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The mitochondrial theory of ageing proposes that an accumulation of defective mitochondria
is a major contributor to the cellular deterioration that underlies the ageing process. The
plausibility of the mitochondrial theory depends critically upon the population dynamics of
intact and mutant mitochondria in di!erent cell types. Earlier work suggested that mutant
mitochondria might have a replication advantage but failed to account for the fact that
mutants accumulate faster in post-mitotic than in dividing cells. We describe a new mathemat-
ical model that allows for damaged mitochondria to replicate more slowly, which accommod-
ates experimental evidence of impaired energy generation and a reduced proton gradient in
defective mitochondria. However, this is compensated for by a slower degradation rate of
damaged mitochondria than intact ones, as suggested by de Grey (1997), which gives damaged
mitochondria a selective advantage and leads to a clonal expansion of damaged mitochondria.
This theoretical result is important because it agrees with evidence that, during ageing, single
muscle "bres are taken over by one or only a few types of mtDNA mutants. The model also
shows that cell division can rejuvenate and stabilize the mitochondrial population, consistent
with data that post-mitotic tissues accumulate mitochondrial damage faster than mitotically
active tissues.
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1. Introduction

Ageing is commonly de"ned as an intrinsic,
generalized deterioration of an organism's state
leading eventually to an increasing risk of death.
It is believed that ageing evolved because (i) the
force of natural selection declines with age, and
(ii) investments in somatic maintenance to secure
longevity are costly (Kirkwood & Rose, 1991).
The disposable soma theory (Kirkwood, 1977,
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1981; Kirkwood & Holliday, 1979) suggests that
organisms limit their investment in long-term
maintenance of somatic tissues and that, as
a consequence, ageing develops through the
gradual accumulation of unrepaired faults. There
are many potential mechanisms that might con-
tribute to this process, and it is likely that the
ageing process is multifactorial (Kirkwood, 1996).
Nevertheless, there is interest in the idea that
a small number of primary processes may exist.

The free radical theory o!ers what is probably
the most popular mechanism of ageing (Martin
( 2000 Academic Press
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et al., 1996). This theory, originally suggested by
Harman (1956), proposes that reactive oxygen
radicals, which are constantly generated through
normal cell metabolism, cause ageing by damag-
ing membranes, proteins and DNA. In 1972,
Harman proposed the mitochondrial theory of
ageing as a speci"c extension of the free radical
theory (Harman, 1972, 1983; Miquel et al., 1980;
Richter, 1988; Linnane et al., 1989). The mito-
chondrial theory suggests that an accumulation
of defective mitochondria is a major contributor
to ageing. The respiratory chain in mitochondria
is the main source of oxygen radicals within the
cell, and free radicals are estimated to represent
1}4% of the oxygen that is consumed (Richter,
1988; Joenje, 1989). Furthermore, the repair ca-
pabilities of mitochondrial DNA (mtDNA) are
limited, which supports the idea that mitochon-
dria may be particularly vulnerable to accumula-
tion of damage. Large mtDNA deletions have
been found in ageing individuals (Linnane et al.,
1990; Hattori et al., 1991; Yen et al., 1991). The
combined theory suggests that free radicals gen-
erated during oxidative phosphorylation attack
the mitochondrial DNA, leading to point muta-
tions and deletions. This damage reduces or abol-
ishes the mitochondrial production of ATP,
which has negative consequences for all aspects
of cellular homeostasis. Through time, defective
mitochondria accumulate within cells and tis-
sues, leading to the gradual functional decline
that characterizes the ageing process.

Since mitochondria are sub-cellular organelles
capable of replication independently from the
process of cell division, there are interesting the-
oretical questions to be resolved about how de-
fective mitochondria might accumulate within
cells. In particular, evidence from studies of
ageing in mammals indicates that defective
mitochondria accumulate to a greater extent in
post-mitotic tissues, such as brain and muscle,
than in tissues with active cell turnover
(Cortopassi et al., 1992; Sugiyama et al., 1993; Lee
et al., 1994). This paper describes a model of the
accumulation of defective mitochondria that
allows these questions to be examined.

1.1. MECHANISMS OF ACCUMULATION

Although the basic idea of the mitochondrial
theory is straightforward, its plausibility as an
explanation of ageing depends critically on the
details of the accumulation process. In particular,
it is necessary to explain how the fraction of
defective mitochondria becomes ampli"ed and
why the cell does not preserve a steady state
simply by replacing defective mitochondria with
intact ones (Comfort, 1974). The simplest mecha-
nism to avoid this problem suggests that, because
defective mitochondria generate more radicals
than intact ones, the cellular radical level pro-
gressively rises, leading in turn to an increased
production of mitochondrial mutants (Linnane
et al., 1989; Wallace, 1989; Arnheim & Cor-
topassi, 1992). In this scenario, the individual
mutant mitochondria do not need to have a div-
ision advantage and a clear prediction is that one
should see a plethora of di!erent mtDNA mu-
tants in older cells. However, several studies have
shown that muscle "bres with abnormalities of
the electron transport system are apparently
taken over by a single form of mutant mtDNA
(MuK ller-HoK cker et al., 1993; Brierley et al., 1998).

The apparently clonal expansion of defective
mitochondria requires that they have some kind
of selection advantage. The most common sug-
gestion is that the defective mitochondria that are
formed through deletion events divide faster be-
cause they have smaller genomes (Lee et al.,
1998). However, this poses several problems. All
protein products encoded by mtDNA are re-
quired for some step of the energy generation
process. Any damage to the mtDNA is therefore
likely to result in a more or less severe impair-
ment of ATP production. Before a mitochon-
drion can divide, several processes requiring
energy or a proton gradient have to take place.
Firstly, the amount of respiratory enzyme
subunits, encoded by the mitochondrion, has to
be doubled by protein synthesis inside the
mitochondrial matrix. Secondly, all other pro-
teins have to be imported from the cytoplasm
(requiring a proton gradient). Thirdly, the
mtDNA has to be replicated. Although mito-
chondria with mtDNA deletions require less en-
ergy for the replication process this is only
a small fraction of the total energy needed for
division and is very unlikely to compensate for
the overall energy shortage. A deletion of 5 kb
saves the mitochondrion ca. 20 000 ATP mole-
cules which is less than what is required for
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the synthesis of 30 average-sized proteins of
40 000 Da. Considering this, it is di$cult to see
how a defective mitochondrion can achieve an
accelerated division rate. Furthermore, defective
mitochondria have been observed to accumulate
without large mtDNA deletions (Wallace et al.,
1988; Moraes et al., 1989).

Shoubridge et al. (1990) proposed two novel
mechanisms to account for the ampli"cation of
defective mitochondria. Their "rst hypothesis as-
sumed that the cell compensates for a reduced
oxidative potential by stimulating mitochondrial
proliferation. However, to ensure that intact
and damaged organelles are not stimulated
equally, it was necessary to postulate that this
feedback mechanism operates selectively at the
level of individual mitochondria. The second hy-
pothesis of Shoubridge et al. (1990) suggested
that mitochondrial mutations might delete or
inactivate a negative cis-acting proliferation con-
trol element, but did not specify which parts
of the mitochondrial genome might serve as
such control element. However, it has been found
that deletions covering several non-overlapping
regions of the mtDNA are ampli"ed (Khrapko
et al., 1999), which contradicts the idea of a speci-
"c cis-acting element being deleted.

All ideas discussed so far are inconsistent with
an important experimental "nding. Studies com-
paring the levels of damaged mitochondria in
di!erent tissues found the highest levels in post-
mitotic tissues, like brain and muscle, with much
lower levels being found in liver or skin, which
are mitotically much more active (Cortopassi
et al., 1992; Sugiyama et al., 1993; Lee et al., 1994).
But this is opposite to what is predicted if defec-
tive mitochondria replicate faster. Whenever
a cell divides, its mitochondrial population has to
double in number. Mitochondria in dividing tis-
sues therefore have higher growth rates than
mitochondria in post-mitotic tissues. But if defec-
tive organelles proliferate faster than intact ones,
they should accumulate faster in cells with higher
overall mitochondrial growth rates. In other
words, defective mitochondria should accumu-
late more rapidly in dividing tissues than in post-
mitotic cells.

The di$culty is that the experimental "ndings
point to a clonal expansion of defective mito-
chondria (muscle "bre studies) but at the same
time rule out a faster division rate of these
mitochondria (mitotic vs. post-mitotic tissues).

1.2. AMPLIFICATION THROUGH

DIFFERENTIAL TURNOVER

A resolution of the above di$culty was o!ered
by a hypothesis that damaged mitochondria ac-
cumulate because they have a delayed degrada-
tion rate (de Grey, 1997). Mitochondria are
turned over through lysosomal breakdown.
Newly synthesized mitochondria are degraded
after a period of 2}4 weeks (Huemer et al., 1971;
Menzies & Gold, 1971). The net growth rate of
the mitochondrial population is the dif-
ference between the synthesis (birth) and degra-
dation (death) rates, and this applies also to
mitochondrial sub-populations. Therefore, mito-
chondrial mutants can accumulate in a popula-
tion either by increasing their division rate or by
lowering their rate of degradation, by compari-
son with the wild type. If defective mitochondria
are degraded more slowly than wild type, they
will undergo clonal expansion without requiring
a faster proliferation rate. This idea has been
called &&survival of the slowest''.

The central point of de Grey's hypothesis was
the suggestion that mitochondria are targetted
for degradation depending on the amount of
membrane damage. The more the membrane
damage, the faster the breakdown. Defective
mitochondria, by which we mean mitochondria
with some damage to their DNA, have decreased
respiratory activity and in#ict damage to their
membranes at a slower rate than undamaged
mitochondria. This may at "rst sight seem
surprising, since it is reasonable to assume that
defective mitochondria have a signi"cantly in-
creased radical production (Bandy & Davison,
1990). To understand why increased radical pro-
duction does not necessarily mean more injury to
the membrane, we have to take a closer look at
the chemistry of free radicals. The superoxide
radical, Oz~

2
, is the major radical species gener-

ated by the respiratory chain. However, only its
protonated form, the perhydroxyl radical, HOz

2
,

is reactive enough to abstract hydrogen atoms
from lipid molecules (Halliwell & Gutteridge,
1989). Healthy mitochondria pump protons
across the inner mitochondrial membrane into



FIG. 1. Generation of membrane damage in intact and damaged mitochondria. Intact mitochondria (left) pump protons
across the inner membrane that can react with superoxide radicals to form perhydroxyl radicals, HOz

2
, which are reactive

enough to initiate membrane damage. While defective mitochondria (right) produce more superoxide radicals than intact
ones, the accumulation of membrane damage is reduced because fewer protons are available to form the reactive perhydroxyl
radical. This idea was originally proposed by de Grey (1997).

148 A. KOWALD AND T. B. L. KIRKWOOD
the inter-membrane space where they can react
with superoxide to give the reactive perhydroxyl
radical (Fig. 1). While defective mitochondria
produce more Oz~

2
radicals, they have a re-

duced proton gradient (Guidot et al., 1995) so
that the resulting level of HOz

2
and therefore the

rate of membrane damage accumulation will be
lower.

In addition to de Grey's original idea, we
propose that damaged mitochondria divide at
slower rates than intact ones. The reason for this
is the above-mentioned energy shortage, from
which damaged mitochondria su!er. To explain
why damaged mitochondria accumulate faster in
post-mitotic tissues than in dividing tissues, de
Grey suggested that cell division has a rejuvenat-
ing e!ect on mitochondria. Before mitochondria
divide they increase in size by incorporating new
(undamaged) lipids into their membrane. Thus,
division acts as a mechanism that dilutes mem-
brane damage. While agreeing with de Grey
about the diluting e!ect of cell division on
membrane damage, we do not see how this alters
the degree of damage in the mitochondrial
genome. It therefore seems necessary also to as-
sume that defective organelles have a reduced
growth rate.
2. A Modelling Approach

Delayed degradation of defective mitochon-
dria is an attractive hypothesis, but the verbal
formulation of this idea is not su$cient to estab-
lish that it works as proposed. Until experimental
results are available we can at least test whether
the idea works at the theoretical level by develop-
ing a mathematical model. We describe below
a model to study the dynamics of damage accu-
mulation in a mitochondrial population under
the two assumptions that (i) damaged mitochon-
dria are degraded more slowly than intact ones,
and (ii) damaged mitochondria have a growth
disadvantage.

2.1. OVERVIEW OF THE MODEL

Figure 2 gives an overview of the model, which
divides the mitochondrial population into two
major classes, intact mitochondria with no dam-
age to their DNA (M

Mi
) and defective ones which

have su!ered some form of mtDNA damage
(M

DMi
). It is assumed that defective mitochondria

have a diminished proton gradient and produce
more superoxide radicals and less ATP than
healthy ones. However, both classes of mitochon-
dria accumulate membrane damage (although at



FIG. 2. Biochemical reactions described by the model. Two main classes of mitochondria are considered, those with and
without DNA damage (M

DM
, M

M
). These are further divided into sub-classes containing little, medium and much membrane

damage. The di!erent classes of mitochondria produce di!erent amounts of radicals, which cause the transition of
mitochondria from one damage class to another. Finally, the mitochondria are degraded with a rate constant that is
proportional to the amount of membrane damage. For a more detailed description, see the text.
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di!erent rates) so that a further subdivision is
necessary. The mitochondria are divided into
three further groups based on their amount of
membrane damage. M

M1
and M

DM1
stand for

mitochondria with no or only slight damage to
their membranes, M

M2
and M

DM2
contain a me-

dium amount and M
M3

and M
DM3

a large
amount of damaged membranes. Mitochondrial
turnover is proportional to the level of mem-
brane damage and so the relation c'b'a
holds for the decay rates. RAD

M
represents the

superoxide radical concentration in intact
mitochondria and RAD

DM
the radical level in

damaged mitochondria. RAD
M

can interact with
the membranes of intact mitochondria (via the
perhydroxyl radical) with a rate k

M
, shifting

mitochondria into a higher membrane damage
class, or it can damage the mitochondrial DNA
(with a rate k

D
), converting intact mitochondria

into defective ones. Once mitochondria have suf-
fered DNA damage, further reactions with
radicals (now RAD

DM
) can only increase the

amount of membrane damage. However, since it
is assumed that defective mitochondria accumu-
late damage to their membranes at a slower rate,
k
M

is reduced by the membrane di!erence factor
(MDF). Finally, the model contains a generic
antioxidant species (AO

x
) which destroys rad-

icals. The main reason for including such a spe-
cies in the model is to provide a sink for radicals,
which otherwise would increase without limit.

The model consists of nine ordinary di!eren-
tial equations describing the time course of the
di!erent molecular species. Six equations are
needed for the various types of mitochondria,
one for the level of antioxidants, one for the ATP
level and one for the amount of radicals. Although
the model contains di!erent radical levels for
damaged and intact mitochondria, it turns out
that under certain assumptions these values can
be calculated from one equation (see Section 2.3).

2.2. SYNTHESIS RATES

Mitochondria are continually being turned
over, which means new mitochondria must be
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synthesized to balance their degradation. It is
assumed that the synthesis rate is controlled by
the cellular energy level. A low A¹P concentra-
tion stimulates mitochondrial growth, while a
high concentration diminishes it. This is known
as product inhibition. The mathematical con-
struct used to simulate this behaviour is given by

k
1

1#(A¹P/A¹P
c
)n

. (1)

This arti"cial promoter has been used success-
fully in other models (Kowald & Kirkwood,
1994, 1996) and is also employed here. Depend-
ing on the amount of A¹P it results in a value
between zero and k

1
, which can be interpreted as

the activity of this promoter. If A¹P is equal to
A¹P

c
, the &&promoter control parameter'', activ-

ity is reduced to 50%. The constant n determines
how sensitive the promoter is to deviations of the
energy level from A¹P

c
.

1
M

M1
#(2/(GDF#1))M

M2
#(1/GDF)(M

M3
#M

DM1
#M

DM2
#M

DM3
)
X , (2)
Although mitochondria contain their own
genetic material, they cannot be treated as self-
replicating entities, because the genes coding for
the overwhelming majority of their proteins are
located in the nucleus and these proteins have to
be imported from the cytoplasm. Therefore, the
synthesis rate is not proportional to the number
of existing mitochondria, but has a "xed upper
limit, k

1
.

Expression (1) is further modi"ed to take into
account the fact that the synthesis of macro-
molecules requires energy and that the synthesis
rate is proportional to the A¹P concentration in
the cell. Hence, the expression is multiplied by
A¹P/(A¹P#A¹P

c
). This construct has the

attractive property that new mitochondria are
produced only if energy levels are low, but that
biosynthesis works best with a high-energy
charge.

The resulting expression describes the total
number of new mitochondria that is synthesized
per time interval, but it does not specify to which
class they belong. If all classes of mitochondria
grew at the same rate, the total number would
simply have to be distributed proportionally be-
tween the six di!erent classes. However, because
of the assumed growth disadvantage of defective
mitochondria, the contributions to the di!erent
classes have to be weighted. All mitochondria
with DNA damage have the same growth disad-
vantage, GDF, because their oxidative phos-
phorylation is non-functional. GDF is the factor
by which the growth rate is reduced compared to
intact mitochondria. The same growth disadvan-
tage is assumed for mitochondria with intact
DNA but with the highest amount of membrane
damage (M

M3
). For mitochondria with intact

DNA and a medium amount of damage (M
M2

),
the growth disadvantage is assumed to be
(1#GDF)/2. Taking these considerations into ac-
count the fraction of the total number of new
mitochondria that belongs to a given damage
class is given by
where X speci"es mitochondria of the given dam-
age class. In the case of intact mitochondria
X"M

M1
, for intact mitochondria with a medium

amount of membrane damage X"(2/(GDF#1))
M

M2
, and for all other classes X"M/GDF.

2.3. RADICAL LEVELS

Figure 2 shows that the model includes two
di!erent radical levels. In this model Rad

M
is the

number of radicals in a single intact mitochon-
drion and Rad

DM
is the number of radicals in

a mitochondrion that su!ered damage to its
DNA. It is assumed that radicals are generated at
a "xed rate and that their removal is propor-
tional to the existing amount of radicals. The
equations can therefore be written as

dRad
M

dt
"k

R
!f Rad

M
, (3)

dRad
DM

dt
"RDF k

R
!f Rad

DM
. (4)



FIG. 3. Dilution of membrane damage through mito-
chondrial growth and its implementation in the model. As
explained in Section 2.4, the incorporation of new proteins
and lipids into existing mitochondrial membranes leads to
a reduction in the level of membrane damage. The maximum
amount of membrane damage is de"ned as unity and
mitochondria are assigned to one of the three classes
(M

1
, M

2
, M

3
), depending on the degree of damage. The new

damage level (ND¸) can be calculated with respect to the
growth rate [eqn (5)] and the diagram shows how this a!ects
mitochondria that were originally in M

3
. For further details,

see Section 2.4.
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k
R

is the rate of radical production of intact
mitochondria and it is assumed that the produc-
tion rate of defective mitochondria is increased
by a factor RDF, the &&radical di!erence factor''.
In the complete model, f is a function that
depends on the amount of antioxidants per
mitochondrion [eqn (15)], but for any instant of
time it is identical for eqns (3) and (4). These
equations can be solved analytically and if
Rad

M
(t"0)"Rad

DM
(t"0), then Rad

DM
/Rad

M
"

RDF holds. Therefore, only one equation is ne-
cessary to describe the time course of radicals in
this model.

2.4. DILUTION OF MEMBRANE DAMAGE

An important aspect of de Grey's original idea
was that fast mitochondrial growth acts as a
rejuvenation mechanism, because it dilutes mem-
brane damage. When newly synthesized compo-
nents are incorporated into the mitochondrial
membrane, the pre-existing level of membrane
damage is reduced and the new damage level,
ND¸, is the result of mixing existing membrane
components with the new ones. If, for example,
the amount of new membrane components its
equal to the existing ones, ND¸ is 50%. This can
be formalized and what follows holds for all
mitochondria with a growth disadvantage of
GDF (M

DM1
, M

DM2
, M

DM3
, M

M3
):

ND¸"

M
DM

S (M
DM

/GDF)#M
DM

"

GDF
S#GDF

, (5)

where S is the total amount of newly synthesized
mitochondria as de"ned by eqn (17) (see below).
In this model, we used three di!erent classes to
group the amount of membrane damage into
low, medium and high. If ND¸ is for instance
75%, we need to know how this a!ects the num-
ber of mitochondria in the three damage classes.
This situation is depicted in Fig. 3. The minimal
amount of membrane damage is zero and the
maximum amount is de"ned as one. The di!erent
damage classes are represented by dividing the
range 0}1 into three equal segments. Under the
assumption that the membrane damage is evenly
distributed between 2/3 and 1 (upper grey box),
a 25% reduction (ND¸"0.75) means that the
new distribution of membrane damage is given
by the lower grey box ranging from 0.5 to 0.75.
From this diagram we can now calculate the
fraction of mitochondria leaving M

3
to be (valid

for ND¸'2/3):

2/3!2/3ND¸

1/3ND¸

"2
S

GDF
. (6)

Of course, not only do some mitochondria
leave M

3
and enter M

2
, but also some mitochon-

dria that were originally in M
2

become shifted to
M

1
. Following the same line of reasoning as

above, this fraction turns out to be (valid for
ND¸'1/2):

1/3!1/3ND¸

1/3ND¸

"

S
GDF

. (7)

The calculation of ND¸ is slightly di!erent
for M

M2
which have a growth disadvantage

of (GDF#1(2))/2. Here ND¸
MM2

"(GDF#1)/
(2S#GDF#1) and the fraction leaving M

M2
is

2S/(GDF#1). We do not need to be concerned
about M

M1
, since their membrane status cannot

improve.

2.5. THE EQUATIONS

From the assumptions given in the previous
sections, the di!erential equations of the model
can be developed (Fig. 4). The model consists of
six equations for the di!erent mitochondrial



FIG. 4. Equations of the model. The equations describe the time course of genetically intact and defective mitochondria
with little, medium and much membrane damage (M

M1
, M

M2
, M

M3
, M

DM1
, M

DM2
, M

DM3
), antioxidants (AOx), radicals

(Rad
M

) and the A¹P level.
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classes, and one each for the level of antioxidants,
radicals and ATP. Although the equations might
in some respects have been written more com-
pactly, we chose this representation to improve
clarity. The di!erent terms of eqns (8)}(13) de-
scribe the consequences of growth and radical
damage on the numbers of mitochondria in the
various classes. To illustrate this, consider eqn (8)
that describes the time course of intact mitochon-
dria with little membrane damage (M

M1
). The

"rst term de"nes the increase of M
M1

caused by
synthesis of new mitochondria. The next term
describes the fraction of mitochondria belonging
to M

M2
which are converted into M

M1
because of
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the membrane damage dilution e!ect (see last
section). The last term summarizes all processes
leading to a loss of M

M1
, i.e. decay (with rate

constant a), acquisition of further membrane
damage (k

M
), or DNA damage (k

D
). Similar terms

exist for the other equations like eqn (12) for
M

DM2
. The individual expressions describe loss

and gain caused by the damage dilution process,
increase through M

M2
that su!ered DNA dam-

age and M
DM1

that acquired further membrane
damage, and "nally the loss because of degrada-
tion and membrane damage. In some of these
terms, the expression (RDF/MDF) Rad

M
appears.

This re#ects the fact that the amount of superox-
ide radicals in defective organelles can be cal-
culated from Rad

M
by applying the factor RDF,

but that the damaging e!ect is reduced by the
factor MDF, because the level of the reactive
perhydroxyl radicals is actually much lower.

Equation (14) for the antioxidants consists of
just two expressions describing synthesis and
degradation. Synthesis is controlled by the A¹P
level and the antioxidant promoter. As for
mitochondria, it is assumed that a low level of
A¹P diminishes the protein synthesis rate.

In the model it is assumed that the removal of
radicals, eqn (15), depends on the amount of
antioxidants per mitochondrion. Other possibili-
ties exist, e.g. elimination depending on the total
amount of antioxidants, but do not change the
qualitative results of the model.

Regarding the generation of energy [eqn (16)]
it is assumed that A¹P production is directly
proportional to the proposed growth disadvan-
tage. This means that M

M2
generates half of the

energy of M
M1

and that all other types of
mitochondria do not contribute to the cellular
energy production. The model incorporates three
energy-consuming processes, the synthesis of
mitochondria, the synthesis of antioxidants and
a "xed amount k

EC
which represents all other

energy-consuming processes of the cell that are
not explicitly included in the model.

A list of all the parameters used, and of their
standard values, is given in Table 1.

3. Results

With a fairly large model like this, many di!er-
ent simulations are possible and only a small
selection can be presented here. The following
simulations were chosen because they highlight
important aspects of the underlying idea.

3.1. MITOCHONDRIAL TURNOVER RATE

Because the rate of mitochondrial degradation
plays a central role in the proposed hypothesis, it
is of particular interest to investigate the conse-
quences of varying this parameter on the stability
of the system. In the model, the total mitochon-
drial turnover is controlled by the decay rates a,
b and c which govern the removal of mitochon-
dria with little, medium and much membrane
damage (see Fig. 2). The standard values used for
the simulations (see Table 1) led to half-lives of
10, 2 and 1 weeks for the three di!erent levels of
membrane damage. The values were chosen ac-
cording to average values determined experi-
mentally (Huemer et al., 1971; Menzies & Gold,
1971). For the simulation shown in Fig. 5(a), the
standard values of the decay rates a, b and c
were used and the system quickly reached
a stable steady-state. How the steady-state values
were in#uenced by the turnover rate is displayed
in Fig. 5(b). For convenience, the turnover rate is
shown here in multiples of the standard turnover
rate. This means the time course shown in
Fig. 5(a) approaches the steady-state values cor-
responding to a turnover rate of one in Fig. 5(b)
(dotted line). If the turnover rate is too slow
((0.6) or too high ('11), the system has no
stable steady-state, which means that the
mitochondrial population will "nally break
down. The A¹P consumption, which can be de-
rived from eqn (16), increases with accelerating
turnover rate, reaches a maximum around 9 and
then decreases rapidly. In this and all other "g-
ures, separate scaling factors have been applied
to all variables, so that they can be displayed in
one diagram (see the "gure legends for speci"c
details).

3.2. EFFECTS OF THE GROWTH DIFFERENCE FACTOR,

GDF

In his original publication (de Grey, 1997), de
Grey proposed that cell division acts as rejuven-
ating mechanism without the necessity for a dif-
ference in the growth rates of defective and intact
mitochondria. We investigated this possibility by



TABLE 1
Standard parameters used for the simulations

Name Value Description

a 0.01 d~1 Decay rate for mitochondria with little membrane damage (M
M1

, M
DM1

). The resulting half-life
is 70 d

b 0.05 d~1 Decay rate for mitochondria with medium membrane damage (M
M2

, M
DM2

). The resulting
half-life is 14 d

c 0.1 d~1 Decay rate for mitochondria with much membrane damage (M
M3

, M
DM3

). The resulting half-life
is 7 d

d 0.693 d~1 Decay rate for antioxidants. The resulting half-life is 1 d
MDF 10 Factor specifying how much more slowly mutant mitochondria accumulate membrane damage

than intact ones
RDF 2 Factor specifying how many more radicals are generated by mutant mitochondria than by intact

ones
GDF 5 Factor specifying the growth rate di!erence between intact and mutant mitochondria
k
M

0.003 d~1 Constant controlling the rate of membrane damage accumulation
k
D

0.003 d~1 Constant controlling the rate of mtDNA damage accumulation
k
1

100 d~1 Maximum number of mitochondria synthesized per day
k
2

100 d~1 Maximum number of antioxidants synthesized per day
k
3

7000 d~1 Rate of radical removal by antioxidants in units of 106. This value is based on the work of Rotilio
et al. (1972) concerning superoxide dismutase

k
EM

400 Molecules of A¹P needed for the synthesis of a mitochondrion in units of 106. It is assumed that
the main costs are synthesizing lipids and proteins in the membrane and the proteins of the
matrix. To calculate these costs the following assumptions have been made: a mitochondrion is
a rod-like structure 0.5 lm in diameter and 1 lm long. The matrix consists of 18% proteins with
an average weight of 40 000 Da. The membrane consists of 75% protein, which is equivalent to 25
lipid molecules per protein. The diameter of a lipid is ca. 1.5 and 5.5 nm for a protein. Finally, 800
molecules of A¹P are required to synthesize one protein and 15 molecules to synthesize one lipid.
These assumptions are based on data from Alberts et al. (1994) and Stryer (1988)

k
EP

0.0008 Molecules of A¹P needed for the synthesis of one antioxidant protein in units of 106. A size of
400 amino acids is assumed

k
EC

106 d~1 Amount of A¹P consumed per day per cell in units of 106. This value is calculated under the
assumptions that the speci"c metabolic rate for humans is 0.25 ml of O

2
per g h~1 (Adelman

et al., 1988), that six molecules of A¹P are generated from each molecule of oxygen and that the
cell volume is 1000 lm3

k
R

900 d~1 Radicals produced by genetically intact mitochondria per day in units of 106. It is assumed that
106 radicals are generated per second per cell (Joenje et al., 1985) and that the cell has
a mitochondrial population of ca. 100

k
ATP

1200 d~1 A¹P produced per day by a functional mitochondrion (M
M1

) in units of 106
A¹P

c
100 Promoter control parameter for the synthesis of mitochondria. If the A¹P level is equal to A¹P

c
the promoter is 50% repressed

PAO
x

1 Promoter control parameter for the synthesis of antioxidants. If the radical level is equal to PAO
x

the promoter is 50% activated

154 A. KOWALD AND T. B. L. KIRKWOOD
setting the parameter GDF to one. Figure 6(a)
shows the result of the calculation. To model this
situation we introduced cell divisions into the
simulation. To mimic a cell division, the concen-
trations of all molecular species are reduced to
50% (symmetric division) or lower (asymmetric
division, e.g. 80 :20). To strengthen the process of
damage dilution, we used for this simulation an
80 :20 asymmetric division. The population de-
teriorated and collapsed after about 300 time
steps. This result was independent of the time
span between divisions. Figure 6(b) makes clear
why the cell "nally had to succumb. As predicted,
cell division a!ected the ratio of mitochondria
with medium membrane damage to mitochon-
dria with little membrane damage (M

M2
/M

M1
).

After each division, mitochondria grew by incor-
porating new proteins and lipids into their mem-
brane which improved the membrane quality.
However, the ratio of mitochondria with and
without genetic damage (M

DM1
/M

M1
) was not

a!ected by this process and increased continu-
ously. If there is no growth di!erence, no-
thing can prevent the "nal collapse. Varying the



FIG. 5. Computer simulations showing the e!ect of di!erent mitochondrial turnover rates. To display all variables in one
diagram, appropriate scaling factors have been applied to the data for the radicals (500) and A¹P (10~6). (a) For this
calculation, the standard values given in Table 1 for the mitochondrial turnover rates a, b and c were used. This resulted in
half-lives for mitochondria with little, medium and much membrane damage of 10, 2 and 1 week, respectively. In this case, the
population quickly reaches a stable steady state. (b) In this diagram, the turnover rate (in multiples of the standard values
given in Table 1) was varied over a wide range and the e!ects on the steady state levels are shown. The important conclusion is
that a turnover rate which is either too low ((0.6) or too high ('11) leads to an unstable system. The dotted line indicates
a turnover rate of one, which was used for the calculation of the time course shown in (a).

FIG. 6. Simulation incorporating cell division and no di!erence in the growth rate between genetically intact and damaged
mitochondria (GDF"1). (a) Every 50 time steps an asymmetric cell division (80 :20) was simulated by reducing all variables to
20%. The simulation was started with 500 intact mitochondria (M

M1
) and while the number of M

M1
diminished with each

division, defective mitochondria (M
DM1

) increased continually in number until all types died out. (b) This diagram shows the
ratios of mitochondria with medium and little membrane damage (M

M2
/M

M1
), left axis, and with and without DNA damage

(M
DM1

/M
M1

), right axis, for the simulation displayed in (a). While the M
M2

/M
M1

ratio drops after each cell division, the ratio
of genetically damaged to intact mitochondria rises constantly and is not in#uenced by cellular division.
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turnover rate, antioxidant level or radical gen-
eration slowed this process, but did not pre-
vent it.

The situation was completely di!erent if we
assumed that defective mitochondria grew slower
than healthy ones. Figure 7 shows the results
obtained using the standard values given in
Table 1 (GDF"5). The mitochondrial popula-
tion was stable [Fig. 7(a)] and investigation of
the ratios of di!erent damage classes demon-
strated that in this case cell division not only
reduced membrane damage, but also the ratio of
genetically damaged mitochondria to intact ones
[Fig. 7(b)].

3.3. CELL DIVISION RATE

An important experimental "nding is that de-
fective mitochondria accumulate preferentially
in post-mitotic cells (Cortopassi et al., 1992;



FIG. 7. Simulation with cell division and with di!erence in the growth rate between genetically intact and damaged
mitochondria (GDF"5). (a) Every 50 time steps an asymmetric cell division (80 :20) was simulated by reducing all variables to
20%. The simulation was started with 500 intact mitochondria (M

M1
) and shows a dynamic steady state. (b) This diagram

shows the ratios of mitochondria with medium and little membrane damage (M
M2

/M
M1

), and with and without DNA damage
(M

DM1
/M

M1
) for the simulation displayed in (a). Under these conditions not only was the M

M2
/M

M1
ratio reduced after each

cell division but also the ratio of genetically damaged to intact mitochondria.
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Sugiyama et al., 1993; Lee et al., 1994). The simu-
lations shown in Fig. 8 investigated if cell division
could rescue a normally unstable mitochondrial
population. By setting the decay rates to 50% of
their standard values and the damage rates
k
M

and k
D

to 0.01, a situation was created which
led to rapid cellular breakdown [Fig. 8(a)].
By introducing a division every 50 time units
[Fig. 8(b)], the cell survived for almost twice as
long, but the "nal collapse was not prevented.
However, increasing the division rate to one
every 25 time units improved the situation and
the cell could maintain a dynamic steady state
[Fig. 8(c)]. Not only the division rate but also the
size of the daughter cells was important for stabil-
ity. While in Fig. 8(b) and (c) daughter cells were
created with 50% of the size of the mother cell,
this size was reduced to 20% for the simulation
shown in Fig. 8(d). This situation resembles more
a budding process, such as is seen in the yeast
Saccharomyces cerevisiae. Interestingly, in this
case of asymmetric division, a division event
every 50 time units was su$cient to prevent a
collapse.

3.4. FREQUENT FUSION SCENARIO

The model can also be used to study another
scenario for the accumulation of damaged
mitochondria, which has not been mentioned so
far. For yeast, it has been shown convincingly
that after mating, mitochondria undergo con-
stant fusion and "ssion (ca. 0.5 fusion/"ssion
events per minute) and e!ectively form one large
network (Nunnari et al., 1997). Under these con-
ditions, the link between genotype (damaged
mtDNA) and phenotype (decreased rate of mem-
brane damage accumulation) is broken and the
&&survival of the slowest'' idea does not work.

In this situation, all mtDNAs share the same
environment (A¹P, proton gradient, etc.) and
now it becomes possible that deleted mtDNAs
have a replication advantage because of their
reduced size. To explain why damaged mitochon-
dria accumulate preferentially in post-mitotic
tissues, it could be argued that oxygen consump-
tion in these organs is unusually high (neurons)
or is subjected to high bursts (muscle).

Although it is unclear whether mammalian
cells also undergo frequent mitochondrial fusion,
we can explore this idea without any modi"ca-
tion to the equations. For this purpose we set
GDF to 0.5, since we now assumed that defective
mtDNAs had a replication advantage and we ran
the simulation with low (mitotic tissues) and high
(post-mitotic tissues) values for k

R
, the radical

production rate. Figure 9 summarizes simulation
results for dividing cells and shows that under
these conditions the higher the rate of division
(short inter-division time), the shorter was the
predicted lifespan, while decreasing radical gen-
eration generally extends the cellular lifespan.



FIG. 8. These results show the e!ect of cell division on the stability of the mitochondrial population. (a) Initial situation
without division. Reducing the turnover rate to 50% of the standard value and setting the rate constants k

M
and k

D
to 0.01 led

to a rapid collapse of the system. (b) Simulation with a cell division every 50 time steps. Although the breakdown was
postponed it still occurred after ca. 250 time steps. (c) However, if the inter-division time was reduced from 50 to 25 the
population achieved stability. (d) The same result was obtained with a division every 50 time steps and asymmetric cell
division, as in the case of S. cerevisiae. Here it was assumed that the daughter cell has only 20% of the volume of the mother
cell. , Radicals (Rad

M
); , ATP; , defective mitochondria (M

DM1
); , intact mitochondria (M

M1
).
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Lifespan in this context is de"ned as the time
until the number of healthy mitochondria has
dropped to 10% of the initial value. It can also
be seen that it is, in principle, possible that
a dividing cell, A, that produces only few radicals
lives longer (accumulates less damage) than a
cell, B, that is post-mitotic, but produces many
radicals.

4. Discussion

In our model we analysed two modi"cations to
the standard mitochondrial theory of ageing,
namely, that damaged mitochondria are assumed
to be degraded slower than intact ones, as sug-
gested by de Grey (1997), and that damaged
mitochondria have a growth disadvantage. The
assumed growth disadvantage "ts much better to
the impaired generation of energy and reduced
proton gradient of defective mitochondria. The
delayed degradation gives damaged mitochon-
dria a selective advantage. This leads to a clonal
expansion of damaged mitochondria, even
though they proliferate slower than intact ones.
This theoretical result is important because it
agrees with the above-mentioned "ndings that
single muscle "bres are taken over by one or only
a few types of mtDNA mutants (MuK ller-HoK cker
et al., 1993; Brierley et al., 1998). Finally, the
simulations showed that cellular division can
rejuvenate and stabilize the mitochondrial popu-
lation (Fig. 8). Consequently, the modi"ed
mitochondrial theory correctly predicts that
post-mitotic tissues should accumulate mito-
chondrial damage faster than mitotically active
tissues.

Figure 5 shows that stability can also be
produced by a fast (but not too fast) turnover rate
of mitochondria. According to Fig. 2, intact and
mutant mitochondria accumulate damage to
their membranes and progress into a higher
membrane-damage class. Increasing the turnover



FIG. 9. Simulations studying a scenario in which frequent
mitochondrial fusion and a growth advantage (GDF"0.5)
for genetically defective mitochondria was assumed (see text
for details). Although under these conditions rapid cell divis-
ion shortened the lifespan it is under certain conditions
possible that a mitotic cell A, with a low radical generation
has a longer lifespan than a post-mitotic cell, B, with a high
radical production.
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rate reduces the time during which mitochondria
can experience damage before they are degraded.
As a result, the average damage level declines.
A similar e!ect would be observed in the popula-
tion of automobiles within a city, if all cars had to
be scrapped when they reached two years of age.
By adjusting the turnover rate, a cell can thus
regulate the state of the mitochondrial popula-
tion. Note that this is also true for post-mitotic
cells. The drawback is that the degradation and
synthesis of new mitochondria is energetically
costly and so stability has to be paid for.

In the case of Fig. 8, turnover rates are not
a!ected and so the stabilizing e!ect of cell divis-
ion must be explained in another way. At "rst
sight this seems straightforward. After cell divis-
ion, the daughter cells have to double in size and,
during the accompanying expansion of the
mitochondrial population, healthy mitochondria
should outgrow defective ones, thereby rejuven-
ating the population. However, it cannot in real-
ity be so simple, because the growth di!erence
between intact and damaged mitochondria (GDF
in Table 1) is independent of the absolute growth
rate. If intact mitochondria were to grow "ve
times as fast as damaged ones, they would do this
in a dividing cell as well as in a non-dividing one.
To understand what is happening, assume for the
moment that only two types of mitochondria
exist*intact and damaged ones*which are syn-
thesized at constant rates X and > and which
decay with a rate a. As a rough approximation,
the growth of intact mitochondria relative to the
growth of damaged organelles is given by

MQ
M

MQ
DM

"

X!aM
M

>!aM
DM

.

For fast growth rates this approaches X/> which
is exactly the growth di!erence factor, GDF,
given in Table 1. However, for smaller growth
rates (and low levels of M

DM
) this ratio declines,

which means that intact mitochondria have the
largest growth advantage in rapidly dividing
cells. For the health of a mitochondrial popula-
tion, the net growth rates (synthesis minus decay)
of intact and damaged mitochondria are impor-
tant, while GDF only controls the ratio of the
synthesis rates; and although GDF is independent
of the absolute synthesis rate, the net growth rate
is not.

The idea that defective mitochondria have
a decreased turnover rate because they in#ict
less damage on their membranes than intact
mitochondria rests on the connection between
genotype and phenotype. This connection would
be done away with if mammalian mitochondria
were to undergo frequent fusion and "ssion as
Nunnari et al. (1997) have observed for yeast
cells. In this situation, all mtDNAs e!ectively
share the same energy, protein and membrane
pool, and mutated genomes can bene"t from the
products of functional ones. In this context, it is
conceivable that the reduced size of deleted
genomes confers a replication advantage. Deleted
mtDNAs would accumulate clonally which
might explain the "ndings that muscle cells are
taken over by one mutant and that the mtDNA
mutations found in old cells are mostly deletions
and not point mutations. As stated in Section 1.1,
a problem with this scenario is that it still results
in preferential damage accumulation in mitotic
tissues. Therefore, it has to be assumed that there
are large di!erences in oxygen consumption (and
hence radical production) between mitotic and
post-mitotic tissues. Figure 9 shows that such
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a scenario could, in principle, work but only if the
di!erences in radical generation are large enough
to outweigh the accelerated damage accumula-
tion that is intrinsic to rapid cell division under
these conditions. It should also be noted that in
this scenario there is no possibility of permanent-
ly maintaining a stable mitochondrial popula-
tion. It would be hard to reconcile this with the
apparent immortality of cancer cell lines or of the
germ-line. Finally, results of Attardi et al. (1995)
indicate that mitochondrial fusion events might
be much less frequent in human cells than in
yeast.

In summary, our model and simulations dem-
onstrate that the idea of a delayed degradation of
defective mitochondria together with a growth
disadvantage can indeed explain several experi-
mental observations which were di$cult to be
reconciled with the earlier ideas. We do not sug-
gest that accumulation of defective mitochondria
is necessarily the only process contributing to
cellular deterioration [see, for example, Kowald
& Kirkwood (1996) where we develop a network
model including other processes]. However, it is
important to establish the internal consistency of
the mitochondrial theory itself. Although other
interpretations cannot be ruled out without fur-
ther experimental work, the proposed modi"ca-
tions explain the experimental "ndings quite
successfully. However, if this line of thinking is
correct, it might have important consequences
for wider aspects of ageing research. One impor-
tant prediction of the model is that rapid cell
division is an e$cient mechanism for slowing (or
even preventing) the decline of the mitochondrial
population. This suggests that tissue culture ex-
periments, which study cell ageing in vitro, might
underestimate the contribution from mitochon-
drial-related cell degeneration to cell ageing
in vivo, since most in vitro studies are performed
under conditions of rapid cell division.

We thank Peter Hammerstein, Aubrey de Grey and
Peter Sozou for helpful discussions and the referees for
their comments.
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