Analysis of Reactive Oxygen
Species—Induced Cellular Damage in
Cervical Cancer

Hoi Ching Cherry Chan,' 2" Sachin Bhoora,?"'’ Esther Zhou,?
Sumari Marais,*"” and Rivak Punchoo'-?#>

'Department of Chemical Pathology, Faculty of Health Sciences, University of Pretoria,
Pretoria, Gauteng, South Africa

2Vitamin D Cancer Group, Division of Chemical Pathology, Department of Pathology,
Faculty of Health Sciences, University of Cape Town, Cape Town, South Africa

3Department of Physiology, Faculty of Health Sciences, University of Pretoria, Pretoria,
Gauteng, South Africa

“Division of Chemical Pathology, Department of Pathology, Faculty of Health Sciences,
University of Cape Town, Cape Town, South Africa

SCorresponding author: rivak.punchoo@uct.ac.za

Published in the Cell Biology section

Reactive oxygen species (ROS) are highly reactive oxygen-based
molecules comprising hydrogen peroxide, hydroxyl radicals, superoxide
anion, and singlet oxygen. These species are produced intracellularly and play
an important role in cellular signaling and metabolism. Their high reactivity
damages intracellular macromolecules such as lipids and DNA. In cancer
biology, ROS display a dual role: they promote cancer cell proliferation at low
to moderate levels, whereas excessive accumulation overwhelms antioxidant
defenses, causing oxidative stress and apoptosis. This has resulted in therapeu-
tic strategies that selectively increase ROS in cancer cells to induce apoptosis.
Vitamin D has demonstrated anti-cancer properties, with one proposed mech-
anism involving ROS-mediated apoptosis. This article outlines a workflow
to investigate ROS-induced cellular damage by vitamin D3 in HeLa cervical
cancer cells. The study begins with quantification of ROS levels and assess-
ment of mitochondrial membrane potential in HeLa cultures. Transmission
electron microscopy is used to examine mitochondrial ultrastructure. Lipid
peroxidation quantifies downstream ROS-mediated membrane and cellular
injury. Antioxidant enzyme activities, including superoxide dismutase and
catalase, measure cellular anti-oxidative defence capacity. Lastly, the role
of ROS inhibition of AKT signaling, leading to reduced cell survival and
apoptosis, is quantified by immunoblotting. © 2026 The Author(s). Current
Protocols published by Wiley Periodicals LLC.

Basic Protocol 1: Preparation of HeLa cell cultures and treatment with vitamin
Ds

Basic Protocol 2: Quantification of ROS-positive cells using the Muse Oxida-
tive Stress assay

Basic Protocol 3: Measurement of mitochondrial membrane potential using
the Muse MitoPotential assay

Basic Protocol 4: Ultrastructural evaluation of mitochondrial damage by trans-
mission electron microscopy

Basic Protocol 5: Evaluation of lipid damage using a human 8-iso
prostaglandin F2a ELISA
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Basic Protocol 6: Evaluation of total superoxide dismutase activity using an
activity assay kit

Basic Protocol 7: Evaluation of catalase activity using an activity assay kit
Basic Protocol 8: Immunoblot analysis of AKT to assess PI3K/AKT signaling
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INTRODUCTION

Cervical cancer is a major global health concern, requiring ongoing exploration of new
therapeutic approaches. Vitamin D derivatives have demonstrated anti-cancer properties,
particularly in stimulating apoptosis, an essential process for eliminating abnormal cells.
However, specific mechanisms, especially those related to the role of reactive oxygen
species (ROS), are not well-explored. ROS are a group of oxygen-containing molecules
including hydrogen peroxide, hydroxyl radicals, superoxide anion, and singlet oxygen
produced in mitochondria. In cancer biology, ROS have been implicated in various cel-
lular processes such as cancer development and progression. Low to moderate levels
promote tumorigenesis by enhancing survival and proliferation, while excessive ROS
accumulation can trigger apoptotic pathways. Understanding the impact of ROS on the
promotion of apoptosis will provide valuable insights into the underlying mechanisms
involved in cell survival and abnormal cell growth.

Current approaches to evaluate ROS-mediated apoptosis in cancer cells include biochem-
ical, imaging, and molecular techniques. Intracellular ROS are commonly quantified us-
ing fluorescent probes such as DCFH-DA that detect general oxidative activity. Apoptotic
cell populations are assessed with annexin V/propidium iodide staining, while down-
stream caspases are observed through immunoblotting analysis. Morphological changes
associated with apoptosis such as nuclear condensation and fragmentation are visual-
ized using hematoxylin and eosin staining. To further assess mitochondrial function,
lipid peroxidation markers such as malondialdehyde are quantified. Other strategies in-
tegrating ROS-inducing treatment include photodynamic therapy and ROS-responsive
nanomedicine. Despite these advances, existing methods often lack integration across
cellular compartments, limiting insight into the relationship between ROS, mitochon-
drial damage, antioxidant responses, and signaling pathways.

To address this gap, the protocols described here offer a comprehensive approach to eval-
uate ROS-mediated apoptosis by integrating flow-cytometry-based assays, ultrastructural
imaging, biochemical quantification, and immunoblotting. Muse Oxidative Stress and
MitoPotential assays provide rapid quantification of ROS-positive cells and of mitochon-
drial membrane integrity, respectively. Transmission electron microscopy (TEM) offers
high-resolution visualization of cellular and mitochondrial morphology. Lipid peroxida-
tion is assessed using a human 8-iso prostaglandin F2a ELISA, while antioxidant enzyme
activities such as superoxide dismutase (SOD) and catalase (CAT) are measured to evalu-
ate cellular defense responses. Immunoblot analysis of the PI3K/AKT signaling pathway
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links oxidative damage to intracellular signaling events, identifying whether the proteins
within the pathway are upregulated or downregulated. Together, the data obtained pro-
vide insights into ROS accumulation and mitochondrial integrity, ultrastructural evidence
of mitochondrial damage, biochemical indicators of lipid peroxidation and antioxidant
capacity, and protein-level insight into response signaling cascades.

The main advantages of this experimental design include detailed cellular insight of
the overall research question and support of assay reproducibility. Limitations include
the need for specialized equipment for flow cytometry and TEM, the need for careful
scheduling, and the need to optimize these multistep procedures before proceeding with
downstream experiments. Each protocol targets a specific aspect of oxidative stress, in-
cluding mitochondrial function, lipid damage, antioxidant response, and signaling path-
way activation. Individual protocols may be selected based on specific research questions
and available instrumentation.

Basic Protocol 1 includes the subculture of cell lines and treatment with various doses
of vitamin D, along with appropriate controls. This protocol provides an essential foun-
dation for all downstream assays and must be completed before subsequent analysis.
To assess induction of oxidative stress, Basic Protocol 2 quantifies ROS-positive cells
and Basic Protocol 3 evaluates mitochondrial membrane potential to detect signs of de-
polarization. For ultrastructural evaluation of mitochondrial damage, Basic Protocol 4
describes the preparation of cells for TEM, which offers high-resolution visualization
of cellular morphology. If the focus of analysis is oxidative damage to cellular mem-
branes, Basic Protocol 5 measures lipid peroxidation via a human 8-iso prostaglandin
F2a ELISA. To evaluate cellular antioxidant responses, Basic Protocol 6 quantifies en-
zymatic antioxidant defense against superoxide radicals by assessing total SOD activ-
ity, and Basic Protocol 7 complements this analysis by quantifying hydrogen peroxide
detoxification by assessing catalase activity. Basic Protocol 8 investigates downstream
signaling cascades by assessing AKT expression via immunoblotting.

NOTE: All solutions and equipment coming into contact with cells must be sterile, and
proper sterile technique should be used accordingly. HeLa cells should be handled in a
Type 2 Biological Safety Cabinet.

PREPARATION OF HeLa CELL CULTURES AND TREATMENT WITH
VITAMIN D3

This protocol outlines the preparation and treatment of HelLa cells with 25-
hydroxyvitamin D3 (25(OH)D3) and calcipotriol for all experiments conducted in this
study. The procedure begins with culturing cells under standard conditions (37°C, 5%
CO,) to 70% confluency. Cells are then harvested, counted, and seeded at densities suit-
able for downstream assays. Following overnight incubation, cells are treated with phys-
iological, intermediate, and supraphysiological concentrations of 25(OH)D3 and cal-
cipotriol along with medium, solvent, and actinomycin D positive controls for Muse
assays. Experiments including downstream analysis of oxidative stress, mitochondrial
integrity, and signaling pathway modulation are conducted after 72 hr of treatment.

Materials

HelLa cells (ATCC, cat. no. CCL-2)

Complete DMEM (see recipe)

1x PBS, pH 7.4 (see recipe)

.25% trypsin-EDTA (Sigma-Aldrich, cat. no. T4049)

4% Cytiva-LM-trypan blue (Separations, cat. no. SV30084.01)
10 uM 25(OH)Ds (see recipe)
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25 mM calcipotriol (see recipe)
Ethanol, ACS grade, 96%, without additive (Sigma-Aldrich, cat. no. 02870)
1 mg/ml actinomycin D (Sigma-Aldrich, cat. no. D8418) in DMSO

T25 tissue culture flasks with vent screw caps (Separations, cat. no. TPP-90025)

Humidified 37°C, 5% CO, incubator (water jacket type; Astec Bio, model
WCI-165)

Microscope (Zeiss Axiovert 5, Carl Zeiss Microscopy)

Counting chambers Neubauer improved, bright-lined (Separations, cat. no.
810_02_04)

6-well clear, flat-bottom, polystyrene tissue culture plates (Lasec, cat. no.
P1PLA044C-000006)

Culture and seed cells (day 1)
1. Grow HeLa cells in complete DMEM in a humidified, 37°C, 5% CO, incubator until
they reach 70% confluency.

The appropriate number of cells and flasks is based on the seeding density needed for the
desired application (see step 7) and the number of treatment conditions (see steps 8-9).
All assays should be performed in triplicate across three independent experiments.

2. Perform three gentle washes using prewarmed 1x PBS.
Ensure that PBS, medium, and trypsin are prewarmed to prevent cell shock.

3. After discarding the final wash, add sufficient prewarmed .25% trypsin-EDTA to
cover the surface of the cell layer. Incubate for 2 min at 37°C, 5% CO,.

Sufficient volumes are 500 ul for a T25 flask and 1 ml for a T75 flask.
4. Observe cell rounding under a microscope to confirm 80%-90% detachment.

Incomplete or excessive trypsinization may damage the cells. If <90% of cells have de-
tached, the incubation time should be extended, checking for dissociation every 30 s. If
>90% of cells have detached, the vessel should be briefly tilted to allow the cells to drain.

5. Gently pipette 2 ml prewarmed complete DMEM over the cell layer several times
and resuspend.

6. Stain cells with .4% trypan blue at a 1:1 dilution and count cells.

Alternatively, cells can be counted using the trypan blue exclusion assay, where a viable
percentage of cells can be counted.

7. Seed exponentially growing cells in 6-well plates at 30,000 cells/ml for all assay kits
or 100,000 cells/ml for TEM and immunoblotting. Incubate overnight at 37°C, 5%
CO,.

Treat cells (day 2)

8. Prepare treatment solutions using physiological, intermediate, and supraphysiolog-
ical concentrations of 25(OH)D3 or calcipotriol in complete DMEM as follows:

Use 25(OH)D; at 100 nM, 5 pM, and 10 upM
Use calcipotriol at 144 pM, 200 uM, and 250 uM

Physiological concentrations were established from the literature. Intermediate and
supraphysiological concentrations were determined from GI50 experiments.

Use only freshly prepared treatment and control solutions to ensure their chemical
stability.

9. Prepare control solutions as follows:
Medium-only control (DMEM)
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Solvent control containing 1% (v/v) ethanol in DMEM
Positive control for apoptosis containing .1 pg/ml actinomycin D in DMEM

The ethanol control corresponds to the highest ethanol concentration used under
supraphysiological treatment conditions.

10. Gently aspirate medium from seeded cells and replace with freshly prepared treat-
ment solutions.

To avoid disturbing the cell monolayer, tilt plates gently and aspirate the spent medium
from the bottom edge of each well.

11. Incubate cells for 72 hr in a humidified 37°C, 5% CO, incubator.

QUANTIFICATION OF ROS-POSITIVE CELLS USING THE MUSE
OXIDATIVE STRESS ASSAY

Vitamin D analogs are known to modulate redox balance. Measuring oxidative stress pro-
vides insight into whether ROS generation contributes to apoptosis. The Muse Oxidative
Stress kit allows for quantitative analysis of cell populations undergoing oxidative stress,
specifically through the detection of ROS. By quantifying ROS levels, oxidative stress—
induced apoptosis can be determined, which supports mechanistic links to mitochondrial
dysfunction.

Materials

Muse Oxidative Stress kit (Cytek Biosciences, cat. no. MCH100111)

.25% trypsin-EDTA (Sigma-Aldrich, cat. no. T4049)

15-ml Falcon tubes

1.5-ml microcentrifuge tubes (Separations, cat. no. VWRAS525-1528)

Humidified 37°C, 5% CO, incubator (water jacket type, Astec Bio, model
WCI-165)

Guava Muse Cell Analyzer (Luminex, cat. no. 0500-3115)

1. Dilute the Muse Oxidate Stress reagent 1:100 in 1x assay buffer to make an inter-
mediate solution. Dilute the intermediate solution 1:80 in assay to make the working
reagent solution.

The stock solution is stored at —20°C and should be thawed completely and mixed gen-
tly before dilution to avoid inconsistent concentration gradients. The intermediate and
working solutions are required. A freshly prepared working solution should be used to
prevent loss of reagent stability.

2. Transfer the spent medium containing detached apoptotic cells from each treated
culture plate to a 15-ml tube.

3. Wash the remaining adherent cells with 1 x PBS and detach by treating with trypsin-
EDTA.

4. Neutralize with 1 ml fresh medium and collect the detached cells in the same 15-ml
tube.

5. Centrifuge cells for 3 min at 300 x g and remove supernatant.
6. Resuspend cells in 1x assay buffer at a concentration of 1-10 x 10° cells/ml.

Muse cell count and trypan blue viability assays can be performed to accurately quan-
tify cell counts. Before proceeding, ensure that cell suspensions are homogenous, as cell
clumping compromises the accuracy of ROS detection.

7. Add 10 pl of each cell suspension to a microcentrifuge tube.
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8. Add 190 pl working reagent solution to each tube.
9. Mix gently or vortex at medium speed for 3-5 s.

Resuspend gently to avoid introducing bubbles, which interfere with flow cytometry. Avoid
over-vortexing, which damages cells and increases background ROS due to mechanical
stress.

10. Cap the tubes loosely and incubate 30 min in a humidified 37°C incubator to prevent
possible evaporation.

Do not exceed 30 min as prolonged incubation may lead to non-specific ROS
accumulation.

11. Read on the Muse cell analyzer to determine ROS™ and ROS™ cells.

Instrument performance was first verified using the Muse system check kit (MCH100101 ).
Samples were run after the check had passed. The assay was selected from the instru-
ment’s menu and samples were mixed by gently back-pipetting prior to loading. A solvent
control was first loaded to adjust thresholds, exclude cellular debris, and gate cell pop-
ulations using the live preview. Quadrant markers were applied consistently across all
samples with fine tuning of gates performed for individual samples. Data were analyzed
using ANOVA with post hoc Bonferroni testing. For further details, see Punchoo et al.
(2021).

QUANTIFICATION OF MITOCHONDRIAL MEMBRANE POTENTIAL
USING THE MUSE MITOPOTENTIAL ASSAY

Mitochondrial depolarization—the loss or reduction of mitochondrial membrane
potential—occurs in early apoptosis and is caused by oxidative stress. Thus, assess-
ing mitochondrial membrane potential shows whether vitamin D analogs compromise
mitochondrial integrity. This links ROS accumulation to downstream apoptotic signal-
ing and confirms mitochondrial involvement in cell death. The MitoPotential Dye de-
tects changes in mitochondrial membrane potential, with strong fluorescence indicating
healthy mitochondria and reduced fluorescence indicating depolarized mitochondria. The
kit also incorporates 7-AAD chromosome dye as a marker for cell death and membrane
integrity, leading to increased fluorescence for dead cells in the viability assay. From
these two assays, four groups of cells are identifiable:

Group LL: 7-AAD" (live cells) and MitoPotential~ (depolarized mitochondrial
membranes)

Group LR: 7-AAD™ (live cells) and MitoPotential* (intact mitochondrial
membranes)

Group UR: 7-AAD™ (dead cells) and MitoPotential~ (depolarized mitochondria
membranes)

Group UL: 7-AAD™ (dead cells) and MitoPotential " (intact mitochondrial
membranes)

Materials

Muse MitoPotential Kit (Cytek Biosciences, cat. no MCH100110)

.25% trypsin-EDTA (Sigma-Aldrich, cat. no. T4049)

15-ml Falcon tubes

1.5-ml microcentrifuge tubes (Separations, cat. no. VWRAS525-1528)

Humidified 37°C, 5% CO, incubator (water jacket type, Astec Bio, model
WCI-165)

Guava Muse Cell Analyzer (Luminex, cat. no. 0500-3115)

1. Dilute MitoPotential dye 1:1000 in 1x assay buffer to make the working solution.
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The stock solution is stored at —20°C and should be thawed completely and mixed gen-
tly before dilution to avoid inconsistent concentration gradients. The working solution
should be prepared fresh to prevent loss of reagent stability.

2. Transfer the spent medium containing detached apoptotic cells from each treated
culture plate to a 15-ml tube.

3. Wash the remaining adherent cells with 1x PBS and detach by treating with
trypsin-EDTA.

4. Neutralize with 1 ml fresh medium and collect the detached cells in the same 15-ml
tube.

5. Centrifuge cells for 3 min at 300 x g and remove supernatant.
6. Resuspend cells in 1x assay buffer at a concentration of 1-5 x 10° cells/ml.

Muse cell count and trypan blue viability assays can be performed to accurately quan-
tify cell counts. Before proceeding, ensure that cell suspensions are homogenous, as cell
clumping compromises the accuracy of detecting cell populations.

7. Add 100 pl of each cell suspension to a microcentrifuge tube.

8. Add 95 pl working dye solution to each tube. Mix gently or vortex at medium speed
for 3-5 s.

9. Incubate 20 min at 37°C.
10. Add 5 ul 7-AAD reagent to each tube. Mix gently or vortex for 3-5 s.

7-AAD is light sensitive and should be added just before acquisition. Ensure uniform
mixing to avoid staining artifacts.

11. Incubate samples at room temperature for 5 min.

12. Read on the Muse cell analyzer to determine membrane potential integrity (MitoPo-
tential dye) and cell viability (7-AAD).

ULTRASTRUCTURAL EVALUATION OF MITOCHONDRIAL DAMAGE BY
TRANSMISSION ELECTRON MICROSCOPY

The purpose of performing TEM is to investigate the structural integrity of mitochondria
caused by ROS-induced mitochondrial damage. Structural changes include membrane
rupture, distorted cristae, and mitochondrial swelling. TEM confirms the biochemical
findings from the oxidative stress and membrane potential assays. This protocol provides
an outline of steps but assumes prior experience with cell preparation and imaging for
electron microscopy. The workflow is outlined in Figure 1.

Materials

1x PBS (see recipe)

.25% trypsin-EDTA (Sigma-Aldrich, cat. no. T4049)

Complete DMEM (see recipe)

Palade’s fixative (see recipe)

99% fully denatured synthetic ethanol (Enterprise Solvents, cat. no. ES99SD/01)
Propylene oxide (Sigma-Aldrich, cat. no. 56671)

Embedding medium (see recipe)

UA-Zero EM Stain (Agar Scientific, cat. no. AGR1000)

HAZ lead citrate (Agar Scientific, cat. no. AGR1210-25)

Chemical fume hood
15-ml Falcon tubes
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@ Culture and treat @ Collect cells @ Fix cells @ Wash with

cells ethanol series

@ Embed sample @ Cut specimen @ Stain with heavy View under

metals

electron
microscope

Figure 1 Workflow for transmission electron microscopy. Steps include cell culture and treat-
ment, cell collection, fixation, dehydration by graded ethanol series, embedding, ultrathin section-
ing, staining with heavy metals, and imaging.

Microscope (Zeiss Axiovert 5, Carl Zeiss Microscopy)

1.5-ml microcentrifuge tubes (Separations, cat. no. VWRAS525-1528)
Embedding mold trays (Easy-Mold, ProSciTech, cat. no. EMS69930-05)
EcoTherm Digital Oven (Labotec, cat. no. 276-80L)

Ultramicrotome (Reichert-Jung Ultracut)

300-mesh agar grids, copper, 3.05 mm (Agar Scientific, cat. no. AGG2300C)
Electron microscope (e.g., JEOL JEM1400 FLASH)

Collect and fix cells
1. Transfer the spent medium containing detached apoptotic cells to a 15-ml tube.

2. Wash the remaining adherent cells with 1 x PBS and detach by treating with 500 pl
trypsin-EDTA.

Monitor detachment under a microscope.

3. Neutralize with 1 ml fresh medium and collect the detached cells in the same 15-ml
tube.

Centrifuge 3 min at 300 x g. Remove supernatant.
Resuspend cells in 1x PBS and transfer to a clean, prelabeled microcentrifuge tube.

Wash two more times to remove residual medium and serum proteins before fixation.

N vk

Remove supernatant from cells and cover cells with 3-10 drops of Palade’s fixative.
Incubate 1 hr at room temperature.

Incomplete coverage leads to uneven fixation. Covering the cells with 3-10 drops per tube
is sufficient.

CAUTION: Fixation and the subsequent dehydration steps should be performed in a
chemical fume hood.
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Dehydrate and embed cells
8. Dehydrate samples sequentially using a graded ethanol series:

50% for 15 min
70% for 15 min
90% for 15 min
100% ethanol twice for 30 min each

Perform all steps at room temperature. Using a series of ethanol concentrations
prevents osmotic shock and cell shrinkage.

9. Add a 1:1 mixture of propylene oxide and embedding medium to each sample and
incubate 90 min at room temperature.

CAUTION: Use propylene oxide in a fume hood as it is hazardous and volatile.

10. Infiltrate cells with embedding medium and transfer pellets to plastic capsule molds
using a pipette.

11. Incubate overnight at 65°C in a dry oven to polymerize the resin.
12. Trim excess embedding medium to expose the embedded cell pellet.
13. Cut ultrathin sections (50-100 nm) using an ultramicrotome.

14. Collect sections on 300-mesh agar grids.

Stain and view cells
15. Stain sections sequentially with:

UA-Zero EM stain for 1 hr
Lead citrate for 3 min

16. View specimens and capture images on a TEM. Analyze the images qualitatively
for ultrastructural changes indicative of ROS-induced damage, such as membrane
disruptions and aberrations in mitochondrial structures.

EVALUATION OF LIPID DAMAGE USING A HUMAN 8-ISO
PROSTAGLANDIN F2o ELISA

The human 8-iso-prostaglandin F2a (8-iso-PGF2a) assay employs a competitive in-
hibition enzyme immunoassay using a microtiter plate precoated with human 8-iso-
PGF2a protein. Standards and samples are added along with a biotin-conjugated anti-
body specific to 8-iso-PGF2a. Avidin conjugated to horseradish peroxidase (HRP) is
then introduced, followed by incubation and addition of TMB substrate for HRP. The
enzyme-substrate reaction is terminated with sulfuric acid and the resulting color change
is measured spectrophotometrically at 450 nm.

Materials

Human 8-iso prostaglandin F2a (8-iso-PGF2a) ELISA kit (ELK Biotechnology,
cat. no. ELK8402)

1x PBS (see recipe)

Mammalian Protein Extraction Reagent (M-PER, Thermo Fisher Scientific, cat.
no. 78501)

100x Halt Protease Inhibitor Cocktail, EDTA-free (Thermo Fisher Scientific, cat.
no. 87786)

1.5-ml microcentrifuge tubes (Separations, cat. no. VWRAS525-1528)
15-ml Falcon tubes
Cell scraper
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Humidified 37°C, 5% CO, incubator (water jacket type, Astec Bio, model
WCI-165)
ELx800 Universal Microplate Reader (Bio-Tek Instruments)

Prepare reagents and standards

1.
2.
3.

Prepare a 1:100 dilution of biotinylated conjugate in biotinylated diluent.
Prepare a 1:100 dilution of streptavidin-HRP in streptavidin-HRP diluent.

Prepare a two-fold serial dilution of lyophilized standard in standard diluent buffer
to obtain concentrations of 2000, 1000, 500, 250, 125, 62.5, and 31.25 pg/ml.

Extract sample protein

4,

10.
11.

Transfer the spent culture medium containing detached apoptotic cells to a 15-ml
tube.

Place the remaining adherent cells on ice and wash gently with cold 1x PBS.

Cold PBS is recommended to inhibit protease activity and preserve protein conformation.
To avoid dislodging cells, tilt the plate gently and aspirate slowly.

Centrifuge the spent culture medium (step 4) for 3 min at 300 x g and discard the
supernatant.

Add 500 pul M-PER and 5 pl of 100x Halt Protease Inhibitor cocktail to the cell
pellet. Resuspend by gentle pipetting.

Pipette the apoptotic cell suspension back to the original wells in the 6-well plate
containing adherent cells. Ensure even coverage of the cell layers and then incubate
on ice for 5 min.

Gently scrape cells and transfer to a pre-cooled 1.5-ml tube.
Centrifuge 20 min at 14,000 x g, 4°C.
Transfer lysate to a clean, pre-cooled 1.5-ml tube.

It is recommended to aliquot lysates in small volumes (e.g., 50-100 ul) to avoid freeze-
thaw cycles. Ensure that the tubes are kept on ice throughout to minimize protein degra-
dation. Label tubes with sample name and date before storing at —80°C (up to 3 months).

Perform assay

12.

13.

14.
15.
16.

17.
18.

19.

Add 50 pl of each standard, control, and experimental sample to duplicate wells of
the precoated assay plate.

Add 50 pl of 1x biotinylated working solution to each well and incubate 60 min at
37°C.

Discard liquid and wash wells three times with 200 pl of 1x wash buffer.
Dry the plate by blotting on absorbent paper towels.

Add 100 pl of 1x streptavidin-HRP working solution to each well and incubate
60 min at 37°C.

Discard liquid and wash wells five times with 200 ul of 1x wash buffer.

Add 90 ul TMB substrate solution to each well and incubate in the dark for 20 min
at 37°C.

Add 50 pl stop reagent to each well and shake the plate for 1 min on a plate shaker.
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Analyze results

20.
21.
22.

23.

Measure optical density (OD) of each well using a microplate reader at 450 nm.
Calculate the mean of duplicate readings for each standard, control, and sample.

Plot a standard curve of absorbance versus 8-iso-PGF2a concentration and perform
regression analysis to draw the best-fit straight line.

Determine the 8-iso-PGF2a concentration for the mean of each sample and control.

EVALUATION OF TOTAL SUPEROXIDE DISMUTASE ACTIVITY USING AN
ACTIVITY ASSAY KIT

Superoxide anion radicals (O;7) are produced in the presence of xanthine and xanthine
oxidase, resulting in nitrite formation. SOD, a key antioxidant enzyme, catalyzes the dis-
mutation of superoxide radicals into hydrogen peroxide and oxygen. Thus, quantifying
total SOD activity provides insight into the cell’s ability to counteract oxidative stress.
The hydroxylamine-based method measures SOD activity by evaluating its ability to
inhibit nitrite formation. In the context of vitamin D—induced apoptosis in HeLa cells, this
assay helps determine whether treatment alters the cellular antioxidant defense system.

Materials

Total SOD Activity Assay kit (hydroxylamine method, Elabscience, cat. no.
E-BC-K019-M)

1x PBS (see recipe)

96-well plates, clear, flat-bottom, polystyrene (Lasec, cat. no.
P1PLA044C-000096ST)

1.5-ml microcentrifuge tubes (Separations, cat. no. VWRAS525-1528)

Humidified 37°C, 5% CO, incubator (water jacket type, Astec Bio, model
WCI-165)

ELx800 Universal Microplate Reader (Bio-Tek Instruments)

Prepare assay reagents

1.
2.

Dilute the stock buffer solution (reagent 1) in double-distilled water at a ratio of 1:9.

Dilute the stock enzyme solution (reagent 4) in enzyme diluent (reagent 5) at a ratio
of 1:19.

Prepare the enzyme working solution by combining the following in a 1:1:1 ratio:

Nitrosogenic agent (reagent 2)
Substrate solution (reagent 3)
Diluted enzyme solution (step 2)

Prepare the non-enzyme working solution by combining the following in a
1:1:1 ratio:

Nitrosogenic agent (reagent 2)
Substrate solution (reagent 3)
Enzyme diluent (reagent 5)

Prepare chromogenic agent A (reagent 6) by resuspending the powder in deion-
ized water to give a final volume of 9 ml. Do the same with chromogenic agent B
(reagent 7).

Prepare the final chromogenic solution by combining agents A, B, and C
(reagent 8) in a 3:3:2 ratio.
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Perform assay

7.

10.
11.
12.
13.
14.
15.
16.
17.
18.

Extract protein from samples and controls as described (see Basic Protocol 5, steps
4-11).

For experimental replicates, we used three passages of cells for each sample and two
wells for each control.

Add 5 ul sample to each sample well of a 96-well plate. Add 5 ul PBS to each control
and blank well.

Add 90 pl diluted assay buffer (step 1) to all blank, control, and sample wells.
Add 30 pl enzyme working solution to control and sample wells.
Add 30 pl non-enzyme working solution to the blank well.
Shake the plate on a microplate shaker for 10 s.
Cover with a plate sealer and incubate 50 min at 37°C.
Add 180 pl chromogenic solution to all wells.
Shake the plate on the microplate shaker for 10 s.
Incubate 10 min at room temperature.
Measure the ODssg using a microplate reader.
Calculate SOD levels as follows:
Total SOD activity (U/mg protein) = [ = 50% x % x f+c
where V is the total reaction volume, V; is the total sample volume, f'is the sample

dilution factor, c is the protein concentration (mg/ml), and / is the inhibition ratio:

g e . (Ac _As)
Inhibition ratio (I) = ——— x 100%
(Ac - Ab)
where Ag, Ac, and Ay are mean ODssg values for samples, controls, and blanks,

respectively.

EVALUATION OF CATALASE ACTIVITY USING AN ACTIVITY ASSAY KIT

Ammonium molybdate prevents the catalytic breakdown of H,O, by catalase. The re-
maining H,O, forms a yellowish compound when it interacts with ammonium molyb-
date. Catalase activity can thus be determined by measuring the production of this yellow-
ish compound at 405 nm. This assay provides insights into the cell’s antioxidant defense
against H>O,.

Materials

Catalase (CAT) Activity Assay kit (Elabscience, cat. no. E-BC-K031-M-96T)

Double-distilled water

1.5 ml microcentrifuge tubes (Separations, cat. no. VWRAS525-1528)

Humidified 37°C, 5% CO, incubator (water jacket type, Astec Bio, model
WCI-165)

ELx800 Universal Microplate Reader (Bio-Tek Instruments)

Prepare assay reagents

1.

2.

Prepare buffer solution and substrate (reagents 1 and 2) by incubating for 37°C for
10 min before use.

Prepare the chromogenic agent (reagent 3) by dissolving a vial of powder in 24 ml
double-distilled water.

Current Protocols

859017 SUOWIWOD dAERID 3jqedijdde auyy Aq peusenoB ae saoie YO ‘88N JO S3INJ 10} Afeiq18U1UO A3 UO (SUONIPUOD-PUB-SLUIBIW0D' A 1M Akeq1putjuo//sdiy) SUORIPUOD pue SWLS | 81 39S *[9202/90/TT] Uo AIgiauliuO AS|IM ‘[10UN0D UoIessay OIS UBILIY UINoS Aq 8280, T2d9/200T 0T/10p/wod" A3 | 1M Afeiq U1 |UO'S 000101d)UB.INY// SUNY WO14 papeoumMod '€ ‘9202 ‘66211692



Prepare the clarificant (reagent 4) by thawing and warming to 37°C in a water bath.

Prepare a 1 M H,O; standard by diluting 5 parts of 9.6 M standard (reagent 5) in
43 parts double-distilled water.

Dilute the 1 M standard in double-distilled water at concentrations of 0, 10, 20, 30,
40, 50, 60, and 100 mM.

Perform assay for standard curve

6.
7.

8.
9.
10.

Add 20 pl of each H,O, standard dilution to 1.5-ml microcentrifuge tube.

Add the following to each tube:

200 pl buffer solution

20 pl double-distilled water
200 pl chromogenic agent
20 pl clarificant

Incubate for 10 min at room temperature.
Transfer 200 pl of each solution to duplicate wells in the microplate.

Measure OD at 405 nm using a microplate reader.

Perform assay for controls and samples

11.

12.
13.

14.
15.
16.
17.

18.
19.
20.

Extract protein from samples and controls as described (see Basic Protocol 5, steps
4-11).

Add 200 pl buffer solution to each control and sample tube.
Add 20 pl sample to each sample tube.
Nothing is added to the control tubes at this point.
Incubate 5 min at 37°C.
Add 20 pl substrate to each control and sample tube and mix well.
Incubate for exactly 1 min at 37°C.

Add 200 pl chromogenic agent and 20 pl clarificant to all control and sample tubes.
Add 20 pl sample to the control tubes.

Incubate 10 min at room temperature.
Transfer 200 pl of each solution to the microplate.

Measure OD at 405 nm using a microplate reader.

Analyze results

21.

22.

Calculate the mean absorbance at each concentration. Prepare a standard curve and
determine the slope by linear regression analysis.

Calculate catalase activity using the formula:

Ac — Aq .02
X
a 1 xV

CAT activity (U/mg protein) = x f+c

where Ag and A, are mean OD values for samples and controls, a is the slope of
standard curve, .02 is the volume of standard (ml), 1 is the reaction time (min), V is

the sample volume (in ml), fis the sample dilution, and c is the protein concentration
of the sample (mg/ml).
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Figure 2 Workflow for immunoblotting. Steps include cell culture and treatment, protein extrac-
tion, SDS-PAGE separation, electrotransfer to membrane, antibody probing, and chemilumines-
cent imaging.

IMMUNOBLOT ANALYSIS OF AKT TO ASSESS PI3K/AKT SIGNALING

This protocol investigates the influence of vitamin D and ROS on a key cellular signaling
pathway in cervical cancer cells by quantifying AKT levels in the PI3K/AKT pathway.
This helps determine regulatory roles of vitamin D and ROS within these critical cellular
pathways, providing insights into their impact on cervical cancer biology. The workflow
is illustrated in Figure 2.

Materials

1x PBS (see recipe)

Mammalian Protein Extraction Reagent (M-PER, Thermo Fisher Scientific, cat.
no. 78501)

100 x Halt Protease Inhibitor Cocktail, EDTA-free (Thermo Fisher Scientific, cat.
no. 87786)

BCA protein assay kit (Pierce, Thermo Fisher Scientific, cat. no. 23227)

NuPage 4%-12% Bis-Tris gel, 1.0 mm, 12 well (Thermo Fisher Scientific, cat. no.
NP0322B0OX)

NuPage 4 x LDS sample buffer (Thermo Fisher Scientific, cat. no. NPO0OS8)

Running buffer (see recipe)

SDS-PAGE standard (dual stain, Lasec, cat. no. BBRD1610374)

Methanol, >99.8%, ACS reagent (Sigma-Aldrich, cat. no. 179337)

Transfer buffer (see recipe)

Ponceau S stain (Thermo Fisher Scientific, cat. no. A40000279)

Blocking buffer (see recipe)

PBS-Tween: 1x PBS with .2% (v/v) Tween 20 (Sigma-Aldrich, cat no. P1379)

AKT polyclonal antibody (Proteintech, cat. no. PTE 10176-2-AP)

HRP-conjugated goat anti-rabbit [gG(H+L) antibody (Proteintech, cat. no. PTE
SA00001-2)

Pierce ECL western blotting substrate (Thermo Fisher Scientific, cat. no. 32209)

HRP-conjugated mouse anti-p-actin antibody (Sigma-Aldrich, cat. no. A3854)

Mild stripping buffer (see recipe)
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Cell scraper (Sigma-Aldrich, cat. no. CLS353085)

1.5-ml microcentrifuge tubes (Separations, cat. no. VWRAS525-1528)

96-well tissue culture plates, clear, flat-bottom, polystyrene (Lasec, cat. no.
P1PLA044C-000096ST)

Powerpac 200 Electrophoresis power supply (Bio-Rad, cat. no. 165-5052,
165-5053)

ELx800 Universal Microplate Reader (Bio-Tek Instruments)

94°C heating block (Laboratory Equipment Supplies, cat. no. ABH1)

Invitrogen XCell SureLock Mini-Cell (Thermo Fisher Scientific, cat. no. EI0001)

Scienceware polypropylene tray, 30 cm x 20 cm (Sigma-Aldrich, cat. no.
Z177814)

Transfer apparatus (Mini-PROTEAN Vertical Electrophoresis Cell, 4-gel, with
Mini Trans-Blot Module, Bio-Rad, cat. no. 1658030)

Filter paper blot, 33 cm x 3 m (Bio-Rad, cat. no. BBRD1620118)

Immunoblot PVDF membrane (Bio-Rad, cat. no. BBRD1620177)

Gel/blot roller (Bio-Rad, cat. no. BBRD1651279)

Forceps blunt 150 mm (Bio-Rad, cat. no. HRRE10160)

50-ml Falcon tubes (Separations, cat. no. VWRA525-1548)

Tube roller (SKS Science, cat. no. R3005)

ChemiDoc imaging platform (Bio-Rad)

Image Lab 6.1 software (Bio-Rad)

Extract and quantify protein

1.

6.

Extract protein from samples and controls as described (see Basic Protocol 5, steps
4-11).

Prepare BCA working reagent by mixing 50 parts reagent A with 1 part reagent B.

Calculate the total volume of working reagent needed as:
(# standards + samples) x (# replicates) x (200 ul reagent per sample)
Always prepare fresh working reagent.

Pipette 25 ul of each sample into a 96-well plate.

Add 200 pl working reagent to each well and mix thoroughly on a plate shaker
(medium speed for 30 s).

Incubate 30 min at 37°C.
Ensure that the plate is covered to prevent evaporation.

Measure absorbance at 562 nm on a plate reader and calculate protein concentration.

Denature protein

7.

0.

Standardize all lysates to the lowest protein concentration in each passage by diluting
as needed with M-PER buffer, bringing each lysate to a volume of 30 pl.

Add 6.3 pul of 4x LDS sample buffer and .626 ul of 2-mercaptoethanol to 30 ul
protein lysate.

Lithium dodecyl sulfate (LDS) is an anionic detergent that denatures tertiary and qua-
ternary protein structures and imparts a negative charge. To minimize contamina-
tion, prepare aliquots and store at 4°C. 2-Mercaptoethanol is a reducing agent that
cleaves disulfide bonds, ensuring complete disruption of protein conformation during
denaturation.

Denature samples for 7 min at 94°C.

Load and run gel

10.

Gently remove the combs from the wells of a pre-cast polyacrylamide gel.
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Figure 3 Representative gel images showing (A) the initial stage of electrophoresis as the dye
front begins to migrate and (B) the completion of the run with the dye front reaching the bottom of
the gel.

Be careful to avoid damage to the wells, which can lead to uneven band migration. Inspect
wells for air bubbles and gently pipette deionized water into the wells to ensure uniform
loading.

11. Insert the gel into the lower buffer chamber of the XCell SureLock Mini-Cell elec-
trophoresis apparatus. Fill the buffer core with running buffer until the wells are fully
submerged.

Ensure that the bottom tape sealing the gel cassette is removed. Check for leakage at the
bottom of the apparatus before proceeding. When fully assembled, the gel tension lever
should be locked. It is recommended to pour 600 ml running buffer into the lower buffer
chamber as this helps dissipate heat during the run.

12. Load 3 pl molecular weight ladder and 30 pl denatured protein sample into the re-
spective wells.

Pipette samples slowly to the bottom of the well to avoid introducing air bubbles.
13. Align the lid on the buffer core and run the gel at a constant voltage of 90 V for 1 hr.

Monitor migration of the tracking dye. This should approach ~1 cm from the bottom of
the gel upon completion (Fig. 3).

14. Approximately 20 min before completion, immerse blotting paper in methanol.

This ensures efficient protein transfer. Insufficient methanol soaking impairs protein bind-
ing efficiency, while prolonged soaking weakens blot membrane integrity.

Transfer protein
15. Fill a clean tray with transfer buffer and thoroughly soak sponges and filter paper.

16. Using a cassette opening lever, carefully open the gel cassette to separate the gel
from the cassette.

Begin by opening the cassette gently at the four corners. Once loosened, proceed to sep-
arate the lateral edges. Submerge the gel in transfer buffer to prevent the gel from drying.
Trim the gel edges to facilitate detachment.

17. Assemble the sandwich cassette as shown in Figure 4. Use a roller to remove air
bubbles between the gel and blot membrane.
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Figure 4 Assembly and orientation of the protein transfer cassette. Thoroughly soaked sponges
are placed on both the cathode and anode sides of the cassette. Three pre-soaked filter papers
are placed inside each sponge. The blotting membrane (anode facing side) is placed above the
gel (cathode facing side). The sandwich cassette is aligned in the transfer apparatus according to
electrode polarity (cathode to cathode, anode to anode).

Figure5 Ponceau S staining of a protein gel. (A) Stain was added directly onto the blot membrane
and allowed to develop for 1 min. (B) Staining was reversed by rinsing with deionized water.

18. Place the ice pack inside the Mini-PROTEAN transfer apparatus and gently fill the
apparatus with transfer buffer up to the four-gel marker line. Ensure complete sub-
mersion of the sandwich cassette.

19. Initiate protein transfer at a constant voltage of 110 V for 1.5 hr.

To prevent the apparatus from overheating, place the apparatus in a walk-in refrigerator
and surround with ice packs. Elevated temperatures during transfer compromise mem-
brane integrity and reduce transfer efficiency.

20. Upon completion, disassemble the sandwich cassette gently.

21. Optional: Using blunt forceps, transfer the blotting membrane from the cassette to
a tray. Apply a few drops of Ponceau S stain directly onto the membrane to validate
protein transfer (Fig. 5).

Ponceau S staining is reversible and does not interfere with downstream
immunodetection.

Label with antibody
22. Place the blot in a clean 50-ml Falcon tube with the protein side facing inside.

23. Add 5 ml blocking buffer and incubate 1 hr at room temperature on a tube roller.

24. Wash with 5 ml PBS-Tween 10 min at room temperature on the roller.
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25. Incubate overnight at 4°C with the manufacturer’s recommended dilution of primary
antibody (e.g., anti-AKT at 1:2000) at room temperature.

26. Wash three times with 5 ml PBS-Tween for 10 min each at room temperature on the
roller.

Insufficient washing may lead to high background; excessive washing reduces signal.

27. Incubate with secondary antibody solution (e.g., HRP-conjugated goat anti-rabbit
IgG at 1:5000) for 1 hr at room temperature.

28. Wash three times with 5 ml PBS-Tween for 10 min each at room temperature.

Perform chemiluminescent staining and view results
29. Prepare the ECL chemiluminescent substrate by mixing 500 ul detection reagent 1
(peroxide solution) with 500 ul detection reagent 2 (luminol enhancer solution).

30. Using clean tweezers, gently remove the blot from the tube and place protein-side
up on an imaging platform.

31. Add 1:1 chemiluminescent substrate onto the blot.

Ensure that no bubbles are present. Use a clean roller to gently spread the solution across
the blot membrane for full and even coverage.

32. Select the following in the Image Lab software:

Multichannel acquisition mode
Chemi sensitivity or Chemi resolution in Channel 1
Colorimetric mode in Channel 1

Channel order does not affect signal quality; both chemiluminescent and colorimet-
ric signals will be acquired simultaneously. Use autoexposure as a starting point,
but manually adjust exposure time for weak signals. Monitor saturation levels care-
fully, as overexposure can distort bands.

Stain for loading control
33. Add B-actin staining solution (1:5000) to the blot and incubate for 1 hr at room.

34. Wash one time with 5 ml PBS-Tween.
35. View blot as in step 32.

If no stripping and restaining with another protein is required, the blot can be stored in
PBS-Tween at 4°C. Ensure that the membrane is fully immersed to prevent drying.

Proceed with stripping if staining with another protein is required.

Strip and restain
36. Incubate blot with 5 ml mild stripping buffer for 5-10 min at room temperature on
the roller.

37. Discard the buffer and repeat with fresh 5 ml stripping buffer for another 5-10 min.
38. Wash twice with 1x PBS for 10 min each at room temperature on the roller.

39. Wash twice with 5 ml PBS-Tween.

40. After stripping, assess whether the blot can be used for further staining.

Repeated stripping, specifically after two or three cycles, can compromise membrane in-
tegrity and reduce epitope availability, leading to weaker signals. A fresh blot is required
to maintain data quality and reproducibility.

41. Perform staining beginning with step 22.
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REAGENTS AND SOLUTIONS
Blocking buffer

5 ml PBS (see recipe)

.125 g bovine serum albumin (2.15% [w/v] final; Sigma-Aldrich, cat. no. A4737)
2% (v/v) Tween 20 (Sigma-Aldrich, cat. no. P6585)

Store up to 1 week at 4°C

Complete DMEM

500 ml Dulbecco’s modified Eagle medium (DMEM) without sodium pyruvate
(Thermo Fisher Scientific, cat. no. 41965039)

5 ml penicillin-streptomycin (1% v/v final; Sigma-Aldrich, cat. no. P4333)

5 ml L-glutamine (1% v/v final; Sigma-Aldrich, cat. no. 49419)

50 ml fetal bovine serum, gamma irradiated (10% v/v final; Capricorn Scientific,
cat. no. FBS-GI-12A)

1 ml Normocin (Davies Diagnostics, cat. no. INV-RESH-ANT-NR-1)

Store up to 1 month at 4°C in a sterile environment

Calcipotriol stock solution, 25 mM

10 mg calcipotriol hydrate, >98% (Sigma-Aldrich, cat. no. C4369)
1 ml ethanol (96%, ACS grade, without additive, Sigma-Aldrich, cat. no. 02870)
Store up to 1 year at —80°C

Embedding medium

2.617 g EmBed812 (Fisher Scientific, cat. no. 50980446)

1.767 g methyl nadic anhydride (Fisher Scientific, cat. no. ICN216015)

683 mg dodecenylsuccinic anhydride (Fisher Scientific, cat. no. D097725G)
50 mg styrene (Fisher Scientific, cat. no. 5029149)

Store in a 10-ml syringe for up to 1 month at 4°C

25(0H)D; stock solution, 10 uM

1 mg 25-hydroxyvitamin D3 monohydrate (Sigma-Aldrich, cat. no. 17938)
2281.28 pl ethanol (96%, ACS grade, without additive, Sigma-Aldrich, cat. no.
02870)

Store up to 1 year at —-80°C
Mild stripping buffer

15 g glycine sodium salt hydrate, 98% (155 mM final; Sigma-Aldrich, cat. no.
219517)

1 g SDS (3.5 mM final; Sigma-Aldrich, cat. no. L6026)

10 ml Tween 20 (2% [v/v] final; Sigma-Aldrich, cat. no. P6585)

800 ml deionized water

Adjust pH to 2.2 with HCI (Industrial Analytical, cat. no. 7647-01-0)

Bring to 1 liter with deionized water

Store up to 1 month at 4°C

Palade’s fixative

Solution A:

14.7 g barbital sodium (143 mM final; Sigma-Aldrich, cat. no. 32002)

9.7 g sodium acetate (237 mM final; Sigma-Aldrich, cat. no. S8750)

500 ml distilled water

Solution B

2% (w/v) osmium tetroxide (Sigma-Aldrich, cat. no. 208868) in distilled water
Solution C

1.96 ml HCI (9.8 mm final; Industrial Analytical, cat. No. 7647-01-0)
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200 ml distilled water

Store solutions A-C up to 6 months at 4°C

Working solution:
2 parts solution A
5 parts solution B
2 parts solution C
1 part distilled water

Phosphate-buffered saline (PBS)

80 g sodium chloride, ACS 99% (1.37 M final; Alfa Aesar, cat.no. A424295000)
2 g potassium chloride, ACS 99%-100.5% (26.8 mM final; Alfa Aesar, cat.no.

AA011595-011)

10.5 g sodium dihydrogen phosphate, 96% (26.8 mM final; Alfa Aesar, cat. no.

AA040145-011)

2.5 g potassium dihydrogen phosphate, 99% ACS (18.4 mM final; Alfa Aesar, cat.

no. AA011594-011)
800 ml distilled water

Adjust to pH 7.4 with NaOH pellets (Alfa Aesar, cat. no. 119180110)

Bring to 1 liter with distilled water

Autoclave and store up to 3-6 months at 4°C

Running buffer

50 ml 20x XT MOPS running buffer (Lasec, cat. no. BBRD1610788)

950 ml deionized water
Store up to 1 month at 4°C

Transfer buffer

100 ml 10x Tris/glycine buffer (Lasec, cat. no. BBRD1610734)
200 ml methanol, >99.8%, ACS reagent (Sigma-Aldrich, cat. no. 179337)

700 ml nanopure water
Store up to 1 month at 4°C

COMMENTARY

Critical Parameters

Robust evaluation of ROS-mediated apop-
tosis in cancer cells requires careful attention
to experimental variables across each protocol
to ensure reproducibility of results.

Cell culture and treatment

Vitamin D preparation: Aliquots of the
stock solution should be prepared and covered
with foil to prevent degradation. Working so-
lutions must be freshly prepared.

Seeding and treatment timing: Cells must
be treated during the lag phase of growth. Du-
ration of exposure significantly affects ROS
accumulation.

Cell line passaging: It is recommended to
keep passage numbers low (not exceeding 20
passages).

Quantification of oxidative stress and

mitochondrial membrane potential
Instrument calibration: The Guava Muse

Cell Analyzer requires regular calibration. A

system control check is required prior to each
run.

Dye stability and timing: The Muse dyes
for both assays are sensitive to light and tim-
ing. Dyes must be freshly prepared prior to
each use. Repeated freeze-thaw cycles and
prolonged exposure to light must also be
avoided.

Ultrastructural evaluation of mitochondrial
damage by TEM

Fixation quality: Immediate fixation is im-
portant after collecting the cells. Delays in
fixation increase artifact formation, such as
cell shrinkage, cellular degradation, and mito-
chondrial swelling.

Evaluation of lipid damage using the
8-iso-PGF2a ELISA

Sample storage: Lipid peroxidation mark-
ers degrade rapidly. Freshly extracted protein
lysates must be aliquoted and stored at —80°C
to avoid freeze-thaw cycles.
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Evaluation of T-SOD and catalase activity

Timing: These assays are time sensitive.
The incubation and measurement times fol-
lowing addition of chromogenic agent must be
accurate.

Immunoblot analysis of AKT

Protein loading: Protein concentrations
must be quantified and normalized before gel
loading to ensure equal samples across all
lanes. Housekeeping proteins such as B-actin
should be included to confirm consistent pro-
tein loading.

Running and transfer conditions: Inade-
quate or excessive running/transfer duration
can lead to band distortion, smearing, or in-
complete protein migration. The voltage and
time must be carefully optimized based on
the gel percentage and specific apparatus
used.

Antibody specificity: Antibodies should be
validated for target isoforms and phosphoryla-
tion states.

Preparation of running and transfer buffers:
Buffers should be freshly prepared after a few
uses. Repeated usage leads to pH changes and
chemical degradation. A visible color change
indicates altered buffer composition, which
can compromise protein running and transfer
efficiency.

Troubleshooting

Various problems can be encountered
throughout the process of immunoblotting.
Potential problems, along with possible causes
and solutions, are outlined in Table 1 for pro-
tein preparation, Table 2 for electrophoresis
and protein transfer, and Table 3 for staining
and imaging. For corresponding illustrations,
see Figure 6.

Statistical Analysis

Every experiment included experimental
(treated) and control cultures and was con-
ducted in a carefully controlled environment
to ensure minimal biological variation. Each

Table 1 Troubleshooting Guide for Protein Extraction, Quantification, and Denaturation

Problem Possible cause

Solution

Extraction

Cells dislodge during PBS
washes

Uneven lysis

Protein degradation

Quantification

Insufficient reagent
prepared

Inconsistent color
development

Evaporation during
incubation

Denaturation
Degraded LDS

Incomplete reduction of
disulfide bonds

Unexpected bands due to
incomplete denaturation

Excessive force during
aspiration or rapid pipetting

Reagent coverage is
insufficient or uneven

Protein lysates were left at
room temperature for
extended time and/or
repeated freeze-thaw cycles

Pipetting inaccuracy

Uneven reagent distribution

Plate left uncovered

Repeated freeze-thaw cycles
or poor storage

Insufficient
2-mercaptoethanol added

Underheating or inaccurate
temperature

Tilt plate gently and aspirate slowly

Ensure that M-PER/protease
inhibitor solution covers the cell
monolayer after placing on ice

Aliquot lysates (50-100 ul) quickly
and store at —80°C. Avoid
freeze-thaw cycles.

Prepare working reagent with an
extra sample using the formula:
(#standards + unknowns) x (#
replicates) x (volume of working
reagent per sample)

Mix thoroughly on plate shaker for
30s

Cover plate before incubating at
37°C

Prepare fresh aliquots and store at
4°C

Confirm .63 pl after aspirating. Mix
gently with samples.

Heat at 94°C for 7 min

Chan et al.
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Table 2 Troubleshooting Guide for Electrophoresis and Protein Transfer

Problem

Possible cause

Solution

Electrophoresis
Damaged wells or air
bubbles

Running buffer leakage or
apparatus overheating

Air bubbles or lost sample

Under or over migration of
sample in the gel

Protein Transfer

Degraded transfer sponges

Poor transfer efficiency

Gel tearing or drying

Air bubbles or
misalignment

Overheating or incomplete
transfer

Membrane damage or
poor transfer

Excessive force when
removing comb

Bottom tape not removed or
insufficient buffer in lower
chamber

Pipetting too quickly

Incorrect voltage or run time

Degraded sponges lead to
poor contact between gel and
membrane (see Fig. 6A,B)

Blotting paper over- or
under-soaked

Expired buffers

Incorrect method used to
open cassette or too much
time before submerging in
buffer

Gel and membrane not
assembled correctly

No ice pack or transfer done
at room temperature

Excessive heat

Remove combs gently and inspect
wells for damage. Pipette deionized
water over wells to remove bubbles.

Remove bottom tape and check for
leaks before adding buffer. Add 600
ml buffer to lower chamber.

Pipette samples slowly to the
bottom of the wells. Avoid bubbles.

Monitor tracking dye. Stop run
when the dye front is ~1 cm from
the bottom of the gel.

Replace sponges or use more filter
paper

Soak blotting paper in methanol for
~20 min before completing of the
electrophoresis run. Avoid
prolonged soaking.

Ensure buffer is fresh

Open corners first, followed by
edges. Quickly submerge gel in
transfer buffer in a tray.

Use a roller to remove bubbles.
Align cathode/anode sides
correctly.

Place immunoblot ice pack inside
the apparatus and surround by more
ice packs. Perform transfer in a
walk-in refrigerator.

Maintain 110 V for 90 min inside a
walk-in refrigerator. Avoid elevated
temperatures. Rotate ice packs to
ensure that the apparatus remains
cold.
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experiment consisted of three biological re-
peats and three technical repeats. All data are
presented as mean with corresponding stan-
dard errors of the mean (SEM) to provide a
concise summary of the findings. A one-way
analysis of variance (ANOVA with post-hoc
testing) was performed to determine signifi-
cance between control and experimental cul-
tures. Statistical analysis was carried out using
GraphPad Prism v8.0 for Windows (GraphPad
Software). A p value < .05 was considered sta-
tistically significant.

Understanding Results
Supraphysiological treatment with
25(OH)D; and 1.25(0OH),D; triggers cal-
cium influx into the mitochondria, leading
to calcium overload (Berridge, 2016). This
disruption in mitochondrial homeostasis in-
creases oxidative stress and ROS-mediated
damage, initiating the opening of the mito-
chondrial permeability transition pore (mPTP)
(Olszewska et al., 2022). As a result, mito-
chondrial swelling and loss of membrane
potential occur. The pro-apoptotic protein
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Table 3 Troubleshooting Guide for Staining and Imaging

Problem Possible cause Solution
Weak signal/faint bands Over-dilution of primary Increase concentration of primary
antibody (see Fig. 6C,D) antibody
Air bubbles Substrate poorly spread or air Use clean roller to spread
bubbles on blot chemiluminescent substrate evenly
and remove air bubbles
Overexposure Manual exposure (see Begin with autoexposure as
Fig. 6E,F) baseline. Adjust manually for weak
signals. Monitor saturation.
Dried membrane Incorrect storage or Store fully immersed in .2%
prolonged exposure to air PBS-Tween at 4°C

Signal loss after stripping Too many stripping cycles Limit stripping to 2-3 cycles.
(see Fig. 6G,H) Prepare fresh blots.

Figure 6 Problems that can be encountered inimmunoblotting. (A,B) Effect of degraded vs. intact
sponges on gel/membrane contact and protein transfer. (C,D) Effect of primary antibody concen-
tration on band visibility. Anti-GRB2 was used at 1:5000 (C) or 1:2500 (D). (E,F) Effect of exposure
on signal clarity. Manual exposure (E) led to overexposed bands, whereas autoexposure (F) led
to more consistent signals that can be adjusted manually for intensity. (G,H) Effect of stripping on
band integrity. Images show blots that were stripped three times (G) vs. two times (H).
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BAX translocates to the mitochondria, fur-
ther enhancing membrane permeabilization.
Consequently, cytochrome c is released into
the cytoplasm, where it binds Apaf-1 to as-
semble the apoptosome (Wolf et al., 2022).
This complex recruits Caspase-9, subse-
quently activating downstream effectors such
as Caspase-3 and Caspase-7, and ultimately
driving apoptosis.

Cell culture preparation and treatments

This protocol provides the foundation for
all downstream assays. Successful replication
should result in healthy, confluent cell mono-
layers with consistent morphology and via-
bility before treatment (Noel & Berry, 2022).
After 72-hr incubation with different vitamin
D concentrations, HeLa cells will exhibit no-
table changes in cellular morphology, includ-
ing cell rounding, membrane blebbing, and de-
tachment (Fig. 7).

Quantification of ROS-positive cells using
an oxidative stress assay

ROS profiles are generated by quantifying
populations of ROS-positive and ROS-
negative cells. In treated samples, a significant
increase in ROS-positive cells indicates ox-
idative stress (Schieber & Chandel, 2014).
Elevated levels of ROS-positive cells were
detected at supraphysiological treatments

with 10 uM 25(OH)D3 (17.54 £+ 1.674 %,
p = .0326) and 250 uM calcipotriol (30.96 £+
4.328%, p < .0001) (Fig. 8).

Evaluation of mitochondrial membrane
potential

Loss of mitochondrial membrane potential
is a hallmark of early apoptosis and cellu-
lar stress. Under physiological conditions,
mitochondria maintain a polarized inner
membrane, which is important for ATP pro-
duction and ion homeostasis. Depolarization
is triggered by elevated ROS levels, calcium
overload, or pro-apoptotic signaling. An in-
crease in the proportion of depolarized cells
suggests that oxidative stress compromises
mitochondrial stability, contributing to the
initiation of apoptotic pathways (Chen et al.,
2024). Significant disruption of mitochondrial
membrane potential was observed follow-
ing supraphysiological treatments with
10 uyM 25(0OH)D3; (2047 =+ 2.042%,
p = .0047) and 250 uM calcipotriol (23.56 +
1.319%, p = .0002) (Fig. 9).

Ultrastructural evaluation of mitochondrial
damage

Cells with mitochondrial damage are ex-
pected to demonstrate abnormal mitochon-
drial morphology with dilated cristae and vac-
uolization. Control cells should display intact

Figure 7 PlasDIC microscopy images (40x magnification) of HelLa cells after 72 hr incubation
with (A) medium control, (B) solvent control (1% ethanol), (C) 10 uM 25(OH)Dg, or (D) 250 M

calcipotriol.
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0 uM calcipotriol

i 4

Figure 10 Transmission electron microscopy images of cellular and mitochondrial structure. HeLa
cells were treated for 72 hr with (A,E) medium, (B,F) solvent (1% ethanol), (C,G) 10 uM 25(0OH)D3,
or (D,H) 250 uM calcipotriol. Scale bar: 2 ym (A-D), 200 nm (E,F,H), 500 nm (G).

cellular morphology (JeZek et al., 2023). Poor
contrast in unclear structures may result from
inadequate fixation or dehydration.

Using our protocol, cells treated with
medium or solvent (Fig. 10A,B) display
intact, clearly defined nuclear and cellular
membranes. Within the nucleus, electron-
dense regions indicate heterochromatin
(dotted line in A,B) and electron-lucent areas
represent euchromatin. In cells treated with
25(OH)D; (Fig. 10C) or calcipotriol (Fig.
10D), membrane blebs (arrow in D) and
apoptotic bodies (circle in C) are evident. Ad-
ditionally, control cells treated with medium
or solvent (Fig. 10E,F) show mitochondria
with clearly defined cristae structures. Cells
treated with 250 uM calcipotriol (Fig. 10H)
display abnormal mitochondrial morphology
with intercristal space dilation (arrow), re-
duced electron density, and an electron-lucent
mitochondrial matrix.

Evaluation of lipid damage

Samples treated with vitamin D to induce
ROS-mediated cell death show elevated oxida-
tive stress through increased levels of lipid per-
oxidation. 8-Iso-PGF2a is a stable biomarker
generated by free-radical-catalyzed peroxida-
tion of arachidonic acid, and its accumulation
correlates with ROS burden (van’t Erve et al.,
2016). An increase in 8-iso-PGF2a levels was
observed with 250 uM calcipotriol (Fig. 11).

Evaluation of superoxide dismutase
A reduction in SOD activity in treated
samples may indicate that the antioxidant

system has been compromised. This would
result in accumulation of superoxide radi-
cals, leading to more formation of colored
reagent (nitrite). Conversely, if vitamin D
enhances SOD expression or activity as a
compensatory mechanism in response to
oxidative stress, the increased dismutation
of superoxide radicals would suppress nitrite
production, yielding lower absorbance val-
ues. These findings should be interpreted in
conjunction with lipid peroxidation data and
SOD activity to distinguish between oxidative
damage and adaptive antioxidant responses,
respectively (https://file.elabscience.com/
Manual/biochemical_kits/E-BC-K019-M-
Elabscience.pdf). An increase in T-SOD
activity was observed at 10 uM 25(OH)Ds,
indicating an adaptive antioxidant response to
moderate ROS. In contrast, treatment with 250
uM calcipotriol overwhelmed SOD, resulting
in decreased T-SOD activity and leading to
apoptosis (Fig. 12).

Evaluation of catalase activity

A higher absorbance value in this as-
say indicates elevated residual H,O, levels
and reduced catalase function, and may
be observed if vitamin D treatment over-
whelms antioxidant defenses and suppresses
catalase activity. In contrast, if vitamin D
enhances antioxidant responses or upreg-
ulates catalase as a protective mechanism,
a lower absorbance value reflecting effi-
cient H,O, breakdown may be observed. As
above, these results should be interpreted
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Figure 11 Quantitative analysis of lipid peroxidation assessed by 8-iso-prostaglandin F2a con-
centration (pg/ml) in the presence of 10 yM 25(OH)D; (yellow) and 250 pM calcipotriol (red).
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Figure 12 Quantitative analysis of total superoxide dismutase (T-SOD) activity (U/mg protein) in
the presence of 10 yM 25(OH)D; (yellow) and 250 puM calcipotriol (red).

alongside SOD activity and 8-iso-PGF2a
to determine whether vitamin D is causing
oxidative damage or triggering adaptive an-
tioxidant defenses (https://file.elabscience.
com/Manual/biochemical_kits/E-BC-K031-
M-Elabscience.pdf). An increase in catalase
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activity was observed at 10 uM 25(0OH)Ds,
indicating an adaptive antioxidant response
to moderate ROS. In contrast, treatment with
250 puM calcipotriol overwhelmed catalase
enzymes resulting in decreased catalase
activity and leading to apoptosis (Fig. 13).
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Figure 13 Quantitative analysis of catalase activity (U/mg protein) in the presence of 10 uyM

25(OH)D; (yellow) and 250 pM calcipotriol (red).

Immunoblot analysis of AKT involved in
PI3K/AKT signaling pathway

Vitamin D, particularly its active form
1,25(0H),D3, induces oxidative stress and
apoptosis via ROS generation (Fig. 14). This
affects key survival and stress-response path-
ways. ROS-mediated cell death involves ox-
idative stress that suppresses AKT signaling
via the PI3K/AKT pathway and leading to
apoptosis (Liu et al., 2021).

Time Considerations

Cell culture and treatment

The time required to complete Basic Pro-
tocol 1 varies depending on the number of
culture plates and samples required and
whether optional downstream steps are in-
cluded (i.e., stripping and re-probing of an im-
munoblot). For nine samples (three concentra-
tions of two drugs plus three controls), prepar-
ing and seeding cultures requires 30 min to
trypsinize, count, and seed one passage of cells
in 6-well plates plus an overnight incubation.
Treating cells requires 20 min to prepare so-
lutions, 10 min to replace spent medium with
treatment solutions, and 72 hr for incubation.

Muse assays

Basic Protocol 2 requires 30-40 min for
staining and incubation with the oxidative
stress reagents, and Basic Protocol 3 takes

~25 min using the MitoPotential reagents.
Both protocols require <3 min per sample to
acquire on the Guava Muse Cell Analyzer,
depending on the concentration and desired
number of events.

Ultrastructural analysis

Basic Protocol 4 begins with a 30-min
preparation of cells in pelleted form, followed
by 1 hr for fixation. Dehydration in an ethanol
series takes ~2 hr. It takes ~90 min to in-
cubate cells with propylene oxide and em-
bedding medium and then transfer to plastic
molds, which are incubated overnight. It then
takes 30 min to cut ultrathin sections, 1 hr to
stain with uranyl acetate, and 3 min to stain
with lead citrate.

Evaluation of lipid damage

Basic Protocol 5 includes 2 hr 20 min of
incubation time, with reagent preparation and
washing steps adding up to 2.5 hr.

Evaluation of T-SOD and catalase activity

Basic Protocol 6 has two incubations that
total 60 min, with an additional 60 min needed
for sample and reagent preparation. Basic
Protocol 7 requires a similar amount of time
for sample and reagent preparation but in-
volves only one 10-min incubation.
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Figure 14 Bar graph showing relative protein expression of AKT in HelLa cells. Protein levels
were normalized to the loading control (8-actin) and expressed relative to the solvent control. Cor-
responding immunoblots illustrate band patterns across treatment groups. Error bars represent
the mean + standard error of the mean across three passages of cells. p < .05 was considered
significant. ****p < .0001.
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