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Abstract

Changes in the osmolality of the extracellular medium (ECM) affect cell volume and cel-
lular processes such as cell migration and proliferation. Not only may high concentrations of
zinc (Zn) lead to cell death by apoptosis, but Zn is also a physiological suppressor of
apoptosis. The aim of our study was to examine whether Zn and regulation of extracellu-
lar osmolality had an effect on the lung cancer cell line (A549) and how to be changed in
ECM according to elements and osmolality depending on incubation time and Zn applica-
tion. Our study consisted of four groups: cell-free medium, ECM of cancer cell after 24 h
incubation (24hECM), ECM of cancer cell after 48 h incubation (48hECM), and ECM of
cancer cell after 48 h incubation with ZnCl, (48hECM +Zn). ECM osmolality was meas-
ured by using osmometer, and the levels of chromium (Cr), iron (Fe), and magnesium (Mg)
elements were analyzed using ICP-OES device for all groups. According to the result of
the analysis, a statistically significant difference was found when osmolality and element
values of ECM of 24hECM and 48hECM groups were compared with the values of the
48hECM +Zn group. It was observed that there was a decrease in the levels of Cr, Fe, and
Mg with Zn application and incubation period in ECM. The regulation of ECM osmo-
lality is a promising method due to biophysical effects on cancer cells. In our study, we
speculated that the understanding of the effects of Zn and osmolality with the relationship
between ECM and cancer cell might lead to the discovery of biophysical approaches as a
novel therapeutic strategy.
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1 Introduction

Extracellular and intracellular fluid compartments constitute a large part of the organ-
ism. The extracellular medium contains various proteins, polysaccharides, and macro- and
micro-molecules [1-3]. The osmotic pressure of the extracellular medium changes due to
the exchange of substances between the inside and outside of the cell [4]. Most fundamen-
tally, osmotic pressure is determined by the number of particles of solutes. The movement
of water from a medium with a low dissolved substance concentration to a medium with
high substance concentration is called osmosis [5]. The osmosis ability and osmotic pres-
sure of solutions are measured by osmol (Osm). Osmolality, the number of osmoles in one
kilogram of water, can be assessed for understanding osmotic pressure. If a substance is
soluble in water, the boiling point and osmotic pressure of the water increase as the freez-
ing point and vapor pressure of the water decrease [3—7]. These properties of the solu-
tion are known as colligative properties and are related to the osmotic pressure determined
by the total number of particles in the solution. Osmotic pressure measurement with the
osmometer is carried out using any of the colligative properties [S]. The most widely used
method in physiological fluids is the measurement of the osmotic pressure at the freez-
ing point of the fluid. The concept of osmolality, in which the laws of physics are used, is
very important for people whose body consists of 60% liquid part [5-7]. In a healthy per-
son, there is an osmotic balance between intracellular and extracellular fluids [8]. Besides,
changes in the osmolality of the extracellular medium affect cell volume and cellular pro-
cesses such as cell migration and proliferation [9-11]. At the same time, the concentration
of micro- and macro-elements in the extracellular medium changes throughout the vital
functions of the cell.

Zinc (Zn), chromium (Cr), iron (Fe), and magnesium (Mg) are very important micro-
and macro-elements for the cell [12, 13]. Cr is required for insulin activity and also may
affect the amount of energy for cell [14]. Fe is a physiologically essential metal, because it
plays a role in the structures of many enzymes (NADH dehydrogenase, peroxidase, tryp-
tophan pyrrolase, catalase, guanylate cyclase, and nitric oxide synthase) and serves as the
carrier for oxygen [12, 14, 15]. Moreover, Mg is an important macro-element served as the
cofactor for many enzymes (i.e., glucokinase, phosphomevalonate, hexokinase, mevalonate
kinase, squalene synthase) [16, 17]. In addition to all this, Zn has an important role in
cell division, cell growth, differentiation, and development. It also helps to maintain intra-
cellular ion homeostasis and essential in members of signaling molecules, enzymes, and
transcription factors [12, 18]. On the other hand, Zn can be toxic and plays a role in the
regulation of apoptosis in cancer cells depending on the dose amount and incubation time
[19]. The aim of our study was to examine how to be changed in the extracellular medium
according to micro-macro elements and osmolality depending on incubation time and Zn
application. By investigating these changes in the extracellular medium, it is a study that
we would like to show that extracellular medium is very important in obtaining informa-
tion about cell behavior as much as an intracellular medium. In addition, our study is a
novel therapeutic strategy by examination of the effects of zinc and osmolality on the rela-
tionship between extracellular medium and cancer cells.
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2 Material and methods
2.1 Cell line and culture conditions

Human non-small-cell lung cancer cell line A549 were grown in completed RPMI 1640
medium (PAN Biotech, Germany; Lot: 4,200,319). RPMI 1640 medium contains 2 mM
L-glutamine, 1.5 g/L NaHCO;, 10 mM HEPES, 4.5 g/L glucose, and 1 mM Sodium pyru-
vate. For obtaining completed RPMI 1640 medium (cRPMI), RPMI 1640 medium is sup-
plemented with 10% fetal bovine serum (FBS; Cegrogen Biotech, Germany; Lot: C1515)
and 1% penicillin—streptomycin (Gibco, Grand Island, USA; Lot: 2,058,871). Cell cul-
tures were kept in a humidified incubator maintained at 37 °C and 5% CO,. The medium
was replaced every 48 h. The cells were trypsinized (Gibco, Grand Island, USA; Lot:
2,063,511) and reduced once 80% confluence was obtained. Equal numbers of cells for
each group were seeded into 6 sterile wells (3x 10° cells per well). All processes were
repeated 6 times. ZnCl, (Merck, Germany; Lot: B0974516344) in powder form was dis-
solved in cRPMI medium. 2 ml of fresh cRPMI medium or Zn+cRPMI medium was
added to the cells seeded in the wells according to groups.

2.2 Determination of cell number and viability

After the A549 cell culture in the carbon dioxide incubator was taken into the lami-
nar flow cabinet under sterile conditions, the cells were removed from the surface with
Trypsin—-EDTA and collected in a 15-mL centrifuge tube. After centrifugation at 1200 rpm
for 5 min at 37 °C, the supernatant was aspirated, and a fresh medium was placed on the
cell pellet at the bottom and pipetted at least 20 times with a sterile automatic pipette. The
cell suspension transferred into a sterile 1.5-mL Eppendorf tube in a laminar flow cabinet
was mixed with 0.4% trypan blue (Amresco, Solon, Ohio; Lot: 2275C214) at a ratio of 1:1
and left for 5 min. Thoma slides (Western Germany; 0.100 mm, 0.0025 mm?) and cov-
erslips (Isolab, Germany; 24 X 24 mm) were sterilized with 70% alcohol before counting.
With the help of a sterile automatic pipette, the sample taken from the homogeneous mix-
ture of cells and trypan blue was carefully spread between the slide and coverslip. When
viewed under a light microscope (Leitz-Diavert, Germany), the Thoma slide consists of 16
large squares, each of which is 535 square. The total number of cells was calculated by
counting the cells (N) in 16 large squares on the Thoma slide with a microscope. Since the
membrane integrity and permeability of living cells are not impaired, trypan blue cannot
enter into the cell. Based on this feature, when viewed under a microscope, dead cells were
stained as blue, while living cells were unstained. Accordingly, the calculation of % vitality
was calculated according to the formula below.

Number of cell/ml = N x 10* x Dilution factor
Total number of cell = (Number of cell/ml) X Total volume

Cell viability(%) = (Number of living cell/Total number of cell) X 100

@ Springer



218 D.Tarhan et al.

2.3 Determination of half maximal inhibitory concentration (1C50)

It was aimed to find the most effective dose and duration of application for the Zn element
to be applied to the A549 lung cancer cell line. In this direction, cells were planted in ster-
ile 6 wells with equal and 3 x 10° cells in each well, and after a 24-h incubation period with
a fresh medium, the doses were applied as 0, 5, 10, 20, 50, 100, 200, and 300 uM ZnCl,.

Different doses of Zn groups were incubated for 24, 48, and 72 h as three separate sets.
Each incubation process was repeated three times while determining the effective applica-
tion time. At the end of the incubation period, the viability of the cells was calculated using
trypan blue. According to the data obtained, the half-maximum inhibitory concentration
(IC50) values for the applied dose amounts of Zn were calculated separately for all three
incubation periods (24, 48, and 72 h) using the GraphPad Prism 8.3.1 (GraphPad Software,
Inc., San Diego, USA) (Table 1).

2.4 Application of Zn

According to the experimental protocol, Zn-cRPMI-1640 medium solution was obtained
by dissolving the Zn element in the powder form of zinc chloride (ZnCl,) and in cRPMI-
1640 medium was applied to the A549 cells. After 24 h of incubation of cell, the medium
was replaced with cRPMI-1640 containing fresh 61-uM ZnCl, and incubated for 48 h
under standard cell culture conditions (37 °C and 5% CO,).

2.5 Study design

Our study on A549 lung cancer cell line consists of four groups: Group 1, cell-free medium
(Medium; cRPMI medium; M); Group 2, extracellular medium (ECM) of cancer cell after
24 h incubation (24hECM); Group 3, extracellular medium of cancer cell after 48 h incu-
bation (48hECM); and Group 4, extracellular medium of cancer cell after 48 h incubation
with ZnCl, (48hECM +Zn).

2.6 Osmolality measurement

At the end of the incubation period of each group, the extracellular mediums were transferred
to sterile Eppendorfs with the help of sterile pipettes. Standard solutions (0400 mOsm/kg)
(KNAUER, Berlin, Germany; Lot: Y124118H1) were used before osmolality measurements.
Osmolality measurements of extracellular media (150 pL) were measured immediately after
the incubation period. The osmolarity of each medium was measured using freezing point
depression with a Semi-Micro Osmometer (KNAUER, Berlin, Germany; 7400).

Table 1 IC50 values of ZnCl, in
A549 cells 24h 48h 72h

Zn 1C50 (uM) R? IC50 (uM) R? IC50 (uM) R?
128.1 0.440 61 0.300 51.68 0.361

For 24 h, 48 h, and 72 h incubation times; IC50: the half-maximum
inhibitory concentration
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2.7 The element analysis of extracellular medium

The analysis of Cr, Fe and Mg elements has been carried out by utilizing an inductively
coupled plasma-optical emission spectrophotometer (ICP-OES, England; Thermo iCAP
6000series) at Trace Element Analysis Laboratory at Biophysics Department, Cerrahpasa
Faculty of Medicine, Istanbul University-Cerrahpasa. The parameters of ICP-OES device are
presented in Table 2. Extracellular medium samples were kept at— 80 °C until measurements
and were diluted (1:5) with distilled water in sterile tubes by using an automatic pipette.

Standard solutions of Cr, Fe, and Mg elements were prepared from proper stock solutions
containing 1000 ppm (mg/L) (Inorganic Ventures, USA; Cr Solution Lot: N2-CR668253; Fe
Solution Lot: N2-FE667623; Mg Solution Lot: M2-MG658972). Distilled water was used
as blank solution. Test solutions containing 2000 mg L-1 for each element (Thermo Fisher
Scientific; Cambridge; Lot: 10-21GS) were used for the quality assurance of ICP-OES
analysis. In the study, the appropriate wavelengths of Cr (267.716 nm), Fe (259.940 nm),
and Mg (285.213 nm) elements were used to analyze by the ICP-OES device. The three
point calibration graph was obtained from the ICP-OES device using blank and standard
solutions. Linear and reproducible calibration curves were obtained for analysis and the
recovery of the analyzed quality control was between 98.4% and 102% (Table 3). The trace
element analyses of the prepared extracellular medium samples were carried out. Element
levels were expressed as mg/L for extracellular medium samples.

2.8 Statistical analysis

Statistical analysis was performed with the software package SPSS 21 program for Win-
dows. All data were expressed as means + standard deviation (SD). The values of p <0.05
were considered statistically significant. One-way ANOVA test, which is a parametric test,
was applied for datasets (osmolality, Cr, Fe, and Mg) with normal distribution as a result
of the normality test. When post hoc analysis of variance was performed in the one-way
ANOVA test, Tukey test was applied for homogeneous variance (for Cr and Fe datasets),
and Tamhane’s T2 test was applied for non-homogeneous variance (for osmolality and Mg
datasets). On the other hand, the Pearson correlation test were used for the determination
of correlation between osmolality values and elements levels. All IC50 values were done
by using GraphPad Prism.

Table 2 ICP-OES device

parameters for element analysis Parameters Assigned value
Plasma gas flow rate 15 L/min
Argon carrier flow rate 0.5 L/min
Sample flow rate 1.51 L/min
Flush pump rate 100 rpm
RF Power 1150 W
Nebulizer flow 0.70 L/min
Analysis pump rate 50 rpm
Pump relaxation time 5s

ICP-OES inductively coupled plasma-optical emission spectrophotom-
eter
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Fig.1 The cell viability (%) of A549 cell line for ZnCl, (0, 5, 10, 20, 50, 100, 200, 300 uM) in the different incu-
bation time (24 h, 48 h, 72 h)

3 Results

In our study, the results of cell viability (%) were obtained for ZnCl, on A549 cancer cells
according to different doses (0, 5, 10, 20, 50, 100, 200, 300 pM) and different incuba-
tion times (24 h, 48, 72 h) (Fig. 1). IC50 values were calculated separately for the 24 h,
48 h, and 72 h incubations for Zn application (Table 1). For the Zn application in the study
groups, 61 tM ZnCl, was applied according to the IC50 value in 48 h of incubation.

After 24 h of incubation of A549 cells (24hECM), the osmolality value of the extracel-
lular medium was statistically higher (p <0.001) than the osmolality value in the cell-free
medium (M; cRPMI). On the other hand, after 48 h of incubation of the cells, the osmo-
lality values of the Zn applied (48ShECM +Zn) (» <0.001) and non-applied (48ShECM)
(p<0.01) groups were statistically significantly lower than that of M group (Table 4).

There was a numerical decrease in the Cr values of ECM when the values of the
cell-free medium were compared with the other groups. However, the Cr value of only
the 4ShECM +Zn group was statistically significantly lower than the Cr value of cRPMI
(» <0.05). Likewise, there was a numerical decrease in the Mg values when the 24-h ECM

Table 4 The Osmolality, Cr, Fe, and Mg values of the extracellular medium of A549 cells

Groups Osmolality (mOsm/kg) Cr (mg/L) Fe (mg/L) Mg (mg/L)

M 318.67+2.422 0.0140+0.008 0.177+0.033 5.428+0.358

24hECM 398.50 4 7.064#%** 0.0138+0.015 0.139+0.060 6.928 +2.965

48hECM 266.00 +23.03%%* 0.0068 +0.001 0.040+0.014%** 4.785+1.316

48hECM +Zn 179.33 +5.279%%%* 0.0045 +0.002* 0.020 +0.008*** 4.631+0.223*

*p <0.05; **p <0.01; ***p <0.001

Cr chromium, Fe iron, Mg magnesium

All data is means + standard deviation (M +S.D.)

M:Cell-free medium, cRPMI; 24hECM: Extracellular medium of cancer cell after 24 h incubation
48hECM: Extracellular medium of cancer cell after 48 h incubation

48hECM + Zn: Extracellular medium of cancer cell after 48 h incubation with 61 uM ZnCl,
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and 48-h ECM groups were compared with cRPMI, with the increase in the incubation
time of A549 cells. However, this decrease was not statistically significant. On the other
hand, in the Mg values, after 48 h of incubation (48hECM + Zn) with Zn application, there
was a statistically significant decrease compared to cRPMI (p <0.05). When we evaluated
the Fe values, another important trace element for ECM and cells, there was a statistically
significant decrease when 48-h ECM and 48-h ECM+Zn groups were compared with
cRPMI (p <0.001). However, although the Fe values of the 24hECM group were lower
than the Fe value of cRPMI, it was not statistically significant (Table 4). In addition to
these, the values of osmolality were positively correlated with the Cr values (r: 0.549;
p<0.01), the Fe values (r: 0.670; p <0.001), and the Mg values (r: 0.561; p <0.01) (1: cor-
relation coefficients).

4 Discussion and conclusions

Osmolality is the concentration of a solution as osmoles per kilogram of water. In dilute
solutions such as extracellular and intracellular fluids in the body, it is a crucial param-
eter. The small changes in the concentrations of the extracellular medium can lead to
large osmotic pressures across the cell membrane relatively [4—6]. An impermanent solute
(that will not permeate the cell membrane) for each milliosmole concentration gradient
is exerted across the cell membrane about 19.3 mm Hg of osmotic pressure. There is an
osmotic balance between the extracellular and intracellular mediums in normal conditions
[5]. A force can move water across the cell membrane when the extracellular and intracel-
lular mediums are not in osmotic balance. As a result of these forces, the small changes
in the concentration of impermanent solutes in the extracellular medium can cause large
changes in cell volume and structure. It is known that the factors that can cause extracel-
lular and intracellular volumes to change markedly are excess or loss of amounts of fluid
[5, 8].

The cell mediums can be classified into three as isotonic, hypertonic, and hypotonic
according to the differences between the solute amounts of the medium [5]. If the extracel-
lular medium is an isotonic solution, there is an osmotic equilibrium between the intracellu-
lar and extracellular compartments of the cell, and no osmosis occurs between the intracel-
lular and extracellular compartments. If the extracellular medium is a hypertonic solution,
the osmolality of the extracellular medium increases. Therefore, osmosis occurs water out
from the cell to the extracellular medium, and the cell shrinks. On the other hand, if the
extracellular medium is a hypotonic solution, osmolality decreases and water flows into
the cell from the extracellular medium (the cell swells) [4-7]. It is known that the extracel-
lular medium contains various proteins, polysaccharides, and macro- and micro-molecules
[3]. Therefore, the osmolality of the extracellular medium changes due to the transport
between the inside and outside of the cell [4]. Cell membrane structure, the preservation
of the integrity of the cell membrane, membrane permeability, cell volume, and transport
mechanisms and the balanced relationship between the intracellular and extracellular medi-
ums of cells are very important biophysically. Therefore, the osmolality of the extracellular
medium gives us very important information about the structure of the cell, such as the cell
membrane, transport mechanisms, and cell volume. In our study, we examined the changes
in the extracellular medium osmolality of both according to the incubation times of cancer
cells and the IC50 value of Zn applied. We consider that due to the changes in the extracel-
lular osmolality, we could obtain information about the intracellular and cell membrane
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transport systems and the cell membrane. According to our osmolality results (Table 4),
the osmolality of the extracellular medium (24-h ECM: 398.50+7.064 mOsm/kg) after
24 h of incubation of A549 cancer cells was higher than that of cRPMI (cell-free medium,
M: 318.67 +£2.422 mOsm/kg) (p <0.001). However, after 48 h of incubation, the osmolal-
ity of the extracellular medium of A549 cancer cells (48-h ECM: 266.00 +23.03 mOsm/
kg) was lower than that of 24-h ECM and cRPMI (p <0.01). A549 cells may have caused
the extracellular medium to become hypertonic by transferring substances to the extracel-
lular medium during the first 24 h of incubation or by increasing the passage of water from
the medium into the cell. While the anabolic and catabolic activities of the cells continue,
the 48-h incubation period shows that the extracellular medium has become hypotonic with
the passage of substances into the cell. In the case of application of Zn with IC50 value
(48hECM +Zn: 179.33 +£5.279 mOsm/kg), it increased the substance transfer into the cell,
further reducing the osmolality of the extracellular medium and rendering it hypotonic. In
this case, we may consider that the incubation period of A549 cancer cells may be suffi-
cient for the amount of Zn we applied during the 48-h incubation period in order to disrupt
the cell membrane integrity of the A549 cancer cells due to decreasing in the osmolal-
ity of the extracellular medium. We estimate that apoptotic cell markers and morphologi-
cal examinations should be performed after 48 h of Zn-applied incubation to more clearly
explain the effect of Zn in the cell. However, the osmolality of the extracellular medium
can obtain very quickly the information that A549 cancer cells can shrink and not protect
the membrane integrity at the incubation time and Zn dose we applied.

Cr is one of the physiologically essential trace elements that has an important role
in the insulin activity and also its effects on protein, lipid, and carbohydrate metabo-
lism. Not only insulin has a major role about regulator of cell metabolism but also is a
growth factor. For many years, it is known that several cancer cells require insulin for
optimal cell growth [20]. A wide range of in vivo and in vitro studies have clearly estab-
lished that insulin could affect tumor progression [21, 22]. For all these reasons, the Cr
element, which is important in insulin activity, also has an effect on cancer cells. In our
study, there was no significant difference between the Cr level of the extracellular medium
after 24 h of incubation of the cancer cell (24hECM: 0.0138 +0.015 mg/L) and cRPMI
(M: 0.0140+0.008 mg/L), but a significant decrease was observed after 48 h of incuba-
tion (48hECM: 0.0068 +0.001 mg/L). There was also a statistically significant decrease
between 48 h Zn application (48ShECM +Zn: 0.0045 +0.002; p <0.05) and cRPMI. We
consider that when Zn application is added during the 48-h incubation process, cancer cells
take Cr into the cell and cause a decrease in the Cr level in the extracellular medium. With
the therapeutic effect of Zn here, the need for Cr in cancer cells may have increased.

The homeostasis of Fe is regulated via several mechanisms, from recycling by mac-
rophages to absorption by enterocytes and storage in hepatocytes [14, 15]. Because Fe
deficiency or excess can induce a variety of biological processes, it has dual properties,
which may facilitate cell death or tumor growth. Several studies have shown that Fe is
closely related to the development and occurrence of cancer cells. Besides, cancer cells
tend to have an increased dependence on Fe [23-25]. In our study, we analyzed that the
level of Fe in the extracellular medium decreases as the incubation period increases. 24-h
ECM (0.139 +0.060 mg/L) and 48-h ECM (0.040+0.014 mg/L; p <0.001) Fe levels were
decreased compared to Fe level of cRPMI (M: 0.177+0.033 mg/L). Besides, Fe levels
in ECM decreased significantly with Zn application (48-h ECM+Zn: 0.020+0.008;
p<0.001). Our study confirms the previous studies that indicated cancer cells need more
Fe elements depending on the incubation period.
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On the other hand, the relationship between Mg and cancer is complex. Mg has both
pro- and anti-tumor effects. We need more studies to establish firm conclusions about can-
cer and Mg [26]. However, our study is demonstrated that the Mg levels of ECM decreased
in 48-h ECM (4.785+1.316 mg/L) and 48-h ECM +Zn 4.631+0.223; p <0.05) accord-
ing to cRPMI (M:5.428 +0.358 mg/L) and 24-h ECM (6.928 +2.965 mg/L). This decrease
may present us that A549 cancer cells take Mg elements for their metabolism activity into
the cell inside from ECM. However, there is an important point about incubation time. The
Mg level of ECM is higher than all other groups (M, 48ShECM and 48hECM +Zn) after
24 h of incubation (24hECM). In 24-h incubation, Mg is not needed from the ECM, even
Mg is transported from the cell to the outside. However, after 48 h of incubation, we con-
sider that the cancer cell needs Mg and transfers it from the ECM into the cell.

We are of the opinion that our study, in which we performed 24-h and 48-h incubations in
the extracellular medium of A549 cancer cells and Zn application at IC50 value, can provide
an insight into studies that will be directly focused on ECM. In many studies on the relation-
ship between osmolality, osmotic pressure, and ECM, the importance of osmolality for the
cell has been demonstrated from different perspectives [27-31]. By changing the osmolality
of the extracellular medium in which the cell is located, the osmotic pressure on the cell can
be increased/decreased, causing the membrane structure to deteriorate, leading to the death
of the cells. Likewise, studies on trace element amounts in the extracellular medium and
especially the therapeutic effects of Zn application show that this subject can be used quite
effectively in the extracellular medium as well as in the intracellular medium [19, 31].

In conclusion, we examined how the osmolality and Cr, Fe, and Mg change in 24-h
ECM, 48-h ECM, and cell-free media according to the incubation time of the extracel-
lular medium. In addition to different incubation times, we have determined the amount
of Zn that can lead A549 cancer cells to apoptosis, due to the IC50 dose study we have
done for Zn in A549 cancer cells. In this way, we analyzed that with the Zn we applied at
the IC50 value in the 48hECM +Zn group, Cr, Fe, and Mg levels decreased in the extra-
cellular medium in correlation with osmolality. When we compared the 48-h ECM and
48-hECM +Zn groups, we observed that Zn had significant effects in the extracellular
medium, regardless of the incubation period. In this way, the information we gained about
the extracellular environment also gave information about cell behavior. Therefore the reg-
ulation of extracellular medium osmolality is a promising method due to the biophysical
effects on cancer cells. In our study, we speculated that the understanding of the effects of
Zn and osmolality with the relationship between extracellular medium and cancer cell may
lead to the discovery of biophysical approaches as a novel therapeutic strategy.
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