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Abstract: Zinc (Zn?*) is important in cellular processes. In the cell, free zinc is tightly regulated and found in minus-
cule amounts. However, in an unhealthy cellular environment, such as hypoxia, zinc increases in the cell and zinc
overload may occur. Studies have shown that zinc overload causes cellular and mitochondrial stress. Mitochon-
drial stress affects mitochondrial morphology. In normal cells, mitochondrial morphology resembles a long, tubular
shape. In unhealthy cells, mitochondrial morphology resembles fragmented, circular shape. To address whether
zinc overload contributes directly to the abnormal changes of mitochondrial morphology, we imaged and analyzed
mitochondria that were treated with the application of exogenous zinc. In the first part of the study, exogenous zinc
was applied to Hela cells at 1 yM, 10 pM, 50 pM, 100 uM, or 200 pM zinc chloride along with 10 uM pyrithione.
Mitochondrial morphology was analyzed with Mito-Morphology micro in Imagel. Mitochondrial morphology changed
from a healthy tubular shape to an unhealthy circular shape and fragmentation. Mitochondrial morphology changes
were observed in a dose-dependent fashion. The second part of the study involved applying the metal ion chelator
TPEN after applying 50 uM zinc chloride along with 10 uM pyrithione. TPEN reduced zinc-induced abnormal mito-
chondrial morphology after zinc treatment. This present study supports that zinc overload may cause morphology

changes induced by mitochondrial stress that may lead to cell death.
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Introduction

Zinc has many physiological functions in the
cell [1-3]. In healthy cells, zinc is tightly regulat-
ed [4, 5]. The balance and imbalance of zinc
in the cell holds implications for cellular biolo-
gy. In healthy cells, zinc concentration is mea-
sured in the picomolar range intracellularly and
extracellularly [6, 7]. When zinc rises in con-
centration, it is toxic to the cell [8-10]. When
the levels of zinc is around the high nanomolar
to micromolar range, the cell undergoes zinc
overload and zinc induced cytotoxicity [11, 12].
Zinc disregulation in the cell causes pathologi-
cal changes [5]. Membrane bound organelles,
such as mitochondria, store zinc in healthy
cells [5, 13-17]. During pathological states,
such as ischemia, zinc regulation in the cell and
mitochondria becomes skewed which eventu-
ally causes a high generation of ROS and cyto-
toxicity [10, 18, 19].

Mitochondrial morphology changes hold great
significance to cellular health. In healthy cells,
high amount of fusion occurs along with low
amounts of fission [20-22]. Mitochondria ap-
pear to have connected tubular morphology
with few circular mitochondria [20, 21]. Cells
with high amounts of fusion and tubular mor-
phology are less prone to undergo cell death
and have less mitophagy [20]. In unhealthy
cells, high amounts of fission occurs causing
fragmentation and circular mitochondria [20,
21]. Cells with high amounts of fission and cir-
cular mitochondria are more prone to undergo
cell death and have mitophagy occurring in the
cell [20, 21, 23]. It has been shown that mito-
chondrial stress may cause abnormal mito-
chondrial morphology [20, 21]. These types of
morphological changes are seen in medical
conditions such as metabolic disorders, stroke,
and disorders of aging [22-25]. In metabolic dis-
orders, such as diabetes, the mitochondria in
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pancreatic B-cells appear to be swollen [24].
Fragmented mitochondria or altered morpholo-
gy has been observed in aging disorders, such
as Alzheimer’s disease, Parkinson’s disease,
and ischemic stroke [22, 25-27].

Increases of zinc concentration through zinc
overload and zinc induced cytotoxicity may
cause mitochondrial stress through mitochon-
drial damage and ROS generation [10, 28]. This
type of stress may impact mitochondrial mor-
phology, which is an indicator of mitochondrial
and cellular health [20, 21, 23]. In this study,
mitochondria morphology was observed and
analyzed after varying concentrations of zinc
application to address whether zinc overload
contributes directly to the abnormal changes
of mitochondrial morphology. Our results sh-
ow that moderate and high concentrations of
zinc caused morphological changes in a dose-
dependent fashion and that TPEN, a zinc chela-
tor, reduced mitochondrial morphology chang-
es after zinc treatment was applied.

Materials and methods
Preparation and staining of the HelLa cell line

The Hela cell line (ATCC, Manassas, VA, USA)
was cultured on a petri dish with a 35 mm dia-
meter glass bottom (MatTek Corporation, Ash-
land, MA, USA). The cell line was cultured in
EMEM (Gibco) with 4% FBS at 37°C in 5% CO,,
95% air [5]. The dye used to label the mitochon-
dria was Mitotracker Red FM (Invitrogen). The
cells were incubated for 30 minutes in 1 mL of
dye solution in HBSS (100 nM of Mitotracker
Red FM) at 37°C, 5% CO,. After incubation, the
cells were washed three times with HBSS buf-
fer [5].

Zinc and TPEN treatments

Fluorescent microscopy was used to randomly
image cells in culture. The different concentra-
tions of zinc used in the study was 1 uM, 10
UM, 50 uM, 100 uM, and 200 uM zinc chloride.
Low concentrations of zinc were 1 uM and 10
UM zinc chloride. The moderate concentration
of zinc was 50 puM zinc chloride. High concen-
trations of zinc were 100 uM and 200 uM zinc
chloride. The zinc ionophore used in the study
was 10 uM pyrithione. Zinc was applied for 30
minutes. After the incubation period, cells were
imaged in a random fashion. After imaging,
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cells were processed and were statistically an-
alyzed. The TPEN posttreatment consisted of
the addition of 50 uM zinc for 15 minutes then
the removal of zinc solution. After the removal
of zinc solution, 50 uM TPEN was added for five
minutes. The TPEN had a 0.15% final concen-
tration of DMSO. After the incubation period,
cells were imaged in a random fashion. After
imaging, cells were processed and were statis-
tically analyzed.

Fluorescent microscopy and mitochondrial
morphology analysis

Fluorescent signals were detected using custo-
mized fluorescent microscope. ImagePro Plus
software (Media Cybernetics, Silver Spring,
MD, USA) was used to capture the image at
exposures around 1 s (For excitation: blue filter:
470/70 nm, green filter: 517/30 nm; for emis-
sion: green filter-517/30 nm, red filter-620/40
nm; Filters were purchased from Chroma) [5].
The area of the cell that was evaluated was the
process of the cell. The process of the cell was
appropriate for mitochondrial morphology anal-
ysis for several reasons. First of all, there are
other organelles surrounding the nucleus. This
could make it difficult to distinguish the mito-
chondrial network. Secondly, dye saturation
around the nucleus may make it difficult to dis-
tinguish the mitochondrial network. Finally, the
mitochondrial network has clearer boundaries
and is easier to establish in the process of the
cell [29]. There was a cut-off of the process
from the nuclear area. The region from the
nucleus that was not saturated was the cut-off
in the cell. A clear boundary of the mitochon-
drial network must also be present in the cell
process [29].

Mitochondrial morphology and analysis

The Imagel) macro called Mito-Morphology was
used to analyze the images [29, 30]. The area
of the cell that was going to be evaluated was
transferred to a blank image with a black back-
ground. The same threshold was used to cover
the mitochondrial network in all of the cells.
Then, the mitochondrial network was measur-
ed using the Mito-Morphology macro. There
was a default size cut-off for Mito-Morphology.
The cut-off was 30 pixels to 200000000 pixels
[29, 30]. The parameters determined by Mito-
Morphology were the aspect ratio, circularity,
and major axis. The aspect ratio is the ratio of
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the major axis to the minor axis (Aspect ratio =
Major Axis/Minor Axis) [25]. The circularity is
how closely the mitochondria represent a
perfect circle. Circularity lies between the va-
lue of O and 1 (Circularity = 4m (mean area/
mean perimeter?)). The value of 1.0 is a mito-
chondrion that represents a perfect circle [29].
The major axis is the longest axis of the
mitochondrion.

Statistical analysis

A one-way ANOVA was used to assess the
effects of different zinc concentrations on the
three mitochondrial parameters. Post hoc com-
parison was conducted using Tukey HSD test.
P-values under 0.05 were considered signifi-
cant. The statistical software used to analyze
the data was Prism.

Results

To study the effect of zinc on mitochondrial
morphology changes, different concentrations
of exogenous zinc along with a pyrithione vehi-
cle was applied to the cell culture, and the cell
culture was imaged with fluorescent microsco-
py. If zinc affected mitochondrial morphology,
the mitochondria would have a fragmented and
circular shape rather than a tubular and elon-
gated shape. Before treatment, the mitochon-
dria appeared to be a connected tubular shape
in all groups, and to have elongated and tubu-
lar mitochondria. As shown in Figure 1, zinc
treatment caused mitochondrial morphological
changes. In the presence of low concentration
of zinc treatments (Figure 1B, 1C), the cells in
this group also appeared to have elongated and
tubular mitochondria. With the increases of
zinc concentration, the cells appeared to have
fragmented and circular mitochondria (Figure
1D-F), indicating zinc induced cytotoxicity. The-
se results suggest that moderate and large
concentrations of zinc cause visible changes to
mitochondrial morphology.

We further analyzed zinc application-induced
abnormal mitochondrial morphology or cyto-
toxicity. The software used was ImageJ macro
called Mito-Morphology (see Methods) to mea-
sure the changes of mitochondrial morpholo-
gy. If zinc affected mitochondrial morphology,
the mitochondria would have a fragmented
and circular shape rather than a tubular and
elongated shape. The data are summarized in
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Figure 2. Zinc treatment caused higher circu-
larity (Figure 2A). In Figure 2A1, the histogram
shows that the moderate and high concentra-
tion groups were grouped together with signifi-
cant increase in circularity ([F(5,1059) = 14.34,
P<0.0001]) than the other treatment groups.
Figure 2B shows that moderate and high con-
centration groups were grouped together with
a shorter major axial length than the other tr-
eatment groups, as indicated by significant de-
creases in the major axis ([F(5,1059) = 10.86,
P<0.0001]) (Figure 2B1). Moderate and high
concentrations of zinc also caused a signifi-
cant decrease in the aspect ratio ([F(5,1059) =
17.04, P<0.0001]) (Figure 2C).

We investigated further if the application of
zinc chelator, such as TPEN, would reduce zinc
induced-abnormal mitochondrial morphology
or cytotoxicity. If the TPEN application reduced
mitochondrial morphology changes, the mito-
chondria would have a tubular and elongated
shape rather than a fragmented and circular
shape. The data are summarized in Figure 3.
TPEN mitigated zinc-induced mitochondrial
morphology changes as shown in Figure 3A.
The mitochondria appeared to be elongated
and tubular in both the control and TPEN post-
treatment cells. TPEN posttreatment group
was significantly lower in circularity compared
to the 50 uM ZnCl, group ([F(2,461) = 16.27,
P<0.0001]) (Figure 3B1). In Figure 3B2, the
bar graph shows that the TPEN posttreatment
group has a significantly lower mean circularity
than the 50 pM ZnCl, group. TPEN posttreat-
ment group had a significantly larger major axis
than 50 uM ZnCl, group ([F(2,461) = 8.652, P =
0.0002]) (Figure 3C1), and a larger average
major axis than 50 pM ZnCl, group (Figure
3C2). TPEN posttreatment had a significantly
larger aspect ratio than the 50 uM ZnCl, group
([F(2,461) = 12.47, P<0.0001]) (Figure 3D1),
and a larger average aspect ratio than 50 yM
ZnCl, group (Figure 3D2). These results sug-
gest that TPEN posttreatment reduces abnor-
mal mitochondrial morphology changes.

Discussion

Mitochondrial morphology indicates the overall
health of the cell [20-22]. In unhealthy cells
undergoing apoptosis and high ROS, mitochon-
dria appear to have fragmentation and circular
mitochondria from fission [20]. The results in
the present study support previous morpholo-
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Figure 1. Effects of zinc on mitochondrial morphology in the HelLa Cell Line. (A) Shows a representative cell of control
(no treatment) with mostly tubular mitochondria. (B) Shows a representative cell with 1 uM ZnCl, treatment with
mostly tubular mitochondria. (C) Shows a representative cell with 10 yuM ZnCl,, with mostly tubular mitochondria, (D)
Shows a representative cell with 50 uM ZnCl,, with mostly circular and fragmented mitochondria, (E) Shows a repre-
sentative cell with 100 uM ZnCl,, with mostly circular and fragmented mitochondria, and (F) Shows a representative
cell with 200 pM ZnCl, with mostly circular and fragmented mitochondria. Scale bars: 10 um. Pyrithione (10 puM)
was presented with all zinc treatments. The cells were observed under fluorescent microscopy at 100X.

gical studies concerning apoptosis and ROS morphological changes in the cell, in which
generation. In this study, we report that zinc mitochondria had shortened in length and ap-
overload and zinc cytotoxicity led to abnormal peared circular. There was an overall increase
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Figure 2. Analysis of zinc induced abnormalities of mitochondrial morphology. Histograms (A1, B1, C1) and bar
graphs (A2, B2, C2) of the parameters of No Treatment, 1 yM ZnCl,, 10 uM ZnCl,, 50 uM ZnCl,, 100 uM ZnCl,,
and 200 uM ZnCl,. (A) Represents the mitochondrial circularity, (B) Represents the mitochondrial major axis, (C)
Represents the aspect ratio. Histogram relative frequency is in percentages. Bar graph data represent means + SE,
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. No treatment - n = 135 mitochondria from 8 cells, 8 trials; 1
MM ZnCl, - n = 151 mitochondria from 9 cells, 8 trials; 10 uM ZnCl, - 199 mitochondria from 8 cells, 8 trials; 50 yM
ZnCI2 - 170 mitochondria from 7 cells, 6 trials; 100 uM ZnCI2 - 210 mitochondria from 9 cells, 8 trials; 200 uM ZnCI2
- 200 mitochondria from 9 cells, 7 trials.
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Figure 3. TPEN Posttreatment mitigated zinc-induced mitochondrial morphology changes. (A1) Shows a represen-
tative cell with no treatment with mostly tubular mitochondria, (A2) Shows a representative cell with 50 uM ZnCl,
and with TPEN Posttreatment with mostly tubular mitochondria. The cells were observed under fluorescent
microscopy at 100X. The histogram (B1, C1, D1) and bar graphs (B2, C2, D2) of the parameters of No Treat-
ment, ZnCl, + TPEN, and 50 uM ZnCl, treatments. (B) Represents the mitochondrial circularity, (C) Represents
the mitochondrial major axis, (D) Represents the aspect ratio. Histogram relative frequency is in percentages. The
* on histogram signifies significance. Bar graph data represent means + SE, *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. ZnCl, + TPEN represents TPEN post-treatment. No Treatment - n = 112 mitochondria from 8 cells,
6 trials; 50 UM ZnCl, - 170 mitochondria from 7 cells, 6 trials; TPEN post-treatment - n = 182 mitochondria from 8

cells, 6 trials.

in the circularity, decrease in major axis, and a
decrease in the aspect ratio. When TPEN was
applied after applying moderate amount of
zinc, abnormal mitochondrial morphology was
reduced. This implicates that zinc application
causes high ROS production and may even
cause apoptosis which is in general agreement
with previous observations [10, 28, 31, 32].

Past studies have shown that intracellular zinc
is transported and stored in the mitochondria
[5, 13-17]. Then, high amounts of zinc in the
mitochondria causes intramitochondrial zinc
overload and ROS generation [10]. Eventually,
zinc is released from the mitochondria and
other zinc-storing organelles. This causes zinc
overload and zinc cytotoxicity [5, 10]. Further-
more, zinc also induces NADPH oxidase which
contributes to ROS production in the cell [33].
This stress effects mitochondrial structure and
function through apoptosis and increased ROS
generation [10, 34, 35].

Studies using zinc chelators have also been
done to observe zinc effects on mitochondrial
functioning [36-38]. Zinc chelators reduce mor-
phology changes, thus decreasing ROS produc-
tion and preventing apoptosis [10, 18, 39]. In
summary, the present study supports that zinc

overload leads to mitochondrial stress in the
cell. This stress may cause mitochondrial mor-
phology changes that could eventually lead to
cell death. The present study is unique from
past studies because it observed morphologi-
cal changes and measured the parameters of
these changes after zinc application. This is
consistent with cellular stress and increased
cellular and mitochondrial ROS, which sup-
ports the findings of previous studies. Applying
the zinc chelator TPEN after zinc treatment
prevented zinc overload and the associated
changes to mitochondrial morphology.
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