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Abstract 

The failure of intracellular zinc accumulation is a key process in prostate carcinogenesis. Although prostate cancer 
cells can accumulate zinc after long-term exposure, chronic zinc oversupply may accelerate prostate carcinogenesis 
or chemoresistance. Because cancer progression is associated with energetically demanding cytoskeletal rearrange-
ments, we investigated the effect of long-term zinc presence on biophysical parameters, ATP production, and EMT 
characteristics of two prostate cancer cell lines (PC-3, 22Rv1). Prolonged exposure to zinc increased ATP produc-
tion, spare respiratory capacity, and induced a response in PC-3 cells, characterized by remodeling of vimentin 
and a shift of cell dry mass density and caveolin-1 to the perinuclear region. This zinc-induced remodeling correlated 
with a greater tendency to maintain actin architecture despite inhibition of actin polymerization by cytochalasin. 
Zinc partially restored epithelial characteristics in PC-3 cells by decreasing vimentin expression and increasing 
E-cadherin. Nevertheless, the expression of E-cadherin remained lower than that observed in predominantly oxida-
tive, low-invasive 22Rv1 cells. Following long-term zinc exposure, we observed an increase in cell stiffness associated 
with an increased refractive index in the perinuclear region and an increased mitochondrial content. The findings 
of the computational simulations indicate that the mechanical response cannot be attributed exclusively to altera-
tions in cytoskeletal composition. This observation suggests the potential involvement of an additional, as yet uniden-
tified, mechanical contributor. These findings indicate that long-term zinc exposure alters a group of cellular parame-
ters towards an invasive phenotype, including an increase in mitochondrial number, ATP production, and cytochalasin 
resistance. Ultimately, these alterations are manifested in the biomechanical properties of the cells.
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Introduction
Non-tumor prostate epithelial cells have been observed 
to accumulate citrate and produce most of their ATP via 
glycolysis. The current hypothesis assumes this occurs 
due to the inhibition of aconitase by high intracellular 
zinc levels. The human prostate gland contains extremely 
high zinc levels, which significantly affect mitochondrial 
citrate metabolism and terminal oxidation. This inhibi-
tion of aconitase leads to a truncated Krebs cycle and a 
drop in oxidative phosphorylation (OXPHOS), which 
is accompanied by an increase in aerobic glycolysis [1]. 
During prostate carcinogenesis, citrate-producing secre-
tory epithelial cells in the prostate stop accumulating 
zinc and undergo a metabolic shift to malignant citrate-
oxidizing cells that produce ATP primarily through 
OXPHOS. Increased glycolysis, typical for non-tumor 
prostate epithelial cells, becomes again a characteristic 
of advanced castrate-resistant prostate cancer [2, 3]. The 
increase in glucose uptake and glycolysis seems to be a 
common feature of both normal and cancer cells when 
they experience a phenotypic change in the epithelial-
mesenchymal spectrum [4]. Growing evidence links epi-
thelial-mesenchymal transition (EMT) to the promotion 
of prostate cancer metastasis. The underlying mechanism 
of EMT is provided through the reorganization of the 
cytoskeleton, which, in turn, manifests in the changes in 
the mechanical properties of individual cancer cells and 
multicellular tissues [5]. Such changes in the mechani-
cal properties at multiple levels (molecular, cellular, and 
tissue level) are key drivers of cancer progression [5]. In 
addition, these cellular parameters are in close correla-
tion with increased stemness and drug resistance [6]. Our 
understanding of the interplay between EMT, mechani-
cal determinants of cancer progression, and metabolic 
reprogramming of prostate cancer, however, remains 
incomplete.

To model these processes, we utilized prostate cancer 
cell lines, including the 22Rv1 cell line, which retains epi-
thelial characteristics [7], and the PC-3 cell line derived 
from bone metastasis which shows a shift towards a mes-
enchymal phenotype with enhanced vimentin and Cave-
olin-1 (CAV1) expression [8, 9]. It is noteworthy that 
PC-3 cells exhibit increased sensitivity to zinc compared 
to 22Rv1 cells. However, extended zinc exposure leads to 
zinc and cisplatin resistance and metabolic alterations 
accompanied by enhanced SOX2 expression. Despite the 
re-establishment of intracellular zinc accumulation, pros-
tate cancer cells do not completely revert to a non-malig-
nant phenotype [10, 11].

In this study, we elucidate the correlation between 
cytoskeletal architecture changes and OXPHOS repro-
gramming, with resultant effects on cellular stiffness and 
subcellular cell dry mass redistribution. Furthermore, 

we describe the dual effects of long-term zinc exposure 
on EMT, with the potential for both induction and sup-
pression [12, 13]. Additionally, by computational mod-
eling and using actin- and vimentin-targeting drugs we 
describe the association of biophysical properties with 
cellular metabolism.

Methods
Chemical and biochemical reagents
The Ham’s F12 medium, the RPMI-1640 medium, myco-
plasma free FBS were purchased from VWR Interna-
tional, LCC (Randor, PE, USA). Phosphate buffered saline 
(PBS), zinc(II) sulfate, sodium sulfate, zinc chloride, 
trypsin, Ethylenediaminetetraacetic acid (EDTA) were 
purchased from Merck KGaA (Darmstadt, Germany). 
LIVE/DEAD™ Viability/Cytotoxicity Kit (L3224) was 
purchased from ThermoFischer Scientific.

Cell culture
The 22Rv1 human cell line derived from primary prostate 
cancer and the PC-3 cells derived from a bone metasta-
sis of 4-grade prostatic adenocarcinoma were used in the 
study. 22Rv1 expresses an androgen receptor, is weakly 
testosterone-sensitive, and is PTEN positive [14]. The 
PC-3 is androgen-independent and unresponsive, nega-
tive for p53 and PTEN [14, 15]. PNT1A is a non-tumor 
epithelial prostate cell line.

22Rv1 and PNT1A cells were cultured in RPMI-1640 
medium with 10% FBS. PC-3 cells were cultured in 
Ham’s F12 medium with 7% FBS. Both media were sup-
plemented with 100 U/ml penicillin and 0.1 mg/ml strep-
tomycin. Cells were cultured at 37  °C with 5%  CO2 in a 
humidified incubator (Sanyo, Japan). 22Rv1 was pur-
chased from DSMZ-German Collection of Microorgan-
isms and Cell Cultures GmbH (Braunschweig, Germany), 
PC-3 and PNT1A were purchased from Merck KGaA.

Zinc (II) treatments of cell cultures
During long‐term zinc treatment, cells were cultivated 
with the constant presence of zinc(II) ions. The concen-
trations of zinc(II) in the media were determined to be 
8.4 ± 1.3 µmol/l for RPMI and 19.5 ± 6.6 µmol/l for Ham’s 
medium. These concentrations were increased gradually 
using zinc(II) sulfate by small changes of 25 μM or 50 μM. 
Cells were cultured at each concentration no less than 
1 week before harvesting and the viability was checked 
before adding more zinc. This process naturally selected 
zinc-resistant cells. The total time of cultivation of cell 
lines in zinc(II)‐containing media exceeded 1 year. The 
final concentrations of added zinc(II) sulfate in media, 
further designated as “long-term zinc”, were 50  μM for 
PC‐3, 400  μM for the 22Rv1 cell line and 150  μM for 
PNT1A, resulting in final concentrations of 70  µmol/l 
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for PC-3 treated with Ham’s medium and 408 µmol/l for 
22Rv1 and 158 µmol/l for PNT1A cultured in RPMI. No 
vehicle was added to the control conditions as sulfate 
does not affect growth, viability, and cell stiffness (Fig. 
S1a-c). Intracellular zinc(II) content increased extensively 
and proportionally to added zinc sulfate in the long-term 
zinc-treated cell lines. For details see [10, 11]. Sulfate was 
used as a vehicle for zinc instead of chloride because it is 
the least toxic anorganic zinc compound [16]. The con-
centrations used in the experiment had no effect on via-
bility or stiffness (Fig. S1).

Atomic force microscopy
For the analysis of cell stiffness, the bioAFM microscope 
JPK NanoWizard 3 (JPK BioAFM, Berlin, Germany) 
was placed on the inverted optical microscope Olym-
pus IX-81 (Olympus, Tokyo, Japan) and equipped with 
a motorized stage with a Petri dish heater. Atomic force 
microscopy (AFM) measurements were conducted with 
spherical probes. A spherical cantilever was prepared by 
attaching a 5.73 µm melamine sphere (microParticles, 
Berlin, Germany) to a tipless cantilever (SD-qp-CONT-
TL, NanoWorld, Switzerland). Before each experiment, 
the sensitivity and spring constant of cantilevers were 
determined by the contact-free method in Bruker-JPK 
software. A force-distance curve (FDC) was recorded 
at each point of the cantilever approach/retract move-
ment. Typical FDC parameters were: 15  μm extend/
retract length, a setpoint value of 1 nN, a sample rate of 
5000 Hz, and a speed of 20 µm/s. The retraction length of 
15 μm was sufficient to overcome any adhesion between 
the tip and the sample and ensure that the cantilever 
had been completely retracted from the sample surface. 
The system operated under closed-loop control, and a 
temperature of 37  °C was maintained during the whole 
experiment. The Young’s modulus I was calculated by fit-
ting the JKR model on the FDCs measured as force maps 
(64 × 64 points) of the region containing either a single 
cell or multiple cells. JPK data processing and AtomicJ 
software were used for the batch processing of measured 
data. Statistics were done on n = 31 22Rv1, n = 31 22Rv1-
zinc, n = 40 PC-3 and n = 24 PC-3 zinc cells pooled from 
multiple independent experiments.

In silico model of atomic force microscopy
Finite Element (FE) Modelling was employed to assess 
the role of the observed cytoskeletal protein content 
change in the mechanical response. The model accounts 
for the nucleus, cytoplasm and membrane as well as 
cytoskeletal components represented by a continuous 
actin cortex and interconnected network of discrete pre-
stressed actin bundles (ABs), curved microtubules (MTs) 

and wavy intermediate filaments (IFs). For further details 
on the FE model, see Supplementary Material 1 and [17].

The computational setup mimics the experimental 
conditions: a rigid sphere with a diameter of 5.73  μm 
was indented into the adherent cellular model to the 
depth of 0.9 µm (10% of the cell height). In contrast to 
a real cellular body, the inner structure of the compu-
tational model is symmetric (see Fig.  6) but has been 
verified to sufficiently capture the experimentally deter-
mined mechanical behavior under various loads (e.g. [17, 
18]). This enabled us to select a set of indentation points 
(see Fig.  6b) where the modifications in the underlying 
structures could induce the most different responses. 
The resulting response was then considered as average 
between all these 5 points.

Real‑time deformability cytometry
Real-time deformability cytometry (RT-DC) was per-
formed according to Rosendahl et  al. [19] and was per-
formed similarly like in Peltanova et  al. [20] using an 
AcCellerator (Zellmechanik, Dresden, Germany) at 
37  °C. Briefly, 48  h after seeding, the cells were stained 
for 20 min with 60 nM MitoTracker Red, trypsinized and 
prior analysis kept de-adhered on a roller for 30 min. 
Consequently, cells were transferred to the CellCarrier 
measurement buffer (Zellmechanik). Measurement was 
performed in 30 × 30  μm (cross-section) microfluidic 
chips using RT-DC at a flow of 0.240 μl/s using ShapeIn 
2.0.8 software (Zellmechanik). The Young’s modulus was 
calculated from deformation and cell area using Shape-
Out 2.17, after filtering with the following setting: cell 
area parallel to flow 80–1000 μm2 (removal of cell debris/
multicellular clusters), porosity 1.00–1.05 (removal of 
damaged cells). The MitoTracker fluorescence intensity 
was measured as a mean of peak heights (FL2 maximum) 
per cell. Statistics were done on n = 8 22Rv1, n = 4 22Rv1-
zinc, n = 16 PC-3 and n = 10 PC-3 zinc measurements 
pooled from two to four independent experiments.

Real‑time cell metabolic assay
The assay to measure oxygen consumption rate (OCR) 
and extracellular acidification (ECAR) was performed 
similarly like in Peltanova et  al. [20]. Briefly,  104 cells 
per well were seeded in a Seahorse 8-well plate (Agilent 
Technologies, Santa Clara, CA, USA). The measurement 
was performed on the Seahorse XFp analyzer with Wave 
Controller 2.4 software (Agilent Technologies) using 
a Seahorse XF RPMI medium, pH 7.4 (Agilent). FCCP 
was used as an uncoupler of OXPHOS, and its concen-
tration was optimized prior experiments for 500 nM for 
both 22Rv1 and PC-3. The experiment was repeated 2–3 
times, each in biological triplicates to pentaplicates.
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Flow‑induced adhered cell deformation
The shear modulus of cells was determined using an 
approach based on Quantitative Phase Imaging (QPI) 
and shear flow-induced deformation of cells adhered in 
a microchannel, which we introduced previously [21]. 
Briefly, cells in Ibidi µ-Slide VI 0.1 (0.1 × 1.0 mm cross 
section) are exposed to 5 Pa shear stress pulses and based 
on the cell center of mass flow-induced shift a modulus 
was calculated using a Kelvin-Voigt model with a para-
metric deconvolution. For details see Vicar et al. [21]. The 
experiment was performed in triplicate to hexaplicate 
and repeated at least twice.

Protein extraction and proteome analysis
Extracted proteins were subjected to filter-aided sample 
preparation as described elsewhere [22]. Resulting pep-
tides were analyzed by liquid chromatography–tandem 
mass spectrometry (LC–MS/MS) performed using Ulti-
Mate 3000 RSLCnano system (Thermo Fisher Scientific) 
online coupled with Orbitrap Q Exactive HF-X spec-
trometer (Thermo Fisher Scientific). LC–MS/MS data 
were processed using MaxQuant software. See Supple-
mentary Material 1 for full details regarding the analyses 
and data evaluation.

MTT
The resistance to Cytochalasin D (CytD) was tested using 
an MTT assay. 22Rv1, PC-3 and zinc-resistant variants 
of the cells  (104 cells per well) were seeded in the 96-well 
flat bottom plate and cultured under standard conditions 
for 48 h. To elucidate whether the vimentin is associated 
with or contributes to the development of resistance to 
actin polymerization inhibition by CytD, prior to the 
CytD treatment, one plate of PC-3 cells was pretreated 
with 10 nM vimentin depolymerizing Calyculin A (CalA) 
for 15  min. Then, the culture media was removed and 
replaced with fresh media with increasing concentra-
tion of CytD. After another 24 h, the solution containing 
CytD was replaced with fresh culture medium containing 
5 mg/ml MTT and cells were incubated for 4 h. Finally, 
to dissolve formazan crystals, the medium was replaced 
with DMSO, and absorbance was determined at 570 nm 
(Cell plate reader Cytation 3, BioTek, VT, USA).

Cell growth analysis was performed on IncuCyte using 
5-day label-free monitoring of cell growth. The cells were 
seeded to 96 well plate in 24plicates in a seeding density 
of 1000 cells/well. The cells were treated with 400 µM (for 
22Rv1) and 50 µM (for PC-3) of  ZnCl2 and  ZnSO4. The 
concentration of  Na2SO4 was calculated for the identical 
concentration of  SO4

2− as for  ZnSO4. Proliferation was 
measured for 5 days. After 5 days, cells were stained with 
a LIVE/DEAD™ Viability/Cytotoxicity Kit to measure the 
viability. The percentage of viable cells was defined as the 

ratio of red object count divided by red + green object 
count.

Wound healing assay
After passage, each cell line was resuspended and seeded 
into a 24-well plate. The optimal number of cells per 
well in 500 μl of medium was determined separately for 
each cell line: 300,000 cells for PC-3 and 350,000 cells for 
22Rv1. After 24 h, the cells reached 100% confluency. The 
PC-3 CalA-pretreatment group was treated with CalA 
at a concentration of 10 nM for 15 min. Following this, 
a wound was created on the surface for all groups (PC-3 
CalA-pre, control, long-term zinc, and control 22Rv1) 
using a yellow pipette tip. Cells were washed with PBS, 
then fresh medium (control) or medium with the test 
substance (60, 400 or 1200 nM CytD) was added. A pho-
tograph of each well was taken at time 0 and after 24 h 
at the same location. The images were analyzed using 
the TScratch program following the software instruc-
tions. The software calculated the percentage of the open 
wound area.

Refractive index tomography
Tomograms of refractive index (n) were captured using 
3D Cell Explorer (Nanolive SA, Tolochenaz, Switzerland) 
with 60× magnification and using a custom-made opti-
cal diffraction tomography (ODT) setup with 63× magni-
fication [23]. The cells were manually annotated for cell, 
nucleus, cytoplasm, and perinuclear region for which the 
average refractive index (n) was measured. Furthermore, 
a difference between n in the perinuclear area and cyto-
plasm (Δn) was calculated. From multimodal images of 
refractive index with MitoTracker staining using a cus-
tom-made ODT, the image correlation was calculated in 
the masks of cells.

Confocal microscopy
The distribution of Caveolin-1 (CAV1) and integrity of 
F-actin, β-tubulin, and vimentin after various treatments 
were studied using confocal microscopy. First, the cells 
were seeded on 18 mm coverslips coated with 20 μg/ml 
fibronectin and cultured under standard conditions for 
48 h. Then, the cells were fixed in a pre-warmed fix solu-
tion containing 4% paraformaldehyde, 3% sucrose, PBS, 
and water for 20 min at 37  °C and washed three times 
with PBS. Right after, the cells were permeabilized using 
0.2% Triton X-100 for 10 min. Permeabilization was fol-
lowed by the blocking of non-specific Ab-blocking sites 
in PBS-BSA 0.1% for 60 min. Such prepared cells were 
incubated with primary antibodies (Vimentin, 1:200, 
V2258; Caveolin-1, 1:400, D46G3, Cell Signaling Tech-
nology, Danvers, Ma, USA; β-tubulin, 1:200, ab108342, 
Abcam; Cambridge, UK) according to the investigated 
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target for 90 min in 37  °C. Then, the cells were washed 
three times with PBS 0.05% Tween 20 (PBS-T) and incu-
bated with compatible secondary antibodies (Alexa 
Fluor® 488, 1:750; Alexa Fluor® 647, 1:750) for 60 min in 
the dark at RT. F-actin was stained using Alexa Fluor™ 
488 Phalloidin conjugate (Thermo Fisher Scientific, 
Waltham, Ma, USA) for 60 min in the dark at RT. After 
secondary antibody incubation, the cells were washed 
two times with PBS-T and then incubated with Hoe-
chst. Prior to the mounting, cells were washed twice with 
PBS-T and once with PBS. Coverslips were mounted on 
glass slides using 7 µl of ProLong™ Gold Antifade Mount-
ant (Thermo Fisher Scientific, Waltham, Ma, USA).

Confocal images were acquired with Laser scanning 
confocal microscope Zeiss LSM 880 with Airyscan-
Fast module (Carl Zeiss, Cambridge, UK) using Plan-
Apochromat 63 × /1.40 objective, 405  nm and 633  nm 
solid-state lasers and 488  nm argon laser. DAPI was 
excited at 405  nm and emitted light was detected at 
463  nm, Alexa Fluor® 488 was excited at 488 nm and 
detected at 562  nm, and finally, Alexa Fluor® 647 was 
excited at 633 nm and detected at 697 nm.

Statistical analysis
For statistics, t-test was used and in case of a problem of 
multiple comparisons, Benjamini-Hochberg-corrected 
p values were calculated. For the proteomic data, data 
were processed similarly like in Hanelova et  al. [24]. 
Briefly, of 6482 identified proteins, 5074 had enough pro-
teotypic peptides determined. LIMMA package in R was 

used for analysis. Over-representation analysis using the 
Gene Ontology database was performed using the clus-
terProfiler 4.0 package [25] and sample comparison was 
performed using compareCluster. For visualization, vol-
cano plots [26], heatmaps (pheatmap package) [27] and, 
ggplot2 [28] were used. Furthermore, tidyverse and data.
table [29] packages were used.

Results
Zinc‑induced vimentin and EMT protein expression 
changes
Cell line models mimic different stages of cancer, as 
reflected by a different level of EMT. Compared to the 
22Rv1 cell line derived from the primary tumor, the 
metastatic PC-3 cell line shows a shift towards a mesen-
chymal phenotype, as indicated by vimentin (VIM) and 
CAV1 expression. Vimentin and CAV1 were not detected 
in 22Rv1 cells. In addition to vimentin and CAV1, other 
proteins involved in EMT regulation were upregulated 
in PC-3 cells compared to 22Rv1 (see Fig. S2), such as 
COL1A1 [30], endoglin [31], integrin alpha-5/beta-1 
(ITGA5:ITGB1), N-cadherin (CDH2), LAMB3, FNDC3B, 
and MMP14 [32, 33]. Furthermore, the expression of 
E-cadherin (CDH1) or CTNNA1 and 2 [34], which are 
associated with epithelial phenotype, was lower in PC-3 
cells (Fig. S2a). However, other important markers of 
EMT, such as α-smooth muscle actin or FSP-1 were not 
expressed by PC-3 cells.

As a result of long-term zinc exposure (50  μM 
zinc sulfate), vimentin was fragmented in PC-3 cells 
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(Fig.  1a, Table  S2) and expressed in lower levels 
(Fig.  1b). In parallel with the decrease in vimentin, a 
redistribution of CAV1 from a predominantly mem-
brane localization to the cytoplasm/perinuclear region 
was observed in long-term zinc-treated PC-3 cells (see 
Fig. 1a). It seems unlikely that this effect is caused by 
oxidative and cellular stress alone, as it does not occur 
after cisplatin treatment. (50 μM); see Fig. 1a.

Moreover, the expression of multiple other EMT-
associated proteins was diminished in PC-3 cells 
following long-term zinc exposure (CDH2/N-cad-
herin, MMP14, ITGA5, SUMO2; as shown in Fig.  1b, 
Table  S1). Nevertheless, the expression of CDH2 or 
MMP14 was still higher after zinc treatment in PC-3 
compared to 22Rv1; see Fig. S2b. Long-term zinc 
exposure also increased the expression of E-cadherin 
(CDH1) in PC-3 cells, but this expression was still 
lower compared to 22RV1. Long-term zinc treat-
ment induces an elevation in epithelial markers within 
PC-3 cells, representing a partial restoration towards 
the epithelial phenotype. However, zinc was not con-
firmed as a  full consolidator of epithelial phenotype, 
as evidenced by the enhanced expression of specific 
EMT-associated proteins (COL1A1, FN1, FNDC3B) in 
22Rv1 cells (Fig. 1b).

To demonstrate the generalizability of the results, 
the expression of EMT-associated proteins follow-
ing long-term zinc exposure was tested on non-tumor 
prostate PNT1A cells. The results showed that, as 
observed in 22Rv1 cells, several integrin proteins 
(ITGB5 and ITGA2) were upregulated together with 
COL6A2 (Fig. S3a). In contrast, a reduction in ACTA2 
and no change in VIM was observed in this cell line 
following zinc exposure. Apart from other than EMT-
associated proteins, based on proteomic analysis the 
subset of commonly up- and down-regulated pro-
teins by zinc seen in all three cell lines is biologically 
negligible (Table  S3). This limited common effect of 
zinc suggests that the proteome changes are predomi-
nantly associated with cancer cells. Regarding other 
detected intermediate filaments, type I and II were not 
detected, type III exhibited no additional represent-
ants apart from VIM, type IV NES and NEFL dem-
onstrated down-regulation in PC-3 cells exposed to 
zinc. In contrast, INA was up-regulated in both 22Rv1 
and PC-3 cells exposed to zinc. Furthermore, Type IV 
LMNA, LMNB1 and B2 did not exhibit any alterations 
in expression following exposure to zinc (Table S1). In 
conclusion,  our results suggests that long-term zinc 
exposure, while promoting an increase in epithelial 
characteristics, only partially reverts the cells to their 
original non-malignant epithelial state.

Long‑term zinc impact on cellular refractive index 
and stiffness
In addition, the long-term presence of zinc induced 
changes in the cellular refractive index (RI), reflecting 
changes in cell mass density distribution. RI, which is cal-
culated from phase shifts, corresponds to subtle changes 
in cell mass density distribution. It provides insight into 
detailed cell morphology and topography during various 
cellular processes, including cell death. In particular, cell 
dry mass can be calculated directly from the phase values 
detected in each pixel [35].

The long-term presence of zinc affected the total cel-
lular RI. Interestingly, the RI was increased in 22Rv1 
cells after zinc exposure (1.343 ± 0.004 vs. 1.347 ± 0.005), 
whereas it was decreased in PC-3 cells (1.3346 ± 0.05 
vs. 1.340 ± 0.003, Fig. 2a, b). This decrease in RI in zinc-
treated PC-3 cells could be attributed, at least in part, to 
a decrease in the abundance of proteins associated with 
the cell cortex (GO:0005938), cell surface (GO:0009986), 
nucleus (GO:0005634), or cytoplasm (GO:0005737) 
(Fig.  2c and Fig.S2c). Accordingly, expression of some 
cytoskeletal proteins such as actin (ACTB), members 
of the tubulin protein superfamily (TUBB8, TUBA1C, 
TUBB4A, TUBGCP4) or proteins involved in tubulin 
folding (tubulin-specific chaperone D) were also down-
regulated (Table  S2). Since actin filaments and tubu-
lin microtubules are denser than the cytoplasm, their 
respective RI is also higher [36]. Previously discussed 
changes in vimentin, COL4A2 and COL6A1 (Fig. S2a, 
Fig. 1b), or MYO19 expression could also be involved in 
this phenomenon Table S2.

In addition to absolute changes in cellular RI in 
response to long-term zinc, a redistribution of mass den-
sity in the interior of the cells was observed. Specifically, 
an increase in perinuclear RI relative to the cell periph-
ery was evident with long-term zinc, particularly in PC-3 
cells (Fig. 2a, d).

The perinuclear region in which the RI increase was 
identified is typically characterised by a high amount of 
mitochondria. The data suggest this, as shown by the cor-
relation between a RI (i.e., mass density) and mitochon-
drial staining (Fig.  2e, f ). Interestingly, this correlation 
was more pronounced with long-term zinc exposure. 
(Fig.  2e). This correlation highlights the potential rela-
tionship between mitochondrial content and changes in 
mass density distribution and stiffness of the cells.

Notably, the change in cellular stiffness paralleled 
these changes in RI. Long-term zinc treatment resulted 
in a slight increase in cell stiffness for both cell lines. 
This increase was evident from Young’s modulus 
determined using spherical cantilever in AFM and 
shear modulus measurements by flow stress induction 
of cell deformation (Fig. 3). The stiffness increase was 
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long-term exposure-specific, as no significant stiffness 
increase was detectable in a short-term treatment (Fig. 
S1c). The relationship between mitochondrial content 
and cell stiffness was further confirmed using real-
time deformability cytometry, where an increase in 
mitochondrial content positively correlated with cell 
stiffness (Fig.  3f, g). In addition, the observed long-
term-zinc-associated increase on in cell stiffness was 
observed also in the non-tumor PNT1A cells (Fig S3b), 
indicating a relatively generalized effect of prostate 
cells.

In summary, long-term zinc exposure induces 
changes in cellular RI and stiffness. The interplay 
between the RI, influenced by mitochondrial content, 
and the redistributed mass density within the cells 
influences cellular mechanics, with implications for 
cancer aggressiveness.

Long‑term zinc‑drives changes in mitochondria and ATP 
production
To elucidate the potential link between increased mito-
chondrial content and alterations in cancer cell metabo-
lism, we performed real-time cell metabolism assays. 
This technique allows the determination of ATP produc-
tion mode and fundamental metabolic characteristics. 
Our results showed a significant increase in ATP produc-
tion rate for both tumor and non-tumor cell lines follow-
ing long-term zinc exposure (Fig.  4a, Fig S3c). Notably, 
both the glycolytic and mitochondrial ATP production 
pathways were enhanced.

Remarkably, the original metabolic preferences of each 
cell line were retained despite the increased ATP produc-
tion. OXPHOS remained favored in 22Rv1 and PNT1A 
cells, whereas glycolysis prevailed in PC-3 cells. Using 
a glutamine-induced assay, we also demonstrated that, 
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although glycolysis is a preferred pathway in PC-3, the 
ability to generate ATP by OXPHOS is preserved in these 
cells (Fig. S4).

Furthermore, long-term zinc exposure not only 
enhanced basal respiration but also increased the spare 
respiratory capacity of the tested cells (Fig.  4b). This 
observation implies an increased cellular oxygen demand 
under basal conditions and respiration closer to the 
theoretical maximum. The increase in spare respiratory 
capacity is particularly evident in 22Rv1 cells, where the 
spare capacity without the long-term zinc exposure is 
practically negligible. These predominantly oxidative cells 
also have a much higher coupling efficiency (Fig. 4b).

Biological process enrichment analysis revealed an 
increase in proteins involved in precursor metabolite 
and energy generation (GO:0006091), ATP metabolic 
process (GO:0046034), and epithelial cell proliferation 

(GO:0050673) in both cell lines (Supplementary Material 
2). Since long-term exposure to zinc increases respira-
tion, the question arises whether this is accompanied by 
a change in mitochondrial architecture—especially an 
increase in the network interconnectivity. Notably, we 
observed increased mitochondrial connectivity in PC-3 
cells (Fig. 4d). However, no such changes were observed 
in 22Rv1 cells, suggesting that the effects of long-term 
zinc exposure on mitochondrial architecture may be 
cell-type-specific. Interestingly, these changes were not 
attributed to mitophagy, mitochondrial fusion, or fis-
sion (Fig. 4c), despite the concomitant increase in mito-
chondrial content in line with an increase in cell stiffness 
(Fig. 3c).

In addition, the expression of several cancer metab-
olism-related proteins was increased in both cell 
lines after long-term zinc exposure. These included 
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proteins such as argininosuccinate synthase (ASS1), 
transforming growth factor-β1 (TGF-β1) and β2 
(TGF-β2), sodium/hydrogen exchanger 1 (NHE1), 
acid ceramidase (ASAH1), glutathione S-transferase 
kappa 1 (GSTK1), and Fatty acid desaturase 3 (FADS3). 

Conversely, the expression of glutamine synthetase 
(GS) and arginase II (ARG2) was downregulated (see 
Table S3).
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Cytochalasin D resistance and linkage to vimentin 
fragmentation
To further elucidate the broad effects of long-term zinc 
exposure on cytoskeletal properties, we examined its 
effect on the sensitivity of PC-3 cancer cells to the actin 
polymerization inhibitor CytD. Interestingly, cells sub-
jected to long-term zinc treatment exhibited altered 
responses to this drug. In untreated cells, 0.4  µM CytD 
(24 h treatment) inhibited actin polymerization, whereas 
long-term zinc-treated cells were resistant to such CytD 
concentration, and the inhibition of polymerization 
was partly absent even in concentrations up to 50 µM 
(Fig. 5a).

This relation prompted us to explore the potential link 
between the observed resistance to this actin-targeting 
drug and the mechanical properties of the cells, as previ-
ously studied in the context of the actin cytoskeleton and 
cell stiffness (section Long-term zinc Impact on Cellular 
Refractive Index and Stiffness). We hypothesized that the 
altered mechanical properties resulting from long-term 
zinc exposure might be a reason of the CytD resistance 
mechanism.

As previously mentioned, our observations revealed a 
distinct shift in vimentin expression and fragmentation in 
PC-3 cells compared to 22Rv1 cells, in response to long-
term zinc exposure. This led us to investigate whether the 
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vimentin is associated with or contributes to the develop-
ment of resistance to actin polymerization inhibition by 
CytD. To explore this connection, we conducted an MTT 
assay to determine the sensitivity of various cell lines to 
CytD, including vimentin non-expressing 22Rv1 cells, 
zinc-untreated and zinc-treated PC-3 cells, and PC-3 
cells pre-treated with a vimentin-depolymerizing agent, 
CalA [37].

Interestingly, zinc-treated PC-3 cells exhibited the 
highest resistance to CytD (IC50 = 23.2 µM), compared to 
the most sensitive 22Rv1 cells (IC50 = 4.2 µM). Surpris-
ingly, pretreatment with CalA did not significantly alter 
resistance to CytD (24.6 µM for CalA-pretreated PC-3 vs 
33.3 µM for zinc-adapted PC-3 cells). These results sug-
gest that vimentin fragmentation (also associated with 
CAV1 redistribution, as shown previously in Fig.  1a) 
accompanies resistance but is not the primary cause.

Next, we determined whether the changes in cell stiff-
ness induced by zinc-mediated alterations in the actin 
and vimentin cytoskeletons were reflected in cell migra-
tion. Wound-healing assays were performed and dem-
onstrated that vimentin disruption modulated by CalA 
pretreatment did not contribute to a decrease in migra-
tion rate following actin disruption by CytD in PC-3 cells 
(Fig. 5b). However, contrary to CalA pretreatment, long-
term zinc (which also causes VIM expression decrease), 
causes a significant decrease in migration rate after CytD 
treatment.

Furthermore, we investigated the metabolic conse-
quences of CalA-induced vimentin disruption. Our 
results from CalA-induced metabolic assays revealed 
that predominantly glycolytic PC-3 cells exhibited insen-
sitivity to CalA, regardless of long-term zinc exposure 
(Fig.  5c). Conversely, oxidative 22Rv1 cells exhibited a 

marked decrease in mitochondrial respiration, as indi-
cated by the decrease in OCR. Importantly, since these 
cells do not express vimentin, the metabolism modula-
tion is not directly related to vimentin disruption.

The collective findings indicate that while prolonged 
zinc exposure can protect actin from the inhibitory 
impact of CytD on actin polymerization, this protection 
is not invariably reflected in migration rates. Addition-
ally, the effects of vimentin depolymerization appear to 
be coincidental rather than causal.

Proteins that may be involved in the emergence of 
higher chemoresistance in zinc-treated PC-3 cells 
include KCTD3 (log 9.8-fold change), IKBKB (log 5.8-
fold change), CYP1B1 (log 5.3-fold change), AURKB (log 
5.3-fold change), NOTCH2 (log 2.9-fold change), KIF4A 
(log 1.9-fold change), SOD2 (log 1.8-fold change), or PIK-
FYVE (log 5.6-fold change). For other proteins altered by 
zinc treatment of PC-3 cells, see Fig. S5 and Table S3-S4. 
According to molecular function enrichment analysis, 
the expression of proteins included in protein serine/
threonine/tyrosine kinase activity (GO:0004712) was 
also enhanced by long-term zinc treatment in PC-3 cells 
(Supplementary Material 2).

Determinants of cell stiffness: biophysical insights
Finite element modeling was performed to show whether 
changes in cytoskeletal content determined by proteomic 
analysis alone could account for the increase in Young’s 
modulus observed after long-term exposure of cells 
to zinc (Fig.  3a, b). Microtubule content did not differ 
between cells in response to zinc (Table  S5), only actin 
and VIM did. To reflect the contribution of actin and 
vimentin, using an in silico model of AFM, we introduced 
modifications of both actin cortex (AC) and actin bundles 

0% 50% 100%
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AB 50%

AB 200%
AC 50%

AC 200%
PC-3

no deep cytoskeleton
no cytoskeleton

Mechanical response

microtubules (MT)
intermediate fillaments (IF)
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a b c

Fig. 6 In silico model of atomic force miscroscopy. Adherent cellular model shown with the indentor (cyan) at the apex (a). Top-view 
of the selected indentation points (black points) (b) in the context of cytoskeletal filaments (actin bundles (ABs), microtubules (MTs)s 
and intermediate filaments (IFs)) and nucleus in magenta-red. The cytoplasm in blue-magenta, actin cortex (AC) and membrane that encase 
cytoplasm not shown. Impact of the introduced modifications on the mechanical response (c), PC-3 cells are represented by double actin variant (in 
both AC and ABs)



Page 12 of 17Navratil et al. Cancer Cell International          (2024) 24:313 

(ABs) content to 50% and 200%, reflecting the relative 
change of these components between zinc-exposed and 
unexposed PC-3 cells as well as PC-3 relative to 22Rv1 
serving as base (more details in Supplementary Mate-
rial 1, Table  S5). Such an increase in AC resulted in an 
increase in Young’s modulus to 117% in the model, com-
pared to 133% increase (long-term zinc-treated PC-3 vs. 
control) or 690% increase (PC-3 vs. 22Rv1) determined 
by AFM (see Fig.  6, table  S4). Similar changes in inter-
mediate filament (IF) content showed an even smaller 
effect on cell stiffness in the deformation range studied, 
increasing only at large deformations.

To further understand the overall impact of the 
cytoskeleton as a whole on the AFM response in the 
computational setup, both the deep cytoskeleton (ABs, 
microtubules (MTs) and IFs) and the AC were removed; 
the resulting change in the mean stiffness was below 30% 
which is in agreement with our previous studies [17].

Because the modeled changes in Young’s modulus are 
smaller than the measured ones, and because the organi-
zation of the actin network did not change, as seen in 
confocal imaging (Fig. 5a), there may be another, as yet-
uncovered, mechanical contributor, such as other subcel-
lular organelles or cytoskeletal crosslinkers not included 
in the model.

Discussion
Failure in intracellular zinc accumulation is a key pro-
cess in prostate cancerogenesis. Although prostate can-
cer cells can accumulate zinc after long-term exposure, 
chronic zinc oversupply may accelerate prostate carcino-
genesis or chemoresistance [10, 38]. Accordingly, in com-
parison with nonusers, men who consumed more than 
100  mg/day of supplemental zinc had a higher relative 
risk of advanced prostate cancer [38].

A critical parameter which drives the progression of 
cancer is the change in mechanical properties at cellular 
and tissue level [5]. These properties are mostly driven by 
the reorganisation of individual cytoskeletal components, 
thereby enabling cell migration and invasiveness, all in 
relation to the biophysical properties of the surrounding 
microenvironment [39, 40]. The invasion of cells, changes 
in cell shape, and matrix remodelling require cells to 
expend energy [41]. While significant research has been 
performed to understand the cellular and molecular 
mechanisms guiding metastatic migration, less is known 
about cellular energy regulation [41] and in particular, 
how the biophysical parameters of cancer cells and, spe-
cifically for prostate cancer, how zinc dysregulation is 
involved in these processes.

An important marker of prostate cancerogenesis is a 
rise in ATP production caused by lower intracellular zinc 
levels [42]. Although long-term exposure to zinc leads 

to partial restoration of intracellular zinc accumulation 
[11], we found that ATP production is not decreased. On 
the contrary, long-term zinc treatment promoted both 
types of ATP production (glycolytic and mitochondrial) 
in 22Rv1 and PC-3 cells. Both cell lines retained a higher 
proportion of the originally preferred type of metabo-
lism, OXPHOS was preferred in 22Rv1 and glycolysis in 
PC-3 cells. Long-term  zinc exposure also enhanced the 
basal respiration and spare respiratory capacity [43, 44] of 
tested cells depicting their higher energetic efficiency. On 
the contrary, normal prostate epithelial cells have a very 
low reserve capacity [45]. As the cells with a lower spare 
respiratory capacity are more susceptible to oxidative 
stress [46], the enhancement of basal and spare respira-
tory capacity can reflect the higher energetic plasticity of 
zinc-treated cells and their higher resistance to oxidative 
stress. The higher resistance to oxidative stress in zinc-
treated cells can also be caused by enhanced expression of 
GSTK1, ASAH1, or SOD2 in these cells [47–49]. Moreo-
ver, the expression of many proteins associated with 
cancer metabolism was enhanced in both cell lines after 
long-term zinc treatment (GO:0006091, GO:0046034, 
GO:0050673). Both lines had identically increased 
expression of ASS1, TGF-β1, TGF-β2, or NHE1. On the 
other hand, the expression of glutamine synthetase or 
arginase II was downregulated. Argininosuccinate syn-
thetase 1 (ASS1) is the rate-limiting enzyme that cataly-
ses arginine biosynthesis. Many malignant tumors are 
auxotrophic for arginine because ASS1 is silenced. Nev-
ertheless, as we previously demonstrated, long-term zinc 
exposure enhances the ASS1 expression and the cellu-
lar pool of arginine [11]. Arginine was shown to induce 
metabolic gene expression involved in the OXPHOS 
pathway, glucose metabolism, fatty acid metabolism, and 
DNA metabolism [50]. Upregulation of ASS1 expression 
was also associated with resistance to glutamine starva-
tion [51]. On the other hand, targeting purine synthesis 
enhanced the response to immune checkpoint inhibitors 
in ASS1-expressing tumors [52]. NHE1 can contribute to 
cell proliferation, cell motility, or invasion and can facili-
tate resistance to chemotherapy [53]. Increased NHE1 
expression also comes along with an increased stiffness in 
melanoma cells. But in melanoma (MV3) cells it is rather 
the cortical stiffness that is affected [54]. TGFβ signaling 
stimulates arginine transport or synthesis of polyamines 
(prostate cancer cells maintain secretion of polyamines, 
but also are proliferative and therefore require high lev-
els of intracellular polyamines [55]), is involved in stimu-
lating both glycolysis and mitochondrial respiration and 
could be a major driver of EMT [56, 57].

Surprisingly, expression of some EMT-associated 
proteins was rather reduced in PC-3 cells (N-cadherin, 
MMP14, ITGA5, SUMO2) but enhanced in 22Rv1 cells 
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(COL1A1, FN1, FNDC3B) due to zinc treatment [32, 
33, 58, 59]. Nevertheless, the expression of N-cadherin 
or MMP14 after zinc treatment was still higher in PC-3 
compared to 22Rv1. Long-term zinc exposure also 
enhanced the expression of E-cadherin in PC-3 cells, 
but this expression was still lower compared to 22Rv1. 
Consequently, PC-3 cells still retain, at least partly, mes-
enchymal phenotype traits, compared to 22Rv1. Nev-
ertheless, other important markers of EMT, such as 
α-smooth muscle actin (α-SMA), TWIST1 or FSP-1 
were not expressed by PC-3 cells, both for long-term 
zinc-treated and untreated. This finding is inconsistent 
with Fontana et  al., who detected α-SMA in PC-3 cells 
[60] and with Xue et al., who observed zinc in combina-
tion with paclitaxel to inhibit EMT by reducing TWIST1 
expression in PC-3 cells [13] or with Zhang et  al., who 
accordingly demonstrated EMT-promoting effect of zinc 
in ovarian cancer cells [61]. Short-term zinc treatments 
were, however used in these studies. Therefore, while 
long-term zinc treatment does bring PC-3 cells closer to 
an epithelial phenotype in certain aspects, it falls short 
of fully establishing this phenotype as observed in 22Rv1 
cells.

Furthermore, long-term zinc presence led to changes 
in cellular RI, which reflects the cell mass density. While 
RI was enhanced in 22Rv1 cells after zinc exposure, it 
was decreased in PC-3 cells. Cells with stronger migra-
tion ability and weaker surface adherence were shown 
to manifest generally lower RI values [62]. The decrease 
in RI in zinc-treated PC-3 cells could also be partially 
explained by the drop in the abundance of cell cortex pro-
teins, cell surface proteins, and proteins in the nucleus or 
cytoplasm. Actin (ACTB) was also downregulated. This 
suggests that ACTB is not a suitable housekeeping gene 
for monitoring protein expression in the presence of 
zinc. The expression of these proteins was not changed 
in 22Rv1 cells. However, considering the discussed meta-
bolic changes conditioned by changes in mitochondrial 
activity in zinc-treated cells, it becomes clear that beyond 
absolute changes in RI, the redistribution of RI, i.e., mass 
density within the cells plays a crucial role. RI is closely 
correlated with mitochondria, which are protein- and 
lipid-rich structures. Consequently, mitochondria are the 
primary contributors to the elevated RI observed in the 
perinuclear region of cells as seen in QPI images.

In contrast to RI, the cell stiffness of both cell lines 
mildly increased in response to long-term zinc treat-
ment. The results of computational simulations of AFM 
indicate that the impact of the change in cytoskeletal 
content determined by proteomic analysis, particularly 
actin and vimentin, on the mechanical response of cells 
in AFM is minimal between even 22Rv1 and PC-3 cells. 
Furthermore, the total change in cytoskeletal content 

between the long-term zinc-treated cells and the controls 
is even smaller (see Supplementary material 1, Table S5), 
suggesting that its impact on the mechanical response 
is estimated to be no more than a few percent, which is 
within the level of simulation inaccuracy. These results 
suggest there may be another yet-uncovered mechanical 
contributor such as other subcellular organelles, possibly 
mitochondria whose content was experimentally corre-
lated with the cellular stiffness above. High mitochondria 
content was associated with prostate cancer disease pro-
gression [63]. The concurrent increase in mitochondrial 
content and cell stiffness suggests a potential interplay 
between cellular biophysics and energy metabolism.

Because vimentin is typically located perinuclearly and 
has been shown to enhance cell stiffness and provide 
resistance against compressive loads, adding another 
layer of complexity to the observed changes [64, 65], 
its role was investigated in long-term zinc-treated cells. 
Contrary to expectations, long-term zinc exposure led to 
a VIM decrease in VIM-expressing PC-3 cells and there-
fore, these intermediate filaments cannot be responsi-
ble for the increase in cell stiffness after long-term zinc 
exposure.

Furthermore, it is essential to consider the role of 
vimentin and its potential impact on cell stiffness meas-
urements obtained by multiple techniques. The choice 
of measurement method may influence the extent to 
which vimentin contributes to cell stiffness. For instance, 
in AFM experiments, where primarily local deforma-
tion of the cell occurs and thus cortical actin is probed, 
the vimentin’s role may be limited; the stiffness of IFs 
applies if their stretch exceeds 20% [66, 67] In contrast, 
techniques like Real-Time Deformation Cytometry (RT-
DC) may capture global deformation of the cell with a 
broader range of cellular structures, potentially revealing 
vimentin’s significance. This distinction is critical because 
vimentin fragmentation, as a result of zinc treatment, 
could have a more pronounced effect on global deforma-
tions, such as those observed in RT-DC experiments [66, 
67].

The long-term zinc treatment also affected the sensitiv-
ity of PC-3 cancer cells to CytD. CytD binds the grow-
ing (+) end of actin microfilaments and stimulates ATP 
hydrolysis in formed G-actin dimers, thereby inhibit-
ing polymerization and formation of viable microfila-
ments [68]. While actin filaments were disrupted due to 
0.4 µM CytD in zinc-untreated cells, this effect did not 
occur in zinc-treated cells. This suggests that long-term 
zinc may stabilize actin, thereby reducing its dynam-
ics to depolymerize. As pretreatment with CalA [37] did 
not significantly change resistance to CytD, and vimen-
tin non-expressing 22Rv1 cells were the most sensitive 
to CytD, we can conclude that resistance to CytD is not 
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caused by fragmentation or depletion of vimentin, but 
that this phenomenon only accompanies the emergence 
of resistance in long-term zinc-treated PC-3 cells. Pro-
teins that could be involved in the emergence of higher 
chemoresistance in zinc-treated PC-3 cells may be, for 
example, KCTD3 [69, 70], IKBKB [71], CYP1B1 [72], 
AURKB [73], NOTCH2 [74], KIF4A [75], SOD2 [76], 
or PIKFYVE [77]. High ATP production in zinc-treated 
cells may also contribute to cytochalasin resistance as the 
affinity of CytD decreases cooperatively with increasing 
ATP-G-actin concentration [78]. Taken together, these 
results suggest that long-term zinc exposure may offer a 
protective effect against the inhibitory influence of CytD 
on actin polymerization. However, intriguingly, this 
safeguarding of actin does not consistently manifest in 
migration rates.

Furthermore, vimentin depletion can cause CAV1 
redistribution and may increase the CAV1 signaling 
activity due to the phosphorylation of CAV1 on Tyr14 
[79, 80]. Activated CAV1 can promote chemoresistance 
by activating the WNT/β-Catenin pathway [81]. Acti-
vation of this pathway is also evidenced by increased 
expression of NOTCH2 or AURKB in zinc-treated PC-3 
[82, 83]. The intriguing interplay between zinc exposure, 
actin dynamics, and cytochalasin resistance underscores 
the complexity of cancer cell responses to mechanical 
and biochemical cues. In this context, our findings align 
with the broader role of CAV1 as a potential orchestrator 
of cellular behavior in response to long-term zinc treat-
ment. In essence, our study not only reveals the intricate 
interplay between zinc exposure, biophysical properties, 
and cellular adaptations but also opens doors to novel 
therapeutic avenues that consider the synergistic effects 
of mechanical and metabolic perturbations in the context 
of prostate cancer.

Conclusions
The alterations of mechanical properties of cells and tis-
sues are associated with many diseases, including cancer. 
Part of the transitions between epithelial and mesenchy-
mal phenotype, elastic and viscous properties of cells are 
driven by changes in cytoskeleton organization which 
facilitate cell invasion and therefore cancer progression 
[5]. Such changes are energetically demanding for cells, 
which, in turn, together with EMT/MET change mito-
chondrial processes, notably the OXPHOS.

In this study, we used a model of prostate cancer cells 
long-term-exposed to zinc to show a linkage between 
ATP production, mitochondrial distribution and bio-
physical parameters of prostate cancer cells. Long-term 
zinc treatment alters a spectrum of parameters associ-
ated with tumor cells and reduces the aggressiveness of 
those cells to a certain extent. However, the extent of this 

reduction is not sufficient. While long-term zinc treat-
ment has been observed to return PC-3 cells to a more 
epithelial phenotype, characterized by decreased vimen-
tin expression and enhanced E-cadherin expression, on 
the contrary, many of the cellular parameters are shifted 
towards a more aggressive phenotype. There is no evi-
dence of a shift towards less efficient ATP production 
or sensitization of these cells to CytD. Long-term zinc-
treated cells are more resistant and energetically efficient. 
Many signaling pathways related to chemoresistance are 
also activated in long-term zinc-treated cells. The cytoch-
alasin resistance is accompanied by vimentin degradation 
and subcellular redistribution of cell dry mass and CAV1 
to the perinuclear region.

Assuming the mechanisms described in this in  vitro 
study are also valid at the tissue level, long-term zinc sup-
plementation in prostate cancer patients would not be 
recommended, because zinc is not accumulated into can-
cer cells when administered in low concentrations and 
seems to support ATP production in cancer cells when 
administered in high concentrations. Our findings also 
suggest that zinc affects not only ATP production and 
epithelial-mesenchymal features but also cell migration, 
cell biomechanics, subcellular RI distribution, mitochon-
drial quantity and distribution, or cancer cell sensitivity 
to therapeutic drugs. Therefore, caution should be exer-
cised in recommending zinc supplements to patients 
with prostate cancer and the exact effect of zinc on these 
important cellular parameters should be further inves-
tigated. In this study, we also proved that metabolic 
changes in cancer cells can be reflected in their stiffness 
and RI distribution. Therefore, using multiparametric 
analyses revealing links between cellular mechanics, 
energetics and tumor progression should be performed 
to provide a better understanding of prostate cancer 
pathogenesis.
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