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Abstract

Tiopronin (MPG) is a thiol antioxidant drug that has been explored as a treatment for various
oxidative stress-related disorders. However, many of its antioxidant capabilities remain untested in
well-validated cell models. To more thoroughly understand the action of this promising
pharmaceutical compound against acute oxidative challenge, A549 human lung carcinoma cells
were exposed to fert-butyl hydroperoxide (BHP) and treated with MPG. Analyses of cell viability,
intracellular glutathione (GSH) levels, and prevalence of reactive oxygen species (ROS) and
mitochondrial superoxide were used to examine the effects of MPG on BHP-challenged cells.
MPG treatment suppressed intracellular ROS and mitochondrial superoxide and prevented BHP-
induced GSH depletion and apoptosis. These results indicate that MPG is effective at preserving
redox homeostasis against acute oxidative insult in A549 cells if present at sufficient
concentrations during exposure to oxidants such as BHP. The effects of treatment gleaned from
this study can inform experimental design for future /n vivo work on the therapeutic potential of
MPG.
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Introduction

N-(2-mercaptopropionyl)glycine (MPG), or tiopronin, is low-molecular-weight thiol
derivative of glycine that has been used to treat a variety of conditions. MPG was one of the
first disease-modifying anti-rheumatic drugs [1-3], but it has been superseded by biologics
and is now only applied in certain refractory cases [4,5]. MPG is the first-line treatment for
cystinuria, in which it forms mixed disulfides that are up to 50 times more soluble than
cystine, thus preventing the formation of cystine kidney stones [6,7]. While these
applications fill important medicinal niches, the antioxidative properties of MPG have
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warranted its investigation for the treatment of more prevalent conditions. Its -SH moiety
can reduce disulfide linkages between oxidized biothiols, like glutathione disulfide, restoring
them to their native state [8,9]. In addition, MPG is regarded as an effective chelator of
heavy metals such as mercury and copper. /n sifico models predict that formation of MPG-
copper(I) complexes can reduce the rate constant of the first step in the Haber-Weiss
reaction six-fold [10]. Because of these significant antioxidant properties, MPG has been
used to protect against chemotherapy-induced nephro- and hepatotoxicity [11,12], radiation
poisoning [13], and ischemia-reperfusion injury to cardiac and lung tissue [12,14]. Further,
MPG may be able to counteract oxidative processes that lead to lens opacification in senile
cataracts [15-21]. MPG offers several advantages over similar drugs, including a more
favorable side effect profile than D-penicillamine [4] and better bioavailability than A+
acetylcysteine [22,23]. Moreover, MPG’s primary metabolite, 2-mercaptopropionic acid, is
also a potent radical scavenger [24]. With the growing impetus to repurpose
pharmaceuticals, the medical community stands to gain potential treatments and greater
understanding of oxidative stress-related conditions from renewed interest in MPG.
However, its action against acute exogenous oxidative insult in cell models has not been
thoroughly characterized.

To bridge this gap in understanding, well-established cell lines such as A549 are commonly
used to study the action of drugs /n vitro [25-27]. As a pulmonary epithelial cell line, it is
often employed to study effects of inhalation exposure to environmental contaminants, in
which oxidative stress plays a key role [28]. Further, it is recognized as a useful model for
early-stage biopharmaceutical research, including studies of drug metabolism and
cytotoxicity [29,30]. A well-validated oxidant is another integral component of an
appropriate system for testing an antioxidant drug. For /n vitro studies, tert-butyl
hydroperoxide (/BHP) is more reliable than hydrogen peroxide, as BHP has demonstrated
more consistent ability to induce oxidative stress than H,0, [31,32]. This may be attributed
to the greater stability of the fert-butoxyl radical in aqueous solution [33] and fewer enzymes
dedicated to its detoxification (e.g., glutathione peroxidase only versus glutathione
peroxidase and catalase for H,O5) [25]. Further, decomposition of BHP and downstream
action of its byproducts may recapitulate many of the oxidative mechanisms observed /in
vivo, including lipid peroxidation, DNA damage, depletion of GSH and protein thiols,
alteration of intracellular calcium homeostasis, and apoptosis [25,34]. For these reasons,
MBHP is better suited for probing the intracellular action of MPG. Therefore, we utilized
BHP to rapidly induce severe oxidative damage in A549 cells and administered MPG
simultaneously to test the action of MPG against acute oxidative insult. To observe and
characterize the effects of MPG under these conditions, we examined cell viability,
intracellular GSH levels, and distribution of cells in apoptotic and non-apoptotic populations
exhibiting intracellular ROS and mitochondrial superoxide.

Materials and methods

Chemicals and reagents

MPG, BHP solution, Tris-HCI, L-serine, boric acid, diethylenetriaminepentaacetic acid, and
N-(1-pyrenyl)maleimide were purchased from MilliporeSigma (St. Louis, MO). MPG stock
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solutions were prepared in sterile Type 1 water prepared in-house with a Millipore
Simplicity 185 System. Glacial acetic acid, o-phosphoric acid, and high-performance liquid
chromatography (HPLC) grade solvents were purchased from Fisher Scientific (Fair Lawn,
NJ).

Cell culture and preliminary experiments

Ab549 (human lung carcinoma) cells were kindly provided by Dr. Yue-Wern Huang from the
Biological Sciences Department at Missouri University of Science and Technology.

Cells were grown in phenol-red-free DMEM/F12 medium (Thermo Fisher Scientific,
Waltham, MA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomycin/amphotericin B (Thermo Fisher Scientific) in a humidified incubator
with 5% CO,/95% air at 37°C. Serum- and growth-factor-free medium was used for all
MPG and BHP experiments, instead of the fully supplemented media described above.
Cells were passaged twice per week at a subcultivation ratio of 1:3. All experiments were
performed using cells between passage 10 and 30.

To determine an appropriate concentration of BHP for use in this study, A549 cells were
seeded in multiple-well plates and divided into groups. Each group was incubated for 3
hours with a different concentration of BHP in serum-free media, ranging from 0.25 mM to
4.0 mM. Cytotoxicity of BHP in each group was assessed via MTT assay as described
below to identify the range of concentrations at which cell viability was reduced to 50-60%
of the control, which was shown to be 0.5 to 1.0 mM. To determine whether cells received
sufficient oxidative insult, intracellular GSH levels were measured in groups treated with
BHP concentrations ranging from 0.4 to 0.8 mM for 3 hours. Based on these preliminary
experiments, a concentration of 0.6 mM BHP was selected for use in the remaining
experiments.

Next, an appropriate concentration of MPG for treating BHP-exposed cells was selected. To
determine whether MPG alone had any adverse effect on cell viability, A549 cells were
seeded in multiple-well plates and divided into groups. Each group was incubated for 3
hours with different concentrations of MPG in serum-free media, ranging from 0.08 mM to
10 mM, and MPG was not found to significantly affect cell viability at these concentrations
(data not shown). To determine an appropriate concentration for use in BHP-exposed cells,
a similar experiment was conducted with the simultaneous addition of 0.6 mM BHP and
either 1.0, 1.5, 2.5, or 5.0 mM MPG for 3 hours. Cell viability and GSH levels in respective
groups indicated that 5.0 mM MPG provided optimal protection against BHP. Based on
these preliminary experiments, 5.0 mM MPG and 0.6 mM BHP were used in subsequent
experiments to determine the effects of MPG on oxidative stress induced by BHP.

Experimental Design

The A549 cells were grown in complete media and allowed to proliferate for 24 hours. The
cells were divided into 4 treatment groups: control, MPG only, BHP only, and MPG +
BHP. After the 24-hour proliferation time, the complete medium was removed and replaced
with the treatment medium associated with the corresponding treatment group (Table 1). The
treatment media were supplemented with BHP or MPG immediately prior to each
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experiment from freshly prepared concentrated stock solutions. The cells were allowed to
incubate in the treatment media for 3 hours. After this time, the treatment media were
removed. Cell viability and oxidative stress parameters including GSH and flow cytometric
analysis of ROS and mitochondrial superoxide were determined after treatment as described
in the following sections.

Cells were seeded at a density of 2 x 104 cells/well in 96-well plates and allowed to adhere
and proliferate for 24 hours. Then, cells were divided into groups and treated as described in
the experimental design. After the treatment, the treatment media were replaced with fresh
F12 medium, and cell viability was determined using the Vybrant MTT Cell Proliferation
Assay Kit (Invitrogen, Carlsbad, CA) as described by the manufacture. The MTT assay is a
colorimetric assay through which cell viability is estimated by conversion of the water
soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide) to an
insoluble formazan by viable cells. The formazan is then solubilized by sodium dodecyl
sulfate (SDS), and the concentration is determined by measuring absorbance at 570 nm
using a microplate reader (Fluor Star Optima, BMG, Labtech). Cell viability was expressed
as the absorbance by the contents of a given well divided by that of the mean absorbance
measured for the control group.

Quantification of intracellular GSH level

Cells were seeded at a density of 6 x 10° cells/well in 6-well plates 24 hours before the
experimental treatment. Cells were treated as described in the experimental design.
Following treatment, the cells were harvested with trypsin/EDTA and collected in 1.5 mL
RINO tubes (Next Advance, Troy, NY, USA). The cell suspensions were centrifuged at 500
x gfor 10 min at 4°C. The supernatants were removed, and the cells were resuspended in 1
mL aliquots of PBS to rinse away remaining media and extracellular GSH. This
centrifugation and rinsing process was repeated. After rinsing, the cells were centrifuged
again at 500 x gand resuspended in 250 pL aliquots of chilled serine-borate buffer (100 mM
Tris-HCI, 5 mM L-serine, 10 mM boric acid, 1 mM diethylenetriaminepentaacetic acid, pH
7.0). A 100 pL scoop was used to add about 100 pL of zirconium oxide beads (0.5 mm
diameter, Next Advance) to each of the cell suspensions. The cells were homogenized using
a Bullet Blender Storm tissue homogenizer (Next Advance) at speed “8” for 3 min. After
homogenization, the cells were immediately centrifuged at 5000 x g for 5 min at 4°C. Then,
100 pL aliquots of supernatant were collected from each RINO tube for analysis of GSH and
total protein content.

Intracellular GSH levels were determined by HPLC with pre-column derivatization and
fluorescence detection, according to a method developed in our laboratory [35]. Briefly, 50-
pL aliquots of cell homogenate were diluted with 200 pL of serine-borate buffer. The
samples were derivatized by the addition of 750 uL of A-(1-pyrenyl)maleimide (1 mM in
acetonitrile). The samples were mixed and allowed to react for 5 min. After this time, 10 pL
of 2 M HCI were added to stabilize the fluorescent adducts. Samples were filtered with 0.45
um nylon membrane filters. Samples were injected onto an Orochem (Naperville, IL, USA)
Reliasil ODS-1 column (4.6 mm i.d. x 250 mm) and eluted with a mobile phase consisting
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of 70:30 (v/v) acetonitrile-water with 1 mL/L of o-phosphoric acid and 1 mL/L of glacial
acetic acid, delivered at a flow rate of 1 mL/min. GSH levels were determined by using a
calibration curve prepared from standards processed in parallel with the unknown samples.

The GSH levels were normalized to the amount of total protein present in each sample. Total
protein levels were estimated using the Coomassie dye-binding method described by
Bradford [36]. Bradford dye reagent (Bio-Rad, Hercules, CA, USA) was diluted five-fold in
serine borate buffer, and 1 mL aliquots of the diluted dye reagent were added to 20 pL of
diluted cell homogenate in cuvettes. The samples were left to incubate at room temperature
for at least 5 min. The absorbance of 595 nm light was correlated to the total protein
concentration using a calibration curve. Albumin from bovine serum was used to make
calibration standards to estimate the protein content in the cell homogenates.

To account for differences in live cell populations between treatment groups, GSH levels
were reported in nanomoles of GSH per milligram of protein (nmol/mg).

Flow cytometry analysis of apoptotic cells and intracellular ROS measurement

Intracellular ROS content was measured using the carboxy derivative of fluorescein,
carboxy-H,DCFDA (6-carboxy-2’,7’-dichlorofluorescein diacetate, Molecular Probes,
Invitrogen), due to its additional negative charges that enhance cellular retention [37]. Flow
cytometry (BD Accuri C6, BD Biosciences, Ann Arbor, MI) was used to assess the
distribution of cells that contained ROS (ROS+ cells) within apoptotic and non-apoptotic
cell populations. Cells were seeded on 24-well plates (Corning) at a density of 2 x 10° cells/
well, grown over 24 hours, divided into groups and dosed as described previously.
Trypsinized cells were washed with PBS and re-suspended in 250 pL of PBS containing 10
UM carboxy-HoDCFDA. After incubation for 30 minutes at 37°C, the cells were washed
with annexin V binding buffer and stained with 7-AAD (7-aminoactinomycin D, BD
Pharmingen) and Annexin V Alexa Fluor 647 Conjugate (Invitrogen) for 15 minutes at room
temperature in the dark. The FL-1 channel (Aqy = 488 nm and A¢m = 533 nm) was used for
carboxy-H,;DCFDA, and the FL-3 channel (Agx =533 nm and Ay, = 670 nm) was used for
7-AAD. Annexin V Alexa Fluor 647 fluorescence was measured using the FL-4 channel
(Aex = 640 nm and Agm = 675 nm). Debris were excluded by forward vs. side scatter gating.
Results are reported as percent of total cell population.

Flow cytometry determination of mitochondrial superoxide

MitoSOX Red mitochondrial superoxide indicator (MSR) is a fluorogenic dye for selective
detection of superoxide in mitochondria of live cells (Molecular Probes, Eugene, OR). MSR
is a dihydroethidium dye with a lipophilic, positively-charged side-chain for targeted
absorption by the mitochondria. Upon oxidation by superoxide, the dye exhibits red
fluorescence [38]. For analysis of superoxide generated in mitochondria, cells were grown in
the same conditions as for the measurement of ROS content via flow cytometer. Harvested
cells were washed with PBS and re-suspended in 250 pL of PBS containing 5 pM MSR.
Cells were incubated for 30 minutes at 37°C. After incubation with MSR, LIVE/DEAD
Fixable Green Dye (Molecular Probes, Eugene, OR) was added directly to each sample
according to the manufacture’s recommendation. Cells were incubated for an additional 15
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minutes at room temperature. The final stain, Annexin V Alexa Fluor 647 Conjugate, was
added after washing cells with annexin V buffer. Cells were analyzed by flow cytometry
using the FL-1 channel (A¢x = 488 nm and Ay, = 533 nm) for LIVE/DEAD Fixable Green,
the FL-2 channel for MSR (A¢x = 488 nm and Ag, = 585 nm), and the FL-4 channel for
Annexin-V Alexa Fluor 647 (Aex = 640 nm and Ay = 675 nm). Results are reported as
percent of total cell population with MSR fluorescence (MSR+) cells in apoptotic and viable
populations in each treatment group. Debris were excluded by forward vs. side scatter
gating.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software (GraphPad, San Diego,
CA, USA). All values were reported as mean + standard deviation of at least three separate
experiments, with 7= 3-16. Statistical significance was performed by two-way analysis of
variance (ANOVA) for flow cytometry experiments and one-way ANOVA for all other
experiments. ANOVA was followed by Tukey’s or Dunnette’s multiple comparison tests.

Results and discussion

Selection of dosing concentrations

To determine an appropriate concentration of BHP for inducing oxidative stress, cell
viability and GSH levels were determined following exposure to varied concentrations of
BHP. GSH, -y-glutamyl-cysteinyl-glycine, is the most abundant non-protein thiol in the
body and an essential endogenous antioxidant. It plays a vital role in reduction and
detoxification of ROS, including peroxides like BHP and is therefore crucial to the
maintenance of redox homeostasis. Increase in oxidants can upset this delicate balance,
leading to the oxidative modification of critical cellular components, dysfunction, and
ultimately apoptosis. The effects of increasing BHP concentrations on cell viability and
GSH levels are reported in Figure 1. Concentrations from 0.25 mM to 4.0 mM significantly
decreased cell viability in a dose-dependent manner. The effect of BHP concentration on
GSH levels and cell morphology were also considered for selection of an appropriate
concentration of BHP for subsequent experiments. BHP concentrations from 0.4 mM to 0.8
mM resulted in a statistically significant decrease in levels of intracellular GSH, which
correlates with the dose-dependent decrease in cell viability.

Upon comparing the effects of BHP on GSH levels and cell morphology, it was noted that
at 0.6 mM BHP, GSH had decreased by approximately 50%, but at 0.8 mM, cells lost
adhesion, which interfered with analysis and weakened integrity of the model overall. A
BHP concentration of 0.6 mM struck the best balance between oxidative damage and
maintenance of normal cell morphology. Therefore, 0.6 mM BHP was selected for
subsequent experiments. Although this BHP concentration is relatively high, the A549 cell
line is reportedly resistant to oxidative insult [39].

In the next set of experiments, a variety of MPG concentrations from 1.0 to 5.0 mM were
tested in different groups to determine the appropriate concentration for protection against
oxidative stress induced by 0.6 mM BHP. Intracellular GSH levels were used to assess the
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effectiveness of each dose, and the results are shown in Figure 2. Concentrations ranging
from 1.0 mM to 5.0 mM MPG afforded significant improvement in GSH levels compared to
untreated, BHP-exposed cells, but cells treated with 5.0 mM MPG exhibited the highest
GSH levels. Since preliminary experiments showed concentrations of MPG up to 10 mM to
be nontoxic to A549 cells, treatment with 5.0 mM MPG was deemed an appropriate
treatment for BHP-induced oxidative stress for the remainder of the study.

Effect of MPG on intracellular GSH in oxidatively challenged A549 cells

To confirm the effects of 5.0 mM MPG on intracellular GSH levels in A549 cells, the cells
were divided into groups as discussed in the experimental design and seeded as described
earlier. The results of the intracellular GSH analyses are reported in Figure 3A. The data
were normalized by the amount of protein present in each sample to account for differences
in viable cell count. Exposure to BHP without MPG resulted in a significant decrease in
intracellular GSH levels compared to the control group. Cells treated with MPG, either with
or without BHP, had GSH levels that were not significantly different from that of the control
group. Therefore, administration of 5.0 MM MPG with 0.6 mM BHP was effective for
preventing loss of free GSH, and MPG alone does not increase GSH levels beyond that of
the control group. These results are consistent with the hypothesis that GSH levels are
spared by the action of MPG as opposed to being directly increased.

Effect of MPG on viability of oxidatively challenged A549 cells

To determine whether MPG could protect cells from BHP-induced loss of viability, the
MTT assay was used as an indicator of cellular metabolism. This assay is based on the
ability of metabolically active cells to reduce MTT to an insoluble, colored formazan
product that can be measured spectrophotometrically. Cell viability for each treatment group
is reported in Figure 3B as a percentage of absorbance at 570 nm compared to that of the
control group. As was the case in our preliminary studies, cells exposed to 0.6 mM BHP
without MPG exhibited significantly less viability compared to the cells in the control group,
and the viability of cells in the MPG + BHP group was statistically similar to that of the
cells in the control group. Treatment of A549 with 5 mM MPG alone also did not increase or
decrease cell viability.

This trend closely parallels that of intracellular GSH levels and makes sense in the context of
the biochemistry behind the MTT assay. The reduction of MTT to formazan is sensitive to
decreases in available NADPH [40]. The NADPH cofactor serves as the reductant for a host
of anabolic processes, as well as the reduction of oxidized glutathione to its active reduced
form. Thus, gross metabolic dysfunction resulting from BHP is manifested in the inability
of oxidatively damaged, dying cells to reduce MTT and regenerate GSH from its oxidized
form. In contrast, cells treated with MPG exhibited marked improvement in both cell
viability and GSH levels. We hypothesize that this is due to the following effects of MPG.
As a thiol antioxidant that can directly reduce BHP-derived ROS, MPG can spare GSH
from oxidation, leaving cellular GSH stores largely intact. In preventing oxidation of GSH,
MPG also preserves NADPH for use in reductive biosynthesis and conversion of MTT to
formazan.
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Effect of treatment on apoptotic and necrotic cell populations

Distribution

Flow cytometry is a well-established technology that has been widely used for measuring
intrinsic and extrinsic properties of fluorescently labeled cells. This property permits the
identification of subpopulations within the sample, and quantification of cell populations
through selective fluorescence labeling. While microplate readers provide rapid data
acquisition, the accuracy of the measurements suffers since the end value corresponds to the
average fluorescence per well while flow cytometry provides information at the single-cell
level. For this analysis, cells were labeled with 7-AAD and Annexin V Alexa 647 to
investigate live, necrotic, and apoptotic cell populations. Live cells are not typically
permeable to 7-AAD. Cells in early apoptotic stages bind only to Annexin V Alexa 647,
while cells in late apoptotic stages bind to both Annexin V Alexa 647 and 7-AAD. Necrotic
cells bind to 7-AAD, but not Annexin V Alexa 647.

Representative dot-plots from the flow cytometry analysis are provided in Figure 4. The
mean distributions of cells among apoptotic, necrotic, and viable cell populations from 8
replicate experiments are summarized in Table 2. As observed previously, the percentage of
viable cells in the MPG + BHP treated group was significantly higher than in the BHP
group. Further, the percentage of viable cells in the MPG + BHP group was statistically
similar to the percentages in the MPG only group and the control group. The same trend was
observed within late apoptotic subpopulations. Exposure to 0.6 mM BHP without MPG
resulted in an elevated proportion of cells exhibiting fluoresence associated with binding of
7-AAD and Annexin V Alexa 647. However, cells treated with MPG, alone or with BHP,
were not significantly different from the control cells. These data suggest that exposure to
0.6 mM BHP without MPG results in oxidative stress-associated apoptosis while treatment
with MPG mitigates the damage that triggers this process.

Although there does not appear to be a significant difference in the proportion of cells
occupying the necrotic quadrant among groups, this can be attributed to the fact that cellular
debris are excluded prior to quantitation. There was a significantly lower number of cells
available for counting in the BHP only group, compared to the other groups. This loss of
countable cells is indicative of membrane disintegration associated with BHP exposure.

of cells with ROS present in apoptotic and non-aptoptotic subpopulations

Based on the results of GSH and MTT assays, we hypothesized that MPG prevents cell
death by protecting cells from oxidative damage, and therefore, we would expect to see
significantly higher levels of ROS in cells in the BHP only group than in the other groups.
To estimate the levels of intracellular ROS, carboxy-H,DCFDA was used to identify ROS+
cells. Carboxy-H,DCFDA is a membrane-permeable derivative of the fluorescent probe
fluorescein. Upon cleavage of its acetate groups and oxidation by intracellular ROS, the dye
becomes trapped within the cell and fluoresces green [38]. Cells were co-stained with two
other fluorescent probes, Annexin V Alexa Fluor 647 conjugate and 7-AAD, and then the
cells were subjected to flow cytometric analysis. Representative dot plots are shown in
Figure 5. In this study, co-staining was used to differentiate between apoptotic and non-
apoptotic cell subpopulations and to exclude necrotic cells since membrane leakage makes
estimation of intracellular ROS unreliable. The results of the analysis (summarized in Table
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3) indicate that there were indeed significantly more ROS detected in live cells treated with
BHP only than in any of the other groups. This correlates well with the GSH and cell
viability results and is consistent with the supposition that MPG protects cells from
oxidative stress by reducing ROS associated with exposure to BHP.

Numbers of ROS+ cells in apoptotic subpopulations were low in all groups, and differences
between these subpopulations did not reach statistical significance. Small subpopulations of
apoptotic, ROS+ cells may be due to the exclusion of late-stage apoptotic and necrotic cells
by gating out 7-AAD-fluorescent cells. As shown in Table 2, the BHP only group had a
significantly higher subpopulation of late-stage apoptotic cells, suggesting that BHP-
induces rapid progression to late-stage apoptosis or secondary necrosis [41]. Since these
cells exhibit 7-AAD fluorescence, they would have been gated out and thereby excluded
from the study [42].

Distribution of superoxide present in mitochondria of apoptotic and non-apoptotic

populations

Low levels of superoxide in mitochondria are generated as a result of normal metabolic
processes, but excessive amounts are associated with electron-transport chain dysfunction
[43]. This can lead to decreased ATP production, loss of mitochondrial membrane potential,
and ultimately opening of the mitochondrial permeability transition pore and initiation of the
apoptotic cascade [44,45]. In this way, mitochondria are highly sensitive to fluctuations in
redox status, [44] and may serve as a predictor of apoptotic response to acute oxidative
insult [45].

MSR, a mitochondria-permeable dye, fluoresces upon oxidation by superoxide. Similar to
the flow cytometric analysis of ROS+ cells, MSR was used to determine the percentage of
cells with superoxide present in the mitochondria. Representative dot plots are shown in
Figure 6. Table 4 shows the quantitative results as mean percentages of the total cell
population. The percentage of MSR+ live cells in the MPG + BHP group was significantly
decreased compared to that in the BHP only group. This indicates that MPG was able to
preserve mitochondrial redox status. In light of the cell viability and GSH results, it may be
the case that MPG prevents downstream release of mitochondria-derived ROS into the cell
and halts progression towards apoptosis.

Conclusions

In this study, BHP was used to induce oxidative stress in A549 cells. Cells exposed to 0.6
mM BHP without MPG showed elevated levels of intracellular ROS, mitochondrial
superoxide, and cell death while also showing reduced levels of the vital antioxidant GSH
and reduced cell viability. When 5.0 mM MPG was present along with 0.6 mM BHP,
normal levels of these oxidative stress parameters were maintained. It is likely that MPG is
interacting as a direct ROS scavenger, and the results obtained through this study suggest
that if MPG is present in sufficiently high concentrations during an oxidative insult, it can be
highly effective at preventing the ensuing damage. It is probable that the MPG reacts directly
with BHP in the treatment medium, reducing it and its oxidative byproducts before they can
cause significant damage to the cells. This action is desirable for treatment applications
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which demand protection against acute oxidative insult such as radioprotection, but it is
important to consider the dosing conditions and timing since biological systems are
inherently dynamic. This /n vitro system lacks many of the complexities of /n vivo models
and is therefore subject to some limitations. Due to the robust nature of this lung carcinoma
cell line, a relatively high dose of BHP was required to model acute oxidative stress.
Despite the popularity of this approach, it may not directly translate to /n vivo systems.
Thus, the results of this study warrant further investigation in more representative models,
such as primary cell cultures and eventually animal studies.
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Figurel.

A. Plot of cell viability vs. tBHP concentration. The height of the columns indicates the
mean viability from 9 experiments. Error bars indicate standard deviation. B. Plot of
intracellular GSH concentration vs. tBHP concentration. The height of the columns
represents the mean of 3 experiments. Error bars indicate standard deviation. ****p <
0.0001 compared to control. ***p < 0.001 compared to control. *p < 0.05 compared to

control.
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Figure2.

Plot of intracellular GSH concentration vs. dosing concentration of MPG. The height of the
columns represents the mean of 3 experiments. Error bars indicate standard deviation. ****p

<0.0001 compared to tBHP only. **p < 0.01 compared to tBHP only.
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Figure 3.
A. Plot of intracellular GSH concentration vs. treatment. The height of the columns indicates

the mean of 9 experiments, and error bars represent the standard deviation. B. Plot of cell
viability vs. treatment. The height of the columns indicates the mean of 14 experiments, and
error bars represent the standard deviation. ****p < 0.0001 compared to control.
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Page 16

Representative dot-plots from flow cytometry analysis of apoptotic cells. Show are plots of
fluorescence associated with Annexin V Alexa 647 (FL-4) vs. 7-AAD (FL-3) from different

treatment groups.
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Figureb.
Representative dot-plots from flow cytometry analysis of ROS in apoptotic and live

subpopulations. The cells were gated to exclude debris. Viable cells were gated by exclusion
of 7-AAD+ cells (FL-3) on 2D plots (live gate). The quantification of ROS was done using
2D plots of Annexin V Alexa 647 (FL-4) vs. Carboxy-H2DCFDA (FL-1).
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Figure6.
Representative dot-plots of from flow cytometry analysis of superoxide in mitochondria. The

total cells were gated to exclude debris. Viable cells were gated by exclusion of Live/Dead
Green+ cells (FL-1) on 2D plots (live gate). The quantification of MSR+ cells was done
using 2D plots of Annexin V Alexa 647 (FL-4) vs. MSR (FL-2).

Free Radic Res. Author manuscript; available in PMC 2021 May 22.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Beltz et al.

Table 1.

Treatment media compositions

Group | Treatment medium
Control | Medium
MPG only | Medium +5 mM MPG
BHP only | Medium + 0.6 mM BHP
MPG + BHP | Medium +5 mM MPG + 0.6 mM BHP
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Table 2.

Effects of exposure to BHP and treatment with MPG on viable, apoptotic, and necrotic subpopulations.

Cellsin subpopulation (% of total cell population)Jr

Subpopulation
Control MPG only tBHPonly MPG +tBHP

Early apoptotic  3.1+1.3 26+0.9 43+13 3.0+0.7

Late apoptotic 93404 23+06™*** 112%47 59,07
Viable 94312 945+08™" 8L7£82 9354107
Necrotic 04+0.3 06+04 28+26  06+06

fMean + SD of 8 experiments.

Ak

< 0.0001, compared to ZBHP only group.
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Table 3.

Effects of BHP exposure and MPG treatment on percentage of ROS+ cells in apoptotic and live cell

populations.
Subpopulation Cellsin subpopulation (% of total cell population)Jr
Control MPG only tBHPonly MPG +tBHP
ROS in apoptotic cells 1.7 +0.9 1.3+0.38 36+14 16+0.6
ROS in live cells 15+05 folelaied 22+1.1 AAxE 225%23 4.2+ 10****
Total ROS 334097 35416 261%27  g5gyq

fMean + SD of 8 experiments.

Ak

< 0.0001, compared to ZBHP only group.
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Table 4.

Effects of exposure to BHP and MPG on the percentage of MSR+ cells in apoptotic and live cell populations.

Cellsin subpopulation (% of total cell population)Jr

Subpopulation

Control MPG only tBHPonly MPG +tBHP
MSR+ in apoptotic cells 2.1+0.5 20+04 39+13 23+05
MSR+ in live cells 12+04™" 13+03™* 243+32  ggi19™*
Total MSR+ cells 3208 35+05™ 282£35 1994227

fMean + SD of 8 experiments.

Hok kA

p<0.0001, compared to /BHP only group.

Free Radlic Res. Author manuscript; available in PMC 2021 May 22.



	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Cell culture and preliminary experiments
	Experimental Design
	Cell viability
	Quantification of intracellular GSH level
	Flow cytometry analysis of apoptotic cells and intracellular ROS
measurement
	Flow cytometry determination of mitochondrial superoxide
	Statistical analysis

	Results and discussion
	Selection of dosing concentrations
	Effect of MPG on intracellular GSH in oxidatively challenged A549
cells
	Effect of MPG on viability of oxidatively challenged A549 cells
	Effect of treatment on apoptotic and necrotic cell populations
	Distribution of cells with ROS present in apoptotic and non-aptoptotic
subpopulations
	Distribution of superoxide present in mitochondria of apoptotic and
non-apoptotic populations

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

