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Aging has been associated with the accumulation of damages in molecules and organelles in cells, particularly mitochon-
dria. The rate of damage accumulation is closely tied to the turnover of the affected cellular components. Perturbing mito-
chondrial turnover has been shown to significantly affect the rate of deterioration of mitochondrial function with age and
to alter lifespan of model organisms. In this study, we investigated the effects of upregulating autophagy using lithium
in Caenorhabditis elegans. We found that lithium treatment increased both the lifespan and healthspan of C. elegans
without any significant change in the mortality rate and oxidative damages to proteins. The increase in healthspan was
accompanied by improved mitochondrial energetic function. In contrast, mitochondrial DNA copy number decreased
faster with age under lithium. To better understand the interactions among mitochondrial turnover, damage, and function,
we created a mathematical model that described the dynamics of functional and dysfunctional mitochondria popula-
tion. The combined analysis of model and experimental observations showed how preferential (selective) autophagy of
dysfunctional mitochondria could lead to better mitochondrial functionality with age, despite a lower population size.
However, the results of model analysis suggest that the benefit of increasing autophagy for mitochondrial function is

expected to diminish at higher levels of upregulation due to a shrinking mitochondrial population.
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GING is characterized by progressive deterioration of

an organism at all levels (genetic, molecular, cellular,

and organismal), weakening its ability to maintain homeo-
stasis (1). Aged cells accumulate damaged macromolecules
(eg, lipofuscin, aberrant proteins, and protein aggregates)
and have reduced energetics due to dysfunctional mitochon-
dria (2). The build-up of damaged molecules and organelles
coincides with a reduction in protein and mitochondrial
turnover processes (2) and is thought to play a role in the
pathogenesis of age-related diseases. The relationship
between damage accumulation and aging and age-related
diseases is the basis for damage-based theories of aging (3).
The key target organelles of damage accumulation in this
context are mitochondria. Although the main role of mito-
chondria is to carry out cellular respiration through oxida-
tive phosphorylation, these organelles are also involved in a
wide range of regulatory processes that are vital to cellular
homeostasis, such as iron metabolism, fatty acid oxidation,
apoptosis, cell cycle, and cell signaling (4). Mitochondrial
function declines with age (5), alongside with a decrease
in mitochondrial DNA (mtDNA) and mitochondria-related
mRNA abundance, and an increase in reactive oxygen spe-
cies generation (6,7). This decline is also accompanied by a
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reduction in mitochondrial autophagy (mitophagy) (8) and
mitochondrial biogenesis (mitogenesis) (9—11). Mitophagy
in this study refers to both selective and nonselective deg-
radation of mitochondria by the cellular autophagy system.
The slowdown of mitochondrial turnover has been proposed
to contribute to the deterioration of mitochondrial quality
control and function, and consequently to contribute to the
pathogenesis of age-related diseases and aging itself (2,12).
Modulation of key parameters controlling mitochondrial
turnover, function, and repair is therefore a promising target
for interventions to the aging process (13-15).

In support of this approach, there is evidence in mice that
perturbation of mitochondrial turnover can significantly
affect mitochondrial function. For example, in a mouse
model of mitochondrial myopathy, overexpression of per-
oxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a), a transcription co-activator involved in
mitochondrial biogenesis (16), led to improved mitochon-
drial function (adenosine triphosphate [ATP] levels), delayed
onset of myopathy, and prolonged lifespan (17). On the
other hand, inhibiting autophagy has been shown to result in
aging-like phenotypes, such as accumulation of lipofuscin-
like material and dysfunctional mitochondria (18), increased
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generation of reactive oxygen species (19), and symptoms of
neurodegeneration in mice (20). In contrast, pharmacologi-
cal intervention using rapamycin has been shown to upregu-
late autophagy (21) and extend the lifespan of mouse, worm,
and fruit fly (22,23). Treatment with rapamycin has also
been shown to permit a faster clearance of aberrant proteins,
such as mutant huntingtin and a-synucleins (24,25).

Searching the literature for additional pharmacological
modulators of mitophagy, we found in vitro evidence that
lithium treatment upregulates autophagy (24). Lithium has
been used for the treatment of bipolar disorder for over
100 years (26). The efficacy of lithium in treating bipolar
disorder has been proposed to arise from its upregulation
of neurotrophins such as brain-derived growth factor and
nerve growth factor (27). Lithium is also a neuroprotec-
tive agent that prevents neuron apoptosis (28). In addition,
lithium has also been shown to enhance the generation of
pluripotent stem cells (29) and is capable of stimulating neu-
rogenesis (30). These effects, along with the upregulation of
autophagy by lithium (24), have motivated the use of lithium
in the treatment of neurodegenerative diseases (31,32).

Lithium has previously been shown to increase ATP
production in primary bovine aortic endothelial cells, in
which such an increase was attributed to higher mitochon-
drial mass (33). Interestingly, lithium treatment has been
reported to extend lifespan in Caenorhabditis elegans pre-
viously (22,34). Furthermore, the concentration of lithium
in tap water was found to be inversely correlated with all-
cause mortality in 18 different Japanese municipalities (34).
However, in the study by McColl and colleagues (22), an
altered expression of genes encoding nucleosome-associ-
ated functions was proposed to be responsible for the lifes-
pan extension. Here, we explore if lithium treatment in C.
elegans leads to increased autophagy and if this increase is
associated with reduced damage accumulation with age and
improved mitochondrial function. To this end, we examined
the effects of lithium on C. elegans lifespan and healthspan,
ATP production, mtDNA copy number, and oxidative dam-
age. Given the complex and dynamic interplay between lith-
ium-induced and age-related changes in cellular processes,
we formulated a model of mitochondrial damage accu-
mulation, describing the population balance of functional
and dysfunctional mitochondria. We combined experiment
and model-based analysis to gain a better understanding of
nonintuitive trends in the experimental data and to lay any
mechanistic explanation of lithium effects on a more quan-
titative ground.

METHODS

Nematode Strains and Maintenance

The JK1107 (glp-1) and DA2123 (adls2122[lgg-1:GFP
rol-6(df)]) C. elegans strains were used in the lifespan study
and the assessment of autophagy, respectively. The DA2123

strain was obtained from the Caenorhabditis Genetic Center
(Minneapolis, MN). DA2123 worms were maintained at
20°C on nematode growth medium (NGM) agar plates,
while JK1107 worms were cultivated at 25.5°C to prevent
progeny. NGM was prepared as previously described (35)
with an addition of streptomycin to a final concentration
of 200 pg/mL. Streptomycin at this concentration exhib-
ited no effect on the mitochondrial oxygen consumption of
wild-type N2 worms (see Supplementary Figure S1). A dis-
cussion on the use of streptomycin in C. elegans lifespan
studies is also included in the supplementary information.
Streptomycin-resistant Escherichia coli strain OP50-1 was
added to each plate (50 pL of 10'° cells/mL of E coli stock
per plate).

Lithium Administration

Lithium chloride (LiCl) was dissolved in highly purified
water to a final concentration of 10 mM and added to freshly
autoclaved NGM just before solidification (55-60°C). In all
experiments, synchronous cultures of worms were obtained
from hypochlorite treatment (35). The worm eggs were
allowed to hatch on control NGM plates that did not con-
tain LiCl. Subsequently, worms in the lithium-treated group
were transferred as young adult (Day 3 posthatching) to
NGM plates in the presence of LiCl.

Lifespan and Motility Studies

JK1107 worms were cultivated at a permissive tempera-
ture of 16°C and moved to 25.5°C as eggs for the lifespan
study. Populations of young adult worms (Day 3 posthatch-
ing) were transferred to plates with and without LiCl and
counted every 1-3 days depending on the prevalent mor-
tality. Worms that failed to respond to mechanical stimuli
were scored as dead and removed from the plate. Worms
that had crawled off onto the sides of the plate and died
away from the agar were excluded from the analysis. The
study was performed under blinded condition as described
in the study by Schaffer and colleagues (13), where the con-
trol and treatment plates were randomly assigned a plate
number by an operator unrelated to the lifespan experiment.
Age-synchronized JK1107 worms were assessed both for
spontaneous locomotion and response to prodding with a
platinum wormpick, and their activity was scored as previ-
ously described (36).

Motility and Mortality Analysis

Using the survival curves of control and LiCl-treated
worms obtained from blinded experiments, the linear
region of the log mortality (m(¢)) was used in the calcu-
lation of mortality with a discrete time interval of 2 days.
The Gompertz function (m(t) = Ae“), which describes the
age-related exponential increase in mortality, was fitted
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to these data to generate the estimates of the parameter A,
which describes the age independent factor in mortality,
and the parameter G, which describes the age-dependent,
exponential increase in mortality. The mortality rate dou-
bling time was subsequently calculated from G, according

to MRDT = In [é] (37).

Assessment of Autophagy

L4 DA2123 worms (Day 2 posthatching) were transferred
to control and LiCl NGM plates. The plates were incubated
at 20°C overnight. The worms were mounted onto a 5%
agar pad with 1-2 pL of sodium azide as described in the
study by Shaham (38) and imaged. Two sets of 35 images
were acquired for control and lithium-treated worms, and
the images (70 in total) were randomly labeled and scored
by three operators unrelated to this study. The statistical sig-
nificance was determined using a binomial test and only the
highest p-value was reported.

ATP Assay

The ATP assay was performed as described in the study
by Schaffer and colleagues (13). A population of 100
worms was collected in M9 buffer and washed three times
to remove residual bacteria. After washing, the worms were
flash frozen using liquid nitrogen and stored in —80°C. For
the assay, the worms were taken out of storage and re-sus-
pended in trichloroacetic acid (10%, 50 pL). After re-sus-
pension, the worms were immediately lysed in water bath
sonicator (Soniclean, Thebarton, Australia) for 5 minutes.
The water bath was kept cool using ice. Tubes were kept
on ice for an additional 15 minutes before centrifugation
at 15,000g at 4°C for 5 minutes. The supernatant and ATP
standard were pipetted into a white 96-well plate, followed
by an addition of arsenite ATP buffer. The ATP levels
were measured using a luminometer (Infinite 200, Tecan,
Minnedorf, Switzerland) preprogrammed to inject 150-pL
firefly lantern extract (2mg/mL in water). The lumines-
cence signal was integrated for 10 seconds.

Mitochondrial Copy Number Quantification

Mitochondrial copy number was quantified according
to Schaffer and colleagues (13). Briefly, individual worms
(glp-1) were transferred from NGM plates into polymer-
ase chain reaction tubes containing 50 puL of lysis buffer.
The worms were put through two cycles of freeze and
thawed at —80°C in order to break their cuticle and to
aid in the lysis process. Following the freeze thaw cycles,
the worms were incubated at 60°C for 1 hour and 95°C
for 10 minutes to inactivate proteinase K. Mitochondrial
copy number of individual worms was determined using
quantitative real-time polymerase chain reaction using
standards where the copy number was known from serial
dilution.

Protein Carbonyl Determination

Protein carbonyl determination was performed accord-
ing to Schaffer and colleagues (13). A population of 200
worms (glp-1) was collected in M9 buffer in microfuge
tubes and washed three times to remove any residual
bacteria. The samples were re-suspended in 100 pL of
phosphate-buffered saline with Tween-20 (0.1% Tween-
20 in phosphate-buffer saline; 1% BASE, Science Park,
Singapore) containing 1 mM of phenylmethylsulfonyl
fluoride and sonicated on ice at 40% amplitude (Vibra-cell,
Sonics & Materials, Newtown, CT) for 20 pulses, each
lasting 5 seconds, with 1 second in between pulses. Protein
concentrations of the samples were determined using the
D _-Protein Assay (Bio-Rad, Hercules, CA). Derivatization
of the samples was performed as follows: 5 pL of worm
lysate was added to 5 pL of 12% sodium dodecyl sulfate
and 10 pL of 20 mM 2,4-dinitrophenylhydrazine and incu-
bated for 15 minutes at room temperature. Afterwards, 7.5
pL of neutralization solution (2 M Tris, 30% glycerol)
was added. Lysate containing 1 pg of protein was then
loaded to a slot blot apparatus (Bio-Rad). Using vacuum,
the proteins were transferred onto a nitrocellulose mem-
brane (Bio-Rad). After blocking for nonspecific binding,
the membrane was probed with anti-2,4-dinitrophenylhy-
drazine antibody (Chemicon International, Temecula, CA),
followed by a secondary detection by horseradish peroxi-
dase-conjugated anti-rabbit IgG antibody. All incubations
were performed for 1 hour at room temperature. Antibody-
bound proteins were detected by chemiluminescence using
Chemidoc XRS imaging system (Bio-Rad, Milan, Italy).
All chemicals and antibodies used in this assay were
obtained from Oxyblot Protein Oxidation Detection Kit
(Chemicon International).

Statistical Analysis

The mean lifespan calculation and the log-rank test were
performed using OASIS (39). Statistical analyses for the rest
of the data were performed on MATLAB (The MathWorks,
Natick, MA). Significance of the mean was assessed using
analysis of variance, and p values lesser than .05 (*) and .01
(**) were considered to be statistically significant.

RESULTS

Lithium Leads to Increased Lifespan and Better
Locomotor Phenotype

Cohorts of wild-type control worms (glp-1) were exposed
to 10 mM of LiCl from Day 3 after bleaching. Treatment
of 10 mM LiCl has been shown to reduce inositol levels
(40) and provide the maximum increase of median lifes-
pan in C. elegans (22). In this study, the LiCl treatment was
found to result in approximately 10% increase in the mean
lifespan, without any change in the maximum lifespan
(see Figure 1A). The healthspan of lithium-treated worms
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Figure 1. (A) Kaplan—Meier survival curves of JK1107 (glp-1) worms exposed to 10 mM of lithium chloride (LiCl). Scoring was conducted using randomized and
blinded samples. The survival curves were found to be significantly different using a log-rank test (p < .0001). The mean lifespan for the control and lithium-treated
worms are 19.56 days (95% CI [18.86, 20.26]) and 21.7 days (95% CI [20.96, 22.44]), respectively. (B) Motility phenotype of surviving worms. Surviving worms
on each scoring day were classified into three motility phenotypes according to the study by Herndon and colleagues (36). Class A worms are constantly moving and
respond strongly to prodding by moving away from stimulus. Class B worms are stationary unless prodded and leave behind tracks that are nonsinusoidal. Members
of class C do not move when prodded, but only flex their head in response to stimulus. (C) Mortality rate of control and LiCl-treated worms. The mortality rate dou-
bling time for the control and LiCl-treated worms were not statistically significantly different.

was also found to be better preserved, as shown by slower
decline in locomotor phenotype at all ages in comparison
to nontreated cohorts (see Figure 1B). The mortality rate
doubling time was estimated by fitting the survival curve
from Day 10 to Day 22 to the Gompertz function (37). The
estimated mortality rate doubling time for control and LiCl-
treated worms were 2.67 and 2.25 days, respectively (see
Figure 1C). However, the difference in the mortality rate
doubling time between the two groups was not statistically
significant, indicating that lithium treatment did not signifi-
cantly slow the rate of aging.

Lithium Induces the Formation of lgg-1:GFP Puncta in
C. elegans Strain DA2123

The possible induction of autophagy in C. elegans by
lithium was investigated using worm strain DA2123, car-
rying lgg-1:GFP (green fluorescent protein) fusion protein
(41). As Igg-1 is the worm ortholog of mammalian ubig-
uitin-like protein LC3, upon enhancement of autophagy,
lgg-1:GFP should appear as puncta under a fluorescence
microscope corresponding to preautophagosomal and
autophagosomal structures (42). Exposure to 10 mM of
LiCl for 12 hours during young adult life (Day 2) led

to a statistically significant redistribution (p < 107*) of
lgg-1:GFP from diffused to punctate foci (see Figure 2).
The p-value was obtained from blinded scoring of the
GFP images (n = 70). However, it should be noted that
the appearance of Igg-1:GFP puncta could also increase
if the later stages of the autophagy were suppressed.
Because lithium has been previously shown to induce
autophagy in mammalian cell culture by inhibiting ino-
sitol monophosphatase (24), we hypothesize that lithium
induces autophagy in C. elegans and therefore the exten-
sion of lifespan and healthspan in lithium-treated worms
was concomitant with the upregulation of autophagy.

Lithium Increases Mitochondrial Energetics but Lowers
mtDNA Copy Number

To investigate if lithium treatment resulted in a better
preservation of mitochondrial function with age, the ATP
levels were measured in control and lithium-treated worms
at different ages. Consistent with our previous study (43),
control worms exhibited an age-related decrease in the
ATP production (see Figure 3A). Although lithium-treated
worms did not exhibit any significant change in the ATP
level 24 hours after treatment (Day 4), the ATP levels of
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Control

LiCl

Figure 2. Cellular localization of Igg-1:GFP in intestinal cells of control (left column) and lithium chloride (LiCl)-treated worms at 10mM of LiCl for 24 hours
(right column). The punctuate foci distribution of /gg-1:GFP represents the preautophagosomal and autophagosomal structures.

Li-treated group were 72% and 53% higher than those
of the control group on Day 8 and Day 14, respectively
(p <.01). In addition, we measured the mtDNA copy num-
ber as a function of age from the two study groups, the
result of which is presented in Figure 3B. Both groups
showed an age-related decline in the mtDNA copy num-
ber. Lithium treatment increased the mtDNA amount by
12% at 24 hours after exposure (p < .01). Despite this ini-
tial increase, the mtDNA copy number in lithium-treated
worms on Day 8 and Day 14 were 13% (p < .05) and 31%
(p <.01) lower than that in control group, respectively (see
Figure 3B).

Lithium Treatment Does Not Affect Oxidative
Protein Damage

Age-related decline in autophagy has been proposed to
be an important factor contributing to the accumulation
of oxidative damaged macromolecules (12). Therefore,
we determined levels of total protein carbonyl content
(PCC), a marker of global oxidative protein damage in
control and lithium-treated worms. Both groups showed a
similar age-dependent increase in the oxidative damage.
However, the PCC levels of the lithium-treated worms
were not statistically different from the control group (see
Figure 3C).

Population Balance Model of Mitochondria

In order to better understand how lithium may improve
mitochondrial function, we propose a mathematical model
that describes the population of functional and dysfunc-
tional mitochondria. The model equations are given as
follows:

dM
E_V, —kM,—k,M, (1)

dM
L= —ak M, +k,M, )

The first equation describes the population balance of
functional mitochondria M,, where M, is generated by
mitochondrial biogenesis at a rate of V,, and removed by
mitophagy and damage with rate constants of k, and k,
respectively. Similarly, the population of dysfunctional
mitochondria M, is affected by their removal through
mitophagy and generation through damage process.
Mitophagy is modeled to be selective, as (dysfunctional)
mitochondria with lowered membrane potential have been
shown to be preferentially removed (44). Specifically, the
mitophagy of M is scaled by a factor o> 1. The model
equations described above are general enough to describe
both selective and nonselective autophagy of dysfunctional
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Figure 3. (A) Mean adenosine triphosphate (ATP) levels on Days 4, 8, and 14 for control and lithium chloride (LiCl)-treated worms (**p < .01). (B) Age-
dependent decline in mean mitochondrial DNA copy number in control and LiCl-treated worms (*p <.05, **p <.01). (C) Age-dependent increase in protein carbonyl
content (PCC) in control and LiCl-treated worms. The mean PCC levels between the control and lithium-treated worms were not significantly different (Day 4: p
=.09; Day 8: p =.13; Day 14: p = .23, by analysis of variance). These assays were performed for three biological repeats, and for the PCC, each biological repeat
corresponds to the average of three technical repeats. The error bars indicate the standard deviation of the mean.

mitochondria, in which case the parameter a denotes the
effective increase in the autophagy due to selectivity.

The steady-state population can be obtained by setting
the time derivatives in equations (1) and (2) to 0, resulting
in the following algebraic equations:

v, /k,

=_b-Ta 3

" Ak, 1k, &

MDS:iMFS:‘/b/ku kd/ka (4)
ook, o |14k, /k,

where the subscript s denotes steady-state condition. The
total population of mitochondria at steady state M. | is sim-
ply the sum:

%—(a—l)MD,s (5)

a

MT,S = MF,S +MD,S =

The model was implemented in MATLAB. The steady-state
values of mitochondrial populations were computed using
the parameter ranges in Table 1.

Table 1. Model Parameters

Range of

Parameter Values Remarks

o 3-24 Autophagosome formation was observed
between 1 and 8 h for depolarized
mitochondria and ~24 h for normal
mitochondria (45).

v, 1k, 50-200 The ratio was based on an average number
of mitochondria per cell of 80 (46).

k, Ik, 0.1-3

There are a few immediate implications from the model
regarding how steady-state mitochondria population var-
ies with changes in the biogenesis, mitophagy, and dam-
age rates. First, the steady-state population of mitochondria
(M, .M, , and M, ) depends linearly on the relative
balance between biogenesis and mitophagy V, /k, (see
Table 1), and not on the turnover rate constants V, and ka,
the values of which are still uncertain (47). When the dam-
age rate becomes higher, that is, increasing k, /k,, M,
will expectedly rise (see equation 2). However, because
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mitophagy is selective (¢ > 1), higher M 1, Will lead to an
increase in the overall mitophagy activity and, therefore, a
decrease in M, as suggested by equation (5). Note that in
absence of selectivity in mitophagy (& =1), M, depends
onlyonV, /k,.

DiscussIoN

The reduction of mtDNA in Li-treated group at older
ages is perhaps not unexpected in light of the upregulation
of autophagy. But, the improvement in the ATP levels in
Li-treated cohort over control, despite the drop in the mtDNA
copy number, suggests that lithium can boost the overall ener-
getics of the mitochondrial population in C. elegans. We rely
on a trend analysis of the mitochondrial population model to
explain and better understand the effects of lithium. In the
model analysis, the aging process and lithium are assumed to
cause changes in the model parameters (ie, V., ka, and k - We
make the assumptions that (a) age-related parameter drifts
occur slowly enough such that the mitochondrial populations
can be approximated by their steady-state values (pseudo-
steady-state assumption) and (b) the parameter change due
to lithium occurs instantaneously when compared with the
parameter drift due to aging. By these assumptions, the num-
ber of functional, dysfunctional, and total mitochondria can
be computed using equations (3)—(5). Figure 4A and B show
the contour lines of total and dysfunctional mitochondria
at steady state as a function of the parameter ratios V, / k,
and k, / k, based on these model equations. In the following
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analysis, we also assume that the number of mtDNA in a
single mitochondrion remains roughly constant, such that
an increase in the mtDNA copy number corresponds to an
increase in the mitochondrial number. This assumption is
based on studies showing that the occurrence of large mito-
chondria is rare (48-50), and larger mitochondria are more
likely to undergo mitochondrial fission (51).

As mentioned earlier, aging has been associated with
a decline in mitochondrial biogenesis and autophagy
(10,52,53) and an increase in oxidative damage (12,54)
(also see Figure 3C). Following these observations, we
have drawn the direction of age-related parameter drift on
Figure 4A (control arrow) such that V, /k, is maintained
constant, but k, / k, increases. According to equations (3)
and (4), higher k, / k, without any change in V, / k, will lead
to a smaller population of functional mitochondria M, and
a larger population of dysfunctional mitochondria M, , as
shown in Figure 4B. Due to the selectivity of mitophagy,
larger M, means a higher overall mitophagy rate, and by
equation (5), the total mitochondria M, is expected to drop.
Figure 4A shows that the aging parameter drift corresponds
to a decrease in M, , in agreement with our experimental
data showing decreésing mtDNA copy number with age.
Note that any parameter drift in the same general direction
of increasing k, / k, is associated with a lower total mito-
chondria, that is, the assumption that V, / k, remains con-
stant with aging can be relaxed.

In order to draw the age-related parameter drift for lith-
ium-treated worms, we observe that (A) lithium upregulated
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Figure 4. Contour lines of (A) total mitochondria M, , (B) dysfunctional mitochondria, and (C) the ratio of functional to dysfunctional mitochondria M rol Mp,
using a = 10. The arrows show the postulated parameter drift associated with aging in the control and Li-treated worms.
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autophagy (Figure 2), (B) lithium did not affect the PCC
levels (Figure 3C), and (C) lithium led to a small increase
in the mtDNA copy number initially (Day 4), but caused
a faster age-related decrease (Figure 3B). Observation
A implies that lithium-treated worms should have a higher
k, than the control, while observation B suggests that the
parameter k, should remain roughly the same as the control.
Therefore, the ratio k, / k, and possibly V, / k, of the treat-
ment group should be smaller than that of the control at the
same ages. Although intuition suggests that enhancement
of autophagy by lithium should lead to fewer mitochondria,
our experimental data on mtDNA copy number indicated
otherwise, at least initially.

The model can be used to give an explanation for this
counterintuitive observation. When k, / k, is lowered, the

ratio M. /M, given by
MF,.\' — (04 6
MD,s kzl /ku ( )

will increase (see Figure 4C). In other words, upregulat-
ing autophagy will shift the mitochondria population to be
more functional, and the magnitude of this shift scales with
the selectivity of mitophagy. Consequently, as functional
mitochondria are removed at a slower rate than dysfunc-
tional ones, increasing mitophagy may not necessarily lead
to more removal of mitochondria (functional/dysfunctional)
and to a smaller mitochondrial population M. .. As shown in
Figure 4A (Day 4 worms, Li-treated vs control worms), for
an appropriately chosen V, /k and following observation
C, the two contradicting forces can cancel out. Although
lithium treatment has been associated with the upregulation
of both mitochondrial biogenesis and autophagy, the lower
V, Ik, ratio indicates that mitophagy is influenced more
strongly than biogenesis.

The age-related parameter drift in the lithium-treated
worms is drawn in Figure 4 by copying the drift of the con-
trol group, starting from a lower k, / k, and V, / k, values.
Figure 4A shows a faster age- related drop in M,  for the
Li-treated group, reproducing the mtDNA data in Flgure 3B
(observation C). This model prediction can be explained
by looking at equation (4), which suggests that the effect
of increasing k, / k, on M, diminishes with higher k, / k,
(see the term in brackets in equat1on 4). At very highk, / k_,
most mitochondria are already dysfunctional and increas-
ing k, /k, further will not lead to proportionally higher
M, Because lithium lowers k, / k,, the aging parameter
dr1ft for lithium-treated worms corresponds to a higher
increase in M, and thus, a faster decrease in M, with age
(see Figure 4A and B). Nevertheless, it should be noted that
under lithium treatment, M, is always lower than that of
control (see Figure 4B). Therefore the higher increase in
M, with aging for Li-treated group should not be viewed as
an acceleration of mitochondrial dysfunction, but rather as
a consequence of the shift in the proportions of functional
and dysfunctional mitochondria.

Currently, there is no experimental data that can directly
specify the age-related changes in the mitochondrial bio-
genesis, autophagy, and damage rates in control and lith-
ium-treated worms. Nevertheless, the contour lines of the
total mitochondria M, in Figure 4A are more compressed
in the region with lower k, / k, and V, / k, values, indicating
higher sensitivity of M, to changes in the parameter val-
ues. We note that the higher sensitivity is proportional to the
strength of selectivity of mitophagy (a values, see equation
5). Therefore, the insight from our model, where in lithium-
treated worms, the faster drop in the total mitochondria is
due to the population shift to functional mitochondria, does
not depend on how the age-related parameter drifts were
drawn for these worms.

The cellular ATP is an indicator of the respiratory capac-
ity of the cell. The most straightforward assumption using
the number of functional mitochondria M, as a met-
ric of cellular respiratory function could not explain the
ATP increase by lithium. The population of functional
mitochondria closely resembles M, , where M,  drops
with increasing k,/k, (see Supplementary Frgure SI).
Therefore, we explain the ATP increase by relating the
mitochondrial respiratory capacity to the ratio of func-
tional and dysfunctional mitochondria (see equation 6).
Figure 4C shows the contour line of the ratio M /M,
as a function of V, / k, and k, / k,. We have duplicated the
age-related parameter drifts for control and lithium-treated
groups from Figure 4A to Figure 4C. Except for Day 4, the
changes in M, /M, in the direction of the age-related
parameter drifts are consistent with the upregulation of
ATP by lithium (on Days 8 and 14).

The deviation on Day 4 is perhaps not unexpected as
the complete effects of lithium on mitochondrial popula-
tion and cellular energetics may require more than 1 day.
For example, in bovine endothelial cells, mitochondrial
mass, transcription factors related to mitochondrial bio-
genesis, oxidative phosphorylation components, and ATP
levels continue to increase between 24 and 36 hours of
lithium exposure (33). Unfortunately, we are not aware of
any tool to directly measure the ratio of M, /M,  in C.
elegans, and thus, the outcome of the model analys1s could
not be directly validated. Nevertheless, the importance of
the ratio of M py My ,not M, in the production of ATP
is consistent with observations in aged skeletal muscle,
in which oxidative phosphorylation deficiency in atro-
phied muscle fiber correlated with a low ratio of wild-type
to mutant mtDNA and not with the amount of wild-type
mtDNA (55). Hence, the model analysis suggests that the
cell benefits from the selectivity of mitophagy (¢ > 1), as
upregulation of autophagy can boost the M. /M,  ratio
and ATP production. In addition, the beneﬁt of lithium
comes at a cost of having a smaller mitochondrial popu-
lation. When the number of functional mitochondria
becomes too small, below a certain threshold, we expect
that the ATP improvement cannot be sustained, regardless
of the ratio M, /M, .
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It is to some degree possible to counter the decline in
mitochondrial function with age through life-style interven-
tions such as exercise and calorie restriction, both of which
have been shown to upregulate the expression of PGC-1a
(56) and mitophagy, thereby increasing mitochondrial turno-
ver (57). Endurance exercise has also been shown to prevent
mtDNA depletion and mutations, increase mitochondrial
oxidative capacity and respiratory chain assembly, and even
prevent premature death and progeroid aging in mtDNA
mutator mice (58). However, exercise could neither slow the
age-related decline in mtDNA copy number and the expres-
sion of mitochondrial respiratory genes nor increase the
maximum lifespan of rats (59). Nevertheless, the population
of mitochondria could tilt toward a higher functional to dys-
functional ratio as a result of exercise, which similar to the
lithium treatment here, would lead to a better preservation of
mitochondrial function with age. On the other hand, calorie
restriction has been found to slow the age-related decline in
PGC-1a expression (60), improve mitochondrial activity in
the skeletal muscle of aged animals (but not young ones)
(60,61), and to increase the maximum lifespan in a range of
organisms (from yeast to rats) (62).

CONCLUSION

In this study, LiCl treatment has been shown to positively
influence the lifespan and healthspan of C. elegans. The
extension of median lifespan and healthspan was accompa-
nied by improvements in mitochondrial energetics, as indi-
cated by an increase in the ATP levels. Our experimental
study showed that lithium exposure upregulated autophagy.
This increase was not associated with any significant
change in the global oxidative damage level. Interestingly,
the improvement in mitochondrial energetics was accom-
panied by a decrease in the mtDNA copy number with age.
In order to provide an explanation for these observations, a
population balance model of mitochondria was formulated,
describing how the numbers of functional and dysfunctional
mitochondria and their ratio were affected by mitochondrial
biogenesis, selective mitophagy, and mitochondrial damage
process. A trend analysis of this model was subsequently
performed based on current understanding and our experi-
mental observations. The analysis suggested that (a) lithium
elicits a greater increase in autophagy than in mitochondrial
biogenesis, (b) the cellular respiratory capacity is correlated
with the ratio of functional and dysfunctional mitochondria,
and (c) the increase in the ATP levels by lithium is due to
a higher ratio of functional to dysfunctional mitochon-
dria. One corollary from the model analysis was that the
improvement in the mitochondrial respiratory function by
upregulating selective mitophagy might be associated with
a cost in terms of lowered mitochondrial population size.
The model trend analysis thus offered a simple-yet-elegant
explanation on how increasing (selective) autophagy by
lithium could improve mitochondrial energetics.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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