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The investigation of the pulmonary pathophysiology
caused by klotho protein insufficiency
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Background

Many features of age-dependent alterations in éspiratory systems of relatively healthy people
have already been elucidated. With regard to lumgtion, the expiratory flow rate (e.g., forced
expiratory volume in 1 second, FEV1) decreases agthin relation to morphological alterations of
the lung, and the age-related decline in FEV1ighér affected by noxious insults such as cigarette
smoke and environmental pollution. The former agated physiological change in lungs is
defined as senile lung or aging lung, and the radtge-related pathological change in lungs is
mostly described as emphysema or senile emphydeovgever, in the human lung, it is difficult to

distinguish a pure age effect from pathologicahggbecause the lung is continuously exposed to
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air and pollution. It is difficult to study age-atéd lung alterations because the changes occur ove

a span of more than 40 years in humans. Improvasgsenmodels are required to study the onset of

age-related lung alterations and disease so tlefaghutic or anti-aging interventions can be

developed.

Mice deficient in a klotho gene exhibit a shorelgpan, infertility, arteriosclerosis, skin atrophy

osteoporosis, and emphysema. However, in the linege have been conflicting reports regarding

the features of airspace enlargement in homozygoutant klotho KL—/-) mice. Suga and

coworkers have demonstrated the histology of timgduin KL—/— mice exhibiting heterogeneous

enlargement of airspaces accompanied by obviousudden of the alveolar walls, as indicated by

the markedly increased destructive index (DI). Hesve the previous study showed that the

morphological features of airspace enlargemeilin/— mice were homogeneous, as indicated by

the decreased fractal dimensions of airway sizearMaile, the functional alterations and airway

cell kinetics at the different ages had not bedly elucidated inKL—/— mice. First, we evaluated

the lung phenotypes dfL—/— mice comprehensively because the multiple appesaeiould be

essential to differentiate the aging lung from glwvith emphysema.

Furthermore, the detailed analysis of the lung @galtlysiology could be helpful to determine the

underlying molecular mechanisms. Although the kdotene is expressed mainly in the tissues

important for calcium homeostasis such as distaliluof the kidney, choroid plexus in the brain,

and parathyroid gland, it remains to be elucidated the lack of klotho protein leads to the

variable phenotypes of whole bodies. We evaluatexl épidermal growth factor (EGF) and
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extracellular signal-regulated kinase (ERK) pathsvag possible mediators to the pathophysiology

of the lungs irKL—/—mice.

Emphysema is currently defined as a condition ofaBnormal, permanent enlargement of lung

airspaces distal to the terminal bronchiole, accamgx by the destruction of the alveolar walls

without obvious fibrosis. Before the developmenthoiman emphysema, the lungs in smokers

exhibit an accumulation of macrophages, lymphocyéesl neutrophils in the respiratory

bronchioles, alveolar ducts and alveoli. These micrinflammatory responses contribute to the

development of emphysema. However, not all smokersssarily develop clinically significant

emphysema, thus suggesting that other various riacfiect the susceptibility to the inhaled

noxious agents.

Aging is thought to be associated with these ingrdrfactors. The prevalence of COPD increases

with age and smoking is a potent promoter of preneadging. Recent findings also indicate the

existence of alveolar cell senescence in patierits emphysema. However, these observations do

not indicate whether premature aging contributethéopathogenesis of emphysema, or whether it

only occurs incidentally in association with smakirAnimal models of premature aging would

thus be very useful to clarify these questions.

Several studies usinglL-/- mice showed that increased vitamin D activity vdobé a major cause

of features of premature aging. These phenotypes vescued by normalizing vitamin D activity.

Vitamin D has been reported to inhibit cell pral#gon and induce apoptosis in normal and

malignant cells. As vitamin D receptors are repbttebe expressed in lung tissues, we thought that
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the function of vitamin D signaling in lung tissuess very interesting. Although klotho protein

functions as a transmembrane protein that binds-E&predominantly in kidney and brain, the

effects of secreted klotho protein in lung tisshad not been fully elucidated in association with

abnormal vitamin D metabolism.

It has been reported thatkiL—/— mice,a-2spectrin which is cytoskeletal elements is higtigaved

before the onset of age-related phenotypes. Alpksdectrin is degraded by a calcium-dependent

cytosolic cysteine proteasg;calpain. InKL—/— mice, y-calpain was activated at an abnormally

high level, and an endogenous inhibitor of calpaialpastatin, was significantly decreased.

Degradation of alpha(ll)-spectrin increased witltrdasing level of klotho protein. Interestingly,

the abnormal activation g@f-calpain and decreased level of calpastatin weservled especially in

lungs of klotho deficient mice. In addition, simtilghenomena were observed in normal aged mice.

These findings indicate that the abnormal activatid p-calpain may be caused by decrease of

klotho protein.

Although the studies of breast cancer cells hawaalthat exposure of cells to high levels of active

vitamin D (1,25-(OH)D3) can have apoptotic effects via activationuegalpain, the studies using

lung cells stimulated with vitamin D have not beevestigated. In the current study, we examined

the effects of secreted klotho protein as a humfaretior focusing on the relationships between

increased vitamin D activity and activationietalpain using alveolar cells.

While the aging lung and emphysema demonstratelglddferent histologies, they could share

some common factors in the pathogenesis. The igatisin of the susceptibility to inhaled noxious
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agents in klotho-mutant mice would be importantet@luate this linkage. To understand the

pathogenesis of emphysema, elastase-inducible esaptay of mice had been established as a

useful animal model. Intratracheal instillation elfastase first induces lung inflammation and

subsequently resulted in alveolar wall destructionmice. These pathological changes closely

resemble those in human emphysema. This study féinerénvestigated the susceptibility of

klotho-insufficient mice to intratracheal elastase.

Methods and materials

Animals

In the series of experiments reported here, alemiere generated from mating pairs of

heterozygous mutant klotho mid€L(+/-). The mice were maintained at 24 +2°C under an

alternating 12-hr light and dark cycle. The progedwconformed to the guide for the care and use

of laboratory animals from the National InstitutédHealth, and they were approved by the

University of Tokyo Institutional Review Board faab Animal Use.

Intratracheal eastasetreatment

The mice weighing 19-21 g at 8 weeks of age weesthetized with the intraperitoneal injection of

ketamine and xylazine. A metal tracheostomy tubg wserted into the trachea. The mice were

treated with a single intratracheal instillation005 1U (i.e. 25 IU/kg), 5.0 IU (i.e. 250 1U/kg) of

porcine pancreatic elastase (PPE) in 100 ul oilestgailine solution, or 100 ul of saline alone. On

days 7 and 21 after the treatment, the mice wendfisad and further analyses were performed.
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Lung function analysis

The lung function was measured with a whole bo@ytgismograph. A tracheostomy tube was

inserted and secured with a suture. The mice weaeheed via the tracheostomy tube to a

mechanical ventilator in a sealed plethysmograple. flinctional residual capacity (FRC) was

determined by occluding the airway while the mitterapted to breathe. Total lung capacity (TLC),

vital capacity (VC), and pressure-volume curvesadating lung elasticity were calculated by a

guasistatic pressure/volume maneuver. The lungi@tsisvas reported as the chord compliance

(CchordmL/cm HO), which represents the lung elastic recoil by msezf the slope of compliance

curve between 0 and 10 cm®ipressure. For the detection of the obstructidong passages, we

used fast flow volume maneuvers to analyze thegfgsiration induced by switching the trachea to

a high negative pressure. Forced expiratory volumi®0 ms (FEV100) was determined, and

FEV100/VC was calculated for the index of the aywastruction.

Bronchoalveolar lavage fluid (BALF)

BAL was performed using 1 ml of phosphate-buffesaline 5 times. After BALF was centrifuged,

the total and differential cell counts of the BAlere determined. Thiobarbituric acid reactive

substance (TBARS) of BALF, the biochemical markielipd peroxidation and elastase activity

were measured.

Histological evaluation of lungs

The removed lungs were inflated with 10% formalkeutmal buffer solution (pH 7.4) at a constant

pressure of 25 cmy® for 48 hr. The sections in the frontal planenatdepth of the hilum were
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stained with hematoxylin and eosin. We measureditispace size as indicated by the mean linear

intercepts (MLI) and the destruction of alveolaidlg/as indicated by the destructive index (Dl).

Assessment of apoptosisand proliferation in airway cells

To evaluate apoptosis, the tissue sections weirgestaising the in situ TUNEL method. The

sections were subsequently counterstained withyhgteen. The tissue sections that underwent

TUNEL staining without counterstaining were alsaated with the primary antibodies against

platelet endothelial cell adhesion molecule-1 (PECH).

For the quantitative assessment of proliferationmunohistochemical staining was performed

using the monoclonal antibody against proliferated nuclear antigen (PCNA). The sections were

counterstained with hematoxylin. Then, we perforrdedble staining of the lung tissues by using

PECAM-1 as mentioned above.

The number of TUNEL or PCNA positive cells per Hd@eolar epithelial cells was counted. We

examined 20 randomly distributed fields. The aptpiodex (Al) and the proliferation index (P1)

were determined by the percentage of the PECAMghiiee cells, as previously described.

I mmunochemistry for EGF

For the assessment of the distribution of epidergrawth factor (EGF) in airway cells, we

performed the immunochemistry using lung tissudslof- mice and wild-typeKL+/+) mice.

| mmunablotting

Western blotting was performed using the followargibodies recommended by the manufacturers:

EGF, p-ERK1/2u-calpain and calpastatin.



Cdl culture

We evaluated the cell-protective effects of recarabt klotho protein (dg/ul) with or without
FGF-23 (ug/ml). We used rat normal typ# alveolar epithelial cells (L2 cells) in the preserof
1,25-(OH}D3 (400nM for 24hrs) or hydrogen peroxidex(®3) (50uM for 24hrs).

Assessment of cell death rateinduced by vitamin D (1,25-(OH),D3) or H,0,

The percentages of dead cells were quantified bgigium iodide and Hoechst 33258 staining. We
calculated the percentages of propidium iodidetpascells in Hoechst 33258 positive cells as the
evaluation of the cell death rate.

M easurement of increase of intracellular calcium ion (Ca?")

We measured the increase of in intracellulaf*@ming the fura-2 fluorescence method. Thé*Ca
fura-2 fluorescence of the suspended cells was uneddy a spectrofluorometer. The excitation
wavelengths were 340 and 380 nm, and emission weasumed at 500 nm. The intracellular

increase of Cdwas evaluated by fluorescence ratio as indicatefiexy340nm/Fex.380nm.

Results

Firstly, we investigated the structural, functignaiochemical, and cell kinetic alterations of lsng

in KL—/—mice at 2—-12 weeks of age. Our data showed thedaaie size significantly increased at 4
weeks and progressed gradually with age up to lgksyewhich is almost the entire life span of
KL—/— mice. The airspace size of the lungs as indichtethe MLI was significantly greater in

KL—/—mice than in mice of other genotypes. The MLI @aged with age iKL—/—mice, but not in
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mice of other genotypes. The alveolar wall destoncas indicated by DI was significantly higher

in KL-/-— mice than in other genotypes. However, even avéeks of age, the DI iKL—/— mice

was not >10%. The error bars for DI are approxitgaiee same size regardless of the mean DI

value.

Lung function was also altered IKL—/— mice. The lung function study demonstrated that

FEV100/VC (%) and lung elastic recoil as indicabgdCchord (mL/cm HO) were lower irKL—/—

mice than irKL+/+ mice at 8 and 12 weeks of age and that RV/TLCW#g greater itL—/— mice

than inKL+/+ mice at the same age. There was no significafdrdrice in lung function between

KL+/— and KL+/+ mice. In KL—/— mice, the P-V curve was shifted leftward and upmivas

compared with that in mice of other genotypes atdhme age. Furthermore, the comparison of the

P-V curve inKL—/— between at 8 and 12 weeks of age showed thatstshdted leftward and

upward with advancing age.

The morphological changes of the lungkib—/—mice were associated with the increased apoptosis

of airway cells, in comparison with endotheliallseThe Al at 2 weeks of age was approximately 6

times greater ilKL—/— mice than in mice of other genotypes. However, trobshe apoptosis was

observed in airway cells, but not in endothelidlsgen theKL—/—mice.The proliferation of airway

cells inKL—/— mice was also the highest at 2 weeks of age, tashekcreased with age. The Pl was

greater inKL—/— mice than in mice of other genotypes at all agésis, KL-/— mice demonstrated

increased apoptotic cell death and cell proliferatiAlthough the ratio of PI to Al was >1.0 in

KL+/+ mice, the ratio of Pl to Al was <0.5 KL—/— mice at 2—4 weeks of age. However, lipid
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peroxidation and elastase activity of lungs wereincreased in the BALF study &fL.—/—mice. In
addition, the total cell count in BALF in mice df genotypes was <2 x ¥@ells; the percentage of
alveolar macrophages was >95%; that of neutropkil&p; and that of lymphocytes, <1%. There
was no differential cell proportion of BALF amoritgtthree genotypes.

We performed immunohistochemical and Western bialysis for EGF and p-ERK1/2 as the
possible mediators to the pathophysiology of thag$u in KL—/— mice. The intensity of
immunostaining of EGF was greater in the lung #ssofKL+/+ mice than in the tissues KtL.—/—
mice. Lower levels of EGF protein were detecte&lr/—mice than irKL+/+ mice. The levels of
EGF protein inKL+/— mice were intermediate between those levelKlir/— andKL+/+ mice.
Furthermore, lower levels of p-ERK1/2 protein wdetected irKL—/—mice than in KL+/+ mice.

On the other hand, favestigate the susceptibility of klotho insuffio®y to inhaled noxious insults,
KL+/- and KL+/+ mice were treated with elastase to develop emphgsi®r the functional,
biochemical and cell kinetic analysis. A lung fuontanalysis showed significantly more increased
static lung compliance, significantly more decreaf&V100/VC, and Cchord, and significantly
more increased RV/TLC iKL +/- mice in comparison t&L+/+ mice. These findings were
compatible with emphysema. Both the enlargemenispaces and the destruction of alveolar
walls after the PPE treatment were also signifigamibre prominent ilKL+/- mice than irKL+/+
mice. Thiobarbituric acid reactive substancesengihg the lipid peroxidation, were significantly
more increased in the BALF d&€L+/- mice on day 21 after the PPE treatment, suggeshiag

contribution of anti-oxidative effect of klotho pein. Furthermore, both biochemical and
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cell-kinetic analyses showed significantly morerpioent inflammatory cell accumulations in the
BALF and more prominent cellular DNA damage on dagfter the lower- concentration elastase
treatment (0.5 IU) in the lungs of thd. +/- mice, preceding the emphysematous changes. No
significant differences were observed in the ev#@naof inflammatory cell accumulation and
cellular DNA damage at the higher concentrationslastase (5 1U) between the two genotypes.
Klotho protein, regardless of the presence of FGFr2duced the alveolar cell death induced by
1,25-(OHYD3 or H,0,. Western blotting analysis showed that the 1,28)¢D3 -induced and
H,Ox-induced cell death might be characterized by tiveeiased level ofi-calpain and decreased
level of calpastatin. Although klotho protein didtrprevent the activation qi-calpain caused by
H,O,, it reduced the activation ofi-calpain caused by 1,25-(OH);. We confirmed that
1,25(0OH)D5 induced the increase of intracellular ?Cavhich might trigger the activation of
u-calpain and that the klotho protein reduced thereiase of intracellular &a caused by

1,25(0H)Ds.

Conclusion

Lungs in KL—/— mice may exhibit enlarged homogeneous airspacdsirmreased static lung
compliance, which are features of aging lung. Theclmanism of the lungs iKL—/— mice is
involved in the small, but significantly increasddyels of apoptosis in airway cells without
inflammation. Analysis of the pathophysiology ofaged airspaces iKL—/— mice will provide a

unique insight into the relationship between thm@dung and airway cell kinetics in association

11



with premature aging and apoptosis.

In addition, we concluded th#&tl+/- (klotho protein insufficiencymice were very susceptible to
elastase, comparing witkL+/+ mice. While the previous investigations had intkdathat the
increased vitamin D activation contribute to therpature aging ifKL-/- mice, the serum level of
phosphorus or 1,25-(OkD); was not so high ilKL+/- mice, thus suggesting that the susceptibility
to elastase-induced emphysema would thereforedmeiased with other functions of klotho protein.
Moreover, the present study suggested that klotbteim might play a role as a humoral factor in

lung tissues to reduce cell death caused by ineddasel of vitamin D in association with aging.
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