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peroxide into water to prevent production of hydroxyl radicals.
Because reduction of GPx and catalase activities could induce
accumulation of hydrogen peroxide, we measured the GPx and
catalase activities after mProx24 cells had been treated with
alburnin for 10 min. Figure 8B showed that both enzymatic
activities were reduced by albumin, These results indicate that
changes in GPx and catalase activities could be responsible for
the accumulation of intracellular ROS after exposure of
mProx24 cells to albumin.

Measurement of the Total Reduced Form
of Glutathione

Generally, intracellular proteins do not contain disulfide bonds
becanse the high cytosolic concentration of free sulthydryl (-SH)
reducing agents breaks such bonds (42). We hypothesized that a
large amount of proteins with disulfide bonds, such as albumin
and apoTf, might lead to oxidative stress when ingested into cells.
To address this, we measured the shift in intracellufar GSH levels.
GSH is a naturally occurring tripeptide whose nucleophilic and
reducing properties play a central role in the antioxidant system of
most aerobic cells. GSH is crucial to the maintenance of the -SH
Ievel of proteins in cells (43). Hence, we determined the quantity
of the total reduced form of GSH under various conditions of
albumin loading. The quantity of GSH increased after albumin
starvation, but did not show any marked change compared with
control cells after treatment with albumin for 10 min (Figure 8C).
Our findings suggest that the increase in GSH was induced by
long-term upregulation of intraceilular ROS, and that GSH was
not consumed for at least 10 min after the cells were exposed to
albumin.

Discussion

We have previously constructed gene expression profiles by
means of direct sequencing procedures (26,29), and identified
several immunity-related genes, such as MHC class I and II, by
comparing the profiles of control and disease model proximal
tbular cells, Renal MHC proteins are expressed in response fo
inflammation and renal injury, and their expression is thought to
be regulated solely by IFN-y (44). Because the IFN-y pathway
usually requires the activation of Statl (45,46), we hypothesized
that proteinuria could activate proximal tubular cells directly by
activation of the STAT signaling pathway. Our results indicate
that albumin activates proximal tmbular cells in an IFN-y-inde-
pendent manner after ROS-mediated STAT activation.

Our data also demonstrate that Stat1/5 and Stat3 show different
responses to albumin. The activation of Statl and Statd was
clearly identified within 15 min. In contrast, no manifest activa-
tion of Stat3 could be identified after a 1-h exposure to albumin,
and activation of Stat3 was observed only after a 4-h exposure.
The mechanisms responsible for these different responses are still
obscure, but the differences may depend on the cell type. In
macrophages, Stat] has been reported to induce sterilizing activity
and the production of various complements, chemokines, and
adhesion molecules (3). Stat5, which was originally identified as
a mammary gland factor regulated by prolactin, is also activated
by multiple cyiokines, including IL-2, IL-3, and GM-CSF, which
are macrophage-activating factors. In contrast, IL-10-induced
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Stat3 activation suppresses macrophage activity, and mice lacking
Stat3 show abnormally enhanced macrophage activity and de-
velop chronic inflammation (47). The different responses of
Stat1/5 and Stat3 in the renal proximal tubular celt line seem to be
similar to those in macrophages, suggesting that albumin over-
loading can induce proinflammatory processes. Stat3 is activated
by various cytokines, such as IL-6, that are also induced by IFN-y
(30). Therefore, the activation of Stat3 at a late stage after albumin
overloading might be due to a secondary response after Statl
activation by albumin,

ROS generation was even observed in the control mProx24
cells after starvation, leading to a slight activation of Statl and
StatS. This is a previously reported result that supports our
finding that serum deprivation can induce elevated ROS and an
oxidative state in cells (48). Nuclear factor kappa B (NF-kB) is
also induced by ROS (38) and is one of the key components
that cause immune reactions in kidneys (49). A recent report of
a new and interesting StatS signal transduction mechanism
suggests that Stat5 could be a potential activator of NF-xB in
some types of hematopoietic cells (50). In addition, many
IFN-y-inducible genes, such as RANTES and MCP-1, were
found to be induced synergistically by IFN-y and TNF-« (51).
This synergism is reportedly involved in the interaction be-
tween activated Statl and NF-«B (11,30). Hence, the activa-
tion of Statl and Stat5 by albumin may be important in the
induction of transcripts that cause kidney disease progression.

Recent reports have demonstrated rapid and significant in-
creases in intracellular ROS after growth factor or cytokine
stimulation. These types of ROS appear to be essential for a
host of downstream signaling events, including cell prolifera-
tion, apoptosis, and inflammation, and thus contribute to the
development of diseases (52). Simon et al. (7) reported that
members of the STAT family of transcription factors were
activated in fibroblasts and A-431 carcinoma cells in response
to H,0,. This activation occurred within § min, could be
inhibited by antioxidants, and did not require protein synthesis,
These findings hence indicats that the JAK/STAT pathway
responds to-intracellular ROS,

QOur results indicate that the membrane-bound NADPH oxidase
system seems to be relevant in the induction of ROS by albumin.
It has been found that the activity of 2 membrane-bound NADPH
oxidase often mediates intracellular generation of ROS in re-
sponse to ligands (40,41). The ROS in macrophages are also
produced by NADPH oxidase after phagocytosis (53). Hence, it is
particularly interesting that the endocytic uptake of albumin in
renal proximal tubular cells scems also to be responsible for ROS
generation. Further investigation is needed, however, to clarify the
precise mechanisms of ROS generation by NADPH oxidase after
albumin overloading. Qur resulis also indicate that the GPx and
catalase activities changed within 10 min after albumin loading,
suggesting that albumin could interfere with GPx and catalase
activities by way of glia maturation factor—beta (54). The low
activities of GPx and catalase could be responsible for the accu-
mulation of the intracellular ROS after albumin ingestion into
mProx24 cells. Hence, it seems that not only the ROS generating
system but also the ROS-scavenging system may contribute to the
induction of ROS by albumin.
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We next focus on the amino acid sequences of albumin and
apoTf. The amino acid sequences of human, bovine, and rodent
albumin are highly homologous. Albumin itself contains a high
percentage of cysteine that is organized into a characteristic re-
peating disulfide pattern (55). Generally, intracellular proteins do
not contzin disulfide bonds because the high cytosolic concentra-
tion of free sulfhydryl (—SH) reducing agents breaks such bonds
{42). We hypothesized that a large amount of proteins with
disulfide bonds, such as albumin and apoTf, might cause oxida-
tive stress when ingested into the cells. However, cur data indicate
that the amount of GSH was not changed for at least 10 min after
albumin overloading, suggesting that disulfide bonds are not a
primary cause of ROS induction.

Several mechanisms have been proposed by which ROS
might activate intracellular kinases such as Jak2. One of these
mechanisms is inactivation of protein tyrosine phosphatases
(PTPs) that may be susceptible to oxidation (56). Tyrosine
phosphorylation of proteins is dependent on the balance be-
tween kinases and PTPs within a cell. Therefore, it is feasible
that inactivation of PTP5 could induce tyrosine phosphoryla-
tion of Jak2. Another possible mechanism involves Fym, a
member of the src family, which can regulate the activation of
Jak2 by H,O, in fibroblasts (57). These proposed mechanisms
need to be verified in future studies.

The fact that almost all cyiokines activate the JAK/STAT
pathway suggests that STATs play important roles in the
inflammatory process. Our results suggest that albumin, a
major component of proteinuria, exerts cytokine-like effects to
activate proximal tubular cells after ROS-mediated STAT ac-
tivation. The activated STAT signaling could then result in cell
proliferation, production of several cytokines/growth factors,
and induction of immune responses that are presumably in-
volved in the progression of kidney diseases. The results re-
ported here could thus provide an insight into the intrinsic
toxicity of proteinuria and may provide further clues regarding
therapeutic approaches to inhibition of the signal transduction
pathways involved in proteinuria.

Acknowledgments

This study was supported in part by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports and Culture,
Japan, and in part by Renal Discoveries, the Baxter Extramural Grant
Program, USA. We thank Dr. Toshio Hirano (Department of Molec-
ular Oncology, Graduate School of Medicine, Osaka University) for
his valuable suggestion about STAT signaling pathways and Naoko
Horimoto for her technical assistance.

References

1. Farrar MA, Schreiber RD: The molecular cell biology of interferon-
gamma and its receptor. Annu Rev Immunol 11: 571-611, 1993

2. Damell JE Ir, Kerr IM, Stark GR: Jak-STAT pathways and
transcriptional activation in response to IFNs and other extracel-
lular signaling proteins. Science 264: 1415-1421, 1994

3. Bach EA, Aguet M, Schreiber RD: The TFN gamma receptor: A
paradigm for cytokine receptor signaling. Annu Rev Immunol 15:
563-591, 1997

4. Darnell JE Jr: STATs and gene regulation. Seience 277 1630
1635, 1997

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

23.

24.

25,

T Am Soc Nephrol 15: 276-285, 2004

Thle IN: The Stat family in cytokine signaling. Curr Opin Cell
Biol 13: 211-217, 2001 :
Herrington J, Smit LS, Schwartz J, Carter-Su C: The role of
STAT proteins in growth hormone signaling. Oncogene 19:
2585-2597, 2000

Simon AR, Rai U, Fanburg BL, Cochran BH: Activation of the
JAK-STAT pathway by reactive oxygen species. Am J Physiol
275: C1640-1652, 1998

Akira S: Roles of STAT?3 defined by tissue-specific gene target-
ing. Oncogene 19: 2607-2611, 2000

Levy DE: Physiological significance of STAT proteins: Investi-
gations through gene disruption in vive. Cell Mol Life Sci 55;
1559-1567, 199%

Ihle JN: Cytokine receptor signalling. Nature 377: 591-594, 1995
Ramana CV, Chatterjee-Kishore M, Nguyen H, Stark GR: Com-
plex roles of Statl in regulating gene expression. Oncogens 19:
2619-2627, 2000

Lin JX, Leonard WI: The role of StatSa and Stat5b in signaling
by IL-2 family cytokines, Oncogene 19: 2566-2576, 2000
Hirano T, Ishihara X, Hibi M: Roles of STAT3 in mediating the cell
growth, differentiation and survival signals relayed through the IL-6
family of cytokine receptors. Oncogene 19: 2548-25586, 2000
Mui AL: The role of STATS in proliferation, differentiation, and
apoptosis. Cell Mol Life Sci 55: 1547-1558, 1999

Buettner R, Mora LB, Jove R: Activated STAT signaling in
human tmors provides novel molecular targets for therapeutic
intervention. Clin Cancer Res 8: 945-554, 2002

Benigni A, Remuzzi G: How renal ¢ytokines and growth factors
contribute to renal disease progression. Am J Kidney Dis 37:
§21-24, 2001

-Deckers JG, Van Der Woude FJ, Van Der Kooij SW, Daha MR:

Synergistic effect of IL~1aipha, IFN-gamma, and TNF-alpha on
RANTES production by human renal tubular epithelial cells in
vitro. J Am Soc Nephrol 9: 194202, 1998

Ruggenenti P, Perna A, Mosconi L, Pisoni R, Remuzzi G:
Urinary protein excretion rate is the best independent predictor of
ESRF in non-diabetic proteinuric chronic nephropathies.
“Gruppo [Italiano di Studi Epidemiologici in Nefrologia”
(GISEN). Kidney Int 53: 1209-1216, 1998

Peterson JC, Adler 8, Burkart JM, Greene T, Hebert LA, Hun-
sicker LG, King Al, Klahr S, Massry SG, Seifter JL: Bloed
pressure control, proteinuria, and the progression of renal dis-
ease. The Modification of Diet in Renal Disease Study. Ann
Intern Med 123: 754762, 1995

Mogensen CE: Microalbuminuria predicts clinical proteinuria
and early mortality in maturity-onset diabetes. N Engl J Med 310:
356-360, 1984 '

Viberti GC, Hill RD, Jarrett RJ, Argyropoulos A, Mahmud U, Keen
H: Microalbuminuria as a predictor of clinical nephropathy in in-
sulin-dependent diabetes mellitus. Lancet 8287: 1430~1432, 1982
Pinto-Sietsma SJ, Janssen WM, Hillege HL, Navis G, De Zeeuw
D, De Jong PE: Urinary albumin excretion is associated with
renal functional abnormalities in a nondiabetic population. J Am
Soc Nephrol 11: 1882-1888, 2000 ‘
Remuzzi G: Abnormal protein traffic through the glomerular
barrier induces proximal tubular cell dysfunction and causes
renal injury. Curr Opin Nephrol Hypertens 4: 339342, 1995
Okubo K, Hori N, Matoba R, Niiyama T, Matsubara K: A novel
system for large-scale sequencing of cDNA by PCR amplifica-
tion. DNA Seq 2: 137-144, 1991

Olbo K, Hori N, Matoba R, Niiyama T, Fukushima A, Kojima
Y, Matsubara K: Large scale ¢cDNA sequencing for analysis of



J Am Soc Nephrol 15: 276-285, 2004

26.

27.

28,

29.

30.

31.

32

33

34

35.

36.

37

38.

39.

40.

41,

quantitative and qualitative aspects of gene expression. Nat
Genet 2; 173-179, 1992

Nakajima H, Takenaka M, Kaimori JY, Nagasawa Y, Kosugi A,
Kawamoto S, Imai E, Hori M, Okubo K: Gene expression profile
of renal proximal tubules regulated by proteinuria. Kidney Ins 61:
15771587, 2002

Takenaka M, Imai E, Nagasawa Y, Matsuoka Y, Moriyama T,
Kaneko T, Hori M, Kawamoto S, Okubo K: Gene expression
profiles of the collecting duct in the mouse renatl inner medulla.
Kidney Int 57: 19-24, 2000

Takenaka M, Imai E: Functional genomics in nephrology. Neph-
rol Dial Transplant 14: 1-3, 1999

Takenaka M, Imai E, Xaneko T, Ito T, Moriyama T, Yamauchi
A, Hori M, Kawamoto 8, Okubo K: Isolation of genes identified
in mouse renal proximal tubule by comparing different gene
expression profiles. Kidney Int 53: 562-572, 1998

Boehm U, Klamp T, Groot M, Howard JC: Cellular responses to
interferon-gamma. Annu Rev Immunol 15: 749795, 1997

Zoja C, Benigni A, Remuzzi G: Protein overload activates prox-
imal tubular cells to release vasoactive and inflammatory medi-
ators, Exp Nephrol 7: 420428, 1999

Banu N, Meyers CM: IFN-gamma and LPS differentially mod-
ulate class II MHC and B7-1 expression on murine renal tubular
cpithelial cells. Kidney Int 55: 22502263, 1999

Takaya K, Koya D, Isono M, Sugimoto T, Sugaya T, Kashiwagi
A, Haneda M: Involvement of ERK pathway in albumin-induced
MCP-1 expression in mouse proximal tubular cells. Am J Physiol
Renal Physiol 284: F1037-F1045, 2003

Kamijo A, Kimura K, Sugaya T, Yamanouchi M, Hase H,
Kaneko T, Hirata Y, Goto A, Fujita T, Omata M: Urinary free
fatty acids bound to albumin aggravate tubulointerstitial damage.
Kidney Int 62: 1628-1637, 2002

Kisseleva T, Bhattacharya S, Braunstein J, Schindler CW: Sig-
naling through the JAK/STAT pathway, recent advances and
futare challenges. Gene 285: 1-24, 2002

Bolen JB, Brugge JS: Leukocyte protein tyrosine kinases: Potential
targets for drug discovery. Annu Rev Immunol 15: 371-404, 1997
Tang S, Leung IC, Abe K, Chan KW, Chan LY, Chan TM, Lai KN:
Albumin stimulates interleukin-8 expression in proximal tubular epi-
thelial cells in vitro and in vive. J Clin Jrvest 111: 515-527, 2003
Morigi M, Macconi D, Zoja C, Donadelli R, Buelli 5, Zanchi C,
Chilardi M, Remuzzi G: Protein overload-induced NF-kappaB ac-
tivation in proximal tubular cells requires H(2)O(2) through a PKC-
dependent pathway. J Am Soc Nephrol 13: 11791188, 2002
Cuxtin JF, Donovan M, Cotter TG: Regulation and measurement of
oxidative stress in apoptosis. J Tmmunol Methods 265: 4972, 2002
Thannickal VJ, Hassoun PM, White AC, Fanburg BL: Enhanced
rate of H,O, release from bovine pulmonary artery endothelial cells
induced by TGF-beta 1. Am J Physiol 265: L622-1.626, 1993
Irani K, Xia Y, Zweier JL, Sollott S), Der CJ, Fearon ER,
Sundaresan M, Finkel T, Goldschmidt-Clermont PJ: Mitogenic
signaling mediated by oxidants in Ras-transformed fibroblasts.
Science 275;: 1649-1652, 1997

Albumin Activation of the STAT Pathway in Proximal Tubules

42,

43,

45.

46.

47.

48,

49,

50,

51.

32.

53.

54.

55.

56.

37

285

Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD:
Molecular Biology of the Cell, 2nd ed,, New York, Garland, 1989
Dolphin D, Poulson R, Avramaovic O: Glutathione: Chemical, Bio-
chemical and Medical Aspects, Vols, A and B, New York, J. Wiley,
1989

Takei Y, Sims TN, Urmson J, Halloran PF: Central role for
interferon-gamma receptor in the regulation of renal MHC ex-
pression. J Am Soc Nephrol 11: 250-261, 2000

Durbin JE, Hackenmiller R, Simon MC, Levy DE: Targeted
disruption of the mouse Stat! gene results in compromised innate
Immunity to viral disease. PG-443-50. Cell 84: 443-450, 1996
Meraz MA, White M, Sheehan KC, Bach EA, Rodig SJ, Dighe
AS, Kaplan DH, Riley JK, Greenlund AC, Campbell D, Carver-
Moore K, DuBois RN, Clark R, Aguet M, Schreiber RD: Tar-
geted disruption of the Statl gene in mice reveals unexpected
physiologic specificity in the JAK-STAT signaling pathway.
PG-431-42. Cell 84: 431-442, 1996

Takeda K, Akira S: STAT family of transcription factors in
cytokine-mediated biclogical responses. Cytokine Growth Fac-
tor Rev 11: 199-207, 2000

Tian WN, Braunstein LD, Apse K, Pang J, Rose M, Tian X,
Stanton RC: Importance of glucose-6-phosphate dehydrogenase
activity in cell death. Am J Physiol 276: C1121~C1131, 1999
Guijarro C, Egido J: Transcription factor-kappa B (NF-kappa B)
and renal disease. Kidney Int 59: 415-424, 2001

Kawashima T, Murata K, Akira S, Tonozuka Y, Minoshima Y,
Feng 8, Kumagai H, Tsuruga H, Ikeda Y, Asano S, Nosaka T,
Kitamura T: STATS induces macrophage differentiation of M1
leukemia cells through activation of [L-6 production mediated by
NF-kappaB p65. J Immunol 167: 3652-3660, 2001
Marfzing-Koka A, Devergne O, Gorgone G, Portier A, Schall TJ,
Galanaud P, Emilie D: Regulation of the production of the
RANTES chemokine by endothelial cells: Synergistic induction
by IFN~gamma plus TNF-alpha and inhibition by IL-4 and IL-13,
J Immunol 154: 1870-1878, 1995

Finkel T: Reactive oxygen species and signal transduction.
TUBMB Life 52: 3-6, 2001

Forman HI, Torres M: Reactive oxygen species and cell signal-
ing: Respiratory burst in macrophage signaling, Am J Respir Crit
Care Med 166: 54-88, 2002 - :
Kaimori I'Y, Takenaka M, Nakajima H, Hamano T, Horlo M, Sugaya
T, Ito T, Hori M, Ckubo K, Imai E: Induction of glia matmation
factor-beta in proximal tubular cells leads to yulnerability to oxidative
injury through the p38 pathway and changes in ahtioxidant enzyme
activities, S Biol Chem 278: 33519-33527, 2003

Carter DC, Ho JX: Structure of serum albumin. Adv Protein
Chem 45: 153-203, 1994

Lohse DL, Denu JM, Santoro N, Dixon JE: Roles of aspartic
acid-181 and serine-222 in intermediate formation and hydroly-
sis of the mammalian protein-tyrosine-phosphatase PTPL. Bio-
chemistry 36: 4568-4575, 1997

Abe J, Berk BC: Fyn and JAK2 mediate Ras activation by
reactive oxygen species. J Biol Chem 274: 21003-21010, 1939

See related editorial, *“Albumin Signals the Coming of Age of Proteinuric Nephropathy,” on pages 504-503.




T Am Soc Nephrol 15: 1268-1276, 2004

Local Actions of Endogenous Angiotensin I in Injured

Glomeruli

JI MA,*™¥ TATI MATSUSAKA,** HAICHUN YANG," HIROSHI KAWACH],}
FUJIO SHIMIZU,® YOSHITAKA ISAKA,1 ENYU IMALY VALENTINA KON,* and

IEKUNI ICHIKAWA**

*Department of Pediatrics, Tokai University School of Medicine, Isehara, Japan; "Division of Nephrology,
Hua Shan Hospital, Fudan University, Shanghai, China; *Division of Pediatric Nephrology, Vanderbilt
University Medical Center, Nashville, Tennessee; *Department of Cell Biology, Institute of Nephrology,
Niigata University Graduate School of Medical and Dental Sciences, Niigata, Japan; TDivision of Nephrology,
Department of Internal Medicine and Therapeutics, Osaka University Graduate School of Medicine, Suita,

Japan.

Abstract. A previous study showed that exogenous angiotensin
I (Angll) induces proliferation of glomerular cells through
systemic actions of Angll. In the present study, the authors
examined the mode of actions of endogenous Angll in injured
kidneys that were made deficient in AT1 by using in vivo
transfection of antisense oligodeoxynucleotide (AS-ODN).
Thy-1 nephritis was induced in rats by injection of mAb
1-22-3. Four days later, glomerular transfection was performed
by unilateral whole-kidney electroporation after AT1 AS-ODN
delivery through the left renal artery (n = 7). The expression of
renal AT1 was assessed by autoradicgraphy. The effect of the
AS-ODN transfection was assessed 3 d later and compared
with transfection with control ODN (n = 6), systemically
administered pharmacologic AT1 antagonist losartan (n = 5)
as well as untreated Thy-1 animals {(n = 5). Fluorescence-
labeled AS-ODN was found transfected in almost all glomeruli
and localized primarily to the mesanginm. Compared with the
contralateral untransfected kidney in both normal and Thy-1
rats, AS-ODN suppressed cortical AT1 expression by some

70%. The AS-ODN transfected kidneys of Thy-1 rats had
significantly lower glomerular mesangial cell proliferation
(7.38 = 0.68 cells/glomerulus) and extracellutar matrix accu-
mulation (0.262 % 0.009) than kidneys transfected with control
ODN (1094 *+ 0.51 cells/glomerulus and 0.342 * 0.031),
contralateral untransfected kidneys (9.56 = 1.01 cells/glomer-
ulus and 0.371 * 0.011), or kidneys that were exposed to
Thy-1 alone (10.45 = 1.06 cells/glomerulus and 0.359 *
0.013). There were no significant differences in systolic BP
among groups. In glomeruli, immunohistochemistry detected
no difference in AT2 receptor expression, number of ED1-
positive macrophages or number of apoptotic cells among
groups. Thus, in renal injury induced by Thy-1 nephritis,
selective suppression of mesangial AT1 expression by AS-
ODN significantly reduced mesangial cell proliferation and
matrix. These data provide in vivo evidence that injured glo-
meruli are sensitive to local tissue actions of Angll, which
promote proliferation and matrix accumulation within the
glomerulus.

Angiotensin I (AngIl} is considered as one of the major
profibrotic factors in tissue remodeling process, Through its
type 1 receptor (AT1), Angll promotes cell proliferation and
accumulation of extracellular matrix (ECM), resulting in renal
and cardiac fibrosis (1,2). Experiments with Angll or ATI
antagonists have suggested that the effects of Angll on the
kidney can be local, i.e., through its receptor on renal cells, or
systemic, ie., through its hypertensive effects (3). Differenti-
ation of local versus systemic effects of Angll has relied
primarily upon spot measurements of systemic BP. Serious
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questions have been raised regarding the representativeness of
these spot measurements (4-6). Recently a chimeric mouse
model has been developed that is made up with two types of
cells: one with intact, the other with disrupted AT1 receptor
gene. This model provided a unique opportunity to assess the .
local effects of Angll, as local Angll can act only through cells
with intact AT1 receptors (2). Our study revealed that contin-
uous infusion of Angll into AT1 chimeric mice causes similar
glomerular cell proliferation regardless of the genotype of cells
constituting the glomerulus. Instead, the degree of glomerular
cell proliferation correlated with the level of systemic BP (7).
This observation suggested that, at least in intact glomeruli,
Angll acts primarily through its effects on systemic
mechanism(s).

While systemic actions of Angll predominate over local
effects in normal kidneys, there is reason to suspect that local
Angll actions may prevail in injured kidneys. Thus, pharma-
cologic blockade of Angll cascade has been shown to attenuate
glomerular damage independent of BP in some disease condi-
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tions, including diabetic nephropathy, when the Angll level in
the serum or tissues is not elevated (8-11).

Mouse is a useful species for in vive genetic manipulation fo
study the role of a specific gene product in diseases. However,
when compared with rats, mice have been found over the last
decade to be far more resistant to developing experimental
glomerular diseases (12). In this regard, the rat Thy-1 nephritis
induced by anti-thymocyte antibody is characterized by mes-
angial proliferation that follows mesangiolysis, where AT1
antagonist and angiotensin-converting enzyme . inhibitor
(ACED) can ameliorate the histologic changes and decrease the
number of proliferating cells and matrix accumulation in the
glomeruli (13,14). Using this rat model, therefore we have
ascertained the potential locat effects of Angll in injured kid-
neys. The glomerular AT1 was suppressed by unilateral renal
transfection with AT1 antisense (AS) oligodecxynucleotide
(ODN). The effects of AT1 AS-ODN were compared with
contralateral untransfected kidneys with intact AT1 as well as
with kidneys transfected with control ODN.

Materials and Methods
Animals '

All animal procedures were conducted after approval by the Ani-
ma!l Committee of Tokat University Medical School. Male Wistar rats
{Clea Japan Inc., Tokyo) weighing 140 to 160 g were housed in
pathogen-free environment with a 12-h light/dark cycle and had free
access to standard rat chow and drinking water.

Oligodeoxynucleotide

The ODN {HPLC-purified, phosphothionated) were purchased
from Espec Oligo Service (Tsukuba, Iharagi, Japan). The sequences of
the ODN were the same a$ those used in the studies by Ambiihl et al.
(15), which were antisense ODN for rat AT1 receptor (AT1 AS-
ODN): 5-TAA CTG TGC CTG CCA-3, sense ODN: 5-TGG CAG
GCA CAG TTA-3, and scrambled ODN: §- CTT ACT AGC CTA
GGC-3'.

Transfection of ODN into the Kidney

In vivo uansfection was performed .as previously reported (16).
Under pentobarbital anesthesia (50 mg/kg, intraperitoneally), the left
kidney and renal artery were surgically exposed. A 24G catheter
{(Angiocath; Bector Dickinson, Sandy, UT) was inserted into the left
renal artery and immobilized by an artery clamp. The left kidney was
perfused with 0.7 to 1.5 ml buffered saline solution (BSS: 140 mM
MaCl, 54 mM KCl, 10 mM Tris-Cl, pH 7.6) throughout. Either
antisense or control ODN (50 pg in 500 g1 of BSS) was injected, and
the renal vein was clamped. The left kidney was sandwiched by a pair
of oval-shaped electrodes, CUY-654C (Nepa Gene Co., Ichikawa,
Chiba, Japan). Three rectangular electric pulses (75 V, 0.1-s duration,
0.9-3 interval} followed by another three pulses in opposite direction
of electric field were delivered using a pulse generator, CUY-21
(Nepa Gene Co.). After the procedure, the catheter was removed and
the puncture was closed with superglue. The total duration of ischemia
in the Ieft renal artery was <8 min.

Localization of Transfected ODN

FITC-labeled AS-ODN was used to localize the transfected ODN
in the kidney. The kidney was harvested 10 min after reperfusion of
the kidney, embedded in OTC compound, and frozen. Frozen sections
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were cut at 6-pum thickness to microscopically identify the specific
fluorescence. The same section was then stained with 1:5000 mouse
anti-OX-7 antibody (Chemicon, Temecula, CA) (16), visualized by
thodamine-conjugated rabbit anti-mouse IgG (Chemicon). Thus,
transfected nuclei and glomerular mesangial area were observed as
green and red, respectively. The pictures taken for green and red
fluorescence of the same field were merged to evaluate the co-
localization of the transfected nuclef and glomerular mesangial cells.

Quantification of AT1 and AT2 by Ang Binding
Autoradiography

In each rat, the kidney transfected with QDN and the contralateral
kidney were dissected in a longitudinal plane containing the papilla
and frozen in the same block. The Ang binding autoradiography was
performed as previously reported (2). Frozen sections (6 pm) were air
dried for 1 h, pre-incnbated with a binding buffer (5 mM Na,EDTA,
0.005% bacitracin, 0.2% BSA in PBS) for 15 min. The slides were
incubated in the binding buffer containing 0.5 nM ['2*[}-Sar'-Ue®-
Angll (NEN Life Science Products, Boston, MA) only (for total
angiotensin receptors binding), or with 3 pM PD123319 (Sigma, St.
Louis, MQ), an AT2 antagonist (for AT1 binding), or with 3 uM
losartan (Merck, Whitchouse Station, NJ), an AT1 antagonist (for
AT? binding), or with 3 uM Sar'-Tle®-AnglI (for nonspecific binding)
at room temperature for 2 h. Thereafier, the slides were washed in
ice-cold 10 mM Tris-Cl (pH 7.6) four times, then in ice-cold distilled
water two times, followed by air-drying for 2 h, The slides were
exposed to a phosphorimaging plate, and the radicactive signal was
visualized. Quantitative analysis was performed within the same sec-
tion by using & computer image analysis system, BAS-5000 (Fujifilm,
Tokyo, Japan). :

Induction of Anti-Thy-1 Antibody Glomerulonephritis
and Effects of Losartan

Due to the short duration of the efficiency of transfected AS-ODN,
this pilot study was performed to identify the best time window to
examine the effects of AT1 AS-ODN on Thy-1 kidneys. On day 0,
monocional anti-Thy-1 antibody 1-22-3 (mAb 1-22-3, 0,5 mg/(.5 ml!
of PBS) (17) was injected into rats through tail vein. Losartan, an AT1
antagonist, was given in drinking water (1 g/L) from day 1 (13). Rats
were analyzed on days 3, 4, 5, 6, and 7 (n = 3 for each time point).
For labeling the proliferating cells, 100 mg/kg body wt of bromode-
oxyuridine (BrdU; Sigma) was injected intraperitoneally every 8 h
one day before sacrifice (18). Kidneys were cut longitudinally, fixed
in 4% buffered paraformaldehyde, and embedded into paraffin. The
number of proliferating glomerular mesangial cells was counted on
sections stained with both BrdU antibody and OX-7 antibody (de-
tailed below). a

Experimental Protocol

Pilot experiments with 1 g/L of losartan in drinking water showed
that the histologic difference between treated and un-treated kidneys
became appreciable after day 6. Binding assay sugpested a short
duration (3 to 4 d) of AT1 suppression by its antisense. Therefore, the
experimental protocol was designed as follows. On day 0, mAb
1-22-3 was injected through the tail vein, Rats were then randomly
allocated to four groups: {group I) treated with AS-ODN (n = 7);
(group I} reated with contrel ODN (n = 6); (group IIT) treated with
an AT1 antagonist losartan (7 = 5); and (group IV) with no treatment
{n = 5). In group I, the left kidney was transfected with AS-ODN on
day 4. Similarly, rats in group II were transfected either with sense
ODN (n = 3) or with scrambled ODN {2 = 3) on day 4. The data from
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sense and scrambled ODN-treated rats were very similar, therefore
they were pooled and shown in a single group (15). The AT1 antag-
onist, losartan, was used as a positive control for the effects of ATl
antisense (group ). Losartan was started on day 3 and continued
throughout the experimental study to ensure sufficient antagonism of
ATI1. The average intake was about 37 ml/d per rat; therefore, the dose
of losartan is estimated to be 230 mg/kg per d.

In al! rats, an osmotic mini-purop (Alzet model 1007D; Alza Co,,
Palo Alto, CA) containing 40 mg/ml BrdU was implanted subcutane-
ously (19} under pentobarbital anesthesia on day 4. Before sacrifice on
day 7, BP was measured by a tail-cuff method using Softron BP-93A
analyzer (Softron Co., Tokyo, Japan) in all rats.

For group I and II rats, both the transfected and the contralateral
kidneys were harvested and longitudinally dissected into two parts. One
part was fixed in 4% buffered paraformaldehyde and embedded in a
paraffin block for histologic analyses. The other part was frozen in OCT
compound for Ang binding autoradiography. For groups II and IV, only
the left kidney was harvested and histologically analyzed.

Assessment for Glomerular Proliferating Mesangial Cells

For double immunostaining for OX-7 and BrdU, BrdlJ staining kit
(Oncogene Research Products, San Diego, CA) was used combined with
mouse anti-OX-7 antibody (Chemicon, Temecula, CA), Paraffin sections
of 3-pm thickness were dewaxed, rehydrated in PBS, and quenched in
3% H,0,/methanol. After antigen retrieval procedure with 0,1% trypsin
at 37°C for 25 min, the tissue was denanred by denature solution for 20
min and blocked by blocking reagent for 10 min (both supplied in BrdU
staining kit). The sections were incubated in a 2:1 mizture of anti-BrdU
antibody and diluted anti-OX-7 antibody (1:2000) for 2 h before incu-
bation in biotinylated sheep anti-mouse immimoglobin {(Amersham Bio-
sciences, Buckinghamshire, UK) and peroxidase-conjugated avidin (Vec-
tor Laboratodes, Burlingame, CA). Both BrdU and OX-7 were visualized
by diamincbenzidine (DAB). The ratio of the primary antibodies resulted
in more intense color for BrdU than for OX-7. The differences in the
color intensity and localization (BrdU in nuclei and OX-7 in cytoplasm)
readily distinguished each signal.

Assessment for Glomerular Apoptotic Cells

Apoptotic cells in paraffin-embedded kidney sections were as-
sessed by using ApopTag Peroxidase In Situ Apoptosis Detection Kit
(Serologicals, Norcross, GA), which is based on TUNEL technique
(20,21). Briefly, after dewax and rehydration, tissue sections were
pretreated with 2 pg/fml Proteinase K at room temperature for 10 min
and followed by quenching with hydrogen peroxide. The sections
were incubated in Working Strength TdT Enzyme at 37°C for 1 b,
then in Anti-Digoxigenin Conjugate at room temperature for 30 min,
and visualized by DAB.

Immunohistochemistry

For type IV collagen, after antigen retrieval procedure with 0.1%
trypsin at 37°C for 25 min and quenching endogenous peroxidase with
0.3% H,0, in methanol at room temperature for 20 min, paraffin
sections were incubated in rabbit polyclonal antibody against collagen
IV (Chemicon) diluted at 1:1000 and then in peroxidase-conjugated
anti-rabbit antibedy (DAKOQ, Carpinteria, CA), visualized by DAB,
and counterstained ‘with hematoxylin, Sections incubated in PBS,
instead of the primary antibody, were served as negative control.

For AT?2, paraffin sections were heated in 0.01 M sodium citrate
buffer (pH 6.0) by microwave for 5 min X 3 times. Endogenous
peroxidase was quenched with 0.3% H,0O./methanol for 20 min,
followed by blocking with Power Block (BioGenex Laboratories, San
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Ramon, CA) for 15 min. Sections were incubated in 1:100 diluted
goat polyclonal antibody against AT2 {Santa Cruz, Santa Cruz, CA) at
4°C overnight and then in 1:100 diluted anti-goat-HRP (DAKO) at
room temperature for 30 min and visvalized by DAB. Sections from
rat embryo collected at B12,5 d were used as positive control,

Macrophage was identified by ED1 immunchistochemistry (22). After
antigen retrieval treatment with microwave and quenching with hydrogen
peroxide, Mouse IgG Vector Elite ABC Kit (Vector Laboratories) was
used. The primary antibody was mouse anti-rat ED1 (Biosource Interna-
tional, Hopkinton, MA) diluted at 1:200 and was allowed to react with the
antigen at 4°C overnight Sections incubated in PBS instead of the
primary antibody were served as negative control.

Glomerular Morphometric Analyses

The image analysis was carried out in a blind fashion. For all
analyses, glomeruli in the upper and lower pole areas were not
selected because a proper electric field was sometimes not formed in
these marginal areas during the ODN transfection. Also, tangential
glomerular sections (diameter less than 80 pm) were not analyzed.

Proliferation of Glomerular Mesangial Cells. In kidney sec-
tions doubly stained for BrdU and OX-7, 50 glomeruli were randomly
chosen, and the numbers of cells doubly positive for BrdU and OX-7
were counted.

Glomerular Extracellular Matrix Deposition. ‘Thirty glomer-
uli were randomly selected in kidney sections stained by Masson
trichrome method, and their pictures were taken with 40X objective
lens. A grid of fixed scale with the interval equivalent to 10 um was
displayed over each picture. The cross points of the grids colored blue
and the total points within the glomerulus were counted. On average,
107 points were assessed for each glomerulus. The ratios of the
number of blue points to the total points were determined in 30
glomeruli, and the average of the ratio was used to represent the
glomerular extracellular matrix deposition,

Glomerular Deposition of Type IV Collagen. In kidney sec-
tions stained for type IV collagen, 30 glomeruli were randomly
selected. Each glomerulus was scored, as described previously
(11,13,17): O, the ratio of collagen IV area/the total glomerular area
<25%; 1, =25% and <50%; 2, =50% and <75%; 3, =75%. For
confirmation of the score for each glomerulus, area positive for type
IV collagen staining and the total glomerular area were measured by
a computer program (Motic Med CMIAS, Beijing, China). ’

Macrophages and Apoptotic Cells in Glemeruli. To count the
macrophages and apoptotic cells in glomeruli, at least 50 glomeruli
were randomly selected from kidney sections stained with ED1 or
Iabeled by TUNEL. The number of macrophages in glomeruli was
expressed as the average number of ED1-positive cells per glomeru-
Tus, while the number of apoptotic cells in glomeruli was expressed as’
the average number of the TUNEL-positive cells per 100 glomeruli,

Statistical Analyses

Results are expressed as mean = SEM. ANOVA was used to
evaluate the statistical differences among groups. Paired ¢ test was
applied to assess the statistical differences between the ODN trans-
fected kidneys and the contralateral kidneys from the same animal,
Statistical significance was set at P < 0.05.

Results
Gene Transfer to Glomerular Cells

To study the local actions of Angli that are independent of
systemic actions, we inhibited AT1 receptors in glomerular
cells by electroporation-mediated gene transfer of antisense
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ODN, To monitor the efficiency of gene transfer and to iden-
tify the cell type that incorporated the DNA, we first infused
FITC-labeled AS-ODN into the left kidney of normal rats via
the left renal artery and electroporated that kidney. Fluorescein
signals were observed in almost all examined glomeruli in
transfected kidneys although in variable degrees. No signal
was detected in the contralateral kidney or other organs (data
not shown). Signals were localized mostly in the puclei of
glomeruli with only occasional signals in interstitial cells.
Within the glomerlus, the green fluorescence from FITC-AS-

ODN accumnlated primarily in nuclei surrounded by OX-7- -

positive mesangial cells shown in red. Because of the color
merge, some transfected nuclei emitted yellow color, indicat-
ing transfected mesangial cells (Figure 1).

Change of AT1 and AT2 Receptors by AS-ODN in
Normal Rats .

We next examined whether AS-ODN transferred by electropo-
ration can suppress the renal AT1, Normal rats were transfected
with AS-ODN as described above, and the kidneys were har-
vested 1, 2, 3, 4, and 7 d after the transfection. Expression of AT1
protein was quantified by binding autoradiography using [**°1]-
Sar'-Tle®-Angll in the presence of an AT2 antagonist, PD123319.
Throughout the experiments, the AT1 level did not appreciably
change in the contralateral kidneys. By contrast, the AT1 level in
the kidney transfected with AS-ODN decreased, especially within
the cortex. The ratio of AngIl binding in the transfected kidney to
that in the contralateral kidney was averaging 29.3 = 2.7%, 35.0
+ 3.8%, 36.2 + 3.1% (each n = 3) during the first 3 d after the
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transfection, respectively. The ratio increased to 61.8 * 8.6% (n
= 3) 4 d after, and to 102.1 * 12.6% (r = 3) 7 d after
transfection. Neither AT1 sense ODN nor scrambled ODN af-
fected the ATT binding in the transfected kidney, compared with
the contralateral kidney. Overall, these studies showed that in
normal rats, electroporation-mediated transfection with AS-ODN
effectively decreased the cortical AT receptor for 3 d (Figure
2C). Autoradiography also showed a slight decrease in AT1
binding in renal medulla in normal rats transfected with AS-ODN.
In addition, binding for AT2 in normal rat kidneys transfected
with AS-ODN decreased slightly as well (Figure 2D). However,
no difference in the binding for AT2 was detected because of
weak baseline signal.

Effect of Losartan on Glomerular Mesangial Cell
Proliferation in Thy-1 Rats at Different Time Points

A pilot study of AT1 suppression with AT1 antagonist
losartan from day 1 showed that, by counting the double
BrdU/OX-7—positive cells in the glomeruli, the average num-
ber of proliferating mesangial cells on day 3 was 0.012 *
0.003 per glomerulus in losartan-treated rats versus 0.019 %
0.004 in non-treated rats on day 3, 0.491 % 0,082 versus 0.324
+ 0.075 on day 4, 0.488 £ 0.029 versus 0.540 * 0.031 on day
5, 0.341 = 0.055 versus 0.502 £ 0.043 on day 6, and 0.517
0.037 versus. 1.44 =+ 0.060 on day 7 (n- = 3 for each time
point), Thus, losartan-indoced reduction in proliferating tnes-
angial cells became remarkable after day 6.

Figure 1. Localization of trans-
fected oligodeoxynucleotide
(ODN) in the kidney (X20).
The kidney was excised 10 min
after transfection with FITC-
labeled ODN of angiotensin
type 1 receptor (ATI) anti-
sense, Glomerular mesangial
area was stained in red by im-
munchistochemistry with anti-
OX-7. Specific green FITC flu-
orescence showed that
transfected ODN was localized
mainly within the glomeular
nuclei.
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Figure 2. Autoradiography for AT1 and AT2. In normal rat (A-D)
and rat with Thy-1 nephritis (E), binding for [***I]-Sar’-Tle®-Angll
was examined in the kidney transfected with AT1 phosphothionated
antisense ODN (left kidney) and in the contralateral untransfected
kidney (right kidney) 3 d after transfection. Specific AT1 binding in
the cortex of transfected kidney was some 35% of that in the con-
tralateral kidney in both normal (C) and Thy-1 (E) rats. (A) Autora-
diography with [**°I]-Sar"-Ile®-Angll alone to show the total binding
for Angll. (B) Autoradiography with [***]-Sar’-Tle®-AnglI and non-
labeled Sar!-Te®-Angll to show nonspecific binding, (C and E} Au-
toradiography with [*2*I]-Sar’-Tle®-Angll and PD123319 to show
specific AT1 binding. (D) Autoradiography with ['**T}-Sar'-Ne®-An-
glI and losartan to show specific AT2 binding.

Treatment of Anti-Thy-1 Antibody Nephritis with
AS-ODN

We examined whether the local suppression of ATI by
this method can attenuate the cell proliferation, macrophage
infiltration, and extracellular matrix (ECM) accumulation in
anti-Thy-1 antibody-induced nephritis. On the basis of the time
course of AT1 suppression observed in normal and Thy-1 rats,
we performed ODN transfection 4 d after Thy-1 induction and
analyzed tissues 3 d after the transfection.

The systolic BP measured at the end of the experiment was
135.6 * 6.5 mmHg in group I (AS-ODN treated), 144.4 £ 4.4
in group II (Control-ODN treated), 119.4 £ 2.5 in group IIf
(losartan-treated), and 141.7 = 7.7 in group IV (not treated).
BP in group ITI was lower than that in the other groups (P <
0.05). There was no difference in BP among the other three
groups.
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Similar to normal kidneys, transfection with AS-ODN sig-
nificantly decreased AT1 in the kidneys with anti-Thy-1 ne-
phritis. Thus, the cortical AT1 ascertained by binding autora-
diography in transfected kidneys was on average 31.9 + 2.0%
{n = 7) of that in the contralateral kidneys (Figure 2E).
Reduced binding of Ang in Thy-1 kidney cccurred mainly in
the cortex. The binding assay also revealed that the cortical
AT1 was not evenly suppressed in the polar area of some
kidneys, which was consistent with the more severs glomerular
lesions seen on PAS-stained adjacent sections. By contrast,
comparison with the contralateral kidoeys revealed no differ-
ence in AT1 in the kidneys transfected with either sense ODN
or scrambled ODN. In contrast to that in normal rat kidneys,
transfection with AT1 AS-ODN in Thy-1 kidneys tended to
increase medullary AT1 binding (Figure 2E). Immunohisto-
chemistry was not able to show significant changes in the
expression of AT2 receptor at day 7 in Thy-1 kidney treated or
not treated with ATI AS-ODN or losartan (data not shown).

Proliferating mesangial cells were detected by double stain-
ing for OX-7 and BrdU. The average number of proliferating
mesangial cells were 10.45 = 1.06 per glomerulus in the group
IV (no treatment). Losartan treatment started on day 3 de-
creased the number of proliferating mesangial cells by some
50% (5.22 * 0.95). In group I (AS-ODN treated), mesangial
cell proliferation was 30% less in the transfected kidneys (7.38
* 0.68) than the untreated nephritic kidneys. In group IL
neither scrambled ODN nor sense ODN changed mesangial
cell proliferation in the transfected or contralateral kidneys
(Table 1, Figure 3). Only few glomerular apoptotic cells were
detected by TUNEL method, averaging 5.94 = 0.99 cells per
100 glomeruli; no significant difference was found among
groups.

Immunohistochemistry with ED1 showed that there was no
significant difference in the number of macrophages per glo-
meruli among the groups (AS-ODN transfected, 0.680 *
0.094; AS-ODN contralateral untransfected, 0.757 * 0.070;
Control-ODN transfected, 0.737 + 0.027; Control-ODN
contralateral untransfected, 0.714 * 0.025; losartan treated,
0.612 = 0.072; Thy-1 untreated, 0.756 = 0.086 cells/
glomerulus; P > 0.03).

ECM zaccumulation was examined by point-counting analy-
sis in Masson trichrome-stained sections. Losartan treatment
reduced the ratio of blue points by 35%. In group I, ECM
accumulation was significantly reduced by 37% in the trans-
fected kidneys, but not in the contralateral kidneys. In group II,
neither scrambled ODN nor sense ODN transfection affected
ECM accumulation in the transfected or contralateral kidneys
(Table 1, Figure 4). Similar results were observed in terms of
glomerular collagen IV positive area (Figure 3).

Taken together, unilateral AS-ODN transfection of the kid-
ney, which depleted AT1 receptor significantly, attenuated
mesangial cell proliferation and glomerular ECM accumulation
in Thy-1 nephritis.

Discussion
Glomerular transfection of AS-ODN for AT1 was success-
fully performed by renal artery injection followed by in situ
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Table 1. Histopathological analyses of kidneys with anti-Thy-1 antibedy nephritis

Geo DNo}.Jlof PBrc'lI_JIO}é;'lll Glomerular b Glomemlfar

1 n ouble-Positive 3 e eposition o

P per Glomerulus Deposition of ECM v ColIage?Pe
PS-AS-ODN, transfected 7 738 + 0.68%¢ 0.262 =+ 0.009% 0.988 + 0.065"
PS-AS-ODN, contralateral 7 9.56 + 1.01 0.371 = 0.011 1.357 = 0.091
Control ODN, transfected 6 10.94 + 0.51 0.342 + 0.031 1.257 * 0.096
Control ODN, contralateral 6 11.07 + 0.84 0.362 + 0.033 1.169 + 0.046
Losartan-treated 5 5.22 + 0.95* 0.235 = 0.014* 0.429 + 0.081*
Thy-1 control 5 1045 * 1.06 0.359 + 0.013 1.331 = 0.063

* P < 0.05 compared with Thy-1 control.
b p < 0,05 compared with Control ODN, transfected.
¢ P < 0.05 compared with PS-AS-ODN, contralateral,

TR R

T

R R SRR B

Figure 3. Proliferating glomerular mesangial cells in glomeruli with anti-Thy-1 antibody nephritis from different groups (3¢40). The number
of proliferating glomerular mesangial cells detected by double immunohistechemical staining for OX-7 and incorporated BrdU in ATI1
antisense oligodeoxynucleotide (ODN) transfected kidney with anti-Thy-1 antibody nephritis (A) was significantly less than that in the
contralateral untransfected (B), the control ODN transfected {C), and the Thy-1 disease comtrol (F) kidney., {A) Antisense ODN-
transfected; (B) contralateral to the antisense ODN-transfected; (C) control ODN-transfected; (D) contralateral to the control ODN-transfected;
(E) losartan-treated; (F) anti-Thy-1 antibody—treated alone. Black arrows indicate representative proliferating mesangial cells. Black scale bar,

50 pm.

kidney electroporation. Our experiments using FITC-labeled
ODN showed that, almost all glomeruli incorporated ODN,
which was localized mainly within mesangial cell nuclei.
These findings were consistent with those by Tsujie et al. (16).
The transfection efficiency of AT1 AS-ODN was determined
by autoradiography of specific binding for ['2°Y]-Sar'-Tle®-
Angll under the presence of an AT2 antagonist PD123319,
One to three days after transfection, the specific binding of
AT! in the cortex of AS-ODN transfected kidneys was sup-
pressed to some 30 to 35% of that in the contralateral untrans-
fected kidpeys. The AT1 binding recovered to approximately
60% of the contralateral level 4 d after, and near 100% 7 d after
transfection. We applied the unilateral AS-ODN transfection
methodology to test the hypothesis that, unlike intact glomer-
uli, injured glomeruli are sensitive to the local actions of AngIL

Anti-thymocyte nephritis is characterized by mesangiat cell
proliferation and ECM accumulation in the mesangium without
major change in systemic BP (23-25). Within 20 to 28 h after
the intravenous injection of antibody, intraglomerular mesan-
giolysis is complete and mesangial cell proliferation from the
extraglomerular hilar area starts (24). Infiltration of macro-
phages into glomeruli appears 2 h after injection with Thy-1
antibody, and peaks at day 3 to day 7 (26). The peak of
glomerular cell proliferation appears on day 6 to day 7, when
the ECM accumulation in the glomeruli also becomes remark-
able. The renal histologic changes graduatly resolve over the
next one to two weeks (24,27,28). In the glomerulus, ATI
receptor localized mainly in the mesangial cells (29-31). In
vitro studies have shown that Angll canges mesangial cell
proliferation’ and production of extracellular matrix (ECM)
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Figure 4. ECM deposition in glomeruli with anti-Thy-1 antibody nephritis from different groups (X20). Masson trichrome staining showed
significantly less deposition of glomerular matrix in AT] antisense ODN—transfected kidney with Thy-1 nephritis (A) compared with that of
the contralateral untransfected (B), the control ODN-transfected (C), and the Thy-1 disease control (F) kidney, (A) antisense ODN-transfected;
(B) contralateral to the antisense ODN-transfected; (C) control ODN-transfected; (D) contralateral to the contro! ODN-transfected; (E)
losartan-treated; (F) anti-Thy-1 antibody-treated alone. Black scale bar, 100 pm.

Figure 5. Accumulation of type IV collagen in glomeruli with anti-Thy-1 antibody nephritis from different groups (X40). Immunohistochern-
ical study for type IV collagen demonstrated significantly less accumulation of type IV collagen in AT1 antisense ODN transfected kidney with
Thy-1 nephritis (A) compared with that of the contralateral untransfected (B), the control ODN transfected {C), and the Thy-1 disease control
(F) kidney. (A) antisense ODN-transfected; (B) contralateral to the antisense ODN-transfected; (C) control ODN-transfected; (D) contralateral
to the control ODN-transfected; (E) losartan-treated; (F} anti-Thy-1 antibody treated alone.

through its AT1 receptor (32). In Thy-1 nephritis, AT1 antag-
onist or ACEI has been shown to ameliorate the above glo-
merular pathologic changes (13,23,25). When the AT1 AS-
ODN was transfected to the Thy-1 kidney on day 4, the
specific binding for AT1 in the renal cortex was suppressed by
some 70% compared with the contralateral untransfected kid-
ney on day 7. Moreover, our pilot experiments showed that,
there is no difference in the number of proliferating mesangial
cells between losartan-treated and untreated Thy-1 kidoeys

until day 6. Therefore, we set the protocol to unilaterally
transfect Thy-1 kidneys with AT1 AS-ODN on day 4 and to
compare between the antisense transfection and control ODN
on day 7.

Selective suppression of remal AT by transfection with
AS-ODN resulted in significantly fewer proliferating glomer-
ular mesangial cells when compared to control ODN, as iden-
tified by BrdU and OX-7 double-positive cells. Morzover, the
amount of ECM accumulation assessed by Masson trichrome
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and collagen IV stainings was also significantly reduced by
AS-ODN transfection on day 7. In glomeruli, no significant
change was detected in infiltrating macrophages after AT1
antisense transfection or losartan administration. This may
reflect the relatively late experimental intervention (starting at
day 4) or assessment (at day 7) (22,33). Nevertheless, appre-
ciable decrease was found in the number of macrophages in
Thy-1 glomeruli after AT1 blockade either locally by AS-ODN
transfection or systemically by losartan administration.
Previous studies have attempted to distinguish the effects of
local versus systemic Angll in renal disease (3,4,17,34,35).
However, while accurate measurements of systemic BP can
ascertain change in this parameter, BP is but one potentiaily

important systemic mechanism; others include aldosterone,

adrenergic system, and other neuro-humoral factors. Some
investigators employed a method of delivering Angll, ATl
antagonist, or ACEI unilaterally via the renal artery to test the
local action of AngIl. However, immediate escape into the
systemic circulation and the delayed elimination of the peptide
or drug made the selective blockade at the kidney level incom-
plete (36,37) and distinguishing systemic versus local effects
difficult. In the present stndy, the unilateral electroporation that
follows ipsilateral injection of DNA was designed to confine
the Angll effect to one kidney. Using this method of selec-
tively inhibiting unilateral AT1 functions, we demonstrate that
in glomeruli injured by anti-thymocyte antibody, Angll pro-
motes local glomerular cell proliferation and ECM accumuta-
tion through the local AT1 receptors.

Thy-1 nephritis is not a model characterized by hypertension
(14,18,24,27,38,39), and treatment with conventional antihy-
pertensive agents does not protect glomeruli from injury
(17,24). Nevertheless, in view of the sporadic nature of the BP
measurements made in these studies, the potential influence of
systemic BP on Thy-1 kidney remains conceivable. In the
present study, the AT1 antagonist losartan given orally had
more renal protection than antisense transfection. This differ-
ence may be attributed to losartan’s BP-lowering effect and/or
to its more complete suppression of the AT1 receptor within
the diseased kidney. It is also possible that, when given orally,
Iosartan may have other systemic (besides BP) effects that
modulate the glomerular lesion of this model. With this caveat,
the present study has demonstrated that local injurious actions
of Angll are involved in glomerular disease. In this connection,
a significant upregulation of the AT1 gene activity and protein
has been documented in rat glomeruli following anti-Thy-1
antibody injection (8), supporting the idea that injured glomer-
uli are more susceptible to locally acting Angll. Moreover,
unlike our earlier study on chimeric mice given Angll infusion
exogenously, the active Angll in the present study is of en-
dogenous origin. Therefore, the results from the present study
using the antisense DNA transfection methodology have also
validated the potion that the renoprotective effect of pharma-
cologic inhibition found by others can be attibuted to the
suppression of endogenous Angll actions.

Regarding the nature of local Angli effect, one might spec-
ulate that expression of angiotensin type 2 receptor (AT2) is
affected in Thy-1 kidneys and even more so after blockade of
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AT1 (40), which may in turn have mediated the protective
effects seen in this study. In view of the markedly low expres-
sion level of AT2 in Thy-1 glomerli examined in the present
study, the contribution of AT2 to our findings appears insig-
nificant. Likewise, the potential role of apoptosis in Thy-1
glomeruli remains unknown due to its low baseline level (41).

Autoradiography showed that the medullary expression of
ATI1 tended to decrease in normal kidney while increase in
Thy-1 kidney after transfection in an unexplainable manner. It
remains unclear if those changes have any effect on glomemli.

The local action of Anglt on the Thy-1 kidney may be of
hemodynamic or non-hemodynamic nature (13,17,26,42-44).
The present study is not -designed to ascertain the relative
contribution of these factors.

In summary, Angll of endogenous origin promotes mesan-
gial cell proliferation and ECM accumulation in an injury
model of glomerulonephritis through its action on the local
AT]I receptor.
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Abstract. Myofibroblasts are pivotal participants in pathologic
processes in a wide variety of organs, such as lung, liver, and
kidney, by producing several inflammatory cytokines and extra-
cellular matrices, The mechanism by which transdifferentiation
from original cell to myofibrablast occurs, however, is still un-
clear. The expression of smooth muscle o-actin (SMaA) is the
most characteristic feature of myofibroblasts; therefore, it was
speculated that any factors that promote SMaA expression might
be the key to transdifferentiation to myofibroblasts and disease
exacerbation. A transcription factor CCAAT/enhancer-binding
protein 8 (C/EBPS) was identified and demonstrated to bind to

sequences inclading the CArG motif from SMaA intron 1 and to
increase transcriptional activity of this promoter. Expression of
SMaA and C/EBPS in the glomerular area was upregulated in rat
anti-Thyl glomerulonephritis and mouse Habu-venom glomeru-
lonephritis, both of which are models of mesangioproliferative
glomeralonephritis. In the latter model, C/EBPS knockout mice
demonstrated significantly less SMaA. expression in the glomer-
ular area on day 8 and less renal functional deterioration on day
14, compared with wild-type mice. These data suggest an impor-
tant role for C/EBPS in myofibroblast transdifferentiation and
glomerulonephritis exacerbation.

Tissue injury and sustained abnormal repair processes after
initial insults are the major causes of tissue fibrosis leading to
end-stage organ failure in many tissues, including lung, liver,
and kidney (1,2). One of the common histopathologic features
of fibrosis is an early emergence of myofibroblasts, a unique
mesenchymal cell population with ultrastructural properties of
both muscle and nonmuscle cells. Myofibroblasts express
smooth muscle ¢ytoskeletal markers, such as smooth muscle
a-actin (SMoA), caldesmon, and desmin, and actively produce
inflammatory cytokines and extracellular matrices. They are
thought to be central participants in wound healing, presum-
ably as an extension or accentuation of their role in normat
growth and differentiation. In contrast, uncontrolled generation:
or activation of myofibroblasts results in excessive formation
of granulation tissue and accumulation of extracellular matri-
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ces, leading to tissue fibrosis and eventual organ function loss
(2,3).

Numerous types of cells have been characterized as the
source of myofibroblasts, including pericytes, hepatic stellate
cells, mesangial cells, interstitial cells, and granulation tissue
fibroblasts. However, the molecular mechanism of myofibro-
blast formation and of expression of smooth muscle cytoskel-
etal markers and matrix proteins in these cells have not been
well characterized. We have been investigating the pathophys-
iologic significance of myofibroblasts in renal disease. Both
caldesmon and SMaA are sensitive and useful molecular
markers for myofibroblasts in progressive renal disease (4,5).
Emergence of SMaA-expressing myofibroblasts has been doc-
umented, focusing on prognostic value in IgA nephropathy (6)

.and other types of glomemlonephritis (7-9), diabetic nephrop-

athy (10), and chronic allograft nephropathy in posttransplant
patients (11). These observations in human renal disease high-
light the significance of myofibroblasts in progressive renat
disease; therefore, many experimental investigations use myo-
fibroblast expansion as a marker of disease progression and its
suppression as a marker of therapeutic efficacy.

We aim to elucidate the molecular mechanisms of SMaA
gene regulation during myofibroblast formation. Intromic
CArG motif is essential for the transcriptional activation of
SMaA gene in both smooth muscle cells (12) and renal myo-
fibroblasts {13). Although seram response factor (SRF) is a
well-known binding factor for the CArG motif, it is distributed
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ubiquitously in various cells. Therefore, it is likely that any
other transcription factors bind to this region to enhance SMaA
expression and might contribute to production of inflammatory
cytokines and extracellular matrices. We report here the mo-
Iecular identification and characterization of transcription fac-
tor CCAAT/enhancer-binding protein & (C/EBPS) that binds to
sequences that include the CArG motif from intron 1 of the
SMaA gene. C/EBPS enhances SMaA expression and also
contributes to the production of proinflammatory chemokine
leading to renal disease progression.

Materials and Methods
Animals and Cultured Cells

C/EBP8-deficient (C/EBPS[—/—]) mice and wild-type (C/
EBPS{+/+]) mice were generated by mating C/EBPS heterozygous
(C/EBP&[+/—]) mice (background strain 129} (14). Sprague-Dawley
rats were purchased from Japan SLC, Inc. (Hamamatsu, Japan).
Primary cultured mesangial cells were obtained from C/EBP&(—/—)
mice and C/EBPS(+/-+) mice as described previously (15). Mesangial
cells were cultured in RPMI 1640 medium (Life Technologies BRL,
Rockville, MD) with 20% FCS (Life Technologies BRL). Mouse
NIH-3T3 fibroblasts were cultured in DMEM with 10% FCS, peni-
cillin G (100 U/ml), and streptomycin (100 pg/mi).

Yeast One-Hybrid Analysis

To identify factors that bind to DNA sequences including the CArG
motif from SMaA intron 1, we used a yeast one-hybrid system. Two
oligonucleotides, 5-AATTCOTTTTACCTAATTATGAAATGTTT-
TACCTAATTATGAAATGTTTTACCTAATTATGAAATGA-3' and
5-AATTTCATTTCATAATTAGGTAAAACATTTCATAATT-
AGGTAAAACATTTCATAATTAGGTAAAACG-3', that contained
three tandem repeats of the 20-bp CArG motif at bp + 1098 of SMaA
intron 1, with one point mutation (G to T and C to A; italics) to avoid
SRF binding were synthesized, annealed, and inserted upstream of the
E1b minimal promoter in pHISi-1 (named pHISi-3CAIGM) and the
CYC1 minimal promoter in pLacZi (named pLacZ-3CArGM). cDNA
cloning by the yeast one-hybrid system was performed as described
previously using the MATCHMAKER One-Hybrid System (Clon-
tech, Palo Alto, CA) {16). pLacZ-3CArGM and pHISi-3CArGM were
integrated into the yeast (YM4271) genome. Next, the yeast was
transformed with a human adult kidney ¢DNA library (Clontech),
which contains a human kidney ¢DNA library cloned into pACT2 and
produces the yeast GAL4 activation domain-cDNA fusion protein,
Transformants were selected on uracil-, histidine-, and leucine-
deficient plates that contained 20 mM 3-aminotriazole. Large colonies
(His™) were assayed for S-galactosidase activity by incubating at
30°C with a buffer that contained 0.8 mM 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside. Plasmids were isolated from bive col-
onies (LacZ*), and their insert cDNA was analyzed by DNA
sequencing.

Transfection Analysis of C/EBPS

c¢DNA that contained the full coding region of human C/EBPS was
obtained by yeast one-hybrid analysis and inserted into the EcoRI site
of pCAGGS (named pCAGGS-C/EBPS). The 180-bp sequence of
SMeaA. intronl region from bp -+ 972, which contains an intronic
CArG motif, or three tandem copies of the 20-bp intronic CArG motif
{bp + 1093 to bp + 1112) were inserted into pSV0-CAT plasmid to

construct reporter plasmids for transfection assay, designated as pSVY-
nt180-CAT and p3SV-3CArG-CAT, respectively. NIH-3T3 fibro-
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blasts were seeded for transfection assay into 6-cm dishes at a density
of 4 X 10 cells/cm?. For each dish, 0.5 pg of reporter plasmid, 0 to
4 ug of expression plasmid, and 0.5 pg of luciferase reporter plasmid
were transiently transfected with Lipofectamine Reagent (Life Tech-
nologies BRL). After 72 h, cells were harvested by scraping in lysis
buffer. Promoter activities were evaluated by CAT and luciferase
assays.

Preparation of C/EBP8 Protein and Electrophoretic
Gel Mobility Shift Assay

Glutathione S-transferase (GST)-C/EBP3 was constructed in a
POEX 6P-1 vector (Amersham Pharmacia Biotech, Piscataway, NJ).
GST-C/EBPS was transformed into Escherichia coli BL21 and in-
duced by 1 mM isopropyl-D-thiogalactopyranoside. Recombinant pro-
teins were purified using glutathione-Sepharose 4B gels. The probe
for the CArG motif (CArG #0) consists of 5~GTTTTACCTAATT-
AGGAAATGCTT and 5-AAGCATTTCCTAATTAGGTAAAAC
annealed to each other. The probe for C/EBPS consensus consists of
5-TGCAGATTGCGCAATCTGCA annealed to itself. Both oligonu-
cleotides were 5'-end-labeled by T4 polynucleotide kinase with
1y-32P]ATP (Amersham Biosciences, Tokyo, Japan). Binding reac-
tions were performed in a 20-pl reaction mixture that contained
binding buffer, 0.1 pg of C(VEBPS protein, 1 pg of poly-dldC, and
probe. Samples were incubated at room temperature for 30 min and
fractionated on 5% polyacrylamide native gels in 0.5X Tris-borate
EDTA buffer. After drying, gels were analyzed using the BAS system
(Fujifilm, Tokyo, Japan). Competition assays were performed by
adding nonlabeled C/EBP consensus probe or nonlabeled CArG #0
probe.

Renal Disease Models of Rat and Mouse

Acute mesangioproliferative glomerulonephritis was produced in
rats by a single injection of anti-Thyl monoclonal antibody (OX-7).
On day O, anti-Thyl antibody was injected into the tail vein of
6-wk-old male rats at a dose of 1.5 mg/kg body wt (17). On day 7,
kidneys were perfused with ice-cold PBS and removed. Habu-venom
glomerulonephritis (TVGN), a murine model for acute mesangiopro-
liferative glomerulonephritis, was induced in 6- to 8-wk-old male
C/EBP&—/—) and C/EBP&(+/+) mice, For inducing HYGN, hemi-
nephrectomized mice received an injection of lyophilized venom from
Habu snake Trimeresurus flavoviridis (Wako, Osaka, Japan) dis-
solved in saline at 1.5 mg/kg body wt, and their urine was collected
twice a week. Bight and 14 d after disease induction, mice were killed,
and their kidneys and blood samples were collected (13).

Glomeruli Isolation, RNA Extraction, and Reverse
Transcription—-PCR

Total RNA of cultured cells and glomeruli were isolated using
TRIzol reagent (Life Technologies BRL). Glomeruli were isolated
from kidney by a differential sieving method (15). Kidneys were
removed from killed animals, and renal cortices were dissected from
the kidney with a scalpel, then minced and passed through stainless
steel mesh of different pore sizes (120, 75, and 53 um). Glomeruli
were retained on the last mesh with a purity of >95%, as indicated by
microscopic evaluation (the remaining few percent consisted of tubu-
lar fragments). cDNA was prepared from 1 g of each RNA sample,
using MulLV reverse transcriptase (Applied Biosystems, Foster City,
CA), random hexamers, RNase inhibitor, and dNTP mixture in a final
volume 20 pl. Semiquantitative PCR wa§ performed with 1 pl of
template ¢cDNA, PCR primers (10 pmol cach), and AmpliTaqg DNA
Polymerase (Applied Biosystems) in a final volume of 20 pl. PCR

o~
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products were analyzed by 2% agarose gel electrophoresis and stained
with ethidium bromide. Primers used were murne SMaA 5-
ATCGTCCACCGCAAATGC (forward) and 5-AAGGAACTGGA-
GGCGCTG (reverse); glyceraldehyde-3-phosphate dehydrogenase
5'-AGTATGACTCCACTCACGGCAA (forward) and 35'-
TCTCGCTCCTGGAAGATGGT (reverse); C/EBPS 5'-GCA-
GACAGTGGTGAGCTTGG (forward) and 5-AAGCATGCG-
CAGTCTCTTCC {(reverse); and monocyte chemoattractant
protein-1 MCP-1) 5'~AGCCAACTCTCACTGAAGCC (forward)
and 5-CATTCAAAGGTGCTGAAGACC (reverse).

Immunohistochemistry

Mouse monoclonal anti-SMaA {1A4; peroxidase conjugate
DAKO, Glostrop, Denmark) and rabbit pelyclonal anti-C/EBPS anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA) were used for
immunohistochemical detection of SMeA and C/EBPS. Paraffin-
embedded sections (2-pum thickness) obtained from tissues fized in
4% paraformaldehyde were blocked and incubated overnight with
primary antibodies at 4°C. Sections for C/EBP3 immunostzining were
incubated with the second bictinylated goat anti-rabbit antibody at
1:150 (Vector ABC Kit; Vector Laboratories, Burlingame, CA) for
1 h at room temperature, then incubated in an avidin-biotinylated
horseradish peroxidase complex (Vector) for 40 min at room temper-
ature, Peroxidase activity was visualized with p-dimethyl aminoben-
zaldehyde (DAB). For evaluating the quantitative level of SMaA
expression in glomerufi, the outline of the glomeruli was encircled on
the computer display, and the SMaA-positive {DAB-positive) area
was determined by color density. The SMaA-positive area percentage
(DAB-positive areafencircled area) was calculated from 30 glomeruli
in each group using MacSCOPE software (Mitani-Corp, Fukui,
Japan).

Results ‘
Cloning of Intronic CArG Motif Binding Factor

To identify factors that bind to the CArG motif in intron 1 of
SMaA gene, we used a yeast one-hybrid screening system,
Approximately 5 X 10° human kidney cDNA clones were
screened, and 38 double-positive clones were obtained. After
sequence analysis, 20 of the 38 clones represented the same
binding factor, identified as C/EBPS (Figure 1), containing the
sequence of the DNA-binding domain. These results indicate
that C/EBPS is a candidate for the intronic CArG motif
binding.

Confirmation of Specific Binding of C/EBP3 to Intronic
CArG Motif

As we assumed that the intronic CArG motif overlaps with a
sequence compatible with the consensus sequence for the C/EBP
family (TTT/GINNGNAAFT/G]) (18} as shown by the underline
in Figure 2a, and to exclude the possibility that the point-mutated
CArG motif used in yeast one-hybrid cloning might have affected
the binding reactivity, we performed electromobility shift assay to
confirm binding of C/EBPS to the original intronic CArG motif in
SMaA. C/EBPS protein produced in E. coli showed binding not
only to C/EBP consensus sequence (Figure 2b) but also to the
intronic CArG sequence (Figure 2c). Complex formation was
inhibited after preincubation with unlabeled C/EBP consensus

sequence and also, although less competitive, with uniabeled-
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Figure 1. Domain structure of human CCAAT/enhancer-binding pro-
tein & (C/EBPS) gene (GenBank accession no. NM_005195) (top) and
cDNA clones obtained from yeast one-hybrid analysis (bottom). Each
cloned ¢DNA was produced from the 3'-polyA region. In the coding
region, shown by a thick line, gray box (bp + 41 to bp 4 583), filled
box (bp + 583 to bp + 715), and hatched box (bp + 715 to bp + 850)
represent transcription activating domain, DNA-binding domain, and
leucine-zipper domain, respectively. Numbers of obta.med clones are
indicated on the right of each bar.
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Figure 2. Electromobility shift assay (EMSA) detecting complex
formation of in vitro translated C/EBPS protein and probes. (a) The
intronic CATG motif (CArG#0) and its flanking sequence (top) and
sequences of the probes used ‘for EMSA (bottom). The boxed se-
quence (from bp + 1098 to bp + 1107) represents the CArG motif
(CC[A/T],GG), and the underlined sequence represents the C/EBP
consensus (T[T/GINNGNAA[T/G]); N, any nucieotide. (b and ¢)
EMSA of C/EBPS protein with C/EBP consensus probe (b} or the
CArG#0 probe (c). Lane 1 is without competitor DNA, and lanes 2
and 3 are incubated with nonlabeled CArG#0 (x209) and C/EBP
consensus (X200} oligonucleotides, respectively.

intronic CArG sequence. These results demonstrate the sequence-
specific binding of C/EBPS to the intronic CArG sequence.

Transcriptional Activation of Intronic CArG Motif
by C/EBPS

To investigate whether C/EBPS affects SMaA gene expres-
sion, we tested the transcriptional activity of reporter plasmid
(pSV-int180-CAT), which contains 180 bp of SMaA intron 1
including the CArG motif as enhancer and CAT gene as
reporter, by co-transfecting to NIH-3T3 fibroblasts with
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C/EBPS expression vector (pCAGGS-C/EBP3). CAT activity
of pSV-int180-CAT vector was increased by the co-transfec-
tion of pCAGGS-C/EBP$ vector in a dose-dependent manner
up to 0.5 pg/dish with a 220% increase (Figure 3a). NIH-3T3
fibroblasts do not express SMaA in the basal condition, and
this result suggests that C/EBPS itself has positive activity
through SMaA intron 1. Next, pSV-3CArG-CAT, which con-
tains three copies of the 20-bp intronic CArG motif, was
co-transfected with pCAGGS-C/EBPS vector into NIH3T3
fibroblasts, showing a significant increase in CAT activity
(180% with 0.5 pg/dish) compared with absence of pPCAGGS-C/
EBPS (Figure 3b). As it has been reported that the sequence in
intron 1 is essential for SMaA gene transcriptional activation
(12,13), these results demonstrate involvement of C/EBPS in
transcriptional activation of SMxA gene via the intronic CArG
motif.

Upregulation of SMaA and C/EBPS in Rat Anti-Thyl
Glomerulonephritis ‘

To investigate the in vivo relevance of C/EBPS expression to
myofibroblasts, we examined expression of C/EBPS and
SMaA in rat experimental mesangioproliferative glomerulone-
phritis. Reverse transcriptase-PCR analysis of SMaA and

C/EBPS mRNA was performed in isolated glomeruli obtained

from untreated and anti-Thyl glomerulonephritis rats on day 7.
Both SMaA and C/EBPS mRNA were upregulated in anti-
Thy1 glomerulonephritis (Figure 4a). In immunochistochemical
examination with consecutive sections from untreated rats,
staining of SMaA was observed only in smooth muscle of the
arteriolar wall (Figure 4b), and positive staining of C/EBPS
was minute in both glomerulus and arteriolar wall (Figure 4d).
In contrast, anti-Thyl glomerulonephritis rat showed SMaA
and C/EBPS immunostaining in glomerulus with similar dis-
tribution (Figure 4, ¢ and e).

SMaA Expression in Cultured Mesangial Cells from
C/EBP8{—/—) Mice o

Cultured mesangial cells express substantial amounts of
SMaA and are thought to mimic activated mesangial cells,
pamely myofibroblasts, found in diseased glomeruli (19). As
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C/EBP&(~/—) mice have been produced before and reported to
exhibit little phenotypic modulation under physiologic condi-
tions (14), we investigated expression levels of SMaA in
cultared mesangial cells from these knockout mice. Expression
of SMaA mRNA in C/EBP&(—/—) cells was lower than thatin
C/EBPS(+/+) cells (Figure 5). Moreover, mRNA expression
of MCP-1, which is considered an important chemokine in the
progression of glomemlonephritis, was also reduced in
C/EBPS8(—/—) mesangial cells (Figure 5). However, other
proinflammatory cytokines, such as TGF-81 and IL-18, did
not show a reduction in their mRNA levels, compared with
C/EBP&(+/+) cultured mesangial cells (data not shown).

Renal Disease Model in C/EBP8(—/—) Mice
Mouse HVGN is a model for acute mesangioproliferative
glomerulonephritis, which evokes acute mesangiolysis fol-
lowed by mesangial cell proliferation with myofibroblastic
transdifferentiation and matrix increment. Similar to rat anti-
Thyl glomerzlonephritis, C/EBPS expression was only slightly
observed in normal glomeruli and increased in HVGN in
C/EBPS(+/+) mice but not at all in C/EBP&(—/—) mice
(Figure 6).
Mesangial SMaA expression in C/EBP8(—/—) mice on day
8 was milder than in C/EBPS(+/+) mice (Figure 7, ¢ and d).
Although mesangial expansion was observed to persist in
HVGN on day 14, mesangial SMaA expression was dimin-
ished in both C/EBP&(+/+) and C/EBP&{—/—) mice at that
time (Figure 7, g and h), possibly suggesting that the disease
was going into the recovery phase. The proportion of glomer-
ular SMaA-positive area in C/EBP8(—/—)} mice was signifi-
cantly less (11.0 £ 6.9 versus 18.2 £ 8.7%; mean = SD) than
in C/EBP&(+/+) mice (Figure 7i). These data suggest involve-
ment of C/EBPS in mesangial transdifferentiation and SMaA
expression in acute mesangioproliferative glomerulonephritis.
Urinary protein excretion tended to be decreased along the time
. course of HVGN in C/EBP8(—/—) mice versus C/EBP(+/+)
mice. The urinary protein/creatinine ratios were 5.0 * 2.9
versus 7.6 = 1.6 on day 4 and 3.6 * 0.8 versus 43 = 0.7 on
day 14 for C/EBP&(—/—) mice versus C/EBPS(+/+), respec-
tively. The renal function was preserved in C/EBP&(—/—)

Figure 3. Co-transfection analysis of
the interaction of C/EBPS with se-
quernice including CArG#0. pSV-int180-
CAT (a) or pSV-3CArG-CAT (b) was
co-transfected with pCAGGS-C/EBPS
into NIH-3T3 fibroblasts. Data are ob-
tained from five repetitive experiments.
CAT activity was corrected by hucif-
erase activity in each transfection. Rel-
ative CAT activity was determined as
the ratio of activity when co-transfected
with pCAGGS only, Values are ex-
pressed as mean *+ SD; *P < 0.01.

pCAGES-CEBPS GDNA
(ng) £96cmdish
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Figure 4. Assessment of smooth muscle a-actin (SMaA) and C/EBPS expression in anti-Thy1 glomerulonephritis. (2) Reverse transcriptase—
PCR (RT-PCR) detection of SMaA (top), C/EBPS (middle), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; bottom) mRNA in
isolated glomeruli from untreated rats (left three lanes) and from anti-Thyl glomerulonephritis rats on day 7 (right three lanes). Each lane
represents an individual rat. (b through ¢) Immunostaining for SMoA (b and ¢) and C/EBPS (d and ) in consecutive sections of the same
glomerulus from untreated rat (b and d) and anti-Thyl glomerulonephritis rat (¢ and e). Arrows in b and d indicate arteriolar walls.

Magnification, X400,

CEBP3 CEBP&

MCP-1
GAPDH

Figure 5. mRNA expression of SMaA (top) and monocyte chemoat-
tractant protein-1 (MCP-1; middle) in mesangial cells in culture
assessed by RT-PCR. mRNA extracted from C/EBPS(+/4-) mesan-
gial cells is indicated in the left two lames, and mRNA from
C/EBPS(—/—) mesangial cells is indicated in the right two lanes.

mice. Plasma urea nitrogen was 39.3 * 2.6 versus 56.9 = 16.6
and plasma creatinine 0.15 % 0.02 versus 0.20 * 0.04 on day
14 (mg/dl, mean + SD; P < 0.05) for C/EBP&(—/—) mice
versus C/EBPS(+/+), respectively.

Discussion

We have been investigating the pathophysiologic signifi-
cance, nature, and molecular mechanism of phenotypic change
of renal cells to myofibroblasts in the process of progressive
renal diseases (4,5,13). We hypothesized that the molecular
mechanisms underlying the induction of SMeA in myofibro-
blasts are closely related to the molecular pathophysiology of
progressive renal disease leading to renal fibrosis. The intronic
CArG motif from the SMaA. gene is essential for in vivo
transcriptional activation of the SMaA gene in both smooth
muscle cells (12) and renal myofibroblasts (13). Interaction of

Figure 6, Immunohistochemistry of C/EBPS in the glomerulus of
C/EBPS (+/+) (a and ¢) and C/EBPS (~/~) (b and d} mice. (a and
b) Normal condition. (b and d) Habu-venom glomerulonephritis
{HVGN) on day 8. Magnification, X400,

the CArG motif and SRF is a candidate mechanism for tran-
scriptional activation of the SMaA gene (20,21). However,
SRF is 2 ubiquitous factor, and the CArG motifs are present in
a wide variety of genes. We identified C/EBPS as the major
candidate transcription factor for transactivating the SMaA
gene in myofibroblasts through its intronic CArG sequence.
We also found that C/EBPS can bind directly to DNA in
contrast to myocardin, a key co-factor of SRF (22) for smooth
muscle differentiation co-activating SMaA. and other smooth
muscle gene expression in smooth muscle cells (23,24). We
observed that there was no expression of myocardin mRNA in
both normal and diseased kidoey or cultured mesangial cells
(unpublished observation), so its involvement in myofibroblast
transdifferentiation is unlikely. It is, however, still unknown

-whether C/EBPS can cooperate with SRF and/or other tran-

scription factors.
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C/EBPS belongs to the C/EBP family, which contains a
leucine zipper domain that mediates dimerization with the
same or other C/EBP isoforms and interaction with the target
sequence. In the present study, we found that C/EBPS can bind
to the C/EBP family consensus sequence, which coincides with
the intronic CArG sequence and can stimulate promoter activ-
ity of the SMaA gene through it (Figures 2 and 3). In addition,
as shown in Figure 4, C/EBP8 and SMaA proteins were
upregulated and distributed similarly in the mesangial area in
experimental glomernlonephritis. In contrast, in smooth mus-
cle cells of the arteriolar wall, SMaA immunostaining is
densely positive but C/EBPS staining is not (Figure 4, b and d).
This observation indicates that, in normal smooth muscle cells,
C/EBPS is not greatly involved in the expression of SMaA.
This result is the first demonstration of upregulation of C/EBP&
in myofibroblasts in vivo in experimental glomerulonephritis
and strongly suggests a pivotal role for C/EBPS in the positive
regulation of SMcA in glomerular myofibroblasts.

We found that ix vitre cultured mesangial cells isolated from
C/BBP&(—/—) mice express much less SMaA compared with
those from C/EBPS(+/+) mice (Figure 5), supporting the in
vivo observation of possible involvement of C/EBPS in gene
regulation of SMaA in glomerular myofibroblasts. Moreover,
the mesangioproliferative glomerulonephritis model (HVGN)
in C/EBPS(—/—) mice showed decreased SMaA expression in
the glomeruli in vive (Figure 7).

Myofibroblasts are also known to play pivotal roles in the
progression of tubulointerstitial fibrosis. There arose a possi-
bility that C/EBPS might be involved with myofibroblasts not
only in glomerular mesangial lesions but also in tubulointer-
stitial lesions; thus, we investigated another renal disease
model. Unilateral ureteral obstruction (UUO) is a model of
tubulointerstitial fibrosis, in which we previously reported that

J Am Soc Nephrol 15: 2383-2390, 2004

Figure 7. Histologic assessment by pe-
riodic acid-Schiff staining (a, b, e, and
f) and immunohistochemistry of SMaA
(c, d, g, and h) in HVGN on day 8 (a
through d) and day 14 {e and f). (a, c, e,
and g) C/EBPS(+/+) mice. (b, 4, f, h)
C/EBP8(—/—) mice. (i} Quantitative
evaluation of glomerular SMaA expres-
sion. Values are mean *+ SD, calculated
from 30 glomeruli in each group; *P <

BS. 0.001. Magnification, X400.
‘GIEBPS GEBP: C/EDPS CEBPS.
ST o T s SR st
Day 8 Day 14

the emergence of myofibroblast was closely related to the
degree of fibrosis (25,26). We analyzed UUOQ in C/EBPS(—/-)
mice and found that SMaA mRNA upregulation in whole
kidneys of UUO (on day 7) was significantly attenuated in
C/EBPS(—/—) mice compared with C/EBP3(+/+) mice (data
not shown). In addition to results from the HVGN model, these
resuits suggest that C/EBPS is engaged in the process of
transdifferentiation not only in mesangial cells but also in renal
interstitial fibroblasts and might play a role in exacerbation of
progressive renal diseases.

C/EBPS is expressed in liver, lung, adipose tissue, and
intestine under physiologic conditions and is strongly upregu-
lated at the transcriptional level by inflammatory stimuli, such
as turpentine oil, bacterial LPS, and cytokines such as IL-6 and
TNF-a (27,28). C/EBP&(—/—) mouse shows only a mild phe-
notype of slightly disturbed lipid storage under physiologic
conditions (14). These findings indicate that C/EBPS is not
essential for development and/or maintenance of these tissues,
perhaps because of the redundant function of other C/EBP
family proteins. Some irvestigators have reported a role for
C/EBPS in pathologic states. For example, C/EBPS enhances
PDGF-e receptor expression in vascular smooth muscle cells,
and its contribution to atherosclerosis is suggested (29). The
present report is the first to show the relationship between
C/EBPS and kidney disease, suggesting the possibility of at-
tenuation of the disease by suppressing C/EBPS activity, In the
pathologic state of other organs to which SMaA-expressing
myofibroblasts contribute, such as liver cirthosis, chronic pan-
creatitis, and pulmonary fibrosis, C/EBPS may also play an
important role.

Myofibroblasts are thought to be a source of extracellular
matrix deposition in sclerosing tissues. C/EBP binding sites
have been identified in the promoters of several genes that
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~ modulate extracellular matrix expansion, such as type I colla-
gen or tissue inhibitor of metalloproteinases (30,31). It is
interesting that C/EBP were reported to regulate type I collagen
transcription in hepatic stellate cells through a hydrogen per-
oxide-dependent pathway (32,33). The binding motifs for
C/EBP are now known to be present in various genes that
encode most inflammation-inducible molecules, such as IL-18,
MCP-1 (34), granulocyte macrophage colony-stimulating fac-
tor receptor gene (35), PDGF receptor (29,36), and intercellu-
tar adhesion molecule 1 (37). In the present study, MCP-I
mRNA expression was clearly decreased in C/EBPS(—/-)
mesangial cells in culture, but we could see no obvious differ-
ence for other cytokines, including TGF-B1, a key mediator of
myofibroblast transdifferentiation (38,39). This may be due to
the degree of replacement of other transcription factor(s), per-
haps including C/EBPB, and for MCP-1 transcription, C/EBPS
may have a major contribution.

In the present study, C/EBPS(—/-) mice showed less
SMaA expression in HVGN on day 7, and consequent renal
function was relatively less deteriorated. These results suggest
that suppressing excessive myofibroblast transdifferentiation
could be a therapeutic measure for glomerulonephritis. A re-
cent report pointed out that myofibroblasts are necessary in the
repair process of kidney tissue injury (40); however, the
present results show amelioration of renal disease by partial
inhibition of myofibroblast transdifferentiation in the absence
of C/EBPS. Certainly, from the present data, we cannot con-
clude whether it is beneficial to block the transdifferentiation
completely, and further investigation is planned.

In conclusion, we have determined that the intronic CArG
motif in SMaA gene is a binding locus of transcriptional
activator C/EBPS. C/EBPS was upregulated in rat and mouse
experimental glomerulonephritis, and its expression mirrored
SMcA induction. SMaA expression was lower in cultured
mesangial cells and renal disease models in C/EBP&(—/-)
mice compared with C/EBPS(+/+)} mice. Furthermore, the
degree of renal function loss was attenuated in C/EBP&(—/—)
mice. Our results demonstrate the involvement of C/EBPS in
transcriptional activation of the SMaA gene in myofibroblasts
and in renal diseases. Further analysis of C/EBP3-dependent
gene regulation in myofibroblasts is likely to give us new
insights into molecular pathophysiology of progressive renal
disease and helps in establishing new therapeutic approaches to
myofibroblast-related disease.
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