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Abstract

Background/Aims: Since cell lines are cultured and extensively used in a variety of different
research disciplines, we determined the effects of passage numbers on a commonly used
embryonic zebrafish cell line (Z3). Methods: Senescence markers, DNA damage, the redox
state, gene expression, and metabolic parameters have been investigated in young (passage 5)
up to very old (passage 40 and higher) cells. Results: Besides increasing DNA damage, we
also found elevated metabolic capacity and a shift to a more reduced cellular redox state in
the cells. Interestingly, several parameters showed a non-linear course regarding the passage
number or cell age, so that for example young and mid-aged cells appeared to cluster with
very old rather than with old cells. Conclusion: This study illustrates the importance of passage
number and suggests pre-testing specific parameters to assure the generation of accurate

and reproducible data.
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Introduction

When cells of the zebrafish embryonic fibroblast line Z3 are grown to 70 - 80 %
confluency, they are split in a ratio of 1:7. This process, known as passaging, can also be
related to the chronological age of cells. Cells which are grown in a monolayer do not reflect
the conditions that prevail in tissues, and the passage number or the chronological age
appear to induce changes in cell physiology. The latter poses a high risk of misinterpreting
data, which often leads to the lack of generating reproducible data.

Passage numbers have been shown to reveal differences for example in rabies testing [1],
inresistancetoH,0, -induced apoptosis[2],in celldoublingtime and osteogenic characteristics
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in D1 cells [3], in reduced gene expression and tumorigenic properties from Uveal Melanoma
Primary Tumors-derived cell lines [4], in Insulin-Degrading Enzyme activity [5] as well
as in P-glycoprotein expression [6] both in Caco-2 cells. Hughes and colleagues reported
already on contradictory results in a review article on Caco-2 cells in 2007 [7]. Karyotype
comparison of two cell lines (MCF-7 and Ishikawa) revealed chromosomal aberrations with
increasing passage number depending on culture conditions [8]. Also, the emergence of an
aberrant X chromosome in high passage numbers of human embryonic stem cells (hES) was
demonstrated [9]. Further passage-related effects like impaired mitochondrial function have
been shown in hES [10]. hES were even affected by different passaging methods, such as
enzymatic versus nonenzymatic dissociation of cell clusters, the latter of which appeared
to induce chromosomal aberrations [11]. Increased passage numbers of HT29 cells were
reported to induce a decrease in cell proliferation and their ability to migrate, and led to
altered cell cycle distributions [12]. Hence, putative differences in passage numbers that are
probably cell-line-specific have to be excluded before starting new experiments.

Ageing has been defined as “the time-related deterioration of the physiological functions
necessary for survival and fertility” [13] and is linked to senescence, which was originally
referred to as the replicative limit of cell cultures. Recently, senescence was defined as
“state of stress-induced irreversible proliferative arrest and resistance to both mitogenic
and oncogenic stimuli” [14]. Senescence has widely been used to determine ageing in cell
cultures. However, even before senescence and replicative arrest occurs, the passage number
of dividing cells has a great impact on several genetic and physiological parameters.

We examined the frequently used embryonic zebrafish cell line Z3 to determine putative
changes up to passage number 50, which equals in the case of the Z3 cell line 50 weeks of
culturing. Zebrafish cells are derived from dispersed zebrafish embryos that are cultured
until a stable cell cluster forms, which is able to survive and continues to proliferate [15,
16]. Those very early passage numbers are then cryopreserved and can be shared within the
scientific community. Senescence markers, DNA damage, and metabolic measurements have
been used to evaluate the effect of passage numbers and eventually cell age.

Materials and Methods

Culturing of Z3 cells

The Z3 zebrafish cell line was originally established in 2001 from 24h-old embryos to investigate
the light-dependent gene activation of their circadian oscillator [15]. Cells were cultured in a Peltier-
cooled incubator (Memmert, Germany) at 25°C under normal air atmosphere in Leibovitz L15 media
supplemented with 15% v /v fetal bovine serum, penicillin and streptomycin (both 1%), gentamycin (0.1%)
and L-glutamine (2 mM) (all from Thermo Fisher Scientific, Waltham, Massachusetts, United States).
Cells were split once a week, which increased the passage number weekly by one. Samples were taken as
described in the respective methodical section.

Doubling time

Z3 cells were seeded (5000 cells per well) and cultured in 96-well plates. The cell number of each
passage was measured 24, 48, 72, and 96 hours after seeding using Hoechst 33342 (Thermo Fisher
Scientific, Waltham, Massachusetts, United States). The mean of four replicates of each time point was used
to calculate the doubling time.

Beta-gal assay

Cells were seeded on a cover slip, which was placed into a petri dish and left overnight. The next day,
the medium was removed and 2 ml fixation buffer was added and left for 4 min at room temperature. The
liquid was removed followed by three washing steps with 1xPBS. Then 2 ml of the staining solution (5mM
K,[Fe(CN)¢], 5SmM K, [Fe(CN)g], 40mM Citric acid, 12ZmM Na,HPO,, 150mM NaCl, 2ZmM MgCl, in a total of
19 ml, pH 5.8; freshly add 1 ml of x-Gal solution (20mg/ml x -Gal in DMF)) was added and incubated in
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the dark at 37°C for 22h. The reaction was stopped using TBS-T, rinsed with distilled water and mounted
using Faramount (Agilent). Upon microscopic evaluation of the slides it became obvious that we can clearly
distinguish three groups of cells. The group of negative cells did not show any staining. The second group
of stage 1 cells showed a slight blue staining, whereas stage 2 cells revealed a dark blue staining. Image
acquisition and analysis were performed in a blinded fashion. For each passage four slides were prepared
and five images from each slide were taken. A minimum of 100 cells per image were counted and used for
analysis (% cells of the respective group of total cell number).

Quantitative RealTime PCR (qPCR)

Media was removed from the petri dish, TRIzol (Thermo Fisher Scientific, Waltham, Massachusetts,
United States) was added and cells were removed using a cell scraper. RNA extraction using TRIzol was
accomplished according to the user manual. RevertAidHplus and random hexamer primers were then used
to transcribe 450 ng RNA into cDNA. RNA concentration was measured using Ribogreen in triplicates on a
plate reader (Victor4, Perkin Elmer, Waltham, Massachusetts, United States). SYBRGreen (Thermo Fisher
Scientific, Waltham, Massachusetts, United States) was used for absolute quantification of copy numbers
using a standard curve. PCR efficiency was at 82 %. The primer concentrations used were previously
determined by testing different primer concentrations, namely 0.5uM, 3uM and 9uM, in PCR reactions. We
then selected for the most effective combination, which results in the highest amount of amplicon without
any unspecific products.

Western Blot

Stored proteins were kept at-80°C in 2x Laemmli buffer and were heated for 5 min at 95°C, centrifuged,
and the supernatant was transferred to a new tube. Concentration was measured using the NanoDrop
(Thermo Fisher Scientific, Waltham, Massachusetts, United States). 20 pg whole protein extracts were
separated on a 12% precast gel (Bio-Rad, Hercules, California, United States) and transferred to a PVDF
membrane (Bio-Rad, Hercules, California, United States) using a semidry blot system (Bio-Rad, Hercules,
California, United States) with standard settings. The membrane was blocked with 5% milk powder in TBS-T
for one hour at room temperature. The membrane was then cut at 70 kD and used for incubation with
the Hifl (1:1000; [17]) and catalase (1:5000; Anti-CATALASE (RABBIT) Antibody - 100-4151, Rockland
Inc., Limerick, Pennsylvania, USA) antibodies. The membranes were then left overnight at 4°C in blocking
buffer, washed with TBS-T three times for 10 min and incubated with the second antibody (pox anti rabbit)
for one hour at room temperature in blocking buffer. Three washing steps with TBS-T were followed with
detection using ECL using the chemidoc (Bio-Rad, Hercules, California, United States). The same procedure
was applied for Hif3 (1:5000, [17]).

Comet assay

The alkaline comet assay was performed as previously described [18], with slight modifications. 50 pl
aliquots of cell suspension (200 cells/ul) and 0.5% low melting point (LMP, Sigma-Aldrich) agarose were
mixed and placed on 1% normal agarose precoated microscope slides. After solidifying at 0°C, a third
layer of 0.5% LMP agarose was added and left to solidify. Prepared slides were placed in petri dishes and
treated with 200 ml of phosphate buffer saline (PBS) containing serial dilutions of hydrogen peroxide (H,0,,
1,10 and 100 uM) for 10 min at room temperature. Cells exposed only to pure PBS were used as a control.
Exposure was carried out in triplicates. After the exposure, slides were rinsed with PBS and subsequently
placed in lysing buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, 10% DMSO, 1% Triton X-100, pH 10).
After lysing for 1h at 4°C, slides were rinsed with redistilled water, placed on the horizontal gel box and
covered with the cold alkaline buffer (0.3 M NaOH, 1 mM EDTA, pH > 13) for 20 min. Electrophoresis was
run in the same buffer at 0.4 Vcm™ and 300 mA for 30 min at 4°C. After neutralization (0.4 M Tris-HCl, pH
7.5), slides were fixed in methanol:acetic acid (3:1) for 5 min and stored in the dark at room temperature.
Prior to examination, slides were rehydrated and stained with 4% GelRedTM (Biotium, USA). On every slide
atleast 100 nuclei were examined using an Axiovert 100 M microscope (Zeiss, Germany). The extent of DNA
migration was determined as percentage of DNA in tail (% tDNA) using the image analysis system CASP
[19]. Due to the software’s technical limitations in determining the percentage of DNA damage in highly
damaged cells (where almost all DNA is in tail), those cells were manually assigned a value of 98% tDNA.
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Mean values of the tDNA damage for each treatment group were calculated and data are presented as mean
and corresponding standard deviation (SD). Due to non-normally distributed data, statistical analysis was
performed using the Kruskal Wallis non-parametric test, followed by a pairwise Wilcoxon test (R Studio,
Version 1.0.143). Level of significance reported: p< 0.05.

Seahorse XFp extracellular flux analyzer measurements

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in Z3 cells of different
passage numbers were measured with a Seahorse XFp Analyzer (Agilent, USA). Cells were seeded at a
density of 10° cells per well and were cultured overnight in growth medium before changing the media
to DMEM containing two mM L-glutamine and, depending on the analysis, five mM glucose and one mM
pyruvate. We used two commercial Seahorse XFp kits for characterizing respiratory (Mitochondria stress
test, Agilent, USA) or glycolytic activity (Glycolysis stress test, Agilent, USA) and followed the instructions
provided by the manufacturer. Chemical inhibitors were prepared as ten times stock in the same media
and deposited in the injection ports of the sensor cartridges. The seahorse device was placed in a climate
chamber and measurement temperature was set to 26°C. XFp data was analyzed in Seahorse Wave software
and exported to Excel (Microsoft, USA) for further analysis. Rate data was normalized to the last three
measurement points before chemicals were injected.

Lactate and Pyruvate quantification

Sampling: From each passage, cells were rinsed with ice cold PBS. After addition of 850 pl TE buffer
(pH7), cells were removed from the petri dish using a cell scraper and shock frozen in liquid nitrogen. After
thoroughly mixing the homogenate and centrifugation at 4°C for 1 min at 5000 rcf, the supernatant was
applied to spin filters with a cut off at 10kDa and centrifuged at room temperature for 15 min at 14000 rcf.
The flow through was collected and stored at -80°C. The filter was then turned upside down and placed into
a fresh tube and centrifuged at room temperature for 2 min at 1000 rcf. The flow through, herein referred
to as concentrate, was stored at -80°C and used for measuring the protein content, which was used for data
normalization.

The filtrates were thawed and measured in triplicates applying a standard curve. The pyruvate and
lactate standard included the following concentrations: 1 mM, 0.5 mM, 0.25 mM, 0.125 mM. 10 pl sample, 10 pl
distilled water and 15 min before the measurement 100 pl TEN buffer +LDH (3U/ml) (0.05 M Tris + 5 mM
EDTA, 0.15 mM NADH, pH 7.4) was added and the samples were incubated in the dark at room temperature.

For measuring lactate, 10 ul sample, 10 pl distilled water and 200 pl lactate buffer (0.5 M glycine, 0.4 M
hydrazine sulfate) were combined. 30 min before the measurement, 25 pl L-LDH (1:200) were added and
the samples were kept at room temperature in the dark until start of the measurement.

The protein concentration was determined from the concentrates in triplicates using the Nano Drop
(Thermo Fisher Scientific, Waltham, Massachusetts, United States) and used for data normalization.

Statistical analysis

Data were analysed using GraphPad Prism 9.2.0. Normality was tested applying Shapiro-Wilk test.
Significant differences were detected with One-Way Anova and Tukey’s multiple comparisons test or Kruskal-
Wallis test and Dunn’s multiple comparisons test for not normally distributed data. Group differences of the
growth rate was analysed with the Mann Whitney test. Comet assay data and multidimensional scaling
analysis (MDS) were performed in RStudio Version 1.3.1073 (R Core Team, 2020). Significance of comet
assay data was tested with Kruskal Wallis test using script “kruskal.test” followed by script “pairwise.wilcox.
test” using bonferroni correction, to get the pairwise comparisons between groups. MDS was performed
using script “cmdscale” [20].
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Results

We examined physiological and genetic effects of cell passage numbers, which might
relate to aging in cell cultures in a zebrafish embryonic fibroblast cell line (Z3).

Growth rate

We determined the doubling time of passage numbers 4-6, 15-18, 33-36, and 46-49,
which we called young, mid age, old and very old, respectively. A significant difference was
detected between the youngest and oldest group for which the doubling time decreased
(Fig. 1). We did not observe cell cycle arrest in any cell passage up to 49. Especially the group
of passage 33-36 showed high variability in doubling time (Fig. 1).

Beta galactosidase (SAbeta-gal) activity

The senescence-associated beta galactosidase (SAbeta-gal) activity, a marker for
cellular senescence, showed a significant increase in higher passages. Staining intensity
was categorized as either negative, light blue (stage 1) or dark blue (stage 2). We observed
an increase of stage 1 cells at passage 31 with elevated levels until passage 40. Hardly any
stage 2 cells were detected (Fig. 2A), which might confirm the previous results that no
proliferative arrest was determined. We therefore conclude that no senescent cells were
present in either of the passages.

Fig. 1. Z3 cell doubling time. The growth rate of several passages
(four biological replicates) was measured using Hoechst 33342
nuclear staining. Grouping of very old compared to young cells
showed a significantly lower doubling time.

Doubling time [h]

0 T T

0 4 8 1216 20 24 28 32 36 40 44 48 52
Passage

CC O s
young mid age old very old

Fig. 2. Cellular senescence. (A) beta galactosidase
(SAbeta-gal) activity assay, which revealed three cell
stages according to their staining intensity (shown in
panel). Old cells show significantly increased stage 1
cells. At least 2000 cells were analysed per passage.
(B) Prior to the increase of beta-gal activity, p53 tran-
scription levels were significantly higher in mid age
cells. n = 3. Error bars denote mean values + SEM.
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P53 gene expression
p53 gene expression, which can be associated with senescence, showed a significant
increase in passages 19 and 25, which in passages 35, and 40 again decreased (Fig. 2B).

DNA damage

The results of the Comet assay showed a significant difference in the basal level of
DNA damage as well as a difference in cell response to oxidative stress as result of cell age.
Control cells at passage 40 have significantly higher levels of DNA damage compared to cells
at passage 5 and 20 (Fig. 3). The exposure to H,0, resulted in a dose response effect on DNA
damage - cells with higher passage, in general, accumulated a higher percentage of DNA
damage (Fig. 3). The only exception was evident for passage 40 treated with 100 uM H,0,.

Pyruvate, Lactate and the cellular redox state

Lactate was increased in passages 31 and 36 and decreased in passages 40 and 45 (Fig.
4A). Pyruvate decreased significantly in aging cells (Fig. 4B). The redox status of the cells
was determined using the NAD+:NADH ratio (pyruvate:lactate) [21, 22], which revealed a
decrease meaning that with higher passage numbers the cells are going towards a reduced
redox state (Fig. 4C). Catalase, which catalyzes the degradation of hydrogen peroxide to
water and oxygen, did not show any changes in protein abundance in different cell passages

(Fig. 5).

Extracellular Flux Measurements

Oxygen consumption rate (OCR) and extracellular acidification rates (ECAR) were
measured in mid age, old and very old passage groups. Glycolytic function was determined by
applying the glycolysis stress test (Agilent, Fig. 6A). Basal glycolysis did not change between
different passages. Non-glycolytic acidification was significantly increased in passage 46
(very old) compared to passage 33 (old) (Fig. 6B). The glycolytic reserve increased in passage
46 (Fig. 6C). The parameters are explained in more detail in Table 1 as stated in the glycolysis
stress test (and mitochondrial stress test) user manual provided by the kit manufacturer
(Agilent).

A mitochondrial stress test (Agilent) revealed that non-mitochondrial OCR, basal- and
maximum respiration as well as ATP production did not change (Fig. 7A-B). However, proton
leak decreased in higher passages and coupling efficiency as well as spare capacity increased
significantly (Fig. 7B-C).

Regarding glycolytic function and mitochondrial parameters, we can assume that the
metabolic potential (glycolytic reserve and mitochondrial spare capacity) of cells from
higher passages increased.

Finally, the stress response of OCR and ECAR to inhibition with FCCP and Oligomycin
can be plotted against each other to depict the energy phenotype of the cells (Fig. 8) and to
investigate metabolic switching. Under FCCP and Oligomycin inhibition OCR as well as ECAR
are at maximum due to mitochondrial uncoupling and glycolysis-restricted ATP production,
respectively. Interestingly, all three age groups upregulate their ECAR whereas only old and
very old age groups also respond with a higher OCR to the stress. Table 2 gives a summary
and overview of all the results.
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Fig. 3. Comet assay on zebrafish Z3 cells at different pas-
sages (5, 20 and 40, corresponding to groups young, mid
age and very old, respectively), in control cells and cells
exposed to 1, 10 and 100 uM H,0,. Error bars denote
mean + SEM; n = 300 for each treatment.

Fig. 4. Redox status calculated from the pyruvate:lactate
ratio of Z3 cells in different cell passages. (A) Lactate, sig-
nificances are as follows: 5 vs. 31*%, 9 vs. 31*%, 19 vs. 31**,
31 vs. 45**, 31 vs. 50**, 36 vs. 45* (B) Pyruvate, signifi-
cances are as follows: 5 vs. 19¥*¥* § yg, 25%** § yg, 31%
5 vs. 36¥*** 5 ys, 40%*F* 5 ys, 45¥K* 5 yg, 50%* 9 s,
19%*, 9 vs. 25**, 9 vs. 36™*, 9 vs. 40***, 9 ys, 45%*** g yg,
50**, 15 vs. 19**, 15 vs. 25** 15 vs. 36**, 15 vs. 40**
15 vs. 45%%** 15 vs. 50%*, 31 vs. 45** * p<0.05, ** p<0.001,
*H** p<0.0001. (C) With increasing age, cells are reaching
a more reduced cellular redox state as shown from the
NAD+:NADH ratio. Error bars denote mean values + SEM;
n=4.

Fig. 5. Catalase protein expression did not change signif-
icantly in different cell passages. Error bars denote mean
values + SEM; n = 4.
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Fig. 6. Glycolysis stress test. (A) Time course of ECAR of mid age, old, and very old cells, while adding glu-
cose and the indicated inhibitors. The rate signal is shown normalized to timepoint 6 where glucose was

present. (B) Measurement of ECAR enables the determination of glycolysis, glycolytic capacity, and non-

glycolytic ECAR as well as the glycolytic reserve (C). Error bars denote mean values + SEM; n = 3.

Table 1. Parameters calculated from extracellular flux measurements and their definition

Parameter

Definition

Mathematical operation

Glycolysis stress test

Glycolysis
Glycolytic

capacity

Glycolytic
reserve

Non-glycolytic
acidification

The process of converting glucose to pyruvate. The XF Glycolysis Stress Test
presents the measure of glycolysis as the ECAR rate reached by a given cell after
the addition of saturating amounts of glucose.

This measurement is the maximum ECAR rate reached by a cell following the
addition of oligomycin, effectively shutting down oxidative phosphorylation and
driving the cell to use glycolysis to its maximum capacity.

This measure indicates the capability of a cell to respond to an energetic demand
as well as how close the glycolytic function is to the cell’s theoretical maximum.

This parameter measures other sources of extracellular acidification that are not
attributed to glycolysis.

Mitochondrial stress test

Basal
respiration

ATP
Production

H+ (Proton)
leak

Maximal
respiration

Spare
respiratory
capacity

Non-
mitochondrial
respiration

Coupling
efficiency

Oxygen consumption used to meet cellular ATP demand resulting from
mitochondrial proton leak. Shows energetic demand of the cell under baseline
conditions.

The decrease in oxygen consumption rate upon injection of the ATP synthase
inhibitor oligomycin represents the portion of basal respiration that was being
used to drive ATP production. Shows ATP produced by the mitochondria that
contributes to meeting the energetic needs of the cell.

Remaining basal respiration not coupled to ATP production. Proton leak can be a
sign of mitochondrial damage or can be used as a mechanism to regulate the
mitochondrial ATP production.

The maximal oxygen consumption rate attained by adding the uncoupler FCCP.
FCCP mimics a physiological “energy demand” by stimulating the respiratory
chain to operate at maximum capacity, which causes rapid oxidation of
substrates (sugars, fats, and amino acids) to meet this metabolic challenge.
Shows the maximum rate of respiration that the cell can achieve.

This measurement indicates the capability of the cell to respond to an energetic
demand as well as how closely the cell is to respire to its theoretical maximum.
The cell's ability to respond to demand can be an indicator of cell fitness or
flexibility.

Oxygen consumption that persists due to a subset of cellular enzymes that
continue to consume oxygen after the addition of rotenone and antimycin A.
This is important to get an accurate measure of mitochondrial respiration.

Loss of proton-motive force due to proton leak

(Maximum rate measurement before
Oligomycin injection) - (Last rate
measurement before Glucose injection)

(Maximum rate measurement after
Oligomycin injection) - (Last rate
measurement before Glucose injection)

(Glycolytic Capacity) - (Glycolysis)

Last rate measurement prior to glucose
injection

(Last rate measurement before first
injection) - (Non-Mitochondrial Respiration
Rate)

(Last rate measurement before Oligomycin
injection) - (Minimum rate measurement
after Oligomycin injection)

(Minimum rate measurement after
Oligomycin injection) - (Non-Mitochondrial
Respiration)

(Maximum rate measurement after FCCP
injection) - (Non-Mitochondrial Respiration)

(Maximal Respiration) - (Basal Respiration)

Minimum rate measurement after

Rotenone/antimycin A injection

(ATP Production Rate) / (Basal Respiration
Rate) x 100
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Fig. 7. Mitochondrial stress test. (A) Time course of
OCR measurement using the indicated inhibitors. The
rate signal is shown normalized to timepoint 3 before
Oligomycin was applied. (B) Proton leak differs sig-
nificantly in old and very old cells. (C) Spare capacity
and coupling efficiency increase significantly in old
and very old cells. A and b depict significantly differ-
ent groups. Error bars denote mean values + SEM;
n=3.

Fig. 8. Comparison of energy phenotypes of mid age,
old and very old Z3 cells. OCR and ECAR were extract-
ed from mitochondrial stress tests where basal rates
and stressed rates correspond to timepoints 3 and 7
(oligomycin and FCCP present), respectively. Under
energy stress all age groups increase their glycolytic
output whereas only old and very old cells appear to
be able to increase their mitochondrial capacity as
well. Error bars denote mean values + SEM; n = 3.

Table 2. Overview of measured parameters in cell
passages that have been categorized into four age
groups. Results are summarized by presenting sig-
nificance letters according to the results figures. The
group of young cells have been used as starting point
to indicate the up- or downward trend of the results -
no difference (--), up-regulation (1), down-regulation
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DNA damage (10 pM H202) a-- a-- b?
DNA damage (1uM H202) a-- bT
DNA damage without H202 treatment a-- a-- bT
Lactate a-- a-- b? a--
Non-glycolytic ECAR ab-- a-- bT
Glycolytic reserve a-- a-- bT

Maximum respiration

Basal respiration

Glycolytic capacity

Catalase -
HIFs -
Glycolysis

Non-mitochondrial OCR

ATP production
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HIF protein expression

Since longevity has been linked to hypoxia and therefore also the hypoxia inducible
factor (HIF), we determined HIF1 and HIF3 protein levels, which did not change in different
cell passages (Fig. 9).

Multidimensional scaling (MDS) or Principal Co-ordinate analysis

MDS analysis was performed on 8 variables (beta-gal activity, p53, DNA damage,
lactate, pyruvate, catalase, HF1, HF3) and passage numbers 5, 9, 15 (young), 19, 25 (mid
aged), 31, 36 (old), 40, 45, 50 (very old cells). This dataset encompassed those analyses
that were performed on most passage numbers. Significant separation between cell
passages based on age class was observed in both MDS dimensions. In MDS1 young and
old cells were significantly separated from very old cells and in MDS2 young and mid-aged
cells cells separated significantly from old cells. It is evident that young and mid-aged cells
group closely together, whereas old and very old cells are more spread out, pointing to the
inconsistent response (Fig. 10).

Fig. 9. HIF1 and HIF3 protein expression did not
significantly change in different cell passages. Error
bars denote mean values + SEM; n = 3 to 4. For HIF1

n=2
in passage 40, as indicated, only two biological repli-
cates have been processed. 24
T 5 9 15 19 25 31 36 40 45

Passage

HIF1

>

|
L

]

5 9 15 19 25 31 36 40 45

Passage
—/ —/ | — |
young mid age old very old

Fig. 10. MDS analysis on 8 variables (beta-gal, p53,
DNA damage, lactate, pyruvate, catalase, HF1, HF3) §§ﬂl°.d§_”§ggd
and passage numbers 5,9,15 (young), 19,25 (mid + very old
aged), 31,36 (old), 40,45,50 (very old cells). Signifi-
cant separation between groups in MDS_1 based on
an age class (p= 0.000628, ANOVA; posthoc Tukey:

young (a), mid-aged (ab), old (a), very old (b)). Sig-

2
1

MDS2_23.8%

nificant separation between groups in MDS_2 based T

on an age class (p= 0.00456, ANOVA; posthoc Tukey: T T T T T T
young (a), mid-aged (a), old (b), very old (ab)). Stress 6 4 2 0 2 4
level (goodness of a fit is 0.05, between excellent and MDS1_35.2%

good fit).
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Discussion

Cell lines are widely used in biomedical research. Zebrafish fibroblast cells are common
models for a variety of research topics. The effect of passage numbers on physiological and
genetic parameters is, however, often underestimated. We therefore analyzed the effects of
cell passage number on a variety of endpoints and showed significant age-related differences
in the zebrafish embryonic fibroblast cell line Z3.

First, we examined the degree of cellular senescence, which was, as mentioned earlier,
originally referred to as the replicative limit of cell cultures and was recently suggested to
define senescence as “state of stress-induced irreversible proliferative arrest and resistance
to both mitogenic and oncogenic stimuli” [14]. We used beta-gal activity as biomarker to
determine cellular senescence. A study in human fibroblast cell lines showed that beta-
gal activity is negatively correlated with the speed of growth rather than the chronological
age [23]. Increased beta-gal activity could also be indicative of lysosomal stress - the
detection of proliferative arrest is yet inconclusive and it was suggested that more than one
senescence marker should be used [14]. We grouped the results of beta-gal activity into no
signal, stage 1 (slight stain), and stage 2 (intense stain) and observed a significant increase
of stage 1 cells from passage 31 until 50 indicating that Z3 cells might show very early stages
of senescence. The doubling time of Z3 cells did not show a significant correlation to passage
numbers. When we grouped the passages, the doubling time of the oldest group decreased
significantly compared to the youngest, however, no replicative arrest was observed in our
experiments until passage 49. In a similar study on D1 cells it was shown that the growth
rate slowed down after passage 30 [3]. Bet hedging strategies, which are applied to increase
survival chances under stressful conditions and are related to the replicative age in yeast
show that slow growth rates are correlated with higher resistance to stress [24].

Usually, senescence starts from a reversible phase with high p53 activity, then proceeding
to permanent cell cycle arrest [25]. p53 promotes cell survival by an antioxidative effect,
however, when stress levels are too high p53 has a pro-oxidant effect that leads to apoptosis
and senescence [26, 27]. Just prior to the increase of beta-gal activity levels, we detected
significantly increased p53 mRNA levels in passage 19 and 25, which decreased again in
older cells. In human epithelial cells, p53 decreased in an age-related manner [28]. p53 is
an important regulator of DNA repair mechanisms to maintain genomic stability [29].
Considering that DNA damage presents the main driver of aging [30], we also determined
the degree of DNA strand breaks. DNA damage showed elevated levels in passage 40,
which is opposing to p53 levels and could explain the increased DNA damage. It has been
previously demonstrated that older cells tend to accumulate higher amount of DNA damage.
For instance, primary lung fibroblasts cultured from older mice showed higher basal DNA
damage in comparison to those cultured from younger mice [31]. Significant increase in
spontaneous DNA damage with age has been also demonstrated in normal mouse liver cells
[32]. It is considered that during the normal aging process, DNA damage may gradually rise
as a consequence of higher genotoxic stress or malfunctioning of genome maintenance [32].

Aging has been linked to lower DNA repair capacity under oxidative stress [33] and
oxidative damage is, however, considered the major damage of macromolecules during the
aging process [34]. Human embryonic lung fibroblast cells exposed to serial dilutions of
H,0, during the aging process showed higher induction of DNA damage at all concentrations
tested in older cells and as the aging progressed the cells accumulated more damage due
to imposed oxidative stress [33]. Similarly, in human WI-38 fibroblast cells, DNA damage
induced by H,0, in old cells, reflected increased susceptibility to oxidative damage as well
as reduced efficiency of the DNA repair system [35]. Our results follow the same trend and
older zebrafish cells exhibited higher induction of DNA damage. H,0,-induced DNA damage
in passage 40, however, is slightly reduced compared to younger cells.

This age-dependent sensitivity to ROS is not reflected in changes to the cellular redox
systems we studied in these cells. First, the amount of catalase, which is responsible for H,0,
degradation, did not change between age groups. Second, it has recently been shown that a
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considerable portion of the ECAR of Z3 cells derives from CO, from the pentose phosphate
pathway (PPP) [36], which is the main recycler of the redox currency NADPH. Since the basal
ECAR of cells supplied with glucose did not significantly change between the different age
groups (Fig. 6) we hypothesize that also the contribution from the PPP, and therefore its
NADP+ reducing activity is not changing. However, one should keep in mind that the PPP
can run in different modes with different net CO, production. The increased sensitivity to
oxygen radicals with cellular age may have other causes. In general, Z3 cells reveal a high
sensitivity to H,0, with recorded levels of around 70% tDNA upon exposure to 10 pumol
H,0,. In comparison, mussel haemocytes, anlysed with the exact same methodical approach,
showed less than 5% DNA damage applying the same conditions [37]. We hypothesize that
one important radical scavenger, metallothionein 1, which is not expressed in Z3 cells could
lead to a higher susceptibility to oxidative stress [38].

Moreover, p53 is also known to regulate the central carbon metabolism dampening
aerobic glycolysis in favor of oxidative phosphorylation [39]. p53 drives the production
of acetyl-CoA while decreasing lactate levels [40]. In the present study, when p53 gene
expression was increased in the mid age group, we did not observe changes in basal glycolysis
rates or detect differences in lactate levels. Generally it is known, that increased lactate
levels protect cells from mitochondrial dysfunction, lead to an improved quality control by
autophagy and less cells that undergo senescence [41]. Lactate has the potential to regulate
the cellular redox state. It is also capable of mimicking a state of lacking O, for example in
wound healing, which is important for neovascularization [42].

We found a slightly higher basal respiration compared to the older groups that also had
very low p53 gene expression. This slight reduction in basal OCR in older age groups fits to
our observation of a continuous shift in aging cells to a reduced cellular redox state as shown
from the NAD+/NADH ratio calculated from pyruvate:lactate levels. A study in senescent
human and mouse fibroblasts found decreased levels of NAD+/NADH [43] and also in aging
rats it was shown that the NAD+/NADH ratio decreased [44]. A recent study using cell
models with different levels of mitochondrial dysfunction describes impaired utilization of
reduced nicotinamide dinucleotide (NADH) [45]. We conclude that with increasing passage
numbers mitochondrial respiration declines giving rise to alterations in the cytosolic NAD+/
NADH balance.

Moreover, p53 inhibits glucose uptake by down-regulation of glucose transporters [46].
Metabolic measurements revealed that glycolysis did not change in Z3 cells of different
passage groups. However, glycolytic reserve as well as mitochondrial spare capacity did
significantly change between the different cell passages. We therefore conclude that higher
passage numbers show an increased metabolic capacity (respiratory and glycolytic). A
significantdecrease in protonleak and increased coupling efficiency supports this hypothesis.

There is a known link between longevity and hypoxia, which includes the hypoxia
inducible factor HIF-1 [47, 48]. However, opposing results in C. elegans studies showed that
the stabilization as well as the deletion of HIF-1 leads to an increased life span [49]. Herein
HIF-1 as well as HIF-3 protein expression did not change.

Our data indicate several parameters as good indicators that show cell response based
on age. The parameters that showed the most dramatic changes in Z3 cells include beta-
gal activity, p53 transcription levels, DNA damage, cellular redox state, glycolytic reserve,
spare capacity, and coupling efficiency. Therefore, those parameters are suggested as useful
toolkit for other research groups to determine cellular response based on age. Principal
Component Analysis performed on a very small data set due to some missing values revealed,
however, a significant separation mainly based on beta-gal activity and lactate levels in the
first dimension as shown in Supplementary Fig. S1 (for all supplementary material see
www.cellphysiolbiochem.com). On the other hand, parameters such as catalase, glycolysis,
glycolytic capacity, non-Mito OCR, basal and maximum respiration rate, ATP production,
and HIFs did not show any significant changes and can be considered as poor indicators of
cellular fitness regarding age.
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MDS analysis performed on eight parameters revealed significant separation between
four age categories of Z3 cells. This clearly indicates that passage number has a significant
effect on the physiology of the Z3 cell line. Young and mid-aged cells grouped closely
together and showed a more unique response of the analyzed parameters, whereas old and
very old cells exhibited a more dispersed and inconsistent response. Therefore, to minimize
variability and increase reproducibility of the experiments, researchers working with Z3
cells are encouraged to use cells between 5 and 15 passages, after which the culture should
be renewed. After passage 15, we could show that drastic changes in p53 levels occurred,
and pyruvate levels dropped significantly.

Conclusion

In conclusion, since we found a wide range of differences between passage numbers, we
would suggest testing several cell passages before running an experiment to exclude age-
related effects in cell lines. It is therefore necessary to use as consistent passage numbers
as possible to obtain reliable, accurate, and reproducible data. Furthermore, researchers
working with cell lines are encouraged to test the age-related differences in various passages
using some of the suggested parameters that changed the most like beta-gal activity, p53
transcription levels, DNA damage, cellular redox state, glycolytic reserve, spare capacity, and
coupling efficiency.

Multivariate analyses can also be useful tools to determine the intra and inter variability
in cell age classes and can indicate the range of cell passages which are the most consistent
in response and should be used in experiments.

Highlights

e Very old cells show an increased level of basal DNA damage.

e Higher passage numbers show an increased metabolic capacity.

¢ A continuous shift in aging cells to a reduced cellular redox state can be observed.

¢ Young and mid-aged cells cluster together and show more similarity to very old
rather than old cells.

¢ Non-linear effects of several physiological parameters have been observed from cells
of different passage numbers.
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