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Figure 8 Effects of Wnt-4 and B-catenin on the transcriptional
activity and protein expression of cyclin D1. (A) After co-transfecting
the cells with cyclin D1 promoter-luciferase construct together with
B-galactosidase reporter construct and expression vectors containing
‘Whnt-4, B-catenin dN, or pCDNA3J (vector), they were incubated with
DMEM medium without FCS. Cyclin D1 promoter luciferase activ-
ities were measured as described in the Materials and Methods sec-
tion. Results are means = SEM of four or five independent experi-
ments, ¥ P < 0.05; ¥ P < 0.01. (B) LLC-PK1 cells were infected with
Wnt-4, B-catenin AN plasmids; or pPCDNA3 (vector) and incubated for
48 h. Whole cell lysates were separated by SDS-PAGE gels. Western
blot analysis was used to detect the cyclin D1 protein levels.

Further studies will be necessary to gain a more precise
understanding of the molecular mechanisms of renal recovery
after ischemia/reperfusion injury.
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The PI3-Kinase-Akt Pathway Promotes Mesangial Cell
Survival and Inhibits Apoptosis In Vitro via NF-kB and Bad

HARUKO SHIMAMURA, YOSHIO TERADA, TOMOKAZU OKADO,

HIROYUKI TANAKA, SEIJI INOSHITA, and SEI SASAKI
The Homeostasis Medicine and Nephrology, Tokyo Medical and Dental University, Tokyo, Japan.

Abstract. While the serine/threonine protein kinase Akt has
attracted attention as a mediator of survival (anti-apoptotic)
signal, the regulation and function of the PI3-kinase-Akt path-
way in mesangial cells is not well known. To explore the
significance of the PI3-kinase-Akt pathway, this study used
PI3-kinase inhibitors (Wortmannin and LY294002) and recom-
binant adenoviruses encoding a dominant-active mutant of Akt
{AxCAmyrAkt) and a dominant-negative mutant of Akt (Ax-
CAAkt-AA) in cultured rat mesangial cells. Apoptotic signals
were measured by nucleosomal laddering of DNA, caspase 3
assay, and cell death detection ELISA. The PI3 kinase inhib-
itors and dominant-negative mutant of Akt increased the apo-
ptotic signals in the presence of platelet-derived growth factor
(PDGF), while the dominant-active mutant of Akt prevented
apoptosts induced by a serum-free medium. In separate exper-

iments, we further investigated downstream signals of Akt in
mesangial cells. While PDGF activated NF-«B and phosphor-
ylated Bad, these reactions were inhibited by overexpression of
the dominant-negative mutant of Akt as well as the PI3-kinase
inhibitors. These data indicate, firstly, that Akt is phosphory-
lated by PDGF, and secondly, that the activated Akt prevents
apoptotic changes via activation of NF-xB and phosphoryla-
tion of Bad in mesangial cells. This study investigated whether
it is Bad phsophorylation or NF-«B activation that provides the
anti-apoptotic effects of Akt, and the data suggested that
NF-«B is probably the principal contributor to the downstream
activation of the PI3-kinase-Akt pathway. The findings suggest
that the PI3-kinase-Akt pathway acts as a survival signal and
plays a key role in the regulation of apoptotic change in
mesangial cells principally via NF-«B.

Akt (also called protein kinase B), the cellular homologue of
the v-akt oncogene (1), is a 60-kD serine/threonine kinase
cloned by virtue of its homology to PKA and PEC. The kinase
is activated in response to stimulation of tyrosine kinase re-
ceptors such as platelet-derived growth factor (PDGF), insulin-
like growth factor, and nerve growth factor (2-4). The growth
factor receptor stimulation of Akt has been shown to be de-
pendent on phosphatidylinositol 3-kinase (PI3-kinase) activity
(5-8).

Growing evidence indicates that Akt is a critical mediater of
survival signals that protect cells from apoptosis in multiple
cell lines (9,10). These studies show that Akt can exert its
anti-apoptotic effects in several different ways. For example,
phosphorylation of the pro-apoptotic Bad protein by Akt was
found to decrease apoptosis by preventing Bad from binding to
an anti-apoptotic protein called Bel-X; (11,12). Akt was also
shown to directly inhibit the activity of a cell death protease
caspase-9 (13). Furthermore, Akt is known to promote cell
survival by activating nuclear factor-«B (NF-«B), which reg-
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ulates expression of anti-apoptotic genes (14-16). It should be
noted, however, these pathways seem cell-specific, and they
are still poorly understood in mesangial cells,

Recent experimental evidence suggests that apoptosis plays
pathophysiologic roles in glomerulonephritis. While morpho-
logic evidence of mesangial apoptosis was observed in rat
ThyI.1 glomerulonephritis (17-19), the regulation and func- -
tion of the PI3-kinase-Akt pathway in mesangial cells has not
been fully demonstrated under in vitro or in vive conditions. To
explore the role of the PI3-kinase-Akt pathway, we investi-
gated the regulation of the Akt pathway in cultured mesangial
cells in the present study. We demonstrated that anti-apoptotic
cell survival pathways help to maintain a balance between cell
survival and apoptosis in mesangial cells. In further experi-
ments with the same cell type, we identified that two signal
pathways downstream of Akt, namely activation of NF-xB and
phosphorylation of Bad, and tried to determine which of them
contributed as the anti-apoptotic pathway,

Our results provide insight into the highly organized signal-
ing mechanisms coordinated by the Akt pathway and apoptotic
signals in mesangial cells.

Materials and Methods
Materials

The specific PI3-kinase inhibitors Wortmannin and 1Y294002
were purchased from Sigma Chemical (St. Louis, MO). Human
PDGF-BB was obtained from Boehringer Mannheim (Mannheim,
Germany). RPMI 1640 medium with 2.05 mM v-glutamine was
obtained from Iwaki (Chiba, Japan). Acetylsalicylic acid and dexa-
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methasone were purchased from Sigma Chemical (St. Louis, MO). A
rabbit polyclonal antibody against actin was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA).

Recombinant Adenoviruses

Replication-defective, recombinant adenoviruses encoding a dom-
inant active myristoylated Akt (AxCAmyrAkt) and dominant-nega-
tive Akt (AxCAAKt-AA) were prepared as described previously. In
brief, rat Aktl was replaced with the myristoylated form (myrAkt)
(20). Both Thr308 and Ser473 of rat Aktl were replaced by alanine
(Akt-AA) (21). The recombinant adenovirus expressing the LacZ
gene (AxCALacZ) was prepared as described previously (22). Each
adenovirus preparation was titrated by plaque-assay on 293 cells.
Viral stocks (10'! plague-forming units [pful/ml) were stored at
~80°C and thawed on ice just before use.

Mesangial Cell Culture

Mesangial cell strains from male Sprague-Dawley rats were iso-
lated and characterized as previously reported {23). The cells were
maintained in RPMI1640 medivm supplemented with 20% fetal calf
serum (FCS), 100 units/ml penicillin, 100 pg/ml streptomycin, 5
pe/ml of insulin, 5 pg/ml of transferrin, and 5 ng/ml selenite at 37°C
in a 5% CO, incubator. Cells used in experiments were from 5 tolQ
passages. After an initial incubation in medium plus 20% FCS until
approximately 80% confluence, the cells were treated with medivm
with or without serum, PDGF, LY294002, or Wortmarnnin for the
indicated time and concentration.

Western Blot Analysis

The cell lysates were mixed 1:4 with 5X Laemmli buffer and
heated for 5 min at 95°C. Soluble lysates (20 pg) were loaded in each
lane and separated by SDS-PAGE using 5% and 20% acrylamide for
stacking and resolving gels, respectively. Protein was transferred to
nitrocellulose (pore size, 0.45 pm; Schleicher and Schuell, Keene,
NH) and probed with polyclonal antibodies against Serine 473-phos-
pho-specific Ak, total-Akt, Serine 136-phospho-specific Bad, total-
Bad, and phospho-IkB-a (Ser32; New England Biolabs, Beverly,
MA). The primary antibodies (diluted 1/1000} and a second antibody
consisting of horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (diluted 1/2000; New England Biolabs) were used for the
detection of phosphospecific-Akt, total-Akt, phospho-1xkB-a (Ser32).
The primary antibodies (diluted 1/500 and 1/1000) and a second
antibody consisting of HRP-conjugated goat anti-rabbit IgG (diluted
1/2000; New England Biolabs) were used for the detection of phos-
phospecific-Bad and total-Bad. The bands were visualized by the ECL
detection system with 5 to 10 min exposure after extensive washing of
the membranes. Controls for protein loading were identified by actin
as the internal standard.

Caspase 3and 9 Assays

A Caspase 3 and 9 Fluorometric Protease Assay Kit (MBL, Tokyo,
Japan) was used for measurement of caspase 3 and 9 activities as
described previously {24). In brief, cells were plated in six-well dishes
and cultured in medium of different conditions. The cells were col-
lected and lysed in lysis buffer at indicated times, and the protein
concentration was normalized by the Bradford assay. The lysates were
incubated with the same amount of reaction buffer and then incubated
with 50 pM DEVD-AFC substrate (caspase 3) or 50 uM LEHD-AFC
substrate (caspase 9) for 2 h at 37°C. Fluorescence was monitored

with an excitation wavelength of 400 nm and an emission wavelength
of 505 nm.
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Ladder Assays

Adherent and floating cells were collected and lysed in a medium
containing 10 mmol/L. Tris (pH 8.0), 100 mmoVL NaCl, and 25
mmol/L ethlenediaminetetraacetic acid (EDTA), 0.5% sodium dode-
cyl sulfate {SDS), and 1.0 mg/ml proteinase K at 37°C for 4 h. DNA
was extracted from the digested cells as described previously (25),
divided into 30-p.g portions, and subjected to electrophoresis on 1.5%
agarose gels.

Cell Death ELISA

Histone-associated DNA fragments were quantitated by ELISA
(Boerhinger, Mannheim, Germany). All cells from each well were
collected by trypsinization and pipetting, pelleted (800 rpm, 5 min},
lysed, and subjected to the capture ELISA according to the manufac-
turer’s protocol. Cytosolic proteins were collected uvsing cell lysis
buffer according to the manufacturer’s protocol. After a 30-min in-
cubation of the cells with cell lysis buffer, the samples were centri-
fuged for 10 min (15,000 rpm), the nuclei were formed into pellets,
the cytoplasmic fraction became supernatant, and the supernatants
were collected for the ELISA assay. Bach experiment was carried out
in triplicate and repeated independently at least five times.

Transient Transfection and Luciferase Assay

Rat mesangial cells were transfected with NF-«B-luciferase-plas-
mid {(NF-«xB element X 5 and luciferase fusion plasmid) from Strat-
agene (La Jolla, CA), and the lysate was used for promoter assay. Data
are representative of at least five experiments performed in duplicate.
Plasmid DNA (10 ug) were transfected by electroporation method.
For experiments performed in exponentially growing cells, luciferase
activity was measured 48 h after transfection. Normalization was
achieved by cotransfecting 1.0 pg of pCHIL0, 2 B-galactosidase
reporter construct, as an internal control for the transfection effi-
ciency, as prev:ously reported (26).

Statistical Analyses

The results were given as means = SEM. The differences were
tested using two-way analysis of variance followed by the Scheffe test
for multiple comparisons. Two groups were compared by the unpaired
t test. P < 0.05 was considered significant.

Results
Effects of PDGF on Akt Phosphorylation in Cultured
Rar Mesangial Cells

To explore the significance of the Akt pathway, we first
examined the repulation of the PI3-kinase-Akt pathway in
cultured rat mesangial cells. In preliminary experiments, we
performed time course of PDGF-induced Akt phosphorylation
from 0 to 60 min, the phosphorylation peaked at 15 min. Thus,
mesangial cells were exposed to PDGF (5 to 50 ng/ml) for 15
min. Immunoblot analyses for phosphorylation of Akt were
performed using phospho-Akt-specific antibody. As shown in
Figures 1A and 1B, PDGF treatment increased the Akt phos-
phorylation dose-dependently, while treatment with the PI3-
kinase inhibitor LY294002 (5 pM and 30 uM) reduced it.
Similar findings were observed when the cells were pretreated
with Wortmannin (20 nM and 50 nM; Figure 1C). These
results suggested that Akt is a downstream mediator of PI3-
kinase activation in mesangial cells,
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Figure 1. Effect of platelet-derived growth factor (PDGF) on phos-
phorylation of Akt in cultured rat mesangial cells. (A) PDGF dose-
dependently stimulates phosphorylation of Akt in rat mesangial cells.
Mesangial cells were incubated with PDGF for 15 min. (B) Inhibition
of PDGF-induced phosphorylation of Akt by LY294002 in rat mes-
angial cells. Mesangial cells were pre-incubated with or without
LY294002 for 30 min and then treated with PDGF for 15 min. {C)
Inhibition of PDGF-induced phosphorylation of Akt by Wortmannin
in rat mesangial cells. Mesangial cells were pre-incubated with or
without Wortmannin for 30 min and then treated with PDGF for 15
min. Upper gel, immunoblots using an antibody specific to the phos-
phorylated form of 'Akt; lower gel, immunoblots with an antibody to
total Akt

The PI3-Kinase Inhibitors and the Dominant-Negative
Mutant of Akt Promoted Apoptosis in PDGF-Treated
Mesangial Cells

To investigate the functional roles of the PI3-kinase-Akt
pathway, we examined how treatment with PI3-kinase inhibi-
tors (50 nM Wortmannin and 30 pM L'Y294002) and adeno-
virus-mediated gene transfer of the dominant-negative mutant
of Akt (AxCAAkt-AA) and AxCALacZ (conttol) influenced
the apoptotic phenomena in mesangial cells. Apoptotic signals
were measured by nucleosomal laddering of DNA, caspase 3
assay, and cell death detection ELISA. As shown in Figure 24,
the PI3-kinase inhibitors and the dominant-negative mutant of
Akt induced nucleosomal laddering of cells in the presence of
PDGF. Transfection of AxCAAkt-AA and the PI3-kinase
inhibitors also induced caspase 3 activity (Figure 2B). Cell
death ELISA examination showed that transfection of Ax-
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CAAkt-AA and the PI3-kinase inhibitors significantly in-
creased the apoptotic signals (Figure 2C). According to these
results, the inhibition of the PI3- kinase- Akt pathway promoted
apoptotic changes in the mesangial cells.

The Dominant-Active Form of Akt Prevented the
Induction of Apoptosis by Serum Deprivation in
Mesangial Cells .

To further exarine the functional roles of Akt, we employed
adenovirus-mediated gene transfer of the dominant-active mu-
tant of Akt (AxCAmyrAkt) in mesangial cells. Preliminary, we
found that apoptotic phenomena such as DNA laddering, in-
crement of caspase 3 activity, and cell death in ELISA assay
could be observed in mesangial cells when the cells were
incubated in a serum-free condition for 48 h. We then trans-
fected mesangial cells with adenovirus encoding AxCAmyrAkt
and AxCALacZ (control) and measured the apoptotic signals.
As shown in Fgure 34, the dominant-active mutant of Akt
reduced nucleosomal laddering of cells caused by serom with-
drawal. Transfection of AxCAmyrAkt also significantly re-
duced caspase 3 activity (Figure 3B). Cell death ELISA exam-
ination showed that the apoptotic signals were significantly
inhibited by the transfection of AxCAmyrAkt (Figure 3C).
These results demonstrated that the stimulation of the Akt
pathway inhibited apoptotic changes induced by serum depri-
vation in mesangial cells.

Signal Pathways Downstream of Akt in Cultured Rat
Mesangial Cells

Several downstream signals of Akt, such as NF-kB, Bad,
and caspase 9, have been reported in different cell lines: To
examine the signal pathway downstream of Akt in mesangial

"cells, we began by examining the activation of NF-«B by

transfection of NF-xB-luciferase —plasmid (NF-«B element X
5 and luciferase fusion plasmid) and promoter assay. As shown
in Figure 4A, the NF-xB luciferase activity stimulated by
PDGF was reduced to .35 % by a PI3-kinase inhibitor, LY
294002. This stimulation was also reduced to 31% by Wort-
mannin. In separate experiments using mesangial cells that had
been initjally transfected with AxCAAkt-AA or AxCALacZ,
the NF-kB luciferase activity was reduced to 48% in the
AxCAAKkt-AA-transfacted cells. Noting that NF-«B is held in
the cytoplasm as an inactive complex with inhibitor I«B and
remains in an inactivate state without IxB phoshorylation, we
used Western bolt analysis further evaluate the phoshorylation
of IxB with phospho-IkB-specific antibodies. PDGF stimu-
lated the phosphorylation of 1B, and this phosphorylation was
inhibited by L'Y294002, Wortmannin, and transfection of Ax-
CAAkt-AA (Figure 4B). These results suggested that NF-«B is
one of the downstream mediators of the PI3-kinase-Akt path-
way in mesangial cells,

We next examined whether Bad is associated as a down-
stream mediator of the PI3-kinase-Akt pathway in cultured rat
mesangial cells. Mesangial cells were exposed to PDGF for 20
min. Immunoblot analyses for Bad phosphorylation were per-
formed using phospho-Bad-specific antibody (Serl36). As
shown in Figure 5, PDGF treatment increased Bad phosphor-
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for luciferase assay. (¢ = 5, mean * SEM, *P < 0.05 versus PDGF only; *P < 0.05 AxCALacZ versus AXCAAkt-AA). (B) Mesangial cells
were incubated with PDGF for 30 min. Phosphorylation of I«B in cultured rat mesangial cells was detected by immunoblots using an antibody
specific to the phosphorylated form of IxB. Inhibition of PDGF-induced phosphorylation of IxB by LY294002 and Wortmannin in rat
mesangial cells, Mesangial cells were pre-incubated with or without LY294002 or Wortmannin for 30 min and then treated with PDGF for 30
min. Mesangial cells were transfected with AXCAAkt-AA or AxCALacZ for 48 h and then treated with PDGF for 30 min. Upper gel,
immuncblots using an antibody specific to the phosphorylated form of IxB; lower gel, immunoblots with an antibody to actin.

PI3-kinase activation in mesangial cells. In further experi-
ments, we examined whether inhibition of Akt phosphorylaion
by L'Y294002, Wortmannin, and the dominant-negative mutant
of Akt (AxCAAkt-AA) altered the activity of caspase 9. As
shown in Figure 6, caspase 9 activity was higher in the con-
dition without serum. Caspase 9 activity was increased in
mesangial cells cultured with PDGF alone than it was in cells
cultured with FCS. We used this pro-apoptotic condition in the
following experiments. In the experiments using transfected
AxCAAKt-AA and PI3-kinase inhibitors, caspase 9 activity
was not significantly changed from the activity observed in the
presence of PDGF alone at neither 12 h nor 24 h (Figure 6
shows at 12 h). Thus, the Akt pathway seemed to play only a
minor role in caspase 9 activity under our experimentat con-
dition. Judging from these data, there are at least two signaling
pathways (via NF-kB and Bad) downstream of the PI3-kinase-
Akt pathway in mesangial cells.

Next, we tried to assaess the relative contributions of Bad and

NF-«B signaling downstream of the PI3-kinase-Akt pathway

to determine which plays a principal role. Our first step was to
examine the effects of the NF-«B inhibitors (acetylsalicylic
acid [ASA] and dexamethasone [Dex]). As shown in Figure 7,
PDGF stimulated the phosphorylation of IkB, and this phos-
phorylation was dose-dependently inhibited by ASA -and Dex.
We next examined the apoptotic signal. As shown in Figure
7C, the transfection of AxCAmyrAkt significantly reduced
caspase 3 activity, but this attenuating effect was abolished in
the cells treated with ASA and Dex. These results demon-
strated that NF-xB activation was essential for the prevention
of apoptotic change in the Akt pathway.

We also examined the time course of Bad and IxB phos-
phorylation. In the assessment of Bad phosphorylation, the Bad
stayed phosphorylated for 3 h after the PDGF stimulation
(Figure 8A). The I«B phosphorylation appeared at 30 min after
PDGF stimulation and lasted for 12 h (Figure 8B). As shown
in Figure 8C, the Akt phosphorylation appeared at 10 min after
PDGEF stimulation and Akt stayed phosphorylated for 12 h.
Since there was no way to directly inhibit Bad phoshorylation,
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Figure 5. Effect of PDGF on phosphorylation of Bad in cultured rat
mesangial cells. Mesangial cells were pre-incubated with or with-
out LY294002 or Wortmannin for 30 min and then treated with
PDGF for 20 min, Mesangial cells were transfected with Ax-
CAAkt-AA or AxCALacZ for 48 h, and then treated with PDGF
for 20 min. Upper gel, immunoblots using an antibody specific to
the phosphorylated form of Bad; lower gel, immunoblots with an
antibody to total Bad.
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Figure 6. Induction of caspase 9 by PI3-kinase inhibitors and domi-
nant-negative Akt in rat mesangial cells. Mesangial cells were trans-
fected with either AxCAAkt-AA or AxCALacZ for 48 h, incubated
with or without PI3-kinase inhibitors (Wortmannin, L'Y294002) for 30
min, and then immediately exposed to PDGF for 12 h. All cell lanes
were treated with FCS-free medium except the lane of FCS(+). Cell
lysate was used for caspase 9 assay (n = 6, mean = SEM, *P < 0.05).
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Figure 7. Inhibition of PDGF-induced phosphorylation of Akt by NF-«B inhibitors in rat mesangial cells. (A) Mesangial cells were incubated
with PDGF (20 pg/ml) in the presence or absence of acetylsalicylic acid (ASA) for 30 min. (B) Mesangial eells were incubated with PDGF
(20 pg/ml) and in the presence or absence of dexamethasone (Dex) for 30 min. (C) Mesangial cells were transfected with AxCAmyrAkt or
AxCALacZ for 48 h, incubatcd in serum-free medium for 48 h, and then incubated with or without NF-«B inhibitors (ASA, 50 uM; Dex, 0.5
uM). Cell lysate was used for caspase 3 assay (n = 5, mean = SEM, *P < 0.05).



T Am Soc Nephrol 14: 1427-1434, 2003

A phospho-Bad
% total-Bad
¢ 10 20 30 60 180 min
B .
phospho-1kB
B SO 0 O 4 actin
616121 3 6 9 12 18lns
C

phospho-Akt
total-Akt

U612 13 6 912 18hrs

Figure 8. Time courses of phosphorylation of Bad, I«B, and Akt. Rat
mesangial cells were incubated with PDGF (20 pg/ml) for the indi-
cated periods. (A) Upper gel, immunoblots using an antibody specific
to the phosphorylated form of Bad; lower gel, immunoblots with an
antibody to total Bad. (B) Upper gel, immunoblots using an antibody
specific to the phosphorylated form of I«B; lower gel, immunoblots
with an antibody to actin. (C) Upper gel, immunoblots using an
antibody specific to the phosphorylated form of Akt; lower gel,
immunoblots with an antibody to total Akt.

we could not make any comparison by inhibiting the pathway.
However, the longstanding -activation of NF-«B up to the
appearance of the apopototic changes and the effect of NF-<B
in abolishing the anti-apoptotic effect of Akt, both suggest that
NF-«B could be a dominant pathway in rat mesangial cells.

Discussion

In the present study, we demonstrated that Akt is phosphor-
ylated by PDGF and that activated Akt prevents apoptotic
changes in rat mesangial cells. In addition, we characterized
the downstream signals of the PI3-kinase-Akt pathway. Our ir
vitro data suggest that this pathway acts as a survival signal and
plays a key role in the regulation of apoptotic change in
mesangial cells, ' :

In this stody, we demonstrated that the PI3-kinase-Akt path-
way is activated by PDGF in mesangial cells. PDGF is known
to be a potent mediator in the proliferation of mesangial cells,
and the MAP kinase and the JAK-STAT pathway have been
reported to be involved in this PDGF-mediated signaling cas-
cade (27,28). PDGF drives the mesangial cell proliferation in
many progressive renal diseases (6). A recent investigation
showed that Akt promotes mesangial cell proliferation via
inhibition of P27P! transcription in mesangial cells (29).
PDGF is also to be a principal survival factor that inhibits
apoptosis and promotes proliferation in several cell types. In
this report, we demonstrated that the PI3-kinase-Akt pathway
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acts as a survival (anti-apoptotic) signal and that PDGF acti-
vates that pathway in mesangial cells. While PDGF has been
reported to mediate the proliferation that deeply involved in the
mesangial proliferation of Thy 1.1 nephritis and IgA nephritis
(17-19), our data suggest that PDGF serves a separate function
as a survival factor acting through the PI3-kinase-Akt pathway
in glomerulonephritis.

Several targets of Akt survival signal have been identified in
different cell types. Among them, the NF-xB protein has been
shown to promote expression of anti-apoptotic genes. Recent
reports demonstrated a direct association between Akt and
phosphorylation of IkB in fibroblasts by identifying NF-«B as
a target of Akt in anti-apoptotic PDGF signaling (14,15,30,31).
In contrast, other investigators working with human vascular
smooth muscle cells and skin fibroblasts concluded that Akt
phosphorylation and NF-xB activation share no association
(32). Thus, it remains controversial whether NF-«B is indeed
involved in the PI3-kinase-Akt. Cur data identified that NF-«B
as a downstream mediator of the PI3-kinase-Akt pathway in
mesangial cells.

We also demonstrated that Bad is phosphorylated by Akt in
mesangial cells. Bad is a proapoptotic protein form of the Bel-2
family members. Phosphorylation of Bad promotes cell sur-
vival in many cell types, and several reports have suggested
that Bad is a downstream signal of the Akt pathway. In neu-
rons, growth factor activation of the PI3-kinase-Akt pathway
stimulates the phosphorylation of Bad, thereby suppressing
apoptosis and promoting cell survival. Phosphorylation of Bad
at Ser-136 by activated Akt results in its dissociation from
Bcel-X and association with the adapter protein 14-3-3 (12).
The free Bel-X; released from sequestration by Bad promotes
cell survival. Our data indicate that part of the anti-apoptotic
action of the PI3-kinase-Akt pathway is elicited via phosphor-
ylation of Bad in mesangial cells.

A previous report suggested that the phosphorylation of Akt
directly suppresses caspase 9 activity and inhibits apoptosis in
human umbilical endothelial cells (14). When we attempted to
examine whether the inhibition of Akt phosphorylaion would
alter the activity of caspase 9, no significant difference was
observed under cur experimental condition. Taken together,
these results imply that NF-«B and Bad are both involved in
the signal pathway downstream of the PI3-kinase- Akt-pathway
in mesangial cells.

The remaining question is which of these, NF-«B or Bad,
acts as the principal signaler downstream of the PI3-kinase-Akt
pathway. As we mentioned above, the Akt-induced activation
of NF-«B and phosphorylation of Bad both seem to be cell-
specific events. For two reasoms, our data suggested that
INF-«B contributes more as a2 downstream signaler in rat mes-
angial cells: NF-«B was still activated by the time the apopo-
totic changes were observed, and inhibition of NF-«B activa-
tion reduced the anti-apoptotic effect of dominant-active Akt,

In summary, we investigated the regulation and function of
the PI3-kinase-Akt pathway and the downstream signal of Akt

in cultured rat mesangial cells. Our findings indicate that Akt
is phosphorylated by PDGF and that the activaied Akt prevents
apoptotic changes partly via the downstream signaling of
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NF-«B and Bad. In our data characterizing the relative contri-
butions of NF-«B and Bad to this pathway, the former seemed
to contribute more. These results snggest that the PI3-kinase-
Akt pathway acts as a survival signal and plays a key role in the
regulation of apoptotic change in mesangial cells.
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Leukemia Inhibitory Factor Is Involved in Tubular
Regeneration after Experimental Acute Renal Failure

JUN YOSHINOQ, TOSHIAKI MONKAWA, MIHOKO TSUJI,

MATSUHIKO HAYASHI, and TAKAO SARUTA
Department of Internal Medicine, School of Medicine, Keio University, Tokyo, Japan.

Abstract, Leukemia inhibitory factor (LIF) is known to play a
crucial role in the conversion of mesenchyme into epithelivm
during nephrogenesis. This study was carried out to test the
hypothesis that LIF and LIF receptor (LIFR) are involved in
the renal epithelial regeneration after acute renal failure. First,
the authors investigated the spatiotemporal expression of LIF
and LIFR in fetal and adult rat kidney. In developing kidney,
LIF was expressed in the ureteric buds and LIFR was located
in nephrogenic mesenchyme and the ureteric buds; in adult
kidney, LIF and LIFR expression was confined to the collect-
ing ducts. Next, the authors examined the expression of LIF
and LIFR during the recovery phase after ischemia-reperfusion
injury. Real-time PCR analysis revealed that LIF mRNA ex-
pression was significantly increased from day 1 to day 7 after

reperfusion and that LIFR mRNA. was upregulated from day 4
to day 14. Histologic analysis demonstrated that the increased
expression of LIF mRNA and protein was most marked in the
outer medulla, especially in the S3 segment of the proximal
tubules. To elucidate the mitogenic role of LIF in the regen-
eration process, cultured rat renal epithelial (NRK 52E) cells
were subjected to ATP depletion (an in vitro model of acute
renal failure), and LIF expression was found to be enhanced
during recovery after ATP depletion. Blockade of endogenous
LIF with a neutralizing antibody significantly reduced the cell
number and DNA synthesis during the recovery period. These
results suggest that LIF participates in the regeneration process
after tubular injury.

The mammalian kidney is susceptible to injury by ischemia
and nephrotoxins, and recovery of normal renal function re-
quires regeneration of damaged tubular epithelivin. The pro-
cess of regeneration after renal injury is characterized by a
sequence of events that includes epithelial cell spreading, mi-
gration: to cover exposed areas of the basement membrane, cell
dedifferentiation and proliferation to restore cell number, and
then differentiation (1,2). In many respects this nephrogenic
repair process resembles the growth and maturation of
nephrons during kidney development (3,4). Several genes crit-
ical for kidney development have been shown to be upregu-
lated in the regeneration process after injury and participate in
the regeneration. Pax-2 (5), Wnt-4 (6), and activin-A (7) have
been shown to be re-expressed in the regenerating tubules after
injury (8-11). These findings support the hypothesis that a
cascade of developmental gene pathways is reactivated during
tissue regeneration,

Leukemia inhibitory factor (LIF), 2 member of the interleu-
kin-6 (IL-6) family, is a multifunctional cytokine originally
identified as a proliferation inhibitor and differentiation in-
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ducer of mouse myeloid leukemia cell line M1 (12,13). LIF is
synthesized by a variety of cells, including renal epithelial cells
(14), and, functionally, it has been implicated in a mumber of
processes including development, hematopoiesis, inflamma-
tion, and regeneration after injury (15). LIF has been shown to
play a pivotal role in kidney development. It is secreted by
ureteric buds and induces conversion of mesenchyme into
epithelium (16).

The importance of LIF in nephrogenesis prompted us to test
the hypothesis that LIF participates in renal epithelial tubular
regeneration. In this study, we first investigated the expression
of LIF and LIF receptor (LIFR) in ischemja/reperfusion—in-
jured kidney and in normal fetal and adult rat kidney; we then
used an in vitro ischemia model (ATP depletion method) to
investigate the mitogenic effect of LIF on kidney epithelial
cells (NRK 52E) during the regenerative process. The results
showed that LIF is transiently increased in regenerating tubular
cells during the recovery phase both in vive and in vitre and
that LIF contributes to renal epithelial regeneration.

Materials and Methods
Animals

Sprague-Dawley rats were obtained from Charles River Japan
(Tokyo, Japan) and anesthetized by intraperitoneal injection of pen-
tobarbital before use in the experiments. All procedures employed in
the animal experiments were conducted in accordance with the Guide-
line for the Care and Use of Laboratory Animals of Keio University
School of Medicine.

Bilateral schemic renal injury was produced in male rats weighing
200 to 230 g by clamping both renal arteries for 45 min. The clamp
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was then removed to allow reperfusion, and rats were killed after 1, 2,
4,7, 14, and 30 d of reperfusion (n = 5 or 6 per group).

For histologic assessment, fetal and adult kidneys were fixed in
10% phosphate-buffered formalin, embedded in paraffin, and cut
serially into 5-pm-thick sections,

Real-Time PCR

Total RNA was isolated from kidney homogenates and cultured
cells with the TRIzol Reagent (Invitrogen, Carlsbad, CA). First-strand
c¢DNA was synthesized from total RNA by using random hexamers.
Real-time PCR was performed on a TagMan ABI 7700 Sequence
Detection System (Applied Biosystems, Foster City, CA). PCR am-
plification was performed using TagMan PCR Universal Master Mix
(Applied Biosystems). Thermal cycler conditions consisted of holding
at 50°C for 2 min and 95°C for 10 min, followed by 30-40 cycles of
85°C for 15 s and 60°C for 1 min. The following oligonucleotide
primers (50 nM) and probes (200 nM) were used: rat LIF (GenBank
accession number ABOQ10275): sense, 5-CAGTGCCAATGC-
CCTCTTTA-3, antisense, 5'-GCATGGAAAGGTGGGAAATC-3;
internal fluorescence-labeled TagMan MGB probe (FAM): 5-
CCCAACAACGTGGATAAGCTATGTGCGC-3'; rat LIF receptor
{GenBank accession number D86345): sense, 5'- TCATCAGTGTG-
GTGGCAAGAA-3', antisense, 5'- TCATCAGTGTGGTGGCAA-
GAA-3; internal fluorescence-labeled TagMan probe (FAM): 5'-
TTCTGCCGGTTCATCTCCACCTTCAA-3'. Gene expression of the
target sequence was normalized in relation to expression of 188
ribosomal RNA as an endogenous control. Each sample was tested in
duplicate. Results are expressed relative to data from pre-ischemic
kidneys that were arbitrarily assigned a value of 1.

In Situ Hybridization

A cDNA for rat LIF was generated by reverse transcription-PCR
with the following primers: sense, 5-TGCCCCTACTGCTCAT-
TCTG-3', antisense, 3'-GACACAGGGCACATCCACAT-3". The am-
plified PCR fragment was initially ligated to pCR II vector ({Invitro-
gen) and digoxigenin (DIG)-labeled antisense, and sense ¢RNA
probes were synthesized with T7 or SP6 RNA polymerases (DIG
RNA labeling kit SP6/T7; Roche Diagnostics, Indianapolis, IN}. Tis-
sue sections were deparaffinized, permeablized with proteinase K, and
refixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS). The prehybridization and hybridization steps were carried out
at 65°C for 2 h and 12 h, respectively. The hybridization buffer was
composed of 50% formamide, § X 88C, 5 X Denhardt’s solution, 250
pg/ml Baker's yeast tRNA, 500 ug/ml salmon sperm DNA, and
cRNA probes. After post-hybridization washing, sections were incu-
bated with anti-digoxigenin antiserum conjugated to alkaline phos-
phatase, and histochemical detection was performed using a 4-ni-
troblue tetrazolium  chloride/S-bromo-4-chloro-3-indolyl-phosphate
mixture (Roche Diagnostics). The same procedure performed with the
sense cRNA probe served as a negative control.

Immunohistochemical Staining

After deparaffinization, sections were treated with 0.3% hydrogen
peroxidase in methanol for 30 min to remove endogencus peroxidase
activity. They were then blocked in normal horse serum and incubated
at 4°C overnight with the primary antibodies: anti-mouse LIF anti-
body (R&D Systems, Minneapolis, MN), anti-human LIFR antibedy
(Santa Cruz Biotechnology, Santa Cruz, CA), and anti-human aqua-
porin-1 (AQP-1) antibody {Alomone Labs, Jerusalem, Israel). Next,
the scctions were incubated with biotinylated secondary antibody and
incubated with avidin-biotin horseradish peroxidase complex (Vec-
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tastain Elite ABC kit; Vector Laboratories, Burlingame, CA). The
sections were visualized with a Vector DAB peroxidase substrate kit
(Vector Laboratories) and were counterstained with hematoxylin, As
a negative control, the primary antibody was replaced with normal
horse serum, and no positive immunostaining was observed.

For 5-bromo-2'-deoxyuridine (BrdU) staining, rate were intraperi-
tonezlly injected with BrdU 2 h before sacrifice. Formalin-fixed
paraffin sections were subjected to BrdU staining by using a Cell
Proliferation Kit (Amersham Biosciences, Piscataway, NJ) according
to the manufacturer’s instructions. In brief, after deparaffinization,
sections were treated with 0.3% hydrogen peroxidase in methanol for
30 min to remove endogencus peroxidase activity, Tissue sections
were then placed in citrate buffer and heated for 10 min in a micro-
wave oven; after incubating them with anti-BrdU antibody, the sec-
tions were incubated with HRP-conjugated 1gG and developed with a
Vector DAB peroxidase substrate kit,

Double immunohistochemistry was performed to detect LIF ex-
pression in combination with the proximal tubular marker AQP-1
{17.18). The first immunohistachemical staining was performed with
a Vector VIP substrate kit (Vector Laboratories) to obtain a purple
reaction product, and the sections were then washed and blocked with
an avidin-biotin blocking kit (Vector Laboratories). The second im-
munostaining was performed with a Vector SG substrate kit (Vector
Laboratories) to obtain a blue reaction product.

Cell Culture

A normal rat kidney epithelial-derived cell line, NRK 52E (19),
was grown in Dulbecco modified essential mediuvm with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin, in a
humidified 5% CO,/95% air environment at 37°C.

ATP Depletion Protocol

ATP depletion of NRK 52E cells was achieved by means of
previously described protocols with modifications (20,21). A confly-
ent monclayer of NRK 52E cells was incubated in PBS with 1.5 mM
CaCl,, 2 mM MgCl,, and 1 uM antimycin A (Sigma, St. Louis, MO)
for 60 min. During the recovery phase after the 1-h injury period, ceils
were repleted with ATP by incubation with a regular growth medium.
Cellular ATP Jevels were determined with a luciferase-based assay kit
(Sigma).

Effect of LIF Antibody on Cell Proliferation

NRK 52E cells were subcultured in 24-well plates for cell counting,
or in 96-well plates for measurement of BrdU incorporation, and
subjected to ATP depletion for 1 h as described above. After the
injury, cells were repleted with ATP by incubation with recovery
medivm containing affinity-purified anti-human LIF antibody (Gen-
zyme, Cambridge, MA) at the concentration indicated, or with normal
goat IgG as anegative control. The number of living cells was counted
with a Cell Counting Kit-8 (Wako Pure Chemicals, Osaka, Japan)
after the 48-h racovery phase (n = 4). DNA synthesis was assessed by
an enzyme-linked immunosorbent assay for BrdU (Roche Diagnos-
tics) after the 24-h recovery phase (n = 6).

Statistical Analyses

Statistical significance was evaluated by one-way ANOVA with a
Fisher's post-hoc test. Statistical significance was defined as P <
0.05.
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Results
Localization of LIF and Its Receptor in Developing
and Adult Rat Kidneys

The spatiotemporal expression of LIF and LIFR during
kidney development was investigated by an immunohisto-
chemical technique. At embryonic day 15 (E15), LIF expres-
sion level was very low (Figure 1A). Weak LIF immunoreac-
tivity was observed in the ureteric buds, whereas LIFR
immunoreactivity was observed in the mesenchymal cells sur-
rounding the ureteric buds (Figure 1B). At E17, LIE immuno-
staining was noted in derivatives of the ureteric buds, whereas
no immunostaining was detected in the mesenchymal cells
(Figure 1C). In the nephrogenic outer cortex, LIF was ex-
pressed in the tips of the branches of the ureteric buds (Figure
1D); in the medulla, intense staining was found in the major
branches of the ureteric buds and collecting ducts (Figure 1E).
At E17, LIFR was expressed ubiquitously in mesenchyme, and
the most intense signal was observed in the condensing mes-
enchymal cells surrounding the tips of the ureteric buds in the
nephrogenic zone (Figure 1F). In addition to the mesenchymal
cells, the derivatives of the ureteric buds, including ureteric
bud branch tips and collecting ducts, expressed LIFR, a pattern
that resembled the distribution of LIF protein observed. The
ureteric buds differendated into cellecting ducts, as nephrogen-
esis progressed. In neonatal kidneys, LIF was expressed pre-
dominantly in mature and immature collecting ducts (Figure
1G). LIFR was also expressed in mature and immature collect-
ing ducts, whereas LIFR immunoreactivity was still evident in
mesenchymal cells in the nephrogenic cortex (Figure 1H).

We also localized LIF and LIFR protein in adult kidneys.
Cytoplasmic immunostaining for LIF was observed mainly in
the collecting ducts (Figure 2, A to C), and, as shown in Figure
2B, no LIF immunoreactivity was detected in the S3 segment
of the proximal tubules in the outer medulla. In mature kid-
neys, LIFR immunoreactivity was also predominantly detected
in the collecting ducts, coinciding with the distribution of LIF
protein (Figure 2, E to G). No immunostaining was observed in
sections incubated with normal horse serum (Figure 2, D and

H).

Expression of LIF and LIFR in the Rat Kidney after
Ischemia/Reperfusion Injury

To investigate whether LIF is involved in renal tubular
regeneration, we first used the real-time PCR method to quan-
tify changes in the expression of LIF and LIFR mRNA after
ischemia/reperfusion (I/R) injury.

In post-ischemic kidneys, LIF mRNA expression had in-
creased 14.3-fold on day 1 after reperfusion, compared with its
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expression in pre-ischemic kidneys (Figure 3A). The increase
in LIF mRNA persisted until day 7, after which graduatly
returned to the basal level by day 14. Interestingly, the increase
in LIFR mRNA occurred later than the increase in LIF mRNA
(Figure 3B). The LIFR mRNA level began to increase on day
4 and persisted until day 14, before returning to baseline by day
30.

The LIF mRNA expression in the kidneys was localized by
means of in sity hybridization. In normat kidneys, LIF mRNA
appeared to be mainly present in the collecting ducts (data not
shown). At 1 d after the renal /R injury, the hybridization
signal for LIF mRNA was progressively increased, consistent
with the results of the real-time PCR analysis (Figure 4, A and
B). The most prominent increase in signal for LIF mRNA was
noted in the tubular epithelial cells in the outer medulla, which
is the site most vulnerable to ischemic injury. No positive
signal was obtained with the sense cRNA probe (Figure 4C),

The LIF and LIFR proteins in the I/R-injured kidneys were
precisely localized by an immunohistochemical technique,
Whereas LIF protein was expressed in the collecting ducts in
normal kidneys, increasingly prominent expression of LIF pro-
tein was found in the outer medulla beginning 24 h after the
ischemic injury (Figure 5A). Immunostaining was particularly
evident in the S3 segment of the proximal tubules, where no
LIF immunoreactivity was detected under normal conditions.
At higher magnification, immunoreactivity was seen in both
the detached and the attached cells in the injured tubules
(Figure 5B). Double-staining was performed to detect LIF
expression in combination with aquaporin-1 (AQP-1), which is
known to be expressed in proximal tubules, especially in the 53
segment (17,18). The results of double-staining showed that
most tubules staining for LIF expressed AQP-1, however,
some AQP-I-negative tubules contained LIF-positive cells
(Figure 5C). This suggests that the LIF protein was predomi-
nantly localized in the S3 segments of the proximal tubules of
ischemic kidneys and to 'some extent in the distal tubules in
their outer medulla,

We then examined the relationship between LIF expression
and mbular cell proliferation after I/R injury. Cell proliferation
was assessed by incorporation of BrdU injected into the rats 2 h
before sacrifice. BrdU-positive cells were rarely observed in
normal kidney. In ischemic kidney, BrdU-positive cells were
observed predominantly in the outer medulla, where damage to
the tubule cells was most obvious. Double immunochistochem-
ical staining revealed that most BrdU-positive cells were
present in tubules expressing LIF (Figure 5D).

LIFR was also predominantly localized in the proximal

Figure 1. Expression of leukemiz inhibitory factor (LTF) (A, C, D, E and G) and LIF receptor (LIFR) (B, F, and H) during rat kidney
development. (A and B) an E15 metanephros; (C to F) E17 fetal kidneys; (G and H) newborn kidneys (P1). (A) Faint LIF immunoreactivity
was detected in the ureteric buds. (B) LIFR immunoreactivity was observed predominantly in mesenchymal cells on E15. (C) On E17, LIF was
expressed in the derivatives of the ureteric buds, including the tip of ureteric buds (D), and the collecting ducts in medulla (E). (F) LIFR was
expressed in mesenchymal cells and vreteric buds on E17. (G) LIF immunoreactivity was localized to the collecting ducts in newborn kidney.
(FH) LIFR was expressed in collecting ducts and nephrogenic mesenchyme in newbom kidney. Magnifications: X200 in A, B, C, F, G, and H;

X400 in D and E.
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tubular cells of the outer medulla in the I/R-injured kidneys,
coinciding with the distribution of LIF protein (Figure SE).

Expression of LIF mRNA in ar In Vitro Model of
Ischemic Renal Injury

An in vitro model of ischemic renal injury in culfured rat
renal epithelial cell line NRK 52E (19) was used to further
elucidate whether LIF is involved in renal tubular regeneration.
The in vitro model of ischemic renal injury was created by
inducing ATP depletion by producing chemical anoxia with the
mitochondrial inhibitor antimycin A. When monolayers of
NRK 52E cells were exposed to 1 M antimycin A, cellular
levels of ATP rapidly declined to 2.1% of the control valies
within 30 min (Figure 6). This effect could be reversed by
removing the antimycin A and restoring the regular medium,
The ATP level recovered to 64.0% of the control values 3 h
after ATP repletion.

The change in LIF mRNA expression during the recovery
period was quantified by using the real-time PCR method
(Figure 7). The LIF mRNA level began to increase on 6 h and
-persisted until 12 h after ATP depletion and then gradually
decreased to baseline (Figure 7).

Role of LIF in Tubular Regeneration after ATP
Depletion

To investigate the mitogenic effect of LIF on renal tubular
cells, we assessed the effect of anti-LIF neutralizing antibody
on recovery from the antimycin A-induced injury. NRK 52E
cells were injured by exposure to antimycin A for 1 h and then
incubated in a recovery medium containing anti-LIF neutral-
izing antibody. The number of surviving cells was determined
48 h after ATP depletion (Figure 8A). Blocking endogenous
LIF protein with 1.0 pg/ml of anti-LIF antibody induced a
significant reduction in cell number at 48 h during the recovery
phase. DNA synthesis was also measured as incorporation of
BrdU. In agreement with the results for cell number, 1.0 pg/ml
of anti-LIF antibody lowered DNA synthesis at 24 h during
recovery (Figure 8B). No significant change was observed in
NRK 52E cells incubated with normal goat IgG (data not
shown). To determine whether the mitogenic effect of endog-
enous LIF was specific to the post-injury period, we performed
similar studies with uninjured NRK 52E cells. In contrast to the
results in the post-injury period, anti-LIF antibody had no
effect on cell number or DNA synthesis in uninjured NRX 52E
cells (Figure 9).

Discussion

It has been suggested that regeneration processes may reca-
pitnlate developmental paradigms to restore organ or tissue
function (3,4). Several genes including Pax-2, Wnt-4, and
activin-A, which play a pivotal role in nephrogenesis, have
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Figure 3. Expression of mRNA for LIF (A} and LIFR (B) in rat
kidneys after ischemia/reperfusion (I/R) injury. Total RNA was ex-
tracted from kidneys at the indicated times after reperfusion. Quanti-
fication of mRNA was determined by real-time PCR. Expression was
normalized to an endogenous control 185 ribosomal RNA (fRNA)
and is shown as ratio to value of day 0. (A) LIF mRNA expression
after I/R injury. (B) LIFR mRNA expression after UR injury. Values
represent means = SEM for five or six animals, * P < 0.05 versus day
0.

been shown to be re-expressed in the kidney in the regeneration
process following injury (§—11). We focused our attention on
LIF, since it has been shown to play an important role in renal
development (16,22). This study demonstrates for the first time
that LIF participates in kidney regeneration after ischemic

injury.

Figure 2. Immunohistochemical localization of LIF (A to €) and LIFR (E to G) in normal adult rat kidneys. Paraffin sections from the cortex
(A, D, E and H), onter medulla (B and F), and papilla {C and G) of normal adult kidneys are presented. Immunostaining of both proteins were
mainly detected in the collecting ducts in the adult rat kidney. When using normal horse serum ingtead of the anti-LIF antibody (D) or normal
horse serum instead of the anti-LIFR antibody (H), no positive signal was observed. Magnification: %200.



Figure 4. In sity hybridization analysis for LIF mRNA in ischemic
kidney. Digoxigenin-labeled antisense (A and B} or sense (C) ribo-
probe was used. (A and B) Strong signal for LIF mRNA was observed
in tubular cells in the outer medulla of kidney 24 h after reperfusion,
(C) The sense probe for LIF yielded no positive signal. Magnifica-
tions: X100 in A; X400 in B and C.
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The metanephros, which becomes the permanent kidney,
arises from two mesodermal derivatives: the ureteric bud and
the metanephric mesenchyme. Once the ureteric bud grows out
from the Wolffian duct and encounters the mesenchyme, a
series of reciprocal inductive events takes place that results in
the ureteric bud growing and branching to form the collecting
ducts, and the metanephric mesenchyme condensing and form-
ing the tubules and the glomeruli (23). LIF secreted by the
ureteric buds plays an important rele in the conversion of the
mesenchyme into epithelium (16,22); however, the spatiotem-
poral expression patterns of LIF and its receptor have not been
fully elucidated. Accordingly, we first investigated the local-
ization of LIF and LIFR in fetal and adult rat kidney.

In developing rat kidney, expression of LIF and LIFR was
observed in the derivatives of the ureteric buds on E17 and
thereafter. As nephrogenesis progressed, the vreteric buds dif-
ferentiated into collecting ducts, which consistently expressed
LIF and LIFR even after nephrogenesis had been completed.
Only LIFR was expressed in the mesenchyme, with no expres-
sion of LIF in mesenchymal cells being detected in either fetal
or adult kidney. LIFR expression in the mesenchymal cells was
already apparent on E15, and it was sustained until the neonatal
kidney.

The nephrogenic zone of the embryonic kidney is where
primitive tubules and glomeruli are generated. In the nephro-
genic zone, the tips of ureteric buds were observed to express
LIF and LIFR, whereas the surrounding mesenchymal cells
expressed LIFR. Presumably, secreted LIF binds to the LIFR
located in the ureteric buds in an autocrine fashion and to the
LIFR located in mesenchyme in a paracrine fashion. The
LIF-LIFR system is speculated to play a pivotal role in nephro-
genesis, and that would be consistent with the results reported
by other investigators (16,22). In the adult kidney, expression
of LIF and LIFR was most often localized in the collecting
ducts. These changes in distribution suggest a different role of
LIF/LIFR in the embryonic and adult kidney,

LIF is a pleiotropic cytokine that is particularly involved in
growth and development. In the kidney, it is known to play an
important role in nephrogenesis. In the adult, LYF has been
shown to be involved in a variety of acute and chronic inflam-
mations, LIF has been identified within the urine of renal
allograft recipients during episodes of acute rejection (24). The
LIF expression level in cultured mesangial cells has been
shown to be increased by cytokines (25). Glomerulonephritis
induces LIF in the glomeruli, and administration of exogenous
LIF ameliorates glomerulonephritis (26). The function of LIF
in the kidney under physiologic conditions is largely unknows,
although there is a solitary report by Tomida M et al. (27) on
the action of LIF on renal tubule cells. They found that LIF
inhibits the development of Na*—dependent hexose transport
in LLC-PK1 cell, which was isolated from pig kidney and is
thought to have the characteristics of proximal tubule cells. In
our study, LIF was found to be predominantly expressed in the
collecting duct cells. The findings of Tomida et af. (27) and our
own suggest that LIF may be involved in ion transport in renal
collecting ducts,

Next, we tested the hypothesis that LIF is involved in the
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Figure 5. Immunohistochemical localization for LIF and LIE receptor protein in ischemnia/reperfusion-injured kidneys 24 h after reperfusion.
(A and B) Immunohistochemical localization for LIF protein (brown staining) in the outer medulla of ischemic kidneys, The dramatic increase
in LIF immunostaining in injured epithelial tubular cells, especially of 83 segment of the proximal tubules. Detached cells and attached cells
in the tubules were stained. (C) Double immunohistochemistry for LIF and aquaporin-1 (AQP-1), marker of proximal tubnles. Note that LIF
(purple staining) was co-localized with AQP-1 (blne staining). (D) Double immunochistochemistry for LIF and BrdU. BrdU were injected with
rat 2 h before sacrifice. Most BrdU staining (brown nuclear staining) was found in proximal tubules expressing LIF (purple cytoplasmic
staining). (E) Immunohistochemical Iocalization for LIF receptor (brown staining) in the outer medulla of ischemic kidneys. The expression
pattern is similar to that of LIF. Magnifications: X100 in A; X400 in B-D; X200 in E.
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Figure 6. Cellular ATP levels after chemical anoxia using antimycin
A in NRK 32E cells. Confluent NRK 52E cells were incubated in
Dulbeceo PBS with 1.5 mM CaCl,, 2 mM MgCl,, and either 1 uM
antimycin A. Intracellular ATP levels were measured by a luciferase-
based assay at the indicated time after ATP depletion. Values are
expressed as a percentage of the value of pre-injury and represent
means = SEM from three separate experiments.

process of kidney regeneration after injury by investigating
expression of LIF and LIFR during the recovery phase from
injury by real-time PCR, in sirt hybridization, and immuno-
histochemistry in a model of acute renal failure created by
inducing ischemia. Our first finding in the ischemic kidneys
was that the increase in LIF mRNA expression began on day 1
after the injury and was sustained for 7 d, whereas the increase
in LIFR mRNA expression was observed several days later.
Many genes have been reported to be upregulated after tubular
injury. Egr-1 (28), c-fos (28), c-myc (29), and the genes en-
coding heat shock protein-70 (30) and parathyroid hormone~
related protein (PTHP) (31) have been shown to be upregu-
lated in the very early phase after injury. Their upregulation
was detected as early as within a few hours and returned to
baseline within 1 d. These are considered the early response
genes to renal injury. The increase in gene expression of Pax-2
(8,11), activin-A (10), platelet-derived growth factor (PDGF)
(32), ciliary neurotrophic factor (CNTF) (33), hepatocyte
growth factor receptor (c-Met) (34), galectin-3 (35), and trans-
forming growth factor-B1 (TGF-#1) (36) persisted for several
days, and these genes are thought to be responsible for tubular
regeneration. The upregulation of LIF was observed on 1 d
after the ischemic insult and persisted for 7 d. Its time course
suggests that LIF participates in the regeneration process.
Interestingly, there was a time lag between the gene upregu-

Iation of LIF and LIFR, and there is a possibility that LIF itself
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Figure 7. Expression levels of mRNA for LIF in NRK 52E cells after
ATP depletion. Total RNA was extracted from cells at the indicated
times after, ATP depletion, Quantification of mRNA was determined
by real-time PCR. Expression levels were normalized to an endoge-
nous control 183 ribosomal RNA (fRNA) and are shown as ratio to
the value of 0 h. Values represent means = SEM for four independent
experiments.

or some other molecules in the downstream of LIF signaling
may stimulate the transcription of LIFR.

We did not perfuse the kidney to remove the blood before
total RNA isolation. The possibility of contamination by RNA
from blood cells cannot be ruled out, however, any contribu-
tion by blood cells to the increase in LIF mRNA is thought to
be minimal. The increase in LIF expression is mainly attribut-
able to the regenerating epithelial tubular cells, and this is
supported by two observations. First, immunohistochemistry
and in situ hybridization studies showed the most prominent
staining of LIF in the epithelial cells. Second, in vitro study in
the absence of blood cells demonstrated vpregulation of LIF
mRNA,

Our second observation in the ischemic kidneys was that the
increase in expression of LIF and LIFR was predominantly in
the outer medulla, especially in the S3 segment of the proximal
tubules, where LIF or LIFR is not usually expressed. The outer
medulla is also the most prominent site of ischemia-induced
acute tubular necrosis and subsequent DNA synthesis (29,37).
In our study, most of the cells that stained with BrdU were
found in LIF/LIFR-positive tubules. Interestingly, LIF and
LIFR were expressed in the detached cells as well as the
attached cells of 53 segment of the proximal tobules, and in
previous studies, c-Met (34), galectin-3 (35), TGE-$1 (36), and
PDGF (32) were shown to be expressed strongly in the de-
tached cells of 53 proximal tubules. By the same analogy as in
the speculations about these genes, the increase in LIF staining
in the detached cells presumably reflects an unsuceessfil pro-

tective response to injury before the cells’ detachment and
necrosis.,

Although LIF expression is restricted to the ureteric bud and
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Figure &, The effect of anti-LIF neutralizing antibody on recovery
from ATP depletion in NRK 52F cells. The injured cells were allowed
to recover in regular growth medium containing 0, 0.1, 0.2, or 1.0
pg/ml of anti-LIF antibody. (A} Cell number on day 2 (n = 4) and (8)
BrdU incorporation on day 1 (n = 6) after ATP depletion were
decreased by 1.0 pg/m! of anti-LIF antibody. The values are indicated
as percentage of the value without anti-LIF antibody, and means +
SEM. * P < 0.05 versus the value without anti-LIF antibody,

its derivatives, the major site of action of LIF is the mesen-
chyme. LIF is excreted by the uretetic bud and induces a
mesenchymal to epithelial conversion via binding to its recep-
tor located in the mesenchyme. Thus, LIF is important to the
development of metanephric mesenchyme-derived structures.
In view of this, the involvement of LIF in regeneration of the
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Figure 9. The effect of anti-LIF neutralizing antibody on proliferation
in NRK 352E cells. The non-injured cells were incubated in regular
growth medium containing 0, 0.1, 0.2, or 1.0 pg/ml of anti-LIF
antibody. (A) Cell number on day 2 (n = 4) or (B) BrdU incorporation
on day 1 {(n = 6) were not changed. The values are indicated as
percentage of the value without anti-LIF antibody and means + SEM.
NS, no significant difference.

injured proximal tubules, which are derived from the mesen-
chyme, is consistent with the functional role of LIF in devel-
oping kidney. However, we do not know why LIF is expressed
in bud-derived structures during development and re-expressed
in mesenchyme-derived structures in disease. The expression
pattern of galectin-3 is similar to that of LIF. Galectin-3 is



