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Absence of angiotensin II type 1

receptor in bone marrow-derived
cells is detrimental in the evolution
of renal fibrosis
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We examined the in vivo function of the angiotensin II type 1 receptor (Agtrl) on macrophages in
renal fibrosis. Fourteen days after the induction of unilateral ureteral obstruction (UUO), wild-type
mice reconstituted with marrow lacking the Agtrl gene (Agtr1~-) developed more severe interstitial
fibrosis with fewer interstitial macrophages than those in mice reconstituted with Agtr1*/* marrow.
These differences were not observed at day 5 of UUO. The expression of profibrotic genes — includ-
ing TGF-B1, al1(I) collagen, and a1(III) collagen — was substantially higher in the obstructed kidneys
of mice with Agtrl17~ marrow than in those with Agtr1”* marrow at day 14 but not at day 5 of UUO.
Mice with Agtr17- marrow were characterized by reduced numbers of peripheral-blood monocytes
and macrophage progenitors in bone marrow. In vivo assays revealed a significantly impaired phago-
cytic capability in Agtrl~~ macrophages. In vivo treatment of Agtrl*/* mice with losartan reduced
phagocytic capability of Agtr1*/* macrophages to a level comparable to that of Agtr17~ macrophages.
Thus, during urinary tract obstruction, the Agtrl on bone marrow-derived macrophages functions
to preserve the renal parenchymal architecture, and this function depends in part on its modulato-
ry effect on phagocytosis.
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Introduction renal diseases (3). These data suggest that the RAS is

Pharmacologic blockade of angiotensin I-converting
enzyme (ACE) and the angiotensin II type 1 receptor
(Agtrl) has been shown to attenuate renal scarring
in several experimental models and to lessen pro-
gressive loss of renal function in patients with chron-
ic renal diseases (1, 2). Conversely, patients with
genetic traits associated with heightened activities of
the renin-angiotensin system (RAS) have been found
to be at increased risk for the progression of chronic

Received for publication January 14, 2002, and accepted in revised form
October 1, 2002.

Address correspondence to: Iekuni Ichikawa, MCN C4204,
Department of Pediatrics, Vanderbilt University Medical Center,
Nashville, Tennessee 37232-2584, USA. Phone: (615) 322-7931;
Fax: (615) 322-7929; E-mail: ichikawamd@aol.com.

Conflict of interest: The authors have declared that no conflict of
interest exists.

Nonstandard abbreviations used: angiotensin II type 1 receptor
(Agtr1); unilateral ureteral obstruction (UUO); angiotensin
I-converting enzyme (ACE); renin-angiotensin system (RAS);
extracellular matrix (ECM); a-smooth muscle actin (-SMA);
reverse-phase high-performance liquid chromatography
(RP-HPLC); matrix metalloproteinase-2 (MMP-2); tissue
inhibitor of metalloproteinase 1 (TIMP-1); colony stimulating
factor 1 (CSF-1); 7-amino-actinomycin D (7-AAD); monocyte
chemotactic protein 1 (MCP-1).

an active component of biological processes that
lead to renal scarring.

Renal fibrosis has been noted to correlate with the
number of bone marrow-derived macrophages within
the injured renal tissue of experimental animals (4-7)
and humans (8). Interventions, such as ACE inhibition,
that attenuate renal fibrosis are also associated with
inhibition of macrophage infiltration (9, 10). Short-
term studies using whole-body irradiation that elimi-
nates macrophages find a positive correlation between
the number of infiltrating macrophages and the degree
of renal interstitial fibrosis (11), suggesting that
macrophages promote fibrosis. However, longer-term
studies (5) reveal a reciprocal relationship between
these two parameters and raise questions about the
function of the infiltrating cells. Recent studies of cuta-
neous wound healing provide some insight into these
issues. Initially, a positive correlation is observed
between the quantity of infiltrating macrophages and
the degree of tissue fibrosis during the wound-healing
process (12-15). In this setting, macrophages promote
deposition of provisional extracellular matrix (ECM).
However, as wound healing advances, macrophages
participate in the resolution of the deposited ECM (13).
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Thus, bone marrow-derived macrophages appear to
have a dual function in the fibrotic process in the skin,
which may also operate in other tissues.

The fibrogenetic process in the kidney and elsewhere
has been postulated to encompass contributions from
both the infiltrating and resident cells. In addition to
the well-documented actions of the RAS on the resi-
dent cells, there is ample in vitro evidence (16-21) indi-
cating that bone marrow-derived macrophages express
components of the RAS and respond to angiotensin II.
However, it has heretofore not been possible to identi-
fy the specific function of macrophages because the
existing technology did not allow separation of these
two systems in vivo. Bone marrow cell transplantation
and in vivo DNA recombinant technologies have
become available for experimental animal studies, and
these methods now allow the specific role of marrow-
derived cells and their specific gene products to be
examined separately from those of the resident cells in
vivo (22, 23). Since bone marrow-derived cells have also
been implicated in renal scarring, we wished to evalu-
ate the relative contribution of the infiltrating and res-
ident cells in kidney damage. Moreover, we took advan-
tage of the availability of cells from mice lacking a RAS
gene recently generated in our laboratory (24). Using
bone marrow transplantation technique and the
recombinant mouse model, we ascertained the func-
tion of macrophages in renal interstitial fibrosis, with
the specific focus on the role of the angiotensin II sys-
tem within macrophages.

Methods

Mice. Agtr1”~ donor mice used in the present study were
generated in our laboratory (24) and had been back-
crossed more than 10 times with C57BL/6 mice (The
Jackson Laboratory, Bar Harbor, Maine, USA). Thus, all
mice used in the study (both the genetically manipu-
lated donors and the wild-type recipient mice) were on
the C57BL/6 background. Rodents carry two subtypes
of the Agtrl receptor — namely, type la and type 1b
(25). Previous data have demonstrated that the
angiotensin II type la receptor is by far the predomi-
nant isoform in mice (26). We therefore used the
angiotensin II type 1a receptor null mutant mice, des-
ignated as Agtrl~~ mice, in the present study. The geno-
type of these mice was determined by Southern blot
analysis on DNA isolated from tail biopsies as previ-
ously described (24). Male C57BL/6 mice were pur-
chased from The Jackson Laboratory.

Bone marrow reconstitution and unilateral ureteral obstruc-
tion. Bone marrow transplantation was performed as
previously described (22, 23). Three-month-old male
recipient mice were lethally irradiated with 9 Gy
using a cesium gamma source. Bone marrow cells were
harvested from the femurs and tibias of donor mice
by flushing with RPMI-1640 media (Gibco BRL,
Gaithersburg, Maryland, USA), and recipients received
5 x 10° bone marrow cells per mouse in 0.2 ml of media
by tail-vein injection. To verify the reconstitution of

bone marrow after transplantation, the bone marrow
and peritoneal macrophages were collected at the time
of sacrifice, genomic DNA was extracted from these
cells, and the genotype was determined by Southern
blot analysis as we have previously described (24).

Eight weeks after bone marrow transplantation, the
transplanted mice were subjected to a complete unilat-
eral ureteral obstruction (UUO) as previously described
(27). Briefly, under sodium pentobarbital anesthesia,
the middle portion of the left ureter was ligated and cut
between the two ligated points. At 5 and 14 days after
surgery, the mice were sacrificed, and the obstructed
kidneys were harvested and subjected to the studies
described below. The experimental protocols were per-
formed according to the regulations of the Vanderbilt
University Animal Care Committee.

Histological study. For histological examinations, kid-
neys were fixed with 4% buffered paraformaldehyde for
6 hours, embedded in paraffin, and sectioned trans-
versely with a thickness of 4 um. A standard point-
counting method was used to quantitate the collagen
fractional volume in the renal cortical interstitium on
Masson trichrome-stained sections (magnification,
x400), as described in our previous studies (27). The
index of interstitial collagen fractional volume was
defined as the number of trichrome-positive points in
every 1000 points evaluated. For immunohistochem-
istry, monoclonal rat anti-mouse F4/80 (Selotec,
Oxford, United Kingdom) and anti-mouse CD3-¢
(clone 48-2B; Santa Cruz Biotechnologies Inc., Santa
Cruz, California, USA) were used to detect infiltrat-
ing macrophages and T cells, respectively (27, 28).
a-Smooth muscle actin (a-SMA) was stained by
mouse monoclonal anti-human a-SMA (clone 1A4;
DAKO, Carpinteria, California, USA) (27, 28). Vascu-
lar endothelial cells were stained with a monoclonal
rat antibody to a cell membrane antigen present on
endothelial cells, CD31 (clone MEC 13.3, 1:50 dilu-
tion; Pharmingen, San Diego, California, USA) (29).
After exposure to 0.1% trypsin (DAKO) for 10-15 min-
utes and quenching with 3% hydrogen peroxide in
methanol, sections were incubated with rat anti-
mouse CD31 for 1 hour at room temperature, fol-
lowed by standard ABC immunostaining.

Macrophage infiltration was determined by enumerat-
ing F4/80-positive cells within the cortical interstitium in
10 randomly selected cortical fields under magnification
(x400), and the numbers were averaged for each field (27).
The density of CD31-positive peritubular capillary was
quantified as the peritubular capillary rarefaction index
as previously described (30). Briefly, the squares in a
10 x 10 grid that showed no capillaries were counted in
10 sequential fields under magnification (x200) and aver-
aged. The expression of 0-SMA in the cortical interstitial
area was assessed semiquantitatively by immunoreactiv-
ity for a-SMA as previously described (28).

Collagen content. The collagen content of renal cortex
was calculated from the concentrations of hydroxy-
proline and proline, which were determined through
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measurement of their phenylisothiocyanate derivatives
by reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC) as previously described (31).

Northern blot analyses for TGF-P1, al(l) collagen,
al(Ill) collagen, matrix metalloproteinase 2, and tissue
inhibitor of metalloproteinase 1 mRNA. Total RNA was
extracted by the RNA STAT-60 method (Tel-Test Inc.,
Friendswood, Texas, USA), electrophoresed, trans-
ferred to a nylon membrane (Hybond-N*; Amersham
Life Science Inc., Arlington Heights, Illinois, USA),
and hybridized with a 32P-labeled probe. The cDNA
probes for mouse TGF-f1, a1(I) collagen, a.1(III) col-
lagen, matrix metalloproteinase-2 (MMP-2), and tis-
sue inhibitor of metalloproteinase 1 (TIMP-1) were
used as described previously (27, 28). The hybridiza-
tion signal of each mRNA was detected by autoradi-
ography, scanned with a JX-330M scanner (Sharp Co.,
Tokyo, Japan), and semiquantitated using the Nation-
al Institutes of Health image program.

Hematologic analysis. Total leukocyte, red blood cell,
and platelet counts were determined on peripheral
blood collected by retro-orbital venous plexus puncture
using an ADVIA 120 automated counter (Bayer, Tarry-
town, New York, USA), and the manual 100-cell leuko-
cyte differential counting was performed on May-
Griiwald/Giemsa-stained smears.

Determination of bone marrow macrophage progenitors.
Macrophage progenitors present in the bone marrow
were determined as granulocyte or macrophage
colony-forming unit by semisolid agar culture (32).
Bone marrow cells were harvested by flushing the tibia
with RPMI-1640 media and were cultured for 10 days
at a density of 50,000 cells per milliliter in media con-
sisting of RPMI-1640, 0.3% agar, 10% FBS, and recom-
binant mouse colony stimulating factor 1 (CSF-1) at
concentrations indicated in Figure 6. Macrophage and
granulocyte/macrophage colonies containing more
than 50 cells were morphologically identified in trip-
licate cultures, counted, and expressed as colony-form-
ing units per tibia.

Determination of macrophage migrating activity. Peri-
toneal macrophages were collected from mice 4 days
after peritoneal injection of 3% thioglycollate. Chemo-
taxis was performed in a 96-well microchemotaxis
chamber in which the upper compartment was sepa-
rated from the lower compartment by a single uncoat-
ed polycarbonate filter (5-um pore diameter; Neuro-
probe, Cabin John, Maryland, USA). Peritoneal
macrophages were suspended in DMEM without FBS
and added to the upper compartment of the chemo-
taxis chamber at a density of 1.2 x 106 cells per well.
Chemoattractants were added to the lower compart-
ment, and chambers containing cells and chemoat-
tractants were incubated at 37°C for 2.5 hours in an
atmosphere of 95% air, 5% CO,, and 100% humidity.
After incubation, cells remaining on the upper surface
of the filter were removed mechanically. Filters were
then fixed in methanol and stained with 1% crystal vio-
let. Migrated cells adhering to the lower surface of the

membrane were counted manually under the micro-
scope with an oil-immersion lens (x400). Triplicate
wells were used for each experimental condition, and
10 fields were examined for each well.

Measurement of Fcy receptor—mediated oxidative burst. Fcy
receptor-mediated oxidant production in peritoneal
macrophages was measured using the FcOxyBurst
reagent (Molecular Probes, Eugene, Oregon, USA)
according to the manufacturer’s instructions. Briefly,
peritoneal macrophages harvested from mice 4 days
after peritoneal injection of 3% thioglycollate were sus-
pended at 2 x 10° cells per milliliter in PBS supple-
mented with 1g/l glucose and then stimulated with
FcOxyBurst at a final concentration of 140 ug/ml. Flow
cytometric analysis was performed with a FACScan
flow cytometer (Becton Dickinson, Franklin Lakes,
New Jersey, USA) gating to select F4/80-positive
macrophages. Twenty thousand 7-amino-actinomycin
D-negative (7-AAD-negative), living cells were
obtained for the analysis.

In vivo and in vitro assays of phagocytic activity of
macrophages. Phagocytic activity of macrophages in vivo
was examined using previously described methods (33,
34). Four days after thioglycollate injection, 2.5 ml of a
0.2 % suspension of Fluoresbrite fluorescent micros-
pheres (0.75 YG; Polyscience, Warrington, Pennsylva-
nia, USA) was injected into the peritoneal cavity. After
1 hour of incubation, peritoneal fluid containing cells
and fluorescent beads was collected. The macrophages
with fluorescent beads were counted in accordance
with the amount of ingested beads (34), and the non-
phagocytosed free beads were also quantified by flow
cytometry as a percentage of the total number of beads
(33) on a FACScan flow cytometer using CellQuest
software (Becton Dickinson) for data acquisition and
Winlist software (Verity Software House, Topsham,
Maine, USA) for data analysis. Twenty thousand
7-AAD-negative, living cells were obtained for the
analysis. The flow cytometric analysis was performed
gating to select F4/80-positive macrophages, and the
fluorescence of extracellular beads was quenched using
crystal violet according to the manufacturer’s protocol.
To determine the role of Agtrl in vivo, losartan was
added to the drinking water (200 mg/1) 18 hours before
the assay, and a bolus of 1.0 mg was also injected into
the peritoneal cavity with fluorescent beads.

For the in vitro phagocytic assay, peritoneal
macrophages were collected from mice 4 days after
peritoneal injection of 3% thioglycollate, and approxi-
mately 2 x 10° peritoneal macrophages on 24-well
plates in DMEM with 10% FBS were used (33, 35). One
hundred microliters of 0.26% latex solution of Fluo-
resbrite fluorescent microspheres (0.75 YG; Poly-
science) was added to each well and incubated for 30
minutes at 37°C. Nonadherent latex beads were
removed by washing, and the cells were incubated for
another 30 minutes to allow for complete phagocyto-
sis. Cells were then harvested by treatment with PBS
containing 5 mM EDTA and washed vigorously three
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Figure 1

Southern blot genotype analysis of macrophages isolated from mice
transplanted with either Agtr1*/* or Agtr1~/~ bone marrow. Lanes 1-3
show DNA isolated from tail biopsy specimens of Agtr7~/~ mice (Lane
1), Agtr1”/~ mice (Lane 2), and Agtr7*/* mice (Lane 3). Lanes 4 and 5
show DNA isolated from peritoneal macrophages of wild-type mice
reconstituted with Agtr1~~ marrow (Lane 4) and wild-type mice with
Agtr1*/* marrow (Lane 5). The DNA in lane 4 represents pooled
macrophage DNA from 10 mice reconstituted with Agtr1~/~ marrow.

times with PBS to remove nonphagocytosed beads. The
amount of phagocytosed beads was measured by flow
cytometry as described above. In some experiments,
either the Agtrl antagonist losartan or angiotensin II
(Bachem, Torrance, California, USA) was added to the
final concentration of 10-®* M 18 hours or 3 hours
before the phagocytosis assay, respectively. The amount
of nonspecifically bound beads was determined by
incubating macrophages with fluorescent beads on ice.

Statistical analysis. Data are presented as means + SEM.
Statistical analysis was performed by ANOVA, and sta-
tistical significance was defined as P < 0.05.

Results

Reconstitution of Agtr1*/* mice with Agtrl~/~ bone marrow.
Resident macrophages of the recipient mice were
removed from the peritoneal cavity at the time of sac-
rifice and genotyped (Figure 1). Uniformly, only the
5-kb band was observed in the recipient mice, demon-
strating that Agtr1”* mice were successfully reconsti-
tuted with Agtr~~ marrow, and macrophages were pri-
marily from the donor (lane 4 in Figure 1). This finding
is in good agreement with our previous bone marrow
reconstitutions (22).

Effect of Agtr1~~ bone marvow transplantation on interstitial
macrophage infiltration in the obstructed kidneys. Macrophage
accumulation in the kidney was examined in wild-type
mice with Agtrl7~ marrow and wild-type mice with
Agtr]”* marrow at day S (Agtrl~~ marrow, n = 9; Agtrl*/*
marrow, # = 10) and day 14 (Agtrl7~ marrow, n = 8;
Agtrl** marrow, n = 10) after surgical creation of UUO.
Atday 5, there was no appreciable difference in the num-
ber of interstitial macrophages between the two groups
(17.3 £2.5vs. 19.7 + 3.0, not significant) (Figure 2b). At
14 days after UUO, mice carrying transplanted Agtrl~~
marrow showed significantly lower numbers of F4/80-
positive interstitial macrophages than those carrying
Agtr1* marrow (27.6 + 1.5vs. 41.8 + 2.5, P < 0.001) (Fig-
ure 2,aand b). Staining for CD3 revealed that there were
only a few T cells in the interstitium in both groups at
either day 5 or day 14 after UUO. No significant differ-
ence was observed between the groups (data not shown).

Effect of Agtrl~~ bone marrow transplantation on renal
fibrosis in the obstructed kidneys. The degree of fibrosis was
compared between wild-type mice with Agtrl7~ marrow
or Agtr1** marrow at day 5 and day 14 after UUO (Fig-
ure 3a). At day 5 after UUO, there was no difference in
interstitial fibrosis (44 + 8 vs. 42 + 6 points per 1000
points, not significant) (Figure 4a). However, at 14 days
after UUO, mice carrying Agtrl”/~ marrow (n = 8)
showed significantly more severe interstitial fibrosis
than those carrying Agtrl”* marrow (n = 10; 139 + 9 vs.
93 + 9 points per 1000 points, P < 0.005) (Figure 4a).
The enhanced fibrosis seen in mice carrying Agtrl~~
marrow was confirmed independently by a biochemical
determination of collagen content. Thus, collagen con-
tent in renal tissue assessed by RP-HPLC was also sig-
nificantly higher in mice with AgtrI7~ marrow than in
mice with AgtrI** marrow (11.6% + 1.1% vs. 7.7% + 0.5%
collagen, P < 0.005) (Figure 4b).

Using CD31 staining, we also evaluated peritubular
capillary density. The new generation of peritubular
capillaries is believed to be promoted by macrophage-
derived bFGF in early stages of UUO (36). No signifi-
cant difference in the peritubular capillary density
was seen between the two groups 5 days after UUO
(rarefaction index, 4.3% + 0.5% vs. 4.9% + 0.7%, not
significant) (Figure 3b). Transdifferentiation of tubu-
lar epithelial cells to myofibroblasts has been impli-
cated as another component of the fibrogenetic
processes in UUO (37). Cells with a-SMA-positive
staining were located in the renal interstitium and
vessel walls (Figure 3c). We found no significant
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Figure 2

Macrophage infiltration after UUO in wild-type mice with either
Agtr1~~ marrow or Agtr1*/* marrow. (a) Immunohistochemical
demonstration of macrophages with anti-F4/80 antibody in mice with
Agtr1~~ marrow (left) and mice with Agtr7*/* marrow (right) at day 14
after UUO. Magnification, x400. (b) Macrophages (F4/80-positive
cells) infiltrating to the interstitium at day 5 (left) and day 14 (right)
after UUO. Black bars represent mice with Agtr1~~ marrow; white
bars represent mice with Agtr7*/* marrow. Data are expressed as
means + SEM. ¥*P < 0.001 for mice with Agtr7~/~ marrow versus mice
with Agtr7*/* marrow. NS, not significant.
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Figure 3

Histological assessment of interstitial fibrosis and peritubular capil-
lary density and detection of myofibroblasts in the obstructed kidneys
of wild-type mice with either Agtr7~~ marrow or Agtr1*/* marrow.
Masson trichrome staining of the renal cortex at day 14 after UUO
(a), immunohistochemical assessment of peritubular capillary densi-
ty by immunostaining with anti-CD31 antibody at day 5 after UUO
(b), and detection of myofibroblasts by immunostaining with anti-
aSMA antibody at day14 after UUO (c) in mice with Agtr7~~ marrow
(left) and mice with Agtr7*/* marrow (right). Magnification, x400.

difference in the immunoreactivity of a-SMA
between the two groups 14 days after UUO (a-SMA
score, 2.66 £ 0.06 vs. 2.44 + 0.10, not significant).

mRINA expressions for molecules involved in the accumulation
of ECM. In parallel with the pattern of interstitial fibro-
sis, expression of TGF-$1 mRNA was significantly high-
er in mice with Agtrl~7~ marrow than in mice with AgtrI**
marrow at day 14 after UUO (the ratio of optical densi-
ty to that of GAPDH mRNA, 2.08 + 0.23 vs. 0.59 + 0.08,
P<0.001). TGF-f1 mRNA expression was similar at day
5(1.07 £0.12 vs. 1.19 + 0.09, not significant) (Figure 5a).
In mice with Agtrl”* marrow, TGF-f1 mRNA expression
was not significantly different between day 5 and day 14.
In contrast, in mice with Agtrl7~ marrow, TGF-p1
mRNA expression was significantly increased by day 14
from the level seen on day 5 (Figure 5a).

Figure 5 (b and ¢) summarizes mRNA expression for
molecules involved in accumulation as well as those
involved in degradation of ECM. Profibrotic molecules,
including al(I) collagen and al(IIl) collagen, were
expressed at substantially higher levels in mice with
Agtrl7~ marrow than in mice with Agtr1** marrow at

day 14 (al[I] collagen: 1.93 + 0.39 vs. 0.85 + 0.14,
P < 0.05; al[III] collagen: 2.79 + 0.61 vs. 1.25 £ 0.11,
P <0.05). Likewise, the expression of MMP-2 mRNA
was higher in mice with Agtrl7~ marrow than those
with Agtrl** marrow (2.40 + 0.43 vs. 0.74 + 0.24,
P < 0.01), whereas no significant difference was ob-
served in the expression of TIMP-1 mRNA at day 14
after UUO (1.20 + 0.36 vs. 1.83 = 0.20) (Figure 5¢). At
day S after UUO, no significant difference was observed
between mice with Agtrl~~ marrow or Agtrl*/* marrow
in a1(I) collagen mRNA (1.27 + 0.14 vs. 1.38 + 0.13),
al1(III) collagen mRNA (0.60 + 0.08 vs. 0.49 = 0.09),
MMP-2 mRNA (0.98 £ 0.11 vs. 1.00 + 0.12), or TIMP-1
mRNA (1.57 + 0.16 vs. 1.71 + 0.18) (Figure Sb).

Peripheral monocytes and bone marrow macrophage pro-
genitors. Interstitial macrophages are the major infil-
trating cells in UUO and are believed to be an active ele-
ment of the interstitial fibrosis. Therefore, to unveil the
mechanisms underlying the reduced macrophage infil-
tration and the enhanced fibrosis seen in wild-type
mice with Agtrl~~ marrow, we examined a few features
of macrophages. The number of circulating hema-
topoietic cells was examined in wild-type mice with
Agtrl7/~ marrow or Agtrl”/* marrow 8 weeks after bone
marrow transplantation (Table 1). Leukocytes were sig-
nificantly less abundant in mice with Agtrl~~ marrow
than in those with Agtr1%* marrow. Although the num-
ber of monocytes in mice with Agtrl~7~ marrow was sig-
nificantly lower than in those with Agtr1*/* marrow, the
monocyte/white blood cell ratio was similar between
the two groups of mice. Thus, the difference is not
unique to monocyetes.

Total bone marrow cells per tibia were not signifi-
cantly different between mice with Agtrl*/* or Agtrl~-
marrow (22.3 + 4.1 x 10° cells per tibiavs. 17.6 + 3.8 x 10°
cells per tibia, not significant). When 50,000 marrow
cells were cultured for 10 days in semisolid agar culture
in the presence of increasing concentrations of cere-
brospinal fluid 1 (CSF-1), growth of macrophage pro-
genitor colonies reached a plateau at 5 ng/ml of CSF-1
for both Agtr1** and Agtrl~~ marrow (Figure 6a). Thus,
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Figure 4

Quantitative analyses of interstitial collagens after UUO in wild-type
mice with either Agtr1~/~ marrow or Agtr1*/* marrow. (a) Interstitial
collagen index assessed by point-counting method on Masson
trichrome-stained sections at day 5 (left) and day 14 (right) after
UUO. (b) Collagen content as percentage of total protein in kidney
at day 14 after UUO. Black bars represent mice with Agtr7~~ mar-
row; white bars represent mice with Agtr7** marrow. Data are
expressed as means + SEM.*P < 0.005 for mice with Agtr7~/~ marrow
versus mice with Agtr7*/* marrow.
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this assay showed that mice with Agtrl~~ marrow had
significantly less macrophage progenitors than those
with Agtr1”/* marrow (18.0 + 2.8 x 103 cells per tibia vs.
25.5 + 3.2 x 103 cells per tibia, P < 0.05) (Figure 6b).
Functions of macrophages. To explore further the mech-
anisms responsible for the enhanced fibrosis in mice
with Agtrl7~ marrow, we next examined macrophage
functions. Monocyte chemotactic protein 1 (MCP-1)
has been shown to be the major chemotactic factor
responsible for macrophage infiltration in UUO (38),
and chemotactic activity of angiotensin II has been
demonstrated for human monocytes (39). On stimula-
tion with 0.1 ug/ml MCP-1, Agtr1”* macrophages
exhibited a maximal 1.5-fold increase in chemotactic
response from 124 + 6 cells per field to 186 + 41 cells
per field (left panel in Figure 7a). In response to 0.1
ug/ml MCP-1, a similar 1.5-fold increase was observed
in the chemotactic response of Agtrl~~ macrophages
from 34 + 7 cells per field to 51 + 11 cells per field, indi-
cating that although the baseline motility of Agtrl~~
macrophages is lower than that of Agtrl** macro-
phages, macrophages of either genotype have indistin-
guishable chemotactic responses to MCP-1. Addition
of 1 x 10® M angiotensin II, either alone or with 0.1
ug/ml MCP-1, was without effect on the motility of
Agtrl”* macrophages (right panel in Figure 7a).
Reactive oxygen species are potent destructive effec-
tor molecules produced by macrophages and are
thought to be involved in the renal damage occurring
in UUO (40). On stimulation through the Fcy receptor,
Agtrl”* and Agtrl”~ macrophages showed similar
oxidative burst (mean fluorescence intensity of total
macrophages after 15 minutes of incubation, 35.8 + 0.9

Figure 5
mRNA expressions of molecules involved in the
accumulation of ECM. (a) Northern blot analyses
of TGF-B1 expressions at day 5 (left) and day 14
(right) after UUO in wild-type mice with Agtr1~/~
marrow and wild-type mice with Agtr7”* marrow. (b
and c) Northern blot analyses of al(l) collagen,
MMP-2, and TIMP-1 at day 5 (b) and day 14 (c)
after UUO. Lane 1 in (b) and (¢) shows control con-
tralateral nonobstructed kidney, lane 2 shows mice
3 with Agtr1=/~ marrow, and lane 3 shows mice with
Agtr1*/* marrow.
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vs. 38.1 £ 0.9, not significant) (Figure 7b), suggesting
that together with reduced macrophage infiltration,
macrophage-mediated oxidative injury would be less
significant in mice with Agtrl~7~ macrophages than in
those with AgtrI*/* macrophages.

Active removal of ECM has been suggested as a crit-
ical element that maintains the dynamic balance of the
highly regulated wound-healing process, and
macrophages are thought to participate in ECM
removal through phagocytosis (13). To examine the
phagocytic capability of macrophages in vivo, we
injected fluorescent beads into the peritoneal cavity
after inducing macrophages with thioglycollate.
Analysis of the peritoneal fluid obtained 1 hour later
showed that both the percentage of macrophages with
phagocytosed beads and the mean fluorescence inten-
sity were greater in Agtrl** mice than in Agtrl7~ mice
(85.6% + 1.2% vs. 49.8% + 1.4 % phagocytic macro-
phages, P < 0.001; mean fluorescence intensity of total
macrophages, 208.6 + 12.7 vs. 109.4 + 8.3, P < 0.005)
(Figure 8a). Similarly, fewer fluorescent beads were free
(nonphagocytosed) in Agtrl*/* than in Agtrl~~ mice
(remaining free beads, 56.8% + 6.8% vs. 81.8% + 3.5 %,
P < 0.005; duplicated experiments, n = 6 per group).
The effect of losartan on the phagocytic capability of
Agtr1”* macrophages was also examined in vivo. The
losartan treatment caused a significant decrease in the
phagocytic capability of Agtrl** macrophages in vivo
(85.6% + 1.2% vs. 47.3% + 2.2% phagocytic macro-
phages, P < 0.001; mean fluorescence intensity of total
macrophages, 208.6 + 12.7 vs. 99.1 + 5.1, P < 0.005;
remaining free beads, 56.8% + 6.8% vs. 82.9% + 4.8 %,
P <0.05) (Figure 8a). Thus, the phagocytic capability

Table 1
Number of circulating blood cells in mice with Agtr1~~and Agtr1** marrow

Donor n WBC/ul RBC x 104/pt| PLT x 104/M| Monocyte/WBC (%)  Lymphocyte/WBC (%)  Neutrophil/WBC (%)
Agtr1~/~ 10 6799 + 546~ 1008 +12 99 +3 12+2 80+2 1.5+0.2
Agtr1*/* 9 8556 + 537 1007 +18 91+5 13+3 80+3 1.7+0.2

WBC, white blood cells; RBC, red blood cells; PLT, platelets. Data are expressed as means + SEM. AP < 0.05 versus Agtr1*/*.
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Figure 6

Macrophage progenitors in bone marrow. Bone marrow cells isolat-
ed from either Agtr1*/* mice or Agtr1~/~ mice were cultured for 10
days in semisolid agar culture at a density of 50,000 cells per milli-
liter in the presence of indicated concentrations of CSF-1. Colonies
of macrophages or granulocyte/macrophages were counted (a), and
the total number of macrophage progenitors per tibia was deter-
mined (b). *P < 0.05.

of Agtr17~ macrophages is reduced in vivo. Further-
more, the Agtrl antagonist losartan decreased the
phagocytic activity of AgtrI*/* macrophages in vivo to
a level comparable to that of Agtr17~ macrophages.

In the in vitro phagocytosis assay, isolated
macrophages were incubated with fluorescent beads,
and the macrophages with fluorescent beads were
counted by flow cytometry in accordance with the
amount of ingested beads (33, 35). Representative
results are shown in Figure 8b. There was no difference
in the number of macrophages with beads (phagocytic
macrophages) between Agtrl1*”* and Agtrl/~ macro-
phages (84.9% + 3.0% vs. 79.4% + 2.6 % phagocytic
macrophages, not significant; duplicate experiments,
n = 6 per group). By contrast, there were significantly
more beads in Agtrl** macrophages than in Agtrl~/~
macrophages (mean fluorescence intensity of total
macrophages, 722.3 + 53.9 vs. 498.4 + 21.9, P < 0.005).
There was no difference between Agtr1*/* and Agtrl~-
macrophages in the number of macrophages with non-
specifically bound beads (8.9% of AgtrI** macrophages
and 10.4% of Agtrl7/~ macrophages) or in the fluores-
cence intensity of nonspecifically bound beads (mean
fluorescence intensity of total macrophages; 11.5 vs.
12.7, respectively). The Agtrl antagonist losartan had
no significant effect on either the number of the phago-
cytic macrophages (84.9% + 3.0% vs. 79.5% + 0.8%, not
significant) or the number of phagocytosed beads
(mean fluorescence intensity of total macrophages,
722.3 +53.9vs. 642.0 + 30.4, not significant). No signif-
icant difference was also observed between Agtrl**
macrophages with or without angiotensin II treatment
at 10 M (86.4% + 1.2% vs. 84.9% + 3.0 % phagocytic
macrophages, not significant; mean fluorescence inten-
sity of total macrophages, 722.3 + 53.9 vs.736.1 + 35.8,
not significant).

Together, these in vivo and in vitro analyses indicate
that Agtr1”* macrophages are exposed to angiotensin

I in vivo, exhibit elevated phagocytic capability, and, as
a consequence, are not fully susceptible to either deac-
tivation by losartan or further activation by
angiotensin Il in vitro.

Discussion
In the present study, we demonstrated that the Agtrl
genotype of bone marrow cells has a profound effect on
the renal response to injury in mouse UUO. When the
bone marrow was transplanted from Agtrl~~ into
Agtr]l** wild-type mice, the accumulation of macro-
phages in the kidney occurring in response to an
obstructive insult was substantially attenuated, where-
as renal interstitial fibrosis and profibrotic activity were
enhanced. This divergence between macrophage accu-
mulation and fibrosis was evident in late stages (day
14) but not in early stages (day 5) of UUO. Since infil-
trating macrophages are thought to be a critical deter-
minant of fibrogenesis, these data suggest that the
Agtrl on bone marrow-derived macrophages promotes
preservation of the renal parenchyma during the evo-
lution of renal fibrosis in obstructive nephropathy.
Southern blot analyses of peritoneal macrophages
showed that 8 weeks after the bone marrow transplan-
tation, macrophages were successfully repopulated by
Agtrl~- cells (Figure 1). On induction of UUO in wild-
type mice reconstituted with either Agtr1** or Agtrl~/~
marrow, both fibrogenetic processes and macrophage
infiltration proceeded similarly until day 5 after the
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Figure 7

Migrating activity and oxidative burst of Agtr1~~ and Agtr1**
macrophages. (a) Migrating activity of isolated peritoneal
macrophages was determined by using chemotaxis chambers. In the
left panel, Agtr1=/~ or Agtr1*/* macrophages were incubated with either
vehicle (black bars) or 0.1 ug/ml MCP-1(white bars). In the right panel,
Agtr1*/* macrophages were exposed to vehicle (white bar), 1 x 10 M
angiotensin |l alone (gray bar), or 0.1 ug/ml MCP-1 and 1 x 10°M
angiotensin Il (black bar). Migrated cells were counted and are shown
as the number of migrated cells per field. *P < 0.05 for vehicle versus
MCP-1. (b) Macrophages of the Agtr1~~ (black bar) or the Agtr1*/*
(white bar) genotype were examined for Fcy receptor-mediated oxida-
tive burst. Oxidative burst was detected as fluorescence emitted by
macrophages and is indicated in arbitrary units. Ang Il, angiotensin II;
MCP-1, monocyte chemotactic protein-1.
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Figure 8

Phagocytic activity of Agtr1~~ and Agtr1*/* macrophages. (a) Fluorescent beads were injected into the peritoneal cavity after macrophage
induction by thioglycollate, and the exudate was analyzed by flow cytometry for in vivo assay of phagocytosis. Histograms include Agtr1*/+
macrophages, Agtr1*/* macrophages treated with 10¢ M losartan, and Agtr1~~ macrophages. Three separate experiments were carried out,
and representative results are shown. (b) Peritoneal macrophages were incubated in vitro with fluorescent beads, and the phagocytic activ-
ity was analyzed by flow cytometry. Histograms include fluorescent beads only, Agtr7*/* macrophages incubated without fluorescent beads,
and Agtr1*/* and Agtr1~~ macrophages incubated with fluorescent beads. The mean fluorescence intensity level (lin Mean X) of each peak is
shown for fluorescent beads only. The percentages of macrophages with multiple beads (more than eight) are shown next to the Agtr7+/*
and Agtr1~/~ histograms, respectively. R1 denotes the peak derived from one fluorescent bead; R2, two beads; R3, three beads; and R4, four
beads. Three separate experiments were carried out, and representative results are shown. (c) In vitro phagocytosis of fluorescent beads by
Agtr1~/~ (left) and Agtr1*/* (right) macrophages viewed under a light microscope. Magnification, x400. (d) In vivo phagocytosis of fluores-
cent beads by Agtr1~/~ (left) and Agtr1*/* (right) macrophages. Magnification, x400.
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UUO induction. In later stages of UUO, interstitial
fibrosis was more pronounced in mice with Agtrl~~
marrow, whereas macrophage infiltration was less than
that in mice with Agtr1*%* marrow (Figure 4a). This his-
tologically appreciable augmentation of fibrosis was
confirmed independently by a biochemical determina-
tion of collagen content (Figure 4b). The gene expres-
sion of the profibrotic and antifibrotic molecules fol-
lowed a temporal pattern that indicates enhanced
fibrogenesis in mice with Agtrl17~ marrow. Thus,
mRNA levels for a1(I) collagen, a1(III) collagen, and
TGEF-p as well as for MMP-2 were greater in mice with
Agtrl”~ marrow 14 days after the induction of UUO,
indicating that in later stages of UUOQ, both profibrot-
ic and antifibrotic activities of the resident renal cells
were heightened in wild-type mice with Agtrl~~ marrow
in association with reduced macrophage infiltration.

We assessed the histological alterations that are
known to be associated with the evolution of renal
fibrosis. Peritubular capillary density, an architecture
that is affected by macrophage-derived FGF (30, 36),
was evaluated by immunostaining for CD31 (Figure
3b), and no significant difference was found between
wild-type mice reconstituted with Agtrl*/* or Agtrl~~

marrow, suggesting that alteration in angiogenesis is
not involved in the increased interstitial fibrosis in mice
with Agtrl~~ marrow. A recent report indicated that
transdifferentiation of tubular epithelial cells to myofi-
broblasts occurs in a mouse UUO model and con-
tributes to the progression of renal fibrosis (37). In this
regard, we performed immunostaining of a-SMA (Fig-
ure 3c) and found no difference between the two
groups of mice, indicating that alterations in the
epithelial-mesenchymal transition are not associated
with the increased fibrosis. Likewise, T-cell infiltration
was equally unremarkable in the two groups.

Since macrophages are the dominant infiltrating cells
in UUO (6) and a decrease in their quantity was associ-
ated with enhanced fibrosis, we focused on the features
of macrophages. Analyses of peripheral blood showed
that wild-type mice reconstituted with Agtr17~ marrow
had a reduced number of circulating monocytes (Table
1). We also found that macrophage progenitors in bone
marrow were reduced in mice with Agtrl~~ marrow
(Figure 6). Migrating activity of macrophages exam-
ined using MCP-1 and angiotensin II as chemotactic
factors showed that in response to MCP-1, both Agtr1*/*
and Agtrl~~ macrophages exhibited a similar migrating
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activity (Figure 7a), suggesting that the migrating activ-
ity of macrophages was not different. Moreover, no
chemotactic response was seen with angiotensin II at
10-¢ M. These findings indicate that decreased levels of
circulating monocytes and bone marrow macrophage
progenitors are one of the factors underlying the
reduced infiltration of Agtrl7~ macrophages found in
the obstructed kidneys of mice reconstituted with
Agtrl”~ marrow. In addition, both Agtr1** and Agtrl~/~
macrophages showed similar oxidative burst on stim-
ulation (Figure 7b), suggesting that together with
reduced macrophage infiltration, macrophage-medi-
ated oxidative injury was less significant in wild-type
mice with Agtrl7~ macrophages.

Further analyses revealed impaired phagocytic capa-
bility of Agtr17~ macrophages both in vitro and in vivo
(Figure 8). We also found that in vivo administration of
losartan to Agtrl*/* mice reduced phagocytic capability
of Agtrl*/* macrophages to a level similar to that of
Agtrl”/~ macrophages (Figure 8), suggesting that
angiotensin II acts on the Agtrl on macrophages in
vivo and stimulates phagocytic capability. In keeping
with this notion, macrophages harvested from Agtr1**
mice did not respond to either angiotensin II or losar-
tan in vitro (Figure 8). These in vivo and in vitro obser-
vations are reminiscent of the previous demonstration
by others that in vivo losartan treatment of hypercho-
lesterolemic patients results in suppression of oxidized
LDL uptake and decreased expression of the scavenger
receptor CD36 (41). Furthermore, a previous report
(42) showed that in experimental immune-complex
nephritis, changes in the phagocytic activity of
glomerular macrophages are in large part parallel to
those in the phagocytic activity of peritoneal
macrophages elicited by complete Freund adjuvant.
Thus, our findings suggest that impaired phagocytic
activity of Agtrl~7~ macrophages infiltrating the renal
interstitium relates to the increased renal fibrosis.

Destructive effects of macrophages on the scarring of
the glomerulus and interstitium have been speculated
on the basis of the observed positive correlation
between the quantity of infiltrating macrophages and
tissue damage (7). Of note, this apparent correlation
does not necessarily establish that infiltrating
macrophages serve only as profibrotic elements. In
order to ascertain the function of macrophages in the
evolution of fibrosis, it is of critical importance to vary
the number of the infiltrating macrophages in the pres-
ence of an identical obstructive insult and analyze the
pattern of correlation between infiltrating macro-
phages and the degree of fibrosis. In this regard, sys-
temic blockade of Agtrl using angiotensin II antago-
nists or ACE inhibitors does not allow selective
inhibition of angiotensin II actions on macrophages. A
recent study of UUO-induced renal fibrosis in Agtrla-
deficient mice (43) also did not dissociate macrophage
infiltration and renal fibrosis. Our finding that atten-
uated macrophage accumulation is associated with
accelerated renal fibrosis, therefore, provides a unique

insight into the function of macrophages. It is notable
that a salutary function of macrophages has been
described in the process of wound healing (12-15, 44).
Thus, macrophages have been shown to promote pro-
visional ECM deposition in early stages of wound heal-
ing (12, 13), whereas in later stages, macrophages are
thought to play an essential role through phagocytic
clearance of ECM fragments and apoptotic cells (13,
44). In the setting of renal fibrosis, Thomas et al. (44)
showed that interstitial macrophages promote the
clearance of apoptotic cells. Collectively, a possibility
arises that diminution in the quantity and/or quality
of functioning macrophages, as seen in the present
study, leads to sustained profibrotic activity in the res-
ident renal cells. In line with this notion, TGF-f mRNA
expression was found to increase in mice reconstituted
with Agtrl7~ marrow, whereas no further increase was
observed in mice carrying Agtrl** marrow.

In summary, we have shown that the Agtrl on
macrophages functions in vivo to attenuate fibroge-
netic processes and to preserve the renal parenchymal
architecture. Our data suggest that through Agtrl
angiotensin II affects the quantity and phagocytic
activity of macrophages. This mechanism may be the
first line of defense after various types of injury, allow-
ing the healing process to take place. Should this
defense mechanism be overwhelmed, the response of
the resident cells will proceed down the path of pro-
gressive tissue injury. The methodology of bone mar-
row transplantation with genetically engineered stem
cells used in this study has unmasked this new func-
tion of angiotensin II in the macrophage.
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