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Abstract

Mitochondria are essential for the energy production of eukaryotic cells. During aging
mitochondria run through various processes which change their quality in terms of activity,
health and metabolic supply. In recent years, many of these processes such as fission
and fusion of mitochondria, mitophagy, mitochondrial biogenesis and energy consumption
have been subject of research. Based on numerous experimental insights, it was possible
to qualify mitochondrial behaviour in computational simulations. Here, we present a new
biophysical model based on the approach of Figge et al. in 2012. We introduce exponen-
tial decay and growth laws for each mitochondrial process to derive its time-dependent
probability during the aging of cells. All mitochondrial processes of the original model are
mathematically and biophysically redefined and additional processes are implemented:
Mitochondrial fission and fusion is separated into a metabolic outer-membrane part and a
protein-related inner-membrane part, a quality-dependent threshold for mitophagy and
mitochondrial biogenesis is introduced and processes for activity-dependent internal oxi-
dative stress as well as mitochondrial repair mechanisms are newly included. Our findings
reveal a decrease of mitochondrial quality and a fragmentation of the mitochondrial net-
work during aging. Additionally, the model discloses a quality increasing mechanism due
to the interplay of the mitophagy and biogenesis cycle and the fission and fusion cycle of
mitochondria. It is revealed that decreased mitochondrial repair can be a quality saving
process in aged cells. Furthermore, the model finds strategies to sustain the quality of the
mitochondrial network in cells with high production rates of reactive oxygen species due to
large energy demands. Hence, the model adds new insights to biophysical mechanisms
of mitochondrial aging and provides novel understandings of the interdependency of mito-
chondrial processes.
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Introduction

A detailed comprehension of the functioning of mitochondria is of great concern in miscella-
neous scientific disciplines and plays an important role in aging. [2], [3]

The main task of mitochondria is to provide a cell with energy in form of adenosintripho-
sphate (ATP). In the cytoplasm of the cell glycolysis decomposes glucose in order to gain pyru-
vate molecules. These molecules are transported into mitochondria where they enter the Krebs
cycle [4]. There, the pyruvate reduces NAD+ molecules to the coenzyme NADH. The NADH
molecules arrive at the respiration chain where their energy is released gradually by carrying its
reducing electrons to lower potentials. The resulting free energy is employed to establish a pro-
ton motive force along the inner membrane of the mitochondrium in order to finally transform
adenosindisphosphate (ADP) to ATP.

The efficiency of these processes strongly depends on the quality of mitochondria. Their
activity can be tracked by the polarization of their mitochondrial membrane potential (MMP).
[5] In order to sustain a high membrane potential, Krebs cycle and respiration chain have to be
supplied with a sufficient amount of metabolites such as NAD+, ADP or pyruvate. Addition-
ally, the number of defects within the mitochondrial DNA (mtDNA) should be kept at a low
level so that newly generated protein complexes involved in the respiration chain or enzymes
involved in the Krebs cycle are of high quality. [6, 7]

During the aging of cells mitochondria suffer from self-generated internal reactive oxygen
species (ROS) and external oxidative stress produced by other organelles, eventually leading to
the death of cells.[8] In order to retain their reliability in energy production mitochondria
behave as a very dynamic network that utilizes numerous processes to remain in a state of high
quality. [9] Fission and fusion help mitochondria to compensate for rare metabolites, defect
mtDNA sequences or damaged protein complexes. [10], [11] Irreversibly damaged mitochon-
dria are excluded from the network by fission processes and afterwards removed and regener-
ated by a permanent cycle of mitochondrial autophagy (mitophagy) [12] and mitochondrial
biogenesis. [13] Repair mechanisms similar to repair procedures of nuclear DNA defects help
to maintain the integrity of the mtDNA. [14]

In recent years various experiments provided a better understanding of the processes
within the mitochondrial network. [15] Based on this knowledge several in silico models
have been developed which are considered to generally simulate mitochondrial dynamics.
[16, 17] An established model to describe the mitochondrial development during the aging
of cells was introduced by Figge et al. in 2012. [1] In this contribution, the probabilistic
change of discrete mitochondrial quality states was described by one differential equation
which integrated several dynamic mitochondrial processes. Biophysical simulations revealed
a decreasing mitochondrial quality and an increasing fragmentation of the mitochondrial
network with time. These findings are in good agreement with experimental results in vitro.
[18, 19] Furthermore, the simulations predicted a deceleration of fission and fusion cycles
as a quality saving mechanism in the presence of infectious molecular damage among
mitochondria.

Here, we present a new mitochondrial quality model based on the approach of Figge et al. in
2012. We introduce a universal biophysical decay and growth law that defines a time-depen-
dent probability for every mitochondrial process. Furthermore, we adjust and append the
mathematical definitions of all mitochondrial processes in the existing model to explicitly
adapt them to latest findings in experimental research on mitochondrial networking, recycling,
repair and energy consumption [20], [21], [22], [23]. We present and discuss simulations of
the mitochondrial quality model.
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Models

Mitochondrial quality depends on the supply with metabolites, the energetic activity and the
health of mtDNA and mitochondrial protein complexes. In this model these variables are rep-
resented by a single parameter g that defines the state of quality of a mitochondrium. The qual-
ity q is a discrete integer of a value between 0 and Q, with Q being the maximal quality. A
mitochondrium exhibits each quality state with a time-dependent probability P(q, t). For every
point in time the sum of the probabilities of all quality states is normalized to 1:

Q
Ny = Y _Pg.t) =1 (1)

This system can be described as a homogeneous Markovian model where mitochondrial
processes i represent the transitions between discrete quality states q of a Markov chain. Then,
the time-dependence of the probability P of quality states can be derived by a Master equation
[24]:

dap
—=R(t)P 2
=ROP, @)
where R(?) is the time-dependent transition matrix with its elements representing all possible
transitions between quality states by mitochondrial processes. Due to the conservation norm
Eq (1) the probability P in total is not altered. Solving the one-dimensional Master equation
the change of the probability of a single state q can be described with:

%P(q’ H=> (Ry,P(q,t) — Ry P(q,1)) (3)

a#q

Here, Ry ;and R,y are transition rates of R that represent the impact of different mitochon-
drial processes. The rate R , represents the probability g gains by transitions from states g’ to

g, while rate R,y depicts the loss of probability from q to other states q'.
9P(q,t)
ot

and its corresponding rates R;; of R can be split up into a sum of several terms, each depicting
the change in probabilities of g by a single mitochondrial process:

0 0 0 0 0 0
&P(q»t) = aPFF(‘%t) +EPMB(q7 t) +EPREP(q7 t) +5PEC(q7 t) +EPED(% t) (4)

Neglecting possible coupling terms between arbitrary mitochondrial processes i and j,

The single terms represent mitochondrial quality changing processes which were observed
and described in experimental publications in recent years: mitophagy and biogenesis
2 Pyis(g t), fission and fusion 2 Py (g, t), mitochondrial repair £ Py, (q, t), energy consump-
tion £ Py (g, t) and external mitochondrial damage 2 Py, (q, t) (Fig 1).

During aging the number of enzymes, proteins and metabolites alters. As the impact of bio-
logical processes depends on the number of corresponding particles or rather molecules
involved, the time-dependence of a process i can be described by homogeneous differential
equation of first order. In biology this approach is chosen, e.g. to derive the effect of a drug
over time [25]. The differential equation reads:

dN.
A =+— 5
i d t ? ( )
where A; = AN; denotes the activity of the process and N; the number of particles involved in
the process. This decay law or growth law, depending on the sign, can be solved with an
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a) metabolic exchange
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Fig 1. Quality changing processes of the mitochondrial quality model. a) Metabolic fission and fusion process leads to two mitochondria of the same
quality. b) Fusion of inner matrix components raises the lower mitochondrium to the quality level of the partner. Fission leads to an inactive mitochondrium
while the partner maintains its quality. ¢) Mitophagy removes inactive mitochondria, biogenesis generates mitochondria of the highest quality. d)
Mitochondrial repair renews the quality of mitochondria. e) Energy consumption lowers the quality of highly active mitochondria. f) External damage randomly

decreases quality of mitochondria.

doi:10.1371/journal.pone.0146973.g001

exponential function:

t
p)=py-exp(£1), ©
with p;(t) = ¢:N(t), po, i = ¢Ny, » T; = 1/A and ¢ being a constant for normalization. This ansatz
leads to an decoupling of the mathematical definition f; of a process and its time-dependent
probability p;(1):

O P ) = p0) SR, 0). .4 ) @

Hence, py, ; are independent factors that balance the processes relatively to each other, while
7; determines the slope of their time-evolutions. The decoupling is true for the processes of
mitochondrial fission and fusion, mitophagy and biogenesis and external oxidative stress (see
corresponding sections). For the mitochondrial repair mechanism and the process of energy
consumption it is coupled to the mathematical definition of the process i itself:

O P(a.0) = f(p(0). P, 0). 9.4 ). (8
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In the following the parameters p,, ; and 7; represent the starting probability and the lifetime
of the process i, respectively. The sign of 7; depends on either the increase or the decrease of i
with the aging of cells.

Fission and Fusion

The dynamics in a network strongly depend on the mobility of its components. Mitochondria
are very motile in the cytoplasm of cells. They are not only transported to different locations
[26] but also fuse and divide among each other. [15, 27] These fusion and fission processes
exhibit two different patterns. On the one hand there are very quick connections between mito-
chondria in which only the outer mitochondrial membrane is connected. These so called “kiss
and run” patterns are associated with the exchange of rare metabolites among mitochondria.
On the other hand more time consuming states of fusion of mitochondria have been found to
not only include the outer membrane but also the inner membrane and mitochondrial matrix
components. [20] In these fusion states mitochondria are considered to share and compensate
for defect protein complexes or DNA sequences which are crucial for the production of ATP.
[28] Subsequent fission events lead to one mitochondrium with a still polarized MMP and one
mitochondrium with a depolarized MMP. [21]

Considering the two different types of connections among mitochondria we decided to sep-
arate the biophysical definition for fission and fusion processes in the model into two parts:
metabolic fission and fusion 2 Py (g, t) and a proteinaceous fission and fusion %PFFP (q,1),

leading to

0 0 0
EPFF(CL t) :apppm(q,t)“‘y'&ljppp(q’ t), )

where y denotes a constant to balance both kinds of fission and fusion relatively to each other.

Metabolic fission and fusion. To biophysically define the metabolic fission and fusion
process (Fig 1a) within our model we make the following assumptions according to literature
or biophysical considerations.

1. When two mitochondria with different qualities exchange metabolites no quality can be
gained or lost in total: The amount of metabolites remains the same. Thus, for a metabolic
fission and fusion event, we suggest a conservation law: i + g2 — ¢} + ¢}, with g; being
the incoming qualities and ¢; the outcoming qualities.

2. For entropic reasons the mixing of metabolites in mitochondria leads to two mitochondria
of the same quality: ¢ = ¢},

3. The larger the discrepancy between the qualities of two mitochondria the more valuable is
the exchange of metabolites. Hence, the probability of the process raises with Ag = ||q;—4a||-
Inactive Mitochondria (g = 0) are not involved in any fission and fusion exchange of
metabolites.

The fission and fusion process of metabolites in the model reads then as follows:

o Q

EPFF",(‘L t) = pFFm(t)' Z P(q,,t)P(q,, t)RFFm<|| q,— 4 ;1)
q1:92>0 (10)
5(q1+q2)7<q’1+q’2)5q’1~q;(511-,11’1 + 51141’2 B 511411 o 5!1412)

Here and in the following equations ; ; refers to Kronecker’s delta. The two conditions out-
side the brackets take into account assumption 1 and 2. The positive and negative terms inside
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the brackets represent the gain and loss of probability of quality state q. Assumption 3 is repre-
sented by Rgg_(||q1—4z||; ). This rate is modeled by Hill’s equation, which describes the bio-
chemical process of the binding of a ligand to a macromolecule [29]:

Il 9, — golI™

RFFm(H qd1 — 49 Hat) = FF, 1 + H 9, —q ||FF1 (11)
2 1 2

FF, and FF, are the hill coefficients. They are free parameters that cannot be determined by
literature. Later on, we assign them the same values as Figge et al. in their model. The factor
Prem(t) represents the time-dependent probability of the process. As the proper balance of fis-
sion and fusion is disturbed during the aging of cells [30], the probability of the process
decreases with time:

TrE,,

pFFm(t) = Porr, ' XP <_ L) (12)

Fission and fusion of proteins. Concerning the fission and fusion of mitochondrial inner
matrix components (Fig 1b) we assume according to literature and biophysical considerations
the following:

1. As fusion events involving inner matrix components last longer than the exchange of
metabolites fission and fusion are seperated into two independent terms

2. When two mitochondria with different qualities share protein complexes after a fusion
event both mitochondria have the same capacities to produce energy via oxidative phos-
phorylation. Hence, the mitochondrium with the lower quality gains the level of quality of
the other mitochondrium: g;+q, — 2-¢;. Thus, sharing of matrix components is a quality
gaining process.

3. The larger the discrepancy between the qualities of two mitochondria the more valuable is
the compensation for defect proteins. Hence, similar to the metabolic exchange the proba-
bility of a fusion process raises with Aq = ||q;—¢|. Again, inactive mitochondria (g = 0) are
not involved in any fusion event.

4. As experimentally observed, after a fission event one mitochondrium keeps the polarization
of its MMP while the MMP of the other mitochondrium gets depolarized. [21] In the
model, the quality of one mitochondrium remains stable, while the other mitochondrium
looses its quality in total: 2-q; — q;+0,

5. The probability of a fission process increases with lower quality states.
The equation reads as:

Q

0
&PFFp (q7 t) = pFup(t) ! Z P(qh t)P(qZ’ t)RFup(” ql - q2 ||7 t) ! 5q|‘q'1 5q/l,q,’2 (5(1,{1’2 - 5q,q2)

91,92>0

(13)

Q
+pFlp(t) : Z P(ql’ t)P(qZ? t)RFlp(” Q - q2 ||’ t) ' 5‘11#25‘11“1/ 5q;‘0(5q,0 - 5q,q2)

1
91,92>0

The first term represents the fusion of inner matrix components and the second term the
correspondend fission process. The Kronecker deltas before the brackets refer to the conditions
2 and 3 for fusion and 4 and 5 for fission, respectively. The rates for fusion R, (/[q1-42||, t) and
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fission Ry (||Q-ql|, 1) are:

R (” _ || t) _ || q — q2||FF1 (14)
R P
and
| Q—q,™
RFiP(H ql - q2 ||7 t) = FF2FF1+ H Q _ q1HFF1 (15)

Similarly to metabolic fission and fusion, the frequency of networking processes pg, (1)
decreases and the number of fission events pFip(t) increases with the aging of the cell, represent-
ing perturbations of networking among mitochondria:

pFup(t) = Pogs, * EXP <_ L) (16)

T
FF,

pFiP(t) = Pogx, " €XP <+ t) (17)

T
FE,

Mitophagy and Biogenesis

Mitophagy and mitochondrial biogenesis represent the mitochondrial recycling mechanism of

the cell (Fig 1c). Mitochondria that are heavily damaged in terms of their mtDNA or inner and

outer mitochondrial membrane components become inactive and establish a depolarized

MMP, before they are removed by mitophagy. [31] The removed mitochondrial mass is substi-

tuted by new mitochondrial material generated by mitochondrial biogenesis. [32]
Biophysically we define the following rules for mitophagy and biogenesis:

1. To keep the total probability mass at a value of 1 it is required that mitophagy and mito-
chondrial biogenesis are coupled processes. The equal amount of probability that is sub-
tracted by mitophagy is added by mitochondrial biogenesis:

- Zg:() gPMitophagy (qa t) = ZqQ:() %PBiogenesis (% t)

2. As mitophagy removes heavily damaged mitochondria with a depolarized MMP from the
system we introduce a threshold: Only the probability of the inactive state (q = 0) is reduced
by mitophagy.

3. Mitochondrial biogenesis generates only mitochondria with the highest possible quality Q.

Following these assumptions the probabilistic change by mitophagy and mitochondrial bio-
genesis is modeled as:

O P = poa(t) - (~3,Plg.1) + 8,0P(0.1) (19)

According to literature mitophagy increases during the aging of cells. [33] Correspondingly,
the probability of the processes p,,,(f) raises with time:

panlt) = o exp () (19

mb
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Repair

For a long time it was not clear whether mitochondria exhibit any strategies to fix damages
within their own DNA. Although mitochondria possess a reduced ability to fix DNA damage
compared to the nucleus [22], they still have mechanisms to repair defects of the mtDNA,
many of them being similar to repair procedures of nuclear DNA. [14] These mechanisms help
mitochondria to regain the high production grades of enzymes involved in the Krebs cycle and
the integrity of respiration proteins. Due to this background we add a repair process to the
model (Fig 1d). The repair algorithm increases the state of quality of mitochondria, thus repre-
senting an improvement of the quality of the mtDNA and the production of mitochondrial
protein complexes. Despite the evidence that mitochondria utilize repair mechanisms, so far
little is known about the selection criteria and the frequency of repair. Therefore, we have to
make the following assumption according to biophysical considerations for modeling a repair
process:

1. Repair is a stochastic process: Every missing quality is repaired with the same probability.
Pursuing this idea with a binomial approach leads to a higher probability of an increase of
quality of low quality states.

With a binomial approach, the repair process is biophysically defined as:

o q<q Q_q/ o 04 )
O @t =S (27T ) (1 pr) P
= \a-q

(20)

q/’<q
Q — "_ o
(87D pa 0 = g 0) - plg.t
AU

The positive term on the right side of the equation refers to all mitochondria with low quali-
ties g which are repaired to quality state g. The negative term takes into account the repair of g
to higher qualities ¢q'’. As the quality of repair can not be conserved during the aging of cells,
the probability of repairing a single quality p,.,(¢) decreases with time.

Pror(t) = Py + X (— i) (21)

Trep

Energy consumption

Mitochondria produce ATP via oxidative phosphorylation including the respiration chain. The
protein complexes of the respiration chain are located at the inner mitochondrial membrane
and are responsible for releasing the energy of NADH molecules in order to establish the pro-
ton motive force to transform ADP to ATP. During this process reactive oxygen species (ROS)
are generated which harm intramitochondrial structures including the mtDNA. As highly
active mitochondria run through the process of oxidative phosphorylation more frequently
they suffer more from oxidative stress generated by the electron transport chain than less active
mitochondria. [34] We translate this fact to an activity dependent quality decay. Higher mito-
chondrial quality states which represent more active mitochondria possess a higher probability
of loosing quality due to self-generated oxidative stress. With the premise that every mitochon-
drial quality is lost with the same probability, the probability of quality decay during energy
consumption can be modeled with a binomial distribution similar to the repair mechanism
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(Fig 1e). The quality decay term for energy consumption reads:

Q / ,
%Pec(q, t = ; <qq_ q) Pe(t)(L = p(1))' - P(q 1)

(22)

"

q'<q q i
- ( - //)peC(t)q ! <1 - pec(t))q 'P(% t)
q'=0 q q

The positive part of the equation refers to a gain of probability of quality g by the decrease
of the probabilities of higher quality states g’ due to internal oxidative stress. Equivalently in
the second term quality state g looses probability to lower quality states q”’. As quality decay by
internal ROS damage increases with age due to an increasing amount of mutations in the
mtDNA [34], the probability of loosing a specific quality p..(f) increases with time:

Pec(t) = Py - €XP (;) (23)

ec

External Damage

Mitochondria do not only damage themselves by oxidative stress, but their mtDNA is also
damaged by externally produced ROS from endoplasmatic reticulum, peroxisomes and other
organelles in the cell. [35] Moreover, the quality of protein complexes and enzymes involved in
the Krebs cycle and the respiration chain is decreased by other externalities leading to the loss
of mitochondrial functionalities. These processes affect mitochondria basically in a random
manner which is not dependent on the state of metabolic activity of the involved mitochondria.
Therefore, we introduce this kind of damage as a quality decreasing process which randomly
decreases the quality states of mitochondria to randomly lower levels (Fig 1f).

Q q-1
%Ped(% 1) = pu(t) - Y P(d:t)Ra(qd — 4.t) = P(q,1))_Rylg—q',1) (24)

q'=q+1 '=0

Here, Req (¢ — g, t) represents the gain term whereas Req(q — ¢'/, t) represents the loss
term of the quality state q. In order to assure the randomness of the process the algorithm

picks random pairs of quality states g and g’ (and g/, respectively) which exchange a distinct
fraction of their probability mass:

P(q,t) =P(q,t)(1 —f4) (25)
and

P(q,t) = P(q,t) + P(q, t)f,q (26)

with ¢’ > q and f,4 being the lost fraction of ¢’ and pe4(t) being the probability of the process.
As the production of oxidative stress by other organelles and the impact of external pathogens
increase during the aging of the cell, we increase the external damage with time:

pult) = - exp () 7

ed
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Results

In the following section we present simulations based on the new model on mitochondrial
quality states. The differential equation Eq (4) for P(g, t) is numerically solved using Euler’s
method for minimal time steps of A = 1 tu (tu = time units). Every simulation runs over
100000 tu. At each time step the integrity of the simulation is evaluated by calculating the prob-
ability conservation norm. Ny, has to establish a stable value of 1 to at least the twelfth
decimal.

In the original model by Figge et al. the time-dependent change of 11 quality states g; € {0,
10} with Q = 10 was investigated. We choose the same number of states for our simulations.
The qualitative results are robust for quality state numbers between 5 (Q =4) and 15 (Q = 14).
A higher number of states impairs the balance of mitochondrial processes.

The qualitative results of the simulations do not depend on the distribution of probabilities
which is fed to the algorithm at the beginning of the simulation. The simulations presented
here start with a uniform distribution assigning the same probability to each quality state
(q; =0, 0909).

For every point in time ¢ we investigate three parameters:

Zf:o q-P(q;t)

1. average quality: (¢) = =
2. deviation of quality: o, () = Y2 | ¢ — 7(¢) || -P(q.1)
3. fraction of inactive states: P(0, t)

The model exhibits free parameters which cannot be taken from literature but which have
to be estimated. The starting probabilities represent the intrinsic frequency of a specific pro-
cess, the lifetimes the degree of change of the process during the aging of the cell. These param-
eters are suitable to descriptively evaluate the consequence of relative changes of mitochondrial
processes. In Table 1 we present the values for free parameters in the following simulations. As

Table 1. Values of free parameters in simulations.

parameter value

y 1

Po, FF,, 0.05
TFF,, 50000 tu
Po, FF, 0.05
TFF, 50000 tu
FF4 2

FF, 3

Po, mb 0.01

Tt 50000 tu
Po, rep 0.01

Trep 50000 tu
Po, ec 0.01

Tec 50000 tu
Po, ed 0.01
T 50000 tu
frd 0.03

The values were estimated relatively to each other based on literature (see text).

doi:10.1371/journal.pone.0146973.1001
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mitochondrial fission and fusion is a very dynamic process it occurs more frequently than the
other processes such as the mitochondrial turnover.[31][36][37][38] Thus, its starting proba-
bilities po, r,, , are set to values five times higher than the starting probabilities of the other
processes. This is in line with the parameter setting in the publication of Figge et al. in 2012.
Overall, the parameter values that are taken from the original model are: pg, g, po, rr,» FF1,
FF,, fia. There is evidence in literature whether the modeled mitochondrial processes rise or fall
during the aging of cells as cited in the previous section. However, the frequency of these pro-
cesses relatively to each other can hardly be determined. In the following we assume that all
processes but fission and fusion have the same starting probability to avoid overestimation of a
single process according to Laplace’s principle of indifference. This approach concerns all val-
ues for the lifetimes 7; and the starting probabilities pg, mps Po, rep> Po, ec> Po, ea- EXperiments in
vitro could help to establish distinct parameter sets for different cell types in order to exactly
quantify mitochondrial behavior. The normalization of all lifetimes 7, by the lifetime 7; of a
particularly suitable process would integrate time scalability in the model. Nevertheless, even
without experimental determination of the parameter values the simulations remain qualita-
tively stable as long as the values are not increased or decreased drastically relatively to each
other. Even a doubling of starting probabilities and lifetimes does not change the qualitative
outcomes in this model (see S1 Fig for examples).

Single processes

In Fig 2a and 2c¢ the exclusive impacts of the single processes of Eqs 9, 18, 20, 22 and 24 on
average quality g(t), the deviation of quality o,(¢) and the fraction of inactive states P(0, t) are
depicted. In terms of (¢) mitochondrial repair is the only quality increasing mechanism while
external oxidative stress and energy consumption lead to a decrease of the average quality. Fis-
sion and fusion and mitophagy and biogenesis approximately conserve the start value of ().
The fraction of inactive states vanishes in the presence of only either mitochondrial repair or
mitophagy and biogenesis and grows to 1 if either energy consumption and external oxidative
stress act exclusively on mitochondria. The fission and fusion process leads to a stable fraction
of 0.445 of inactive mitochondria. For logical reasons, oy(t) falls to 0 in the presence of repair,
energy consumption or external oxidative stress. Fission and Fusion increases the deviation of
quality to about 4.940 while mitophagy and biogenesis keep the value at 2.644 after 30000 tu.

Fission and fusion

In the mitochondrial quality model presented in this paper the process of fission and fusion is
separated into a metabolic and a protein part. In Fig 2d-2f the severed influence of both pro-
cesses on the quality of mitochondria is presented. The metabolic part changes neither the
average quality g(¢) nor the number of inactive mitochondria P(0, ) but decreases the devia-
tion of quality o,() to about 0.905. Fission and fusion involving mitochondrial proteins
increases all three parameters. The average quality g(¢) is raised to 7.441, the number of inac-
tive states P(0, t) to 0.256 and the deviation of quality o,(t) to 3.808 after 30000 tu.

Interplay of recycling and networking

In the following mitophagy and biogenesis is refered to as ‘recycling’ and to fission and fusion
as ‘networking’. Fig 2a depicts that mitochondrial networking on the one hand and mitochon-
drial recycling on the other hand are quality conserving processes. In Fig 2g-2i the interplay of
both processes in absence of other processes is depicted. A coupling of recycling and network-
ing leads to a drastic increase of the average quality g(t) to 10, and a decrease of both, 0,(t) and
P(0, 1) to 0 after 30000 tu.
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Fig 2. a—c: impact of mitochondrial repair (black), energy consumption (red), external damage (blue), fission and fusion (turquoise) and mitophagy and
biogenesis (violett) on the average quality, the deviation of quality and the fraction of inactive states of mitochondria. d—f: impact of metabolic fission and
fusion (light turquoise) and proteinaceous fission and fusion (dark turquoise) on average quality, deviation of quality and the inactive fraction compared to the
fission and fusion process in total (turquoise). g—h: influence of interplay of networking and recycling (yellow) compared to fission and fusion (turquoise) and
mitophagy and biogenesis (violett) on average quality, deviation of quality and inactive fraction.

doi:10.1371/journal.pone.0146973.9002

Mitochondria during cell aging

Fig 3a-3c depicts the time-dependence of mitochondrial qualities if all processes act parallel
on mitochondria. This simulation represents the evolvement of the mitochondrial network
during the aging of cells. For comparison a non-aging cell with stable, time-independenct
processes is depicted. To simulate stability in time the lifetimes of all processes were set to 7;
=500000000. During aging the average quality g(¢) falls to a value of about 2.813 at 6900 tu.
Then, g(t) slightly increases again to about 2.869 at 100000 tu. The number of inactive states
P(0, t) increases monotonously to fraction of 0.334 at 100000 tu. After a short period of fluc-
tuation the deviation of quality o,(¢) starts at about 1450 tu to increase monotonously to
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Fig 3. a—c: Comparison of impact of a aging (red) and non-aging (green) of mitochondrial processes on average quality, deviation of quality and fraction of
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doi:10.1371/journal.pone.0146973.9003

2.611 at 100000 tu. The non-aging process leads to stable values over time for all parameters:
g(t) = 5.850, ,(f) = 2.134 and P(0, #) = 0, 095.

Stable repair

We compare the physiologically decreasing repair mechanism with a theoretically stable repair.
In order to simulate a stable repair mechanism the lifetime 7, ,¢p is set to 500000000 tu. A com-
parison of these two simulations (Fig 3d-3f) reveals that only until about 70000 tu a stable
repair mechanism is superior to decreasing mitochondrial repair in terms of the average quality
q(t). From that point in time on a decreasing repair mechanism leads to a higher average
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quality than stable mitochondrial repair. The fraction of inactive states P(0, t) and the deviation
of quality ,(¢) is lower for stable mitochondrial repair at all points in time.

Change of ROS production and metabolic activity

In these simulations we investigate the behavior of mitochondrial quality if the conditions of
external ROS production and metabolic activity of mitochondria alter. For that purpose, the
starting probabilities of the energy consumption is increased to py, . = 0.05, while pg, .4 and frg
are set to 0.1 and 0.3, respectively. Furthermore, we simulate a stabilization of both processes
over time by setting the lifetimes .. and 7.q to 500000000 tu. Simulations show that an increase
of production of oxidative stress as well as a higher metabolic activity (3g-i) leads to a faster
loss of quality of mitochondria over time. The increased fluctuation of the dark blue plot is the
result of the increased randomization of the production of ROS by externalities. Stabilizing the
energy consumption process helps the network to sustain its integrity and even increase it in
aged cells. Stabilizing the external damage has no effect on mitochondrial qualities.

High energy demanding cells

Here, we present different strategies cells with high energy demands could apply to sustain
their mitochondrial quality. High energy demanding cells (hec) establish an increased oxidative
phosphorylation in order to cope with their high demands for ATP. This mechanism leads to a
higher production of reactive oxygen species in mitochondria.

Therefore, we raise the starting probability pg, ¢ to 0.05, representing an increased mito-
chondrial damage induced by internal oxidative stress. The black graphs in Fig 4a-4i indicate
the time-dependence of the three quality parameters in high energy demanding cells. The aver-
age quality q(¢) rapidly decreases with time and asymptotically approaches a value of about
1.650, the deviation of quality o,(t) increases during the aging of the cell to about 1.800 and the
inactive fraction P(0, t) grows to 0.650 after 100000 tu. We simulated several possible alter-
ations of the networking and recycling processes in order to compensate for the loss of quality.
The starting probabilities po, m, and/or po, er, , of were raised by five times and/or the temporal
change was prohibited by increasing the lifetimes 7, and/or g, to 500000000 tu. In the
plots of Fig 4 these changes are indicated by green arrows (increase of starting probabilities)
and a red arrows (increase of lifetimes).

In Fig 4a—4c alterations of the parameters of the networking process in high energy demand-
ing cells are presented. The single increase of the starting probability and the single temporal
stabilization of the process leads only to marginal changes in the three quality parameters. The
single raise of the starting probability induces only a slight increase of the average quality and a
bigger increase of the deviation of quality at the beginning of the simulations. A change of both,
Po, vk, ,and Teg leads to bigger increases of g(#) and g,(f) at the beginning of the simulation
which decline over time and a slight decrease of the inactive fraction of mitochondria P(0, t)
compared to an unmodified high energy demanding cell.

Fig 4d-4f depicts modifications of the parameters of the recycling process in high energy
demanding cells. An increase of the starting probability raises drastically the average quality
and the deviation of quality. Additionally, the inactive fraction of mitochondria decreases.
These changes are stable in time. A temporal stabilization of the recycling process results in a
very low average quality and an increase of P(0, ) to about 0.9 after 100000 tu. A combination
of the alterations in both parameters leads to a increase of g(¢) at the beginning of the simula-
tion which then drastically falls to lower values. In the same drastic manner the inactive frac-
tion P(0, t) climbs to about 0.7 at 100000 tu.
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Fig 4. a—c: Development of mitochondrial average quality, deviation of mitochondrial quality and fraction of inactive mitochondria during the aging of a cell
with high energy demand (oo, ¢c = 0.05, black). The turquoise graphs represent modifications in fission and fusion parameters in high energy demanding
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doi:10.1371/journal.pone.0146973.g004

In Fig 4g-4i simulations with alterations of parameters in both processes are presented.
Increases of starting probabilities of both networking and recycling lead to an increase of the
average quality as well as the deviation of quality. Moreover, the inactive fraction of mitochon-
dria is lower than in a unmodified high energy demanding cell. For simulations with a change
of starting probabilities and lifetimes in both processes, networking and recycling, simulations
show a high increase in average quality and few inactive mitochondria at the beginning of the
simulations. However, the average quality decreases with time while the inactive fraction
increase. This decrease of quality is attenuated in simulations with no temporal stabilization of

the recycling process but only changes of po, rr, > Po, mb and Tgr, . In these simulations the

m, p
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average quality establishes the highest values and the inactive fraction the lowest values during
all points in time compared to all other simulations. The deviation of quality developes a mod-
erate level compared to other modifications.

Discussion

During the aging of cells mitochondria run through various mitochondrial dynamics. In recent
years simulations based on biophysical models of mitochondrial network structures have been
performed in order to detect underlying mechanisms behind perfunctory mitochondrial pro-
cesses. In the new mitochondrial model presented in this publication, five distinct mitochon-
drial processes were taken into account: A recycling mechanism consisting of mitochondrial
biogenesis and mitophagy, mitochondrial networking represented by fission and fusion pro-
cesses involving proteins and metabolites, internal oxidative stress depending on the degree of
the metabolic activity of a mitochondrium as well as stochastic external oxidative stress. Addi-
tionally, a repairing process was introduced which represents the regain of mtDNA integrity.
The original model of Figge et al. included a mitochondrial process called infectious molecular
damage which was designed to take into account the spreading of mtDNA mutations during
fission and fusion processes. However, there is no evidence in literature that impairing mtDNA
mutations are propagated by mitochondrial networking. Although it was observed that after a
fission process one daughter mitochondrium establishes a depolarized MMP, this is not con-
nected to the spreading of intramitochondrial damage but to the induction of mitophagy and
the corresponding mitochondrial recycling mechanism. [31]

We investigated three mitochondrial quality parameters: The average quality §(¢) represents
the well-being of the mitochondrial network in total. The deviation of quality o,(t) gives a
degree of how equally the overall quality is distributed among mitochondria. The higher o,(t),
the more the qualities in the mitochondrial network are polarized. The third parameter P(0, f)
represents the fraction of inactive mitochondria. Mitochondria in this state are not involved in
any networking processes of fission and fusion of neither metabolites nor proteins. These mito-
chondria lie isolated in the cell and wait for either the repair mechanism to restore their integ-
rity or the mitophagy to remove them. Hence, the fraction of inactive mitochondria represents
the degree of fragmentation of the mitochondrial network.

Several free parameters such as lifetimes and starting probabilities of mitochondrial pro-
cesses have to be chosen in advance of the simulations. The values for these parameters can
hardly be determined by literature as many publications handle with different cell types which
differentiate regarding the velocity of their internal processes. Furthermore, many of these
parameters cannot be measured directly. Thus, the free values of the simulations were esti-
mated relatively to each other. Considering this, the model is fertile for qualitative analysis but
is of limited use for exact quantifications.

Additionally, it has to be taken into account that there is no evidence regarding a coupling
of mitophagy and biogenesis concerning the total mitochondrial mass. In this model the cou-
pling of both processes is necessary in order to maintain the overall probability at a constant
value of 1. Actually, contrary to the increasing mitochondrial autophagy there are indications
that aging might degenerate the cell’s ability to perform mitochondrial biogenesis. [30] In
order to perform more exact quantifications of the mitochondrial mass in future, one has to
suspend the probabilistic approach from the model and substitute it with absolute values.

Influence of single processes

At first, we investigated the single impact of the individual processes which are defined in the
mitochondrial quality model. For most of them their influence on mitochondrial qualities is
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rather intuitive. The repair mechanism increases the average mitochondrial quality to the max-
imum value of 10, implying that all mitochondria establish the highest quality state. For logical
reasons the fraction of inactive states and the deviation of quality fall correspondingly to 0.
Hence, the repair mechanism leads to a mitochondrial network with a maximum of intercon-
nections and mitochondria of high quality without exception. In contrast, internal oxidative
stress due to energy consumption by mitochondria and random external oxidative stress gener-
ated by other organelles in the cell lead to an average quality of 0. The decrease of the average
quality happens to be faster for internalities than for externalities stress implying that mito-
chondria are more damaged by themselves than by other cell organelles. Intuitively, both pro-
cesses increase the fraction of inactive states to 1 and decrease the deviation of quality to 0.
Hence, both, internal and external oxidative stress lead to a fully fragmented mitochondrial
network consisting only of inactive mitochondria.

Interplay of mitophagy and recycling

Mitophagy and biogenesis are on their own only slightly quality increasing processes in terms
of the average quality. After removing all inactive mitochondria from the mitochondrial net-
work mitophagy is not able to remove other mitochondria so that biogenesis can not generate
mitochondria with high qualities. In other words: The recycling process stagnates if there are
no inactive mitochondria with quality state 0 present in the mitochondrial network. In order to
keep the mitochondrial recycling process running mitochondrial fission and fusion generates a
significant amount of inactive mitochondria. Investigating networking separately for metabo-
lites and proteins we observe different impacts on mitochondrial quality. Metabolic fission and
fusion changes neither the average quality nor the fraction of inactive states but decreases the
deviation of quality. This process helps to spread metabolites throughout the cell and increases
the corresponding entropy. Fission and fusion of proteins increases moderately the average
quality, the deviation of quality and the fraction of inactive states. The interplay of both kinds
of fission and fusion prevents the quality increase of proteinaceous networking but only main-
tains the overall quality level of the starting distribution due to the generation of more inactive
mitochondria (0.48 (total) vs 0.28 (proteins) vs 0.09 (metabolites). This effect helps to strongly
induce the recycling mechanism of mitophagy and biogenesis without loosing overall quality
in the mitochondrial network. Although neither recycling nor networking are on their own
quality increasing processes, together they increase the overall mitochondrial quality to the
maximum value of 10. Accordingly, the fraction of inactive mitochondria and the deviation of
quality fall to 0. This interplay of networking and recycling is proposed in literature. It was
observed experimentally that after a fission event there is a high probability that one daughter
mitochondrion establishes a depolarized membrane potential accompanied by decreased levels
of the fusion protein OPA1 while the other daughter mitochondrion remains metabolically
active. As preautophagic mitochondria reduce their membrane potential and OPA1 levels,
these results suggest that fission events induce recycling processes.[31]. Our simulations sup-
port these findings and reveal a connection between two single processes which are not directly
connected within the definitions of the mitochondrial quality model.

Mitochondrial quality during aging

Over time all mitochondrial processes together lead to a decrease of the average mitochondrial
quality and an increase of both, fragmentation and deviation of quality of the mitochondrial
network. An age-related fragmentation of the mitochondrial network was observed in vitro
recently. It was shown that in muscle cells of nematode C. elegans mitochondrial morphologies
fragment with increasing age in terms of smaller mitochondrial volumes.[18] Additionally,
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investigations of cultured skin fibroblasts revealed less elongated mitochondria in cells of old
volunteers than of young volunteers. [19] Hence, these experimental results validate the pre-
sented model.

The simulations indicate that the fragmentation is connected to an increasing number of in-
active mitochondria which can not all be recycled by mitophagy and biogenesis. The increasing
number of inactive mitochondria also explains the observed perturbations of fission and fusion
cycles during aging in various experiments. The original model by Figge et al. suggests that
decreased networking among mitochondria prevents the spread of infectious mitochondrial
damage. However, so far there is no experimental evidence that mitochondria can infect each
other by fusion processes. Instead, fission and fusion induces the recycling mechanism by
generating inactive mitochondria. As the number of inactive mitochondria grow during aging
due to internal and external oxidative stress the networking mechanism becomes obsolete
regarding this point. Therefore decelerated networking prevents the generation of inactive
mitochondria which are not necessary to induce mitochondrial recycling in aged cells due to
the excessive supply of inactive mitochondria by damaging processes of internal and external
oxidative stress. Interestingly, in aged cells the average quality of mitochondria exhibits asymp-
totic behavior and remains stable at an average quality of about 3 with even a slight increase to
higher qualities. As the fraction of inactive mitochondrial states increases monotonously dur-
ing aging of cells mitochondrial fragmentation does not necessarily correlate to a decrease of
the well-being of the mitochondrial network. Hence, fragmentation might be a quality saving
process at some point.

The benefit of decreasing mitochondrial repair

The slight but unexpected increase of mitochondrial qualities in aged cells can paradoxically be
explained with the decrease of mitochondrial repair during aging. A comparison of the aging
process with simulations of stable mitochondrial repair reveals that a non-decreasing repair
mechanism is only quality saving until a certain point in time. Afterwards the actual aging pro-
cess is even superior to stable repair. This paradoxical result is explained by a comparison of
the fraction of inactive mitochondria in both simulations. The number of inactive mitochon-
dria is constantly lower for the stable repair process even after having a lower average quality
than the actual aging simulation. This indicates that the repair mechanism saves mitochondria
from becoming inactive so that they cannot be removed by mitophagic processes and recycled
by mitochondrial biogenesis. Thus, in an aged cell a stable repair mechanism thwarts mito-
chondrial recycling compared to a decreased repair mechanism. This context explains the
slight increase of the average mitochondrial quality at the end of the aging simulation. The
decreased repair mechanism fails in preventing mitochondria from becoming inactive. Thus,
there is a higher probability for mitochondrial recycling to replace the inactive mitochondria
with high quality mitochondria that increases the overall quality the mitochondrial network.

Mitochondrial qualities in stressed cells

Environmental circumstances such as high UV radiation or pathogens occasionally require
cells to perform high metabolic activities and stimulate the production of reactive oxygen spe-
cies. These circumstances are simulated by increasing probabilities of external damage and
energy consumption. Simulations show that stress leads to degradation of mitochondrial
qualities as well as a higher number of isolated mitochondria revealing growing mitochondrial
fission states. These results are validated by experimental observations on human lung adeno-
carcinoma cells. Under the condition of oxidative stress induced by high-fluence low-power
laser radiation these cells display a fragmented structure of the mitochondrial network.[39]
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Consequently, a stabilization of the production of reactive oxygen species by electron trans-
port chain helps mitochondria to sustain a high quality level and to prevent a high number
isolated mitochondria and a fragmented mitochondrial network, respectively. Under this con-
dition we even observe an increase of mitochondrial qualities in aged cells. The reason for this
unphysiological behavior might be that in the model so far a coupling of recycling and oxida-
tive stress is not included. It is questionable if the frequency of mitophagy is still increasing in
aged cells if oxidative stress is kept at a low level. Therefore, a future expansion of the differen-
tial equation in the model should implement a coupling term between recycling and oxidative
stress in order to take into account the corresponding feedback.

Sustaining mitochondrial quality in high energy demanding cells

Many active cell types in human tissue of liver, heart or brain require an elevated supply with
ATP in order to maintain their functioning. We simulated those cells with high energy demands
by increasing their probability of producing internal oxidative stress. Consequently, mitochon-
dria in energy demanding cells harm their own integrity more than cells with a common energy
metabolism. This leads to a low quality within the mitochondrial network accompanied by a
high fraction of inactive mitochondria that increases during the aging of the cell. As many cells
such as hepatocytes or neurons [40], [41] rely on a constant and high-quality supply with
energy, mitochondria in these cells have to develop strategies to handle the loss of quality due to
their internal oxidative stress. Two processes which appear to be at least partially controlled by
mitochondria to sustain their quality are their networking and their recycling. Hence, we modi-
fied the free parameters of these processes to identify mechanisms that establish a healthy qual-
ity level in mitochondria of energy demanding cells.

Simulations show that isolated single changes in neither starting probability nor the tempo-
ral attenuation of networking lead to a distinct increase in the average quality among mito-
chondria. A combination of an alteration of both parameters results in a moderate increase of
average qualities and a corresponding decrease of inactive mitochondria at the beginning of
the simulation. This improvement in qualities falls during the aging of cells. Nevertheless it
appears to be a valid strategy for mitochondria in energy demanding cells, to increase their
probability for fission and fusion and to a stabilize a high level of networking during the aging
of the cell in order to keep a high level of quality within the mitochondrial network at least at
the beginning of its lifetime. However, this mechanism is accompanied by an increased devia-
tion of quality among mitochondria. This observation suggests that the mechanism helps to
generate high quality states of mitochondria at specific locations of high energy demands
within the cell but it does not support maintaining a high quality level within the whole mito-
chondrial network. While a temporal stabilization of the recycling process leads to a drastic
decrease of average qualities, an increase of the starting probability for recycling results in a sig-
nificant increase of the qualities of mitochondria. The improvement is stable during the aging
of the cell.

Adding this increase of the probability for recycling to the combined changes in parameters
of networking, mitochondria establish an even higher average quality with less deviation in
quality and a low fraction of inactive mitochondria. Compared to this strategy, other modifica-
tions on networking and recycling are either not significantly quality increasing or have restric-
tions in terms of their time dependence. Attenuating the temporal change in both processes,
networking and recycling as well as an increase in the starting probabilities of both processes
increases qualities of mitochondria the beginning of the lifetime of the cell, but this improve-
ment cannot be maintained during aging. Hence, attenuating the decrease of networking pro-
cesses in addition to a higher starting probabilities of networking and recycling appears to be
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the best strategy in order to keep a high, widely spread quality level among mitochondria in
energy demanding cells.

Conclusion

In conclusion, we introduced a novel mitochondrial quality model based on the approach of
Figge et al in 2012. In the model we transfer the latest findings of experimental research on
mitochondrial processes during the aging of cells into explicitly defined biophysical processes.
Additionally, we introduce a universal decay and growth law for each mitochondrial process
which describes its time-dependence during the aging of cells. Simulations are in coherence
with experimental investigations of the mitochondrial network and support current hypotheses
about the interplay of distinct mitochondrial processes, revealing new mechanisms that influ-
ence mitochondrial qualities during the aging of cells. Our model proposes a fragmentation of
the mitochondrial network during aging, suggests a quality increasing coupling of mitochon-
drial recycling and networking and displays a quality saving mechanism by the decrease of
mitochondrial repair functionalities in aged cells. Furthermore, simulations propose that tem-
poral stabilization of networking accompanied by an increase of probabilities in recycling and
fission and fusion is a significant quality saving strategy in cells with high energy demands.
Opverall, the revealed findings give new insights in mitochondrial processes during aging, pro-
viding suggestions for further experimental investigations in future.

Supporting Information

S1 Fig. a—c: Interplay of networking and recycling with modified parameters in networking
(turquoise, po, ¢r,, ,=0.1, 7 = 100000) tu and recycling (violet, py, mp = 0.02, T, = 100000)
tu. Apart from slight differences at the beginning of each simulation the parameter modifica-
tions do not change the qualitative outcome presented in Fig 2d-2f. d-f: Temporal stabilized
repair mechanism (dark grey) with modified parameters (pg, rep = 0.02) compared with an
unmodified aging process. The point in time at which natural aging is superior to a stabilized
repair mechanism is delayed in this simulation to about 100000 tu but the qualitative outcome
in Fig 3d-3fis confirmed.
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