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Experimental Biology, Faculty of Science, Masaryk University, Brno, Czechia

Colorectal cancer is influenced by genetic mutations, lifestyle factors, and diet,
particularly high fat intake, which raises bile acid levels in the intestinal lumen.
This study hypothesized that bile acids contribute to tumorigenesis by disrupting
ion transport and ATPase activity in the intestinal mucosa. The effects of 3-sulfo-
taurolithocholic acid (TLC-S) on ATPase activity were investigated in colorectal
cancer samples from 10 patients, using adjacent healthy tissue as controls, and
in rodent liver function. ATPase activity was measured spectrophotometrically
by determining inorganic phosphorus (P)) in postmitochondrial fractions. Ca**
dynamics were assessed in isolated mouse hepatocytes with fluorescence imaging,
and rat liver mitochondria were studied using polarographic methods to evaluate
respiration and oxidative phosphorylation. TLC-S increased Na*/K* ATPase activity
by 1.5 times in colorectal cancer samples compared to controls (p < 0.05). In
healthy mucosa, TLC-S decreased Mg?* ATPase activity by 3.6 times (o < 0.05),
while Mg?* ATPase activity in cancer tissue remained unchanged. TLC-S had no
significant effect on Ca?* ATPase activity in healthy colon mucosa but showed
a trend toward decreased activity in cancer tissue. In rat liver, TLC-S decreased
Ca?* ATPase and Na*/K* ATPase activities while increasing basal Mg?* ATPase
activity (p < 0.05). Additionally, TLC-S induced cytosolic Ca?* signals in mouse
hepatocytes, partially attenuated by NED-19, an NAADP antagonist (p < 0.05).
TLC-S also reduced the V3 respiration rate of isolated rat liver mitochondria
during a-ketoglutarate oxidation. These findings suggest that TLC-S modulates
ATPase activity differently in cancerous and healthy colon tissues, playing a role
in colorectal cancer development. In rat liver, TLC-S affects mitochondrial activity
and ATPase function, contributing to altered cytosolic calcium levels, providing
insight into the mechanistic effects of bile acids on colorectal cancer and liver
function.

01 frontiersin.org


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2024.1480122&domain=pdf&date_stamp=2024-12-05
https://www.frontiersin.org/articles/10.3389/fvets.2024.1480122/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1480122/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1480122/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1480122/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1480122/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1480122/full
mailto:kushkevych@mail.muni.cz
mailto:simon.rittmann@univie.ac.at
https://doi.org/10.3389/fvets.2024.1480122
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2024.1480122

Bychkova et al.

KEYWORDS

10.3389/fvets.2024.1480122

colorectal cancer, colon mucosae, Na*/K* ATPase, Ca?* ATPase, basal Mg?* ATPase, bile

acid

Introduction

Bile acids (BAs) are synthesized from cholesterol by hepatocytes
in the liver and are essential components of bile, which aids in the
emulsification and absorption of fats when excreted into the
duodenum. Elevated fat consumption has been linked to increased
levels of BAs in the intestinal lumen, where they promote the
growth and activity of bacteria that convert primary BAs into
secondary bile acids (SBAs) with potent tumorigenic properties
(1-3). SBAs, such as deoxycholic acid and lithocholic acid, are
implicated in the development of colon cancer (4). These
compounds are formed in the intestine through bacterial enzymatic
actions on primary bile acids secreted by the liver, namely
chenodeoxycholic acid and cholic acid (5). Deoxycholic acid and
lithocholic acid, in particular, possess potentially carcinogenic
properties and can induce DNA damage in intestinal epithelial cells
through the generation of reactive oxygen species (ROS), leading to
mutations and cancer cell proliferation (4, 6). Moreover, SBAs can
modulate cellular signaling pathways such as the Wnt/f-catenin
pathway and NF-kB, promoting cell proliferation, inhibiting
apoptosis, and inducing inflammation, all of which contribute to
carcinogenesis (7). SBAs also stimulate the production of
pro-inflammatory cytokines, leading to chronic intestinal
inflammation, a known risk factor for colorectal cancer (8).
Alterations in the gut microbiota composition under the influence
of SBAs may further exacerbate cancer development by affecting
immune and inflammatory responses (9).

Given the pivotal role of SBAs in colon cancer pathogenesis,
further research is warranted to explore preventive and therapeutic
strategies (7). BAs also play a crucial role in regulating ATPases’
activity in the intestinal mucosa, particularly Na*/K* ATPase and Ca**
ATPase. Na*/K* ATPase is essential for maintaining electrolyte balance
and cell membrane potential and has been implicated in cancer cell
adhesion, motility, and migration (10, 11). It has been demonstrated
that Na*/K* ATPase facilitates BAs absorption by cells in the ileum
through the maintenance of the Na* electrochemical potential
gradient for coupled bile acid transport (12). Inhibition of Na*/K*
ATPase induces hybrid cell death and enhanced sensitivity to
chemotherapy in human glioblastoma cells (13). However, its role in
cancer progression under BAs remains poorly understood.

Ca?" ATPases are responsible for establishing Ca®* gradients across
cellular membranes and maintaining low cytoplasmic Ca** levels, with
alterations in Ca?* signaling being implicated in cancer progression
(14-16). Changes in the expression of plasma membrane Ca** pumps
(PMCA) and associated calcium modifications have been observed in
colon cancer, facilitating cancer cell proliferation (14). Colorectal
cancer cell differentiation has been linked to changes in Ca*
homeostasis and the expression of specific isoforms of the endoplasmic
reticulum (ER) Ca** ATPase (14). Dysregulation of sarco/endoplasmic
reticulum Ca** ATPase (SERCA) expression and activity can induce
ER stress and apoptosis, contributing to cancer progression (17). Basal
Mg** ATPase represents another system of active ion transport in cells,
influencing proton content in extracellular or intracellular spaces.
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This study aimed to investigate the impact of 3-sulfo-
taurolithocholic acid (TLC-S) on ATPase activity in patients’ colorectal
cancer samples, adjacent healthy colon mucosae serving (controls) and
its effects on rat liver. Additionally, we examined the effects of TLC-S
on mitochondrial respiration of isolated rat liver mitochondria and on
cytosolic and stored Ca*" in isolated mouse hepatocytes.

Materials and methods
Standards of ethics and patient attributes

All animal procedures followed the guidelines outlined in the
“International Convention for Animal Research” and were approved
by the Bioethics Committee of the Biological Faculty at the Ivan
Franko University of Lviv, under Protocol No. 02/03, 2024.

Human sample collection adhered to the principles of the
Declaration of Helsinki and was approved by the Institutional Review
Board (Ethics Committee) of the Department of Therapy No. 1,
Medical Diagnostics, Hematology, and Transfusion Medicine at the
Faculty of Postgraduate Education, Danylo Halytsky Lviv National
Medical University (Protocol Code No. 2, March 3, 2024). A total of
10 patients diagnosed with colorectal cancer (average age
54.3 + 1.7 years) participated in the study. Informed consent was
obtained from all patients before obtaining colonic mucosa samples
during endoscopy. Samples were collected from both cancer-affected
areas and healthy areas (control) of the colonic mucosa from
each patient.

Postmitochondrial subcellular fraction
preparation

Postmitochondrial subcellular fraction was obtained as described
early (18-20). Briefly, to obtain the postmitochondrial subcellular
fraction, tissue samples (including colon mucosae from patients,
colorectal cancer samples, and rat liver) were homogenized in a
Potter-Elvehjem homogenizer at 300 rpm using a buffer solution at a
1: 8 mass ratio. The postmitochondrial subcellular fraction was
isolated via differential centrifugation, which involves sequential
centrifugation steps to separate organelles and membrane fragments
from the homogenized tissue. Initially, the homogenate was
centrifuged at 3000 g for 10 min (using an RS-6 centrifuge) to pellet
intact cells and nuclei. Subsequently, the mitochondrial fraction was
pelleted by centrifuging at 6,500 g for 10 min at a temperature of
0-2°C. The resultant postmitochondrial supernatant was then used as
the subcellular fraction for further experiments.

Measurement of ATPase activity

At the beginning of the experiment, 200 pL of the subcellular
fraction of the tissue (patients colon mucosae or colorectal cancer
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samples or rat liver) was placed in an incubation medium without ATP,
which contained (mmol/L): NaCI - 50.0; KCI - 100.0; tris/NSI - 20.0;
MgCl,-3.0; CaCl,-0.01; NaN;-1 (selective inhibitor of mitochondrial
ATPase); pH = 7.4 at 37°C. The ATP hydrolase reaction was initiated
by adding 3 mmol/L ATP (Sigma) and the samples were incubated for
15 min at 37°C with moderate shaking in a water ultra-thermostat.
TLC-S was added to postmitochondrial subcellular fraction at a
concentration 50 pmol/L. After completion of the incubation, the
reaction was stopped by adding 5 mL of 10% trichloroacetic acid, the
samples were kept for 10 min and centrifuged at 1,600 g for 10 min.
The resulting protein—free supernatant was used to determine the
content of inorganic phosphorus (P;) in it by the Fiske-Subarrow
method. The ATPase activity of the subcellular fraction of the liver was
calculated by the difference in the content of P; in media of different
composition and expressed in pg P/hour x mg™" of protein (21). The
total ATPase activity of the subcellular fraction was determined in
Ca*- and Mg**-containing incubation medium. To determine the
specific Na*/K* ATPase activity, the ATPase activity of the subcellular
fraction was subtracted from the total ATPase activity in a medium
containing 1 mmol/L ouabain (Sigma). The specific Mg** ATPase
activity was determined in the incubation medium containing
1 mmoL/L EGTA in the absence of CaCl, and the presence of 1
pmol/L ouabain. Thapsigargin (Sigma) at a concentration of 1 pmol/L
was used to isolate the contribution of the Ca®* pump to the EPR. In
all experiments, the control for non-enzymatic ATP hydrolysis was a
reaction medium in which no subcellular fraction was added.

Isolation of rat liver mitochondria and
measurement of respiration rate in isolated
rat mitochondria

The method was described before (22). Experiments were
conducted on non-linear male rats weighing 180-200 g. The rats were
humanely euthanized. The liver was excised and briefly perfused with
a homogenization medium containing 250 mmol/L sucrose, 1 mmol/L
EDTA, and 10 mmol/L Tris/NSI (pH 7.4, 4°C). The cooled liver tissue
was then minced using a press.

The liver homogenate was centrifuged at 3,000 g for 10 min using
a Jouan Mr. 1812 centrifuge (Jouan, France) to pellet nuclei, large cell
fragments, and intact cells, while mitochondria remained in the
supernatant. The isolated mitochondria were incubated in a
polarographic chamber containing a medium with 250 mmol/L
sucrose, 10 mmol/L HEPES, 1 mmol/L EGTA, 1 mmol/L KH,PO,,
and 1 mmol/L MgCl,, at pH 7.2. a-ketoglutarate (1 mmol/L) and
succinate (0.35 mmol/L) were used as exogenous oxidative substrates.
TLC-S was added at the same concentration as described previously.
The rate of oxygen consumption and the efficiency of ATP synthesis
in various metabolic states were assessed using a polarographic
technique with a Clark electrode (23-25). In the “resting” state (State
2), an exogenous substrate was added to the mitochondria, resulting
in a slow respiration rate (V2), zero phosphorylation rate, and a
significantly reduced electron flow in the respiratory chain. In the
“active” state (State 3), mitochondrial respiration (V3) was sharply
stimulated by the addition of 50 pmol/L ADP, accompanied by ATP
synthesis and an increase in the concentration of oxidized respiratory
intermediates. In the “controlled” state (State 4), the complete
conversion of ADP to ATP occurred in the polarographic chamber,
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with a high substrate concentration maintained, resulting in a
decreased oxygen consumption rate (V4) compared to State 3.

Isolation of mouse hepatocytes

Male CD-1 mice were humanely euthanized. The isolated liver
was perfused with buffer without Ca®*: 140 mmol/L NaCl; 4.7 mmol/L
KCI; 10 mmol/L HEPES; 10 mmol/L D-glucose; 100 pmol/L EGTA;
pH 7.4; the perfusion rate was 5 mL/min at 37°C. The liver was then
perfused with buffer in the presence of 1.3 mmol/L CaCl, and
collagenase I (Worthington) for 10 min at 37°C. Dissociated
hepatocytes were centrifuged at 50 x g for 1 min and then transferred
to a buffer containing 1 mmol/L MgCl, and 1.3 mmol/L CaCl,, pH 7 .4.

Fluorescence measurement of [Ca?*] in the
cytosol of mouse hepatocytes

After isolation, mouse hepatocytes were loaded with the
low-affinity Ca*" sensitive dye fluo-4 (2.5 pmol/L) for 30-45 min at
36.5°C. The cells were then attached to poly-L-lysine-coated coverslips
in a flow chamber, and all experiments were conducted at
room temperature.

Fluorescence images were acquired using a Leica SP2 MP dual
two-photon confocal microscope with a 63x/1.2 NA objective. For
fluo-4, excitation was performed at 488 nm (argon ion laser, 3% power)
and emission was collected between 510-590 nm. Fluorescent images
were recorded at a frequency of 0.6-1.0 frames per second. Fluorescence
signals were expressed as F/F,, where F represents the fluorescence
intensity during the experiment and F, is the initial fluorescence intensity.

Measurement of [Ca?*] in intracellular
stores of permeabilized mouse
hepatocytes

A suspension of permeabilized mouse hepatocytes (2 x 10° cells)
was loaded with the fluorescent dye Mag-Fura-2 AM (5 pmol/L). The
dye was removed before permeabilization. Hepatocytes were
permeabilized with 0.1 mg/mL saponin in an intracellular solution for
10 min. Subsequently, the cells were washed with an intracellular
solution based on K-HEPES, containing 20 mmol/L NaCl,
127 mmol/L  KCl, 1.13 mmol/L MgClL, 0.05mmol/L CaCl,
0.1 mmol/L EGTA, 10 mmol/L HEPES (KOH), 5 pg/mL oligomycin,
1 pg/mL rotenone, and 2.0 mM ATP, at pH 7.0. A 2 mL aliquot of the
cell suspension was transferred to the spectrofluorometer cuvette.
Mag-Fura-2 AM fluorescence was monitored with excitation at
340-380 nm and emission at 500 nm. The intracellular calcium
content mobilized by 10 pmol/L ionomycin was considered as 100%
and represented the total Ca** in the internal pool.

Statistical analysis
The data presented in the text are expressed as mean + SEM. An

ANOVA test was conducted to determine the significance of
differences between experimental groups, with p < 0.05 considered
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significant. The analysis was performed using the statistical software
Origin Pro 2018.

Results

ATPase activity of patient's colon mucosae
and colorectal cancer tissue samples under
TLC-S adding

During the action of TLC-S on the control (normal tissue of colon
mucosae), the activity of the Na*/K* pump did not undergo statistically
significant changes (Figure 1a). In colorectal cancer samples, the
specific activity of Na*/K* ATPase under the effects of TLC-S
increased from 5.61 + 0.74 to 8.48 + 1.72 pg Py/hour x mg™" of protein.
Therefore, TLC-S causes a statistically significant 1.5-fold increase in
the activity of Na*/K* ATPase in the subcellular fraction of colorectal
cancer samples (Figure 1b). In normal tissue, the Na*/K* ATPase
activity under the influence of TLC-S was 7.62 + 1.64 pug P//hour x
mg~" of protein, which is slightly lower than in the cancer samples
(8.48 £ 1.72 pg Pi/hour x mg™). Thus, the increase in Na*/K* ATPase
activity was more pronounced in the cancer tissue compared to the
normal tissue after TLC-S treatment.

The addition of TLC-S to the incubation medium of normal tissue
samples caused a slight increase in the specific activity of ER Ca*
ATPase, which was not statistically significant (Figure 1a). In cancer
tissue samples, the ER Ca®* ATPase activity decreased from
8.8 + 1.63 pg Pi/hour x mg™' of protein to 6.07 + 1.79 pg P/hour x
mg~" of protein upon the addition of TLC-S. Therefore, the action of
TLC-S resulted in a consistent trend of decreased EPR Ca’* ATPase
activity in the subcellular fraction of human colorectal cancer samples
(Figure 1b). In normal tissue, the ER Ca** ATPase activity after TLC-S
treatment was 6.51 + 1.20 pg P//hour x mg™ of protein, while in
cancer tissue, it decreased to 6.07 + 1.79 pg Pi/hour x mg™". This
suggests a slightly more prominent reduction in cancer tissues
compared to normal ones following the addition of TLC-S.

It was found that with the addition of TLC-S to the incubation
medium of the control samples, the activity of the PM Ca*" pump did
not change statistically authentic (Figure 1a). Thus, we observed only

10.3389/fvets.2024.1480122

a trend toward a decrease in the activity of the PM Ca®* ATPase in the
subcellular fraction of normal cells under the influence of TLC-S. In
colorectal cancer tissue samples, the specific activity of the PM Ca*
ATPase was 7.79 + 3.26 pg P//hour x mg™" of protein. The addition of
TLC-S resulted in a decrease in the activity of this pump to
5.85 + 2.41 pg P,/hour x mg™" of protein (Figure 1b).

In normal tissue, PM Ca** ATPase activity under TLC-S was
6.16 + 1.34 pg P/hour x mg™" of protein, while in cancer tissues it was
5.85 + 2.41 pug Pi/hour x mg™". This shows a comparable trend toward
decreased activity in both tissue types, although the reduction was
slightly more pronounced in cancer tissues.

In the control samples, we observed a statistically significant
3.6-fold increase in the activity of basal Mg®* ATPase in the subcellular
fraction of normal tissue under the influence of TLC-S compared to
the samples with lack of TLC-S (Figure 1a). In colorectal cancer
tissue, the activity of basal Mg** ATPase under the influence of TLC-S
ranged from 5.16 to 13.06, averaging 10.27 + 0.99 pg P;/hour x mg™'
of protein. In the absence of TLC-S in the incubation medium, the
activity of basal Mg?* ATPase ranged from 3.78 to 25.63, averaging
20.17 + 2.15 pg Py/hour x mg™" of protein.

For basal Mg** ATPase, normal tissue showed a dramatic increase
in activity to 23.19 + 5.22 pg Pi/hour x mg™" of protein after TLC-S
treatment, while in cancer tissue, the activity decreased to
10.27 £ 0.99 pg P//hour x mg™". This indicates a stark contrast between
the tissue types, with normal tissue showing a substantial increase in
activity, and cancer tissue showing a nearly twofold decrease. Thus,
we found that TLC-S (50 pmol/L) causes a 1.96-fold decrease in the
activity of basal Mg** ATPase in the subcellular fraction of human
colorectal cancer samples (Figure 1b).

Measurement of ATPase activity in the
subcellular post-mitochondrial fraction of
rat liver

In the control group, the specific activity of Na*/K* ATPase
averaged approximately (4.32 + 0.79) pg P;/hour x mg™" of protein.
Upon the addition of TLC-S (50 pmol/L) to the incubation medium,
it decreased to (1.18 + 0.50) pg Pi/hour x mg™" of protein. Thus, our

(a)

Basal Mg**
ATPase

Ca*" ATPase I TLC-S

of PM

Ca’* ATPase
of EPR

Na'/K* ATPase

[ Control

(b)

Il Cancer + TLC-S
I Cancer

*

5 10 15 20 25
Mg P, / hour x mg of protein

FIGURE 1

colon tissue samples without TLC-S treatment (*p < 0.05 vs. cancer).

30

Effect of TLC-S on ATPase activity in the subcellular postmitochondrial fraction of patients’ mucosae tissue (M + m): (a) control refers to mucosae
tissue samples without TLC-S treatment (*p < 0.05 vs. control) and (b) patients’ cancer tissue samples: “cancer” refers to adenocarcinoma of patients’

24

4 8 12 16 20
Hg P,/ hour x mg of protein
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findings indicate that TLC-S reduces the activity of Na*/K* ATPase by
3.67 times (p < 0.05; n = 5) (Figure 2).

TLC-S-triggered elevation in cytosolic
Ca?* levels in intact hepatocytes preloaded
with fluo-4

We demonstrated that TLC-S at concentrations of 50, 100, and
200 pmol/L elicited cytosolic Ca** responses, consistent with findings
reported in prior studies (26, 27). A representative recording the effect of
ATP on increasing the content of Ca** in the cytosol of intact hepatocytes
loaded with fluo-4 and a photo of isolated hepatocytes loaded with the
dye is shown in Figure 3a. Following the Ca?* signal triggered by TLC-S,
hepatocytes remained responsive to ATP, albeit with smaller amplitude
and a longer plateau period (Figure 3b). It depicts a typical recording of
repeated application of various concentrations of TLC-S. TLC-S induced
increase in [Ca®']; is concentration-dependent (30-50 pmol/L). As can
be observed in Figure 3¢, 2-APB does not inhibit the TLC-S induced rise
in [Ca*']; (Figure 3c).

Effect of TLC-S on the content of stored
Ca?* in permeabilized mouse hepatocytes
loaded with Mag-Fura-2

A representative recording depicting the impact of TLC-S on
stored calcium levels using Mag-Fura-2 (5 pmol/L) (F/F,) was

. [ Control T
30+

Il TLC-S

Hg P. / hour x mg " of protein

Basal Mg™*
Enzymatic ATPase activities

Na'/K* ca

FIGURE 2

Effect of TLC-S on ATPase activity in subcellular postmitochondrial
fraction on rat liver: each first column in the pair represents control
without TLC-S (M + m): *p < 0.05 vs. control. Regarding Ca**
ATPase, its activity in the control samples was measured at

9.70 + 2.81 g

P/hour x mg™ of protein, whereas in samples incubated with TLC-S,
it averaged around (5.25 + 144) ug P/hour x mg™ of protein.

We observed that TLC-S (50 pmol/L) reduced Ca®* ATPase activity
by 1.84 times (p < 0.05; n = 5) in the subcellular fraction of rat liver,
indicating a decrease in total Ca?* ATPase activity in rat liver.
Additionally, the basal activity of Mg?* ATPase in control samples was
approximately (1542 + 6.14) ug P/hour x mg™ of protein, while in
samples incubated with TLC-S, it rose to (25.76 + 8.34) pg Pi/hour x
mg~ of protein. TLC-S (50 pmol/L) was found to increase basal Mg?*
ATPase activity by 1.67-fold (p < 0.0.05; n = 5).
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presented in Figure 3d. In suspensions of mouse permeabilized
hepatocytes, TLC-S at a concentration of 100 pmol/L released
approximately 66.10 + 8.87% of the total accumulated calcium, which
was comparable to the release induced by ionomycin (10 pmol/L).
Following exposure to TLC-S, thapsigargin was able to release an
additional 47.94 +13.05% of the total stored calcium. Upon
application of NED-19 (1 pmol/L), the fraction of calcium released by
TLC-S decreased to approximately 33.25 + 2.15% of the total calcium
released by ionomycin. Subsequent application of thapsigargin then
mobilized only 21.75 + 10.68% of the stored calcium in the suspension
of mouse hepatocytes (Figure 3¢). This suggests that pretreatment with
NED-19 (1 pmol/L) likely reduced the calcium release induced by
TLC-S by approximately 2-fold (n = 6; p < 0.01). At the same time,
we found that the rate of TLC-induced calcium release from the store
increased 1.8-fold under the influence of NED-19, while rate of
thapsigargin-induced calcium release increased 2.6-fold (n = 6;
p <0.01) (Figure 3e).

The effect of taurolithocholic acid on the
respiration parameters of rat liver
mitochondria

Following the addition of TLC to rat liver mitochondria for
a-ketoglutarate oxidation, the mean values of respiratory states V,
decreased from 0.10 to 0.09 ng O/mg of protein, V; decreased from
0.17 to 0.15 ng O/mg of protein, and V, from 0.09 to 0.08 ng O/mg of
protein. Comparing the respiratory rate indices between the control
and TLC effects a significant 12% decrease in V; state indicators was
observed (p < 0.05).

During respiratory parameter measurements for succinate
oxidation with TLC-S addition, the mean respiratory state parameters
V, were 0.10 ng O/mg of protein, V; averaged 0.22 ng O/mg of
protein, and V, averaged 00.06 ng O/mg of protein. Comparison of
respiratory rates between control and TLC-S effects (Table 1) did not
reveal statistically significant changes in respiratory rates due to
succinate oxidation.

Thus, in studying the impact of TLC-S on rat liver mitochondria
respiration parameters, a significant decrease in V, respiration rate
during a-ketoglutarate oxidation was observed.

In our analysis, we also assessed several other key parameters of
mitochondrial function, including respiratory control ratios (V5/V,
and V,/V,), ADP/O ratios, oxidative phosphorylation rates (V;), and
phosphorylation time (Ty). Respiratory control (Table 2), an indicator
of mitochondrial integrity and coupling efficiency, was evaluated
using two approaches: the Lardy method (V,/V,), which reflects the
rate of oxygen uptake during ATP synthesis (V;) compared to the
resting state (V,), and the Chance method (V,/V,), which compares
respiration rates before and after ATP loading. The respiratory control
values for both substrates (a-ketoglutarate and succinate) in the
control group are above 1, indicating that the mitochondria are intact
and functionally active. This confirms that the mitochondrial
preparations used in the study were of good quality and had
intact membranes.

In our experiments (Table 2), TLC-S slightly reduced the
V,/V, ratio for a-ketoglutarate from 1.83 + 0.31 to 1.61 + 0.06, and
for succinate from 2.28 + 0.23 to 1.79 + 0.29, but these changes
were not statistically significant. Similarly, the V,/V, ratio
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FIGURE 3
The effect of ATP on the content of Ca?* in the cytosol of intact mouse hepatocytes loaded with fluo-4 (a—c) and stored Ca?* inside of permeabilized
mouse hepatocytes loaded with mag-fura-2 (d): a representative recording and photo of isolated hepatocytes loaded with the dye (a); TLC-S induced
increase in cytosolic Ca?* content in intact mouse hepatocytes loaded with fluo-4 and TLC-S induced increase in cytosolic Ca?* content is
concentration-dependent (30-50 pmol/L) (b); TLC-S induced increase in cytosolic Ca®* content in intact mouse hepatocytes loaded with fluo-4 in
the presence of 2-APB and 2-APB does not inhibit the TLC-S induced rise in cytosolic Ca®* content (c); the effect of TLC-S on the content of
sequestered Ca?* in permeabilized mouse hepatocytes loaded with mag-fura-2 in presence of NED-19 (1 pmol/L) and TLC-S at a concentration of
100 pmol/L induces Ca?* release from stores, subsequent application of thapsigargin causes depletion of the stores, and further use of ionomycin
releases the remaining Ca®* (d); the summarized data on the effects of TLC-S and thapsigargin on calcium storage, along with the average rate of
calcium release triggered by TLC-S and thapsigargin, in the cytosol of mouse hepatocytes (e) (*** p < 0.01 vs. control).
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TABLE 1 Indicators of the effect of TLC—S on the respiratory rates (V, Vs V,) of isolated rat liver mitochondria (M + m).

a-Ketoglutarate Succinate
V3 V3
Control 0.10 +0.01 0.17 +0.01 0.09 +0.03 0.16 + 0.04 0.34+0.16 0.08 % 0.02 ‘
TLC-S 0.09 + 0.01 0.15 % 0.01%* 0.08 +0.01 0.10 +0.01 0.22+0.04 0.06 + 0.01 ‘

V, corresponds to the “resting” state (State 2) of mitochondria, where the addition of an exogenous substrate leads to a slow respiration rate. V; represents the “active” state (State 3) of
mitochondrial respiration, induced by the addition of 50 pM ADP. V, denotes the “controlled” state (State 4) of the mitochondria, wherein the complete conversion of ADP to ATP occurs
within the polarographic chamber. *p < 0.05 vs control.
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TABLE 2 The impact of TLC-S on mitochondrial respiratory control ratios
(Lardy method V;/V, and Chance method V;/V,) for a-ketoglutarate and
succinate oxidation of isolated rat liver mitochondria (M + m).

Substrate Control TLC-S Control TLC-S

(Vs/V2) (Vs/V2) (Vs/V,) (V3/V,)
a-Ketoglutarate 1834031 | 1.61+0.06 = 202+033  1.90+0.21
Succinate 2284023 | 1794029 | 473+055 | 311+1.10

decreased from 2.02 + 0.33 to 1.90 + 0.21 for a-ketoglutarate and
from 4.73 + 0.55 to 3.11 + 1.10 for succinate. This indicates that
TLC-S might disrupts the coupling of respiration and oxidative
phosphorylation during succinate oxidation, which could be a sign
of initial mitochondrial membrane damage or a reduction in the
efficiency of the electron transport chain. Thus, TLC-S affects
mitochondrial function, reducing its efficiency, with a stronger
impact observed during succinate oxidation compared to
a-ketoglutarate.

The ADP/O ratios (Table 3), representing the efficiency of
oxidative phosphorylation, remained stable or slightly increased (from
0.65 + 0.02 to 0.84 £ 0.20 for a-ketoglutarate and from 0.67 + 0.05 to
0.91 + 0.10 for succinate). This suggests that TLC-S enhances the
efficiency of oxidative phosphorylation, meaning that more ATP
molecules are synthesized per oxygen molecule consumed. However,
given the large standard deviation for the TLC-S group, this increase
may not be statistically significant.

The Vf value (Table 3) remains nearly unchanged under the
influence of TLC-S (from 0.11 to 0.12), suggesting that TLC-S has
little effect on the overall phosphorylation rate for a-ketoglutarate. For
succinate, the Vf decreases from 0.23 to 0.17 with TLC-S treatment,
indicating a reduction in the phosphorylation rate. Despite this
reduction, the large standard deviation for TLC-S means the decrease
might not be statistically significant without further analysis.

The phosphorylation time (Tf) slightly decreases from 1874.19 to
1724.51 under TLC-S, suggesting that mitochondria complete the
phosphorylation cycle faster with a-ketoglutarate as the substrate
(Table 3). However, the decrease is relatively small, and given the standard
deviations, it might not be statistically significant. For succinate, Tf
increases from 1022.85 to 1381.21 with TLC-S treatment, indicating a
delay in the phosphorylation process. Given the large variation in the
TLC-S group, this increase may not be statistically significant either.

Discussion

Colorectal cancer (CRC) is the third most common cancer
worldwide, with its etiology heavily influenced by nutrition,
particularly a high-fat/high-carbohydrate Western diet. Other possible
factor causing CRC development can be microbial composition and
microbiome activity in the gut (20, 28-36). Epidemiological studies in
both humans and animals have demonstrated that the risk of colon
cancer is associated with BAs concentrations in feces. Elevated levels
of BAs cause various detrimental effects on the colonic mucosa, such
as oxidative DNA damage, inflammation, and hyperproliferation,
significantly contributing to CRC progression in the post-initiation
phase (37). Fat consumption has been shown to correlate with
increased BAs levels in the intestinal lumen, stimulating the growth
and activity of bacteria that convert primary bile acids into secondary
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ones with strong tumorigenic activity (38). This increase in fecal bile
acid excretion is linked to a higher incidence of colorectal cancer (39).

High BAs environments can suppress pancreatic cancer cell
proliferation and migration by inducing reactive oxygen species and
epithelial-mesenchymal transition, promoting apoptosis. Additionally,
elevated plasma BAs levels correlate positively with the risk of colon
cancer, while unconjugated and tertiary bile acids do not show this
association (40). Despite established links between BAs and colon
carcinogenesis, the underlying mechanisms remain unclear.

Early studies by Wilson et al. suggested that Na*/K* ATPase might
play a role in BAs absorption by ileum cells by maintaining a sodium-
electrochemical gradient essential for Na* dependent bile acid
transport (12). The apical sodium-dependent bile acid transporter is
now known to be primarily responsible for bile acid absorption from
the intestinal lumen. Transport occurs electrogenically and Na*
dependently with a 2:1 sodium to BAs ratio. This process is driven by
the intracellular negative potential and Na*/K* ATPase, which
maintains the Na* gradient. Substrate binding in the extracellular
pocket, along with Na* binding, induces conformational changes in
ASBT, opening a cytoplasmic channel for bile acid passage (41).

We found that TLC-S has different effects on Na*/K* ATPase
activity in healthy and cancerous colon tissues of patients. In healthy
tissue, there was no effect, while in cancerous tissue, TLC-S increased
Na'/K* ATPase activity. Similarly, TLC-S increased basal Mg** ATPase
activity in normal colonic mucosa samples but inhibited it in
cancerous tissue. In the liver, TLC-S inhibited Na*/K* ATPase and
total Ca®* ATPase activity, but stimulated basal Mg** ATPase activity.
This was accompanied by the release of calcium from intracellular
stores and inhibition of mitochondrial respiration rate (using
a-ketoglutarate oxidation). We hypothesized that BAs in the colon
alter ion transport and affect mucosal ATPase activity. The effect of
TLC-S on ATPase activity in colorectal cancer patients’ mucosa was
investigated (Figure 4). Adenocarcinoma tissue samples and adjacent
healthy mucosa were collected during colonoscopy. We found no
significant change in the specific activity of the Na*/K* pump in
control samples exposed to TLC-S (Figure 4).

Previous studies on rats showed varying effects of different BAs
on Na*/K* ATPase activity in the large intestine for instance, cholic
and taurocholic acids did not inhibit Na*/K* ATPase activity at
0.6 mmol/L, unlike glycocholic acid. Taurine derivatives either did not
affect or increased Na*/K* ATPase activity in the rat ileum (42). Our
findings are consistent with these earlier studies.

In colorectal cancer samples, TLC-S incubation resulted in a
1.5-fold increase in Na*/K* ATPase activity, suggesting that changes
in Na*/K* ATPase activity are involved in secondary bile acid
carcinogenesis. This effect might be due to taurine in TLC-S, which
has been shown to increase Na*/K* ATPase activity in the rat brain
(43). Bile acids have tissue-specific effects on Na*/K* ATPase activity,
as seen in rats where bile duct drainage decreased Na*/K* ATPase
activity in the liver and ileum but not in the jejunum and kidney.
Taurocholate administration subsequently increased Na*/K* ATPase
activity in the liver and ileum but not in the jejunum and kidney (44).

We observed differences in TLC-S effects on Na*/K* ATPase
activity in healthy and cancerous colonic mucosa (Figure 4). Recent
studies indicate that Na*/K* ATPase levels are elevated in late-stage
colon carcinoma and in cancer cells with an activated Wnt pathway
(45). Knockdown of the Na*/K* ATPase subunit (ATP1A1) inhibits
cell proliferation, migration, and invasion and induces apoptosis in
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TABLE 3 The impact of TLC-S on rat liver mitochondrial respiratory parameters (ADP/O, Vf, and Tf) for a-ketoglutarate and succinate oxidation

(M + m).
Substrate ADP/O ADP/O Vf (Control) Vf (TLC-S) Tf (Control) Tf (TLC-S)
(Control) (TLC-S)
o-Ketoglutarate 0.65 +0.02 0.84+0.20 0.11 +0.01 0.12+0.03 1874.19 + 82.68 1724.51 +372.29 ‘
Succinate 0.67 +0.05 0.91+0.10 0.23+0.04 0.17 £ 0.07 1022.85 + 288.54 1381.21 + 565.75 ‘

rectal cancer cell lines HT29 and Caco2, suggesting that ATP1A1
regulates tumor progression through the ERK5 signaling pathway
(46). Thus, the carcinogenic effect of TLC-S is linked to the increase
in Na*/K* ATPase activity caused by secondary BAs.

TGRS is specifically activated by BAs and has conflicting effects
on various cancer cells upon activation by TGR5 agonists (47).
Lithocholic acid, for instance, inhibits pro-inflammatory cytokine
production in the colon via TGR5 activation, reducing rectal cancer
development and migration (48). It also alleviates glucose-induced
cardiac hypertrophy by enhancing SERCA2a and phosphorylated
phospholamban expression in H9C2 cells, thus activating TGR5 (49).

We found that adding TLC-S to colonic mucosa samples
increased Ca?* ATPase EPR activity slightly but not significantly.
However, in cancerous tissues, Ca’* ATPase EPR activity significantly
decreased by 1.4 times with TLC-S addition. This aligns with findings
in pancreatic cells where bile acids inhibit Ca** ATPase, depleting
intracellular calcium stores and enhancing inflammation and cell
death (50).

Alterations in Ca®* ATPase expression can lead to abnormal cell
transformation by affecting Ca®* dependent apoptosis and
transcription factors (14). We also studied the effect of TLC-S on PM
Ca’* ATPase activity and found no significant changes in control or
cancerous samples, though there was a tendency toward
decreased activity.

Basal Mg** ATPase activity, associated with H* translocation in
the plasma membrane and endosomal fraction, is a marker of the
canalicular membrane in hepatocytes (51, 52). We found a significant
increase in basal Mg?* ATPase activity in control colonic mucosa
samples under TLC-S influence, consistent with our findings in rat
liver subcellular fractions (Figure 4). However, in colorectal cancer
cells, TLC-S decreased basal Mg?* ATPase activity by nearly twofold.
These contrasting effects of TLC-S on basal Mg** ATPase activity in
healthy and cancerous tissues likely result from cancer cells’
restructuring to avoid apoptosis and activate autophagy.

Na*/K* ATPase plays a crucial role in maintaining physiological
ion gradients and transmembrane electrical potential in hepatocytes,
facilitating sodium-hydrogen exchange and sodium-dependent bile
salt absorption (41). TLC-S reduces Na*/K* ATPase activity in rat liver
subcellular fractions, which correlates with increased intracellular
sodium levels observed by other researchers (53). This suggests that
TLC-S inhibits BAs secretion by decreasing Na*/K* ATPase activity,
causing hepatocyte contraction and influencing bile acid
transport (54).

TLC-S also decreases Ca** ATPase activity in rat liver subcellular
fractions, likely reflecting a direct effect of calcium depletion
(Figure 4). Total Ca®* ATPase activity comprises SERCA and PMCA,
with calcium balance maintained by both. Our results align with
studies showing that bile acids inhibit SERCA, causing Ca** release
from the endoplasmic reticulum (50). TLC-S likely involves both
acidic depots and the EPR, with NAADP-sensitive channels playing a
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role in Ca** release. In summary, TLC-S affects rat hepatocytes by
releasing calcium from the intracellular store and increasing cytosolic
sodium, suppressing Ca** ATPase and Na'/K* ATPase activities while
enhancing basal Mg®* ATPase activity. This mechanism involves
NAADP sensitive channels, potentially activated by NADPH oxidase,
indicating a complex interaction of intracellular stores and ion
transporters in response to TLC-S.

We confirmed the previously reported findings by Combettes
etal. (26, 27) that TLC-S (50, 100, and 200 pmol/L) induces cytosolic
Ca” signals. Our data further showed that the amplitude of the TLC-S
evoked calcium signal is lower compared to the ATP induced signal
(Figure 3b), suggesting the involvement of different calcium stores or
their interactions. After TLC-S application, hepatocytes retain the
ability to respond to ATP, albeit with smaller amplitude and a
prolonged plateau phase (Figure 3b). This implies distinct calcium
stores are involved in the responses to ATP and TLC-S.

Using the IP;R blocker 2-APB (100 pmol/L), we observed that
TLC-S induced Ca** signals were not inhibited by this IP;R antagonist
(Figure 3c). This indicates that TLC-S mobilizes calcium from a
different store, likely an acidic compartment, rather than from the
EPR, where IP;Rs are located. Additionally, Mamedova et al. (55
demonstrated that deoxycholic and taurocholic acids elevate Ca*
levels in vagus nerve neurons. This calcium increase is dose-dependent
and originates from intracellular calcium stores that are insensitive to
thapsigargin (55).

We conducted experiments on suspensions of permeabilized
hepatocytes pre-loaded with Mag-Fura-2 to monitor the calcium
signal within intracellular stores. Our findings revealed that the
application of NED-19 (blocker of two—pore channels (TPC), which
is NAADP-sensitive Ca?* channels) halved the amount of calcium
released by TLC-S. We hypothesize that TLC-S releases calcium from
an acidic store containing two-pore channels blocked by NED-19,
with the ER also contributing to the release. After TLC-S exposure,
thapsigargin was still able to release the stored calcium, indicating the
presence of thapsigargin-sensitive calcium in the EPR.

We propose that acidic calcium stores play a crucial role in
replenishing the EPR with calcium. The observed slowing of calcium
release from the EPR after NED-19 pretreatment, induced by TLC-S
and thapsigargin, is likely due to the blockade of TPC at contact sites
between NAADP sensitive acidic stores and the EPR.

TLC-S has been shown to cause hyperosmolarity in hepatocytes
due to endosomal acidification and activation of NADPH oxidase
isoforms. Extracellular messengers like angiotensin II can activate
NADPH oxidase, leading to an increase in NAADP from
NADPH. NADPH oxidase can increase NADPH levels, which are
then converted to NAADP, a nucleotide that releases calcium from the
endolysosomal system or acidic stores (56). Given that NED-19 (an
NAADP antagonist) reduces the fraction of Ca** released by TLC-S,
we directly confirmed the involvement of acidic stores in the
TLC-S effect.
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In conclusion, NAADP-sensitive acidic Ca’* stores are involved in
TLC-S induced cytosolic Ca** signals in rodent liver cells, leading to
decreased calcium levels in the EPR of mouse hepatocytes. Therefore,
the mechanism of TLC-S induced Ca** release is mediated by
NAADP-sensitive Ca®* channels, which are blocked by NED-19. It is
proposed that TLC-S stimulates NAADP production.

We found in studying the impact of TLC-S on rat liver
mitochondria respiration parameters, a significant decrease in V;
respiration rate during a-ketoglutarate oxidation was observed. As it
is an NAD dependent substrate, it undergoes oxidation under normal
mitochondrial activity. This indicates that TLC-S affects mitochondrial
function, with a notable decrease in V; state indicators signifying
reduced operational speed and power.

The obtained data indicate that TLC-S does not cause significant
changes in respiratory control ratios (V;/V,, V3/V,) or oxidative
phosphorylation parameters (ADP/O, V1, Tf) during the oxidation of
NAD-dependent (a-ketoglutarate) and FAD-dependent (succinate)
substrates. Although slight reductions in respiratory control and
increases in ADP/O were observed, these changes were not statistically
significant. TLC-S affects oxidative phosphorylation efficiency and
speed differently depending on the substrate. While there is a trend to
increase in ADP/O ratio for both a-ketoglutarate and succinate,
indicating a tendency to improving ATP synthesis efficiency, the
changes in phosphorylation rate (Vf) and phosphorylation time (Tf)
are inconsistent.

The observed inhibition of Na*/K* ATPase and total Ca*" ATPase
activity by TLC-S leads to an increase in cytosolic calcium, which may
affect mitochondrial respiration. We observed a slowdown in the
respiration rate of isolated mitochondria in state V; in rat liver under
the influence of TLC-S during a-ketoglutarate oxidation.

Our findings are consistent with those of Voronina et al. (57), who
demonstrated that TLC-S induces significant mitochondrial
depolarization in pancreatic acinar cells. This depolarization is likely
driven by an increase in cytosolic calcium. These results suggest that
TLC-S may contribute to mitochondrial dysfunction, potentially
playing a role in the development of acute pancreatitis (57).

10.3389/fvets.2024.1480122

TLC-S affects mitochondrial membrane potential and calcium
levels in cells, which mediates its impact on reactive oxygen species
(ROS). In particular, it has been shown that TLC-S causes a significant
increase in cytosolic calcium levels in pancreatic cells, which depends
on external sodium and calcium influx (58). This calcium overload in
mitochondria is accompanied by a decrease in mitochondrial
membrane potential and, as a result, increased ROS production in
mitochondria (59). In this study, it was found that TLC-S induces
ROS formation in mitochondria through a calcium-dependent
mechanism, as pre-blocking calcium signals with BAPTA-AM
reduced ROS production. The connection between calcium elevation
and ROS induction by TLC-S was also demonstrated in liver cells (60).

Summarizing the mechanisms by which TLC-S effects in rodent
hepatocytes (Figure 4), we observe calcium release from intracellular
stores and increased cytosolic sodium, consistent with findings from
other studies. The TLC-S induced cytosolic Ca®* signals in mouse
hepatocytes were attributed to calcium release from acidic stores. The
released calcium is suppressing the activities of Ca** ATPase and Na*/
K* ATPase, while increasing the basal activity of Mg?* ATPase in rat
liver subcellular fractions at the same time this leads to decreasing of
respiration rate of mitochondria.

In patient colon cancer tissue, TLC-S exhibits an opposite effect
on ATPase activity compared to rat liver, which may be linked to the
mechanisms of cancer development. TLC-S increased Na*/K* ATPase
activity in colorectal cancer samples from patients, while reducing
basal Mg** ATPase activity in normal colon mucosa tissue from the
same patients.

Conclusion

The study on the TLC-S on ATPase activity in colorectal cancer
tissues and rodent liver revealed significant alterations in different
ATPase types, which may be crucial for understanding the
mechanisms of carcinogenesis. TLC-S induced an increase in Na*/K*
ATPase activity in colorectal cancer tissues, suggesting a potential role
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of this enzyme in maintaining ionic homeostasis and possibly
contributing to cancer progression. The absence of a similar effect in
healthy colon tissues confirms the tissue-specific action of TLC-S and
indicates that changes in Na*/K* ATPase activity may be specific to
malignant cells. The study also demonstrated that TLC-S significantly
decreases basal Mg?* ATPase activity in cancerous tissues, while in
healthy colon tissues the activity of this enzyme is increased. This may
indicate adaptive changes in cancer cells aimed at avoiding apoptosis
and maintaining their viability under stress conditions.

In rodent liver, TLC-S reduced Ca?* ATPase and Na*/K* ATPase
activity, leading to an increase in cytosolic calcium concentration and
altered mitochondrial function. The observed decrease in mitochondrial
respiration rate under the influence of TLC-S suggests an impact on the
metabolic activity of liver cells. Additionally, TLC-S caused the release of
calcium from intracellular stores in mouse hepatocytes, which was partially
inhibited by the NAADP antagonist, NED-19. This indicates that TLC-S
modulates the activity of calcium channels and ion transporters, affecting
calcium exchange and intracellular signaling pathways.

Thus, TLC-S exhibits divergent effects on ATPase activity in
healthy and cancerous colon tissues, which may be linked to cancer
TLC-S affects
mitochondrial activity and ATPase function, leading to altered ionic

development mechanisms. In rodent liver,
homeostasis, which may be significant for understanding the role of
bile acids in liver pathology and colorectal cancer. These findings
could contribute to further research into the mechanisms by which
bile acids influence cancer development and other pathological
conditions, potentially leading to therapeutic applications.
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