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Upregulation of allograft inflammatory factor-1 expression
and secretion by macrophages stimulated with aldosterone
promotes renal fibroblasts to a profibrotic phenotype
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Abstract. Macrophages have been identified as a key cell type
in the pathogenesis of renal interstitial fibrosis (RIF). However,
the mechanism through which macrophages drive fibrosis
remains unclear. The current study focuses on the effects and
possible underlying mechanism of allograft inflammatory
factor-1 (AIF-1), an inflammation-responsive scaffold protein
expressed and secreted by macrophages, in promoting fibro-
blasts to a profibrotic phenotype. In vivo experiments indicated
that AIF-1, CD68 and a-smooth muscle actin (a-SMA) were
upregulated in kidney tissues of mice subjected to unilateral
ureteric obstruction, while their expressions were inhibited
by an aldosterone receptor antagonist, spironolactone. Double
immunofluorescence staining revealed that AIF-1 expression
co-localized with CD68-positive macrophages in the renal
interstitium, indicating that AIF-1 expression in macrophages
was increased in the RIF animal model. Furthermore, to
identify the role of AIF-1 in promoting fibrosis, its expres-
sion and secretion by the RAW264.7 macrophage cell line
were detected in vitro. The expression levels of a-SMA,
phosphorylated p38 (p-p38) and fibronectin (FN) in fibroblasts
were examined subsequent to co-culture with macrophages.
The increase in AIF-1 expression and secretion was confirmed
in RAW264.7 cells in response to aldosterone. After 72 h of
co-culture between fibroblasts and macrophages stimulated
with aldosterone, the a-SMA expression was induced in fibro-
blasts, with significantly increased expression levels of FN and
p-p38 observed. In addition, AIF-1 expression was reduced
by stable transfection of RAW264.7 cells with AIF-1 small
interfering RNA, resulting in significantly reduced expression
levels of a-SMA, p-p38 and FN in fibroblasts co-cultured with
macrophages as compared with normal macrophages. These
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findings indicate that the expression of AIF-1 in macrophages
is critical for the activation of renal fibroblasts to a profibrotic
phenotype. AIF-1 expression was upregulated in macrophages,
and may be a novel mechanism linking macrophages to the
promotion of RIF via the p38 signaling pathway.

Introduction

Renal interstitial fibrosis (RIF) is the main pathway leading to
an irreversible loss of renal function, and has a poor prognosis
requiring dialysis or transplantation. In addition to excessive
deposition of extracellular matrix (ECM), RIF is also associ-
ated with leukocyte infiltration, myofibroblast accumulation
and tubular atrophy (1). Fibrogenesis refers to the deposition
of pathological matrix by cells, and is widely considered as
a wound-healing response to tissue injury (2). The process
is associated with inflammatory cell recruitment and the
appearance of myofibroblasts, which serve a key role in ECM
remodeling.

Myofibroblasts may serve a beneficial role in wound
healing; however, myofibroblasts and inflammatory cells
persist in the case that the injury does not abate, resulting in
the loss of the reparative and healing processes (3). Previous
studies (4,5) investigating forkhead box D1 lineage cells have
reported that resident fibroblasts are one of the major precur-
sors of myofibroblasts, whereas other studies have concluded
that resident fibroblasts are equivalent to myofibroblasts cells
in the kidney. It is known that renal fibroblasts migrate, prolif-
erate and then proceed to differentiate into myofibroblasts,
expressing a-smooth muscle actin (a-SMA) (6,7).

The recruitment of inflammatory cells to the injury
tissue also serves a pivotal role in wound-healing responses.
Occurrence of RIF is reported when kidney repair is insuf-
ficient or consistently suppressed by ongoing tissue injury and
inflammation (7). As a member of the mononuclear phagocyte
family, macrophages function as a key player in renal injury,
inflammation and fibrosis. In addition, macrophages are pleio-
tropic inflammatory cells that participate in inflammatory
reactions (8). With recruitment to the inflammatory milieu,
macrophages interact with other cell types, such as fibroblasts,
which transdifferentiate into matrix-secreting myofibroblasts,
resulting in scar formation and structure destruction (9). The
importance of macrophages in renal inflammation and fibrosis
responses has been reported in clinical and experimental
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studies. Tubulointerstitial macrophage infiltration in renal
biopsies from patients is correlated with the severity of
interstitial fibrosis and progression of chronic renal failure
to end-stage renal failure (10). Experimental hydronephrosis
induced by unilateral ureteric obstruction (UUO) is frequently
used as a reliable model to investigate RIF in mice (11,12).
This model is characterized by infiltrating tubulointersti-
tial macrophages, and RIF occurs rapidly over the course
of 5 days (13). Furthermore, the inhibition of macrophage
recruitment and interstitial infiltration reduces the severity
of renal fibrosis, demonstrating that macrophages serve a
pivotal role in promoting RIF subsequent to UUO (14-16).
Macrophages generate several profibrotic factors, including
galectin-3 (17,18), transforming growth factor (TGF)- (19),
insulin-like growth factor-1 (20), platelet-derived growth
factor (21,22) and basic fibroblast growth factor (23), which
support the generation, survival and proliferation of myofi-
broblasts, and drive tissue fibrosis. Therefore, increasing our
understanding on the mechanisms of macrophages in progres-
sive renal fibrosis is a critical step toward the design of novel
diagnostic and therapeutic targets.

Allograft inflammatory factor-1 (AIF-1) is a 17-kDa
cytoplasmic, calcium-binding, inflammation-responsive scaf-
fold protein that is mainly expressed in immunocytes (24).
AIF-1 mRNA was cloned from activated macrophages
in rat and human cardiac allografts with chronic rejec-
tion (25,26). In addition, three other proteins appear to be
identical to AIF-1, including ionized Ca*-binding adapter
molecule-1 (27), microglia response factor-1 (28) and dain-
tain (29). AIF-1 is expressed in macrophages and upregulated
in active macrophages, and its expression is associated with
inflammatory actions (30). Furthermore, AIF-1 promotes
macrophage proliferation, migration and the expression of
inflammatory mediators, such as cytokines and chemokines,
which in turn inhibits macrophage apoptosis (30-33). Given
that AIF-1 is crucial for the survival and proinflammatory
activity of macrophages, subsequent studies have indicated
that numerous pathological processes are regulated by AIF-1
in macrophages, including allograft rejection, autoimmune
diseases and vasculopathy (24,34). The correlation between
AIF-1, as a marker of active macrophages, and kidney disease
has also been receiving increasing attention. Subsequent to
investigating the correlation between serum AIF-1 concen-
trations and diabetic nephropathy, a previous study has
identified that serum AIF-1 concentration was correlated
with albuminuria and the estimated glomerular filtration rate
in patients with type 2 diabetes, and suggested that it may
serve as a marker of diabetic nephropathy as well as activated
macrophages (35). Meanwhile, AIF-1 can be detected in the
liver tissue of mice infected with Schistosoma japonicum
and may alleviate hepatic fibrosis at the middle to advanced
stages of infection (36). Furthermore, AIF-1 participates in the
early pathogenesis of systemic sclerosis by the production of
cytokines capable of promoting fibroblasts to a fibrotic pheno-
type (37), which demonstrates that AIF-1 may be involved in
the promotion of fibrosis.

Aldosterone, as a steroid hormone regulating sodium and
potassium homeostasis, causes inflammation, tubulointerstitial
fibrosis and glomerular injury in the kidney. Based on these
findings, aldosterone increases the expression of a number of
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profibrotic molecules that participated in aldosterone-induced
fibrosis (38). In the present study, it was hypothesized that AIF-1
expressed by macrophages drives the progression of RIF in a
UUO animal model. Furthermore, using a co-culture of macro-
phages induced by aldosterone and fibroblasts, it was examined
in vitro whether AIF-1 upregulated in macrophages promotes
fibroblasts to a profibrotic phenotype and induces RIF.

Materials and methods

Animals. A total of 45 male C57BL/6 mice (6-week-old) were
purchased from Charles River Laboratories, Inc. (Beijing,
China). The mice were kept at a conventional temperature
(23+£2°C) and a humidity of 50% with a 12 h light/dark cycle.
Mice had ad libitum access to food and water. The mice were
divided into three groups (15 in each group) after 7 days of accli-
matization, including the experimental, spironolactone (SPI)
and control groups. In the experimental group, UUO was
performed by complete ligation of the left ureter as described
previously (39) and saline was administered by gavage. In the
SPI group, UUO mice were administered SPI (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) by gavage (20 mg/kg/day)
24 h after UUO. Mice in the control group underwent sham
surgery in the ureter, which was dissociated with no ligation,
and saline by gavage. Mice were anesthetized and kidneys
were harvested at 14 days after UUO. Next, the kidney tissue
was divided into three sections. One section was fixed in
Carnoy solution (containing 60% methanol, 30% chloroform
and 10% glacial acetic acid) and embedded in paraffin for
immunohistochemical analysis. Another tissue section was
perfused with optimum cutting temperature reagent (Sakura
Finetek, Inc., Torrance, CA, USA) and immediately frozen
in liquid nitrogen for use in immunofluorescence assay. The
remainder of the sample was snap-frozen in liquid nitrogen for
reverse transcription-quantitative polymerase chain reaction
(RT-gqPCR) analysis. All experimental procedures adhered
to the principles stated in the Guide for the Care and Use
of Laboratory Animals (updated 2011; National Institutes
of Health, Bethesda, MD, USA) and were approved by the
Experimental Animal Usage and Welfare Ethic Committee of
Harbin Medical University (Harbin, China).

Immunohistochemical and immunofluorescence assays.
Sections (4 um) of the paraffin-embedded kidney tissues were
processed for immunohistochemistry. Serial sections were
deparaffinized in xylene, rehydrated in an alcohol series and
washed in phosphate-buffered saline (PBS)/Tween-20. All
sections underwent antigen retrieval with hydrated autoclaving
for 20 min in citrate solution, and then blocked with 3% H,0, in
PBS for 10 min at room temperature. For blocking the antigen,
5% bovine serum albumin was used for 20 min at room temper-
ature. Next, the slides were incubated overnight at 4°C with the
following primary antibodies: Rabbit anti-mouse polyclonal
AITF-1 (cat no. 10904-1-AP; 1:200 dilution; ProteinTech Group,
Inc., Chicago, IL, USA), rabbit anti-mouse polyclonal CD68
(cat no. ab125212; 1:400 dilution; Abcam, Cambridge, UK) and
goat anti-mouse polyclonal a-SMA (cat no. orb18863; 1:500
dilution; Biorbyt Ltd., Cambridge, UK). All sections were then
incubated with peroxidase-conjugated goat (cat no. SV0O003)
or rabbit (cat no. SV0002) IgG (ready-to-use; Boster Biological
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Technology, Ltd., Wuhan, China) as the secondary antibody
for 30 min at room temperature. The immune complex was
visualized with DAB, serving as the chromogenic substrate,
and subsequently counterstained with hematoxylin.

For immunofluorescence analysis, sections were incu-
bated with primary antibodies against AIF-1 (cat no. ab5076;
0.5 ug/ml) and CD68 (cat no. ab53444; 1.0 ug/ml) (all from
Abcam) for 1 h at room temperature, followed by a 30-min
incubation with secondary antibody conjugated to FITC
(cat no. BA1110; 1:32 dilution) and biotinylated secondary
antibody followed by SABC-Cy3 (cat no. SA1079; 1:100
dilution) in an immunohistochemistry Elite kit (Boster
Biological Technology, Ltd.) at 37°C in the dark. Subsequent to
washing with PBS, the samples were observed using a NIKON
ECLIPSE 80i confocal fluorescence microscopy (Nikon
Corporation, Tokyo, Japan).

Masson's trichrome stain. Serial sections were deparaf-
finized in xylene (10 min each, twice) and rehydrated in an
alcohol series (100, 95 and 70%) for 5 min each, twice at room
temperature. All sections were washed in running water for
5 min and stained using a Masson's trichrome-staining kit
(cat no. BA-4079B; Baso Diagnostics, Inc., Hubei, China)
according to the manufacturer's protocol. The sections
were treated as follows: All sections were stained with
Weigert-iron-hematoxylin (1:1) for 5 min at room temperature.
Following washing in running water for 10 min, the sections
were treated with hydrochloride-ethanol solution (1%) for
5 sec at room temperature and rinsed under running tap water
for 20 min. The sections were stained in ponceau (1%) staining
solution for 5-10 min at room temperature (observed under an
electron microscope with a magnification of x200) and washed
using phosphomolybdic acid solution (Baso Diagnostics, Inc.)
for 5 min at room temperature. All sections were stained with
aniline blue solution for ~5 min at room temperature (observed
under an electron microscope with a magnification of x200)
and followed by washing in glacial acetic acid for 1 min.
Subsequent to dehydration through an ethanol series (95 and
100%, 10 min each, twice) and xylene (5 min each, twice),
followed by all sections being cover slipped.

Cell culture and stable transfections. The mouse macrophage
cell line RAW264.7 and renal fibroblast cell line BHK-21
were purchased from the American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) with 10% fetal bovine serum
at 37°C in 5% CO,incubator. Equal numbers of RAW264.7
cells were seeded into 100-mm culture dishes (1x10° per
dish) for western blot analysis and 6-well plates (1x10° per
well) for RT-qPCR. Confluent RAW?264.7 cells were starved
in serum-free DMEM for 24 h and then exposed to different
concentrations of aldosterone (10-8-10° M; Sigma-Aldrich;
Merck KGaA) for 72 h. Another part of cells was stimu-
lated with 10° M aldosterone for different incubation times
(6,24,72 and 120 h). Samples were subsequently processed for
protein and RNA isolation and further detection.

For AIF-1 gene knockdown, a small interfering RNA (siRNA)
construct was synthesized by GenePharma Co., Ltd. (Shanghai,
China), and its sequence was as follows: 5-GCAAUGGAGAUA
UCGAUAUTTAUAUCGAUAUCCAUUGCTT-3" The siRNA
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was inserted into the expression vector pRNA-UG6.1/shuttle
(pShuttle). RAW264.7 cells were transfected with the vector alone
or with pRNAUB.1/shuttle-siRNA/AIF-1 with Lipofectamine®
2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) as described previously (40). Following
antibiotic selection (400 g/ml G418; Thermo Fisher Scientific,
Inc.), stably transduced macrophages were pooled to avoid the
effects of clonal selection. The expression levels of AIF-1 in
macrophages subsequent to transfection were detected by western
blot analysis and RT-qPCR.

Co-culture of macrophages with renal fibroblasts. Normal
macrophages and macrophages transfected with siRNA/AIF-1
stimulated with aldosterone were co-cultured with renal fibro-
blasts. Prior to co-culture, RAW264.7 cells (1x10°) were cultured
in 6-well plates, while 1x10° BHK-21 were cultured in 100-mm
culture dishes, and cells were incubated in serum-free media
for 24 h. Following digestion by trypsin/EDTA and separation
from the supernatant, the pellet of RAW264.7 cells (1x107) was
resuspended and added to the BHK-21 culture. After aldoste-
rone (10° M) was added, cells were incubated for a further 72 h.
Prior to the extraction of total RNA and protein from the fibro-
blasts for expression detection, macrophages were removed by
rinsing extensively with PBS until a few macrophages could be
detected microscopically. The expression levels of FN, a-SMA,
p38 and phosphorylated-p38 (p-p38) from BHK-21 cells and
AIF-1 from RAW?264.7 cells were examined.

RT-qPCR. Total RNA was extracted from the samples using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according
to standard procedures. Next, the concentration of RNA
(Crna=950-1,500 ng/ul) samples were tested using a spectro-
photometer (NanoDrop 2000; Thermo Fisher Scientific, Inc.).
When the A260/A280 ratio was 1.8 to 2.0, it was deemed
to have met the experimental requirements. The volumes of
RNA (Vgna=1 pg/Crna) for RT were calculated according to
the concentrations of RNA. 1 ug RNA was reverse-transcribed
into cDNA (20-ul reactions), and qPCR was performed using
SYBR Premix Ex Taq™ II (Takara Bio, Inc., Otsu, Japan)
with LightCycler 2.0 instrument (Roche Diagnostics GmbH,
Mannheim, Germany). A total of 0.4 uM of the following
primers was used for qPCR: FN forward, 5'-CAAAGATGA
CAAGGAAAGTGCC-3, and reverse, 5-CCCGATAATGGT
GGAAGAGT-3'; a-SMA forward, 5-GCATCCGACCTTGCT
AACG-3, and reverse, 5-CATCTCCAGAGTCCAGCACAA
T-3'; p38 forward, 5'-"ACCTAAAGCCCAGCAACCT-3', and
reverse, 5'-CAGCCCACGGACCAAATA-3"; AIF-1 forward,
5'-GTTCCCAAGACCCATCTAGAGCTG-3', and reverse,
5'-AGTTGGCTTCTGGTGTTCTTTGTTT-3'; GAPDH
forward, 5'-ACCACAGTCCATGCCATCAC-3', and reverse,
5-TCCACCACCCTGTTGCTGTA-3'. GAPDH served as
the endogenous reference gene. According to the manu-
facturer's protocol, the relative gene expression levels were
presented with the 224 method, defined as the comparative
quantification cycle (41).

Western blotting. Cultured cells were lysed by adding lysis
buffer (radioimmunoprecipitation assay to phenylmethane
sulfonyl fluoride ratio, 99:1), and protein was extracted in 1X
SDS sample buffer following centrifugation at 12,000 x g for
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15 min at 4°C. The protein concentration of each sample was
measured using a BCA protein assay kit (cat no. ab207002;
Abcam). Equal amounts of protein were separated using
SDS-PAGE (12%), transferred onto polyvinylidene difluoride
membranes, and then blocked in Tris-buffered saline/Tween-20
containing 5% non-fat milk for 1 h at room temperature.
The membranes were incubated overnight at 4°C with the
following primary antibodies: Rabbit anti-mouse polyclonal
p38 (cat no. 8690S; 1:1,000 dilution), p-p38 (cat no. 45118S;
1:1,000 dilution) (both from Cell Signaling Technology, Inc.),
FN (cat no. 15613-1-AP; 1:1,000 dilution; ProteinTech Group,
Inc.) and GAPDH (cat no. 10494-1-AP; 1:5,000 dilution;
ProteinTech Group, Inc.) antibodies; AIF-1 and a-SMA anti-
bodies were used as described earlier. Following incubation
with horseradish peroxidase conjugated-secondary antibodies
(cat no. ZB2301; 1:2,000 dilution; OriGene Technologies, Inc.,
Rockville, MD, USA) for 1 h at 37°C, the membranes were
treated with an enhanced chemiluminescence substrate kit to
obtain visible bands, which were observed with a ImageQuant
LAS-4000 device (GE Healthcare, Chicago, IL, USA).

Enzyme-linked immunosorbent assay (ELISA). The concen-
tration of AIF-1 and TGF-f in culture supernatants were
determined using a mouse AIF-1 ELISA kit (cat no. 0000768;
Tsz Biosciences, San Francisco, CA, USA) and TGF-p
ELISA kit (cat no. E-EL-M1192c; Elabscience Biotechnology
Co., Ltd., Wuhan, China) according to the manufacturer's
protocol. Briefly, the supernatants were obtained following
centrifugation at 1,000 x g for 20 min at 4°C. Standard solu-
tion (4-500 pg/ml) and supernatant samples (1x10%) were
added to the 96 well plates, and the plate was incubated at
37°C for 45 min. Subsequent to washing with PBS with 10%
Tween-20 (PBST), 50 pl anti-biotin IgG antibody (part of the
kit) was added to each well and incubated at 37°C for 60 min.
Following further washing with PBST, horseradish peroxi-
dase-conjugated pretitrated avidin was added to each well and
incubated at 37°C for 30 min. After final washing with PBST,
the substrate solution was added to each well and allowed to
react at 37°C for 15 min. The reaction was stopped by the addi-
tion of the termination solution, after which the optical density
values at 450 nm were read with an ELISA plate reader. The
detection limit of the assay was 4 pg/ml.

Statistical analysis. Experiments were repeated three times.
Results are presented as the mean + standard deviation.
SPSS 17 software (SPSS Inc., Chicago, IL, USA) was used to
perform statistical analysis. Statistically significant differences
between the means were assessed using one-way analysis
of variance. The differences between multiple groups were
determined by Tukey's post hoc test and an unpaired Student's
t-test was used for the comparison of two groups. P<0.01 was
considered to indicate a statistically significant difference.

Results

AIF-1 expression is upregulated in the mouse model of RIF.
UUO, aclassic experimental model of progressive RIF (11), was
conducted in the present study. Histopathological changes of
the kidney sections were evaluated by Masson's trichrome. The
results revealed interstitial fibrosis characterized by interstitial
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collagen deposition and tubular cell atrophy at 14 days after
UUO. Compared with the experimental UUO group, SPI treat-
ment reduced the renal tubulointerstitial fibrosis. Interstitial
edema and inflammation were also observed in the UUO
and SPI group (Fig. 1). Furthermore, a-SMA positivity was
examined as a marker of activated myofibroblasts involved in
ECM production. Immunohistochemical analysis revealed an
evidently increased expression of a-SMA in the renal intersti-
tium of UUO mice. Compared with the experimental group,
the a-SMA expression decreased with SPI treatment (Fig. 2A).
As assessed by RT-qPCR, a-SMA mRNA expression levels in
UUO mice were also significantly increased compared with
those in sham surgery kidneys. The a-SMA expression of
the SPI group was significantly decreased compared with the
experimental group (Fig. 2B).

Toevaluate therole of AIF-1inpromoting RIF, AIF-1 expres-
sion in kidney tissues was analyzed. Immunohistochemical
results demonstrated that AIF-1 expression was minimal in the
normal renal interstitium and notably increased subsequent to
UUO. AIF-1 expression of SPI group decreased compared
with the experimental group (Fig. 2A). This increase in AIF-1
expression was further confirmed by RT-qPCR, while the
expression of AIF-1 was reduced following SPI treatment
(Fig. 2B). These results demonstrated that a-SMA and AIF-1
expression in kidney tissue were upregulated in the mouse
model of progressive RIF. a-SMA reflects the degree of renal
interstitial fibrosis. AIF-1 may cause the change of a-SMA
expression and participate in the development of RIF.

AIF-1 is localized in the macrophages infiltrating in the renal
interstitium of UUO mice. A previous study has suggested
that macrophages that underwent recruitment and infiltration
subsequent to injury served a vital role in the development
of renal fibrosis (14). The expression of CD68, a macrophage
surface marker, was examined in the present study. Compared
with the control group, an increased number of CD68-positive
cells were observed in the renal interstitium of the UUO
group (Fig. 3A). The results revealed that interstitial macro-
phage infiltration was increased in the UUO kidney, and this
was inhibited by SPI treatment. Although AIF-1 expression
has been reported to be immunolocalized in podocytes of
the glomerular capillary wall in an anti-glomerular basement
membrane nephritis model (42), its localization in renal tubu-
lointerstitial injury has not been reported. To detect whether
ATIF-1 was localized in the interstitial infiltrating macro-
phages, co-immunofluorescence staining with anti-AIF-1 and
anti-CD68 antibodies was performed (Fig. 3B). In kidney
sections of UUO mice, the immunoreactivity for AIF-1
was detected on the same cells that were positive for CD68,
indicating that AIF-1 protein was localized in macrophages
infiltrating the renal interstitium.

AIF-1 expression and secretion by macrophages are upregu-
lated with aldosterone stimulation. AIF-1 expression in
macrophages can be induced by inflammatory cytokines, as
has been described previously (43); however, induction by aldo-
sterone has not been reported. Physiological concentration of
aldosterone increases the expression of proinflammatory genes
in cultured macrophages (44). The present study investigated
whether aldosterone is capable of inducing AIF-1 expression
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Figure 1. Masson trichrome staining of renal cortex sections from the (A) control, (B) experimental (UUO) and (C) SPI groups at magnification of x100 (scale
bar, 50 pm). Stained sections of the (D) control, (E) experimental (UUO) and (F) SPI groups are also shown at magnification of x400 (scale bar, 10 ym).
Interstitial collagen deposition (blue) and fibrosis were increased in the obstructive kidney in comparison with the sham surgery kidney. SPI treatment reduced
renal interstitial fibrosis compared with that observed in UUO mice. UUO, unilateral ureteric obstruction; SPI, spironolactone.
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Figure 2. Expression levels of a-SMA and AIF-1 were upregulated in a mouse model of progressive renal fibrosis (UUO) and inhibited by SPI treatment.
(A) Stained tissues showing a-SMA and AIF-1 expression in tubular epithelium in the kidneys of sham surgery mice, UUO days at 14 days after surgery
and UUO mice treated with SPI (original magnification, x200; scale bar, 10 ym). (B) Analysis of a-SMA and AIF-1 mRNA levels in different groups by
reverse transcription-quantitative polymerase chain reaction. "P<0.01 vs. control group; “P<0.01 vs. experimental group. UUO, unilateral ureteric obstruction;
SPI, spironolactone; a-SMA, smooth muscle actin; AIF-1, allograft inflammatory factor-1.

in macrophages. RAW264.7 cells, a commonly used macro-  of aldosterone (10-*-10° M) for 72 h. Following incubation
phage cell line, were stimulated with different concentrations  with aldosterone, the protein and mRNA transcription levels
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Figure 3. AIF-1 is localized in the macrophages infiltrating in the renal interstitium of UUO mice. (A) The expression of CD68, a macrophage surface marker,
was detected by immunohistochemical stain in kidney tissue. Compared with the control group, more CD68-positive cells infiltrating the renal interstitium of
the UUO group were detected, which decreased by SPI treatment (original magnification, x200; scale bar, 10 gm). (B) Co-localization of AIF-1 and CD68 in
kidney tissue of UUO mice was detected by immunofluorescence staining with anti-AIF-1 antibody (green) and anti-CD68 antibody for macrophages (red),
and merging of AIF-1 and CD68 images. UUO, unilateral ureteric obstruction; SPI, spironolactone; AIF-1, allograft inflammatory factor-1.

of AIF-1 in macrophages were upregulated, and the maximum
effect occurred at the concentration of 10°° M (Fig. 4A). AIF-1
induction at different time-points was also detected through
the treatment of macrophages with aldosterone (10-° M) for
6,24,72 and 120 h. In response to aldosterone stimulation, the
mRNA transcription level of AIF-1 was significantly increased
and reached a peak value at 72 h, with a 5-fold increase above
the basal level, which was also confirmed in the protein level
of AIF-1 detected by western blot analysis (Fig. 4B). ELISA
was conducted to examine AIF-1 excretion in the superna-
tant of RAW?264.7 cells, and it demonstrated similar results
(Fig. 4C and D). Meanwhile, AIF-1 in renal fibroblast cells was
also detected. AIF-1 exhibited low expression or secretion by
BHK-21 cells with or without aldosterone stimulation.

AIF-1-positive macrophages promote renal fibroblast
activation to a profibrotic phenotype. To test the role of AIF-1
in promoting RIF, AIF-1 expression in macrophages was
inhibited by stable transfection with siRNA/AIF-1 vector. The
macrophage cell line RAW264.7 was selected since it consti-
tutively expresses low levels of AIF-1 mRNA and facilitates
positive selection of stable transfectants for AIF-1 gene knock-
down (45). The AIF-1 siRNA construct was cloned into the
pShuttle vector and stable transfectants were isolated by antibi-
otic selection. AIF-1 expression was determined using western
blot analysis and RT-qPCR. It was demonstrated that stable
transfection with the siRNA/AIF-1 construct reduced AIF-1
expression, whereas transfection with vector alone (pShuttle)
did not have an evident effect on AIF-1 expression (Fig. 5).
Recent findings have identified that activated renal fibro-
blasts were the main origin of myofibroblasts, a primary
source of ECM in scar tissue formation causing RIF. It has
been demonstrated that co-culture of activated immune cells
with fibroblasts in vitro induced the production of ECM and
expression of a-SMA (5,46). To verify the hypothesis that
ATIF-1-positive macrophages may promote renal fibroblast
activation to a profibrotic phenotype, a mouse renal fibroblast

BHK-21 cell line was incubated with RAW264.7 cells with
aldosterone stimulation. Expression of a-SMA, p-p38 and FN
in fibroblasts was examined following co-culture with normal
macrophages or macrophages transfected with siRNA/AIF-1.
The results revealed that, after 72 h of co-culture of fibroblasts
with macrophages activated by aldosterone, AIF-1 expression
in macrophages and supernatants was upregulated, compared
with that in the co-culture of two cells without aldosterone
(Fig. 6A-C). The protein concentration of TGF-f in the
supernatants of macrophages was also increased following
aldosterone stimulation, but was not significantly different
compared with the siRNA/AIF-1 macrophages (Fig. 6C). In
addition, the a-SMA expression was induced in fibroblasts,
with significantly increased expression levels of FN and p-p38
also observed. These levels were reduced significantly in fibro-
blasts co-cultured with siRNA/AIF-1 macrophages, compared
with those in AIF-1-positive macrophages (Fig. 6D and E).
These data demonstrate that AIF-1 expression or excretion by
macrophages is an important mechanism in the promotion of
the profibrotic phenotype in renal fibroblasts, which may occur
via the p38 signaling pathway.

Discussion

In the present study, the potential link of AIF-1 expression in
macrophages with the promotion of RIF was examined. The
results demonstrated that AIF-1 expression was upregulated in
the animal model of RIF (UUO), and that it was co-localized
with CD68-positive macrophages infiltrating in the renal
interstitium of UUO mice. In addition, AIF-1 was detected
at low levels in unstimulated macrophages, and upregulated
in response to aldosterone treatment. The peak expression of
ATF-1 was observed at 72 h after aldosterone (10 M) stimula-
tion. Furthermore, a-SMA, p-p38, and FN expression levels in
renal fibroblasts were markedly increased following co-culture
with macrophages activated by aldosterone. Finally, inhibi-
tion of AIF-1 in macrophages transfected with siRNA/AIF-1
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reduced the expression levels of profibrotic molecules and
p-p38 in fibroblasts. These novel findings demonstrate that
AIF-1 expression in macrophages promotes renal fibroblast
activation to a profibrotic phenotype and participates in the
progression of RIF induced by aldosterone.

As an inflammation-associated protein, AIF-1 has been
identified as an important regulator in various inflammatory
pathological processes in multiple organs (24). However, there
are few studies investigating the function of AIF-1 in kidney
diseases, particularly in RIF. A previous study reported that
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AIF-1-activated macrophages were increased in the infiltrate
of clinical rejection biopsies and were associated with clinical
rejection episodes, which was the first report on AIF-1 expres-
sioninkidney tissue (47). Subsequent studies have demonstrated
that AIF-1 involved in the inflammatory signaling network
regulated the innate immune responses (48), while the genetic
variant TT/CT of the AIF-1 gene was associated with a lower
risk of renal rejection (49). Previous studies also indicated that
AIF-1 expressed in podocytes and infiltrating inflammatory
cells of kidney tissues (42) was associated with inflammatory
reaction, immune regulation and allograft rejection (48,50).
The results of the present study revealed that AIF-1 expression
and infiltration of macrophages occurred in a progressive renal
fibrosis model. In accordance with a previous study (42), AIF-1
expression was localized in infiltrating interstitial macro-
phages of the kidney. Furthermore, as renal fibrosis progresses
(collagen accumulation and a-SMA expression upregulation),
a continued increase in AIF-1 expression was reported in the
current study, which demonstrates that AIF-1 participates in
the progression of RIF. To the best of our knowledge, this is
the first link reported between AIF-1 expression and RIF.
Macrophages are found in normal kidneys and increased
numbers are observed in diseased kidney, where they are key
players in renal injury, inflammation and fibrosis. Investigation
of of experimental and human renal disease has demonstrated
that the involvement of macrophages in renal fibrosis results
from diverse disease processes. A recent study has explored the
nature of both circulating monocytes and tissue macrophages,
exhibiting distinct phenotypic and functional characteristics
in response to various stimuli in renal fibrosis (51). There are
also studies suggesting that there is a subpopulation of macro-
phages with an antifibrotic role in the UUO model (52,53),
although infiltrating macrophages promoting renal fibrosis
have been confirmed by one study (54). The macrophage
phenotype is altered in response to signals from the local
kidney milieu; however, the mechanisms by which macro-
phages are polarized are not well understood. Macrophage
migration and phenotype transitions can be mediated by
kidney injury molecule-1 (55). In addition, macrophages

overexpressing neutrophil gelatinase-associated lipocalin-2
ameliorated renal inflammation and fibrosis in a UUO mouse
model (56). These previous observations indicated that certain
factors affect the change of macrophages to different pheno-
types. The role and regulated mechanism of macrophages in
renal fibrosis are complex and need to be extensively explored.
The results of the present study demonstrated that the major
tissue source of AIF-1 driving RIF is derived from infil-
trating macrophages. Macrophages with distinct phenotypes
have a different influence on kidney injury or repair process
through the secretion of various cytokines. M1 macrophages
produce proinflammatory cytokines, including tumor necrosis
factor a., interleukin (IL)-6 and inducible isoform nitric oxide
synthase, whereas M2 macrophages can synthesize profibrotic
factors, such as TGF-f, platelet-derived growth factor and
galectin-3 (9,51,57). TGF-f is a pleiotropic cytokine with
multiple effects on cellular behavior, including proliferation,
migration and immune response. Aberrant TGF-f3 signaling is
considered as a hallmark of certain diseases. Three isoforms
of TGF-f exist, including TGF-p1, TGF-p2 and TGF-f3, and
targeting TGF-P3 represents a promising strategy interfering
with aberrant TGF-f signaling in glioblastoma (58). TGF-§
has also been implicated as an important mediator of renal
fibrosis (59), and thus, the concentration of TGF-f§ was detected
in the current study. Following inhibition of the expression
of AIF-1 by gene knockdown, the secretion of TGF-f in the
supernatant of macrophages was not altered as compared with
that in the control group. This indicates that AIF-1 promotes
renal fibrosis via a TGF-pB-independent signaling pathway,
which may provide a new mechanism of macrophages linked
with fibrosis and a theoretical foundation to clarify the role of
AIF-1 in kidney disease.

Through macrophage co-culture with renal fibroblasts
in vitro, the mechanism of the promotion of AIF-1 expression
to RIF was further investigated in the current study. Fibroblasts
are quiescent cells in the interstitial space of the kidney, which
can be activated by inflammatory cells and cytokines. It is
considered that a-SMA expression of fibroblasts is indicative
of myofibroblasts contributing to the pathogenesis of RIF (5).
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FN, fibronectin; a-SMA, smooth muscle actin.

However, further investigation is required to elucidate the
cellular mechanisms underlying the renal fibroblast transition
to myofibroblasts. It has been reported that AIF-1, which can
induce the migration of fibroblasts, and the production of IL-6,
is an important molecule promoting fibrosis in chronic graft
versus host disease (60). Therefore, the present study hypothe-
size that AIF-1 participates in the mechanism of renal fibroblast
transition to myofibroblasts. The results demonstrated that
upregulation of AIF-1 in active macrophages served a key role
in promoting FN and a-SMA expression levels in fibroblasts.

Furthermore, AIF-1 has been reported to be associated with
fibrosis-associated diseases. A previous study indicated
that AIF-1 played an important role in the pathogenesis of
systemic sclerosis (61). AIF-1 also promoted tissue T cell
production of cytokines capable of inducing the expression
of IL-6, TGF-f and a-SMA in normal dermal fibroblasts,
and increasing their collagen production (37). These findings
implied that AIF-1 promotes normal fibroblasts to the fibrotic
phenotype. Our previous study indicated that the interaction
between renal fibroblasts and peripheral blood mononuclear
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cells was mediated through direct cell-to-cell contact involved
in renal interstitial inflammation (62). The current study
further demonstrated that AIF-1 expression by macrophages
induced the activation of normal renal fibroblasts, increasing
the expression of fibrosis markers, including FN and a-SMA,
in these cells, and this effect may direct cell-to-cell contact
between macrophages and renal fibroblasts.

AIF-1 participates in signaling cascades in macrophages,
vascular smooth muscle cells and endothelial cells (ECs).
The absence of AIF-1 leads to the activation of suppressed
kinases, which interrupts the signaling cascades. However, the
AIF-1 mediated signal transduction pathway involves different
types of cells. In macrophages, AIF-1 attenuation reduced the
activation of p38/MAPK, AKT and p90RSK kinases (30).
In murine vascular smooth muscle cells, overexpression of
AIF-1 increased p38 activation (63). However, a study on ECs
reported that abrogation or overexpression of AIF-1 does not
alter p38/MAPK activation, while the reduction of AIF-1
expression significantly inhibited the activation of p44/42
in ECs (64). As a classic signaling pathway participating
in a variety of reactions, p38/MAPK is used as a target to
downstream alterations in the pathophysiological process. A
study revealed that microRNA mimics targeting p38/MAPK
signaling pathway inhibited broad-spectrum respiratory
virus infection (65). Inhibition of p38/MAPK also attenu-
ated Hg-induced FN of renal interstitial fibroblasts and renal
fibrosis in mice (66,67). Due to the upregulation of fibroblast
activation and renal interstitial fibrosis induced by AIF-1, the
present study focused on p38 kinase and observed that reduc-
tion of AIF-1 expression significantly inhibited the activation
of p38/MAPK. This suggests that decreased profibrotic pheno-
type transformation in fibroblasts with AIF-1 abrogation may
be attributed to the reduction of p38/MAPK activation.

Aldosterone and activation of the mineralocorticoid
receptor (MR) serve a key role in macrophages, and cause
tubulointerstitial fibrosis and glomerular injury in the
kidney (68). Aldosterone at a physiological concentration
increases the expression of pro-inflammatory genes in
cultured macrophages. In addition, aldosterone receptor
blocker suppresses the release of interstitial inflammatory
cytokines from macrophages, which may serve to delay the
progression of renal fibrosis. Aldosterone also induces the
activation of macrophage, while MR controls macrophage
polarization (44,69). As an inflammation-associated protein
in macrophages, AIF-1 is upregulated and promotes RIF with
aldosterone stimulation, which was verified in the present
study. Aldosterone is known to bind to the cytoplasmic MR,
which functions as a transcription factor to regulate gene
transcription (70). In addition to this traditional genomic
pathway, aldosterone can also exert rapid nongenomic effects
that are not blocked by inhibitors of transcription. These rapid
actions (requiring seconds to minutes) are coupled to MR or
to a specific membrane aldosterone receptor. Systemic aldo-
sterone administration induces phosphorylation of epidermal
growth factor receptor and extracellular signal-regulated
kinase (ERK) in the kidney within 30 min. Aldosterone
rapidly activates ERK1/2 in vascular smooth muscle cells in
order to promote a mitogenic and profibrotic phenotype. This
mechanism is MR-independent, and certain rapid effects of
aldosterone cannot be blocked by SPI, an MR antagonist (38).
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In subsequent studies, our study will focus on the definite
mechanism of AIF-1 expression regulated by aldosterone and
will determine whether it is MR-dependent. AIF-1 expres-
sion in macrophages and its regulation effect on proliferation,
migration and inflammation has previously been explored (30).
However, the function and mechanism of AIF-1 on the develop-
ment of fibrosis is undefined in previous studies. To the best of
our knowledge, the present study is the first to prove that AIF-1
expression in macrophages promotes RIF. Through AIF-1
abrogation by stable transfection with siRNA and co-culture of
macrophages with renal fibroblasts, the current study demon-
strated the key role of AIF-1 in the renal fibroblast activation
to a profibrotic phenotype and in the promotion of RIF. The
profibrotic signaling axis between macrophages and renal fibro-
blasts was mediated by AIF-1. Therefore, targeted inhibition of
AIF-1 expression in macrophages may result in the development
of novel antifibrotic therapies. Renal fibroblasts are the main
inherent cells with an important role in promoting RIF (5).
Given that the functional consequences of AIF-1 expression in
fibroblasts have been reported (71), there is the implication that
the association between AIF-1 and renal fibrosis is complex and
the exact mechanism requires further investigation.

In conclusion, the present study illustrated that upregulation
of AIF-1 expression and secretion by macrophage stimulated
with aldosterone promoted renal fibroblast to a profibrotic
phenotype. This is a novel mechanism linking macrophages to
the promotion of RIF, which may occur via the p38 signaling
pathway.
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