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Abstract: Fasting leads to a range of metabolic adaptations that have developed through
evolution, as humans and other mammals have unequal access to food over the circadian
cycle and are therefore adapted to fasting and feeding cycles. We have investigated the role
of a single fasting episode in rats in triggering the stress response of liver hepatocytes. Since
the stress responses were observed in both animals and isolated cells, we investigated
whether the effects of the animal stressor could persist in the cells after isolation. By
measuring staurosporine-induced apoptosis, stress signalling, and oxidative and
antioxidant responses in hepatocytes from fasted and ad libitum-fed animals, we found that
only fasting animals elicited a stress response that prevented caspase-9 activation and
persisted in isolated cells. The addition of glucose oxidase, a hydrogen peroxide-producing
enzyme, to the cells from ad libitum-fed animals also led to a stress response phenotype and
prevented the activation of caspase-9. A single fasting episode thus leads to a stress response
in normal hepatocytes, with hydrogen peroxide as a second messenger that reduces the
initiation of apoptosis. This finding is the first characterisation of a mechanism underlying
the effects of fasting and provides a basis for the development of methods to increase the
resilience of cells. These findings need to be taken into account when interpreting the results
obtained in animal and cell research models to account for the effects of overnight fasting
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[3,4]; nevertheless, some effects attributed to calorie restriction may be due to TRF [1].
Namely, in calorie restriction experiments, food is often given at a fixed time of day, which
rodents and higher animals consume within a few hours in a pattern reminiscent of TRF [3].
Research methods often involve the TRF/fasting of laboratory animals. Examples include
studies on the effects of insulin, observing toxicological effects in pathological assessments
by autopsy, and improving histological studies of the liver [5]. Laboratory protocols for
the isolation of mitochondria from rat liver are also based on overnight fasting to reduce
glycogen and isolate viable mitochondria [6,7].

Intermittent fasting elicits adaptive cellular responses that increase maintenance and
repair, stimulate mitochondrial biogenesis, promote cell survival, minimize growth and
reproduction, and enhance stress resistance [1]. An adaptive stress response to IF can
increase the transcription of stress-induced proteins, such as heat shock protein (HSP) 70
[8,9], and increase the expression of antioxidant defences, e.g., by upregulating nuclear
factor erythroid 2-related factor 2 (Nrf2) and superoxide dismutase (SOD2) [10]. It can also
result in increased total antioxidant capacity [10], DNA repair, protein quality control,
mitochondrial biogenesis, and autophagy [11], and the downregulation of inflammation
[1]. These processes support health improvements and resistance to diseases.

The induction of many antioxidative defence mechanisms by IF indicates an
important role of reactive oxygen species (ROS) in stress response signalling. This is
consistent with the notion that moderate concentrations of ROS are required for normal
cell function, and that an excessive or insufficient ROS leads to oxidative imbalance, i.e.,
oxidative stress or antioxidative/reductive stress, respectively [12]. Hydrogen peroxide
(H202), a ROS molecule, serves as the main redox-sensing and signalling molecule and is
reduced to water by the antioxidant enzymes glutathione peroxidases (GPx) and catalase
(CAT) [13-15].

Dysregulation of ROS and other triggers can induce apoptosis in liver hepatocytes
[16]. In general, apoptosis induced by external stimuli is propagated through FAS/CD95
receptors that result in the activation of caspase-8 [17]. However, in type II cells, such as
hepatocytes, the signals from caspase-8 must be amplified by the intrinsic (mitochondrial)
signalling pathway, which involves the activation of caspase-9, to efficiently trigger
apoptosis [18]. The protein BH3-interacting domain death agonist (Bid) belongs to the B
cell chronic lymphocytic leukemia/lymphoma protein (BCL-2) family and can convey the
signals between these two pathways, as it is cleaved by caspase-8 into a truncated form,
tBid. tBid moves to the outer mitochondrial membrane to interact with the BCL-2
antiapoptotic family members Bcl-2; B-cell lymphoma, long isoform (Bcl-xL); and myeloid
cell leukemia-1 (Mcl-1). tBid possibly even acts similarly to the proapoptotic pore-forming
BCL-2 associated X protein (Bax) and BCL-2 antagonist killer (Bak) [19,20]. Commitment
to apoptosis through the intrinsic apoptosis pathway largely depends on the relative
amounts and interactions of pro- and antiapoptotic BCL-2 proteins. The best-known
proapoptotic members are Bak in the mitochondrial outer membrane and cytosolic Bax,
which when activated, form pores in the outer mitochondrial membrane and/or enable
the release of proteins such as cytochrome c and second mitochondria-derived activator
of caspase (Smac/Diablo) [21,22]. Cytochrome c is a part of the complex that activates
caspase-9, while Diablo counterbalances inhibitor of apoptosis (IAP) proteins [19].
Complex interactions between pro- and antiapoptotic proteins therefore prevent
unnecessary apoptosis and, conversely, enable efficient apoptosis initiation through the
main initiator caspase of an intrinsic apoptosis pathway, caspase-9. This caspase is,
therefore, activated by external and internal signals in hepatocytes and conveys signals to
the execution caspases-3/7 for efficient apoptosis triggering.

Moderate stress can induce cell stress responses, rather than cell death, resulting in
enhanced defence, repair, and cross-resistance to multiple stressors [21,23]. The
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preapoptotic cell stress response (PACOS) is a stress adaptation of primary hepatocytes,
which reduces apoptosis initiation through the inactivation of caspase-9 that would
otherwise be activated by a moderate stressor [24,25]. Severe stress can still activate
apoptosis through the activation of caspase-3/7 independent of caspase-9. The PACOS is
triggered by a moderate increase in H20: [26].

Since stress responses have been measured in animals and isolated cells, we
investigated whether the effects of the animal stressor can persist in the cells after
isolation. Indeed, a single 17-h fast in rats induces a stress response (PACOS) in isolated
hepatocytes. We show that larger amounts of H20O: are formed in the hepatocytes of fasted
compared to ad libitum-fed animals upon isolation, while there are lower antioxidant
enzyme activities. Gene expression patterns differ between the two states, with the
antiapoptotic gene Mcl1 highly overexpressed a day after fasting, as are the genes for the
antioxidant enzymes and stress response proteins. We have confirmed that H202 is a
crucial signalling molecule that enables the transition from the normal to the stress-
response state. Thus, we report a mechanism underlying fasting that increases the
resilience of liver cells.

2. Results
2.1. Cell Damage and Apoptosis

First, we looked at whether animal fasting affected cell integrity and measured the
release of lactate dehydrogenase (LDH) into the surrounding medium. Similar LDH
release from both types of cells—those from the ad libitum-fed and fasted animals—was
observed. Differences in the extracellular release of LDH were small and not statistically
significant on either day 0 or 1 (Figure 1a). These data are supported by a constant survival
rate of the cells of the fasted animals, which was determined using the MTT test
(Supplementary Figure Sla).

Ammonia removal through urea production is among the key functions of
hepatocytes and is a good indicator of hepatocyte functionality and mitochondrial
integrity. Urea production was equal in both groups of cells on the day of isolation. A day
later, significantly less urea was produced only in the cells of the fed animals, while the
cells of the fasted animals produced just as much urea as on the isolation day (Figure 1b).
As we measured urea synthesis by cells stimulated with ammonia, these measurements
indicate the hepatocytes’ ability for urea synthesis rather than protein turnover. Therefore,
the results of the urea measurement indicate that all the isolated cells could produce urea.
However, a day after isolation, only the cells of fasted animals retained the ability to
produce just as much urea as on the isolation day, implying that the cells from the fasted
animals functioned better on day 1.

We further compared the effects on apoptosis induction when the two types of cells
were treated with staurosporine (STS), a potent activator of caspase-9. Overnight fasting
completely prevented the activation of caspase-9 after 3 h of STS treatment on day 0, with
the caspase-9 activity being equal to that of the STS-untreated control (Figure 1c). In
contrast, caspase-9 increased significantly in the cells of fed animals, to 150% of that of the
untreated control, which was about 50% more than in the cells of fasted animals. Caspase-
9 was induced equally one day after isolation in both groups of cells. The pattern described
was also observed 6 h after STS-induced apoptosis. Here too, caspase-9 was statistically
significantly activated in the cells of the fed animals, twice as strongly as in the cells of the
fasted animals (Figure 1d).
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Figure 1. Hepatocyte damage, function, and caspase activity in hepatocytes immediately (day 0) and
24 h (day 1) after isolation from ad libitum-fed (blue bars) and fasted (green bars) animals. (a) Release
of lactate dehydrogenase (LDH) into extracellular medium, calculated as the average percentage of
LDH released from the cells from fed animals; (b) urea synthesis in the presence of ammonium chlo-
ride; (c,d) caspase-9 activation induced by staurosporine (STS) treatment for 3 and 6 h, respectively,
expressed as percentages of the untreated control; caspase activity of untreated controls is indicated
by a dotted line. (e,f) Caspase-3 activation induced by staurosporine (STS) treatment for 3 and 6 h,
respectively, expressed as percentages of the untreated control. Caspase activity of untreated controls
is indicated by a dotted line. All the data are presented as the mean * standard deviation (SD) and
were analyzed with two-way ANOVA, followed by Tukey’s test to test for differences between sam-
ples. (a) n=4; (b,c,e) n =3; (d,f) n=7. Casp: caspase; * p < 0.05, ** p < 0.01, *** p <0.001. For the exact p

values, please refer to Table S1.

The lower activation of caspase-9 on the day of isolation was reflected in lower acti-
vation of caspase-3/7 in cells isolated from fasted animals, which was statistically signifi-
cant after 6 h of STS induction (Figure 1f).

The caspase-9 gene was equally expressed in the cells of fed and fasted animals on
the isolation day and overexpressed in both a day after isolation (day 1, Figure 2a).
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Statistical significance was reached only within the same group of cells, i.e., either from
fasted or fed animals. A similar expression pattern was observed for caspase-3, though
about 10x less mRNA was produced, and there were no statistically significant differences
among the groups (Figure 2b). There was a lower expression of BCL-2 family genes in the
cells of both fasted and fed animals on the isolation day compared to the day after, a pat-
tern similar to the one observed for caspase expression. Bcl2 was 10-100 times less ex-
pressed than other pro- and anti-apoptotic genes according to the mRNA/cDNA content
(Figure 2). Of the proapoptotic members, Bax was most strongly expressed, and its ex-
pression was not statistically different between the cells from fed and fasted animals. Anti-
apoptotic Bclxl had a similar expression pattern. Similar amounts of mRNA for Bax were
also produced for another anti-apoptotic protein Mcl-1; however, in contrast to Bax, Mcl1
was highly significantly overexpressed in the cells from fasted animals one day after iso-
lation, compared to the cells from ad libitum-fed animals (Figure 2h).

(a) (b)
20 B Ad ibium 3.0 — WX
3 Fasted 25 3 Fasted
< 15+ Kook < |
2e — | £ 201
[ * =]
o x 104 M o x 1.54
a2 =]
g 2 40
o 5 (&) .
0.5+
0- = 0.0-
Day 0 Day 1 Day 0 Day 1
(c) (d) (e)
120 B Ad lbitum 25 B Ad fibitum a9 B Ad Ibitum
100 E*:asted 3 Fasted 94 3 Fasted
T 20+ 8- sokok
r* o < 7 [ E——
% & 809 < & 1 z & * *
=) £ 5 159 % =] 61 1
1S g 604 € g s 5 5
% 3z 104 S 2 44
s, | s < s
Q 40 Q 3 3
20 57 27
1 -
0- 0- 0-
Day 0 Day 1 Day 0 Day 1 Day 0 Day 1
() (9) (h)
1.0 B Ad libitum 35 B Ad libitum 80 B Ad libitum
3 Fasted a 3 Fasted 70 3 Fasted
30
0.8 N b 604 *ohk
< 254 1 < | ———
s & 064 J FAN Z & 50 ot
o™ X o 204 xo [
N = - g
3&,0‘4- g$15 3 < 304
@ Q _ S
10 20
0.2+
5 104
0.0- 0- 0-
Day 0 Day 1 Day 0 Day 1 Day 0 Day 1

Figure 2. Expression of apoptotic and antiapoptotic genes. Gene expression of (a) caspase-9 (Casp9),
(b) caspase-3 (Casp3), (c) Bax, (d) Bid, (e) Diablo, (f) Bcl2, (g) Bclxl, and (h) Mcl1 in the hepatocytes of
ad libitum-fed (blue bars) and fasted (green bars) animals, collected at 0 (day 0) and 24 h (day 1)
after cell isolation. Data are presented as the mean + SD and were analyzed by two-way ANOVA,
followed by Tukey’s test, to test for differences between samples. (a-h): n=4. * p <0.05, ** p <0.01,

$X3%

p <0.001. For the exact p values, please refer to Table S2.

The expression of other pro-and anti-apoptotic members, except for the pro-apop-
totic Diablo did not differ between the cells from fasted and fed animals. Diablo was sig-
nificantly overexpressed in the cells from the fasted animals compared to the fed animals
on day 1, but more than 8 times less mMRNA was produced than that of Mcl1. In conclusion,

the expression of all BCL-2 members significantly increased on day 1. The highest expres-
sion of Mcl1 in the cells from fasted animals may contribute to the survival ability of these
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cells. Compared to the cells from ad libitum-fed animals, fasting prevented the activation
of caspase-9 upon the triggering of apoptosis with STS, and consequently resulted in a
lower activation of caspase-3 than in the presence of an active caspase-9, which can also
be seen when comparing the 6-h STS activation in the cells from ad libitum and fasted
animals (Figure 1d,f). Thus, fasting triggered a stress adaptation previously described as
PACOS.

2.2. Oxidants and Antioxidants

The induction of the PACOS is mediated by an increase in reactive oxygen species.
Therefore, we next assessed the oxidant and antioxidant status. The cells of fasted animals
produced on average 1.2 times more H20: than those of fed animals on the day of isola-
tion; the difference between the groups was statistically significant (Figure 3a). The
amount of produced H>O: was large on the day of isolation and significantly decreased
the day after, reaching approximately equal amounts across the two groups of cells. The
activity of glutathione peroxidase was significantly higher in both types of cells on the day
of isolation than on day 1. GPx activity did not differ between the cells of fasted and ad
libitum-fed animals (Figure 3b). The CAT (another H2O2-metabolizing enzyme) activity
was on average 1.5 times higher in the cells of ad libitum-fed animals compared to that in
fasted animals on the isolation day. The difference between the two groups was significant
(Figure 3c). On day 1, when the amount of peroxide decreased, there was no significant
difference between the cells from fed and fasted animals.
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Figure 3. H20: production and antioxidant enzyme activities in primary hepatocytes of ad libitum-
fed (blue bars) and fasted (green bars) animals at 0 (day 0) or 24 h (day 1) after hepatocyte isolation.
(a) H20:2 production (n = 6); (b) glutathione peroxidase (GPx) activity (n = 3); (c) catalase (CAT)
activity (n=3); (d) superoxide dismutase (SOD) activity (n = 3). Enzyme activities are expressed per
total protein in the sample. Data are presented as the mean + standard deviation (SD) and were
analyzed using two-way ANOVA, followed by Tukey’s test, to test for differences between samples.
An unpaired f-test was used to compare the individual data sets and the results are shown in grey.
*p<0.05 ** p<0.01, *** p <0.001. For the exact p values, please refer to Table S1.
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The activity of SOD was significantly higher in the cells of fed animals on the day of iso-
lation than in the cells of fasted animals. SOD activity was reduced a day after isolation in both
groups of cells, with the highest decrease in the cells of fasted animals. There was still signifi-
cantly higher SOD activity in the cells of fed animals on day 1 (Figure 3d). In conclusion, more
H2O2was formed in the cells of fasted animals on the isolation day, while the activity of the
antioxidant enzymes was equal to or lower than in the cells of the ad libitum-fed animals.

The expression of the representative genes for the oxidative stress response —sulfire-
doxin-1 (Srxnl), SOD2 (Sod2), Nrf2 (Nfe2i2), and hypoxia-inducible factor-1a (Hifla)—
also differed between the two groups of cells (Figure 4a—-d). While Srxn1 and Sod2 were
overexpressed in the cells of ad libitum-fed animals compared to the cells of the fasted
animals on the day of isolation, there was little difference in the expression of the genes
encoding Nrf2 and HIF-1a. All four genes were overexpressed on the day after isolation
(day 1). A highly statistically significant difference in expression on day 1 compared to
that on day 0 was observed only in the cells of fasted animals; the genes for Srxnl, SOD2,
and HIF-1a were significantly overexpressed, while the Nrf2 gene was not (Figure 4a—c).
About 5 to 10 times more mRNA of Srxnl and Sod2 was produced compared to that of
Nrf2. The expression of Hifla was about 10 times lower than that of Nrf2. Sod2 and Srxnl
were the most expressed genes in the cells of fasted animals on day 1 among both types
of cells and all the tested conditions, indicating the induction of strong antioxidant pro-
tection during PACOS. Therefore, a highly significant overexpression of antioxidant genes
was induced only by fasting.
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Figure 4. Expression of antioxidant, stress response, and inflammation-related genes. Gene expres-
sion of (a) sulfiredoxin-1 (Srxnl), (b) Sod2, (c) Nrf2 (Nfe2i2), (d) hypoxia-inducible factor-1a (Hifl ),
(e) growth arrest and DNA damage-inducible 45 (Gadd45a), (f) Gadd45p, (g) Gadd45y, (h) binding
immunoglobulin protein (Bip), (i) C/EBP homologous protein (Chop), (j) protein p21 (p21), (k) tu-
mour protein 53 (Tp53), and (I) inflammation: intercellular adhesion molecule 1 (Icam1) from pri-
mary hepatocytes of ad libitum-fed (blue bars) and fasted (green bars) animals collected at 0 (day 0)
or 24 h (day 1) after cell isolation. Data are presented as the mean + SD and were analyzed by two-
way ANOVA, followed by Tukey’s test, to compare samples among each other. (a-1): n=4; * p <
0.05, ** p<0.01, *** p < 0.001, **** p < 0.0001. For the exact p values, please refer to Table S52.

2.3. Stress Response and Modulation of PACOS

We then assessed the gene expression of proteins indicating the general stress re-
sponse: growth arrest and DNA damage-inducible 45-a, -3, and -y (Gadd45-a, -f3, -y); ER
stress: binding immunoglobulin protein (BiP/Hspa5) and C/EBP homologous protein
(Chop); DNA damage response: protein p21, tumour protein 53 (p53); and inflammation:
intercellular adhesion molecule 1 (Icam1). Among the Gadd genes, Gadd45a was the most
overexpressed, particularly in the cells of fasted animals on day 1 (Figure 4e); the largest,
statistically significant, difference was compared to the expression in the cells of fasted
animals on day 0. The transcription of Gadd45a was higher in the cells of the ad libitum-
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fed animals on the isolation day, so Gadd45a’s expression in these cells was not signifi-
cantly different from that on day 1. Gadd45f was also highly expressed in the cells of fasted
animals on day 1 and statistically significantly different from the expression levels in the
cells of the ad libitum-fed animals on the same day (Figure 4f). Gadd45y was equally over-
expressed in both types of cells on both days (Figure 4g).

The genes for the ER chaperone BiP and Chop, which are important in the unfolded
protein response, as well as those for the DNA damage response proteins p21 and p53,
were significantly more expressed on day 1 than on day 0, with statistically significant
differences in expression of all but Bip, for the same type of cells (from fasted or fed ani-
mals; Figure 4h—k). The expression of Bip did not statistically significantly differ between
the days in the ad libitum-fed groups. Both Bip and Chop were significantly upregulated
in the cells of fasted animals on day 1. The gene for Icam, a marker of inflammation, was
highly expressed in all cells except those from fasted animals on the day of isolation (Fig-
ure 41), implying a possible reduction in inflammatory signalling, at least immediately
after fasting. In conclusion, the expression of stress-related genes was higher in the cells
of fasted animals 1 day after fasting, supporting the specific stress-response-derived pro-
survival effects of fasting.

To investigate whether H2O2 was the main messenger conveying the fasting signal to
activate the beneficial PACOS, we investigated whether the inhibition of its production
by xanthine oxidase and NADPH oxidase (NOX) would reduce or abolish the effects of
fasting. When the cells of fasted animals were treated with allopurinol (ALO), an inhibitor
of xanthine oxidase, the reduced cellular H20: production did not consistently enable
caspase-9 activation upon STS treatment (Figure 5a,b). Nevertheless, caspase-9 may have
been activated in at least some of the ALO-treated cells on the isolation day after 6 h of
STS treatment (Figure 5b). The inhibition of xanthine oxidase-produced H2O: with ALO
in the cells of fasted animals did not consistently increase caspase activation, as observed
in the cells of fed animals.

Likewise, the inhibition of endogenous H20: production in the cells of fasting ani-
mals by treatment with setanaxib (an inhibitor of NOX1 and 4) after cell isolation did not
statistically significantly increase the STS-induced caspase-9 activation (Figure 5e,f). Sim-
ilarly, there was no statistically significant increase in caspase-3 activation (Figure 5g,h).
Statistically significant differences were observed for some treatments because of some-
what greater caspase activity on day 1 compared to on the isolation day. Therefore, we
did not successfully prevent the stress response phenotype by modulating either xanthine
oxidase or two of the NOX enzymes. There are possibly more important sources of H20:
production, and/or we did not sufficiently inhibit H.O: production by blocking these en-
zymes only after isolation, as the H2O:z concentration can also rise substantially during the
isolation procedure, i.e., during the liver perfusion. The incomplete, varied inhibition is
also supported by the high variability in the caspase activities among the biological repli-
cates. In conclusion, lowering endogenous H20: production after isolating the cells from
fasted animals did not abolish the PACQOS, at least not by inhibiting a single enzyme at a
time, such as xanthine oxidase or NOX 1/4.
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Figure 5. The role of the inhibition of H202 production by xanthine oxidase and NADPH oxidases 1
and 4 in the caspase activation induced by STS in the hepatocytes of fasted animals collected at 0 (day
0, dark green bars) and 24 h (day 1, light green bars) after cell isolation. Caspase activities are expressed
as percentages of a nontreated control. (a-d) Primary hepatocytes were treated with allopurinol (ALO)
after isolation, as indicated, before being treated with STS for (a,c) 3h (n=5) and (b,d) 6 h (n=4), as
indicated. (e-h) Primary hepatocytes were treated with the NOX1 and 4 inhibitor setanaxib (SET) after
isolation, as indicated, before being treated with STS for 3 h (e,g) or 6 h (fh), as indicated. Data are
presented as the mean + standard deviation (SD) and were analyzed with two-way ANOVA, followed
by Tukey’s test. * p <0.05, ** p < 0.01. n = 4. For the exact p values, please refer to Table S1.

Next, we increased H20: production in the medium of the cells from ad libitum-fed
animals, which showed no stress response, by adding the enzyme glucose oxidase (GOX)
to induce PACOS. This prevented caspase-9 activation in a dose-dependent manner (Fig-
ure 6a—c). Exogenous H20:2 produced by GOX (Supplementary Figure S1b) resulted in
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significant caspase-9 inhibition on both the isolation day and the day after, which was also
reflected in the lower activation of caspase-3/7 at all times (Figure 6d-f).
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Figure 6. Induction of stress response phenotype in normal hepatocytes by H202 production. H202
production by glucose oxidase (GOX) during the first 6 h after the isolation of hepatocytes prevented
caspase-9 activation by STS in the cells of fed animals, inducing the PACOS phenotype. (a,b,d,e):
Caspase activities on the isolation day, day 0; (c,f): caspase activities a day after hepatocyte isolation,
day 1, expressed as percentages of a nontreated control. Data are presented as the mean + standard
deviation (a,c,d,f), and median and interquartile range (b,e), and were analyzed by one-way ANOVA,
followed by Tukey’s test ((a,b,d,e); the results are depicted in black) and an unpaired #-test ((c,f) and
the comparison of 1.8 mU/mL GOX to 0in (a,b)); the results of the unpaired t-test are depicted in grey.

+: arithmetic mean; * p <0.05, ** p <0.01. n = 4. For the exact p values, please refer to Table S1.

GOX significantly decreased STS-induced caspase-9 activation at a concentration of
1.8 mU/mL on day 0 (Figure 6a,b) and at 0.18 mU/mL on day 1 (Figure 6c), thus mimicking
the fasting-induced stress response in the normal cells. This was reflected in statistically
significant and dose-dependent reductions in caspase-3 activation (Figure 6d—f). There-
fore, we successfully triggered the transformation of non-stress-adapted (normal) primary
hepatocytes to the stress response phenotype.

3. Discussion

Here, we report that 17 h of fasting in rats results in an apoptosis-attenuating stress
response in their liver cells, hepatocytes, that prevents caspase-9 and reduces caspase-3/7
activation upon STS treatment, which typically triggers apoptosis. In contrast, the same
trigger highly activates caspases-9 and -3/7 in the hepatocytes of ad libitum-fed animals,
which retain the normal phenotype (with no stress response). The decreased ability of
moderate stressors to trigger apoptosis was previously attributed to the preapoptotic cell
stress response, PACOS, a hormetic response that can prevent cells from undergoing
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unnecessary apoptosis upon exposure to a subsequent moderate stressor (Supplementary
Figure S2) [25,26].

A fasting episode neither disrupts hepatocytes’ cell membranes nor increases apopto-
sis. The gene encoding the Bcl-2 protein was the least expressed, consistent with a minor
role in preventing apoptosis in these cells [27,28]. The genes BclxL, Mcl1, and Bax, which are
expressed many times more strongly than other pro- or anti-apoptotic genes, are strongly
expressed in the cells of the fasted animals on day 1. The pro-apoptotic Bax and the anti-
apoptotic BclxL are equally overexpressed in the cells of fasted and fed animals. In contrast,
the anti-apoptotic Mcl1 is even more strongly upregulated in the cells of fasted animals.
Therefore, an upregulation of anti-apoptotic members, especially Mcl-1 in the cells of fasted
animals one day after isolation, can compensate for the overexpression of proapoptotic Bax
and Diablo and reflects enhanced survival ability during the stress response. This is con-
sistent with previous findings that Bcl-xL and Mcl-1 are necessary for maintaining hepato-
cyte integrity [27] and that their protein levels peak 24 h after isolation [26].

The importance of H20: signalling for PACOS initiation was shown before [26] and
was confirmed in this study, with larger H20: production and lower activity of antioxi-
dant enzymes (CAT, SOD) in the cells of fasting animals compared to in those of ad libi-
tum-fed animals. This reflects the crucial role of H20: in stress response signalling. The
antioxidant protection remained adequate even in the cells of fasted animals, as SOD ac-
tivity was the lowest and the upregulation of the Sod2 gene was the highest in these cells
one day after isolation. This Sod2 upregulation may also contribute to improved resilience
during the PACOS to subsequent moderate stressors. In addition, fasting increased the
expression of genes for other protective proteins, Srxnl and BiP.

The proteins Gadd45-a, -3, and -y are cellular stress sensors that, depending on stress
and interactions with other proteins, participate in cell cycle arrest, apoptosis, and cell
survival [29]. Of the three tested Gadd45 genes, Gadd458 was highly expressed only in the
cells of fasted animals one day after isolation. This agrees with previous reports that fast-
ing preferentially promotes Gadd45f expression and that the Gadd45-3 protein limits the
uptake of fatty acids by fatty acid binding protein 1 (FABP1) in hepatocytes [30]. Gadd45-
[ thus participates in normal lipid metabolism. Its dysregulation has been reported in type
2 diabetic patients, liver steatosis, and obesity [30,31].

According to the expression of the inflammatory marker Icam1, there was reduced
inflammatory signalling at least immediately after fasting, but only in the cells of fasted
animals. This agrees with fasting-associated reductions in the activity of inflammatory
pathways in the mouse liver [32] and the results of human studies showing that asthma
patients had significantly reduced oxidative stress and inflammatory markers after 2
months of alternate-day fasting [33].

The stress adaptation was triggered by the animal fasting, i.e., the day before cell
isolation. The result is a stress response in the cells seen on the day of isolation (day 0) and
adaptations/compensations in gene expression observed on day 1. The oxidative modifi-
cation of enzyme activity occurred faster than the adaptations and compensations by
modified gene expression. Additionally, only the cells of the fasted animals maintained
maximum urea synthesis for at least another 24 h, indicating undiminished function, in
our study. The liver is central for coordinating fasting—feeding transitions and regulating
the whole body’s energy and macronutrient metabolism, among other functions: storing,
producing, and partitioning glucose; packaging excess lipids for storage and secretion and
also oxidising lipids; producing and secreting the majority of the proteins in the blood;
controlling the systemic exposure of amino acids entering via the gastrointestinal tract;
protein processing for energy; and disposing of nitrogenous waste from the whole organ-
ism’s protein degradation [34]. Hepatocytes are the liver’s main metabolic cells. Therefore,
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it is conceivable that increasing hepatocytes’ resilience maintains and/or improves the
metabolic status of the whole body.

Redox signalling is important for triggering and regulating stress responses
[21,26,35], with H20: being the main redox sensing, signalling, and regulatory molecule,
acting as an oxidant of low-pKa cysteine residues in redox-sensitive proteins [13]. We
have confirmed the role of H20: in the initiation of the stress response. There is a small
statistically significant increase of H2O: production, combined with a significant decrease
of SOD and CAT activities on the isolation day in the cells of fasted animals, confirming
that there are more ROS in the cells of fasting animals compared to ad-libitum-fed animals
on the cell isolation day. The role of H202 as the second messenger was further confirmed
by the successful transition of isolated cells between the normal and stress response states
upon exposure to the H20z by the H20>-producing enzyme GOX.

We did not succeed in the transformation of cells showing the stress response into
the normal phenotype by inhibiting either xanthine oxidase or NOX1/4. Although we can-
not rule out the possibility that these enzymes were not completely inhibited by ALO and
setanaxib, respectively, it is likely that we did not sufficiently block intracellular H20: pro-
duction. The main sources of ROS in hepatocytes are the mitochondrial electron transport
chain and NOX [36,37]. In addition to NOX1 and 4, there are NOX2, DUOX1, and DUOX2
[38], and in addition to xanthine oxidase, there are other H2O2-producing oxidases, e.g.,
monoamine oxidases and D-amino acid oxidase [39]. Therefore, the incomplete inhibition
of H20: production due to the many sources of H202in hepatocytes is a more likely expla-
nation for our results.

The addition of the H20z-producing enzyme glucose oxidase inhibited STS-induced
caspase-9 activation, thus transforming the cells from a normal phenotype to a stress re-
sponse phenotype. This phenotype is otherwise achieved by overnight fasting. Therefore,
we have discovered an underlying mechanism by which acute fasting increases hepato-
cytes’ resilience and thus possibly contributes to the improvement in metabolic status ob-
served under TRF.

The underlying mechanism by which a single TRF triggers hepatocytes’ adaptive
stress response, as described here, could form the basis for devising methods to increase
the resilience of the liver. The notion that the PACOS is a beneficial stress response is
based on reduced apoptosis and the observed fasting-specific upregulation of protective
genes encoding antioxidants (Srxnl and Sod2), chaperones (Bip), and proteins that im-
prove fatty acid metabolism (Gadd45p).

The results reported here are the first characterization of a mechanism underlying
the effects of fasting. They form the basis for the development of methods to increase the
resilience of cells and open up the possibility of searching for fasting mimetics. These re-
search findings also form the basis for the development of clinical applications to increase
the resilience of grafts and to improve hepatocyte fitness under acute stress conditions,
with potential applications to liver diseases, such as metabolic dysfunction-associated ste-
atohepatitis (MASH), hepatocellular carcinoma, and metabolic disorders such as diabetes
and dyslipidaemia, for which intermittent fasting has been reported as a promising inter-
vention [40,41]. As the current work was carried out on a rat model, the data need to be
confirmed in humans. We have also shown that fasting animals can modulate their iso-
lated cells. The stress response induced by fasting needs to be taken into account in the
accurate interpretation of data from animal and cell research in order to understand the
effects of acute overnight fasting, which is used in many laboratory protocols.

4. Materials and Methods

Reagents were from Sigma-Aldrich (Merck, Darmstadt, Germany) unless otherwise
indicated.
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4.1. Cell Culture Treatments and Viability Assays

Primary hepatocytes were isolated from adult male Wistar Hannover rats (200-280
g), as previously described [26,42]. The isolation procedures complied with ethical codes
U34401-44/2014/8 and U34401-21/2020/4, granted by the Slovenian Administration for
Food Safety, Veterinary Sector, and Plant Protection. Pairs of rats were either fasted for 17
h before cell isolation through chow withdrawal in the cages, with bedding and constant
access to water. The animals kept on an ad libitum diet were allowed continuous access
to food. The primary hepatocytes were isolated using a reverse two-step perfusion
method with collagenase, and the viability of the hepatocytes was confirmed to be at least
90%. For culturing, cells were plated onto collagen-type-I-coated surfaces at 10° cells/cm?.
Depending on the experimental requirements, different containers were used: 35 mm di-
ameter Petri dishes for urea production analysis, T25 flasks for assessing antioxidant en-
zyme activities, and 96-well plates for measuring hydrogen peroxide generation. Initially,
hepatocytes were incubated under 95% relative humidity and 5% COz at 37 °C for 3 h. The
medium used in this period was Williams E, enriched with 10% fetal bovine serum, anti-
biotics (penicillin and streptomycin at 100 U/mL), and insulin (0.1 U/mL) (called WI).
Then, the Williams E medium was adjusted with 0.03% bovine serum albumin, penicillin and
streptomycin (50 U/mL), insulin (0.1 U/mL), and 1 pM hydrocortisone hemisuccinate (called
WII). Additionally, the hepatocytes of fasted rats were treated with the xanthine oxidase in-
hibitor ALO (A8003, Sigma-Aldrich) [43] and NOX inhibitor SET (GKT137831, Cayman
Chemical, Ann Arbor, MI, USA) [44] for 6 h on the day of isolation, as depicted in Figure 7.

(a)
oh 3h 6h 9h 24h 27h 30h 33h
I | | | K | I I |
wi —_—
Wil
ALO/SET
STS
b
(b) oh 3h 6h 9h 24h 27h 30h 33h
L I I | H | | | |
wi
wil
GOX

STS

Figure 7. Schematic representation of the cell treatment. All experiments were performed with at
least 3 biological replicates. The timeline shows the time from the completion of cell isolation (time
0) and the coloured lines indicate the duration of the respective treatment, either on day 0 (0-9 h) or
day 1 (24-33 h), as described in the results. Staurosporine (STS) was always added once, either on
day 0 or on day 1, for 3 or 6 h. Treatments with (a) alopurinol (ALO), setanaxib (SET), and (b) glucose
oxidase (GOX) was always performed immediately after isolation. The substances were added to
WI medium for 3 h and to WII medium for 3 h.

The hepatocytes of ad libitum-fed rats were treated with GOX (G7141, Sigma-Al-
drich) after isolation [45]. This is an enzyme that produces H20: by oxidation of #-D-glu-
cose to D-glucono-d-lactone in the presence of molecular oxygen [46]. The indicated
amount of GOX was added immediately after isolation for 6 h and 3 h, followed by STS
caspase activation for 6 h. The cells were harvested 9 h post-isolation on day 0. The cells
harvested 27 h after isolation, on day 1, were treated with 1.8 mU/mL GOX for 6 h on the
isolation day, as described above, and then, the medium was replaced with WII medium
(Figure 7). STS was added 6 h before the end of the experiment.

Cell integrity was assessed by measuring LDH release into the culture supernatants
using an LDH Cytotoxicity Detection Kit (MK401, Takara Bio, Shiga, Japan) according to
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the manufacturer’s instructions. For comparisons between the samples, the data were nor-
malized to the total cellular protein, corrected for reaction times (minutes), and expressed
as the percentages of LDH released from the cells of fed animals. The MTT assay (Supple-
mentary Figure Sla), which measures the activity of dehydrogenases, was initiated by the 2-h
accumulation of 0.5 mg/mL thiazolyl blue tetrazolium bromide (MTT, M5655) dissolved in the
cell growth medium. The accumulated crystals were released by DMSO and the absorbance
was measured at 550 nm (PerkinElmer, Victor spectrophotometer 1420-050).

4.2. Protein, H202 and Urea Concentrations

The protein concentrations in the samples were measured using the BCA Protein As-
say Kit and the Pierce 660 nm Protein Assay (Pierce, Thermo Scientific, Rockford, IL, USA)
for the subsequent analysis of various parameters, including the levels of caspases 3/7 and
9, the level of catalase, the glutathione peroxidase and superoxide dismutase activities,
hydrogen peroxide production, glutathione levels, and urea synthesis.

The generation of H2O2was quantified using the Amplex Red Hydrogen Peroxide/Pe-
roxidase Assay Kit, following the manufacturer’s instructions (Molecular Probes, Eugene, OR,
USA). Measurements were carried out immediately after cell isolation and on the first day
post-isolation. The detection of the generated H20: involved measuring the shift in absorbance
resulting from the interaction between the released H20O2 and the Amplex Red reagent.

Urea production, an indicator of hepatocyte functionality and mitochondrial integ-
rity [47,48], was measured after 3 mM ammonium chloride was added to cells in phenol-
red-free Williams medium E, at 15 min and 24 h after isolation on days 0 and 1, respec-
tively. The medium was collected every 30 min, up to 2 h, after which the urea concentra-
tion was determined as described by Castell and Gomez-Lechon [48].

Total protein synthesis was measured using the puromycin incorporation assay [49].
On the first day of culture, cells seeded in six-well plates were incubated with 1 uM puro-
mycin (Gibco™, A1113803, Thermo Fisher Scientific, Waltham, MA, USA) for 30 min. Fol-
lowing incubation, the cells were washed twice with ice-cold PBS, harvested, and sub-
jected to immunoblotting with anti-puromycin antibody (EMD Millipore MABE343,
Merck Darmstadt, Germany). The quantification of the signal intensity was performed
with Image Studio software v.5.2.5. (LI-COR, Lincoln, NE, USA).

4.3. Antioxidant Enzymes and Caspase Activity Measurements

The activities of SOD and GPx were measured with assay kits from Cayman Chemi-
cal, following the manufacturer’s instructions. The values obtained for enzyme activities
were normalized to the protein content in milligrams. The CAT activity was determined
by measuring the decrease in H20», which CAT enzymatically converts into oxygen and
water [50], following Maehly and Chance’s [51] protocol.

To measure caspase activation, primary hepatocytes were treated for 3 or 6 h with 1
UM STS, which triggers apoptosis through the mitochondrial pathway [52]. STS treatment
began 15 min post-isolation on the isolation day (day 0). The activities of caspases-9 and -
3/7 were measured with Caspase-Glo 9 and Caspase-Glo 3/7 assays, respectively, follow-
ing the protocols provided by Promega (Madison, WL, USA).

4.4. RNA Isolation and Reverse-Transcription—Quantitative Polymerase Chain Reaction
Analysis (RT-qPCR)

The gene expression of growth arrest and DNA damage-inducible 45-a, -3, and -y
was assessed to measure the general stress response; BiP/Hspa5 and Chop for ER stress;
protein p21 and tumour protein p53 for DNA damage response; and Icam1 for inflamma-
tion [53,54]. The RNA isolation, reverse transcription, and qPCR method were performed
as described by Kramar and colleagues [54]. Briefly, duplicate PCRs (<100 ng
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cDNA/reaction) were quantified using the QuantStudio 3 Real-Time PCR System with
Design and Analysis software 2.5.0 (Thermo Fisher Scientific), which was also used to set
the baseline and determine the cycle threshold (Ct). The gene expression was calculated
relative to the expression of the 18S rRNA (Rn18s) reference gene: target/reference = (E(ref-
erence)Ctieference)) /(E(target)Cittarged). TagMan probes were labelled with the FAM dye
(Thermo Fisher Scientific): Rn18s (Rn03928990_gl), Cas9 (#Rn00581212_m1l), Cas3
(#Rn00563902_m1), Bax  (#Rn01509178_ml), Bid  (#Rn01459517_ml),  Diablo
(#Rn01480487_g1), Bcl2  (#Rn99999125_m1), BcIXL  (#Rn00437783_m1l), Mcll
(#Rn00821024_g1), Srxnl (Rn04337926_gl), Sod2 (Rn00690588_gl), Nrf2/Nfe2i2
(Rn00582415_m1), Hifla (Rn01472831_m1l), Gadd45a¢ (Rn00577049_m1l), Gadd45p
(Rn01452530_g1), Gadd45y (Rn01352550_gl1), Bip/Hspa5 (Rn00565250_m1), Chop/Ddit3
(Rn00492098_g1), p21 (Rn00589996_m1l), Tp53 (Rn00755717_m1l), and Icaml
(Rn00564227_m1).

4.5. Statistical Analysis

Statistics were calculated using GraphPad Prism 9.0.0 and 10.2.3, with an in-built al-
gorithm that tests the equality of variances from medians, using the Brown-Forsythe test.
Either two-way or one-way ANOVA (the latter only in Figure 6) was used for comparisons
between two independent variables, followed by Tukey’s multiple-comparison test to
compare every mean with every other mean. Student’s t-test was additionally used to
measure the difference between two samples from hungry and fed animals. The data are
presented as the mean + SD (unless otherwise stated); the number of biological replicates
(n) are noted in the figure legends and the exact p values are provided in Tables S1 and
S2. The significance level was set at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/ijms26030999/s1.

Author Contributions: Investigation, LP.M. and P.P.; methodology and results analysis, B.K.; con-
ceptualization, supervision, and writing, LM.; funding acquisition, D.5. and IM. All authors have

read and agreed to the published version of the manuscript.

Funding: This research was funded by the Slovenian Research and Innovation Agency (research core
funding No. P3-0019). This work was also partially supported by the H2020-MSCA-ITN:721236 TREAT-
MENT project.

Institutional Review Board Statement: The animal study protocol was approved by the Admin-
istration of the Republic of Slovenia for Food Safety, Veterinary Sector, and Plant Protection
(U34401-44/2014/8 and U34401-21/2020/4).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available from the repository of the University of

Ljubljana upon the manuscript’s publication.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  de Cabo, R.; Mattson, M.P. Effects of Intermittent Fasting on Health, Aging, and Disease. N. Engl. ]. Med. 2019, 381, 2541-2551.
https://doi.org/10.1056/NEJMra1905136.

2. Li, Z; Huang, L.; Luo, Y.; Yu, B; Tian, G. Effects and possible mechanisms of intermittent fasting on health and disease: A
narrative review. Nutr. Rev. 2023, 81, 1626-1635. https://doi.org/10.1093/nutrit/nuad026.

3. Panda, S. Circadian physiology of metabolism. Science 2016, 354, 1008-1015. https://doi.org/10.1126/science.aah4967.



Int. . Mol. Sci. 2025, 26, 999 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Gill, S.; Le, H.D.; Melkani, G.C.; Panda, S. Time-restricted feeding attenuates age-related cardiac decline in Drosophila. Science
2015, 347, 1265-1269. https://doi.org/10.1126/science.1256682.

Norecopa. Fasting in Rodents. 2009. Available online: https://norecopa.no/media/6351/food-deprivation.pdf (accessed on 19
July 2024).

Shahrabani-Gargir, L.; Pandita, T.K.; Werner, H. Ataxia-telangiectasia mutated gene controls insulin-like growth factor I recep-
tor gene expression in a deoxyribonucleic acid damage response pathway via mechanisms involving zinc-finger transcription
factors Spl and WT1. Endocrinology 2004, 145, 5679-5687. https://doi.org/10.1210/en.2004-0613.

Liao, P.C.; Bergamini, C.; Fato, R.; Pon, L.A; Pallotti, F. Isolation of mitochondria from cells and tissues. Methods Cell Biol. 2020,
155, 3-31. https://doi.org/10.1016/bs.mcb.2019.10.002.

Golbidi, S.; Daiber, A.; Korac, B.; Li, H.; Essop, M.F.; Laher, I. Health Benefits of Fasting and Caloric Restriction. Curr. Diab. Rep.
2017, 17, 123. https://doi.org/10.1007/s11892-017-0951-7.

Adrie, C.; Richter, C.; Bachelet, M.; Banzet, N.; Francois, D.; Dinh-Xuan, A.T.; Dhainaut, ].F.; Polla, B.S.; Richard, M.]. Contrasting
effects of NO and peroxynitrites on HSP70 expression and apoptosis in human monocytes. Am. . Physiol. Cell Physiol. 2000, 279,
C452-C460. https://doi.org/10.1152/ajpcell.2000.279.2.C452.

Diab, R.; Dimachkie, L.; Zein, O.; Dakroub, A.; Eid, A.H. Intermittent Fasting Regulates Metabolic Homeostasis and Improves
Cardiovascular Health. Cell Biochem. Biophys. 2024, 82, 1583-1597. https://doi.org/10.1007/s12013-024-01314-9.

Shabkhizan, R.; Haiaty, S.; Moslehian, M.S.; Bazmani, A.; Sadeghsoltani, F.; Saghaei Bagheri, H.; Rahbarghazi, R.; Sakhinia, E.
The Beneficial and Adverse Effects of Autophagic Response to Caloric Restriction and Fasting. Adv. Nutr. 2023, 14, 1211-1225.
https://doi.org/10.1016/j.advnut.2023.07.006.

Poljsak, B.; Milisav, I. The neglected significance of “antioxidative stress”. Oxidative Med. Cell. Longev. 2012, 2012, 480895.
https://doi.org/10.1155/2012/480895.

Sies, H. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress. Redox
Biol. 2017, 11, 613-619. https://doi.org/10.1016/j.redox.2016.12.035.

Mello, T.; Zanieri, F.; Ceni, E.; Galli, A. Oxidative Stress in the Healthy and Wounded Hepatocyte: A Cellular Organelles Per-
spective. Oxidative Med. Cell. Longev. 2016, 2016, 8327410. https://doi.org/10.1155/2016/8327410.

Svobodova, G.; Horni, M.; Velecka, E.; Bousova, I. Metabolic dysfunction-associated steatotic liver disease-induced changes in
the antioxidant system: A review. Arch. Toxicol. 2025, 99, 1-22. https://doi.org/10.1007/s00204-024-03889-x.

Cao, L.; Quan, X.B.; Zeng, W.J.; Yang, X.O.; Wang, M.]. Mechanism of Hepatocyte Apoptosis. ]. Cell Death 2016, 9, 19-29.
https://doi.org/10.4137/JCD.539824.

Galluzzi, L.; Vitale, I.; Abrams, ].M.; Alnemri, E.S.; Baehrecke, E.H.; Blagosklonny, M.V.; Dawson, T.M.; Dawson, V.L.; El-Deiry,
W.S.; Fulda, S.; et al. Molecular definitions of cell death subroutines: Recommendations of the Nomenclature Committee on Cell
Death 2012. Cell Death Differ. 2012, 19, 107-120. https://doi.org/10.1038/cdd.2011.96.

Samraj, A.K; Keil, E.; Ueffing, N.; Schulze-Osthoff, K.; Schmitz, I. Loss of caspase-9 provides genetic evidence for the type I/II
concept of CD95-mediated apoptosis. J. Biol. Chem. 2006, 281, 29652-29659. https://doi.org/10.1074/jbc.M603487200.

Czabotar, P.E.; Garcia-Saez, A.J. Mechanisms of BCL-2 family proteins in mitochondrial apoptosis. Nat. Rev. Mol. Cell Biol. 2023,
24, 732-748. https://doi.org/10.1038/s41580-023-00629-4.

Iksen; Witayateeraporn, W.; Hardianti, B.; Pongrakhananon, V. Comprehensive review of Bcl-2 family proteins in cancer apop-
tosis: Therapeutic strategies and promising updates of natural bioactive compounds and small molecules. Phytother. Res. 2024,
38, 2249-2275. https://doi.org/10.1002/ptr.8157.

Milisav, I.; Poljsak, B.; Ribaric, S. Reduced risk of apoptosis: Mechanisms of stress responses. Apoptosis 2017, 22, 265-283.
https://doi.org/10.1007/s10495-016-1317-3.

Adrain, C.; Creagh, E.M.; Martin, S.J. Apoptosis-associated release of Smac/DIABLO from mitochondria requires active caspases
and is blocked by Bcl-2. EMBO J. 2001, 20, 6627-6636. https://doi.org/10.1093/emboj/20.23.6627.

Milisav, I.; Poljsak, B.; Suput, D. Adaptive response, evidence of cross-resistance and its potential clinical use. Int. ]. Mol. Sci.
2012, 13, 10771-10806. https://doi.org/10.3390/ijms130910771.

Banic, B.; Nipic, D.; Suput, D.; Milisav, I. DMSO modulates the pathway of apoptosis triggering. Cell. Mol. Biol. Lett. 2011, 16,
328-341. https://doi.org/10.2478/s11658-011-0007-y.

Nipic, D.; Pirc, A.; Banic, B.; Suput, D.; Milisav, I. Preapoptotic cell stress response of primary hepatocytes. Hepatology 2010, 51,
2140-2151. https://doi.org/10.1002/hep.23598.



Int. . Mol. Sci. 2025, 26, 999 18 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Miller, I.P.; Pavlovic, L; Poljsak, B.; Suput, D.; Milisav, I. Beneficial Role of ROS in Cell Survival: Moderate Increases in H202
Production Induced by Hepatocyte Isolation Mediate Stress Adaptation and Enhanced Survival. Antioxidants 2019, 8, 434.
https://doi.org/10.3390/antiox8100434.

Hikita, H.; Takehara, T.; Shimizu, S.; Kodama, T.; Li, W.; Miyagi, T.; Hosui, A.; Ishida, H.; Ohkawa, K.; Kanto, T.; et al. Mcl-1
and Bcl-xL cooperatively maintain integrity of hepatocytes in developing and adult murine liver. Hepatology 2009, 50, 1217-
1226. https://doi.org/10.1002/hep.23126.

Cazanave, S.C.; Gores, G.J. The liver’s dance with death: Two Bcl-2 guardian proteins from the abyss. Hepatology 2009, 50, 1009—
1013. https://doi.org/10.1002/hep.23188.

Liebermann, D.A.; Hoffman, B. Gadd45 in stress signaling. J. Mol. Signal. 2008, 3, 15. https://doi.org/10.1186/1750-2187-3-15.
Fuhrmeister, ].; Zota, A.; Sijmonsma, T.P.; Seibert, O.; Cingir, S.; Schmidt, K.; Vallon, N.; de Guia, R.M.; Niopek, K.; Berriel Diaz,
M.; et al. Fasting-induced liver GADDA45beta restrains hepatic fatty acid uptake and improves metabolic health. EMBO Mol.
Med. 2016, 8, 654-669. https://doi.org/10.15252/emmm.201505801.

Dong, Y.; Ma, N.; Fan, L.; Yuan, L.; Wu, Q.; Gong, L.; Tao, Z.; Chen, J.; Ren, ]. GADD45beta stabilized by direct interaction with
HSP72  ameliorates insulin  resistance and lipid accumulation.  Pharmacol. ~ Res. 2021, 173, 105879.
https://doi.org/10.1016/j.phrs.2021.105879.

Zhang, F.; Xu, X.; Zhou, B.; He, Z.; Zhai, Q. Gene expression profile change and associated physiological and pathological effects
in mouse liver induced by fasting and refeeding. PLoS ONE 2011, 6, e27553. https://doi.org/10.1371/journal. pone.0027553.
Johnson, J.B.; Summer, W.; Cutler, R.G.; Martin, B.; Hyun, D.H.; Dixit, V.D.; Pearson, M.; Nassar, M.; Telljohann, R.; Maudsley,
S.; et al. Alternate day calorie restriction improves clinical findings and reduces markers of oxidative stress and inflammation
in overweight adults with moderate asthma. Free Radic. Biol. Med. 2007, 42, 665-674. https://doi.org/10.1016/j.freeradbio-
med.2006.12.005.

Trefts, E.; Gannon, M.; Wasserman, D.H. The liver. Curr. Biol. 2017, 27, R1147-R1151. https://doi.org/10.1016/j.cub.2017.09.019.
Prieto, I.; Monsalve, M. ROS homeostasis, a key determinant in liver ischemic-preconditioning. Redox Biol. 2017, 12, 1020-1025.
https://doi.org/10.1016/j.redox.2017.04.036.

Bhogal, R.H.; Curbishley, S.M.; Weston, C.J.; Adams, D.H.; Afford, 5.C. Reactive oxygen species mediate human hepatocyte
injury during hypoxia/reoxygenation. Liver Transpl. 2010, 16, 1303-1313. https://doi.org/10.1002/1t.22157.

Allameh, A.; Niayesh-Mehr, R.; Aliarab, A.; Sebastiani, G.; Pantopoulos, K. Oxidative Stress in Liver Pathophysiology and Dis-
ease. Antioxidants 2023, 12, 1653. https://doi.org/10.3390/antiox12091653.

Matuz-Mares, D.; Vazquez-Meza, H.; Vilchis-Landeros, M.M. NOX as a Therapeutic Target in Liver Disease. Antioxidants 2022,
11, 2038. https://doi.org/10.3390/antiox11102038.

Sies, H. Role of metabolic H202 generation: Redox signaling and oxidative stress. |. Biol. Chem. 2014, 289, 8735-8741.
https://doi.org/10.1074/jbc.R113.544635.

Gallage, S.; Ali, A.; Barragan Avila, J.E.; Seymen, N.; Ramadori, P.; Joerke, V.; Zizmare, L.; Aicher, D.; Gopalsamy, LK.; Fong,
W.; et al. A 5:2 intermittent fasting regimen ameliorates NASH and fibrosis and blunts HCC development via hepatic PPARal-
pha and PCK1. Cell Metab. 2024, 36, 1371-1393.€7. https://doi.org/10.1016/j.cmet.2024.04.015.

Patikorn, C.; Roubal, K.; Veettil, S.K,; Chandran, V.; Pham, T.; Lee, Y.Y.; Giovannucdi, E.L.; Varady, K.A.; Chaiyakunapruk, N.
Intermittent Fasting and Obesity-Related Health Outcomes: An Umbrella Review of Meta-analyses of Randomized Clinical
Trials. JAMA Netw. Open 2021, 4, €2139558. https://doi.org/10.1001/jamanetworkopen.2021.39558.

Milisav, I; Nipic, D.; Suput, D. The riddle of mitochondrial caspase-3 from liver. Apoptosis 2009, 14, 1070-1075.
https://doi.org/10.1007/s10495-009-0381-3.

Marotto, M.E.; Thurman, R.G.; Lemasters, ].J. Early midzonal cell death during low-flow hypoxia in the isolated, perfused rat
liver: Protection by allopurinol. Hepatology 1988, 8, 585-590. https://doi.org/10.1002/hep.1840080325.

Buck, T.; Hack, C.T.; Berg, D.; Berg, U.; Kunz, L.; Mayerhofer, A. The NADPH oxidase 4 is a major source of hydrogen peroxide
in human granulosa-lutein and granulosa tumor cells. Sci. Rep. 2019, 9, 3585. https://doi.org/10.1038/s41598-019-40329-8.
Mueller, S.; Millonig, G.; Waite, G.N. The GOX/CAT system: A novel enzymatic method to independently control hydrogen
peroxide and hypoxia in cell culture. Adv. Med. Sci. 2009, 54, 121-135. https://doi.org/10.2478/v10039-009-0042-3.

Bauer, J.A.; Zamocka, M.; Majtan, J.; Bauerova-Hlinkova, V. Glucose Oxidase, an Enzyme “Ferrari”: Its Structure, Function,
Production and Properties in the Light of Various Industrial and Biotechnological Applications. Biomolecules 2022, 12, 472.
https://doi.org/10.3390/biom12030472.

Ibars, E.P.; Cortes, M.; Tolosa, L.; Gomez-Lechon, M.].; Lopez, S.; Castell, ].V.; Mir, J. Hepatocyte transplantation program:
Lessons learned and future strategies. World ]. Gastroenterol. 2016, 22, 874-886. https://doi.org/10.3748/wjg.v22.i2.874.



Int. . Mol. Sci. 2025, 26, 999 19 of 19

48.

49.

50.

51.

52.

53.

54.

Castell, ].V.; Gomez-Lechon, M.]. Liver cell culture techniques. Methods Mol. Biol. 2009, 481, 35-46. https://doi.org/10.1007/978-
1-59745-201-4_4.

Grunblatt, E.; Wu, N.; Zhang, H.; Liu, X.; Norton, J.P.; Ohol, Y.; Leger, P.; Hiatt, ].B.; Eastwood, E.C.; Thomas, R.; et al. MYCN
drives chemoresistance in small cell lung cancer while USP7 inhibition can restore chemosensitivity. Genes Dev. 2020, 34, 1210-
1226. https://doi.org/10.1101/gad.340133.120.

Beutler, E. Catalase, 3rd ed.; Grune and Stratton: New York, NY, USA, 1984.

Maehly, A.C.; Chance, B. The assay of catalases and peroxidases. Methods Biochem. Anal. 1954, 1, 357-424.
https://doi.org/10.1002/9780470110171.ch14.

Manns, J.; Daubrawa, M.; Driessen, S.; Paasch, F.; Hoffmann, N.; Loffler, A.; Lauber, K.; Dieterle, A.; Alers, S.; Iftner, T.; et al.
Triggering of a novel intrinsic apoptosis pathway by the kinase inhibitor staurosporine: Activation of caspase-9 in the absence
of Apaf-1. FASEB |. Off. Publ. Fed. Am. Soc. Exp. Biol. 2011, 25, 3250-3261. https://doi.org/10.1096/j.10-177527.

Wink, S.; Hiemstra, S.W.; Huppelschoten, S.; Klip, ].E.; van de Water, B. Dynamic imaging of adaptive stress response pathway acti-
vation for prediction of drug induced liver injury. Arch. Toxicol. 2018, 92, 1797-1814. https://doi.org/10.1007/s00204-018-2178-z.
Kramar, B.; Pirc Marolt, T.; Monsalve, M.; Suput, D.; Milisav, I. Antipsychotic Drug Aripiprazole Protects Liver Cells from
Oxidative Stress. Int. ]. Mol. Sci. 2022, 23, 8292. https://doi.org/10.3390/ijms23158292.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



