Senescence marker protein 30 functions as
gluconolactonase in L-ascorbic acid biosynthesis,
and its knockout mice are prone to scurvy
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We originally identified senescence marker protein 30 (SMP30) as
a distinctive protein whose expression decreases in an androgen-
independent manner with aging. Here, we report its sequence
homology found in two kinds of bacterial gluconolactonases
(GNLs) by using the BLAsT search. Then, through a biochemical
study, we identify SMP30 as the lactone-hydrolyzing enzyme GNL
of animal species. SMP30 purified from the rat liver had lactonase
activity toward various aldonolactones, such as o- and t-glucono-
é-lactone, p- and L-gulono-y-lactone, and bp- and L-galactono-y-
lactone, with a requirement for Zn2+ or Mn2* as a cofactor.
Furthermore, in SMP30 knockout mice, no GNL activity was de-
tectable in the liver. Thus, we conclude that SMP30 is a unique GNL
in the liver. The lactonase reaction with t-gulono-y-lactone is the
penultimate step in t-ascorbic acid (AA) biosynthesis, and the
essential role of SMP30 in this synthetic process was verified here
by a nutritional study using SMP30 knockout mice. These knockout
mice (n = 6), fed a vitamin C-deficient diet, did not thrive; i.e., they
displayed symptoms of scurvy such as bone fracture and rachitic
rosary and then died by 135 days after the start of receiving the
deficient diet. The AA levels in their livers and kidneys at the time
of death were <1.6% of those in WT control mice. In addition, by
using the SMP30 knockout mouse, we demonstrate that the
alternative pathway of AA synthesis involving p-glucurono-y-
lactone operates in vivo, although its flux is fairly small.
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enescence marker protein 30 (SMP30) is a 34-kDa protein

whose tissue levels in the liver, kidney, and lung decrease
with aging (1, 2). To examine the physiological function of
SMP30, we established SMP30 knockout mice (3) and found that
they were viable and fertile, although they were lower in body
weight and shorter in life span than WT mice (4). Their livers
were also far more susceptible to TNF-a- and Fas-mediated
apoptosis than those of WT mice, indicating that SMP30 may act
to protect cells from apoptosis (3). The livers of SMP30 knock-
out mice showed abnormal accumulations of triglycerides, cho-
lesterol, and phospholipids (4). In addition, the lungs of these
knockout mice had enlarged alveolar airspaces during their first
to sixth month of life (2). However, the molecular mechanism of
SMP30 function has remained obscure.

Recently, we reported that SMP30 acts as a hydrolase for
diisopropyl phosphorofluoridate (5), a compound resembling
chemical warfare nerve agents such as sarine, soman, and tabun,
However, a physiological substrate for SMP30 must be present,
because this compound is an artificial chemical. Our recent
search for amino acid sequences resembling SMP30 was accom-
plished by using the BLAST program, which revealed that rat
SMP30 is homologous with gluconolactonase (GNL) [EC
3.1.1.17], a lactone-hydrolyzing enzyme, of Nostoc punctiforme
and Zymomonas mobilis (6). Therefore, we suspected that
SMP30 is a GNL of animal species. In mammalian metabolism,
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GNL is involved in L-ascorbic acid (A A) biosynthesis, catalyzing
the lactonization of L-gulonic acid, the reverse reaction of
lactone hydrolysis (7). The product L-gulono-y-lactone is oxi-
dized to AA (8-10). In this study, to further investigate the
identity of SMP30, we have unequivocally proven that it is a
GNL. Purified rat liver SMP30 had GNL activity, as did a
recombinant rat SMP30 produced in Escherichia coli. Further-
more, SMP30 knockout mice developed symptoms of scurvy
when fed a vitamin C-deficient diet, verifying the pivotal role of
SMP30 in AA biosynthesis.

Results

Identification of SMP30 as a GNL. Comparisons of the amino acid
sequence of rat SMP30 by means of the BLAST program revealed
that this protein was homologous with two kinds of bacterial
GNLs. The total amino acid sequence of rat SMP30 (299 aa)
shares 32% homology with that of N. punctiforme GNL (292 aa)
(Fig. 14), and a part of the amino acid sequence of rat SMP30
(222 aa, residues 9-230) shares 26% homology with that of Z.
mobilis GNL (247 aa, residues 67-313) (Fig. 1B). Therefore, we
speculated that the protein characterized previously as SMP30 in
several animals is a GNL. For substantiation, we took this
protein from the rat liver and purified it to apparent homoge-
neity as described in ref. 5. The elution profile of SMP30
obtained with Sephacryl S-200 HR chromatography, which was
the final step of the purification process, coincided well with that
of GNL activity (Fig. 74, which is published as supporting
information on the PNAS web site), clearly indicating an overlap
between them. Conversely, GNL from the rat liver was purified
to near homogeneity by a previously reported method (11). The
resulting preparation gave a positive band on Western blot
analysis by using anti-rat SMP30 antibody (Fig. 7B). Moreover,
the main band of a gel processed by SDS/PAGE was subjected
to sequence analysis after in-gel digestion with trypsin, and the
amino acid sequence of its peptide (YFAGTMAEETAP)
proved to be an exact match with an internal sequence (amino
acid residues 113-124) of rat SMP30.

Expression of Catalytically Active Recombinant SMP30. The identity
of SMP30 as a GNL was further confirmed by expressing a rat

Conflict of interest statement: No conflicts declared.
This paper was submitted directly (Track I} to the PNAS office.

Abbreviations: AA, L-ascorbic acid; BMD, bone mineral density; GNL, gluconolactonase;
MBP, maltose-binding protein; SMP30, senescence marker protein 30.

*Y.K. Y1, and Y.S. contributed equally to this work.
fTo whom correspondence may be addressed. E-mail: nishikim@wakayama-med.ac.jp.

**To whom correspondence may be addressed at: Department of Molecular Pathology,
Tokyo Metropolitan Institute of Gerontology, 35-2 Sakae-cho, Itabashi-ku, Tokyo 173-
0015, Japan. E-mail: ishigami@tmig.or.jp.

© 2006 by The National Academy of Sciences of the USA

PNAS | April 11,2006 | vol 103 | no.15 | 5723-5728

>
=
£
w
Z
w
=
v
=4
@




A

rSMP30
nGNL

SIKIEC ENY EASKCLLF SKT
QYPLEN ARA| ETQONVIYW NHR

RWDSISNKRVQRVGEDAP S 60
QFNPATGKDLFFDGDVYGA 60

rSMP30 VISLRQSGGYVATIGTKFCA] EDQSVFILAMVDEDKKN, Pa E 120
nGNL INTAGADRLIIALREHLAF RTGVITPILEIEGNLPD D WF 8 120

rSMP30
nGNL

ETAPA HSGERRAS L. F Py EKKYFNQVD
...... P ERR¢R Y D Nis HVMETGLT

SYTVD 180
ooxIvi¥el 174

S

rSMP30 DLP
naGNL NSI

et B EEEREERER

B

rSMP30 RENYRCG BASKC T
zGNL ASDIQWS KNGNF)|

TSMP30 3G Y I FCISLNWE!
ZGNL PEUSNGMKVGPDGEKIW S - -RUIMKV
rSMP30 - GT---MAEETAPAVLPMRHQGSLYS
ZGNL v DPPYGLTNLDESDIKPRMNYNGVFR,

rSMP30 DYLSYTVDAPD TGQISNR]
zZGNL NEJDRASPNIWV SNGLPTS

rSMP30 GRVIRLK 230
IYIFAP 313

zZGNL

Fig. 1.

SVEKKYFNQVDI
RLDLIEAGLSRP

YRMEEDIQ -~ = - = - - - PDGM E VACYN| 221
LRNFRRPYFDQGLAGISPfejlh Ql ASAPG 304

VYKMEKDEQ C L Y R DIZETEKRLQTVI®N 240
PVDLTHESPF T I Wi < N - EILRIISY 233

EGLLRQPDA[MNT ITGLG AP)gSYAG 299
AEIEKSFYS[EDL|JALQ - TD, PTHAFEEL 292

KTVCR| ---8I RVQRVEVDARVSSVAL 65
NIMRK PDAGVEJIFLEKPS[HAE|JIPAGQF 126

SVFILAMIs]- - EDISRNRIR FEIBIGKVDP A 112
VIRQRSYV YEKG|SRFRISPEPJLFFSKS 184

W| KIFYI 168
LEJPJETKEL 8 244

Alignment of the amino acid sequences of rat SMP30 (rSMP30), Nostoc GNL (nGNL), and Zymomonas GNL (zGNL). (A) rSMP30 [National Center for

Biotechnology Information (NCBI) accession no. CAA48786] vs. nGNL (NCBI accession no. ZP_0011 0023). (B) rSMP30 vs. zGNL (NCB! accession no. CAA47637). Two

regions homologous among rat SMP30, nGNL, and zGNL are boxed in A and 8.

SMP30 cDNA in E. coli. Recombinant SMP30 protein was
expressed as a maltose-binding protein (MBP) fusion protein by
using a chaperone coexpression system, and a soluble cell lysate
was prepared. In this lysate, cells expressing the MBP-SMP30
fusion had clear-cut GNL activity (546 = 18 nmol/min per mg
of protein, mean + SEM, # = 3) with D-glucono-8-lactone used
as a substrate, whereas the lysate of control cells (expressing a
fusion of MBP with the a-fragment of 8-gal) had no such activity.
We further ascertained that the SMP30 fusion was the entity
possessing GNL activity by subjecting this lysate containing the
MBP-SMP30 fusion to native gel electrophoresis in triplicate
and electroblotting onto a polyvinylidene fluoride membrane.
The three parts of the membrane were respectively stained for
GNL activity or immunochemically with anti-MBP or anti-
SMP30 antibody. The bands stained in these three ways ap-
peared at the same position (Fig. 2, lanes marked “2”). In
contrast, a lysate of the cells expressing a fusion protein of MBP
with the a-fragment of B-gal as a control did not contain any
protein that was stained positive for GNL activity (Fig. 2 4 and
C, lane 1).

Enzymatic Characterization of SMP30. Subsequently, we measured
GNL activity with a reaction mixture containing 10 mM D-

| < SWP30

Fig. 2.  Immunoblot analysis after native PAGE and activity staining of
recombinant rat SMP30. Samples were electrophoresed on a native polyacryl-
amide gel, and the proteins on the gel were electroblotted onto a membrane.
Detection of specific proteins was carried out with anti-MBP antibody (4),
anti-rat SMP30 antibody (8), and activity staining (C). To stain for enzyme
activity, p-galactono-y-lactone was used as substrate. Lane 1, the lysate of £.
coli cells expressing a fusion of MBP with B-gal a-fragment (control); lane 2,
the lysate of £. coli cells expressing a fusion of MBP with rat SMP30. The arrow
shows the position of a fusion of MBP with rat SMP30.
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glucono-8-lactone, 75 uM ZnCl,, and 0.42 pg/ml purified rat
SMP30. The SMP30 hydrolyzed D-glucono-8-lactone with a
specific activity of 226 pmol/min per mg at an optimal pH of 6.4
with a linear increase up to an enzyme concentration of 0.42 ug
of protein per m! (Fig. 8 4 and C, which is published as
supporting information on the PNAS web site). However, GNL
activity was below the limit of detection in the absence of Zn?*.
Because a maximum level of GNL activity was observed at a
Zn?* concentration of 75 uM (Fig. 8B), this amount of Zn?* was
used in all experiments for enzymatic characterization.

Other divalent metal ions were also tested at a concentration
of 75 uM in the standard assay mixture. Only Mn2* jons were
effective, giving 27% of the enzyme activity observed with Zn?*
(Fig. 8B), whereas Mg?*, Co?*, Ca?*, and Cd?* ions gave no
activity. However, slight enzyme activity (<<10%) was observed
with 3 mM concentrations of these metal ions and a 10-fold
higher concentration of SMP30 (4.2 ug/ml) (data not shown).

Next, we studied the kinetics of the GNL reaction. Hyperbolic
kinetics were normal (Fig. 9, which is published as supporting
information on the PNAS web site), and a Lineweaver-Burk plot
of the data yielded an apparent K, value of 9.4 mM and a Vi,
value of 345 pmol/min per mg (Fig. 9 Inset). The lactonase
activities for a variety of sugar lactones by SMP30 are summa-
rized in Table 2, which is published as supporting information on
the PNAS web site. D-glucono-8-lactone was the best substrate.
SMP30 also hydrolyzed L-glucono-8-lactone, D-gulono-y-
lactone, L-gulono-y-lactone, D-galactono-y-lactone, and L-galac-
tono-y-lactone, indicating that SMP30 has broad substrate spec-
ificity for aldonolactones. D-aldonolactones were better
substrates than the corresponding enantiomers. SMP30 had no
detectable hydrolyzing activity toward D-ribono-y-lactone,
D-mannono-y-lactone, or D-glucoheptono-y-lactone.

An Essential Role of SMP30 in AA Biosynthesis. To examine whether
these substrates are attacked only by SMP30 in the rat liver, we
compared lactonase activity in livers from SMP30Y~ and
SMP30Y * mice. Liver extracts from SMP30Y* mice hydrolyzed
D-glucono-3-lactone, D-gulono-y-lactone, and D-galactono-y-
lactone, whereas those from SMP30Y ™ mice had no detectable
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Table 1. Absence of GNL activity in livers from SMP30
knockout mice

Specific activity,
pmol/min per mg

Substrate SMP30Y+ SMP30Y -
o-glucono-§-lactone 9.0 0.6 ND
o-gulono-y-lactone 0.5+ 0.1 ND
p-galactono-y-lactone 0.4 +0.1 ND

The hydrolytic activities for the substrates of SMP30 were determined by
the method described in Materials and Methods. The values are the average *
SEM for livers from five animals. ND, no detectable enzyme activity.

hydrolyzing activity toward these lactones (Table 1). Clearly,
therefore, SMP30 is a unique enzyme that effectively hydrolyzes
various aldonolactones in the liver. Because the lactonization of
L-gulonic acid to L-gulono-y-lactone, the reverse reaction of the
lactonase reaction, is the penultimate step of AA synthesis, we
investigated the role of SMP30 in this metabolic process by using
SMP30 knockout mice. Ten days after weaning at the age of 30
days, SMP30Y ~ and SMP30Y* mice, six each, were fed a vitamin
C-deficient diet. One of the knockout mice started to lose weight
after 25 days of consuming this diet (at an age of 65 days), walked
with an abnormal gait after 31 days, and died after 37 days. The
average body weight of the other five knockout mice started to
decrease after 56 days of the vitamin C-deficient diet (at an age
of 96 days) (Fig. 34); their gait became abnormal at that time,
and they died by the 106th to 135th days of this dietary
deficiency. The AA level in plasma of SMP30Y ™ mice after 106
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Fig.3. Body weight changes and AA levels in the plasma, livers, and kidneys
of SMP30Y ™~ and SMP30Y* mice. SMP30Y~ and SMP30Y* mice, six each, were
weaned at 30 days of age and fed autoclaved mouse chow (containing ~55mg
of AA per kg) for 10 days; then, they were fed a vitamin C-deficient diet unti!
all SMP30Y~ animals were dead. (A) Body weight changes of SMP30Y~ (pink
circles) and SMP30Y* (green circles) mice. One SMP30Y~ mouse died after 37
days (indicated by star), and the others died after 106-135 days of consuming
the vitamin C-deficient diet. (8-D) Blood was taken from all tested animals (six
WT and five knockout mice) after 106 days of this diet, and AA levels in the
plasma (B) were measured. All mice were killed after 136 days of receiving the
deficient diet, and AA levels in the liver (C) and kidney (D) were measured.
Except for blood, all specimens of SMP30Y~ mice were taken after death.
Values are expressed as mean + SEM of five or six animals.
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Fig. 4. AA levels in the plasma, livers, and kidneys from SMP30Y- and
SMP30Y* mice that were fed autoclaved mouse chow. SMP30Y - and SMP30Y+
mice, four each, were weaned at 30 days of age and fed autoclaved mouse
chow (containing =55 mg of AA per kg) for 80 days (age 110 days). AA levels
were then measured in their plasma (A), livers (8), and kidneys (C). Values are
expressed as mean * SEM of four animals.

days of consuming the deficient diet was <1% of that in
SMP30Y* mice (Fig. 3B). The livers and kidneys of SMP30Y~
mice at the time of death contained <1.6% of the AA levels in
the SMP30Y* mice (Fig. 3 C and D).

For the previous studies, our SMP30Y ™ mice were fed auto-
claved mouse chow after weaning, and this food contains ~55
mg/kg of vitamin C. When we assessed the vitamin C status of
such mice after 80 days of eating autoclaved chows, their plasma,
livers, and kidneys contained only 6-8% of the AA values in the
WT mice (Fig. 4). Thus, the knockout mice that were fed
autoclaved mouse chow proved to be severely vitamin C-
deficient.

Osteogenic Disorder of SMP30 Knockout Mice. Because thin, brittle
bones with a tendency to fracture are known as characteristic
manifestations of scurvy, we checked the skeletal structure of
SMP30Y~ and SMP30Y™" mice by x-ray examination after they
had consumed the vitamin C-deficient diet for 59 days (at an age
of 99 days) (Fig. 5 4 and B). Fracture at the distal end of their
femurs (Fig. 5B Inset) and rachitic rosaries at the junction of
costae and costal cartilages (Fig. SB) were prominent in a
SMP30Y~ mouse (Fig. 5D), but not a SMP30Y* mouse (Fig.
5C). Moreover, subcranial total bone mineral density (BMD)
and body fat were significantly decreased in SMP30Y ™~ mice
compared with SMP30Y* mice (Fig. 5 E and F).

Occurrence of an Alternative Pathway of AA Synthesis. Two pathways
were proposed as forming the last part of the AA synthetic
pathway (12). Obviously, the main pathway of this process dealt
with here includes the steps from D-glucose to L-gulonic acid
(detailed on the left side of Fig. 64). However, for the formation
of L-gulono-y-lactone, the immediate precursor to AA, another
pathway branches from D-glucuronic acid (Fig. 64, right side).
To clarify whether the latter pathway exists in the mammalian
metabolism, we injected D-glucurono-y-lactone i.p. into
SMP30Y "~ mice and measured the amount of AA excreted in
their urine. We used the lactone for delivery of D-glucuronic acid
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Fig. 5. Osteogenic disorder of SMP30 knockout mice. SMP30Y~ and
SMP30Y* mice at an age of 40 days were fed a vitamin C-deficient diet for 59
days (animals’ age was 99 days). (A-D) X-ray images show the skeletal struc-
tures of SMP30Y* (A) and SMP30Y - (B) mice. Insets show enlargements of the
femoral region; an arrow points to the distal femur fracture of a SMP30
knockout mouse. A rachitic rosary of the SMP30Y~ mouse observed after
evisceration (D) is compared with that area in a contro! mouse {C). Arrowheads
in B and D indicate a rachitic rosary at the junction of costae and costal
cartilage. (€ and F) Subcranial total BMD (F) and body fat percentage (F) of
SMP30Y~ and SMP30Y* mice were determined by PIXimus2 densitometry as
described in Materials and Methods. Values are expressed as mean + SEM of
five or six animals.

into liver cells, where AA synthesis occurs, because the lactone
would be more easily incorporated into the cells than D-
glucuronic acid and would come into equilibrium with this acid
by catalysis of uronolactonase (12, 13). As a result, the excretion
of AA was appreciably increased by the injection, albeit in a
small amount, whereas AA excretion was not affected by the
saline injected as a control (Fig. 6B). Thus, the alternative
pathway was clearly operational here, regardless of its small flux.

Discussion

This study provides unequivocal evidence that SMP30 is the
bona fide GNL in the AA biosynthetic pathway of mammals. In
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Fig. 6. Increased excretion of AA in the urine after administration of
o-glucurono-y-lactone. (A) The pathway of AA biosynthesis. The pathway
from p-glucose to L-gulonic acid is shared with that of early steps in the uronic
acid cycle. X is a conjugating molecule for glucuronidation. GLO, L-gulono-y-
lactone oxidase. (B) SMP30Y~ mice were fed autoclaved mouse chow for 60
days after weaning and were housed individually in metabolic cages starting
on day 1. Saline was injected i.p. from day 3 to day 5; then, p-glucurono-y-
lactone (0.7 mg/g of body weight) dissolved in saline was injected i.p. from day
8 to day 10. Urine samples were collected, and their AA concentrations were
measured. Values are expressed as mean = SEM of four SMP30Y~ mice.

support, (i) SMP30 purified from the rat liver exhibited GNL
activity (Fig. 7 and Table 2), (i) a partial amino acid sequence
of GNL purified from rat liver was identical to that of the
reported sequence of rat SMP30, and (i) the GNL was recog-
nized by antibody directed to rat SMP30. Moreover, recombi-
nant rat SMP30 expressed in E. coli showed GNL activity (Fig.
2). Overall, the purified SMP30 had the same substrate speci-
ficity toward multiple lactones as previously reported for GNL
(7, 11, 13, 14). With respect to the requirement for metal in this
process, Zn2* and Mn?* were both effective activators, although
it was previously reported that Mn?* was dominantly effective
but that Zn?* had no effect. This discrepancy is possibly due to
differing experimental settings (11, 13, 14).

Measurements of GNL activity disclosed that the liver extract
of SMP30 knockout mice lacked any such activity under condi-
tions in which the WT extract was markedly active for three
known substrates of GNL (Table 1). This outcome indicates that
SMP30 is the unique lactone-hydrolyzing enzyme for these
substrates in the liver. An essential role of SMP30 in AA
biosynthesis in mice was evidenced by a nutritional study using
SMP30 knockout mice. AA is produced from the ultimate
hexose precursor D-glucose, and, in this pathway, L-gulonic acid,
an intermediary metabolite of the uronic acid cycle, is lactonized
to form L-gulono-vy-lactone, which in turn is oxidized to AA (Fig.
6A4). GNL is known to catalyze the former reaction (8-10). In
our experiments, scurvy developed in SMP30 knockout mice
that were fed a vitamin C-deficient diet (Figs. 3 and 4). Their
symptoms of scurvy included bone fractures, rachitic rosaries,
and premature death by 135 days after institution of the vitamin
C-deficient diet. In view of this fact, one can understand the
phenotypes of SMP30 knockout mice mentioned in the Intro-
duction (abnormally low body weight, shortened life span,
susceptibility to hepatic apoptosis, etc., compared with WT
mice). For our previous studies (2-4), these mice were fed
autoclaved mouse chow, which we now know contains too little
vitamin C to maintain normal levels of AA in tissues (Fig. 4).
Accumulations of triglycerides, phospholipids, and cholesterol in
the livers of these knockout mice may be associated with
impaired fatty acid oxidation, probably because of decreased
synthesis of carnitine, which plays a role in the transport of
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long-chain fatty acids into mitochondria. AA is required as a
cofactor in two hydroxylation reactions in carnitine biosynthesis
(15). In fact, AA-deficient guinea pigs were shown to have
abnormalities of lipid metabolism, such as hyperlipidemia and
hypercholesterolemia (16). Another clinical feature of young
SMP30 knockout mice is enlargement of alveolar airspaces
compared with those of WT mice (2). A similar change was
reported in ODS (osteogenic disorder Shionogi) rats that sur-
vived for a long time on a vitamin C-deficient diet (17). However,
never before did we observe scurvy symptoms in the knockout
mice that were fed autoclaved mouse chow, despite their smaller
body size and shorter life span (3, 4). Assuming that an average
weight of mice is 25 g and that the amount of chow taken per day
is 4 g (18), SMP30 knockout mice ingest <0.01 mg/g of body
weight per day. Based on the observation that 0.02 mg/g of body
weight per day cannot sustain normal body function in a
scurvy-prone mouse whose L-gulono-y-lactone oxidase gene was
deleted (19), the SMP30 knockout mice seem not to have
ingested enough vitamin C. Probably, a small amount of AA may
be synthesized through the alternative pathway (Fig. 64) pre-
viously proposed based on an enzymatic study (20) and dem-
onstrated here in SMP30 knockout mice. Furthermore, the
absence of GNL may lead to decreased degradation of AA,
because GNL can hydrolyze the lactone ring of dehydroascorbic
acid, the oxidation product of AA, to 2,3-dioxo-L-gulonic acid,
as formerly reported (20).

Because SMP30 is abundant in the kidney and also present,
although in lesser amounts, in other organs (21), this protein
must have some function other than AA synthesis, which does
not occur at all these sites. SMP30 may prevent the production
of glycated proteins by hydrolyzing D-glucono-8-lactone. It is
possible that this lactone is formed from D-glucose by glucose
dehydrogenase in vivo, and it may be involved in glycation of
proteins. In fact, human and rat hemoglobin was shown to be
-glycated with D-glucono-8-lactone (22). Glycated proteins, es-
pecially advanced glycation end products, are known to cause the
deterioration of cellular functions; therefore, SMP30 may pro-
tect cells from such an effect.

Materials and Methods

Chemicals. L-glucono-8-lactone, D-gulono-y-lactone, L-gulono-y-
lactone, L-galactono-y-lactone, D-ribono-vy-lactone, D-glucohep-
tono-vy-lactone, and D-mannono-y-lactone were purchased from
Sigma-Aldrich. D-glucono-8-lactone, D-galactono-y-lactone, and
other reagents were purchased from Wako Pure Chemical
(Osaka).

Animals. Male Wister rats, 3-9 months of age, were obtained
from the Animal Facility at Tokyo Metropolitan Institute of
Gerontology, and their livers were used as a source of purified
SMP30. For purification of GNL, 10-week-old male Wister rats
purchased from Kiwa Laboratory Animals (Misato-cho, Japan)
were used. SMP30 knockout mice were previously generated
with the gene-targeting technique (3), and heterozygous female
mice (SMP30+*/~) were mated with male knockout mice
(SMP30Y ") to produce knockout and WT (SMP30Y*) litter-
mates. These littermates were fed autoclaved mouse chow
(CRF-1; Charles River Breeding Laboratories) ad libitum with
free access to water and used for measurement of GNL activity
in the liver when the animals were 6 months old. The autoclaved
chow contained ~55 mg of AA per kg as determined at the time
of experimentation.

In a nutritional study, SMP30Y~ and SMP30Y* mice were
weaned at 30 days of age and fed autoclaved mouse chow for 10
days, followed by a vitamin C-deficient diet (CL-2; CLEA Japan,
Tokyo). Throughout the experiments, animals were maintained
on 12-h light/dark cycles in a controlled environment. All
experimental procedures using laboratory animals were ap-
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proved by the Animal Care and Use Committee of Tokyo
Metropolitan Institute of Gerontology.

Purification of SMP30 from Rat Liver. SMP30 was purified from a
soluble fraction of rat livers as described in ref. 5. Briefly, liver
homogenate was fractionated by ammonium sulfate precipita-
tion followed by a successive series of chromatographies on
DEAE-Sephacel, Pheny! Sepharose CL-4B, and Sephacryl S-200
HR columns (all from Amersham Pharmacia Biosciences). The
elution of SMP30 was followed by the dot-blot immunoassay
described in ref. 5. The purified SMP30 was stored at —70°C
until use.

Purification of GNL and Sequence Analysis of Its Peptide. GNL was
purified from rat livers according to the method of Grossman
and Axelrod (11), with slight modifications. Briefly, a soluble
fraction of the liver homogenate was heated at 50°C for 30 min,
and the resulting soluble fraction was fractionated with ammo-
nium sulfate. The fraction with GNL activity was further purified
by successive chromatographies on columns of Sephadex G-150
(Amersham Pharmacia Fine Chemicals), Resource Q (Amer-
sham Pharmacia Biosciences), and Bio-Gel HTP (Bio-Rad).
After the final preparation was subjected to SDS/PAGE, the
main band was excised, and the protein in the gel was digested
with trypsin. One of the peptides produced was sequenced
through the custom service of APRO Life Science Institute
(Naruto, Japan).

GNL and Related Activities. GNL activity was measured by the
change in absorbance of the pH indicator p-nitrophenol caused
by free acid formation from the lactone (23). The standard
mixture contained 10 mM D-glucono-8-lactone, 10 mM Pipes
(pH 6.4), 0.25 mM p-nitrophenol, 75 uM ZnCl,, and an enzyme
in a total volume of 1 ml The substrate solution was freshly
prepared immediately before the assay. The reaction was fol-
lowed by monitoring a decrease in absorbance at 405 nm, and the
acid production rate was determined with a calibration curve
obtained by using known amounts of HCl. The rate of sponta-
neous hydrolysis of the lactone was subtracted from the total
rate. To assess whether a divalent metal ion was required for
GNL activity, we tested ZnCl,, MnCl,, MgCl,, CoCly, CaCl,, and
CdCl; in this regard and then determined the hydrolyzing
activity for other lactones with the same procedure, except for
the substrate.

Lactonase activity was then analyzed in livers removed from
mice and homogenized with ice-cold homogenization buffer (10
mM Tris-HC], pH 8.0/1 mM phenyl methanesulfonyl fluoride)
for 30 s at high speed with a Polytron homogenizer. The
homogenate was centrifuged at 10,000 X g for 10 min. The
protein concentration of the sample was determined by BCA
protein assay (Pierce) using BSA as a standard. The lactone-
hydrolyzing activity was assayed by using various lactones under
the standard conditions described above. In the purification of
rat GNL, lactonase activity was measured by recording pH
change with a pH meter, essentially as described in ref. 24.

Expression of Recombinant Rat SMP30. Total RNA was prepared
from a rat liver and used to produce a single-strand cDNA with
SuperScript II RNase H™ reverse transcriptase (Life Technol-
ogies, Rockville, MD) following the manufacturer’s protocol. A
SMP30 cDNA was amplified by PCR from this cDNA such that
an EcoR1I site would be produced at the both ends of the product.
The PCR was carried out by using PfulUltra DNA polymerase
(Stratagene) with a sense primer (5'-GAATTCATGTCTTC-
CATCAAGATTG-3’) and an antisense primer (5'-GAATTCT-
TACCCTGCATAGGAATATG-3'). The amplified DNA was
digested with EcoR1 and inserted into the EcoRI site of the E.
coli expression vector pMAL-c2x (New England Biolabs). The
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constructed plasmid pMAL-c2x-rSMP30 was used to transform
E. coli BL21 that had previously been transformed with pGro7
(Takara Bio, Tokyo) for expression of two chaperone proteins:
GroEL and GroES. The resulting clone was used to express rat
SMP30 as a fusion protein with MBP as follows. It was cultured
at 37°C overnight in LB containing 0.2% glucose, 100 ug/ml
ampicillin, and 20 pg/ml chloramphenicol. After the cell sus-
pension was diluted 100-fold with the same culture medium,
D-arabinose (4 mg/ml) was added for expression of the chap-
erone proteins and cultured for 1.6 h at 37°C. Then, the
expression of MBP-SMP30 fusion protein was induced by adding
isopropyl B-D-thiogalactoside to a final concentration of 0.3 mM
and culturing for 3 h at 30°C. For control experiments, pMAL-
c2x was used instead of pMAL-c2x-rSMP30, and a fusion protein
of MBP with the a-fragment of 8-gal was induced in the same
way as above. The cells were washed with Dulbecco’s phosphate
buffered saline, resuspended in 20 mM Tris-HCl buffer (pH 7.4)
containing 200 mM NaCl, and stored at —30°C until use.

Activity Staining and Western Blotting for Recombinant MBP-SMP30
Fusion Protein. Suspensions of the test and control cells were
sonicated and centrifuged at 9,000 X g for 30 min at 4°C. Each
resulting supernatant (60 ug of protein) was electrophoresed on a
7% polyacrylamide gel by the method of Davis (25), with some
modifications. Proteins in the gel were transferred onto a polyvi-
nylidene fluoride membrane with 25 mM Tris/192 mM glycine as
a transfer buffer. Subsequent staining for GNL activity involved
immersing the membrane successively in 5 mM Tris' HCl buffer (pH
6.8) containing 1 mM DTT and 1 mM MnCl, (buffer A), then in
a mixture of buffer A and 0.04% methyl red in 60% ethanol (9:1),
and finally in buffer A containing 80 mM D-galactono-y-lactone
until the red color appeared.

For Western blotting, the supernatant (20 ug of protein) was
electrophoresed in duplicate, and proteins were transferred onto
a polyvinylidene fluoride membrane in the same way. The
membrane was blocked overnight with a mixture of 2% BSA and
7% skim milk and cut into halves. One half was incubated with
anti-MBP rabbit antibody (1:3,000 dilution; New England Bio-
labs), and the other half was incubated with anti-rat SMP30
rabbit antibody (1:3,000 dilution; Cosmo Bio, Tokyo) (3). Then,
both half-membranes were incubated with horseradish peroxi-
dase-conjugated anti-rabbit IgG antibody (1:5,000 dilution; Cap-
pel). MBP and SMP30 were visualized with an ECL (enhanced
chemiluminescence) detection kit (Amersham Pharmacia
Biosciences).
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Measurement of AA. Plasma was mixed with nine volumes of 20%
metaphosphate containing 1% SnCl,, and the mixture was
centrifuged at 10,000 X g for 10 min at 4°C. Livers and kidneys
were homogenized in 14 volumes of 5.4% metaphosphate, and
the homogenate was centrifuged as above. For measurement of
AA excreted into urine, a mouse was housed in a metabolic cage,
and urine was collected in a bottle with 10% metaphosphate for
24 h. The amount of 10% metaphosphate had been adjusted to
keep its concentration >5% after dilution with urine. The
volume of the urine-metaphosphate mixture was recorded, and
the mixture was centrifuged as above. All samples obtained after
centrifugation were kept at —80°C until use. AA in samples was
derivatized with dinitrophenylhydrazine and analyzed by HPLC
with a Shodex-5SIL-4E column (4.6 X 250 mm; Showa Denko,
Tokyo). The mobile phase was hexane/ethylacetate/acetic acid
(5:4:1) at a flow rate of 1 ml/min, and the absorbance at 495 nm
was recorded (26, 27). AA in mouse chow was determined by the
same method after extraction into 15% metaphosphate.

Quantification of BMD and Body Fat Percentage. Subcranial total
BMD and body fat percentage were determined by densitometry
with the PIXImus2 imager (General Electric/Lunar, Madison,
WI). Field calibration and calibration vs. the quality-contro]
phantom were performed each day before imaging. Each mouse
was positioned reproducibly in a prone position on the imaging
tray and scanned three times. The coefficients of variance for
BMD and body fat percentage were 0.9% and 2.2%, respectively,
for in vitro measurements.

Statistical Analysis. The results are expressed as mean = SEM. The
probability of statistical differences between experimental groups
was determined by Student’s # test or ANOVA as appropriate. One
and two-way ANOVAs were performed by using KALEIDAGRAPH
software (Synergy Software, Reading, PA).
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Abstract

Senescence marker protein 30 (SMP30), an important aging marker molecule, has been identified functionally as a calcium regulatory protein.
Recent evidence showed its new assumed role as an effective anti-oxidative property. However, the role of SMP30 in the brain has not been
explored. To delineate its role in the brain, we utilized SMP30 knock-out (SMP30 KO) mice in the current study. We focused on the oxidative status
of the brain by examining selected oxidative markers in brains of SMP30 KO mice. Results showed that the generation of reactive species (RS) and
NADPH oxidase activities were significantly elevated in SMP30 deficient brain. The increased oxidative status in these mice was further confirmed
by increased oxidatively modified proteins such as dityrosine formation and carbonylation in the cortex of SMP30 KO mice. Moreover, SMP30
deficient brain showed the increased Mac-1 protein and myeloperoxidase (MPO) activity in the brain, supporting the putative anti-oxidative action
of SMP30. Interestingly, the activities of major antioxidant enzymes, superoxide dismutase, catalase and reduced glutathione peroxidase in the
brain were not affected by SMP30 depletion. Our results documented that brain SMP30 has a protective action against oxidative damage, without

influencing antioxidant enzyme status.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

SMP30 was discovered by Fujita who identified it as a
senesence marker molecule that decreases an androgen-
independently with aging (Fujita et al., 1992). SMP30 was
later recognized to poses a Ca* binding capacity, for which
named as regucalcin (Fujita et al., 1999).

Many recent evidences show that SMP30 has been
demonstrated to play multifunctional roles as a regulatory
protein in intracellular signaling processes, such as activation of
Akt on apoptosis (Matsuyama et al., 2004) and the regulation of
various Caz*’-dependent protein kinase and tyrosine kinase,
protein phosphatases, nitric oxide (NO) synthase, and
suppression of nuclear DNA and RNA syntheses (Izumi
et al., 2003; Izumi and Yamaguchi, 2004).

* Corresponding author. Tel.: +82 51 510 2805; fax: +82 51 513 6754.
E-mail address: neuron @pusan.ac.kr (J. Lee).
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The recently developed SMP30 knock-out (KO) mice have
provided us the experimental paradigm to analyze the critical
roles of SMP30. SMP30 KO mice were generated by disruption
of the third exon of SMP30 gene on the X chromosome
(Ishigami et al., 2002). Although these mice show about 20%
lower in body weight and a shorter life span compared to the
wild type (WT), they are fertile and apparently healthy
(Maruyama et al., 2004). Many of the phenotypic changes
mimic the premature aging processes. For example, SMP30 KO
mice showed hepatic lipid droplets, abnormally enlarged
mitochondria with indistinct cristae, and enlarged lysosomes
(Ishigami et al., 2004). Likewise, deposition of lipofuscin as an
aging marker in renal tubular epithelial cells was found in the
kidney of SMP30 KO mice (Maruyama et al., 2004). Moreover,
SMP30 KO mice have an increased susceptibility to apoptosis
induced by TNF-«, Fas ligand, and calcium ionophore in
hepatocytes (Ishigami et al., 2002).

Other reports indicate that SMP30 participates in
controlling the antioxidant enzyme activity. SMP30 has an
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activating effect on superoxide dismutase (SOD) in liver
(Fukaya and Yamaguchi, 2004) and heart cytosol (Ichikawa
and Yamaguchi, 2004) of SMP30 transgenic mice. It has
been suggested that the age-associated decrease of SMP30 is
closely associated with oxidative stress. For instance,
treatment of carbon tetrachloride as acute oxidative stress
markedly suppresses the SMP30 expression in liver
(Ishigami et al., 2001). In addition, SMP30 suppresses the
generation of reactive species (RS) in hepatocytes (Feng
etal.,, 2004), and decreased levels of SMP30 in aging process
were correlated with the increased levels of RS generation in
rat liver and kidney (Jung et al., 2004). It has also been
reported that a significant reduction of SMP30 by lipopo-
lysaccharide (LPS)-treated liver of 13-month-old rat (Jung
et al., 2004). Since the hallmark of inflammatory process, in
general, increased production of RS, it is rational to
associated elevated oxidative stress with neuroinflammatory
process (Floyd and Hensley, 2002; Emerit et al., 2004).
Moreover, sustained accumulation of various oxidants causes
chronic inflammation, which is characterized by the inf-
iltration of leukocytes (Halliwell and Guttweridge, 1999).
Therefore, in the present study, we attempted to define the
role of SMP30 utilizing the knock-out model in relation to
the oxidative status.

2. Materials and methods
2.1. Animal maintenance and tissue preparation

SMP30 deficient mice were previously prepared by the gene targeting
(Ishigami et al., 2002). We used 12-months-old male mice in this study. Mice
were maintained at 20-23 °C on a 12 h light/12 h dark cycles in controlled
environment and fed ad libitum using the procedures approved by
The Animal Care and Use Committee of Tokyo Metropolitan Institute of
Gerontology.

Cortical tissues were prépared in ice-cold homogenization solution
(50 mM potassium phosphate buffer containing 1 mM EDTA, 1 mM para-
aminobenzamidine, 1 uM pepstatin, pH 7.2) and disrupted for 20 s with an
ultrasonic device. The samples were centrifuged at 12,000 rpm at 4 °C for
30 min. The supernatant was regarded as a whole fraction, and the protein
concentration was determined by the method of bicinchoninic acid (BCA)
solution.

2.2. Reagents

2',7-Dichlorofluorescin diacetate (DCFDA) was obtained from Molecular
Probes, Inc. (Eugene, OR, USA). Western blot detection reagent was obtained
from Amersham (Amersham, Bucks, UK). Polyvinylidene difluoride (PVDF)
membranes were obtained from Millipore Corporation (Bedford, MA, USA).
All antibodies and other chemical reagents were purchased from Sigma (St.
Louis, MO, USA).

2.3. Assessment of oxidative stress

RS generation was measured as previously described, utilizing a fluores-
cence probe (Thomas et al., 1992). Briefly, 25 uM DCFDA was added to
homogenates for 250 . of final volume. Changes in fluorescence intensity were
measured at 10, 20, 30 and 40 min on a Fluorescence Plate Reader (TECAN,
Austria), with excitation and emission wavelengths set at 485 and 530 nm,
respectively. The changes of fluorescence intensity were normalized by time
(min) and protein concentration.

2.4. Enzyme assays

2.4.1. SOD acrivity assay

SOD activity was measured using the modified xanthine-oxidase-cyto-
chrome ¢ method as described by MaCord and Fridovich (1969). The final
concentrations of mixture in e-tube were 50 mM potassium phosphate (pH 7.8),
10mM xanthine, 0.1% deoxycholate, 50 pM potassium cyanide, 0.1 mM
ferricytochrome-c, and 0.5 U xanthine oxidase. After well vortexed, the mixture
was incubated in heat block at 22 °C for 2 min. Once heated, the reaction was
initiated by addition of homogenates (0.03-0.05 mg) into the mixture. The
decrease in absorbance at 550 nm was measured for 3 min.

2.4.2. Catalase acrivity assay

Catalase activity was assayed according to the method (Beers and Sizer,
1953). The final concentrations in the cuvettes were S0 mM potassium phos-
phate (pH 7.0), 30 mM H,0, and the samples (0.03-0.05 mg). The decrease in
absorbance at 240 nm after the addition of the samples was followed spectro-
photometrically.

24.3. Glutathione peroxidase (GSH-Px) activity assay

GSH-Px activity was assayed with a coupled enzyme system in which
glutathione (GSSG) reduction was coupled to NADPH oxidation by glutathione
reductase (Lawrence and Burk, 1976). The assay mixture contained 50 mM
potassium phosphate (pH 7.5), 1 mM EDTA, 1 mM NaN,, 1 mM reduced
glutathione (GSH), 0.2 mM NADPH, 1U glutathione reductase and tissue
samples (0.05-0.2 mg). After 5 min preincubation (20-25 °C), the reaction was
initiated by the addition of 0.25 mM H,0,. The decrease in the absorbance at
340 nm was followed spectrophotometrically.

2.4.4. NADPH oxidase activity assay

NADPH consumption was assayed spectrophotometrically at 340 nm
(Zhang et al.,, 2000). The oxidized nucleotides NADP* do not show any
absorbance at 340 nm (Souza et al., 2002). The reaction observed contained
the sample (0.05-0.2 mg), diluted to a final 50 mM potassium phosphate (pH
7.5). NADPH (final 1 mM) was added, just before the measurements were
started, and followed for 5 min. The decreased absorbance at 340 nm was
measured and applied as NADPH oxidase activity.

2.4.5. MPO activity assay

This assay was designed to measure the production of tetramethylbenzidine
(TMB) oxidation by MPO/H,0,. Samples were mixed with reacting reagent
(15mM TMB, 100 mM sodium acetate, 60 mM hydrogen peroxide). The
reaction was monitored at 650 nm for 30 min on a Genios TECAN Spectro-
photometer (Austria). Data were expressed mU/mg, protein. One unit of activity
is defined as the amount of enzyme that will utilize 1 wmol of hydrogen
peroxide/min. In this assay, one milli unit of MPO will cause absorbance change
of 0.0114 min™" at a 650 nm.

2.5. Western blot analysis

Western blotting was carried out with whole fractions of the cortical tissues.
The samples were boiled for 5 min with a gel-loading buffer (pH 6.8); 0.125 M
Tris-HCl, 4% sodium dodecyl sulfate, 20% glycerol, 10% 2-mercaptoethanol, and
0.2% bromophenol blue in a ratio of 1:1. Total protein equivalents for each sample
were separated on an SDS—polyacrylamide mini gel using 10 or 15% acrylamide
gelsat 100 Vand transferred to a PVDF membrane at 70 V for 1 h. The membrane
was immediately placed into a blocking solution (5% skim milk) at room
temperature for 30 min. The membrane was incubated with a diluted primary
antibody; SMP30 (1:5000), dityrosine (IC3; 200 ng/ml) (Kato et al., 1998),
dinitrophenyl (DNP; 1:1000), SOD (1:2000), catalase (1: 1000), Mac-1
(1:1000) and B-tubulin (1:4000) in TBS-Tween buffer at room temperature for
3 h. The membrane was followed by incubation with secondary antibody; poly-
clonal anti-goat, rabbit, mouse, or rat antibody (1:40,000) in Tween buffer at room
temperature for 1 h. Horseradish-conjugate secondary antibody labeling was
detected by enhanced chemiluminesence (ECL) Western blotting reagents and
analysis (Amersham Bioscience, NJ) following the manufacturer’s instructions.
Pre-stained blue protein markers were used for molecular weight determination.
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2.6. Pathological analysis

Twelve-months-old male WT and SMP30 KO mice were euthanatized and
whole brains were removed. Frozen brains were sectioned coronally at 20 wumona
cryostat and were thaw-mounted onto Superfrost PlusTM slides (Fisher, Chicago,
IL). Slides were maintained at ~20 °C until they were processed for histology.
Coronal frozen sections through hippocampus were prepared and stained with
cresyl violet (Nissl) for evaluation of neuronal morphology (Wu et al., 2005).

2.7. Statistical analysis

The statistical significance of the differences between WT and SMP30 KO
mice was determined by ANOVA with PLSD. Values of p < 0.05 were
considered statistically significant. Analyses were performed using Statview
software®.

3. Results

3.1. Increased RS levels and NADPH oxidase activities in
SMP30 KO mice brain

To evaluate the oxidative stress in SMP30 KO mice, we
measured total RS levels in the cortex of WT and SMP30 KO
mice using DCFDA method (Thomas et al., 1992). Total RS
levels in SMP30 KO brain were significantly increased
compared to WT mice (Fig. 1A; p < 0.001). NADPH oxidase
is well known as a major enzyme to generate superoxide anion
(Clark et al., 2004). Therefore, we measured NADPH oxidase
activities to determine whether RS source enzyme activity was
responsible for the elevated total RS levels in the mice. NADPH
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Fig. 1. Levels of reactive species (RS) and activities of NADPH oxidase were
increased in SMP30 KO brain. (A) Total RS levels were detected by DCFDA
method in cortex of WT and SMP30 KO mice. Levels of RS were significantly
increased in SMP30 deficient cortex compared to WT. (B) NADPH oxidase
activities were measured by NADPH consumption as substrate at 340 nm
spectrophotometer. SMP30 depletion resulted in the elevated activities of
NADPH oxidase in the cortex. Each value is the mean + S.E. of four to five
mice in two times experiment with triplicates. As significance, results of one-
factor ANOVA: *p < 0.05, ¥p < 0.001 vs. WT.

oxidase activities were consistently elevated with increased RS
levels in SMP30 KO brain (Fig. 1B; p < 0.05).

3.2. Antioxidant enzyme status

To assess whether the increased oxidative stress is caused by
the dysfunction of oxidative defense system in the SMP30 KO
brain, we measured the activities and levels of several
antioxidative enzymes, including SOD, catalase, and GSH-Px
in cortex. However, no marked differences in activities of SOD,
catalase, and GSH-Px were detected between WT and SMP30
KO cortex (Fig. 2A). The protein levels of either SOD or catalase
were not significantly different between WT and SMP30 KO
brain (Fig. 2B). This result demonstrated that antioxidant
enzyme status in brain was not affected by SMP30 depletion.
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Fig. 2. The antioxidative enzyme status was not altered by SMP30 depletion in
the cortex. Activities (A) and protein levels (B) of antioxidant enzymes were
examined in the cortical tissues of WT and KO mice. No significant changes
were detected in activities of superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GSH-Px) between WT and KO mice. (B) Immunoblot
analysis showed that protein levels of SOD and catalase were not altered by
SMP30 depletion. Levels of B-tubulin used to normalize the levels of protein
loaded. Values are expressed as a percentage of WT mice brain and represent
means + S.E. of four mice.
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3.3. Enhancement of protein oxidation in SMP30 KO mice
brain

We further investigated to evaluate protein oxidation in the
cortical tissue from WT and SMP30 KO mice. We examined the
dityrosine formation and carbonylation (DNP; dinitrophenyl),
because both dityrosine formation (Giulivi et al., 2003) and
carbonylation (Liu et al., 2003) was used as markers of protein
oxidation. We were able to confirm that SMP30 protein
expression was completely depleted in the cortex of SMP30 KO
mice (Fig. 3A). Levels of dityrosine and DNP (Fig. 3B;
p < 0.0t and p < 0.05, respectively) were elevated in the cortex
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Fig. 3. Protein oxidation was increased in cortex of SMP30 KO mice. (A)
Immunoblot analysis showing SMP30 protein levels in WT and KO. (B)
Dityrosine formation and carbonylation (DNP) was examined in the mice
brain. The cortical homogenates were subjected to immunoblot analysis using
anti-dityrosine and anti-DNP. Whole proteins were screened and around size
between 60 and 120 kDa of tyrosylated proteins and between 60 and 90 kDa of
carbonylated proteins were markedly elevated in SMP30 KO brain compared to
WT. Levels of B-tubulin used as protein loading control. Values are expressed
protein levels as a percentage of WT mice brain and represent means + S.E. of
four mice. As significance, results of one-factor ANOVA: *p < 0.05, #p < 0.01
vs. WT.

of SMP30 KO mice compared to WT mice, indicating that more
protein oxidation occurred in SMP30 KO brain. These results
suggest that SMP30 deficient brains might be functionally
affected by the increased protein oxidation.

3.4. Activated leukocytes in SMP30 KO mice brain

It seems clear that SMP30 KO mice show elevated RS and
protein oxidation in the brain, without alteration of antioxidant
enzyme status. Since it has been reported that chronic
inflammation can be also caused by RS, we hypothesized that
activated immune cells were infiltrated into the SMP30 KO brain,
which cause unusual release of oxidants. To valid this hypothesis,
myeloperoxidase (MPO) activity, a reliable marker for leukocyte
recruitment and activation (Morken et al., 2002; Squadrito et al.,
2000), was measured in the cortex WT and SMP30 KO mice. The
markedly increased MPO activities in SMP30 KO mice indicated
the infiltration of activated leukocytes (Fig. 4A). To further
confirm our assumption, the level of Mac-1 was determined in the
brain homogenates, because Mac-1 is regarded as the key
mediator responsible for the migration of neutrophil {Clark et al.,
1996). The levels of Mac-1 in SMP30 KO brain were as high as
1.5-fold (p < 0.01) of that in WT (Fig. 4B). These results clearly
demonstrated the accumulation of leukocytes in the brain tissues
taken from SMP30 KO mice, which may be responsible for the
elevated RS levels.
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Fig. 4. Infiltration and activation of leukocyte was increased in SMP30 KO
brain. (A) MPO activities were measured as an infiltrated leukocyte marker by
specific assay in the mice. MPO activities significantly increased in SMP30 KO
brain. Values are the mean + S.E. of four mice. As significance, results of one-
factor ANOVA: ”*p < 0.01 vs. WT. (B) The protein levels of Mac-1 were
quantified arbitrarily as an activated leukocyte marker by densitometry. Values
are expressed protein levels as a percentage of WT mice. As significance, results
of one-factor ANOVA: #p < 0.01 vs. WT.
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Fig. 5. SMP30 KO mice did not show any neuronal pathology in the brain compared to WT mice. Coronal brain sections of hippocampus were stained with cresyl
violet (Nissl) to evaluate neuronal loss and damage. There were no neuronal losses or damages in both WT mice (A, C, E) and SMP30 KO mice (B, D, F). Nissl images
of CAl and CA3 region (C, D) and the cortex (E, F). Scale bar: 100 pm (A, B), 50 um (C-F).

3.5. Histopathology of SMP30 KO mice brain

‘We examined the sectioned brain tissues of SMP30 KO mice
for the possible pathological changes that might cause the
increased oxidative stress and leukocyte infiltration. Niss] stained
slides were evaluated for any neuronal damages. The results
found that there were no neuronal loss or damage in coronal brain
sections of both WT (Fig. 5A, C and E) and SMP30 KO mice
(Fig. 5B, D and F). Base on these data, we concluded that
increased oxidative status and neutrophil activation in SMP30
KO brains we observed were not likely due to the secondary
effects of the pathological changes of the brain.

4. Discussion

Most studies on SMP30 have been focused on the kidney and
liver, because expression levels of SMP30 are particularly high

in those organs. However, studies on the SMP30’s tissue or
organ specificity with relatively low levels have not been well
studied. The brain is one of those organs with low levels of
SMP30, but do express SMP30. The brain is known to be
susceptible to damaging effects of oxidative stress due to their
high oxygen consumption and relatively low antioxidant
capacity (Anderson, 2004). The current study is the first report
on the characterization of brain SMP30 utilizing SMP30 KO
mice in relation with oxidative status.

We assessed the oxidative status of SMP30 KO brain by
measuring several key markers for oxidative stress. Included
are: total RS levels for biochemical marker, NADPH oxidase
for an enzymatic marker, and MPO activities (as a physiolo-
gical marker), and found that all are significantly increased in
the brain of SMP30 KO mice. Consistent with the oxidatively
stressed SMP30 KO brain, there is the increased leukocyte
activity as shown in Fig. 4. These observations are consistent
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with our preliminary studies with liver and kidney in SMP30
KO mice (data not shown). However, our oxidatively stressed
brain was not accompanied with any compensatory changes in
activities or protein levels of anti-oxidative defense enzymes in
SMP30 KO brain. These results indicate that SMP30 has
suppressive action against oxidative stress in the brain without
modulating antioxidant enzyme status. This finding raises the
possibility of the organ specificity of SMP30 in response to
oxidative stress in which case, the SMP30 KO brain seems to
have an impaired capacity to induce, i.e. synthesize those
scavenging enzymes in response to oxidative stress.

Elevated RS in SMP30 KO brain was verified by detecting
protein oxidation; dityrosine and DNP in the mice brain. It is
likely that the lack of SMP30 with increased oxidative stress
is responsible for the elevated protein oxidation. It was
recently reported that protein oxidation by increased oxi-
dative stress has been identified in several neurodegenerative
disorders and aging processes. For example, the occurrence of
dityrosine in proteins has a wide range of implication in
atherosclerosis, inflammation, neurodegenerative disease, and
aging (Leeuwenburgh et al., 1999; Hensley et al., 1998).
Likewise, toxic carbonyl species have been associated with
the pathophysiology of Alzheimer’s disease (AD) (Liu et al.,
2003). Thus, our findings on the increased dityrosine and
carbonylation levels in the brain of SMP30 KO mice highlight
a putative important role in the brain as a potent anti-oxidative
function.

Other data revealed from the current study support our
contention about SMP30’s role in the brain. We found that
protein levels of Mac-1 as marker of activated leukocyte were
increased in SMP30 KO mice. Adhesion and migration of
leukocytes is regulated by specific receptor-ligand interactions
between intracellular adhesion molecule-1 (ICAM-1) on
endothelial cells and a group of Mac-1 glycoproteins on
leukocytes (Chao et al., 2000). To probe the infiltration of
migrated leukocyte, we measured MPO activity in the mice,
because identification of MPO can be used as neutrophil
infiltration. We also found that MPO activities are consistent
with increased levels of Mac-1 protein in SMP30 KO mice
brain. These results indicate that the increased MPO activities
are further confirming the status of oxidative stress in SMP30
KO mice brain.

One could suspects that the infiltration of neutrophil and
increased oxidative stress were associated with the pathological
processes in these KO mouse brain. However, our gross
microscopic analysis of the brain shown in Fig. 5 revealed no
discernable differences in sizes and shapes of hippocampus and
cortex in SMP30 KO mice compared to wild type mice. In
addition, histopathological analysis with Nissl staining
indicates that there were no neuronal losses or damages in
SMP30 KO mice compared to WT mice. Therefore, it is not
likely that increased oxidative stress and leukocyte infiltration
in SMP30 KO brains we observed in these KO mice are from
the secondary effects of brain lesion. However, it is still
probably true that SMP30 KO mice are more susceptible to
pathological insults and vulnerable to various stresses due to the
weakened anti-oxidative defenses.

Putting together, our findings suggest that SMP30 plays an
important neuroprotective role in suppressing oxidative stress
by modulating activation and infiltration of leukocytes, but
without compensatory increases in endogenous oxidative
defense enzymes.
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Senescence Marker Protein-30 Protects Mice Lungs
from Oxidative Stress, Aging, and Smoking
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Rationale: Senescence marker protein-30 (SMP30) is a multifunc-
tional protein providing protection to cellular functions from
age-associated deterioration. We previously reported that SMP30
knockout (SMP30Y/~) mice are capable of being novel models for
senile lung with age-related airspace enlargement and enhanced
susceptibility to harmful stimuli.

Objectives: Aging and smoking are considered as major contributing
factors for the development of pulmonary emphysema. We evalu-
ated whether SMP30Y/— mice are susceptible to oxidative stress
associated with aging and smoking.

Methods: Age-related changes of protein carbonyls in lung tissues
from the wild-type (SMP30Y/+) and SMP30Y/— mice were evalu-
ated. Both strains were exposed to cigarette smoke for 8 wk. Histo-
pathologic and morphologic evaluations of the lungs, protein car-
bonyis and malondialdehyde in the lung tissues, total glutathione
content in the bronchoalveolar lavage fluid, and degree of apopto-
sis of lung cells were determined.

Measurements and Main Results: In the lungs of SMP30Y/— mice,
protein carbonyls tended to increase with aging and were signifi-
cantly higher than the age-matched SMP30Y/+ mice. Cigarette
smoke exposure generated marked airspace enlargement (23.3%
increase of the mean linear intercepts) with significant parenchymal
destruction in the SMP30Y/~ mice but not in the SMP30Y/+ mice
(5.4%). The protein carbonyls, malondialdehyde, total glutathione,
and apoptosis of lung cells were significantly increased after 8-wk
exposure to cigarette smoke in the SMP30Y/— mice.

Conclusions: Our results suggest that SMP30 protects mice lungs
from oxidative stress associated with aging and smoking. The
SMP30Y/— mice could be useful animal models for investigating
age-related lung diseases, including cigarette smoke-induced pul-
monary emphysema.

Keywords: aging; oxidative stress; pulmonary emphysema; senescence
marker protein-30; smoking

Senescence marker protein-30 (SMP30), a 34-kD protein origi-

nally identified from the rat liver, is a novel molecule that de- -

creases with age in an androgen-independent manner, suggesting
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its possible role in age-related physiologic and pathologic condi-
tions (1-3). We demonstrated that SMP30 is widely expressed
in vertebrates and that the amino acid alignment is highly con-
served (2, 4). In mice, SMP30 transcripts are detected in various
organs, including the liver, kidney, cerebrum, testis, and lung
(5). In humans, the SMP30 gene is located in the p11.3—q11.2
segment of the X chromosome (6). To clarify the physiologic
role of SMP30 in age-associated organ disorders, the SMP30
knockout (SMP30Y/—) mouse was developed with gene tar-
geting from C57BL6 mice (7). We revealed that SMP30Y/-
mice are viable and fertile but have reduced weight gain and
shorter life span than the wild-type (SMP30Y/+) mice (8). Hepa-
tocytes isolated from SMP30Y/— mice were shown to be highly
susceptible to tumor necrosis factor-a and Fas-mediated apopto-
sis (7). Furthermore, exogenously induced SMP30 was shown
to increase Ca’* efflux by activating the calmodulin-dependent
Ca* pump in HepG?2 cells and thus to confer resistance to cell
death caused by an increase in intracellular Ca?* concentration
(9)- These findings suggest that SMP30 protects cells and organs
from various injuries during the course of life.

There are many studies concerned with the relationship be-
tween aging and oxidative stress. Moderate oxidative stress may
gradually develop with age because plasma levels of lipoperoxi-
dation products and antioxidant enzyme activities in red blood
cells increase with aging, whereas plasma levels of nutritional
antioxidants decrease (10). The lungs are persistently exposed
to oxidants generated endogenously from phagocytes and other
cell types or exogenously from air pollutants or cigarette smoke
(11). Pulmonary emphysema is an age-related lung disease that
occurs after a prolonged period of cigarette smoking. Because
cigarette smoke contains around 10" oxidant molecules per puff
and generates oxidant/antioxidant imbalance in the lungs, oxida-
tive stress is postulated to play an important role in the patho-
genesis of emphysema (11). In patients with chronic obstructive
pulmonary disease, biomarkers of oxidative stress, such as pro-
tein carbonyls and lipid peroxidation products, are reported to
be elevated in the lungs (12) and respiratory muscles (13).

We previously reported that SMP30Y/— mice develop pe-
ripheral airspace enlargement without alveolar destruction and
may thus be a novel model for senile lung (5). We hypothesized
that SMP30Y/— mice may be susceptible to oxidative stress
with aging. Furthermore, SMP30Y/~ mice may be vulnerable
to cigarette smoke exposure and generate pulmonary emphy-
sema. In this study, we investigated the age-related changes of
protein carbonyls in the lungs of SMP30Y/— and SMP30Y/+
mice and pathologically evaluated the effect of cigarette smoke
exposure to the lungs and biomarkers of oxidative stress.

METHODS

Animals

We used SMP30Y/— and SMP30Y/+ mice to investigate the age-related
changes of mice lungs with 1-, 3-, 6-, and 12-mo-old mice (n = § for
each group). We used 3-mo-old mice (n = 6 for each group) for the
smoking experiment. Animal experimentation was approved by the
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Animal Care and Use Committee of Tokyo Metropolitan Institute of
Gerontology and by Juntendo University, School of Medicine.

Preparation and Morphologic Evaluation of the Lungs

Mice were killed, and the lungs were processed as described previously
(14). The lungs were lavaged with 0.5 ml of phosphate-buffered saline
through an intratracheal cannula four times. The bronchoalveolar la-
vage fluid (BALF) was pooled, and total cell counts and cell populations
in each BALF specimen were determined. The BALF was centrifuged,
and the supernatant was collected for biochemical analysis.

Airspace size was assessed by determining the mean linear intercepts
(MLI) according to the method previously described (15). The destruc-
tive index (DI) was determined to evaluate the severity of alveolar wall
destruction (16). A DI value greater than 10% was considered to have
significant destruction of the lung parenchyma (17).

Determination of Protein Carbonyls in the Lungs

The measurement of protein carbonyls in the supernatant of lung homog-
enates was conducted with a spectrophotometer as described previously
(18-20). To confirm the specificity of the reaction of the proteins with
2,4-dinitrophenylhydrazine (DNPH), the lung extracts of SMP30Y/~
mice were pretreated with sodium borohydride to reduce the carbonyls
in the experiment as described previously (20). The absorbance of the
spectrophotometric measurement of carbonyls was reduced to 16%
with treatment, confirming the validity of the method.

Immunohistochemical Staining for Protein Carbonyls in
the Lungs

Protein carbonyls were identified immunohistochemically with paraffin-
embedded lung sections using specific antiserum against DNPH pre-
pared with rabbits as described previously (20). The sections were
incubated with DNPH solution for 30 min and then with anti-DNPH
antibody for 1 h at room temperature. The sections were incubated
with biotinylated anti-rabbit IgG antibody (Vector, Burlingame, CA).
Antibody binding was detected using the Elite ABC Kit (Vector) and
3,3-diaminobenzidine tetrahydrochloride as the chromogen according
to the manufacturer’s instructions. As a negative control, the sections
were incubated in 2% HCI without DNPH for 30 min before incubation
with the primary antibody or in a solution containing 2% bovine serum
albumin and 2% normal goat serum instead of the polyclonal anti-DNPH
antibody. All the sections were counterstained with hematoxylin.

Chronic Exposure to Cigarette Smoke

Mice were exposed to cigarette smoke for 8 wk using the commercially
marketed Peace nonfilter cigarettes (29 mg of tar and 2.5 mg of nicotine
per cigarette; Japan Tobacco, Inc., Tokyo, Japan) and the Tobacco
Smoke Inhalation Experiment System for small animals (Model SIS-
CS; Shibata Scientific Technology, Tokyo, Japan) as described pre-
viously (14). We used 2.5% cigarette smoke diluted with compressed
air (mass concentration of total particulate matter, 40.6 mg/m?®). Three-
month-old mice were exposed to diluted cigarette smoke (study group)
or fresh air (control group) for 30 min/d, 5 d/wk, and for 8 wk.

Determination of Malondialdehyde in the Lungs

The measurement of malondialdehyde (MDA) in the supernatant of
lung homogenates was performed using the Lipid Peroxidation Assay
Kit (Calbiochem, San Diego, CA) according to the manufacturer’s
instructions.

Determination of Glutathione in the BALF

Total glutathione and oxidized glutathione contentsin the BALF super-
natants were measured using the Total Glutathione Quantification Kit
(Dojindo Molecular Technologies, Kumamoto, Japan) according to the
manufacturer’s instructions.

Evaluation of Apoptosis with Immunohistochemistry
for Anti-Single-stranded DNA and Anti-Activated
Caspase-3 Antibodies

Apoptosis of lung cells was examined with immunohistochemistry using
a rabbit polyclonal antibody against the single-stranded DNA (ssDNA;

531

Dako Cytomation, Carpinteria, CA) and anti-activated caspase-3 (Cell
Signaling, Beverly, MA) as described previously (14).

Protein Assays

Total protein concentration was measured using the BCA Protein Assay
Kit (Pierce, Rockford, IL) according to the manufacturer’s instructions.

Statistical Analysis

The statistical significance of the data was determined using analysis
of variance followed by Tukey’s multiple comparison test. When appli-
cable, the Mann-Whitney test was used. A p value of less than 0.05
was considered significant.

RESULTS

Age-related Changes in Body Weight, Morphometry of the
Lungs, and Protein Carbonyls

Body weights increased with age in the SMP30Y/+ and SMP30Y/—
mice, and there were no significant changes between both strains
up to 6 mo of age. At 12 mo of age, the body weight of the
SMP30Y/— mice were significantly less than that of the SMP30Y/+
mice (Table 1). Compared with the SMP30Y/+ mice, the
SMP30Y/— mice had significantly greater MLI from 3 to 12 mo
of age. There was a significant increase of MLI with aging in
the lungs of the SMP30Y/~ mice. On the other hand, the DI
scores in both groups at every age were less than 10%, and no
significant differences between the groups were recorded (Table
1). There were no inflammatory findings in the alveoli in both
groups on histologic examination (data not shown).

We assessed protein oxidation in the lungs of SMP30Y/+
and SMP30Y/— mice by measuring the protein carbonyls, which
are known as sensitive biomarkers of oxidative stress (21). In the
lungs of SMP30Y/— mice, protein carbonyls were significantly
increased in comparison with those of age-matched SMP30Y/+
mice. In addition, protein carbonyls tended to increase with age
and significantly increased at 12 mo of age as compared with
1 mo of age (Figure 1). We performed immunohistochemistry
with anti-DNPH antibody to detect the localization of protein
carbonyls in the lungs and demonstrated that the majority of
the protein carbonyls was evenly distributed and diffused in
both strains but was apparently stronger in the SMP30Y/— mice
(Figure 2).

Effect of Cigarette Smoke Exposure on the Morphometry of
the Lungs

The body weights did not change significantly between the
SMP30Y/+ and SMP30Y/— mice before and after exposure to

TABLE 1. AGE-RELATED CHANGES OF BODY WEIGHT
AND LUNG MORPHOMETRY IN SMP30Y/+ AND
SMP30Y/— MICE

1 mo 3 mo 6 mo 12 mo

BW, g

SMP30Y/+ 221 +0.6 292 +09 333+ 21 41123

SMP30Y/— 220*06 280=x0.7 321 £ 3.2 37.6 = 1.0*
ML, pm

SMP30Y/+ 574 > 44 57.7 =33 60.7 £ 1.6 61.5 + 39

SMP30Y/- 58.6 * 2.9 620 1.4* 671 +23% 676 = 3.9%
Dl, %

SMP30Y/+ 3807 42+ 0.5 41 +11 450

SMP30Y/— 4.2 + 0.8 43 x 0.5 4.5 %09 49+ 1.0

Definition of abbreviations: BW = body weight; DI = destructive index; MLl =
mean linear intercepts.

Data are presented as mean = SD (n = 5 for each group).

* p < 0.05 versus age-matched SMP30Y/+ mice.

* p < 0.05 versus SMP30Y/— mice at 1 mo of age.

*p < 0.001 versus SMP30Y/~ mice at 1 mo of age.
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SMP30Y/+
EH smp3oyi-

Figure 1. Age-related
changes of protein car-
bonyls in the lungs of
SMP30Y/+ and SMP30Y/—
mice. In the lungs of the
SMP30Y/— mice, protein
carbonyls tended to in-
crease with age ('p < 0.05,
compared with 1 mo of
age) and were significantly
greater than those of the
age-matched SMP30Y/+
mice (*p < 0.05). Values are
presented as mean = SD
(n = 5 for each group).

Protein carbonyls (nmol/mg protein)
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cigareite smoke for 8 wk. In addition, exposure to cigarette
smoke had no influence on body weight gain in both strains as
compared with the air-exposed groups (data not shown).
Chronic exposure to cigarette smoke increased total cell
counts in the BALF of both groups. No significant differences
were observed in cell populations between air- and smoke-

SMP30Y/+ SMP30Y/-

P

Figure 2. Immunohistochemistry for protein carbonyls in the lungs of
SMP30Y/+ (A, C, and E) and SMP30Y/~ (B, D, and F) mice (original
magnification: X100). Insets are magnified views of the alveolar region
(X400). Anti-2,4-dinitrophenylhydrazine (-DNPH) antibody analysis re-
vealed that protein carbonyls were largely evenly and diffusely distrib-
uted in the lung tissues of both strains but apparently were stronger
in the SMP30Y/— mice (A and B). As a control for immunostaining of
the lung tissues, avoiding the derivatization process (C and D) and
removing primary anti-DNPH antibody (£ and F) resulted in the elimina-
tion of positive immunostaining.

exposed mice of both strains. The total protein concentration
in the BALF increased significantly in the SMP30Y/— mice after
chronic exposure to cigarette smoke but did not increase in the
SMP30Y/+ mice. The smoke-exposed SMP30Y/— mice demon-
strated significantly higher levels of protein concentration in
BALF than the smoke-exposed SMP30Y/+ mice (Table 2).
Chronic exposure to cigarette smoke for 8 wk generated
pulmonary emphysema in the SMP30Y/— mice but not in
SMP30Y/+ mice. Histologic specimens of the lung tissues of
smoke-exposed SMP30Y/— mice revealed marked airspace en-
largement (i.e., an increase of MLI) accompanied with disruption
of alveolar wall (i.e., an increase of DI; Figures 3 and 4). Morpho-
metric examination of the lung specimen revealed that MLI was
significantly greater in the smoke-exposed SMP30Y/— mice than
in the air-exposed SMP30Y/— and SMP30Y/+ mice (Figure 4A):
MLI increased to 23.3% in the SMP30Y/— mice after exposure
to cigarette smoke and 5.4 % for the SMP30Y/+ mice. Moreover,
DI increased to more than 10%, a cut-off value indicating the
occurrence of significant alveolar wall destruction (17), in the
lungs from smoke-exposed SMP30Y/— mice, whereas no signifi-
cant increase was observed in the SMP30Y/+ mice (Figure 4B).

Effect of Cigarette Smoke Exposure on Oxidative Stress
in the Lungs

To investigate the effect of chronic cigarette smoke exposure
on oxidative injury in the lungs, we measured protein carbonyls
in the lungs of SMP30Y/+ and SMP30Y/— mice after exposure
to air or cigarette smoke (Figure 5). Protein carbonyls tended
to increase in the lungs of both strains after cigarette smoke
exposure, although no significant statistical difference was noted
(p = 0.08 and 0.07 between air and smoke exposure in SMP30Y/+
and SMP30Y/— mice, respectively). Protein carbonyls were sig-
nificantly increased in the lungs of smoke-exposed SMP30Y/-
mice than those of the smoke-exposed SMP30Y/+ mice. We also
performed immunohistochemistry with anti-DNPH antibody on
lung specimens from both strains after chronic exposure to ciga-
rette smoke. Anti-DNPH antibody demonstrated an even and
diffuse distribution of protein carbonyls in the lungs of both
strains after exposure to cigarette smoke (data not shown), indi-
cating that chronic smoke exposure seems to increase oxidative
stress evenly throughout the lungs.

We assessed lipid peroxidation in the lungs by measuring
MDA (Figure 6), which is known as one of the end products
derived from peroxidation of polyunsaturated fatty acids and
related esters (22). Baseline levels of MDA in the lung tissues
from both strains (air-exposed) were almost identical. However,
MDA significantly increased in the lungs of the SMP30Y/— mice
after chronic cigarette smoke exposure, whereas no increase was
demonstrated in the lungs of the SMP30Y/+ mice. We did not
use the conventional thiobarbituric acid method to measure the
MDA because of low specificity of this method. Instead, we used
a method that allows us to assay MDA selectively by reacting
with N-methyl-2-phenylindole in HC], eliminating the potential
inclusion of 4-hydroxylalkenals and alkanals in the measure-
ment. The reaction produces a chromophore with maximum
absorption at 586 nm, whereas the reaction with alkanals forms
a product with maximum absorption at 505 nm (23).

We measured the content of total glutathione in BALF
(Figure 7) because it is widely recognized as a major antioxidant
in the lungs (24, 25). In SMP30Y/~ mice, baseline level of total
glutathione in BALF tended to be greater than that of the
SMP30Y/+ mice, but no statistical significance was detected
(p = 0.06).Chronic cigarette smoke exposure markedly up-
regulated the amount of total glutathione in BALF from the
SMP30Y/- mice (p < 0.05), whereas no effect of smoke exposure
on the glutathione level was revealed in the SMP30Y/+ mice
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TABLE 2. EFFECT OF CHRONIC CIGARETTE SMOKE EXPOSURE ON BRONCHOALVEOLAR LAVAGE
FLUID ANALYSES IN SMP30Y/+ AND SMP30Y/— MICE

SMP30Y/+ SMP30Y/~
Air Exposure Smoke Exposure Air Exposure Smoke Exposure

Total cell count (X10%) 05*02 1.5*+0.3* 0.9 = 0.5 1.9 = 07"
Cell differentiation

Macrophages, % 903 %73 88.8 = 4.0 87.0 = 10.2 84.0 £ 9.7

Neutrophils, % 1.0x 1.1 1.0x1 0.7 1.0 1.2x13

Lymphocytes, % 8.5 * 6.4 9.7 £37 120 £ 9.2 142 = 84
Total protein, ng/ml 1284 + 106.8 93.0 = 37.2 145.0 *+ 84.3 282.9 * 63.1%

Data are presented as mean * SD (n = 6 for each group).
* p < 0.001 versus SMP30Y/+ mice exposed to air.

' p < 0.07 versus SMP30Y/+ mice exposed to air.

* p < 0.05 versus SMP30Y/— mice exposed to air.

§ p < 0.05 versus SMP30Y/+ mice exposed to air.

Y p < 0.001 versus SMP30Y/+ mice exposed to cigarette smoke.

(p =0.79). We were able to detect oxidized glutathione in BALF
from the cigarette smoke—exposed SMP30Y/— mice group but
not from the other groups (i.e., less than the detection limit).
The amount of oxidized glutathione detected in smoke-exposed
SMP30Y/— mice was 7.91 nmol/mg protein (7.95% of total gluta-
thione content).

Effect of Cigarette Smoke Exposure on Apoptosis of
Lung Cells

Apoptosis of lung cells was analyzed to investigate the mecha-
nisms of cigarette smoke-induced emphysema in the SMP30Y/—
mice. Immunohistochemical examination using anti-single-
stranded DNA antibody revealed that apoptosis was widely de-

tected in bronchial and bronchiolar epithelial cells and alveolar

septal cells and was significantly increased in all areas of the lungs
of the cigarette smoke-exposed SMP30Y/— mice compared with
the other groups (Figures 8A and 8B). On the other hand, there
was no significant difference in the ratio of apoptotic nuclei
detected between the air- and smoke-exposed SMP30Y/+ mice
(p = 0.09) and between the air-exposed SMP30Y/+ and
SMP30Y/— mice (p = 0.07). Chronic cigarette smoke—induced
increase in apoptosis was further confirmed with immunobhisto-

chemical analysis of caspase-3: Activated caspase-3 was detected
in the lungs of cigarette smoke-exposed SMP30Y/— mice
(Figure 8C) but not in the other groups (data not shown).

DISCUSSION

We have demonstrated that the oxidative stress in the lungs is
greater in the SMP30Y/— mice than the SMP30Y/+ mice and
tends to gradually increase in the SMP30Y/— mice as determined
from measuring the protein carbonyls, one of the biomarkers
for oxidative stress (26, 27), in the lungs. We did not measure
the age-related changes of lipid peroxidation as another bio-
marker for oxidative stress and glutathione as a major antioxi-
dant in BALF. At 5 mo of age, however, there was no significant
statistical difference between SMP30Y/+ and SMP30Y/— mice
in lipid peroxidation of the lungs (Figure 6; p = 0.76) and gluta-
thione in BALF (Figure 7; p = 0.06). In contrast, chronic ciga-
rette smoke exposure for 8 wk resulted in a marked increase
of lipid peroxidation and up-regulation of glutathione, with the
tendency of a greater increase of protein carbonyls in the
SMP30Y/— mice, but it did not generate significant influence on
these biomarkers of oxidative stress in the SMP30Y/+ mice.

SMP30Y/+

Figure 3. Histologic findings of the lungs of
SMP30Y/+ and SMP30Y/— mice after chronic
cigarette smoke exposure (hematoxylin-eosin
staining; original magnification, X50). (Aand 8)
SMP30Y/+ mice exposed to air and cigarette

smoke, respectively. (Cand D) SMP30Y/— mice,

SMP30Y/-

exposed to air and cigarette smoke, respectively.
The lungs of the SMP30Y/— mice exposed to
cigarette smoke revealed marked airspace en-
targement and alveolar wall destruction (D).
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Figure 4. Morphometric findings of the lungs of SMP30Y/+ and
SMP30Y/— mice after chronic cigarette smoke exposure. (A) Mean
linear intercepts (MLI). Values are presented as mean =+ SD (n = 6 for
each group). In the lungs of SMP30Y/— mice exposed to cigarette
smoke, MLI was significantly greater than the other groups (*p < 0.05).
The MU increased to 23.3% in the SMP30Y/— mice and to 5.4% for
the SMP30Y/+ mice. The MLi in the SMP30Y/— mice exposed to air
was significantly greater than that of the SMP30Y/+ mice exposed to
air ('p < 0.05). (B) The destructive index (DI). Values are presented as
mean * SD (n = 6 for each group). In the lungs of the SMP30Y/—
mice exposed to cigarette smoke, D] was increased more than 10%
(*p < 0.05 compared with the other groups).

Our results indicate that the lack of a SMP30 molecule brings
forth an endogenous mild oxidative stress situation in the lungs
and makes the lungs highly susceptible to oxidative stress in-
duced by smoke exposure even if exogenous oxidative stress is
so mild that it does not generate oxidative proteins and lipids
and up-regulate glutathione in BALF of the SMP30Y/+ mice.
In this context, SMP30Y/~ mice seem to be an excellent tool for
investigating the pathophysiology of the lung associated with
oxidant/antioxidant imbalance like smoke-induced emphysema
and aging-related conditions like the senile lung.

The precise function of SMP30 in terms of oxidant and antiox-
idant balance remains undetermined. We demonstrated pre-
viously that SMP30 is localized in the nuclei in addition to the
cytoplasm of cultured mouse hepatocytes and is similar in its
amino acid sequence to bacterial and yeast RNA polymerases
(28). Accordingly, SMP30 may regulate gene expression, and
the lack of SMP30 may cause down-regulation of antioxidant
enzymes. It has recently been reported that with gene targeting
of the Nrf2 (nuclear factor, erythroid-derived 2, like 2), a tran-
scription factor regulating gene expression involved in antioxi-
dant defense, inflammation, and cellular apoptosis, plays an im-
portant role in the development of smoke-induced emphysema
(29): Nrf2™'~ mice were demonstrated to be extremely suscepti-
ble to cigarette smoke-induced emphysema after 6 mo of expo-

7+ I

Protein carbonyis (nmol/mg protein)
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Figure 5. Protein carbonyls in the lungs of SMP30Y/+ and SMP30Y/-
mice after chronic cigarette smoke exposure. Protein carbonyls in the
lungs of SMP30Y/ - mice were significantly greater in the air- and smoke-
exposed groups than those of SMP30Y/+ mice (*p < 0.05 compared
with SMP30Y/+ mice air-exposed group, and 'p < 0.05 compared
with SMP30Y/+ mice smoke-exposed group). Values are presented as
mean = SD (n = 6 for each group).

sure. Glutathione is a potent antioxidant in the lungs and is
highly concentrated in the epithelial lining fluid (24, 25). The
transcription of the gene for a-glutamylcysteine synthetase, the
rate-limiting enzyme for glutathione synthesis, is markedly up-
regulated by chronic cigarette smoke exposure (30). Cigarette
smoke-induced up-regulation of y-glutamylcysteine synthetase
has been reported to be mediated by the redox-sensitive tran-
scription factor, activating protein-1 (31, 32). Although we did
not directly measure enzyme activities, SMP30 seems not to
be involved in the regulation of y-glutamylcysteine synthetase
because the glutathione content in BALF was markedly increase
after 8 wk of smoke exposure in the SMP30Y/— mice. Moreover,
the activity of glutathione reductase is not likely to be affected
in the SMP30Y/— mice because the fraction of the oxidized
form of glutathione is approximately 8% of the increased total
glutathione content of the BALF. Because y-glutamylcysteine
synthetase and glutathione reductase- are involved in the Nrf2
pathway (29), SMP30 may not have functional cross-talk with
Nrf2. On the other hand, we previously reported lipid deposition
and degeneration of mitochondria in the liver, kidney, and

MDA (nmol/mg protein)

air smoke air  smoke
SMP30Y/+ SMP30Y/-

Figure 6. Malondialdehyde (MDA) in the lungs of SMP30Y/+ and
SMP30Y/— mice after chronic cigarette smoke exposure. MDA was
significantly increased in the fungs of SMP30Y/— mice exposed to ciga-
rette smoke as compared with those of the air-exposed SMP30Y/+
(*p < 0.05) and SMP30Y/~ (*p < 0.05) mice. Values are presented as
mean = SD (n = 6 for each group).
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Figure 7. Total glutathione content in a bronchoalveolar lavage fluid
(BALF) specimen of SMP30Y/+ and SMP30Y/— mice after chronic
cigarette smoke exposure. Total glutathione content was significantly
up-regulated in the SMP30Y/— mice exposed to cigarette smoke as
compared with the other groups (*p < 0.05). Values are presented as
mean * SD (n = 6 for each group). *Oxidized glutathione was detected
only in BALF from the smoke-exposed SMP30Y/- mice but not from
the other groups (i.e., less than the detection limit). The amount of
oxidized glutathione detected in the smoke-exposed SMP30Y/— mice
was 7.91 nmol/mg protein (7.95% of total glutathione content).

submandibular gland of SMP30Y/— mice (8, 33, 34). The mito-
chondrion is speculated to be the main source of endogenous
intracellular oxidant through a leak of an electron from the
mitochondrial respiratory chain, but it has antioxidant enzymes
(Mn-superoxide dismutase and glutathione peroxidase) that can
attenuate oxidative stress. Recent studies have highlighted the
important role of mitochondrial proteolytic enzymes in provid-
ing resistance to oxidative stress (35). Accordingly, the mitochon-
drial degeneration observed in the SMP30Y/-mice may be in-
volved in the susceptibility of the lungs to oxidative stress.
However, our preliminary electron microscopic analysis of the
lungs did not detect structural abnormalities in the SMP30Y/—
mice as compared with lungs of the SMP30Y/+ mice {data not
shown). Further studies are needed to elucidate the precise role
of SMP30 in oxidant/antioxidant balance by examining the gene
expression profiles of the lungs from the SMP30Y/— mice with
special reference to mitochondrial antioxidant enzymes and proteo-
Iytic enzymes.

We previously reported that SMP30Y/— is a novel murine
model of senile lung because senile lungs develop spontaneous
airspace enlargement without parenchymal destruction (5). This
was confirmed in this study because SMP30Y/— mice showed
significantly greater MLI at 3 mo of age than SMP30Y/+ mice.
The SMP30Y/— mouse seems to be not only a murine model of
senile lung but also a murine model of cigarette smoke-induced
emphysema. SMP30Y/— mice are markedly susceptible to
cigarette smoke, and smoke exposure for 8 wk was sufficient to
develop cigarette smoke—induced pulmonary emphysema with
marked airspace enlargement and parenchymal destruction.
Although some-animal models have been reported to develop
cigarette smoke-induced pulmonary emphysema, most animal
models required a longer period of cigarette smoke exposure,
generally 6 or 7 mo, to generate smoke-induced emphysema.
Because cigarette smoke-induced pulmonary emphysema in
humans usually occurs in the elderly population, we considered
that aging of the lung can be an important factor and should
be incorporated into the experimental animal model for such
condition. The effect of age on lung morphometry (36) and
in the development of chronic cigarette smoke-induced lung
pathology (37) has been reported. In BALB/cNNia mice, alveo-
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lar multiplication seemed to be completed by 38 d of age; interal-
veolar pore formation increased until 9 mo of age; and lung
volume, alveolar surface area, and total volume of alveolar wall
increased with age between 9 and 28 mo of age, which is postu-
lated to be attributed to aging of the lungs (36). It was reported
that in C57BL/6 mice, the older mice (8-10 mo of age) developed
pathologic manifestations closely resembling pulmonary fibrosis
and developed peribronchiolar and perivascular accumulations
of lymphocytes and macrophages in the lungs after 9 mo exposure
to cigarette smoke, whereas young mice (2 mo of age) revealed
accumulations of inflammatory cells without fibrosis (37). Among
other mice models for emphysema, the klotho mutant mouse and
senescence-accelerated mouse (SAM) are unique due to their bio-
logical aging. The homozygous mutant klotho mice demonstrate a
shorter life span and exhibit pulmonary emphysema, arteriosclero-
sis, osteoporosis, skin atrophy, and ectopic calcifications. How-
ever, the klotho mutant mice are distinct in developing pulmo-
nary emphysema spontaneously without smoking (38). On the
other hand, the SAM mice are the naturally occurring animal
models for accelerated aging after normal development and mat-
uration (39). We have recently reported that the SAMP1 mouse
1s capable of developing smoke-induced emphysema after 8 wk
of cigarette smoke exposure. We also demonstrated that SAMP1
mice can be used for experiments involving therapeutic interven-
tion because the development of smoke-induced emphysema
was successfully prevented with concomitant administration of
tomato juice, which contains a potent nutritional antioxidant,
lycopene (14). In this context, SMP30Y/— mice further illustrate
the significance of biological aging of the lungs in the develop-
ment of cigarette smoke—induced pulmonary emphysema and
may be considered as valuable animal models for smoke-induced
emphysema.

Several mechanisms are likely to be involved in the develop-
ment of cigarette smoke—induced pulmonary emphysema. An
increase of oxidative stress to the lungs may be associated with
many of the pathogenic processes, such as direct injury to lung
cells, mucus hypersecretion, inactivation of antiproteases, en-
hancing lung inflammation through activation of redox-sensitive
transcription factors, and apoptosis of lung cells (11). In the
present study, chronic smoke exposure increased total cell
count in SMP30Y/+ and SMP30Y/— mice. On the other hand,
SMP30Y/— mice showed total protein level in BALF increased
twofold from the baseline level after smoke exposure, whereas
no change was detected in SMP30Y/+ mice. These findings may
suggest that the inflammation in the lungs induced by chronic
smoke exposure may be more pronounced in SMP30Y/— mice
than in SMP30Y/+ mice, although we did not measure any other
parameters of inflammation. Pulmonary emphysema can be gen-
erated without apparent inflammation, and it has recently been
recognized that alveolar cell apoptosis could be one of the crucial
process in emphysema: Direct instillation of activated caspase-3
(40) or vascular endothelial cell apoptosis resulting from the
blockade of the vascular endothelial growth factor receptors (41)
has been demonstrated to result in emphysema. As we reported
previously that hepatocytes from SMP30Y/— mice are suscepti-
ble to apoptosis (7), we confirmed in this study that lungs cells
are also susceptible to apoptosis triggered by oxidative stress.
Accordingly, SMP30Y/— mice may be ideal animal models for
cigarette smoke-induce emphysema in terms of investigating
mutual interactions among apoptosis, oxidative stress, and in-
flammation, which is proposed as the mechanism for irreversible
progression of parenchymal destruction (42, 43). Recently, up-
regulation of lung ceramide, a second messenger lipid, has been
reported to be a key pathogenic element in these mutual interac-
tions (44). Because we have previously demonstrated that abnor-
mal lipid metabolism occurs in the liver of the SMP30Y/~ mice
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Figure 8. Immunohistochemical detection of apo-
ptosis in the lungs of SMP30Y/+ and SMP30Y/—
mice after cigarette smoke exposure. (A) Repre-
sentative results of immunohistochemistry
for single-stranded DNA (original magnification:
X50). Insets are magnified views of the alveolar
region (X200). Note that positive immunostain-
ing (nucleus stained brown) for DNA strand
breaks was revealed in airway epithelial and alve-
olar wall cells in the lungs of SMP30Y/- mice

e o after cigarette smoke exposure compared with
IR . the other groups. (B) Immunoreactive nuclei
’ - for anti-single-stranded DNA antibody were
counted in three areas and expressed as the posi-

ol B e [0 o

(1

tive ratio (%) of total nuclei counted. AC = alveo-
lar septal cells; CB = bronchial cells in the central
airway; PB = bronchiolar cells adjacent to alveo-
lar duct. The ratio of positively immunostained
nuclei in all areas of the lungs of cigarette smoke-
* exposed SMP30Y/— mice was significantly
higher than those of the other groups (*p <
0.001). Values are presented as mean * SD
(n = 6for each group). (C) Representative results
of immunohistochemistry for the activated
caspase-3 in the lungs of the SMP30Y/~ mice

CB PB AC CcB PB AC CB PB AL
air smoke air

after cigarette smoke exposure (left: bronchial
cells; right: alveolar septal cells; original magnifi-

cg8 PB AC
smoke

SMP30Y/+

SMP30Y#-

cation X200). Positive reactions were identified
in the lungs of cigarette smoke-exposed

SMP30Y/— mice but were rarely seen in the
lungs of the other groups.

(8), we need to examine whether SMP30 may be involved in
the regulation of lung ceramide as the next step of our study.
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