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movement tracks were extracted from video files and processed using
ImageJ software to obtain x-y coordinate data for each frame.

Coordinate data were exported in CSV format and analyzed to
calculate locomotor parameters. Pixel coordinates were converted to
millimeter units, and cumulative swim distance per minute was calcu-
lated from frame-by-frame displacement. Swim velocity was determined
by dividing total distance traveled by time over the recording period.
These parameters were used to quantify locomotor performance across
study groups.

2.10.6. Ataxia stereotype

Motor coordination was evaluated by quantifying bend frequency
during spontaneous locomotion. At 19 dpf, Individual larvae were
transferred to separate wells of a multi-well plate and allowed to accli-
mate for 15 min prior to recording. Larval movements were then
recorded using a video imaging system over a defined observation
period.

Video recordings were analyzed using behavioral tracking software
to quantify the number of body bends per minute. Bend frequency was
calculated from frame-by-frame analysis of larval movement and used as
a quantitative indicator of motor coordination.

2.10.7. Histology-kidney

Histopathological evaluation of zebrafish larvae kidney and liver
tissues was performed to assess disease progression and treatment-
associated tissue protection. At 19 days dpf, following completion of
the dosing regimen, larvae from each experimental group (n = 6) were
collected for histological analysis.

Larvae were euthanized using tricaine methane sulfonate (MS-222)
and immediately fixed to preserve tissue morphology. Whole larvae
were immersed in 5% neutral buffered formalin (NBF) for 4-8 h.
Following fixation, samples were dehydrated through a graded ethanol
series (70-100%) and embedded in paraffin. Paraffin-embedded tissues
were sectioned at 5-7 pm thickness using a microtome (Abron Scientific
Advanced Microtomy AB-91-07).

Tissue sections were stained using hematoxylin and eosin (H&E) and
Luxol Fast Blue (LFB). Histological sections were examined using light
microscopy at 20 x and 40 x magnification, and images were captured
using a Labomed digital imaging system.

Pathological changes were evaluated using a semi-quantitative
scoring system to assess the degree of tissue degeneration:

e Grade 0 (Normal): No visible signs of tissue degeneration

e Grade 1 (Mild degeneration): Slight cellular swelling, minor
vacuolization, or rare apoptotic cells

e Grade 2 (Moderate degeneration): Cellular disorganization,
increased vacuolization, partial loss of cellular integrity, and in-
flammatory infiltration

e Grade 3 (Severe degeneration): Extensive tissue damage, necrosis,
pronounced inflammatory response, and marked structural
disruption

e Grade 4 (Complete degeneration): Near-total loss of normal tissue
architecture with widespread necrosis or fibrosis

2.10.8. Histology-liver

Histopathological evaluation of zebrafish larval liver tissue was
performed to assess disease progression and treatment-associated tissue
protection across all experimental groups. At 19 dpf, following
completion of 14 doses of the test compounds, larvae from each study
group (n = 6) were collected for histological analysis.

Larvae were euthanized using tricaine methane sulfonate (MS-222)
and immediately fixed to preserve tissue morphology. Whole larvae
were immersed in 5% NBF for 4-8 h. Following fixation, tissues were
dehydrated through a graded ethanol series (70-100%) and embedded
in paraffin. For optimal visualization of hepatic structures, larvae were
positioned in a left lateral orientation prior to embedding.
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Paraffin-embedded samples were sectioned at 5-7 pm thickness
using a microtome (Abron Scientific Advanced Microtomy AB-91-07)
and stained with H&E and LFB. Tissue sections were examined using
light microscopy at 20 x and 40 x magnification, and images were
captured using a Labomed digital imaging system.

Histopathological scoring was performed to quantify the degree of
hepatic degeneration across treatment groups. Digital images were
analyzed using the QuPath software platform to identify and quantify
degenerative changes according to the predefined pathology scoring
criteria described above.

2.10.9. Copper in dry liver tissue

Hepatic copper levels were quantified using a colorimetric copper
assay kit (Sigma-Aldrich, MAK127) according to the manufacturer’s
instructions. Liver tissues were isolated from zebrafish larvae and pooled
(n = 6 larvae per pool; three pools per experimental group) in 0.9%
saline solution. Samples were homogenized and processed for copper
measurement.

Briefly, liver homogenates were mixed with assay reagents con-
taining a chromogenic probe that forms a colored complex with copper
ions. Following incubation at room temperature in the dark for 5 min,
absorbance was measured at 359 nm using a microplate reader. Copper
concentrations were calculated using a standard calibration curve
generated from kit-provided standards. The assay detection range was 7
pg/dL (1.0 uM) to 300 pg/dL (47 uM).

2.10.10. ALT (Alanine transaminase)

ALT activity was measured in pooled zebrafish liver samples to assess
hepatic injury. Liver tissues were dissected from anesthetized larvae
under a stereomicroscope, pooled, and immediately placed on ice.
Samples were homogenized in cold phosphate-buffered saline (PBS, pH
7.4) using a micro-homogenizer (n = 6 larvae per pool; three pools per
experimental group) and centrifuged at 10,000 x g for 10 min at 4 °C to
remove cellular debris. The resulting supernatant was collected for
enzymatic analysis.

ALT activity was quantified using the TRUEchemie ALT (SGPT) Test
Kit according to the manufacturer’s instructions. Tissue lysates were
incubated with the working reagent mixture (R1:R2, 4:1), and enzy-
matic activity was measured kinetically at 340 nm using a microplate
reader. ALT activity was calculated using the manufacturer-provided
calibration factor and expressed as units per liter (U/L) of tissue lysate.

2.10.11. AST (Aminotransferase)

AST activity was measured in pooled zebrafish liver samples to assess
hepatic injury. Liver tissues were isolated from larvae and pooled (n = 6
larvae per pool; three pools per experimental group) in 0.9% saline.
Samples were homogenized and processed for enzymatic analysis.

AST activity was quantified using a commercial assay kit (Sigma-
Aldrich, MAK467) according to the manufacturer’s instructions. The
assay is based on the enzymatic generation of oxaloacetate by AST,
coupled to NADH oxidation. Samples and standards were incubated with
the working reagent, and the decrease in NADH absorbance was moni-
tored kinetically at 340 nm. Enzyme activity was calculated from the
rate of NADH consumption and expressed as U/L of tissue lysate.

2.10.12. Total bilirubin

Total bilirubin levels were measured in pooled zebrafish liver sam-
ples to assess hepatic dysfunction. Liver tissues were isolated from larvae
and pooled (n = 6 larvae per pool; three pools per experimental group)
in 0.9% saline and homogenized for analysis.

Total bilirubin was quantified using a commercial bilirubin assay kit
(Sigma-Aldrich, MAK126) according to the manufacturer’s instructions.
The assay is based on the Jendrassik-Grof reaction, in which bilirubin
reacts with diazotized sulfanilic acid to form a colored complex.
Following incubation with the assay reagents, absorbance was measured
at 530 nm using a microplate reader. Bilirubin concentrations were
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Fig. 5. Telomir-Zn improves locomotor activity patterns in ATP7B"C271X zebrafish.
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Quantitative assessment of locomotor parameters in wild-type, ATP7B"C271X mutant, and Telomir-Zn-treated larvae. (A) Light/dark preference testing. (B)
Exploratory behavior profiles derived from swim tracking analysis. (C) Total swim distance. (D) Swim velocity. ATP7B"C271X mutants exhibited impaired movement
dynamics and altered exploratory behavior relative to wild-type controls. Telomir-Zn treatment improved locomotor performance and movement regularity in a
dose-dependent manner. Representative swim tracking heat maps illustrate spatial exploration patterns across groups. Data are presented as mean + SEM. Statistical

analyses were performed as described in Methods.

A. Ataxia Stereotype - No.of Bend

%k Xk k

%%k Kk

No.of Bends per min

WT Mutant Mutant
Telomir-Zn
1.5ng

Group size n=24

Mutant
Telomir-Zn
5ng

Ataxia Stereotype - Turn angle

k%K kK

%k k%

Turn angle

WT Mutant Mutant Mutant
Telomir-Zn Telomir-Zn
1.5ng Sng

Group size n=24

Fig. 6. Telomir-Zn improves ataxia-associated behavioral parameters in ATP7B"C271X zebrafish.

(A) Quantification of exploratory band crossings as a measure of locomotor range. (B) Analysis of turn angles reflecting movement coordination. ATP7B"C271X
mutants exhibited reduced exploratory activity and increased thigmotaxis relative to wild-type controls. Telomir-Zn treatment improved locomotor coordination and
exploratory range, with greater effects observed at 5 ng. Data are presented as mean + SEM. Statistical comparisons were performed as described in Methods.

Several limitations warrant consideration. In vitro experiments were

limited to acute exposure paradigms, which may not fully capture
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Copper in dry liver tissue
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Fig. 7. Telomir-Zn reduces copper levels in the liver of ATP7B"C271X zebrafish.

Quantification of liver copper levels. ATP7B"C271X mutants exhibited elevated tissue copper accumulation relative to wild-type controls. Telomir-Zn treatment
reduced hepatic and renal copper burden in a dose-dependent manner. Data are presented as mean + SEM. Statistical comparisons were performed as described

in Methods.
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Fig. 8. Telomir-Zn reduces markers of hepatic injury in ATP7B"C271X zebrafish.
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(A) Alanine aminotransferase (ALT). (B) Aspartate aminotransferase (AST). (C) Total bilirubin levels. ATP7B"C271X mutants exhibited elevated biochemical markers
of liver injury relative to wild-type controls. Telomir-Zn treatment reduced injury markers in a dose-dependent manner. Data are presented as mean + SEM. Sta-

tistical analyses were performed as described in Methods.

chronic redox remodeling. Direct measurements of mitochondrial
membrane potential, oxidative phosphorylation, and ATP7B trafficking
were not performed. Additionally, while the zebrafish model re-
capitulates key aspects of copper overload, differences in hepatobiliary
architecture and physiology limit extrapolation to mammalian systems.
Future studies incorporating mammalian models and mitochondrial
functional assays incorporating mitochondrial ROS measurements,
mitochondrial membrane potential assays, and ATP production analysis
will further define the mechanistic scope of intracellular copper modu-
lation and will further clarify how intracellular copper redistribution
influences mitochondrial redox homeostasis. To partially address an
issue of potential off-target or general antioxidant effects, we note that
Telomir-Zn was well tolerated in the ATP7B"C271X mutant background

across the tested dose range (1.5-5 ng), with no overt signs of toxicity,
changes in general morphology, or increased mortality compared with
untreated mutants. Nevertheless, a dedicated wild-type (WT) + Telomir-
Zn control group was not included in the present study, primarily due to
logistical constraints on animal usage and the focus of this proof-of-
concept investigation on phenotypic rescue in the disease model.
Future studies in wild-type zebrafish or mammalian models of copper
overload will incorporate the WT + Telomir-Zn arm to fully exclude
nonspecific effects and to further delineate disease-specific versus gen-
eral actions of the compound.

The quantitative rescue observed across behavioral, biochemical,
and histopathological endpoints demonstrates that redox-active copper
modulation translates into measurable functional recovery in vivo.






