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Bladder cancer (BC) is a major cause of mortality worldwide. Risk factors for BC development are male gen-
der, age and exposure to carcinogens and especially cigarette smoking. Since it is not clearly understood why
aging is an important BC risk factor, in this review we try to find common features between BC and aging.
Evidence suggest that oxidative stress and mitochondrial dysfunction may link aging to BC, thus opening new

perspectives in terms of preventive measures and novel potential therapeutic targets.
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INTRODUCTION

Bladder cancer (BC) is the ninth most common cancer
worldwide. The most common risk factors for BC are
smoking, male gender, age and exposure to environ-
mental or occupational carcinogens such as arsenic,
chromium, nickel and cadmium .

Carcinogens may trigger BC by inducing excessive re-
active oxygen species (ROS) production and oxidative
stress. High concentrations of ROS are pathogenic and
can cause severe damage to cell and organelle mem-
branes, DNA, and proteins, thus leading to cancer 2.
There is strong evidence linking oxidative stress and
BC. Serum levels of vitamins C and E, whole blood lev-
els of antioxidant enzymes like Superoxide dismutase
and Glutathione peroxidase, and serum antioxidants
were found to be significantly lower in patients than in
controls, whereas serum malondialdehyde levels were
found to be significantly higher, indicating presence of
oxidative stress in BC patients 2. Moreover, with advanc-
ing stage of BC, the levels of oxidative stress increase
while the levels of antioxidant molecules decrease sug-
gesting that they may be important factors in tumor
development and growth 4. The oxidative stress is one

of the key hallmarks also of the aging process and is
linked to the development of numerous age-related dis-
eases including cancer. Therefore, ROS, oxidative dam-
age, aging, and aging-dependent diseases like cancer
seem to be connected.

Mitochondria are the center of the oxidative metabo-
lism and the principal site of ROS production. Accord-
ing to the “Mitochondrial free radical theory of aging”,
aging is associated with progressive mitochondrial
dysfunction °. This process is due to accumulation of
mitochondrial DNA (mtDNA) mutations and increased
ROS production leading to oxidative damage to cellular
macromolecules, decline in mitochondrial quality con-
trol, reduced activity of metabolic enzymes, as well as
changes in mitochondrial morphology, functionality and
finally to reduced respiratory chain activity and adeno-
sine triphosphate (ATP) generation ©.

The risk of BC increases with age, with age-specific
curves increasing steeply after the age of 50 yr . Since
the population is aging, BC will become an even bigger
public health challenge in the future. This review there-
fore aims to find a possible link between aging and BC
that can provide novel opportunities for prevention and
treatment of this disease.
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MITOCHONDRIA

Mitochondria are essential organelles in all eukaryotic
cells. They are the powerhouse that provides ATP for a
multitude of cellular processes by the oxidative phos-
phorylation system. They are the hub of metabolic
pathways, primary sources of ROS, regulators of ap-
optosis as well as signal transduction regulators, and
buffers of intracellular calcium 7. Mitochondria contain
mitochondrial DNA (mtDNA), a small DNA of approxi-
mately 16569 bp, which codes for 2 rRNAs (12S and
16S), 22 tRNAs, and 13 proteins subunits of four of
the five complexes of the respiratory chain & MtDNA
is more susceptible to ROS-induced mutations (point
mutations or deletions) than nuclear DNA since it is
located close to mitochondrial respiratory chain, the
major source of ROS in the cell. Point mutations and
deletions are the two most frequent types of mutations
that arise in mtDNA genome mainly due to spontane-
ous errors during mtDNA replication or damage repair.
Not all mtDNA mutations, however, are deleterious to
cells; some may result in dangerous events, others
may be simple neutral polymorphisms with no impor-
tant functional consequences. Moreover, it is important
to know the percentage of mutant mtDNA molecules
(threshold) that can lead to a dysfunction of the mito-
chondrial respiratory apparatus. A pathogenic mutation
would need to rise up from 60 to over 95% of level to
have a functional impact on the respiratory chain °.

Apart from alterations of mtDNA (deletions, point
mutations, and copy number), mitochondrial dysfunc-
tions may also involve altered expression or damage
of mitochondrial proteins and enzymes coded by nu-
clear DNA. To ensure maximal mitochondrial function,
the mitochondrial quality control systems is active to
protect mitochondria from ROS damage at the protein,
DNA, and organelle level. At the protein level, mitochon-
dria are protected by antioxidant systems, DNA repair,
protein folding and degradation. At organelle level,
damage activates mitochondrial biogenesis (de novo
synthesis of mitochondria), mitochondrial dynamics
(fusion and fission of mitochondria) and mitochondrial
autophagy, also known as mitophagy " '". Mitochon-
drial number and shape depend on mitochondrial bio-
genesis and dynamics. Mitochondria continuously join
by the process of fusion and divide by the process of
fission. Fusion is mediated by mitofusin-1 (Mfn1) and
mitofusin-2 (Mfn2) in the outer mitochondrial mem-
brane and by OPA1 in the inner membrane; Fission
is mediated by dynamin related protein 1 (Drp1) and
mitochondrial fission 1 protein (Fis1) 2. The machinery
regulating mitochondrial dynamics is highly integrated
with mitophagy, with which it plays a role in mitochon-
drial quality control. Upon fission, mitochondria can be

segregated into polarized and depolarized daughter mi-
tochondria. While polarized daughter mitochondria can
undergo fusion, depolarized mitochondria are targeted
by mitophagic proteins to degradation @ 4, Mitophagy
promotes turnover of dysfunctional mitochondria that
would otherwise hamper the cell homeostasis '°. Im-
portant proteins in mitochondrial protein quality control
systems are Lon protease and CLPP, two ATP-de-
pendent protease located in mitochondrial matrix that
contribute to the degradation of abnormal proteins as
well as the maintenance of mitochondrial function 1" 6

MITOCHONDRIAL ALTERATIONS IN AGING

The mitochondrial free radical theory of aging sus-
tains that mitochondrial ROS production increases
with age because of an age-related decline of several
ROS-scavenging enzymes and a decline in mitochon-
drial function. ROS increase leads to accumulation of
mtDNA mutations, and a vicious cycle occurs because
somatic mMtDNA mutations impair respiratory chain
function, which in turn results in a further increase in
ROS production and accumulated oxidative damage to
proteins, lipids, and DNA °. According to this theory,
mitochondrial alterations have been extensively de-
scribed in aging tissues of many organs . In particular,
a key reported feature of aging mitochondria was the
increase in somatic point mutations and large deletions
in the mitochondrial DNA (mtDNA) '8 ', Since mtDNA
encodes essential parts of the oxidative phosphoryla-
tion machinery, mutations of mtDNA cause oxidative
phosphorylation dysfunction and a decline of cellular
function. In addition, the number of mitochondria have
been showed to decrease with age ?°, thus contributing
to the impaired ATP production and respiratory chain
activity observed in the elderly 2'. Altered mitochondrial
dynamics was reported during aging. In particular, the
fusion protein Mfn2 is repressed in muscle during ag-
ing, determining the inhibition of mitophagy and of mi-
tochondrial quality control that lead to the accumulation
of damaged mitochondria 22,

Age-related decline in Lon expression and/or its proteo-
lytic activity occurs in parallel with the accumulation of
damaged proteins in rat liver mitochondria isolated from
aged animals suggesting that Lon is a stress-response
protein playing a key role in maintaining mitochondrial
function. However, an increase of Lon protease expres-
sion was reported in rat heart 2® suggesting that its ef-
fect in aging may vary from one organ to another.

MITOCHONDRIAL ALTERATIONS IN BC

The best characterized metabolic phenotype of tumor
cells is the Warburg effect. Many years ago Otto War-
burg observed that cancer cells actively metabolize
glucose and produce an excess of lactate even in the
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presence of oxygen, the so-called reverse Pasteur ef-
fect or aerobic glycolysis. He guessed that malignant
cells should harbour defects in the respiratory chain of
mitochondria and that cancer cells are able to increase
the glycolytic rate to compensate the lower energy yield
per single glucose. Also in BC the main energy source
to sustain uncontrolled cells growth and proliferation is
an aerobic glycolysis-dependent metabolism; indeed,
BC cells display increased expression of genes coding
for glycolysis, for the pentose phosphate pathway, and
for fatty-acid synthesis 2 suggesting a deficit of mito-
chondrial activity in this cancer.

MtDNA mutations have been described in BC 2528 in the
form of point mutations, single-base deletions, and in-
sertions in the non-coding D-loop region or in the cod-
ing regions for protein components of oxidative phos-
phorylation. In both human and rat bladder cancers,
MtDNA exhibits a high rate of mutations. In particular,
the repetitive sequences of mononucleotides within the
mitochondrial genome are unstable and subjected to
deletions. The tumorigenic role of MDNA mutations in
BC was demonstrated only for the 27-bp deletion (from
nucleotide position 15,642-15,662) in cytochrome B
gene. This mutation was found in neoplastic tissue and
urine of a BC patient 2. Later on, it was shown that
the overexpression of this mtDNA mutation generated
increased ROS accompanied by increased oxygen
consumption and lactate production and induced sig-
nificant tumor growth in vitro and in vivo by triggering
rapid cell cycle progression. Moreover, forced expres-
sion of this mutation induced mitochondrial proliferation
and prevented apoptosis 2.

The high incidence of mtDNA mutations in BC suggests
that mtDNA could play an important role in the pro-
cess of carcinogenesis and could represent a valuable
marker for early BC diagnosis. Like for prostate cancer,
markers for early detection are eagerly awaited 2°%°,
BC tissue has been found to display high levels of a
marker of DNA oxidative damage, namely, 8’-hy-
droxy-2’-deoxyguanosine (OH8dG) °' but also altered
expression of some mitochondrial proteins. Lon pro-
tease expression level was found to be significantly
higher in neoplastic compared to non-neoplastic tissue.
Moreover, Lon expression was found to increase with
tumor grade, being low in well differentiated (G1) BC,
moderate in G2 BC, and high in poorly differentiated
(G8) BC, with a dramatic difference between G2 and
G3 tumors. It can be envisioned that Lon up-regulation
may contribute to metabolic reprogramming observed
in cancer by favoring the switch from a respiratory to a
glycolytic metabolism that helps cancer cell survival in
the tumor microenvironment.

The fusion protein Mfn2 expression was found to be
significantly lower in BC and its overexpression has

been suggested to inhibit cell proliferation by arresting
the transition of the cell cycle from the G1 to S phase,
and to induce apoptosis 2. Taking findings together,
Mfn2 gene seems to be a potential BC tumor sup-
pressor gene that promotes apoptosis and inhibits the
proliferation of BC cells.

Moreover, the mitochondrial transcription factor A
(TFAM), a mitochondrial protein required for mtDNA
replication, transcription and stability was found to be
significantly increased in BC cells and to be directly re-
lated to tumor stage . In the BC 5637 cell line, TFAM
overexpression induced cell proliferation, migration and
colony-forming ability, suggesting a role of TFAM in
cancer progression.

If above-mentioned data suggest that mitochondrial
dysfunctions may have prognostic role, no information
is currently available regarding their potential predictive
role, in other words, their ability to predict treatment re-
sponse. In the last two decades, great efforts have been
made to find molecular markers that can reliably predict
BC response to available treatments. Most work has
been done in the field on non muscle invasive bladder
cancer (NMIBC), particularly high grade T1 disease 47
whose response to intravesical instillation of Bacille Cal-
mette-Guerin is poorly predictable by standard clinical
and pathological factors. Emerging evidence suggest
that the combination of immunohistochemical markers
is more effective than the single ones in predicting treat-
ment response and disease outcome *¢2°, Case volume
however remains an issue in this as well as in almost
all fields; thus, studies with larger number of patients
are eagerly awaited “°. Moreover, like for other common
urological diseases “'*3, the decision-making process
should be tailored on patient conditions as well as wise
clinical judgment.

Attempts have been made to identify molecular mark-
ers that can predict response also of MIBC to available
treatment options, particularly systemic chemother-
apy *'. Markers of mitochondrial function are among
novel putative molecular predictive markers #2. More
important, there are grounds to assume they could
represent novel potential therapeutic targets 3, and we
are working to assess whether they could contribute to
modulation of that immune response which is demon-
strated in other urological cancers 47,

CONCLUSIONS AND PERSPECTIVES

In aging, the accumulation of ROS and somatic mtDNA
mutations together with dysregulation of mitochondrial
dynamics and mitochondrial quality control may induce
mitochondrial functional decline contributing to age-
related decline. Similarly, in BC the oxidative stress
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related to smoking and to exposure to carcinogens
may induce accumulation of somatic mtDNA mutations
and alterations in mitochondrial dynamics and quality
control, which may lead to mitochondrial dysfunction.
These findings would support the hypothesis that age-
related mitochondrial oxidative damage may reinforce
and exacerbate the oxidative damage due to smoke
and carcinogens and this may be one possible expla-
nation for the increased risk of BC in elderly or even for
its trend to recur in smokers .

If this is true, it is attractive to assume that improving
mitochondrial function by antioxidant supplementation
could be useful to prevent BC as well as to increase
response to available treatments.
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