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Objective: Doxorubicin (DOX), a first-line anthracycline chemotherapeutic for triple-negative breast cancer (TNBC), is known to
cause severe off-target toxicities including cardiotoxicity. However, its effects on the thyroid, a key regulator of systemic metabolism
and long-term health, have been largely overlooked. Our study addresses this gap by investigating whether DOX directly impairs
thyroid integrity and elucidating the underlying mechanisms.

Materials and Methods: An integrated experimental strategy was employed, combining primary mouse thyroid follicular epithelial
(MTFE) cells, zebrafish (AB strain) larvae, and multidisciplinary molecular and histopathological approaches. To better simulate the
physiological context of chemotherapy, MTFE cells were exposed to DOX that had been effluxed from TNBC cells. Oxidative stress,
mitochondrial function, and apoptotic activity were assessed in MTFE cells, while zebrafish larvae were treated with DOX to evaluate
thyroid hormone secretion, inflammatory cytokine levels, and fibrotic changes. Key biomarkers were analyzed via immunofluores-
cence and histological staining.

Results: In MTFE cells, DOX triggered significant oxidative stress, reflected by elevated malondialdehyde (MDA) levels, and led to
mitochondrial dysfunction, evidenced by ultrastructural abnormalities and loss of JC-1 membrane potential. In zebrafish, DOX
exposure resulted in an approximately 20% reduction in T3/T4 levels, accompanied by a 1.4-fold increase in TNF-o, indicating that
the hormone shift serves as a marker of inflammatory thyroid injury. These findings establish a direct link between DOX-induced
oxidative and mitochondrial damage and the structural and functional deterioration of thyroid tissue.

Conclusion: Our findings reveal a previously underappreciated thyrotoxic effect of DOX, primarily mediated via oxidative stress-
driven mitochondrial dysfunction and apoptotic signaling. These insights underscore the novelty of the thyroid as a vulnerable target
during DOX-based chemotherapy and emphasize the need for routine thyroid monitoring in clinical practice. This work further
supports developing adjunct interventions to mitigate thyroid damage and improve long-term safety in cancer survivors.
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Introduction
Doxorubicin (DOX) is a potent chemotherapeutic agent and exhibits significant efficacy in the management of diverse

malignancies, including triple-negative breast cancer (TNBC)." Its anti-tumor activity is mediated by multiple biological
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pathways, including its intercalation into DNA strands, suppression of transcriptional processes via topoisomerase 11
inhibition, and induction of cell death through reactive oxygen species (ROS) generation.*

Nevertheless, the clinical utility of DOX is limited by its well-documented off-target toxicities, particularly when
administered at high cumulative doses.* Although DOX is rapidly cleared from plasma following intravenous adminis-
tration (with a half-life of approximately 5~10 minutes), it extensively accumulates in metabolically active organs such
as the liver, spleen, kidneys, lungs, and heart.>° This unique pharmacokinetic property of DOX enables it to induce toxic
damage to normal tissues even as it exerts its anti-tumor effects.” Specifically, the toxic side effects of DOX primarily
manifest as: (1) myelosuppression, the most common dose-limiting toxicity, which presents as significant reductions in
peripheral blood platelet and white blood cell counts, with severe cases carrying an increased risk of infection or
bleeding; (2) cardiotoxicity, notable for its delayed onset (typically emerging weeks to months after treatment initiation),
leading to mitochondrial dysfunction in cardiomyocytes, exacerbated oxidative stress, and in severe instances, progres-
sion to heart failure (occurring in approximately 5~10% of patients); (3) gastrointestinal toxicity, including nausea,
vomiting, abdominal pain, and oral mucosal ulcers (affecting 30~50% of patients), which are mostly transient but
significantly impair quality of life; and (4) other toxicities such as alopecia (reversible upon discontinuation), fever,
hemorrhagic erythema, and hepatic dysfunction (eg, elevated transaminases).® '

The thyroid gland, as a central endocrine organ, synthesizes and secretes thyroid hormones (THs) essential for
systemic metabolism, growth, and development.'"'? Drug-induced thyroid dysfunction (DITD) occurs when medications
interfere with thyroid hormone synthesis, secretion, or regulation by thyrotropin (TSH), leading to hypo- or hyperthyr-
oidism, thyroiditis, or other abnormalities."* "> This includes conditions such as hypothyroidism, hyperthyroidism,
autoimmune thyroiditis, and destructive thyroiditis. Commonly implicated drugs in DITD are categorized into six
major classes: (1) antineoplastic agents; (2) iodine-containing medications (eg, amiodarone); (3) lithium salts; (4)
glucocorticoids; (5) non-steroidal anti-inflammatory drugs (NSAIDs); and (6) certain central nervous system agents.
Cancer patients represent a particularly vulnerable population for thyroid dysfunction.'®'® Given this high prevalence,
a comprehensive understanding of the impact of antineoplastic drugs on thyroid function during cancer treatment is of
critical clinical importance.

No previous studies have systematically examined the thyroid as a potential target organ of DOX toxicity.
Considering the thyroid’s pivotal role in systemic metabolism and the frequent occurrence of thyroid dysfunction in
cancer patients, addressing this gap is essential to improve therapeutic safety and patient quality of life.'*** Several
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clinical and biological factors complicate the attribution of thyroid dysfunction solely to DOX.?! First, concomitant
administration of other medications (eg, amiodarone, lithium) could indirectly disrupt thyroid function through drug-drug
interactions or shared metabolic pathways.”> Second, patients with preexisting thyroid disorders (eg, autoimmune
thyroiditis) may experience exacerbation of thyroid dysfunction due to chemotherapy-induced alterations in immune
status, which could unmask or amplify underlying thyroid abnormalities.*® Third, inter-individual variability in responses
to DOX leads to thyroid injury occurring primarily in specific subpopulations (eg, patients receiving long-term high-dose
DOX or with comorbid thyroid disorders), whereas insufficient sample sizes restrict the statistical significance of these
findings.** These factors collectively highlight the complexity of attributing thyroid dysfunction solely to DOX,
emphasizing the need for further mechanistic studies and clinical surveillance to clarify these associations.

Direct toxic effects of DOX on the thyroid gland have not been explicitly recognized as common adverse reactions in
existing studies. However, clinical observations suggest that DOX may influence thyroid function through several
indirect mechanisms.?® First, as a cytotoxic agent, DOX eliminates tumor cells while potentially triggering immune
system activation;*® in some patients, this process may lead to immune-related adverse reactions (IRAEs), which could
theoretically involve the thyroid gland.?” Second, DOX may induce bone marrow suppression, gastrointestinal dis-
turbances, and other side effects that impair nutrient absorption and metabolism; prolonged or severe metabolic
dysregulation can then indirectly interfere with thyroid hormone synthesis, transport, or biological action.”®*° Third,
given DOX's prominent cardiotoxicity (with severe cases potentially progressing to cardiac dysfunction), and the
reciprocal regulatory relationship between thyroid function and the cardiovascular system, cardiac abnormalities may
disrupt thyroid hormone secretion and metabolism via neuroendocrine pathways.>*!

Here, we investigate the potential direct toxicity of DOX on thyroid follicular epithelial cells, using complementary
in vitro (primary mouse thyroid cells) and in vivo (zebrafish larvae) models.>*** By integrating molecular, cellular, and
histopathological analyses, this study provides the first systematic evidence that DOX may directly disrupt thyroid
function, thereby expanding the spectrum of its recognized off-target toxicities and offering new insights into safer
therapeutic management for TNBC patients.

Experimental Methods

Materials

Specialized culture medium for primary murine thyroid follicular epithelial cells (MTFE cells) were were purchased from
Jining Bio Co., Ltd. (Shanghai, China). Mito-Tracker Red CMXRos (C1049B), the JC-1 mitochondrial membrane
potential assay kit (C2006), Hoechst 33342 (C1022), Cell scrapers (701001), 4% paraformaldehyde (BL539A) were
all purchased from Beyotime Biotechnology (Shanghai, China). Doxorubicin hydrochloride (Dox) was purchased from
Sangon Biotech (Shanghai, China). The mitochondrial hydroxyl radical detection assay kit (AAT-A16055) was purchased
from AAT Bioquest (Shanghai, China). 2',7'-Dichlorofluorescein diacetate (DCFH-DA) was bought from MCE.
Dulbecco’s Modified Eagle Medium high glucose culture medium and PBS buffer were purchased from Gibco
(Thermo Fisher Scientific, Inc). Zebrafish triiodothyronine (T3) ELISA Kit (KT21668), Zebrafish thyroxine (T4)
ELISA Kit (KT21669), Zebrafish thyrotropin (TSH) ELISA Kit (KT25130), Zebrafish interleukin 1 beta (IL-1pB)
ELISA Kit (KT36889), Zebrafish interleukin-10 (IL-10) ELISA Kit (KT56363), Zebrafish interleukin-6 (IL-6) ELISA
Kit (KT39581), Zebrafish tumor necrosis factor-o. (TNF-a) ELISA Kit (KT36259), Zebrafish malondialdehyde (MDA)
ELISA Kit (KT25131) were all procured from Wuhan Mosak Biotechnology Co., Ltd (Wuhan, Hubei, China).

The Isolation of Primary MTFE Cells

Sterile PBS buffer containing Ca*" and Mg*"; 0.25% trypsin-EDTA (optional); Type IV collagenase (1~2 mg/mL);
DNase I (10~20 pg/mL, optional, to reduce cell clumps); Fetal bovine serum (FBS); DMEM/F12 medium; 75% ethanol;
Iodophor (for disinfecting the dissection table); Trypan blue staining solution (for cell viability assessment). 10 cm cell
culture dishes; 1.5 mL centrifuge tubes; Pipettes (1 mL, 200 uL, and 10 pL); Ophthalmic scissors; Forceps; Cell strainers
(40~70 pm); Centrifuge.
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Cell culture biological safety cabinet (BSC-150011A2-X), CO, cell culture incubator set to 5% CO, and 37°C,
inverted fluorescence microscope (Leica), high-speed refrigerated centrifuge (Multifuge X1R, Thermo Fisher), thermo-
static blast drying oven (DHG-9123A). Experimental materials and equipment were obtained as described above, the
detailed procedures are listed below:>*>¢
Mouse Anesthesia and Euthanasia
Anesthetize mice with isoflurane (2%-3% v/v) until unresponsive (approximately 2—3 minutes). Following institutional
animal ethics guidelines, euthanize the mice by cervical dislocation and proceed immediately with all subsequent steps
on ice using pre-chilled solutions.

Thyroid Tissue Dissection

Make a midline incision along the neck, carefully separate the muscle layer, and expose the trachea. Locate the thyroid
glands (appearing pale pink to brownish-yellow, ~1-2 mm?>, situated on each side of the trachea at the level of the 3rd-4th
cartilage rings). Using micro-forceps, gently dissect away the surrounding connective tissue and blood vessels to avoid
mechanical damage. Transfer the isolated thyroid glands to pre-chilled PBS supplemented with 1% FBS and wash twice
to remove residual blood.

Enzymatic Digestion for Cell Dissociation

Mince the cleaned thyroid tissue into small fragments of approximately 1 mm? and transfer them to a low-adhesion centrifuge
tube. Add 2 mL of a pre-warmed enzyme solution containing collagenase IV (1 mg/mL) and DNase I (0.1 mg/mL). Incubate
the tube in a 37°C shaking incubator for 15-20 minutes. To ensure thorough digestion and prevent clumping, gently pipette the
mixture up and down every 5 minutes. Terminate the digestion by adding 2 mL of DMEM/F12 medium supplemented with
10% FBS.

Cell Filtration and Initial Purification

Pass the digested cell mixture through a pre-moistened 70 pum cell strainer. Collect the filtrate and centrifuge at 1000 x g for
5 minutes at 4°C. Discard the supernatant and resuspend the cell pellet in pre-chilled PBS (with 1% FBS). Add 1 mL of 1 x red
blood cell lysis buffer to the suspension and incubate at room temperature for 3 minutes to lyse contaminating erythrocytes.
Neutralize the lysis reaction by adding 5 mL of PBS. Centrifuge again (1000 x g, 5 minutes, 4°C), discard the supernatant, and
resuspend the final cell pellet in complete culture medium for subsequent steps.

Differential Adhesion for Follicular Epithelial Cell Purification

Seed the cell suspension at a density of 1 x 10> cells per well into 60 mm culture dishes (optionally pre-coated with 0.1%
gelatin). Incubate the dishes in a 37°C, 5% CO, incubator for 2 hours. After this initial adhesion period, gently aspirate the
medium containing the non-adherent cells, which are primarily thyroid follicular epithelial cells, and transfer it to a new
culture dish. Add fresh complete medium to the new dish, incubate for 24 hours, and then replace the medium to remove any
residual non-adherent cells or debris, thereby obtaining a highly purified population of follicular epithelial cells.

Quality Control

Morphology: Examine under an inverted microscope (typical epithelial cobblestone-like, adherent growth).
Immunofluorescence: Stain with anti-thyroglobulin (Tg), followed by DAPI nuclear counterstaining. Purity is confirmed
if >90% of cells are positive for thyroid markers (Figure 1).

In vitro Cell Culture

MDA-MB-231 triple-negative breast cancer cells (ATCC® HTB-26"™) were purchased from the Chinese Academy of
Sciences (Shanghai, China). For experimental use, MDA-MB-231 cells were cultivated in DMEM high glucose supplemented
with 10% FBS and a penicillin-streptomycin cocktail (100 U/mL penicillin and 0.1 mg/mL streptomycin). Cultivation was
performed in a CO, cell culture incubator under controlled conditions of 37°C and 5% CO, in a humidified atmosphere. All
cell stocks were maintained at low passage (P3-P5) to preserve biological consistency.
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Figure | Identification of Primary MTFE Cells. Scale bar, 40 pm (upper); Scale bar, 20 um (lower).

Primary MTFE cells were cultured in a manner similar to that described above. It should be noted that specialized
culture medium was used for primary cell culture. During primary cell culture, the medium was first replaced after
48 hours, and subsequently changed every 3 days.

Mycoplasma-free status was validated using the MycoAlert mycoplasma detection assay (Lonza, Basel, Switzerland),
confirming no detectable mycoplasma contamination.

Cell Viability

The CCK-8 assay was employed to assess cell viability. The mother liquor of doxorubicin hydrochloride (DOX) was
prepared by dissolving it in phosphate buffer to a final concentration of 5 mM (2.9 mg in 1 mL). This stock solution was
then serially diluted to obtain working solutions at five concentrations: 100, 200, 300, 400, and 500 nM. MDA-MB-231
and MTFE cells were respectively seeded in 96-well plates at a density of 4 x 10* cells/well (100 pL/well) and incubated
for 24 hours. Subsequently, cells were treated with different concentrations of DOX for varying durations. After
discarding the supernatants, the wells were gently washed twice with PBS buffer. Next, 1 mL of serum-free cell culture
medium and 100 pL of CCK-8 solution were added to each well, followed by incubation at 37°C for 2~4 hours.
Absorbance was measured at 450 nm. All experiments were performed in quintuplicate. Cell viability of the treatment

groups was calculated using the following formula:

Abs. sampl
Cell viability (%) = ﬁ % 100

Drug Permeation Test

Transwell culture plates (0.4 um, Corning) were used in this experiment. MDA-MB-231 cells were cultured in DMEM
high-glucose medium at 37°C for 24 hours, then harvested and resuspended in the same medium. The cell suspension
was adjusted to a concentration of 3 x 10* cells/200 pL and added to the upper chamber. DMEM high-glucose medium
was added to the lower chamber. At different time points post-incubation, the medium in the lower chamber was
collected to measure the fluorescence intensity of DOX efflux using a microplate reader (Bio-Rad, Shanghai, China).

Drug Design, Development and Therapy 2026:20 htps: 5
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In vitro Cellular Uptake Experiments

The same experimental procedure used for seeding MDA-MB-231 cells onto the upper chamber as described above was
applied. Additionally, MTFE cells were cultured in specialized medium at 37°C for 24 hours, harvested, and resuspended
in the same medium. Next, MTFE cells were condensed to 3x10* cells in 200 pL cell suspension and then added to the
cell climbing slices which were placed in the lower chamber. After 24 hours of culture, both cell types showed adherent
growth, and their viability was suitable for the cellular uptake assay. DOX solutions of varying concentrations were
prepared in serum-free DMEM high-glucose medium and added to the upper chamber. Following 72 hours of treatment,
the cell climbing slices were taken out for visualization via confocal microscopy using an Al Plus confocal system
(Nikon Instruments).

Flow Cytometry Assay

The cellular uptake behaviors of the DOX in MTFE cells were analyzed using flow cytometry (BD biosciences). For flow
cytometry analyses, MTFE cells seeded on cell climbing slices in the lower chamber of the transwell insert were washed
with PBS after trypsin digestion. After centrifugation and washing with PBS, red fluorescence of DOX was analyzed by
flow cytometry, and data were analyzed using FlowJo (Tree Star). The data obtained from flow cytometry are displayed
as a single-parameter histogram, where the y-axis represents the number of cells (generally relative count) corresponding
to a specific fluorescence intensity on the x-axis. In this histogram, a rightward shift of the peak indicates a higher
fluorescence intensity.

Intracellular ROS Assay

MTEE cells were incubated with 300 nM DOX at 37°C for 30 min in the dark (within a 72-hour experimental period).
Subsequently, the plates were washed three times with PBS buffer. The DCFH-DA stain detecting ROS production was
observed using a fluorescence microscope (Nikon, Japan).

The Detection of Mitochondrial ROS Levels

Mitochondrial ROS levels were assessed using the mitochondrial superoxide-specific fluorescent probe MitoSOX Red.
Following experimental treatment, MTFE cells seeded in confocal microscopy dishes were incubated with 5 pM Mito-
Tracker Red CMXRos at 37°C for 30 minutes. Post-staining, cells were thoroughly rinsed with PBS buffer and
maintained in a live-cell imaging medium supplemented with 25 mM glucose to preserve viability. Confocal imaging
was conducted using an Al Plus confocal laser scanning microscope (Nikon Instruments). Fluorescence intensity of
MitoSOX Red was quantified in a minimum of 100 cells distributed across 10 randomly selected microscopic fields.
Quantitative analysis of the acquired images was performed with ImageJ software.

Analysis of Mitochondrial Morphology and Mitochondrial Membrane Potential
Alterations in mitochondrial morphology were evaluated using MitoTracker Red (Beyotime). Post-treatment, cells were
gently rinsed with phosphate-buffered saline (PBS) and subsequently incubated with 100 nmol/L MitoTracker Red at
37°C for 20 minutes to allow probe uptake. Mitochondrial structural dynamics were visualized via confocal laser-
scanning microscopy (CLSM). Mitochondrial membrane potential (A¥m) was assessed using a JC-1 Mitochondrial
Membrane Potential Assay Kit (Beyotime), with fluorescence signals captured using CLSM. Quantitative analysis of
fluorescence intensity was performed using ImageJ software (National Institutes of Health) to determine morphological
and functional changes.

Establishment of Zebrafish Model

Wild-type AB strain zebrafish (Danio rerio) were obtained from the China Zebrafish Resource Center (Wuhan, China)
and maintained in a recirculating aquaculture system at 28.5°C (pH 7.2-7.5) under a 14-hour light/10-hour dark cycle.
Feeding was initiated at 4 days post-fertilization (dpf) using paramecia and Artemia nauplii. At 4 dpf, larvae were
exposed to 20 pM DOX via static immersion in embryo medium®’ The treatment lasted for 48 hours, with the medium
being renewed daily to maintain drug stability. Six biological replicates of 30 embryos each were analyzed in each group.
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ELISA Tests

Wild-type AB zebrafish larvae at 4 days post-fertilization (dpf) were randomly assigned to experimental groups and cultured
in 6-well plates, with 30 individuals per well across all groups. After treatment, a defined volume of PBS (pH 7.4) was added to
each well. Samples were promptly frozen in liquid nitrogen for short-term storage, then thawed and maintained at 2~8°C.
Subsequently, a specified volume of PBS (pH 7.4) was introduced, and tissues were homogenized thoroughly using either
manual disruption or a mechanical homogenizer. Homogenates were centrifuged at 2000~3000 x g for approximately
20 minutes, and supernatants were carefully collected. Total protein concentration was measured using the Bradford assay
with bovine serum albumin (BSA) as a standard. For each sample, cytokine concentrations were divided by the total protein
concentration to obtain a normalized cytokine level. Concentrations of MDA, IL-1f, TNF-a, IL-6, IL-10, T4, TSH, T3, and
TRH in zebrafish samples were quantified via enzyme-linked immunosorbent assay (ELISA) kits, with six replicates per
treatment group. Data acquisition and statistical analysis were performed subsequently.

TEM and Pathological Section Analysis
To conduct electron microscopic characterization, 4 dpf zebrafish larvae were immobilized using a dual-fixative solution
comprising 2% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M PBS. Post-fixation, specimens were processed
through PBS-glycine washing to eliminate unreacted aldehydes, followed by sequential embedding in gelatin and
infiltration with 2.3 M sucrose. Ultrathin sections (50-nm thickness) were made at —120°C using an Ultracut-S
ultramicrotome (Leica Microsystems) and immediately visualized under the TEM (TecnaiG2 spirit Biotwin; FEI).
Subsequent to larval sample preparation, histological sections were fabricated. Sections were mounted onto glass
slides and air-dried to stabilize. Paraffin embedding material was then removed via standard dewaxing procedures,
followed by distilled water rinsing. Hematoxylin staining was applied for a defined duration, after which sections
underwent dehydration through graded alcohols (70% and 90%) for 10 minutes. Eosin counterstaining was performed for
2~3 minutes to enhance cytoplasmic contrast. Finally, tissue architecture was scanned using a Leica SCN400 slide
scanner, and morphological data were systematically analyzed to characterize structural features.

Data and Statistical Analysis

Quantitative results are reported as mean + standard deviation (SD). Statistical evaluations were carried out using
Graphpad Prism version 10.1.2. Pairwise group comparisons were assessed via Student’s #-test, while multi-group
differences were analyzed through one-way analysis of variance (ANOVA). A significance threshold of P < 0.05 was
established for all analyses.

Results and Discussion

Cytotoxicity Test to Evaluate in vitro Antitumor Activity of DOX

To evaluate the anti-tumor efficacy of DOX in TNBC, we selected the MDA-MB-231 cell line for the in vitro CCK assay.
MDA-MB-231 cells were exposed to varying concentrations of DOX (100 nM, 200 nM, 300 nM, 400 nM, 500 nM) for
two time points: 24 hours and 48 hours. As shown in Figure 2a and b, at low concentrations (<200 nM), DOX treatment
did not induce significant proliferative inhibition in MDA-MB-231 cells, regardless of the incubation duration (24 or
48 hours). In contrast, when the concentration was increased to 300 nM, a marked reduction in cell viability was
observed after 24 hours of treatment, with viability dropping to less than 60% compared to the untreated control group.
Particularly, extending the incubation time to 48 hours did not further enhance the cytotoxic effect (Figure 2¢). Further
analysis revealed a clear concentration-dependent relationship, as DOX concentrations increased from 100 nM to 500
nM, cell viability decreased progressively.

Collectively, these data confirm the expected antitumor activity of DOX in TNBC cells. A concentration of 300 nM
for 24 h was identified as the minimum effective condition for significant growth inhibition, which provided a reference
point for subsequent toxicity studies. These findings not only validate DOX as an effective therapeutic agent for TNBC
but also provide critical parameters (300 nM, 24 hours) to guide the design of subsequent preclinical studies.
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Figure 2 Screening of chemotherapeutic drug cytotoxicity of DOX in vitro TNBC models. (a) Cytotoxicity of DOX at different concentrations on MDA-MB-231 cells for
24 h. Data were presented as mean * SD (n = 6; ns, no significant difference vs 0 nm (DOX concentration); *¥p < 0.01 vs 0 nm (DOX concentration); **¥p < 0.001 vs 0 nm
(DOX concentration); one-way ANOVA + Tukey's multiple comparisons test). (b) Cytotoxicity of DOX at different concentrations on MDA-MB-231 cells for 48 h. Data
were presented as mean * SD (n = 6; ns, no significant difference vs 0 nm (DOX concentration); **¥p < 0.001 vs 0 nm (DOX concentration); ¥**¥p < 0.0001 vs 0 nm (DOX
concentration); one-way ANOVA + Tukey's multiple comparisons test). (c) Comparison of DOX-induced inhibition of MDA-MB-231 cell proliferation at 24 h vs 48 h. Data
were presented as mean * SD (n = 6; ns, no significant difference vs control group (24 h); two-factor ANOVA with + Tukey's multiple comparisons test).

Cellular Efflux of DOX

Dox efflux assays were performed to test whether strong DOX efflux properties correlated with increased DOX
concentrations and longer incubation times. To investigate the efflux behavior of DOX in MDA-MB-231 cells, we
employed a transwell assay. MDA-MB-231 cells were seeded in the upper chamber, which was designed to allow
permeation of a small-molecule drug such as DOX. Following treatment, DOX that had effluxed from the upper chamber
and permeated into the lower chamber was collected. The concentration of DOX in the lower chamber was then
quantitatively measured using a fluorometric microplate reader, as shown in Figure 3a.

Through in vitro experiments, it was observed that the amount of DOX effluxed from cells incubated with DOX did
not increase over time when the DOX concentrations were < 200 nM. Meanwhile, when the DOX concentration reached
and exceeded 300 nM, the amount of DOX effluxed from cells exhibited an upward trend over time (Figure 3b). Further
data analysis revealed that when the DOX concentration exceeded 200 nM and the incubation time with MDA-MB-231
cells surpassed 24 hours, the amount of DOX effluxed from the cells displayed a significant upward trend. Importantly,

this trend continued to escalate with both prolonged incubation time and increasing DOX concentrations (Figure 3c).
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120 h. (c) Analysis and comparison of DOX efflux amounts at varying concentrations over 120 h. Data were presented as mean + SD (n = 6; *p < 0.05 vs 0 nm (DOX
concentration) at 0 h; two-factor ANOVA with + Tukey's multiple comparisons test).

DOX exerts anti-tumor activity via DNA intercalation and topoisomerase II inhibition; however, its clinical utility is
often compromised by multidrug resistance (MDR), a key mechanism linked to enhanced drug efflux from tumor cells.*®
Mechanistically, enhanced efflux at supratherapeutic doses was associated with upregulated expression of ATP-binding
cassette (ABC) transporters, including P-glycoprotein (P-gp/ABCB1) and multidrug resistance-associated protein 1
(MRP1/ABCC1)-key mediators of drug extrusion in MDR.***! These transporters utilize ATP hydrolysis to actively
pump DOX out of cells, reducing intracellular drug levels and cytotoxicity.** Enhanced efflux of DOX at higher
concentrations was consistent with upregulation of multidrug resistance transporters.*> While this phenomenon reduces
intracellular drug accumulation in tumor cells, it may also increase extracellular DOX exposure, raising the possibility of
off-target toxicity in non-malignant cells.

Effects of Effluxed DOX on MTFE Cells

To simulate the impact of DOX efflux on normal thyroid tissue during TNBC treatment, we isolated primary MTFE cells
and used a transwell assay to model this process. As shown in Figure 4a, MDA-MB-231 cells seeded in the upper
chamber were treated with DOX, and the effluxed free DOX diffused into the lower chamber, where it interacted with the
MTFE cells. The results from our study (Figure 4b) showed that when tumor cells were exposed to DOX at concentra-
tions < 200 nM, the effluxed DOX that reached the lower chamber caused no significant damage to the MTFE cells
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Figure 4 Cellular uptake studies on free DOX in the MTFE cells. (a) Schematic diagram of transwell permeability assay. (b) Measurements of cell viability at different DOX
concentrations over different exposure times. Data were presented as mean + SD (n = 6; ns, no significant difference vs 0 nm (DOX concentration); *p < 0.05 vs 0 nm
(DOX concentration); *¥p < 0.01 vs 0 nm (DOX concentration); **#¥p < 0.0001 vs 0 nm (DOX concentration); one-way ANOVA + Tukey's multiple comparisons test). (c)
Confocal imaging of DOX cellular uptake in MTFE Cells. Scale bar, 20 um. (d), Flow cytometry analysis of DOX uptake. Data were presented as mean * SD (n = 6; ns, no
significant difference vs 72 h; *¥**p < 0.0001 vs 24 h; one-way ANOVA + Tukey's multiple comparisons test).

within the first 72 h. However, after 96 h of exposure, cytotoxicity became evident. Notably, at a higher DOX
concentration (300 nM), the cumulative amount of effluxed DOX in the lower chamber induced significant damage to
MTFE cells as early as 72 hours after treatment. Furthermore, the cell damage was further aggravated by the extension of
the experimental time and the concentration of DOX.

These findings suggest that prolonged exposure to effluxed DOX, even at relatively low concentration (< 200 nM),
may eventually compromise thyroid cells viability, whereas higher concentrations (> 300 nM) accelerate this process in
a dose- and time-dependent manner. This dose- and time-dependent pattern highlights the importance of considering
potential off-target effects of DOX beyond tumor cells, reinforcing the need to evaluate its impact on non-malignant
tissues with high metabolic activity, such as the thyroid.

To further authenticate the findings, the cellular uptake of DOX was investigated in MTFE cells by CLSM and flow
cytometry. Based on our prior toxicological investigations, we selected a DOX concentration of 300 nM and a 72-hour
incubation period. Subsequent confocal microscopy analysis revealed that red-fluorescent DOX had successfully
penetrated into MTFE cells, with clear intracellular localization observed (Figure 4c). Besides, the cellular uptake of
DOX (300 nM) was further confirmed by flow cytometry (Figure 4d), analysis showed that the amount of DOX taken up
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by the MTFE cells is closely associated with the time of drug action, the stronger the fluorescence and the longer the
incubation time. After 72 hours, no significant differences in the MTFE cells taken between groups were observed.

DOX-Induced Oxidative Stress Injury in MTFE Cells

Several studies have reported that DOX leads to oxidative stress, induces significant toxicities in normal tissues during
cancer treatment, primarily driven by excessive ROS generation.** DOX enters cells and complexes with free iron ions,
catalyzing the Fenton reaction to produce high levels of superoxide anions (O, ") and hydroxyl radicals ('OH), reactive
molecules that damage cellular lipids, proteins, and DNA, ultimately triggering dysfunction and apoptosis.*’
Concurrently, DOX disrupts redox homeostasis by suppressing antioxidant enzymes (eg, superoxide dismutase (SOD),
glutathione peroxidase (GPx)) and depleting endogenous antioxidants like glutathione (GSH), impairing the cell’s
capacity to neutralize ROS and exacerbating oxidative stress.*®

To evaluate DOX-induced oxidative damage in normal thyroid tissue, we focused on MTFE cells, critical for thyroid
hormone synthesis. Using DCFH-DA for intracellular ROS detection, we observed a marked increase in green
fluorescence intensity in DOX-treated MTFE cells compared to controls, indicating a significant rise in ROS levels
(Figure 5a and c). Given the high metabolic demand of thyroid follicular cells, which rely on mitochondria for ATP
production, we further assessed mitochondrial integrity using a fluorometric one-step mitochondrial hydroxyl radical
detection assay kit. Confocal microscopy revealed intensified red fluorescence in DOX-exposed cells, corresponding to
elevated mitochondrial "“OH accumulation (Figure 5b). Quantitative analysis confirmed a 2-fold increase in mitochondrial
hydroxyl radical damage in DOX-treated groups versus controls (Figure 5d). These results support a model in which
oxidative stress, mediated by excessive ROS generation and impaired antioxidant defense, contributes to DOX-induced
injury in MTFE cell.

Effect of DOX on Mitochondria of MTFE Cells

Building on our prior findings that DOX induces mitochondrial oxidative stress in normal MTFE cells via ROS, we
further characterized its toxicological impact on mitochondrial structure and functions. Emerging evidence from breast
cancer studies highlights that DOX disrupts mitochondrial morphology and function in cardiomyocytes, with such
abnormalities closely correlating to impaired cardiac performance. Given the central role of MTFE cells in maintaining
thyroid homeostasis, investigating whether DOX induces comparable mitochondrial alterations in these cells is of
significant relevance.

Using Mitotracker fluorescent staining and confocal microscopy, we observed distinct morphological changes in
DOX-treated MTFE cells. Normal cells without DOX treatment displayed uniform, filamentous mitochondrial distribu-
tion, DOX exposure rapidly induced mitochondrial condensation and nuclear clustering (Figure 6a and c), consistent with
early stress-induced fission-fusion dysregulation. Mitochondrial membrane potential (MMP), a key health indicator, was
assessed via JC-1 staining. Quantitative analysis revealed a 5-fold increase in green-to-red fluorescence intensity in
DOX-treated cells, confirming significant MMP collapse (Figure 6b and d). Loss of mitochondrial membrane potential
(MMP) is a hallmark of mitochondrial dysfunction and apoptosis, disrupting electron transport, reducing ATP production,
and activating pro-apoptotic pathways. Such alterations in thyroid follicular cells may impair hormone synthesis,
providing a mechanistic link between DOX exposure and thyroid dysfunction. Together, these findings provide experi-
mental evidence that DOX can directly impair thyroid cell function through oxidative stress and mitochondrial disrup-
tion. This expands the spectrum of recognized DOX toxicities and highlights the need for thyroid function monitoring in
clinical settings.

Evaluation of DOX Biosafety During Zebrafish Development

Zebrafish (Danio rerio) are increasingly used as a vertebrate model to evaluate the safety and toxicity of drugs in vivo.*’
Leveraging these advantages, we investigated the effects of DOX on inflammatory responses and thyroid function in
zebrafish larvae to provide a comprehensive assessment of its systemic toxicities (Figure 7a). Oxidative stress, a major
cause of organ damage, was measured using malondialdehyde (MDA); ELISA revealed significantly elevated MDA
levels in DOX-treated larvae, consistent with DOX-induced oxidative stress injury (Figure 7b). Inflammation was
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Figure 5 Oxidative damage induced by DOX in MTFE cells. (a) Confocal microscopy images of cellular ROS. Scale bar, 50 um. (b) Confocal microscopy analyses of
mitochondrial oxidative stress after DOX treatment. Scale bar, 10 pm. (c) Quantification of DCFH-DA fluorescence intensity in MTFE cells. (d) Statistical analysis of
fluorescence intensity of mitochondrial oxidative stress in MTFE cells. Data were presented as mean * SD (n = 6; *#¥*p < 0.000| vs normal group; Unpaired t-test).

assessed via cytokine profiling: DOX upregulated pro-inflammatory factors TNF-o and IL-1p but did not alter anti-
inflammatory IL-10 or pro-inflammatory IL-6 levels, indicating selective activation of the TNF-o/IL-1p axis without
compensatory anti-inflammatory responses (Figure 7c—f). Meanwhile, ELISA showed significant increases in T3 and T4
levels alongside decreased TSH and TRH (key regulators of the hypothalamic-pituitary-thyroid (HPT) axis) in DOX-
treated larvae (Figure 7g—j), suggesting impaired thyroid hormone (TH) synthesis and disrupted negative feedback
regulation of the HPT axis.

Collectively, these data demonstrate that DOX induces multisystem toxicity in zebrafish larvae, characterized by
oxidative stress, inflammatory dysregulation, and thyroid hormone imbalance. Oxidative stress likely acts as a primary
trigger, driving inflammation via TNF-o/IL-1f activation and impairing thyroid function through suppression of the HPT
axis. In vivo data from zebrafish larvae revealed that DOX exposure was associated with oxidative stress, selective pro-
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Figure 6 DOX induces structural and functional abnormalities in mitochondria. (a) The morphological features of mitochondria were observed under CLSM. Scale bar,
5 pum. (b) The mitochondrial membrane potential was detected by JC-| staining. Scale bar, 20 um. (c) The objective quantification of mitochondrial morphology in MTFE
cells. (d) Quantification of the mitochondrial polarization. Data were presented as mean * SD (n = 6; *¥*¥p < 0.000! vs normal group; Unpaired t-test).

inflammatory activation, and alterations in thyroid hormone levels, consistent with impaired regulation of the hypotha-
lamic—pituitary—thyroid axis.

Observation of Mitochondrial Morphology

The structural integrity and ultrastructural morphology of mitochondria are tightly linked to cell viability; morphological
abnormalities often signal functional impairment or even severe cellular damage.***’ To evaluate mitochondrial changes
in DOX-treated zebrafish larvae thyroid tissues, we used TEM, a high-resolution technique for visualizing subcellular
architecture. In the normal group with DOX treatment, healthy mitochondria showed typical features: a double-
membraned, vesicular or elongated structure with inner membranes invaginated into variably shaped cristae, whose
cross-sections appeared as linear profiles under TEM (Figure 7a). In contrast, unhealthy mitochondria displayed
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Figure 7 Evaluation of the cytotoxic effect of DOX was carried out using a zebrafish model. (a) Schematic diagram of the anatomical structure of the thyroid gland in zebrafish
larvae. (b—j) ELISA analysis of MDA (b), IL-1B (c), TNF-a (d), IL-6 (e), IL-10 (f), T4 (g), TSH (h), T3 (i) and TRH (j). Data were presented as mean + SD (n = 6; ns, no significant
difference vs normal group; *p < 0.05 vs normal group; **p < 0.01 vs normal group; **¥*p < 0.0001 vs normal group; **¥*¥p < 0.0001 vs normal group; Unpaired t-test).

pathological signs, including matrix swelling, expanded intercristal spaces, condensation, cristae disintegration or loss,
and eventual irreversible necrosis. Indeed, TEM analysis revealed DOX-induced mitochondrial damage characterized by
prominent alterations such as matrix enlargement, shortened and sparse cristae, and severe swelling, all of which signal
significant structural disorganization (Figure 8a).

To systematically quantify DOX-induced thyroid injury, we categorized mitochondrial morphological changes into five
grades based on ultrastructural criteria: Grade [: intact membrane, distinct cristae, and uniform electron density; Grade II:
disordered, indistinct cristae; Grade III: partial mitochondrial swelling; Grade I'V: matrix vacuolation with multiple electron-
lucent areas; Grade V: near-complete cristae loss, condensed morphology, and autophagic lysosome accumulation.’®>!
Quantitative analysis showed a marked reduction in the proportion of Grade I mitochondria in DOX-treated groups versus
controls. Meanwhile, Grades II and III increased significantly (Figure 8b). Overall, ultrastructural observations indicated that
DOX exposure was associated with mitochondrial swelling, cristae disintegration, and loss of integrity in thyroid follicular

cells, changes that may reflect activation of stress pathways such as ferroptosis or mitophagy.
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Figure 8 Observations of mitochondrial ultrastructure. (a) Representative TEM pictures of mitochondria. Scale bar (red), 500 nm; Scale bar (Orange), 100 nm. (b)
Ultrastructural comparative analysis. Data were presented as mean + SD (n=3 replicates per group; For each group, 20 cells were counted; **¥¥p < 0.0001 vs normal group;
two-factor ANOVA with + Tukey's multiple comparisons test).

Pathological Section Analysis

H&E and Masson's trichrome staining were used to further confirm the injurious effects of DOX on the thyroid gland of
zebrafish larvae (Figure 9). H&E staining results revealed that in the control group, the thyroid follicular epithelial cells
of zebrafish larvae exhibited a regular cuboidal or low columnar shape, arranged neatly and closely around the follicular
lumen. The nuclei were uniform in morphology, and the colloid within the lumen appeared as a homogeneous deep red
stain due to its strong eosinophilia. In contrast, the DOX-treated group exhibited significant abnormalities, the follicular
epithelial cells were disorganized, loosely arranged, overlapping, and even detached from the basement membrane. The
nuclei showed a significantly increased incidence of pyknosis, karyorrhexis, and karyolysis, indicating the activation of
apoptotic or necrotic processes. The cytoplasm contained numerous vacuoles of varying sizes, which were speculated to
be associated with mitochondrial damage and oxidative stress-induced lipid peroxidation and organelle disintegration.
Furthermore, the follicular lumina were dilated to varying degrees, with a reduction in colloid or the appearance of
vacuolation. The normally strongly eosinophilic red-stained colloid appeared heterogeneously pale or vacuolated, with
blurred boundaries, reflecting colloid protein denaturation, likely due to reduced secretion or oxidative degradation.

Masson trichrome staining results further revealed remodeling of the extracellular matrix. In normal thyroid tissue,
collagen fibers in the interstitium were minimal, distributed only perivascularly and within the interfollicular connective
tissue. In the DOX-treated group, however, interstitial collagen deposition was significantly increased, with expanded areas
of blue collagen fibers between follicles, indicating the activation of fibroblasts and initiation of a repair response involving
collagen secretion, demonstrating an early fibrotic tendency. Histopathological analysis with H&E and Masson's trichrome
staining showed disorganization of follicular epithelium, nuclear changes consistent with cell death, and increased
interstitial collagen deposition. These findings suggest early tissue remodeling in response to DOX exposure.

DOX remains a cornerstone chemotherapy for TNBC due to the lack of targeted therapies, yet its use is
increasingly associated with thyroid dysfunction-a significant but underexplored off-target effect. Our findings
demonstrate that DOX induces direct thyroid cell injury, characterized by oxidative stress and inflammatory
activation, mirroring the clinical vulnerability of TNBC patients to endocrine toxicity. This aligns with growing
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Figure 9 Representative H&E-stained and Masson trichrome-stained thyroid tissue sections. Scale bar, 30 pum. Black dashed lines represent thyroid tissue; Black arrows
indicate the thyroid follicles; The green arrows indicate the inflammatory cell infiltration; The red arrows indicate collagen deposition.

preclinical evidence underscoring DOX-induced thyroid damage. Specifically, Babalola et al (2025) identified
oxidative stress as a key mediator in DOX-provoked thyroid dysfunction, while ALHOWAIL (2023) reported
DOX-mediated hypothyroidism alongside cardiotoxicity, further confirming thyroid hormone dysregulation.
Additionally, Alotayk et al (2023) linked DOX to systemic inflammatory responses and hypothyroidism, support-
ing the notion that thyroid injury is part of DOX's broader toxicological profile.’*>* Collectively, these studies
establish a consistent phenotype of DOX-driven thyroid impairment, primarily mediated by oxidative and
inflammatory pathways. By modeling DOX-thyroid interactions in a TNBC context, our work not only reinforces
the clinical plausibility of this side effect but also emphasizes the need for proactive thyroid monitoring in this
high-risk patient population. These insights contribute to a mechanistic framework for understanding how
systemic chemotherapy propagates toxicity to endocrine organs and may inform future strategies to mitigate
DOX-related endocrine damage.

Conclusion

This study provides the first systematic evidence that DOX directly compromises thyroid integrity by inducing
oxidative stress, mitochondrial dysfunction, and subsequent impairment of hormone regulation, as demonstrated in
both primary thyroid follicular cells and zebrafish models (Figure 10). These findings identify the thyroid as
a previously overlooked target of DOX toxicity, thereby extending the recognized spectrum of anthracycline-
induced organ damage. Clinically, they underscore the importance of thyroid function monitoring in patients
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Figure 10 DOX induces thyroid injury primarily through mitochondrial damage.

receiving DOX-based chemotherapy and point to the need for developing protective strategies to mitigate
endocrine side effects. Nevertheless, certain limitations must be acknowledged. Our study primarily relies on
in vitro primary thyroid follicular cells and zebrafish models. While these models are effective for dissecting
direct DOX-thyroid interactions, they cannot fully recapitulate the complex physiological milieu of human
patients. Overall, this work establishes a novel paradigm for understanding DOX-induced endocrine toxicity

and advocates for proactive clinical management to safeguard thyroid health in oncology patients.
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