like pacli-
taxel or doxorubicin has been shown to enhance drug sensitivity and reduce tumor size in several cancer models.*’
Similarly, the combination of EGCG with conventional therapies could potentially overcome resistance to chemother-
apeutic drugs by downregulating HSP70 and sensitizing tumor cells to apoptosis.’® Conflicting reports, however, indicate
dose-dependent variability: low-dose EGCG may enhance radiation in cancer but provoke protective HSP upregulation in
non-malignant thyroid cells, highlighting selectivity challenges.

Moreover, the use of nanotechnology and drug delivery systems can improve the bioavailability and tissue-specific
targeting of phytochemicals, enhancing their therapeutic efficacy. Nanoparticles, liposomes, and other carriers can
encapsulate phytochemicals, improving their stability, absorption, and ability to specifically target thyroid nodules,
thus reducing side effects and improving treatment outcomes.”' Incorporating synthetic analogs (eg, DMC for curcumin)
into these systems further addresses limitations, offering superior potency and reduced off-target effects, though
regulatory hurdles (eg, FDA approval for novel formulations) and long-term toxicity data in thyroid patients remain
gaps; future roadmaps should prioritize RCTs evaluating these in benign vs malignant cohorts, using HSP biomarkers for
personalized approaches to bridge preclinical promise with clinical reality.
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Innovative Perspectives and Future Directions

Prospects for Combined Therapies

The therapeutic potential of phytochemicals in thyroid nodule regression can be significantly enhanced by exploring
synergistic therapies that combine phytochemicals with traditional treatment modalities, such as chemotherapy, radio-
therapy, or surgical intervention. While single-agent therapies have shown promise in preclinical studies, the combination
of phytochemicals with conventional treatments could lead to more effective outcomes by exploiting complementary
mechanisms.

For example, combining curcumin with chemotherapy agents such as doxorubicin or paclitaxel has been shown to
enhance the chemotherapeutic response in several cancer types, including thyroid cancer, by sensitizing tumor cells to
these agents. Curcumin’s ability to inhibit HSP90 and reduce the expression of oncogenic client proteins, such as BRAF
and RET, complements the action of chemotherapeutic drugs, leading to improved tumor regression.”” Similarly,
combining EGCG with traditional therapies could potentially overcome resistance mechanisms, such as those mediated
by HSP70, and enhance the efficacy of chemotherapy or radiation.>

Furthermore, combining phytochemicals with immune checkpoint inhibitors or targeted therapies may hold promise
in enhancing the body’s immune response to thyroid cancer. Phytochemicals like resveratrol have been shown to
modulate immune cell function and promote tumor immune surveillance by altering the tumor microenvironment.>*
Such combination therapies could represent a novel strategy for improving treatment efficacy and reducing side effects
associated with conventional therapies.

Development of Targeted Delivery Systems

One of the major challenges in the clinical application of phytochemicals is their bioavailability, as many of these
compounds have poor absorption and rapid metabolism. This issue is compounded by inter-model variability, where
in vitro enhancements do not always translate to in vivo efficacy, particularly in benign thyroid nodules where lower HSP
expression may reduce targeting efficiency compared to malignant tumors.>> To overcome this limitation, significant
advancements in nanotechnology and drug delivery systems are being explored. Nanoparticles, liposomes, and micelles
can encapsulate phytochemicals, improving their solubility, stability, and targeted delivery to thyroid tumors.>®

For example, curcumin-loaded nanoparticles have demonstrated enhanced tumor-targeting properties, improved
pharmacokinetics, and increased therapeutic efficacy in thyroid cancer models.”® However, conflicting evidence shows
variable outcomes: while effective in xenograft cancer models, these systems exhibit reduced nodule regression in benign
hyperplasia rodent models due to non-specific uptake, highlighting the need for etiology-specific formulations to
distinguish adaptive (benign) from oncogenic (malignant) HSP modulation.”” Similarly, EGCG encapsulated in nano-
particles has shown improved stability and bioavailability, allowing for more effective targeting of cancer cells while
minimizing systemic toxicity.”® Targeted delivery systems are also capable of reducing the dosage needed for therapeutic
efficacy, thus minimizing side effects associated with high-dose phytochemical administration.

Moreover, the use of targeted therapies combined with nanocarrier systems can allow for selective delivery of
phytochemicals to tumor sites, sparing normal tissues from potential toxicity. This targeted approach not only enhances
the therapeutic effects but also reduces the risk of adverse effects in healthy tissues, making it a promising strategy for
clinical application. Nevertheless, real-world applicability faces hurdles like high production costs, scalability issues, and
regulatory challenges (eg, FDA guidelines for nanomedicines), with sparse thyroid-specific clinical trials; future road-
maps should include Phase I studies using HSP-targeted ligands for personalized delivery, bridging gaps in benign nodule
applications where non-invasive regression is prioritized over cytotoxicity.

Personalized Medicine Approach

As thyroid cancer exhibits significant heterogeneity in terms of genetic mutations, signaling pathways, and treatment
responses, a personalized medicine approach could greatly enhance the effectiveness of therapies targeting HSPs and
phytochemicals. This heterogeneity extends to benign thyroid nodules, where non-mutational factors (eg, iodine
deficiency or inflammation) predominate, necessitating distinct profiling strategies from malignant cases to avoid over-
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treatment; however, real-world implementation faces challenges like limited biomarker validation across nodule types.
Understanding the genetic and molecular profile of individual thyroid nodules could allow for the development of
tailored therapeutic strategies that incorporate both phytochemicals and molecular-targeted therapies.

For instance, the identification of specific genetic mutations or altered expression of HSPs in individual patients could
guide the selection of the most appropriate phytochemical or combination therapy. Gene expression profiling and next-
generation sequencing (NGS) techniques could be employed to identify patients who are most likely to benefit from
phytochemical-based treatments, allowing for more precise and effective therapeutic interventions.” Conflicting evidence,
however, reveals variability in NGS accuracy for low-prevalence HSP alterations, with false positives in benign nodules
potentially leading to unnecessary interventions, and inter-laboratory differences exacerbating translational gaps.®

Furthermore, biomarkers associated with HSP expression, oxidative stress, and autophagy could be used to monitor
treatment response and adjust therapies accordingly. By combining phytochemicals with precision medicine approaches,
it may be possible to achieve personalized treatments that not only target the underlying molecular mechanisms of
thyroid cancer but also minimize side effects and improve patient outcomes Nevertheless, limitations such as sparse
clinical trials integrating phytochemicals with HSP biomarkers, regulatory barriers for companion diagnostics, and
patient-specific factors (eg, comorbidities affecting phytochemical metabolism) temper optimism; future roadmaps
should prioritize multi-omics integration in prospective cohorts, including benign nodule registries, to validate predictive

models and enable equitable access in diverse populations.®!

Molecular Mechanisms and Future Targets

While much has been learned about the molecular mechanisms through which phytochemicals influence HSP expression
and activity, several critical questions remain. Future research should focus on understanding the specific molecular
pathways involved in the crosstalk between HSPs and phytochemicals, particularly in the context of thyroid cancer. This
includes resolving conflicting evidence, such as dose-dependent dual roles where phytochemicals may inhibit HSPs in
malignant cells (promoting apoptosis) but upregulate them in benign nodules (supporting adaptive stress responses),
necessitating differentiated models for benign hyperplasia vs oncogenic progression.®? This includes investigating the
roles of specific HSFs, the interaction between HSPs and tumor suppressors such as p53, and the impact of phytochem-
icals on tumor microenvironment factors such as hypoxia and inflammation.'® To integrate these, a unified model could
be proposed centering on NF-kB/HSF1 crosstalk as a pivotal switch, modulated by phytochemicals to favor autophagy in
benign contexts or apoptosis in malignant ones, though variability across cell types and models (eg, 2D vs 3D cultures)
must be addressed to temper translational optimism.®?

Additionally, exploring the epigenetic regulation of HSP expression by phytochemicals could provide new insights
into how these compounds regulate gene expression at the chromatin level, thereby influencing tumor progression.
Incorporating synthetic analogs (eg, PES for HSP70 inhibition or modified resveratrol) in these studies could enhance
mechanistic precision, but real-world applicability requires addressing epigenetic variability influenced by patient factors
like age or environmental exposures. Investigating the potential of combination therapies that simultaneously target
multiple molecular pathways could lead to more effective and sustainable treatments for thyroid cancer. Nevertheless,
future roadmaps should prioritize experimental questions (eg, How do phytochemical-HSP interactions vary in organoid
models of benign vs malignant nodules under hypoxic conditions?) and clinical ones (eg, Can HSP biomarkers predict
response in Phase II trials for phytochemical adjuvants in treatment-resistant thyroid cancer?), with multidisciplinary
efforts to bridge preclinical inconsistencies and clinical gaps through prospective studies and registries.®*

Conclusion

The interplay between HSPs and phytochemicals represents a novel and promising therapeutic strategy for thyroid nodule
regression. HSPs, particularly HSP70 and HSP90, play a central role in maintaining tumor cell survival, regulating
apoptosis, and promoting resistance to chemotherapy. However, their dual roles—protective in benign nodules via
adaptive responses versus oncogenic in malignant ones—necessitate differentiated approaches, with conflicting precli-
nical evidence highlighting model-dependent variability that tempers clinical optimism.®®> Phytochemicals, such as

11102 ‘hews Drug Design, Development and Therapy 2025:19



Zhang and Lv

curcumin, EGCG, quercetin, and resveratrol, have shown considerable potential in modulating HSP expression and
activity, leading to enhanced therapeutic efficacy and tumor regression in preclinical models.??-*¢°

The ability of these natural compounds to inhibit HSPs and induce apoptosis in thyroid cancer cells highlights their
potential as adjunctive therapies to traditional treatments, such as surgery, radiotherapy, and chemotherapy. Notably, the
synergistic combination of phytochemicals with conventional therapies may overcome treatment resistance, a common
challenge in thyroid cancer management. Yet, evidence for benign nodules remains sparse and inconsistent, often
extrapolated from cancer models, with real-world applicability hindered by inter-patient variability (eg, metabolic
differences) and regulatory classifications as supplements.®” However, the successful clinical translation of phytochem-
icals remains hindered by challenges related to bioavailability, selective targeting, and optimal dosage.’®®®

Future research should focus on overcoming these limitations through the development of advanced drug delivery
systems, such as nanoparticles and liposomes, which can improve the bioavailability and tissue-specific targeting of
phytochemicals.”® This includes integrating synthetic analogs (eg, EF24 for curcumin) to enhance potency, though long-
term toxicity and scalability issues persist. Moreover, personalized medicine approaches, including the identification of
molecular biomarkers associated with HSP expression, could facilitate the design of tailored therapeutic strategies for
individual patients.®”

Additionally, the exploration of novel combination therapies that target multiple molecular pathways involved in
thyroid cancer progression—such as HSP inhibition, autophagy modulation, and immune system activation—holds
promise for improving treatment outcomes. Understanding the precise molecular mechanisms by which phytochemicals
regulate HSPs and other stress-response pathways will be crucial for designing more effective and targeted therapeutic
interventions. '

In conclusion, while significant progress has been made in understanding the crosstalk between HSPs and phyto-
chemicals in thyroid cancer, further clinical studies are needed to evaluate their safety, efficacy, and potential as part of
integrated treatment regimens. Key experimental questions include: How do phytochemical-HSP interactions vary in 3D
organoids of benign vs malignant nodules? Clinical questions: Can HSP biomarkers predict phytochemical response in
stratified RCTs for resistant cancers? Addressing these through multidisciplinary efforts will bridge translational gaps,
but without robust data, their role remains speculative, particularly for benign nodules where non-invasive options are
prioritized.®" With the continued advancement of molecular biology, nanotechnology, and personalized medicine,
phytochemicals could play a pivotal role in revolutionizing the treatment of thyroid nodules and thyroid cancer, offering
new hope for better therapeutic outcomes and reduced disease burden.”®
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