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Injection of aristolochic acid (AA) in mice causes
AA-induced nephrotoxicity, in which oxidative
stress contributes to development of tubulointersti-
tial damage (TID). Liver-type fatty acid binding pro-
tein (L-FABP) is expressed in human proximal tu-
bules and has an endogenous antioxidative
function. The renoprotection of renal L-FABP was
examined in a model of AA-induced nephrotoxicity.
Established human L-FABP (hL-FABP) transgenic
(Tg) mice and wild-type (WT) mice were treated
with AA for up to 5 days. Mice were sacrificed on
days 1, 3, and 5 after the start of AA injection.
Although mouse L-FABP was not expressed in prox-
imal tubules of WT mice, hL-FABP was expressed in
proximal tubules of Tg mice. The expression of
renal hL-FABP was significantly increased in Tg
mice administered AA (Tg-AA), compared with the
control (saline-treated Tg mice). In WT-AA mice,
there was high urinary excretion of N�-(hexanoyl)-
lysine, the production of heme oxygenase-1 and
receptor for advanced glycation end products in-
creased, and TID was provoked. In contrast, renal
hL-FABP in Tg-AA mice suppressed production of
N�-(hexanoyl)lysine, heme oxygenase-1, and recep-
tor for advanced glycation end products. Renal dys-
function was significantly milder in Tg-AA mice
than in WT-AA mice. The degree of TID was signif-
icantly attenuated in Tg-AA mice, compared with
WT-AA. In conclusion, renal hL-FABP reduced the
oxidative stress in AA-induced nephrotoxicity and
attenuated TID. (Am J Pathol 2011, 178:1021–1032; DOI:
10.1016/j.ajpath.2010.12.002)
Acute kidney injury is a common complication of critically
ill patients and is associated with increased morbidity
and mortality.1 In patients with acute kidney injury but
without a history of glomerulonephritis, acute tubulointer-
stitial necrosis is a key event leading to renal failure.
Thus, inhibition of the progression of tubulointerstitial
damage (TID) could lead to a reduction in progressive
loss of kidney function.

Liver-type fatty acid binding protein (L-FABP) is found
in the cytoplasm of human proximal tubular cells.2 L-
FABP binds fatty acids and transports them to mitochon-
dria or peroxisomes, where the fatty acids are �-oxidized,
and participates in intracellular fatty acid homeostasis.3,4

Moreover, L-FABP has a high affinity for and capacity to
bind long-chain fatty acid oxidation products and thus
may be an effective endogenous antioxidant.5,6

Renal L-FABP is not expressed in the mouse kidney.
To elucidate the pathophysiological role of L-FABP in
renal disease, we had previously established human L-
FABP (hL-FABP) chromosomal transgenic (Tg) mice and
reported the pathological significance of hL-FABP in ex-
perimental models of protein overload,7 unilateral ureteral
obstruction,8 and streptozotocin-induced diabetes,9 all
of which are known models of chronic kidney disease.
Under experimentally induced pathological conditions,
the expression of renal hL-FABP was up-regulated and
the TID in Tg mice was attenuated, compared with
wild-type (WT) mice. With regard to experimental models
of acute kidney injury, the expression of renal hL-FABP
protected kidney tissue from renal ischemia, reperfusion
after ischemia,10 and intoxication with cisplatin.11 The
antioxidative ability of hL-FABP is thought to attenuate
kidney injury in various experimental models; however,
the pathophysiological significance of hL-FABP remains
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to be determined in acute toxic injury, such as aris-
tolochic acid (AA)-induced nephrotoxicity.

Aristolochic acid is a carcinogenic plant alkaloid pres-
ent in various Aristolochia species. It is nephrotoxic and
plays a central role in the pathogenesis of AA-induced
nephrotoxicity.12 Aristolochic acid has been found in
slimming pills and in a medication containing a Chinese
herb such as Aristolochia fangchi that is used to treat
infertility, hyperuricemia, pain relief, rheumatism, or
atopic dermatitis.12 The pathology of AA-induced neph-
rotoxicity involves acute tubular necrosis (ATN), which
leads to acute kidney injury, and extensive interstitial
fibrosis.13 Recently, it was demonstrated that the
pathogenesis of AA-induced nephrotoxicity is associ-
ated with oxidative stress produced by direct exposure
of the proximal tubules to AA14 or by tubular hypoxia
derived from microcirculation injury.15–18 hL-FABP may
have an antioxidative function and thus ameliorate kid-
ney injury in AA-induced nephrotoxicity. In the present
study, the renoprotective function of renal hL-FABP in
AA-induced acute kidney injury mice was investigated.

Materials and Methods

Animals

Studies were conducted in accordance with the St. Mar-
ianna University School of Medicine Institutional Guide for
Animal Experiments.

Because renal L-FABP is not expressed in the mouse
kidney, hL-FABP Tg mice were generated as described
previously (World Intellectual Property Organization pat-
ent no. WO0073791).7 Mice were housed in the animal
facilities of St. Marianna University School of Medicine
with free access to food and water.

The animals used were 8-week-old female hL-FABP Tg
mice (n � 42; body weight � 21.1 � 0.3 g) on a BALB/c
background and 8-week-old female WT mice (n � 53; body
weight � 20.6 � 0.2 g) that were littermates with exactly the
same genetic background as the Tg mice. The mice were
divided into two groups, AA and control. The AA group
(Tg-AA, n � 25, body weight � 21.5 � 0.3 g; WT-AA, n �
31, body weight � 20.8 � 0.2 g) received intraperitoneal
injection of AA1 (Sigma-Aldrich, St. Louis, MO) at a dose of
5 mg/kg per dayin saline for up to 5 days. The control group
(Tg-control, n � 17, body weight � 21.0 � 0.4 g; WT-
control, n � 22, body weight � 20.4 � 0.3 g) received only
saline, in the same fluid volume of AA-solvating medium, at
a dose of 20 ml/kg. The dose of AA1 had been determined
in prior studies to be critical for induction of severe TID
(unpublished data).

For urine collection on days 0, 1, 3, and 5, all mice
were housed overnight individually in metabolic cages
with free access to tap water and food.7 Sediment was
removed from the urine samples by centrifugation
(15,000 rpmat 4°C for 3 minutes).

The mice in the AA group were sacrificed on day 1, 3,
or 5 after the start of AA1 administration. The mice in the
control group were sacrificed on the same day as the AA

group. In brief, under intraperitoneal anesthesia, blood
was drawn from the inferior vena cava. The left kidney
was then removed, fixed in 10% buffered formalin (Wako
Pure Chemical Industries, Osaka, Japan), and stained
with methyl Carnoy’s solution.The right kidney was re-
moved and snap-frozen in liquid nitrogen for analysis of
protein and for gene expression assay.

Serum Biochemistry

Serum was isolated from blood by centrifugation (15,000
rpmat 4°C for 10 minutes). Serum creatinine was mea-
sured by the enzymic method (Nescoat VLII CRE, Alfresa
Pharma, Osaka, Japan). Serum glutamic oxaloacetic
transaminase was measured by the enzymic method
(transaminase CII test, Wako Pure Chemical Industries).

Urinary Biochemistry

Urine parameters are reported as the ratio to urinary
creatinine (Cre). Urinary creatinine was measured by
the Jaffé method (The Creatinine Companion, Exocell,
Philadelphia, PA). Urinary N-acetyl-�-D-glucosamini-
dase (NAG) was quantified by using a commercially
available chemical reagent (NAGtest, Shionogi, Osaka,
Japan). Albuminuria was determined using the Albuwell
assay (Exocell). Urinary hL-FABP was measured by a
two-step sandwich enzyme-linked immunosorbent assay
(ELISA) procedure (human L-FABP ELISA kit, CMIC, To-
kyo, Japan).19

We examined the urinary levels of the oxidative stress
marker N�-(hexanoyl)lysine (HEL), using a HEL ELISA kit
(Japan International Cooperation Agency–JICA, Shi-
zuoka, Japan).

Renal Histological and Morphometric Analysis

For light microscopic analysis, the kidney was dehy-
drated and embedded in paraffin. Serial sections (2 �m
thick) were obtained for conventional histological assess-
ment, such as periodic acid-Schiff (PAS) staining and
Azan–Mallory staining, and for immunohistochemistry.
The PAS-stained tissue sections were used to evaluate
acute tubulointerstitial injury using the ATN score.20 This
score quantifies the percentage of tubules that display
cell necrosis, loss of brush border, cast formation, or
tubule dilatation on the following scale: 0 � none; 1 �
�10%; 2 � 11% to 25%; 3 � 26% to 45%; 4 � 46% to
75%; and 5 � �76%. Azan–Mallory-stained tissue sec-
tions were used to evaluate tubulointerstitial fibrosis,
which was defined as accumulation of extracellular
matrix (staining blue) and tubular atrophy. Under mag-
nification (�200), 10 nonoverlapping fields from the
cortical region were selected, and the area of tubulo-
interstitial injury or fibrosis and the whole cortical area
were measured with an image analyzer version 6.1
(WinRoof,Mitani Co., Tokyo, Japan). The degree of tu-
bulointerstitial injury and of fibrosis was evaluated as
the ratio to the entire cortical area.7,21 These histolog-
ical evaluations were performed in a blinded manner
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Immunohistological Analysis

Tissues fixed in methyl Carnoy’s solution were embedded
in paraffin. An indirect immunoperoxidase method was
used to identify the antigens, as described previously.8,9

Macrophages were identified with rat monoclonal anti-
body F4/80 (BMA Biomedicals, Augst, Switzerland), and
type I collagen was identified with a rabbit polyclonal
antibody (Cedarlane Laboratories, Burlington, ON, Can-
ada). The degree of macrophage infiltration in the cortical
interstitium was expressed as the ratio of the positive area of
F4/80 to the entire cortical area under �200 magnification,
measured with an image analyzer (WinRoof). Similarly,
the positive area of type I collagen was expressed as the
ratio of the positive area of type I collagen to the entire
cortical area.

Tissues were fixed in 10% buffered formalin and em-
bedded in paraffin. After deparaffinization of sections, we
performed double immunohistochemistry with monoclo-
nal antibody against hL-FABP (CMIC, Tokyo, Japan) for
evaluation of its expression in the Tg mice kidney and
rabbit polyclonal antibody against aquaporin-1 (AQP-1)
(Millipore, Temecula, CA) as a marker of the proximal
tubule, as described previously.21 The expression of hL-
FABP and AQP-1 was quantified with an image analyzer
(WinRoof).

Measurement of Monocyte Chemoattractant
Protein-1 and hL-FABP by ELISA

Frozen kidneys were homogenized in lysis buffer (0.1
mol/L phosphate buffer, 1 �g/ml leupeptin, 1% Triton
X-100, and 0.05 mmol/L phenylmethyl sulfonyl fluoride) at
4°C. After centrifugation at 15,000 rpm at 4°C for 30
minutes, supernatants were collected and protein con-
centrations were measured by the Bradford method (Bio-
Rad protein assay, Bio-Rad Laboratories, Hercules, CA).
To determine the quantity of monocyte chemoattractant
protein-1 (MCP-1) and hL-FABP proteins in the kidney,
the proteins that had been extracted by the Bradford
method were subjected to ELISA for MCP-1 (R&D Sys-
tems, Minneapolis, MN) and for hL-FABP (CMIC Co.,
Ltd). The concentrations of MCP-1 and hL-FABP were
corrected for total protein concentration.

Real-Time Quantitative PCR Analysis

Total RNA was extracted from the kidney using an
RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Total RNA (0.5 �g) was re-
verse-transcribed using an ExScript RT reagent kit (Ta-
kara Bio, Shiga, Japan). The TaqMan real-time PCR re-
action was performed on a TaqMan ABI PRISM 7000
sequence detection system (Applied Biosystems, Foster
City, CA) using a TaqMan universal PCR master mix
(Applied Biosystems). The mRNAs of hL-FABP, MCP-1,
transforming growth factor-� (TGF-�), �-1 type I collagen
(COL1A1), hypoxia inducible factor-1� (HIF-1�), heme
oxygenase-1 (HO-1), receptor for advanced glycation
end products (RAGE), and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) were detected using TaqMan
real-time PCR. Unlabeled specific primers and the
TaqMan MGB probes (6-FAM dye-labeled) were pur-
chased from Applied Biosystems. Expression of hL-
FABP, MCP-1, TGF-�, COL1A1, HO-1, RAGE, and
HIF-1� mRNAs in each sample was evaluated, normal-
ized with GAPDH expression.

Statistical Analysis

All values were expressed as means � SE. Statistical
significance was set at P � 0.05. To compare parameters
of the two groups, the Mann–Whitney U-test using un-
paired data was used. The correlation between urinary
hL-FABP and histological change was analyzed by
Spearman’s rank coefficient of correlation. These statis-
tical analyses were done using StatView 5.0 software
(SAS Institute, Cary, NC) and StatFlex 6.0 software
(Artech, Osaka, Japan).

Results

Serum Biochemistry

In Tg-AA and WT-AA mice on day 5, the serum creatinine
level was significantly higher than in the same group on
day 1 (P � 0.03 and P � 0.001, respectively), and was
also significantly higher than in Tg-control and WT-control
mice on day 5 (Table 1). The serum creatinine level was
significantly lower in Tg-AA mice than in WT-AA mice on
day 5 (P � 0.0003) (Table 1).

In WT-AA mice on day 5, the serum glutamic oxalo-
acetic transaminase level was significantly higher than in
the same group on days 1 and 3 (P � 0.001 and P �
0.001, respectively), and was also significantly higher
than in Tg-AA mice on day 5 (P � 0.0001) (Table 1).

Urinary Biochemistry

The urinary NAG level in Tg-AA mice on days 3 and 5 and
in WT-AA mice on days 1, 3, and 5 was significantly
higher than in the same group on day 0 (Tg day 3, P �
0.006; Tg day 5, P � 0.0001; WT day 1, P � 0.005; WT
day 3, P � 0.01; WT day 5, P � 0.0001) (Table 1). In both
Tg-AA and WT-AA mice on days 3 and 5, the urinary
NAG level was significantly higher than in the matching
control group on the same day (Tg day 3, P � 0.01; Tg
day 5, P � 0.0001; WT day 3, P � 0.01; WT day 5, P �
0.0001) (Table 1). The urinary NAG level in Tg-AA mice
was significantly lower than in WT-AA mice on day 5 (P �
0.001) (Table 1). There were no differences in urinary
NAG level between the Tg-control and WT-control groups
on any day.

The urinary albumin level did not differ significantly
between the Tg-AA and WT-AA mice on day 0 (P �
0.128). In both Tg-AA and WT-AA mice on days 3 and 5,
the urinary albumin level was significantly higher than in
the same group on day 0 (Tg day 3, P � 0.0003; Tg day
5, P � 0.0001; WT day 3, P � 0.0001; WT day 5, P �
0.0001) and was also significantly higher than in the

Tg-control and WT-control mice on the same day (Tg day
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3, P � 0.0003; Tg day 5, P � 0.0001; WT day 3, P �
0.0001; WT day 5, P � 0.0001) (Table 1). The urinary
albumin level in Tg-AA mice was significantly lower than
in WT-AA mice on day 3 (P � 0.0003) (Table 1). On day
5, the urinary albumin level in Tg-AA mice tended to be
lower than in WT-AA mice, although the difference was
not significant (P � 0.18).

Dynamics of hL-FABP Expression in the Kidney

The gene expression level of renal hL-FABP (Figure 1A)
in Tg-AA mice on days 1, 3, and 5 was significantly higher
than in Tg-control mice on the same day (day 1, 0.44 �
0.04 vs 0.21 � 0.02, P � 0.006; day 3, 0.78 � 0.10 vs
0.16 � 0.008, P � 0.003; day 5, 1.00 � 0.08 vs 0.18 �
0.04, P � 0.002; values in arbitrary units). In Tg-AA mice,
the gene expression level of hL-FABP on days 3 and 5
was significantly higher than on day 1 (P � 0.004 and
P � 0.001, respectively).

The protein expression level of renal hL-FABP (Fig-
ure 1B) in Tg-AA mice on days 1, 3, and 5 was signif-
icantly higher than in Tg-control mice on the same day
(day 1, 8.2 � 0.5 vs 1.5 � 0.3 �g/mg protein, P � 0.01;
day 3, 15.2 � 3.6 vs 1.4 � 0.05 �g/mg protein, P �
0.004; day 5, 6.9 � 0.9 vs 2.1 � 0.4 �g/mg protein, P �
0.003). In Tg-AA mice, the protein expression level of
hL-FABP on day 3 was significantly higher than on day 1

Table 1. Body Weight and Serum and Urinary Biochemistry Find

Day

C

Transgenic

Body weight (g)
0 21.0 � 0.4
1 21.2 � 0.2
3 21.3 � 0.5
5 21.3 � 0.4

Serum creatinine (mg/dL)
0 —
1 0.135 � 0.021
3 0.111 � 0.014
5 0.157 � 0.027

Urinary N-acetyl-�-D-glucosaminidase
(U/g creatinine)

0 4.6 � 0.4
1 4.4 � 0.7
3 4.4 � 0.5
5 4.8 � 0.8

Urinary albumin (mg/g creatinine)
0 1.1 � 0.2
1 1.0 � 0.2
3 0.9 � 0.2
5 0.7 � 0.2

Serum glutamic oxaloacetic
transaminase (IU/L)

0 —
1 15.3 � 1.0
3 13.8 � 0.9
5 13.1 � 1.8

Data are expressed as means � SE.
*P � 0.05, compared with the WT group of the same day.
†P � 0.05, compared with day 1 of the same group.
‡P � 0.05, compared with the control group of the same day.
§P � 0.05, compared with day 0 of the same group.
(P � 0.01). On day 5, the protein expression level of renal
hL-FABP in Tg-AA mice decreased to the same level as
on day 1.

The urinary hL-FABP level (Figure 1C) in Tg-AA mice
on day 0 did not differ from the matching control group on
the same day. On day 1, the urinary hL-FABP level in
Tg-AA mice tended to increase, but there was no signif-
icant difference in comparison with Tg-control mice on
the same day (21.1 � 5.9 ng/mg Cre vs 10.1 � 1.2 ng/mg
Cre; P � 0.27). The urinary hL-FABP level was signifi-
cantly higher in Tg-AA mice than in Tg-control mice on
days 3 and 5 (day 3, 58.9 � 22.3 ng/mg Cre vs 10.7 � 2.1
ng/mg Cre, P � 0.0006; day 5, 957.6 � 127.4 ng/mg Cre
vs 13.7 � 1.8 ng/mg Cre, P � 0.0001). Moreover, in the
Tg-AA group, the urinary hL-FABP levels on days 3 and
5 were significantly higher than on day 0 (P � 0.008
and P � 0.0001, respectively).

Double Immunohistochemical Staining of
hL-FABP and AQP-1

To investigate the localization of expression of hL-
FABP, double immunohistochemical staining was per-
formed with monoclonal antibody against hL-FABP and
rabbit polyclonal antibody against AQP-1, a marker of
the proximal tubule (Figure 2). In Tg-control mice,
many double-positive tubules (hL-FABP�/AQP-1�)
were observed in the cortical area; in Tg-AA mice on

hL-FABP Transgenic and Wild-Type Mice

Aristolochic acid

Wild type Transgenic Wild type

20.4 � 0.3 21.5 � 0.3 20.8 � 0.3
21.1 � 0.3 21.6 � 0.5 20.3 � 0.3
20.2 � 0.6 20.7 � 0.3* 19.4 � 0.4†

20.7 � 0.6 21.0 � 0.4* 19.4 � 0.4†

— — —
.157 � 0.014 0.174 � 0.109 0.168 � 0.023
.147 � 0.019 0.191 � 0.048 0.248 � 0.069
.155 � 0.038 0.46 � 0.068*†‡ 1.067 � 0.135‡†

4.6 � 0.2 4.6 � 0.4 4.6 � 0.2
4.8 � 0.4 5.2 � 0.4 5.7 � 0.4§

4.8 � 0.4 6.1 � 0.9‡§ 7.2 � 0.9‡§

4.8 � 0.6 10.5 � 1.0‡§ 17.0 � 1.6‡§

1.0 � 0.2 1.3 � 0.2 1.0 � 0.1
0.9 � 0.2 1.2 � 0.1 1.4 � 0.3
1.0 � 0.3 12.9 � 1.6*‡§ 70.0 � 12.7‡§

1.0 � 0.2 251.8 � 25.8‡§ 305.5 � 23.2‡§

— — —
13.5 � 0.7 13.8 � 0.7 14.9 � 0.6
14.5 � 1.4 15.1 � 0.7 13.3 � 1.4
12.0 � 0.9 16.6 � 1.4* 36.1 � 2.9†‡
ings in

ontrol

0
0
0

days 1, 3, and 5, double-positive tubules were found
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not only in the cortex but also in the medulla. Moreover,
the double-positive tubular staining of hL-FABP and
AQP-1 was most intense in both cortical and medullar
lesions on day 3, with decreased expression in both
lesions on day 5.

Renal Histological and Morphometric Analysis

Photomicrographs (Figure 3, A and B) were consistent
with the results of morphometric analyses (Figure 3, C
and D).

In both the Tg-AA and WT-AA mice, PAS-stained sec-
tions revealed ATN, including dilatation of tubules and
degeneration and exfoliation of proximal tubular epithelial
cells on days 3 (data not shown) and 5 (Figure 3, A and
B), and Azan–Mallory-stained sections revealed tubulo-

Figure 1. Dynamics of hL-FABP in the kidney in transgenic (Tg) control
and aristolochic acid (AA)-treated mice. A: Expression of hL-FABP mRNA
transcripts was determined by TaqMan real-time PCR, normalized to that
of GAPDH mRNA transcripts in the same sample. *P � 0.05 and **P �
0.01, compared with the control group on the same day; ***P � 0.05 and
†P � 0.005, compared with the same group on day 1. B: The expression
of hL-FABP protein was determined by ELISA and corrected for the total
amount of protein. *P � 0.05, **P � 0.01, compared with the control
group on the same day; ***P � 0.05, †P � 0.005, compared with the same
group on day 1. C: The course of urinary hL-FABP levels in the hL-FABP
Tg mice (AA). **P � 0.01, compared with the control group on the
same day; ***P � 0.05 and †P � 0.005, compared with the same group on
day 0.
interstitial fibrosis (blue staining).
The ATN scores of the PAS-stained sections of both
Tg-AA and WT-AA mice on days 3 and 5 were signifi-
cantly higher than in the matching control group on the
same day (Tg day 3, P � 0.0005; Tg day 5, P � 0.0003;
WT day 3, P � 0.0001; WT day 5, P � 0.0004). The ATN
score in Tg-AA mice was significantly lower than in
WT-AA mice on days 3 and 5 (day 3, P � 0.02; day 5,
P � 0.0001) (Figure 3C).

The levels of tubulointerstitial fibrosis in Azan–Mallory-
stained sections of the kidney in Tg-AA mice on day 5
and in WT-AA mice on days 3 and 5 were significantly
higher than in the matching control group on the same
day (Tg day 5, P � 0.006; WT-AA day 3, P � 0.004; WT
day 5, P � 0.001). In Tg-AA mice on day 5, the degree of
tubulointerstitial fibrosis was significantly lower than in
WT-AA mice on the same day (1.26 � 0.28 vs 4.45 �
0.70, P � 0.002) (Figure 3, B and D).

Immunohistological Analysis

Deposition of type I collagen (Figure 4, A and C) on the
kidney of both Tg-AA and WT-AA mice on days 3 and 5
was significantly higher than in the matching control
group on the same day (Tg day 3, P � 0.01; Tg day 5,
P � 0.005; WT day 3, P � 0.0002; WT day 5, P � 0.003).
Deposition of type I collagen in Tg-AA mice on day 5 was
significantly lower than in WT-AA mice on the same day
(2.62 � 0.15% vs 5.00 � 0.31%; P � 0.001).

Infiltration of macrophages (Figure 4, B and D) in
Tg-AA mice on days 1, 3, and 5 and in WT-AA mice on
days 1, 3, and 5 was significantly greater than in the
matching control group on the same day (Tg day 1, P �
0.02; Tg day 3, P � 0.03; Tg day 5, P � 0.002; WT day 1,
P � 0.005; WT day 3, P � 0.005; WT day 5, P � 0.001).
The infiltration of macrophages was significantly inhib-
ited in Tg-AA mice on day 5, compared with WT-AA

Figure 2. Double immunohistochemical staining of hL-FABP (purple) and
aquaporin-1 (brown) in the kidney cortex and medulla (A), cortex (B), and

medulla (C) of Tg-control mice on day 5 and Tg-AA mice on days 1, 3, and 5.
Original magnification: �40 (A); �200 (B and C).
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mice on the same day (0.86 � 0.09% vs 2.29 � 0.15%;
P � 0.0001).

Expression of MCP-1 in the Kidney

The gene expression level of MCP-1 in the kidneys of
Tg-AA mice on days 1, 3, and 5 and of WT-AA mice on
days 3 and 5 was significantly higher than in the match-
ing control group on the same day (Tg day 1, P � 0.04;
Tg day 3, P � 0.01; Tg day 5, P � 0.002; WT day 3, P �
0.0007; WT day 5, P � 0.001) (Figure 5A). The gene
expression level of MCP-1 in Tg-AA mice on days 3 and
5 was significantly lower than in WT-AA mice on the same
day (day 3, 0.067 � 0.013 vs 0.307 � 0.05, P � 0.003;
day 5, 0.987 � 0.113 vs 4.103 � 0.274, P � 0.0001;
values in arbitrary units) (Figure 5A).

In Tg-AA mice on days 3 and 5, the protein expression
level of MCP-1 was significantly higher than in Tg-control
mice on the same day (day 3, 4.00 � 0.78 vs 1.42 � 0.22
ng/mg protein, P � 0.003; day 5, 11.24 � 2.34 vs 1.93 �

Figure 3. Histological findings of PAS (A) and
Azan–Mallory (B) staining in the cortex of Tg
and wild-type (WT) control and AA-treated mice
on day 5. Original magnification, �200. On days
1, 3, and 5 in both groups, these areas were also
assessed quantitatively (C and D), as described
under Materials and Methods. Data are reported
as means � SE. *P � 0.05, compared with the
control group on the same day; †P � 0.05, com-
pared with the WT group on the same day; ‡P �
0.05, compared with the same group on day 1;
§P � 0.05, compared with the same group on
day 3.

Figure 4. Immunohistological staining using
the antibody to type I collagen (A) and antibody
to F4/80 (B) in the cortex of Tg and WT control
and AA-treated mice on day 5. Original magni-
fication, � 200. On days 1, 3, and 5 in both
groups, these areas were also assessed quantita-
tively (C and D), as described under Materials
and Methods. Data are reported as means � SE.
*P � 0.05, compared with the control group on
the same day; **P � 0.05, compared with the WT
group on the same day; ***P � 0.05, compared
with the same group on day 1; †P � 0.05, com-
pared with the same group on day 3.
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0.53 ng/mg protein, P � 0.002) (Figure 5B). In WT-AA
mice on days 1, 3, and 5, the protein expression level of
MCP-1 was significantly higher than in the WT-control
group on the same day (day 1, 3.98 � 0.48 vs 1.48 �
0.11 ng/mg protein, P � 0.0007; day 3, 4.28 � 0.54 vs
0.96 � 0.07 ng/mg protein; day 5, 65.09 � 11.56 vs 1.22 �

Figure 5. Expression of MCP-1 in the kidney of Tg and WT control and
AA-treated mice. A: Expression of MCP-1 mRNA transcripts was determined
by TaqMan real-time PCR, normalized to that of GAPDH mRNA transcripts in
the same sample. B: The expression of MCP-1 protein was determined by
ELISA and corrected for the total amount of protein. Data are reported as
means � SE. *P � 0.05, compared with the WT group on the same day;
**P � 0.05, compared with the same group on day 1; ***P � 0.05,
compared with the same group on day 3.
0.12 ng/mg protein, P � 0.001) (Figure 5B). The protein
expression of MCP-1 in Tg-AA mice on days 1 and 5 was
significantly lower than in WT-AA mice on the same day
(day 1, 2.24 � 0.20 vs 3.98 � 0.48 ng/mg protein, P �
0.006; day 5, 11.24 � 2.34 vs 65.09 � 11.56 ng/mg
protein, P � 0.0001) (Figure 5B).

Gene Expression of Transforming Growth
Factor-� and �1 (I) Procollagen in the Kidney

The gene expression levels of TGF-� in the kidneys of
Tg-AA mice on day 5 and of WT-AA mice on days 3 and
5 were significantly higher than in the matching control
group on the same day (Tg day 5, 1.48 � 0.13 vs 0.35 �
0.04, P � 0.002; WT day 3, 0.89 � 0.12 vs 0.37 � 0.03,
P � 0.002; WT day 5, 1.94 � 0.17 vs 0.33 � 0.04, P �
0.001; values in arbitrary units) (Figure 6). The gene ex-
pression levels in the kidneys of Tg-AA mice on days 1
and 3 were significantly lower than in the kidneys of WT-AA
mice on the same day (day 1, 0.38 � 0.03 vs 0.63 � 0.09,
P � 0.04; day 3, 0.52 � 0.04 vs 0.89 � 0.12, P � 0.007;
values in arbitrary units) (Figure 6A).

The gene expression levels of COL1A1 in the kidneys
of Tg-AA mice on day 5 and of WT-AA mice on days 3
and 5 were significantly higher than in the matching
control group on the same day (Tg day 5, 1.21 � 0.18
vs 0.18 � 0.02, P � 0.002; WT day 3, 0.49 � 0.07 vs
0.21 � 0.05, P � 0.006; WT day 5, 3.12 � 0.68 vs
0.12 � 0.01, P � 0.001) (Figure 6B). The gene expression
levels of COL1A1 in the kidneys of Tg-AA mice on days 1,
3, and 5 were significantly lower than in the kidneys of
WT-AA mice on the same day (day 1, 0.11 � 0.02 vs
0.22 � 0.04, P � 0.02; day 3, 0.12 � 0.01 vs 0.49 � 0.07,
P � 0.0004; day 5, 1.21 � 0.18 vs 3.12 � 0.68, P � 0.03;
values in arbitrary units) (Figure 6B).

Gene Expression of Hypoxia Inducible
Factor-1� in the Kidney

The gene expression levels of hypoxia inducible fac-
tor-1� (HIF-1�) in the kidneys of Tg-AA mice on day 5 and
of WT-AA mice on days 3 and 5 were significantly higher
than in the matching control group on the same day (Tg
day 5, 0.92 � 0.09 vs 0.46 � 0.07, P � 0.01; WT day
3, 0.88 � 0.06 vs 0.54 � 0.02, P � 0.0006; WT day 5,
1.43 � 0.16 vs 0.48 � 0.06, P � 0.002; values in arbitrary
units) (Figure 7). The gene expression levels of HIF-1� in
the kidneys of Tg-AA mice on days 3 and 5 were signif-
icantly lower than in the kidneys of WT-AA mice on the
same day (day 3, 0.44 � 0.07 vs 0.88 � 0.06, P � 0.002;
day 5, 0.92 � 0.09 vs 1.43 � 0.16, P � 0.02; values in
arbitrary units) (Figure 7).

Evaluation of Oxidative Stress

To assess oxidative stress, the urinary HEL level was
measured. The urinary HEL levels in Tg-AA mice on day
1 and in WT-AA mice on days 1 and 3 were significantly
higher than in the matching control group on the same
day (Tg day 1, P � 0.008; WT day 1, P � 0.01; WT day 3,

P � 0.0003) (Figure 8A). In the Tg-AA group, the urinary
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HEL levels on days 1 and 5 were significantly higher than
on day 0 (day 1, P � 0.002; day 3, P � 0.01). In the
WT-AA group, the urinary HEL levels on days 1, 3, and 5

Figure 6. Gene expression of TGF-� and COL1A1 in the kidney of Tg and
WT control and AA-treated mice. Expression of TGF-� (A) and COL1A1 (B)
mRNA transcripts was determined by TaqMan real-time PCR, normalized to
that of GAPDH mRNA transcripts in the same sample. Data are reported
as means � SE. *P � 0.05, compared with the WT group on the same day;
**P � 0.05, compared with the same group on day 1; ***P � 0.05,
compared with the same group on day 3.
were significantly higher than on day 0 (day 1, P � 0.003;
day 3, P � 0.0001; day 5, P � 0.01). The urinary HEL
level was significantly lower in Tg-AA mice than in WT-AA
mice on days 1 and 3 (day 1, 0.63 � 0.06 nmol/mg Cre vs
1.06 � 0.19 nmol/mg Cre, P � 0.04; day 3, 0.66 � 0.17
nmol/mg Cre vs 1.46 � 0.14 nmol/mg Cre, P � 0.009)
(Figure 8A). In the WT-AA group, the highest urinary HEL
level was seen on day 3, and then it decreased sharply
from day 3 to day 5. There was no significant difference
in the urinary HEL level between the Tg-AA and WT-AA
mice on day 5 (0.80 � 0.20 nmol/mg Cre vs 0.93 � 0.14
nmol/mg Cre, P � 0.19).

The gene expression levels of HO-1 in the kidneys of
both Tg-AA and WT-AA mice on days 3 and 5 were
significantly higher than in the matching control group on
the same day (Tg day 3, P � 0.003; Tg day 5, P � 0.002;
WT day 3, P � 0.0001; WT day 5, P � 0.001) (Figure 8B).
The gene expression level of HO-1 in Tg-AA mice on day
3 was significantly lower than in WT-AA mice on the same
day (0.59 � 0.05 vs 1.13 � 0.13; P � 0.007, values in
arbitrary units) (Figure 8B).

The gene expression level of RAGE in the kidneys of
WT-AA mice on day 5 was significantly higher than in
the kidneys of WT-control group on the same day
(2.20 � 0.28 vs 0.92 � 0.04; P � 0.006, values in
arbitrary units) (Figure 8C). The gene expression level
of RAGE in the Tg-AA kidneys on day 5 was signifi-
cantly lower than in the WT-AA kidneys on the same
day (1.18 � 0.15 vs 2.20 � 0.28; P � 0.01, values in
arbitrary units) (Figure 8C).

Correlation between Urinary hL-FABP and
Histological Changes

In combination Tg-AA and Tg-cont group, urinary hL-
FABP was significantly correlated with the ATN score
(Figure 9A, r � 0.79, P � 0.0001), the degree of tubulo-
interstitial fibrosis (Figure 9B, r � 0.87, P � 0.0001), and

Figure 7. Gene expression of HIF-1� in the kidney of Tg and WT control
and AA-treated mice. Expression of HIF-1� mRNA transcripts was deter-
mined by TaqMan real-time PCR, normalized to that of GAPDH mRNA
transcripts in the same sample. Data are reported as means � SE. *P �
0.05, compared with the WT group on the same day; **P � 0.05, com-

pared with the same group on day 1; ***P � 0.05, compared with the same
group on day 3.
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the level of deposition of type I collagen (Figure 9C, r �
0.75, P � 0.0001).

Discussion

In the present study, we examined whether renal hL-
FABP, with its antioxidative function, can attenuate the
acute phase of AA-induced nephropathy. In WT-AA mice,
high levels of urinary excretion of HEL, a urinary marker of
oxidative stress, were observed; production of MCP-1,
TGF-�, COL1A1, HIF-1�, HO-1, and RAGE increased;
and severe infiltration of macrophages, ATN, and tubular
fibrosis were provoked. In contrast, in Tg-AA mice the
expression of renal hL-FABP was up-regulated and pro-
duction of HEL, MCP-1, TGF-�, COL1A1, HIF-1�, HO-1
and RAGE was suppressed. The serum creatinine level
was significantly lower in Tg-AA mice than in WT-AA
mice. In the histological and immunohistochemical eval-
uation, the ATN score and the degrees of infiltrated mac-

Figure 8. Evaluation of oxidative stress in Tg and WT control and AA-treated
mice. A: The course of urinary N�-(hexanoyl)lysine (HEL). *P � 0.05, com-
pared with the WT group on the same day; **P � 0.05 compared with the
same group on day 0. B and C: Gene expression of HO-1 and RAGE in the
kidney. Expression of HO-1 (B) and RAGE (C) mRNA transcripts was
determined by TaqMan real-time PCR, normalized to that of GAPDH
mRNA transcripts in the same sample. Data are reported as means � SE.
*P � 0.05, compared with the WT group on the same day; **P � 0.05,
compared with the same group on day 1. ***P � 0.05, compared with the
same group on day 3.
rophages, fibrosis, and type I collagen deposition were
significantly attenuated in Tg-AA mice, compared with
WT-AA mice, on days 3 and 5. These results suggest
that, in this AA-induced nephrotoxicity model, oxidative
stress played a significant role in the development of TID
in AA-induced nephrotoxicity and that renal hL-FABP re-
duced oxidative stress, prevented ATN, inhibited the pro-
duction of inflammatory cytokine and lipid peroxidation
product, and attenuated acute TID.

In AA-induced nephrotoxicity, the production of oxida-
tive stress in the proximal tubules is enhanced directly by
intoxication with AA,14,22 or indirectly by tissue hypoxia
derived from the microcirculation injury induced by
AA.16,18 Consequently, lipid peroxidation products are
generated. In an in vitro experiment with tubular epithelial
cells, exposure to AA increased the levels of intracellular
reactive oxygen species and loaded oxidative stress onto
the tubular epithelial cells.22 As to the mechanism by
which AA induces microcirculation injury, the proximal
tubular damage induced by AA may develop into peritu-
bular capillary damage, which leads to microcirculation
injury. In an alternative potential mechanism, AA is an
inhibitor of phospholipase A2 (PLA2) and suppresses the
production of arachidonic acid, which is an intermediary

Figure 9. Significant correlation (P � 0.0001) between urinary hL-FABP and

the ATN score (A), the degree of tubulointerstitial fibrosis (B), and the
deposition of type I collagen (C) in combination Tg-AA and Tg-cont group.
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in the production of prostaglandins with functions in at-
tenuating renal vasodilatation and regulating renal circu-
lation.17 The reduced level of arachidonic acid leads to
microcirculation injury.

The early oxidative stress marker HEL is formed by
oxidative modification by oxidized omega-6 fatty acids,
such as linoleic acid or arachidonic acid.23 In the WT-AA
and Tg-AA mice, the urinary HEL level increased on day
1, before up-regulation of HIF-1 gene expression, which
suggests the presence of tissue hypoxia. Because renal
hL-FABP with antioxidative function was expressed in the
proximal tubules of Tg-AA mice, the increase in urinary
HEL level was suppressed, compared with WT-AA mice.
These results suggest that intoxication of the proximal
tubules by AA directly provoked oxidative stress in the
proximal tubules.

On days 3 and 5 in WT-AA mice, when HIF-1 gene
expression was up-regulated, the urinary HEL level was
high on day 3, HO-1 gene expression was up-regulated
on days 3 and 5, and RAGE gene expression was up-
regulated on day 5. Heme oxygenase-1 is a microsomal
enzyme that catalyzes the oxidation of heme to the antiox-
idant molecules biliverdin and carbon monoxide.24 Expres-
sion of HO-1 is induced by oxidative stress. RAGE, also
induced by oxidative stress, exacerbates interstitial inflam-
mation and damage through activation of the intracellular
signaling pathway that promotes oxidative stress.25 These
results indicate that, in addition to the immediate intoxi-
cation of AA, oxidative stress was also generated by
tubular hypoxia due to microcirculation injury. Further-
more, in Tg-AA mice, the urinary HEL level was signifi-
cantly lower, expression of HIF-1, HO-1, and RAGE was
inhibited, and TID was attenuated, compared with
WT-AA mice. The presence of renal hL-FABP reduced
the mediators produced by oxidative stress, inhibited
tubular damage, and consequently may have sup-
pressed microcirculation injury, prevented tissue hyp-
oxia, and avoided additional oxidative stress over-
loaded onto the tubules.

Renal hL-FABP was up-regulated in the proximal tu-
bules of Tg-AA mice on days 1, 3, and 5, compared with
Tg-control mice. We have reported that renal hL-FABP
expression was up-regulated in folic acid–induced ne-
phropathy,21 in the unilateral ureteral obstruction model,8

and in the streptozotocin-induced diabetic model,9 in
which oxidative stress contributes to severe TID. Thus,
the onset of oxidative stress generated in Tg-AA mice
might also promote the expression of renal hL-FABP in
AA-induced nephrotoxicity. Moreover, on double immu-
nohistochemical staining, hL-FABP expression was ob-
served in the straight portion of the proximal tubules (S3
segment), in addition to the convoluted proximal tubules,
during the follow-up period. Because the damaged tu-
bules in AA-induced nephrotoxicity involve the S3 seg-
ment tubules, which are highly susceptible to hypoxia, de
novo expression of hL-FABP in the S3 segment of the
proximal tubules might be up-regulated to prevent TID.

Although renal hL-FABP gene expression in Tg-AA
mice was up-regulated for 5 days, the protein expression
of hL-FABP decreased in the proximal tubules of both the

cortex and medulla on day 5. Because the urinary hL-
FABP levels in Tg-AA mice increased on days 3 and 5,
elevation of urinary excretion of hL-FABP derived from the
proximal tubules was considered to contribute to the
inverse findings for gene expression and protein expres-
sion of hL-FABP.

Aristolochic acid forms adducts with DNA and in-
duces cell death through cell apoptosis.26 Recently,
inhibition of apoptosis was reported to lead to attenu-
ation of ATN and improvement of proteinuria in AA-
induced nephrotoxicity, and apoptosis was emphasized
as an important pathological feature of AA-induced neph-
rotoxicity.26–29 The expression of the proapoptotic genes
Fas and BCL-2 associated X protein (Bax) was examined
using TaqMan real-time PCR in the present study (see
Supplementary Figure S1 at http://ajp.amjpathol.org). Al-
though the gene expression level of Fas was significantly
lower in Tg-AA mice than in WT-AA mice on day 5, there
were no differences in the gene expression levels of Fas
on day 1 and 3 and Bax on days 1, 3, and 5 between the
Tg-AA and WT-AA mice. It was considered that these
results were not sufficient evidence to assert that preven-
tion of cell damage through apoptosis led to attenuation
of ATN observed from day 3 in Tg-AA mice.

We reported the clinical significance of measuring uri-
nary hL-FABP in patients with chronic kidney disease
since 2004.7,19 Recently, it was reported that urinary hL-
FABP was an early detection marker of acute kidney
injury in clinical studies.30,31 However, because renal
biopsy was not performed for the acute kidney injury
patients in these studies, the relationship between urinary
hL-FABP level and the degree of TID was not evaluated in
the clinical setting. Under acute kidney injury in folic
acid–induced nephropathy of Tg mice, the urinary hL-
FABP level was significantly correlated with the degree of
TID.21 In AA-induced nephrotoxicity, the urinary hL-FABP
level was significantly correlated with the ATN score,
tubulointerstitial fibrosis, and the deposition of type I col-
lagen. Based on these findings, and because an in-
crease in urinary hL-FABP accurately reflects the degree
of acute tubulointerstitial injury, urinary hL-FABP was con-
sidered to be clinically useful for the detection of acute
kidney injury.

The serum level of HEL was measured in an attempt to
clarify whether injection of AA induced systemic oxidative
stress, caused an elevation of serum HEL, and influenced
urinary HEL (see Supplementary Figure S2 at http://ajp.
amjpathol.org). The serum level of HEL in the Tg-AA and
WT-AA mice did not increase significantly, compared
with the matching control group. The increased levels of
urinary HEL were therefore attributed to the HEL excreted
from kidney tissue into urine.

Intraperitoneally injected AA was absorbed into the
systemic circulation from the peritoneal cavity and was
transported into the proximal tubules via organic anion
transporters 1 and 2 (OAT1 and OAT2; solute carrier
family 22 members 6 and 7),which are localized at the
basolateral membrane of proximal tubular cells.32 The
gene expression levels of OAT1 and OAT3 in the kidneys
of the Tg and WT mice showed no significant differences
(see Supplementary Figure S3 at http://ajp.amjpathol.

org). We therefore considered the amount of AA loaded

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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onto the proximal tubules to be equivalent in the two
groups.

Because OAT1 and OAT3 are reportedly not ex-
pressed in the mouse liver,33 AA was considered not to
be transported into liver and not to induce liver damage.
However, the serum glutamic oxaloacetic transaminase
level, which is a serum marker that reflects the degree of
liver damage, increased on day 5 in WT-AA but not in Tg
mice. The serum glutamic oxaloacetic transaminase level
was significantly higher in WT-AA mice than in Tg-AA
mice on day 5. Although the mechanism by which AA
provokes liver injury in mice was not clarified in the pres-
ent study, the results indicate that AA induced liver dam-
age and that expression of hL-FABP in the liver of Tg-AA
mice prevented the liver insult of AA. Thus, there is a
possibility that attenuation of liver damage led to sup-
pression of acute tubular damage in Tg-AA mice. How-
ever, the renoprotective function of hL-FABP in AA-in-
duced nephrotoxicity was observed from day 3, when
liver damage was not observed in WT-AA mice. More-
over, an in vitro experiment was performed to investigate
the role of hL-FABP independent of other organs (see
Supplementary Figure S4 at http://ajp.amjpathol.org). The
cytotoxicity to proximal tubular cells was significantly
suppressed in cells expressing hL-FABP, compared with
cells that did not express hL-FABP. These results indicate
that the expression of renal hL-FABP protected against
acute tubular injury of AA-induced nephrotoxicity.

In summary, the present study provides new and im-
portant information: in AA-induced nephrotoxicity, oxida-
tive stress plays a significant role in the development of
TID and renal hL-FABP attenuates acute TID via antioxi-
dative function.
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