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Abstract. The aim of our work was to study impact of tauroursodeoxycholic acid (TUDCA),
4-phenylbutyric acid (PBA) and their combination on mitochondrial functions and morphology.
TUDCA, PBA and their combination have a significant impact on mitochondrial respiration.
Although both TUDCA and PBA are considered to be chemical chaperones influencing endoplas-
mic reticulum (ER) stress, they affect mitochondrial respiration in a specific way. While TUDCA
decreases ROUTINE, maximal, succinate-driven maximal, ATP-coupled and leak respirations;
PBA increases spare respiratory capacity (SRC). Combination of TUDCA with PBA increases
ROUTINE, maximal, succinate driven maximal and ATP-coupled respirations and SRC. TUDCA,
PBA and their combination exhibits positive impact on mitochondria elongation and do not
induce expression of proteins involved in mitochondrial fusion and unfolded protein response.
Our results do not indicate the impact of either TUDCA or PBA on ER stress since pre-treatment
of the cells with either TUDCA or PBA does not significantly affect tunicamycin-induced expres-
sion of HRD1, GRP78 and SELIL. The impact of PBA and combination of TUDCA with PBA on
mitochondrial functions might be associated with their possible neuroprotective effects. Although
TUDCA exhibits positive effect on inner mitochondrial membrane, the possible neuroprotective
effect of TUDCA might involve mechanism distinct from modification of mitochondrial functions.

Key words: Tauroursodeoxycholic acid — 4-phenylbutyric acid — Mitochondria — Endoplasmic
reticulum — Neuroprotection

Abbreviations: ER, endoplasmic reticulum; HRR, high-resolution respirometry; PBA, 4-phenylbu-
tyric acid; SRC, spare respiratory capacity; SIPR2, sphingosine-1-phosphate receptor-2; TUDCA,
tauroursodeoxycholic acid.

Introduction

Tauroursodeoxycholic acid (TUDCA) is a hydrophilic bile
acid naturally produced by conjugation of ursodeoxycholic
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acid, a secondary bile acid produced exclusively by gut mi-
crobiota, with taurine in the liver. TUDCA has been exten-
sively studied for its beneficial effects on liver, metabolic and
neurodegenerative diseases. TUDCA and other bile acids are
important for liver homeostasis, functioning as signalling
molecules that bind to the nuclear receptors, most com-
monly to the farnesoid X receptor (Jurica et al. 2016). With
respect to the diseases distinct from liver, results derived
from experiments using cellular and animal models of these
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diseases (Khalaf et al. 2022; Xing et al. 2023) showed that
protective effects of TUDCA might depend on the binding of
TUDCA to the plasma membrane receptors, such as Takeda
G protein receptor 5 (TGR5), sphingosine-1-phosphate
receptor-2 (SIPR2) and a5f1 integrin (Zangerolamo et al.
2021). The binding of TUDCA to these receptors results in
receptor activation, with consequent modulation of complex
intracellular signalling network including either activation
or inhibition of several different molecular pathways. With
respect to the cytoprotective impact of TUDCA, the specific
pathways that are modulated by TUDCA are not well under-
stood. However, both ERK and AKT pathways are of specific
interest since they are involved in several cytoprotective
intracellular responses with an impact on apoptosis, stress of
endoplasmic reticulum (ER), oxidative stress, neuroinflam-
mation, cell proliferation and survival. In addition to the
plasma membrane receptors, it has been documented that
neuroprotective effects of TUDCA depends on binding of
TUDCA to the nuclear receptors in neurons (Xing et al. 2023;
Duarte-Silva et al. 2024). The mechanisms of TUDCA trans-
portinto neuronal cells are still poorly understood. TUDCA
can be transported into cells by the Na*-taurocholate co-
transporting polypeptide, however, these channels were
only found in hepatocytes (Anwer and Stieger 2014). Some
studies have indicated that TUDCA exerts its effects acting
as a chemical chaperone that either maintains the stability
and correct folding of proteins or prevents aggregation of
aberrant proteins (Kusaczuk 2019). The activity of TUDCA
as a chemical chaperone was attributed to its putative im-
pact to modulate ER stress (Almanza et al. 2019; Jeon et al.
2022). Mitochondria were also considered to be involved in
neuroprotective mechanism mediated by TUDCA in cel-
lular models of Parkinson’s disease using SH-SY5Y cells or
primary murine cortical neurons (Fonseca et al. 2017; Rosa
et al. 2017). TUDCA was approved by the Food and Drug
Administration (FDA) for the treatment of biliary cirrhosis.
In addition, TUDCA was tested in the several clinical trials
as a treatment of neurodegenerative diseases (Khalaf et al.
2022) with a focus on amyotrophic lateral sclerosis (ALS)
(Albanese et al. 2022; Lombardo et al. 2023).

Short-chain fatty acid, 4-phenylbutyric acid (PBA), is
a derivative of butyric acid that is produced by fermentation
of colonic bacteria. Similarly as other short chain fatty acids,
inhibition of histone deacetylases (HDAC) represents the
main mechanism associated with PBA (Kusaczuk et al. 2015).
Inhibition of HDAC triggers specific transcription responses
that result in activation/inhibition of different cell signalling
pathways. HDAC inhibitors are intensively studied with re-
spect to the treatment of the malignant diseases (Cappellacci
et al. 2020). As well as TUDCA, PBA is also considered to
actas chemical chaperone leading to the research into its use
in diseases associated with protein misfolding such as cystic
fibrosis or neurodegenerative diseases (Kolb et al. 2015). The

main mechanism associated with protein misfolding cyto-
protective action of PBA was attributed to the ability of PBA
to alleviate ER stress (Kolb et al. 2015). Finally, PBA exhibits
some impact on regulation of lipid metabolism (He and
Moreau 2019). PBA was approved by FDA for the treatment
of urea cycle disorders. The mechanism involves conjugation
of phenylacetyl-coenzyme A that is produced from PBA by
B-oxidation with glutamine in the liver (Wright et al. 2011).
The conjugation product, phenylacetylglutamine, is released
into the blood and, consequently, excreted by the kidney.

Both TUDCA and PBA are blood-brain barrier penetrat-
ing substances. Although the precise mode of action remains
elusive (Alqallaf et al. 2024), combination of TUDCA and
PBA known as AMX0035 was evaluated in ALS in ran-
domized double-blind placebo-controlled Phase III trial
(NCT05021536). Despite some promising results of Phase
IT trial (Paganoni et al. 2023; Sun et al. 2023), AMX0035
is no longer considered for the treatment of ALS (Ketab-
foroush et al. 2024) but it is further evaluated in Wolfram
syndrome (NCT05676034) and progressive supranuclear
palsy (NCT06122662).

In this study, we have investigated the effect of both
TUDCA and PBA on mitochondrial functions in more
details. We have focused our interest on mitochondrial res-
piration examined by high-resolution respirometry, ATP syn-
thesis capacity evaluated by luciferase-based determination
of intracellular ATP concentration, as well as mitochondrial
morphology investigated by confocal microscopy in human
neuroblastoma cells SH-SY5Y that are often used in neurobi-
ology as an in vitro model for the study of neurodegeneration
of dopaminergic neurons. Finally, we have performed the
Western blot analysis with a focus on selected mitochondrial
proteins and key proteins involved in response to stress of ER.

Material and Methods

DPBS (Sigma), trypsine (EC 3.4.21.4, Sigma), ADP (Merck
Millipore, 117105), antimycine A (Sigma, A8674), car-
bonyl cyanide 3-chlorophenylhydrazone (Sigma, C2759),
cytochrome c (Sigma, C3131), digitonin (Wako Chemicals,
043-21371), EGTA (Sigma, 03779), HCI (Sigma, 339253),
Hepes (Sigma, 54457), KCI (Merck Millipore, 104938),
K,HPO, (Sigma, 17835), KOH (Sigma, P5958), MiR05-Kit
(Oroboros AT), mannitol (Sigma, M9546), MgCl, (Sigma,
M1028), NaCl (Sigma, 9888), sodium pyruvate (Sigma,
P2256), oligomycin (Sigma, O4876), rotenone (Sigma,
R885), succinate (Sigma,14080), TUDCA (Merck Millipore,
580549), PBA (Sigma, P21005), tunicamycin (Calbiochem,
504570), mouse monoclonal antibodies against HSP60
(SC-271215, Santa Cruz Biotechnology) and p-actin (3700,
Cell Signaling); rabbit polyclonal antibody against MFN1
(sc-50330, Santa Cruz), MFN2 (sc-50331, Santa Cruz),
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HRDI1 (13473-1-AP, Proteintech), GRP78 (ab227865, Ab-
cam), SEL1L (PA5-88333, Invitrogen), LONP1 (PA5-51692,
Invitrogen); goat anti-rabbit (A0545, Sigma-Aldrich) and
goat anti-mouse (A0168, Sigma-Aldrich) secondary antibod-
ies conjugated with horse radish peroxidase.

Culturing, treating and harvesting of SH-SY5Y cells

Undifferentiated human neuroblastoma SH-SY5Y cells
(ATCC) were cultured at 37°C, 5% CO, humidified atmos-
phere maintained in medium DMEM:F12 (1:1) (Dulbecco’s
Modified Eagle’s Medium and Ham’s F-12 Nutrient Mixture,
Sigma) supplemented with 10% FBS and 1% penicillin strep-
tomycin stock (all PAA). The medium was changed every
2-3 days until 80% confluence was achieved. SH-SY5Y cells
were treated with the indicated concentration of TUDCA,

PBA and combination of TUDCA with PBA for 16 hat 37°C
and under a 5% CO, humidified atmosphere. With respect
to ER stress induction, cells were first pre-treated with ei-
ther TUDCA or PBA for 16 h and then they were further
treated with tunicamycin at a concentration of 2 uM in the
presence of either TUDCA or PBA for 24 h. At the end of
the treatment, the cells were washed 3 times with ice-cold
phosphate-buffered saline (PBS) and then resuspended in
a lysis buffer (30 mM Tris-HCI, 150 mM NaCl, 1% CHAPS,
1x protease inhibitor cocktail, pH = 7.6) for total protein
extraction. Protein concentrations were determined using
a protein DC assay kit (Bio-Rad) with BSA as a standard. On
the day of high-resolution respirometry analysis, control and
treated cells were trypsinised and washed twice with DPBS.
An aliquot of cells was lysed and the amount of proteins was
determined as described above.
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Figure 1. Impact of TUDCA, PBA and combination of TUDCA with PBA on mitochondrial respiration. A. Representative record of
mitochondrial respiration of SH-SY5Y intact cells. Respiration (oxygen consumption rate) was determined in MiR05-kit respiration
medium (Oroboros, Innsbruck AT) at 37°C with continuous stirring (speed 750 rpm) as described in Material and Methods. The
vertical lines indicate addition of intact cells, pyruvate (Pyr), oligomycin (Omy), uncoupler CCCP (U), rotenone (Rot), succinate
(Suc), digitonin (Dig), cytochrome ¢ (Cc) and Antimycin A (Ant). B. Statistical evaluation of mitochondrial respiration. SH-SY5Y
cells were treated with TUDCA at a concentration 100 uM, PBA at a concentration 1 mM and combination of 100 uM TUDCA with
1 mM PBA for 16 h. Mitochondrial respiration was assessed using HRR as described in Material and Methods. Data are presented
as mean + S.D. (4 independent experiments per each treatment). * p < 0.05, ** p < 0.01, *** p < 0.001 (two-way ANOVA, followed
by Tukey’s test to determine differences in mitochondrial respiration of treated cells compared to control non-treated cells). CON,

control, untreated cells.
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High-resolution respirometry (HRR)

Mitochondrial respiration was analysed using HRR measure-
ments of intact cells using the O2k-FluoRespirometer two
chamber system (Oroboros Instruments) and the Oroboros
coupling control protocol for intact cells as previously de-
scribed in details (Evinova et al. 2020, 2022).

For the HRR measurements, SH-SY5Y cells (approx.
2x10° cells/chamber) were resuspended in respiration
medium MiR05-Kit and titrated into 2 ml glass chambers,
coupling control protocol for intact cells with the presence
of oligomycin was used (Fig. 1A). In accordance with the
Oroboros protocols (Pesta and Gnaiger 2012), the resulting
O, flux values were utilized to calculate respiration in dif-
ferent coupling control states. Residual oxygen consumption
(ROX) was evaluated for the flow correction of intact cells
respiration. ROUTINE or basal respiration was measured
after the addition of the cells into the chambers containing
mitochondrial respiration medium. Pyruvate (final concen-
tration 10 mM) as a substrate for intact cells and oligomycin
(final concentration 2.5 pM) was used to induce a LEAK
state of respiration. ATP-coupled respiration was calculated
by subtracting of the value of LEAK state respiration from
the value of ROUTINE/basal respiration. Stepwise titration
with uncoupler carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) (0.5 nmol per addition) was used to determine
maximal respiration representing the maximal electron
transfer capacity of the respiratory system, which is obtained
at optimum uncoupler concentration. Spare respiratory
capacity (SRC) was calculated by subtracting of the value of
ROUTINE respiration from the value of maximal respiration.
Rotenone (final concentration 0.5 mM) as an inhibitor of
Complex [ was used for the determination of ROX. Succinate
(final concentration 10 mM) stimulation of mitochondrial
respiration was observed only in permeabilized cells after ad-
dition of digitonin (stepwise addition 8 ug per million cells),
providing a reference state of succinate-dependent maximal
respiration representing succinate-dependent electron trans-
fer capacity. Cytochrome c titration (final concentration
10 uM) was used to test outer mitochondrial membrane
integrity. Antimycin A (final concentration 2.5 mM) as an
inhibitor of Complex III was consecutively added at the end
of measurement to asses ROX. Values of HRR measurements
were normalised to protein concentrations of the lysates of
the cells used for HRR measurements.

Determination of intracellular ATP

The ATP Determination Kit (A22066, Thermo Fisher Sci-
entific) was used for the detection of intracellular ATP in
cell lysates. SH-SY5Y cells were seeded in 96-well plates at
concentrations of 0.1x10° cells per ml. Control cells and
the cells treated with TUDCA and PBA were incubated

for 16 h at 37°C under a 5% CO, humidified atmosphere.
Furthermore, cells were incubated with sodium azide at
a concentration of 50 mM for 15 min at 37°C under a 5%
CO, humidified atmosphere. At the end of the treatment,
cultivation medium was carefully aspirated and 0.04 ml of
lysis buffer was added (1% CHAPS in 0.04 M Tris-HCI, pH
7.4). Cells were lysed by standing on ice for 30 min. In ad-
dition to cell lysates, 0.04 ml of ATP standard solutions with
three different concentrations (1.25,2.5 and 5 uM) diluted in
lysis buffer were added to the empty wells. After the addition
of 0.3 ml of Standard Reaction Solution (prepared according
to the manufacturer’s instructions prior to the determina-
tion) the chemiluminescence of samples was determined by
Synergy H4 Microplate Reader (BioTek). Standard curve for
series of ATP concentrations was generated by linear regres-
sion using least squares method and the amount of ATP in
the experimental samples was calculated from the standard
curve. Values of ATP concentrations were normalised to
protein concentrations of the lysates that were determined
by a protein DC assay kit (Bio-Rad) with BSA as a standard.
Results collected from three independent experiments per-
formed in triplicate for each sample are expressed as ATP
concentration in cells after particular treatment relative to
ATP concentration in control non-treated cells. Data are
presented as mean * standard error of mean (S.E.M.).

Western blotting

Isolated proteins (30 pg proteins loaded per lane) were
separated on 10% SDS-polyacrylamide gels (PAGE) under
reducing conditions. Separated proteins were transferred to
nitrocellulose membranes by using semi-dry transfer, and
membranes were probed with antibodies specific to HRD1
(1:1000), GRP78 (1:1000), SEL1L (1:1000), MENT1 (1:1000),
MEN2 (1:1000), HSP60 (1:1000), LONP1 (1:1000) and
B-actin (1:2000). Further incubation of the membranes with
particular secondary antibodies (1:10 000 mouse, 1:20 000
rabbit) was followed by the visualisation of immunopositive
bands by using the chemiluminiscent substrate SuperSignal
West Pico (Thermo Scientific) and the Chemidoc XRS sys-
tem (Bio-Rad). Intensities of specific bands were quantified
by Quantity One software (Bio-Rad). The intensities of the
bands of interest were normalised to corresponding intensi-
ties of bands of B-actin and were expressed as the intensity
of the band of the particular protein in treated cells relative
to the intensity of the band in control non-treated cells.

Confocal microscopy and mitochondrial network analysis

Mitochondrial morphology was evaluated using a Zeiss
LSM 880 scanning confocal microscope (LSM AxioExam-
iner platform) with a W Plan-Apochromat 40x/1.0 DIC
M27 water-immersion objective. The Mitotracker Red
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FM staining (final concentration 500 nM, Thermo Fisher)
was performed according to the manufacturer’s protocol,
incorporating two biological replicates for each experi-
mental group. 64 cells were analysed in total (15 controls,
16 TUDCA, 17 PBA and 16 TUDCA/PBA) for each mito-
chondrial network parameter under identical acquisition
parameters from each biological replicate using a wet objec-
tive with 40x magnification. Confocal images were acquired
at a resolution of 1024x1024 pixels, with a scaling factor
of 0.07x0.07 um per pixel, resulting in a field of view of ~
71.68x71.68 pm. The scanner zoom was set to X:3.0, Y:3.0,
with a pixel dwell time of 8.24 ps. Fluorescence excitation
was performed at 561 nm, and emission was detected at
629 nm, ensuring optimal signal capture for Mitotracker
Red FM-labeled mitochondria.

For qualitative assessment of mitochondrial morphology
changes, the analysis was carried out following a sequence
of image processing steps based on the transformation of
fluorescence images into binary 2D images. The software
protocol was outlined by Bakare et al. (2021), utilizing Im-
age] software (FIJI). Parametrisation of the mitochondrial
network was performed to facilitate the identification of
junctions, branching, length pattern and solitary rod-like
mitochondria. The branching pattern was characterised by
the proportion of junctions counted against the total num-
ber of branches observed in the cell. The average length of
the mitochondrial branches was determined by the pixel
overlap of separate mitochondrial branch under the same
magnification and zoom conditions. The total mitochondrial
length in individual cells was calculated by summing length
of each mitochondrial branch under the same magnification
and zoom conditions. With respect to the characterisation
of the fragmentation status, the ratio between the counts of
solitary rod-like mitochondria and the overall branches of
mitochondria was calculated from the imaged cells.

Statistical analysis

Two-way ANOVA (GraphPad Prism V8.0.2, GraphPad
Software) was first carried out to test for differences among
all experimental groups (data obtained by HRR, Western
blot and ATP level analysis). In addition, the Tukey’s test
was used to determine the differences between individual
groups. Data are presented as either mean + S.D. or mean +
S.E.M. A p < 0.05 was considered significant.

The R programming language (version 4.4.1) (R Core
Team, 2024) was used for the analysis of mitochondrial
network data. Continuous variables were summarised us-
ing the median along with the lower and upper quartiles.
Normality and data distribution were assessed through
exploratory data analysis, including histograms, Q-Q
plots, and boxplots. The symbox and powerTransform
functions from the car package (Fox et al. 2023) were uti-

lised to identify the most suitable transformations. Linear
models were constructed, each with one of the following
response variables: average length of mitochondria, overall
mitochondrial length, branching and junction patterns
as well as number of solitary rod-like mitochondria. For
each model, estimated marginal means (emmeans) were
calculated using the emmeans package (Fox et al. 2023)
to assess the effect of each group, a four-level predictor.
Pairwise comparisons, with Tukey adjustment of p-values,
were performed to further evaluate differences between
group levels.

Results

We have first analysed the impact of both TUDCA and PBA,
as well as combination of TUDCA with PBA on mitochon-
drial respiration after incubation of cells with either TUDCA
ata concentration 100 uM or PBA at a concentration 1 mM,
as well as with combination of TUDCA at a concentration
100 1M with PBA at a concentration 1 mM for 16 h. The time
interval was selected on the basis of previously published data
as well as on the basis of our experiments with STF-083010
that indicated its significant impact on mitochondrial res-
piration after incubation of the cells with STF-083010 for
16 h (Hatokova et al. 2023). The concentrations of both
TUDCA and PBA were selected on the basis of previously
published results.

Treatment of the cells with TUDCA for 16 h was associ-
ated with a significant decrease of ROUTINE respiration
(72.4% of control, p < 0.01), maximal respiration (79.9%
of control, p < 0.05), succinate driven maximal respiration
(74.3% of control, p < 0.05), ATP-coupled respiration (77.3%
of control, p < 0.05) and LEAK respiration (50,6% of con-

Table 1. Impact of TUDCA, PBA and TUDCA/PBA on intracel-
lular level of ATP

Relative ATP

concentration p

(% of control)
Control 100 + 4 >0.05
TUDCA 111.5+3.2 >0.05
PBA 113.7+5 >0.05
TUDCA/PBA 126.3 £ 10 >0.05
Sodium azide 432+ 1 <0.01

Cells were treated with TUDCA, PBA, TUDCA/PBA and sodium
azide and then the concentration of ATP was determined as de-
scribed in Material and Methods. Data are presented as mean +
S.E.M. (3 independent experiments performed in triplicate per each
treatment). p value was estimated by two-way ANOVA, followed by
Tukey’s test to determine differences of relative ATP concentration
in treated cells in comparison to control non-treated cells.
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Figure 2. Impact of TUDCA and PBA as well as combination of
TUDCA with PBA on the mitochondrial network. Representative
images of the cells stained with Mitotracker (scale bar — 5 um) and
schematic illustrations of transformation of obtained images of
cellular mitochondrial network to binary images.

trol, p < 0.01) (Fig. 1B). The value of SRC capacity was not
significantly altered.

Treatment of cells with PBA for 16 h was associated with
a significant increase of SRC (131.8% of control, p < 0.05,
Fig. 1B). The other investigated parameters of mitochondrial
respiration were not significantly altered.

Treatment of the cells with combination TUDCA/PBA for
16 h was associated with significant increase of ROUTINE
respiration (127.5% of control, p < 0.01), maximal respira-
tion (146.4% of control, p < 0.001), succinate driven maxi-
mal respiration (121% of control, p < 0.05), ATP-coupled
respiration (126.1% of control, p < 0.01) and SRC (169.1%
of control, p < 0.001) (Fig. 1). LEAK respiration was not
significantly altered.

We have further analysed impact of either TUDCA or
PBA as well as combination of TUDCA with PBA on intra-
cellular ATP level. Treatment of SH-SY5Y cells with TUDCA
and PBA or with combination TUDCA/PBA for 16 h was not
associated with significant changes in intracellular ATP levels
(Table 1). Treatment of SH-SY5Y cells with sodium azide at
a concentration of 50 mM for 15 min that is associated with
death of SH-SY5Y cells after 24 h (Klacanova et al. 2016) was
associated with significantly decreased ATP level (42.3% of
control, p < 0.01) (Table 1).

We have also analysed impact of either TUDCA or PBA
as well as combination of TUDCA with PBA on mitochon-
drial network (Fig. 2). Data distribution of mitochondrial
network parameters at the experimental group levels are
visualised at Figure 3A. Post-hoc model analysis (pairwise
comparisons of estimated marginal means) of mitochondrial
network parameters (Fig. 3B) revealed significantly higher
values of overall mitochondrial length in the cells treated
with TUDCA (p < 0.001), PBA (p < 0.001) and combination
of TUDCA with PBA (p < 0.001). Significantly higher values
of branching patterns were determined in the cells treated
with PBA (p < 0.01) and with combination of TUDCA with
PBA (p < 0.01). In addition, junction patterns were signifi-
cantly higher in the cells treated with TUDCA (p < 0.01),
PBA (p < 0.01) and combination of TUDCA with PBA (p <
0.01). Average mitochondrial length did not significantly
change in all treated cells (data not shown). Furthermore,
the fragmentation pattern of the mitochondrial network in
cells treated with PBA (p < 0.01) and with combination of
TUDCA with PBA (p < 0.01) was less pronounced, evidenced
by significantly reduced count of solitary rod-like mitochon-
dria compared to control non-treated cells.

In order to examine if TUDCA or PBA has an impact on
mitochondrial unfolded protein response (UPR) and the
intracellular amounts of mitochondria we have performed
Western blot analysis of expression of HSP60 and LONPI.
Both proteins are considered as important molecular compo-
nents of mitochondrial UPR (Fiorese et al. 2016). In addition,
HSP60 can be considered as a marker of the intracellular con-
tent of mitochondria. We have also analysed levels of MFN1
and MFN2 since both proteins are involved in the control of
mitochondrial fusion (Giacomello et al. 2020). However, our
Western blot analysis did not reveal a significant impact of
TUDCA and PBA, as well as combination of TUDCA with
PBA, on the expression of investigated proteins (Fig. 4). We
have not detected DRP1 phosphorylation (data not shown)
at either Ser616 that promotes the translocation of DRP1
from the cytosol to the mitochondrial outer membrane and
mitochondrial fission or at Ser637 that reverses this process
(Chen et al. 2023).

Since the cytoprotective impact of TUDCA and PBA is
often explained by the ability of both substances to modulate
ER stress response (Almanza et al. 2019), we have performed
a Western blot analysis of the protein extracts prepared
from control untreated cells and cells pre-treated with
either TUDCA or PBA for 16 h that was followed by the
induction of ER stress by the further treatment of the cells
for 24 h with tunicamycin at a concentration of 2 uM. The
concentration of tunicamycin and the time interval were
chosen on the basis of our previous study (Dibdiakova et
al. 2019; Evinova et al. 2022). We have focused our interest
on the key proteins involved in response to stress of ER.
GRP78 is a master protein involved in activation of UPR that
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Figure 3. Impact of TUDCA and PBA on mitochondrial network parameters. A. Graphical presentation of the distribution of mito-
chondrial network parameters across experimental groups. Boxplots visualizing mitochondrial network parameters across experimental
groups. The box represents data between the lower and upper quartiles, with a line marking the median. Whiskers are determined by
the lower quartile minus 1.5xinterquartile range and the upper quartile plus 1.5xinterquartile range. B. Back-transformed emmeans
for overall mitochondrial length, branching, junctions and solitary rod-like mitochondria in experimental groups with 95% confidence
interval. The final binary images obtained from raw images of the mitochondrial network were analysed as described in Material and
Methods. ** p < 0.01, *** p < 0.001 (Pairwise comparisons, with Tukey adjustment of p-values, were performed to further evaluate dif-
ferences between mitochondrial network parameters of treated cells compared to the control non-treated cells).
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Figure 4. Impact of TUDCA and PBA on the expression of mitochon-
drial proteins. Total cell extracts were prepared from SH-SY5Y cells
after treatment with TUDCA, PBA and combination of TUDCA with
PBA for 16 h. The effect of the treatments on the levels of MEN1, MFN2,
HSP60 and LONP1 was evaluated by Western blot analysis of total cell
extracts as described in Materials and Methods. 3-actin served as the
loading control. The representative images of 4 independent experi-
ments are cropped from different parts of the same blot.
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represents the main cellular response to ER stress, as well as
the cytoprotective mechanism to cope with stress-inducing
conditions and to restore ER homeostasis and functions
(Almanza et al. 2019). HRD1 is an E3 ligase involved in the
process of ER-associated degradation (ERAD) (Kikkert et al.
2004) that includes retro-translocation of aberrant proteins
from ER to the cytosol through the membrane spanning
retro-translocon (Hampton and Sommer 2012), polyubiq-
uitinylation of aberrant proteins by means of HRD1 and
final degradation of aberrant proteins by the 26S proteasome
(Preston and Brodsky 2017). The interaction of HRD1 with
SEL1L is a prerequisite for the formation of a functional
HRDI1-ERAD complex (Lin et al. 2024); therefore, we have
also analysed the expression of SELIL.

In agreement with our previous study (Dibdiakova et al.
2019), treatment of the cells for 24 h with tunicamycin at
a concentration of 2 uM (Fig. 5) was associated with signifi-
cantincrease of HRD1 expression (225% of control, p < 0.05).

0 0 100 O
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PBA TM/PBA

Figure 5. Impact of TUDCA or PBA on tunicamycin-induced expression of HRD1, GRP78 and SEL1L. A. The representative images of
4 independent experiments that were cropped from different parts of the same blot. B. Quantitative evaluation of the impact of TUDCA
or PBA on tunicamycin-induced expression of HRD1, GRP78 and SELI1L. Total cell extracts were prepared from SH-SY5Y cells that were
first pre-treated with TUDCA or PBA for 16 h that was followed by treatment of the cells with tunicamycin at a concentration of 2 uM
for 24 h in the presence of either TUDCA or PBA. The effect of the treatments on the levels of HRD1, GRP78 and SEL1L was evaluated
by Western blot analysis of total cell extracts as described in Materials and Methods. HRD1, GRP78 and SELIL levels were normalized
to B-actin levels and are expressed as relative to non-treated controls. Data are presented as means + SD (4 independent experiments per
each treatment). * p < 0.05, ** p < 0.01 (two-way ANOVA, followed by Tukey’s test to determine differences between the levels of analysed
proteins in control non-treated cells and treated cells). LMW, low molecular weight.
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The expression of GRP78 was also significantly increased in
the cells treated with tunicamycin (352.6% of control, p <
0.01). With respect to SEL1L, we have observed the expres-
sion of protein with significantly lower molecular weight
after the treatment of the cells for 24 h with tunicamycin at
a concentration of 2 uM (Fig. 5). Since SEL1L contains five
putative N-glycosylation sites (Jeong et al. 2016) produc-
tion of lower molecular weight protein could be explained
by inhibition of N-glycosylation of SEL1L polypeptide via
tunicamycin that is a potent inhibitor of N-glycosylation
located in ER, thereby inducing ER stress (Almanza et al.
2019). We have observed that intensity of the band represent-
ing full length protein was significantly decreased (41.4% of
control, p < 0.05) after the treatment of the cells for 24 h with
tunicamycin at a concentration of 2 pM (Fig. 5). Intensity
of the band representing low molecular weight protein was
not significantly altered after the treatment of the cells for
24 h with tunicamycin at a concentration of 2 uM (Fig. 5B).
Neither TUDCA nor PBA have significantly changed the
level of expression of GRP78, HRD1 and SELI1L (Fig. 5B).
In cells pre-treated with TUDCA (Fig. 5B), treatment with
tunicamycin increased significantly expression of both
GRP78 (389.5% of control, p < 0.01) and HRD1 (264% of
control, p < 0.05) and decreased expression of full length
SELIL (53.9% of control, p = 0.0557). In cells pre-treated
with PBA (Fig. 5B), treatment with tunicamycin increased
significantly expression of both GRP78 (408% of control,
p < 0.01) and HRD1 (272.5% of control, p < 0.01) and de-
creased significantly expression of full length SEL1L (45.5%
of control, p < 0.05). Thus, pre-treatment of the cells with
either TUDCA or PBA did not significantly affect changes
of the expression of HRD1, GRP78 and SEL1L induced by
tunicamycin.

Discussion

In the present study, we have shown that both TUDCA and
PBA, as well as combination of TUDCA with PBA, have
a significant impact on mitochondrial respiration. Although
both substances are considered to work as chemical chaper-
ones, they affect mitochondrial respiration in a specific way.
While TUDCA decreases ROUTINE respiration, maximal
respiration, succinate-driven maximal respiration, ATP-
coupled respiration and leak respiration; PBA increases SRC.
Interestingly, pre-treatment of the cell with combination of
TUDCA with PBA resulted in an increase of ROUTINE
respiration, maximal respiration, succinate driven maxi-
mal respiration, ATP-coupled respiration and SRC. Both
TUDCA and PBA, as well as combination of TUDCA with
PBA, exhibit an impact on elongation of mitochondria. The
intracellular ATP concentration did not change significantly
after incubation of the cells with both TUDCA and PBA as

well as combination of TUDCA with PBA. Both TUDCA
and PBA, as well as combination of TUDCA with PBA, did
not affect the expression of the investigated mitochondrial
proteins. Finally, our results do not indicate the ability of
TUDCA and PBA to alleviate ER stress.

Although TUDCA deceases all parameters of mitochon-
drial respiration determined in this study, we did not observe
significant changes of intracellular ATP concentration after
incubation of the cells with TUDCA. Unaltered ATP level
was also documented after incubation of SH-SY5Y cells for
12 h with 0.1 mM TUDCA (Fonseca et al. 2017; Rosa et
al. 2017) while ATP was significantly increased in primary
murine cortical neurons incubated for 12 h with 0.1 mM
TUDCA (Rosa et al. 2017). In animal models of PD using
mitochondrial toxins, the neuroprotective effects of TUDCA
were among other mechanisms attributed to the reduction
of mitochondrial dysfunction induced oxidative stress
(Castro-Caldas et al. 2012; Moreira et al. 2017; Cuevas et al.
2022). In cellular model of Huntington’s disease, TUDCA
prevented decrease of mitochondrial transmembrane po-
tential induced by 3-nitropropionic acid (Rodrigues et al.
2000). Our experiments revealed possible positive impact
of TUDCA on the inner mitochondrial membrane that was
associated with a significant decrease of leak respiration.
TUDCA mediated stabilisation of mitochondrial membrane
was also documented earlier (Fonseca et al. 2017), but the
involvement of such mechanism in neuroprotective effects
of TUDCA is unclear.

While PBA has no significant impact on ROUTINE,
maximal and ATP-coupled respiration, treatment of the
cells with PBA results in a significant increase of SRC.
Increased SRC together with increased basal and maximal
respiration was documented in 3T3-L1 adipocytes treated
with 1 mM PBA for 2 days (Tanis et al. 2015). In turn,
higher concentrations of PBA had an inhibitory impact
on mitochondrial functions (Tanis et al. 2015). Although,
SRCis a well-recognised phenomenon (Nicholls 2009; Mar-
chetti et al. 2020), the molecular components of SRC and
the factors that determine SRC are not well described. The
potential of SRC to increase ATP supply and, therefore, to
avoid an ‘ATP crisis’ during the periods of increased energy
demands (e.g., an increased workload or cellular activity
that is typical for firing neurons) is generally accepted.
As documented previously, reduced SRC correlates with
increased sensitivity of cells to cell death inducing agents
(Yadava and Nicholls 2007), while increased SRC correlates
well with cell resistance and enhanced cell survival (Nickens
et al. 2013; Pfleger et al. 2015).

Although basal and maximal respiration was unaltered in
C12 cells treated with 0.5 mM PBA for 24 h, PBA increased
mitochondrial biogenic signalling, function and content
(Rivera et al. 2024). On the contrary, 10 mM PBA reduced
mitochondrial function and content. The expression levels
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of mitochondrial biogenesis-related proteins and mitochon-
drial antioxidant responses were also significantly increased
by TUDCA in subventricular zone-derived neural stem cells
(Soares et al. 2018). Results of our Western blot analysis
documented the unaltered expression of mitochondrial pro-
teins, including HSP60, which can be considered as a marker
of intracellular mitochondria content; do not support the
possibility of enhanced mitochondrial biogenesis caused
by treatment of the SH-SY5Y cells with either TUDCA or
PBA. Combination of TUDCA with PBA has even more
significant impact on mitochondrial respiration but it did
not affect expression of mitochondrial proteins as well.

Our results showing an impact of TUDCA and PBA as
well as combination of TUDCA with PBA on mitochondrial
network are indicating their possible impact on mitochon-
drial morphology supporting mitochondrial fusion and
preventing mitochondrial fission. With respect to combina-
tion of TUDCA with PBA, the results are in agreement with
a current view that fused mitochondria, prevalent in healthy
metabolically active cells, exhibit a higher ATP production,
while fragmented mitochondria, which are encountered in
quiescent and metabolically inactive cells, exhibit reduced
respiration and are associated with different pathological
conditions (Chen et al. 2023). Previous study indirectly
indicated impact of TUDCA on mitochondrial network as-
sociated with elongation of mitochondria (Rosa et al. 2017).
Treatment of mouse embryonic fibroblasts with PBA, which
results in peroxisome proliferation, resulted in mitochondrial
elongation (Tanaka et al. 2019). On contrary, both PBA
(50 uM) and TUDCA (100 pM) showed little effects on
mitochondrial morphology mitochondrial reactive oxygen
species in pulmonary artery smooth muscle cell (Zhuan et
al. 2020). In our recent study, we have documented more
developed mitochondrial network that can be attributed
to mitochondrial fusion in differentiated SH-SY5Y cells
compared to non-differentiated SH-SY5Y cells (Evinova
et al. 2024). Changes in the mitochondrial network were
accompanied with significantly increased mitochondrial
respiration in differentiated cells. In turn, the mitochondrial
network was changed toward more fragmented mitochon-
dria after treatment of the cells with rotenone (Evinova et al.
2024). Similar shift of the mitochondrial network towards
mitochondrial fragmentation was observed in fibroblasts of
patients with mitochondrial disorders (Bakare et al. 2021)
or in fibroblasts of patients with Parkinson’s disease (Krits-
kaya et al. 2024). We did not observe changes in expression
of main proteins involved in regulation of mitochondrial
fusions, but other proteins and mechanism that can be
considered, e.g. post-translation modifications of fusion
proteins, cannot be excluded (Giacomello et al. 2020; Chen
etal. 2023). In addition, elongation of mitochondria could be
a result of adaptive remodeling of mitochondrial membrane
phosphatidic acid (Perea et al. 2023).

Both TUDCA and PBA are considered to work as chemi-
cal chaperones with a positive impact on ER stress (Alman-
za et al. 2019; Jeon et al. 2022). At the molecular level, ER
stress is characterised by upregulation of specific proteins
like GRP78, ER resident chaperone (Almanza et al. 2019),
and HRDI, ER resident E3 ligase (Preston and Brodsky
2017). Overexpression of GRP78 increases ER chaperone
capacity while overexpression of HRD1 increases capacity
of removal of aberrant proteins from ER (Almanza et al.
2019). Interaction of HRD1 with SEL1L is a prerequisite for
the formation of a functional HRD1-ERAD complex. ER
stress is also associated with mitochondrial dysfunction as
documented in several previous studies (Carreras-Sureda
et al. 2019; Evinova et al. 2022). As one of the possible
explanations of ER stress-induced mitochondrial dys-
function, it was shown that HRD1 down-regulates level of
PGCIp resulting in decreased mitochondrial biogenesis
(Fujita et al. 2015). In addition, acute ER stress is associ-
ated with elongation of mitochondria as a result of adaptive
remodeling of mitochondrial membrane phosphatidic acid
(Perea et al. 2023). In agreement with our previous study
(Dibdiakova et al. 2019), tunicamycin induced increased
expression of HRD1. The expression of GRP78 was also
increased in response to tunicamycin. In cell treated with
tunicamycin, we have also observed decreased expression
of full length SEL1L protein and appearance of low mo-
lecular weight SELIL protein that could be attributed to
the inhibition of N-glycosylation with tunicamycin. Neither
TUDCA nor PBA have changed the level of expression of
GRP78, HRD1 and SEL1L. In addition, both TUDCA and
PBA did not affect the tunicamycin-induced changes in the
expression of GRP78, HRD1 and SEL1L. We suppose that
neither TUDCA nor PBA affect ER stress response at the
level of the expression of GRP78, HRD1 and SEL1L. Our
results do not indicate the ability of either TUDCA or PBA
to alleviate ER stress.

In conclusion, we have shown that both TUDCA and PBA
as well as combination of TUDCA with PBA have important
impact on mitochondrial functions and morphology. The
impact of PBA and combination of TUDCA with PBA on
mitochondrial functions might be associated with possible
neuroprotective effects of PBA and combination of TUDCA
with PBA. Although TUDCA exhibited positive effect on inner
mitochondrial membrane, the possible neuroprotective effect
of TUDCA might involve another mechanism distinct from the
TUDCA-mediated modification of mitochondrial functions.
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