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Urinary excretion of human liver-type fatty acid-bind-
ing protein (hL-FABP), which is expressed in human
proximal tubules and engaged in free fatty acid (FFA)
metabolism, was reported to reflect the clinical prog-
nosis of chronic kidney disease. Here we have inves-
tigated the pathophysiological significance of hL-
FABP in a model of protein overload nephropathy.
Because L-FABP is not expressed in the wild-type
mice, we generated hL-FABP chromosomal gene
transgenic (Tg) mice. Tg mice were intraperitoneally
injected with bovine serum albumin (BSA) replete
with FFAs (r-BSA group) or FFA-depleted BSA (d-BSA
group). The r-BSA group developed significantly more
severe tubulointerstitial damage than did the d-BSA
group. Renal expression of the hL-FABP gene was
more up-regulated, and urinary excretion of hL-FABP
was significantly higher, in the r-BSA group than in
the d-BSA group. Furthermore, compared with their
wild-type littermates injected with r-BSA, the number
of infiltrated macrophages was significantly attenu-
ated in Tg mice injected with it on day 28. In patients
with kidney disease (n = 50), urinary hL-FABP was
correlated with both urinary protein and the severity
of tubulointerstitial injury. In conclusion, our ex-
perimental model suggests that urinary excretion
of hL-FABP reflects stresses, such as urinary protein
overload, on the proximal tubules. The clinical

observations support this hypothesis. (Am J
Patbol 2004, 165:1243—1255)

The extent of tubulointerstitial damage has been found to
be correlated more with the prognosis of chronic kidney
disease than is the degree of glomerular injury.’® Accu-
mulating evidence has shown that urinary protein may
cause tubulointerstitial damage and play a contributory
role in the progression of kidney disease.’?°'2 How-
ever, the mechanisms by which urinary protein provokes
tubulointerstitial damage are not clear.

Free fatty acids (FFAs) are bound to albumin,'® filtered
through the glomeruli, and reabsorbed into the proximal
tubules.* FFAs bound to albumin, therefore, might play a
role in the development of tubulointerstitial damage. We
recently found, by using a model of protein overload, that
FFAs bound to albumin'® play some role in the progres-
sion of tubulointerstitial disease.® In massive proteinuria,
FFAs are overloaded on the proximal tubules and induce
inflammatory factors such as macrophage chemotactic
factors,'®'7 which in turn cause tubulointerstitial dam-
age.15,18—22

FFAs loaded on the proximal tubules are bound to
cytoplasmic fatty acid-binding protein (FABP) and trans-
ported to mitochondria or peroxisomes,?®2* where they
are metabolized by B-oxidization. In human proximal tu-
bules, the liver-type FABP (L-FABP) of 14 kd is ex-
pressed.?® Although the physiological role of L-FABP has
not been completely elucidated, L-FABP might be a key
regulator of fatty acid homeostasis in the cytoplasm.?°2®

We developed specific monoclonal antibodies against
human L-FABP (hL-FABP) and established an enzyme-
linked immunosorbent assay (ELISA) for measuring uri-
nary excretion of hL-FABP. In clinical examination of
chronic kidney disease, we found that urinary hL-FABP
was a clinical marker for progression of kidney disease:
higher urinary hL-FABP may suggest higher incidence of
progression of kidney disease.?” From the results, we
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hypothesize that FFAs bound to albumin, which causes
severe tubulointerstitial damage, up-regulates hL-FABP
gene expression in the proximal tubule, and accelerates
excretion of hL-FABP into urine.

Because L-FABP is not expressed in the kidneys of
rodents and renal hL-FABP has not been investigated
under the pathophysiological condition yet, we gener-
ated hL-FABP chromosomal transgenic (Tg) mice and
have examined the pathophysiological significance of
hL-FABP in an experimental model of protein overload. In
addition, we have investigated the relationship between
urinary hL-FABP and various clinical parameters, and
tubulointerstitial damage in patients with kidney disease.

Materials and Methods

Established Human L-FABP Chromosomal
Tg Mice

Initially, Tg mice for hL-FABP were generated (patent no.
WOO0073791). In brief, the genomic DNA of hL-FABP
including its promoter region (13 kb) was microinjected
into fertilized eggs obtained from BALB/c and CBA mice.
ICR mice were used as the recipients for the transfected
eggs. The resultant Tg mice were backcrossed for six
generations onto BALB/c mice to obtain homozygous
mutant mice on an inbred background. Only female mice
were used. The integration of the hL-FABP gene into the
mice genome was examined by genomic polymerase
chain reaction and the expression of hL-FABP in the
proximal tubules of the Tg mice was examined by Northern
blot analysis, Western blot analysis, and immunohistochem-
istry, as described below (patent no. WO0073791). To con-
firm the distribution of hL-FABP expression in the Tg mice,
the protein was extracted from the brain, lung, heart,
spleen, liver, intestine, or kidney of the Tg mice and the
content of hL-FABP in each tissue was measured by ELISA,
as described below.

Experimental Design 1

Experiments were performed with the Tg mice on a
BALB/c background, and 12-week-old female Tg mice
(n = 39) were used for this study (body weight, 21 *
0.4 g; mean = SE). The mice were divided into three
groups: the r-BSA (bovine serum albumin) group (n = 12)
received a once-daily intraperitoneal injection of lipid-
replete BSA (250 mg/mouse, dissolved in 1 ml saline)
(BSA fraction V, catalog no. A4503; Sigma Chemical
Corp., St. Louis, MO); the d-BSA group (n = 14) received
lipid-depleted BSA (prepared from BSA fraction V, cata-
log no. A-6003; Sigma); and the saline group (n = 13)
received an equivalent volume of sterile normal saline as
control. The content of long-chain fatty acids in r-BSA and
d-BSA has been previously shown.™ Mice were individ-
ually housed in metabolic cages with free access to tap
water, and urine was collected on days 0, 7, 14, 21, and
28. The sediment was removed from the urine samples
by centrifugation (12,000 rpm for 5 minutes).

Groups of animals were sacrificed on day 7 (n = 3 for
r-BSA, n = 3 for d-BSA, and n = 3 for saline), on day 14
(n = 4 for r-BSA, n = 4 for d-BSA, and n = 3 for saline)
and on day 28 (n = 5 for r-BSA, n = 7 for d-BSA, and n =
7 for saline), as previously described.' In brief, under
intraperitoneal anesthesia, a polyethylene catheter (PE-
10) was retrogradely inserted into the abdominal aorta.
The pedicle of the left kidney was ligated and the kidney
was removed and snap-frozen in liquid nitrogen for
Northern blot analysis and Western blot analysis. The
right kidney was fixed with 10% formalin (WAKO Pure
Chemical Industries, Ltd., Osaka, Japan), first by perfu-
sion and then by immersion for 24 hours. The right kidney
was divided into two for light microscopy analysis.
Plasma was obtained by exsanguination through the ab-
dominal great vein before perfusion on days 7, 14, and 28.

Experimental Design 2

To investigate the role of hL-FABP in proteinuric kidney
disease, the Tg mice and their wild-type (WT) littermates
on a BALB/c background were simultaneously injected
with r-BSA, which caused severe tubulointerstitial dam-
age, and the degree of kidney damage was compared
between them. Fourteen-week-old female Tg mice (n =
15; body weight, 22 = 0.2 g; mean = SE) and 14-week-
old female WT mice were used (n = 15; body weight,
22 + 0.3 g; mean = SE). Both the Tg and the WT mice
were divided into two groups each: the r-BSA group (n =
10 for Tg mice and n = 10 for WT mice) received a
once-daily intraperitoneal injection of r-BSA (250 mg/
mouse, dissolved in 1 ml saline) and the saline group
(n = 5 for Tg mice and n = 5 for WT mice) received an
equivalent volume of sterile normal saline as control.
Their urine was collected on days O, 7, 14, 21, and 28
using the metabolic cages. Groups of animals were sac-
rificed on day 14 (n = 5 for r-BSA in Tg mice, n = 5 for
r-BSA in WT mice) and on day 28 (n = 5 for r-BSA and
n = 5 for saline in Tg mice, n = 5 for r-BSA and n = 5 for
saline in WT mice), as described above.

Serum Biochemistry

Serum urea nitrogen, total cholesterol, and triglyceride
were measured by enzymatic methods, and total protein
was measured by the Biuret method at the SRL Co.
Research Service, Tokyo, Japan.'®

Urinary Biochemistry

Levels of urinary BSA and mouse albumin were quanti-
fied by using commercially available kits (a BSA ELISA kit
and a mouse albumin ELISA kit; Exocell Inc., Philadel-
phia, PA) and a spectrophotometer (MicroReader 4, Hy-
perion Inc., AL, USA). The level of urinary creatinine (cre)
was quantified by using a commercially available kit (cre
ELISA kit; Exocell Inc.) and a spectrophotometer (Micro-
Reader 4). Urinary BSA and urinary mouse albumin were
expressed as ratios of urinary BSA (mg) to urinary cre



(mg), and urinary mouse albumin (mg) to urinary cre
(mg), respectively.

Renal Histological and Morphometric Analysis

For light microscopy analysis, the kidney was dehydrated
and embedded in paraffin. Serial sections (1 wm thick)
were obtained for conventional histological assessment
[hematoxylin and eosin staining or periodic acid-Schiff
(PAS) staining] and immunohistochemistry.

The PAS-stained tissue sections were used to evaluate
tubulointerstitial injury, which was categorized as tubular
dilatation, tubular atrophy, or tubular hyaline cast forma-
tion. Under X200 magnification, 20 nonoverlapping fields
from the cortical region were selected, and the area of
tubulointerstitial damage and the whole cortical area
were measured by using a computer-aided video manip-
ulator (Hamamatsu-Photonics Co., Hamamatsu, Japan).
Tubulointerstitial damage was defined as the ratio of the
area of tubulointerstitial damage to the entire cortical
area, as previously described.' Glomerulosclerosis was
indicated by the disappearance of cellular elements from
the capillary tuft, capillary loop collapse, or the folding of
the glomerular basement membrane with an accumula-
tion of amorphous material. The grade of sclerosis in
each glomerulus was defined as follows: O, if there was
no sclerosis; |, if 1 to 25% of the glomerular area was
affected by sclerosis; Il, if 26 to 50% of the glomerular
area was affected; Ill, if 51 to 75% of the glomerular area
was affected; IV, if 76 to 100% of the glomerular area was
affected, as previously described.'® The glomeruloscle-
rosis score for each animal was calculated as: [1X the
number of grade | glomeruli (%) + (2X one of grade |
glomeruli (%) + (3% one of grade Ill glomeruli (%) + (4X
one of grade IV glomeruli (%)]. These histological evalu-
ations were performed in a blinded manner by one ob-
server.

Immunohistochemical Examination

Immunohistochemistry was performed with a monoclonal
antibody against mouse macrophages (rat anti-mouse
F4/80 antibody; Medical and Biological Laboratories Co.,
Ltd., Nagoya, Japan) and a monoclonal antibody against
human L-FABP (mouse anti-human L-FABP antibody
generated in this study, as described below) based on
the labeled streptavidin biotin kit (DAKO Co., Tokyo, Ja-
pan). hL-FABP immunostaining in the kidneys of the mice
was performed with a monoclonal antibody against hu-
man L-FABP, FABP-2, and that in the human renal biopsy
specimens performed with FABP-1, as described below.
A negative control without the primary antibody showed
no staining. The degree of macrophage infiltration in the
cortical interstitium was measured as the average num-
ber of F4/80-positive cells per field at X200 magnifica-
tion, as previously described.'®

Northern Blot Analysis of L-FABP

Total cellular RNA was extracted from a half kidney by
using ISOGEN reagent (Nihon gene Co. Tokyo, Japan) in
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accordance with the manufacturer’s instructions. Dena-
tured kidney RNA (10 ng) was fractionated on formalde-
hyde-agarose gels, transferred onto nitrocellulose mem-
branes (Amersham Int., Buckinghamshire, UK). The
intensity of the bands corresponding to hL-FABP tran-
scripts was estimated by using a Bioimage analyzer (BSA
2000; Fuji Film, Tokyo, Japan), and the ratio of the inten-
sity of hL-FABP transcripts to that of GAPDH was used to
normalize the amount of hL-FABP transcripts. The hL-
FABP cDNA probe was prepared by polymerase chain
reaction and labeled with 3°P-dCTP (3000 Ci/mmol) by
using a DNA random-labeling method (Takara Shuzo,
Kyoto, Japan). The primer sequences were as follows.
hL-FABP: sense, ATGAGTTTCTCCGGCAAG and anti-
sense, TGAAATGCAGACTTG; GAPDH: sense, CATCA-
TCTCTGCCCCCTCTG and anti-sense, CCACCACCCT-
GTTGCTGTAG.

Generation of Monoclonal Antibodies Specific
for hL-FABP

Monoclonal antibodies, FABP-1, FABP-2, and FABP-L, were
obtained from BALB/c mice immunized with the purified
recombinant hL-FABP, prepared by using a fusion plasmid
system (pMAL-cRI),2® as described previously.2”

Western Blot Analysis of L-FABP

To examine the cross-reaction of FABP-1, FABP-2, or
FABP-L to human intestine FABP (hI-FABP), human ileal
bile acid-binding protein (hl-BABP), human epithelial
FABP (hE-FABP), human heart FABP (hH-FABP), and en-
dogenous mouse L-FABP, Western blot analysis was per-
formed with the recombinant hI-FABP,?° the recombinant
hI-BABP,?° the human cardiac muscle, the human skin, the
recombinant hL-FABP, and the liver of the WT mice.

Each tissue was homogenized in homogenization
buffer (10 mmol/L PB, 1 mmol/L PMSF, 2 ug/ml leupeptin,
2 pg/ml chymostatin, 0.2% Triton X-100, Sigma) for pro-
tein extraction. The recombinant hl-FABP (0.1 ug/lane),
the recombinant hI-BABP (0.1 ug/lane), the recombinant
hL-FABP (0.1 ug/lane), 125 ug of total protein in the
human cardiac muscle, 45 ug of total protein in the human
skin, and 2.5 ug of total protein in the liver of the WT mice
were electrophoresced into a 4 to 12% gradient Bis-Tris
acrylamide gel (Bio-Rad, Richmond, CA). Rabbit polyclonal
antibodies against hl-FABP,?° hI-BABP,?® or hE-FABP?°
and mouse monoclonal antibodies against hL-FABP
(FABP-1, FABP-2, and FABP-L) were used as primary anti-
bodies. Monoclonal antibody against hH-FABP was pur-
chased from Dainippon Pharmaceutical Co., Ltd., Osaka,
Japan.

To further confirm whether endogenous mouse L-FABP
was induced by r-BSA injection in the kidney of the WT
mice, the protein was extracted from the kidneys of both
the Tg and the WT mice injected with r-BSA or saline and
10 png of total protein was electrophoresced, as de-
scribed above. FABP-2 was used as a primary antibody.
The positive bands were visualized with a POD immuno-
stain set (WAKO).
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Table 1. Clinical Data of Patients*

Variable Mean + SE
Age (year) 46 = 2.4
Sex [no. of patients (%)]
Male 22 (44%)
Female 28 (56%)
Mean blood pressure (mmHg) 96.5+ 2.8
Creatinine clearance (ml/min) 63.3 5.3
Total cholesterol (mg/dl) 253 + 18
Urinary protein (g/g. cre.) 23+05
Urinary NAG (IU/g. cre.) 11.2x12
Urinary hL-FABP (ng/g. cre.) 111.7 = 32.1
Diagnosis of renal biopsy
Minor glomerular abnormalities 4
Minimal change nephritic syndrome 5
Mesangial proliferative glomerulonephritis 13
Focal segmental glomerulosclerosis 3
Membranous nephropathy 4
Nephrosclerosis 6
Diabetic nephropathy 5
Lupus nephritis 7
Anti-neutrophil cytoplasmic antibody 3

related nephritis

*A total of 50 patients were assessed.

Establishment of ELISA for Urinary hL-FABP

This ELISA method for measuring urinary hL-FABP was
described previously.?” Monoclonal antibodies against
hL-FABP were used both FABP-2 and FABP-L. In brief,
96-well microtiter plates were coated with 10 mg/L of
FABP-2 monoclonal antibodies and incubated overnight.
Unreacted sites were blocked with PBS containing 10 g/L
BSA (Sigma) overnight. One hundred ul of appropriately
diluted standards or samples were incubated in the wells
of each plate at room temperature for 1 hour. The plates
were allowed to react with 100 wl of horseradish peroxi-
dase-conjugated FABP-L for 1 hour. Absorbance was
measured at 492 nm on a microplate reader (Micro-
Reader 4). Urinary hL-FABP was expressed as a ratio of
urinary hL-FABP (ug) to urinary cre (mg).

Clinical Study
Study Participants

Fifty individuals, who were admitted to the hospital of St.
Marianna University School of Medicine for diagnosis by
renal biopsy and treatment of kidney disease from Septem-
ber 2002 to March 2003 were recruited for this study (Table
1). The study was conducted under written informed con-
sent and approved by the ethical committee for human
research at the St. Marianna University School of Medicine.

Clinical Parameters of Serum and Ambulatory Spot
Urine

Cre and total cholesterol were measured in serum sam-
ples, and hL-FABP, cre, total protein, and N-acetyl-B-D-
glucosaminidase (NAG) were measured in spot urine sam-
ples. Creatinine clearance (Ccr) was calculated by 24-hour
urine collection. Serum cre, urinary cre, and serum total
cholesterol were measured by enzymatic methods, urinary

protein by the pyrogallol red-molybdate complex method,
and urinary NAG by using chlorophenol red-N-acetylglu-
cosaminide (CPR-NAG) as a substrate. Urinary excretion of
hL-FABP was measured as described above.

Relationship between Tubulointerstitial Damage and
Urinary L-FABP

Renal tissue obtained from renal biopsies was used to
quantify tubulointerstitial damage, which was evaluated
as described in the mouse experiment. The patients were
divided into three groups according to the degree of
tubulointerstitial damage as follows: mild group (n = 29),
<10% of the tubulointerstitial region injured; moderate
group (n = 12), <50% of the tubulointerstitial region
injured; severe group (n = 9), =50% of the tubulointer-
stitial region injured.

Statistical Analysis

All values are expressed as the mean = SE. Differences
among the three groups were analyzed by the Kruskal-
Walllis test, followed by Scheffé’s multiple comparison
procedure. The correlation between two logarithmic values
of clinical parameters including urinary hL-FABP was as-
sessed by Pearson’s correlation. The correlation between
urinary L-FABP and the area ratio of tubulointerstitial dam-
age was assessed by Spearman’s rank correlation. These
statistical analyses were performed with a computer soft-
ware program for the Macintosh Power Book G3 (Stat View
5.0; SAS Institute Inc., Cary, NC). P values of less than 0.05
were considered to be significant.

Results

Establishment of Tg Mice

The integration of the hL-FABP gene into the mice genome
was confirmed by genomic polymerase chain reaction, and
the expression of hL-FABP in the proximal tubules of Tg
mice was shown by Northern blot analysis, Western blot
analysis, and immunohistochemistry (Figure 1).

The Tg mice did not show any obvious abnormalities in
appearance and behavior. In the Tg mouse, hL-FABP
was detected in the protein extracted from the kidney,
liver, and intestine by ELISA (117.9, 275.9, and 298.7
ng/20 ng protein/ml, respectively), but not in that from the
lung, brain, spleen, and heart. In the WT mouse, hL-FABP
was not detected in those tissues. The distribution of
hL-FABP expression in the Tg mice was considered in the
kidney, liver, and intestine.

Urinary Biochemistry

The Tg mice overloaded with r-BSA and d-BSA showed
almost the same high levels of urinary BSA on day 7
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Figure 1. Generation of hL-FABP chromosomal gene Tg mice. a: Integration of the hL-FABP gene into the mice genome was confirmed by genomic polymerase
chain reaction. b and ¢: The expression of hL-FABP in mouse kidney was verified by Northern (b) and Western (c¢) blot analysis. d: The expression of hL-FABP
in mouse proximal tubules was observed by immunohistochemistry with monoclonal antibodies specific for hL-FABP, FABP-2. Representative photomicrographs
show renal hL-FABP immunostaining in the kidney of a WT (d-1) and a Tg (d-2) mouse; PAS-stained sections in the kidney of a Tg mouse (d-3); and hL-FABP
immunostaining in the kidney of a Tg mouse (d-4). In d-5 and d-6, human renal biopsy specimens obtained from a patient with minor glomerular abnormalities
whose urinary occult blood was positive and urinary protein was negative were subjected to PAS staining (d-5, d-7) and hL-FABP immunostaining with
monoclonal antibodies specific for hL-FABP, FABP-1 (d-6, d-8). The photomicrographs in d-3 to d-4, in d-5 to d-6, and in d-7 to d-8 are serial sections. hL-FABP
was expressed diffusely throughout the proximal tubules, which have brush borders (d-3), in the Tg (d-4) but not in the WT (d-1) mouse. The localization of
hL-FABP in the Tg mice (d-4) was similar to that in the human renal biopsy specimens (d-6 and d-8). Original magnifications: X40 (d-1, d-2, d-5, d-6); X200

(d-3, d-4); X100 (d-7, d-8).

(214 = 47 mg protein/mg cre and 123 = 27 mg pro-
tein/mg cre, respectively) (Figure 2a). Thereafter, urinary
BSA levels differed significantly (P < 0.05), remaining
high in the r-BSA group (293 = 110 mg/mg cre, 297 + 72
mg/mg cre, and 193 = 20 mg/mg cre on days 14, 21, and
28, respectively) and decreasing in the d-BSA group
(58 = 19 mg/mg cre, 95 = 17 mg/mg cre, and 24 + 13
mg/mg cre on days 14, 21, and 28, respectively).

Urinary mouse albumin showed the same pattern as
total urinary protein and showed similar levels in the
r-BSA and the d-BSA groups on day 7 (42 = 8 mg
albumin/mg cre and 31 = 9 mg albumin/mg cre, respec-
tively) (Figure 2b). Thereafter, urinary mouse albumin
remained at a high level in the r-BSA group (38 + 11
mg/mg cre, 71 = 13 mg/mg cre, and 33 * 6 mg/mg cre
on days 14, 21, and 28, respectively), but decreased in
the d-BSA group (17 = 5 mg/mg cre, 12 = 3 mg/mg cre,
and 10 = 2 mg/mg cre on days 14, 21, and 28, respec-
tively). On days 21 and 28, urinary mouse albumin was
significantly higher in the r-BSA group than in the d-BSA
or the saline group (P < 0.005).

Serum Biochemistry

In the Tg mice, the level of total serum protein in the r-BSA
and the d-BSA groups was significantly higher than that
in the saline group on days 7 and 14 (Table 2). On day
28, total protein in the r-BSA group had decreased to a
level similar to that in the saline group, whereas total
protein in the d-BSA group remained high.

Total cholesterol was significantly higher in the r-BSA
group than in the d-BSA group on days 7, 14, and 28, and
triglyceride was significantly higher in the r-BSA group
than in either the d-BSA or the saline group on day 28.
The concentration of serum urea nitrogen did not differ
significantly among the three groups.

Renal Histological and Immunohistochemical
Evaluation

In the Tg mice, proximal tubular dilatation and tubular
hyaline cast formation in the interstitium were more prom-
inent in the r-BSA group (Figure 3, a and b) than in the
d-BSA group (Figure 3, d and €) on day 28. The area of
the tubulointerstitial damage was significantly greater in
the r-BSA group than in either the d-BSA or the saline
group on day 28 (P < 0.0005) (Figure 3g). The damaged
area was not significantly greater in the d-BSA group than
in the saline group on days 7, 14, and 28. Glomeruloscle-
rosis was not observed in any group on days 7 and 14,
but was more prominent in the r-BSA group than in the
other two groups on day 28 (Figure 3i).

Macrophages were observed to have infiltrated the
interstitium in both the r-BSA and the d-BSA groups when
first examined on day 7. On day 14, the number of infil-
trated macrophages was higher in the r-BSA group than
in the d-BSA group, but the difference was not significant.
On day 28, however, this number was significantly higher
in the r-BSA group (Figure 3c) than in the d-BSA (Figure
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Figure 2. Levels of total urinary protein and urinary mouse albumin in Tg
mice. A: Levels of total urinary protein expressed as a ratio of total urinary
protein to urinary creatinine (mg/mg.cre), mean * SE. B: Levels of
urinary mouse albumin expressed as a ratio of urinary mouse albumin
to urinary creatinine (mg/mg.cre), mean = SE. *, P < 0.05 compared to
the saline group; t, P < 0.05 compared to the d-BSA group.

3f) or the saline group (41.3 = 5.3, 10.9 £ 2.5, and 0.1 =
0.0 in the r-BSA, d-BSA, and saline groups, respectively;
P < 0.0001) (Figure 3h).

Effect of hL-FABP Expression on the
Tubulointerstitial Injury
The body weight of Tg mice (g) used for the present

study did not differ significantly from that of their WT
littermates (Q).
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Figure 3. Histological evaluation of tubulointerstitial change and renal F4/80
immunostaining in mice with BSA-overload-induced proteinuria in Tg mice
(day 28). Representative photomicrographs of PAS-stained sections from
mice in the r-BSA (a, b) and d-BSA (d, e) groups, and renal F4/80 immu-
nostaining in the kidney of mice in the r-BSA (¢) and d-BSA (f) groups. F4/80
was expressed in the interstitium in both the r-BSA and the d-BSA groups.
The tubulointerstitial damage (g), the number of F4/80-positive cells that had
infiltrated the interstitium (h), and the glomerular injury (i) were semiquan-
tified as described in Materials and Methods; values are the mean = SE. *, P <
0.05 compared to the saline group; f, P < 0.05 compared to the d-BSA group.
Original magnifications: X100 (a, d); X400 (b, e); X200 (c, f).

Urinary Parameters

Both urinary BSA and urinary mouse albumin were not
significantly different between the Tg and the WT mice
during the experimental periods (Figure 4, a and b).

Serum Biochemistry

In both the Tg and the WT mice, the level of total serum
protein in the r-BSA group was significantly higher than

Table 2. Renal Function, Total Serum Protein, and Serum Lipid in the r-BSA, d-BSA, and Saline Groups on Days 7, 14, and 28

SUN, mg/dL Total protein, g/dL

Total cholesterol, mg/dL Triglyceride, mg/dL

Day 7 Day 14 Day 28 Day 7 Day 14 Day 28

Day 7 Day 14 Day 28 Day 7 Day 14 Day 28

r-BSA 33+2 41x2 45+8 64+02° 66=*02" 60+x04

d-BSA 26 +4 44+x3 39+3 59*+04" 72*+04" 71x03"

Saline 29+x2 37+2 32+1 44+x00 50*+00 49=*02

123 + 147 135+ 6*T 155 = 23*T 131+ 9
792 93 = 10 61+5
94 =1 98 =3 98 =5

102 =12 152 & 14*T
119+30 81=x22 79*12
8012 65*8 92 £ 10

*P < 0.05 compared to the saline group; T, P < 0.05 compared to the d-BSA group. Values are the mean + SE.
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Figure 4. Levels of total urinary protein and urinary mouse albumin in Tg
and WT mice. A: Levels of total urinary protein expressed as a ratio of
total urinary protein to urinary creatinine (mg/mg.cre), mean * SE. B:
Levels of urinary mouse albumin expressed as a ratio of urinary mouse

albumin to urinary creatinine (mg/mg.cre), mean * SE. *, P < 0.05
compared to the saline group.

that in the saline group on day 14 (Table 3). On day 28,
total protein in the r-BSA group was higher than that in the
saline group, but not significantly in both the Tg and the
WT mice. Total cholesterol and triglyceride of the r-BSA
group in the Tg mice were higher than that in the WT
mice, but not significantly.

The concentration of serum urea nitrogen in the Tg
mice did not differ significantly between the r-BSA and
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the saline groups. In the WT mice, that of the r-BSA group
increased significantly more than that of the saline group
on days 14 and 28. However, that in the Tg mice was
similar to that in the WT mice.

Renal Histological and Immunohistochemical
Evaluation

In both the WT (Figure 5a) and the Tg mice (Figure 5b),
the area of the tubulointerstitial damage was signifi-
cantly greater in the r-BSA group than in the saline
group on day 28 (Figure 5e). The damaged area in the
Tg mice was similar to that in the WT mice on day 14,
and was smaller than that in the WT mice, but not
significantly on day 28.

Glomerulosclerosis was not observed in the r-BSA
group of both the WT and the Tg mice on day 14, but was
more prominent in the r-BSA group than in the saline
group of each mouse on day 28. However the degree of
the glomerulosclerosis in the Tg mice was similar to that
in the WT mice (50 ® 4% and 43 * 7% in the Tg and the
WT mice, respectively; NS).

Macrophages infiltrated the interstitium in the r-BSA
group of both the WT (Figure 5¢) and the Tg (Figure 5d)
mice on days 14 and 28. On day 28, the number of
infiltrated macrophages was significantly higher in the
r-BSA group than in the saline group in both the Tg and
the WT mice (Figure 5f) (P < 0.05). That in the r-BSA
group was significantly lower in the Tg mice than in the
WT mice (89.5 = 4.7 and 68.3 = 9.4 in the Tg and the
WT mice, respectively; P < 0.05).

Northern Blot Analysis

In the Tg mice, renal expression of the hL-FABP gene
was similar among all three groups on day 7 (Figure 6, a
and b). Thereafter, expression of hL-FABP increased in
the r-BSA group and was significantly greater than in the
d-BSA or the saline group on days 14 and 28. The ex-
pression of hL-FABP was not significantly higher in the
d-BSA group than in the saline group on days 14 and 28.
In the WT mice, renal expression of the hL-FABP gene
was not induced by r-BSA (data not shown).

Table 3. Renal Function, Total Serum Protein, and Serum Lipid in the r-BSA and Saline Groups of Tg Mice and WT Mice on

Days 14 and 28

Tg mice WT mice

Saline Saline

r-BSA group group r-BSA group group

Day 14 Day 28 Day 28 Day 14 Day 28 Day 28

SUN (mg/dL) 43 x5 37 +2 27 =1 36 + 2 44 + 5* 24 + 1
Total protein (g/dL) 7.0+ 0.9 6.5+ 04 4.9 + 0.1 7.0 +0.3" 6.4+ 04 49+0.2

Total cholesterol (mg/dL) 122 =17 110+ 8 87 + 4 94 +7 109 = 18 85+ 4

Triglyceride (mg/dL) 107 £ 29 104 + 24 74 +8 76 7 112 + 28 62+5

*P < 0.05 compared to the saline group.
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Figure 5. Histological evaluation of tubulointerstitial change and renal F4/80
immunostaining in mice with BSA overload-induced proteinuria in Tg and
WT mice (day 28). Representative photomicrographs of PAS-stained sections
from mice in the r-BSA group (a, WT mouse; b, Tg mouse), and renal F4/80
immunostaining in the kidney of the r-BSA group in a WT mouse (¢) and in
a Tg mouse (d). F4/80 was expressed in the interstitium in both the Tg mouse
and the WT mouse. The tubulointerstitial damage (e) and the number of
F4/80-positive cells that had infiltrated the interstitium (f) were semiquanti-
fied as described in Materials and Methods; values are the mean * SE. *, P <
0.05 compared to the saline group; 1, P < 0.05 compared to the Tg mice.
Original magnifications: X100 (a—d).

Western Blot Analysis

Monoclonal antibody against hL-FABP, FABP-1, FABP-2,
and FABP-L, had no cross-reaction with the other family
proteins, such as hl-FABP (Figure 7a), hI-BABP (Figure
7b), hH-FABP (Figure 7c), and hE-FABP (Figure 7d).

Both FABP-1 and FABP-2 reacted with the recombi-
nant hL-FABP and the protein of the liver in the WT
mouse, while in the endogenous mouse L-FABP was
expressed (Figure 7e). FABP-L reacted with the recom-
binant hL-FABP, but not with the protein of the liver (Fig-
ure 7e). FABP-1 and FABP-2 had cross-reaction with the
endogenous mouse L-FABP, but did not FABP-L.

To investigate whether L-FABP is induced by the in-
jection of r-BSA in the kidney of the WT mice, FABP-2 was
used as a primary antibody of Western blot analysis. In
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group  group group
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Figure 6. Protein overload-induced expression of hL-FABP transcripts in Tg
mice. A: The expression of hL-FABP transcripts was examined by Northern
blot analysis. B: The level of hL-FABP transcripts was semiquantified as
described in Materials and Methods. Values are the mean = SE. *, P < 0.05
compared to the saline group; 1, P < 0.05 compared to the d-BSA group.

the kidney of the Tg mice, the expression of hL-FABP was
increased by injection of r-BSA. However, in that of the
WT mice, L-FABP was not induced by it (Figure 7f).
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Figure 7. Specificity of monoclonal antibodies against hL-FABP, FABP-1,
FABP-2, and FABP-L. a—d: Recombinant hI-FABP (a), recombinant hI-BABP
(b), the protein of human cardiac muscle (c), and the protein of human skin
(d) were electrophoresed and subjected to Western blot analysis using
FABP-1 (1), FABP-2 (2), FABP-L (L), and some antibodies as positive controls
(P). Rabbit polyclonal antibodies against hI-FABP, hI-BABP, hE-FABP, and
mouse monoclonal antibody against hH-FABP were used as primary anti-
bodies. e: Recombinant hL-FABP (H) and the protein of the livers in the WT
mice (L) were electrophoresed and subjected to Western blot analysis using
FABP-1, FABP-2, and FABP-L. f: The protein of the kidneys in the Tg and the
WT mice injected with r-BSA or saline (S) was electrophoresed and subjected
to Western blot analysis using FABP-2.



Tg: Saline group Tg: d-

BSA group
&

7,
didee

Immunohistochemical Evaluation of hL.-FABP

hL-FABP staining in the Tg mice was spread diffusely
through the cytoplasm of the proximal tubules in all three
groups on days 7, 14, and 28. The density of hL-FABP
staining in the proximal tubules was similar among the
three groups on day 7 (data not shown). Thereafter, its
density in the proximal tubules was more intense in the
r-BSA group than in the d-BSA or the saline group on
days 14 (Figure 8) and 28 (data not shown). In the WT
mice, hL-FABP staining was not observed in the r-BSA
group and the saline group on days 7 (data not shown),
14 (data not shown), and 28 (Figure 8).

Urinary Excretion of hL-FABP

Tg animals overloaded with r-BSA and d-BSA showed
almost the same high levels of urinary excretion of hL-
FABP on day 7 (1026 * 156 ng protein/mg cre and 863 *
191 ng protein/mg cre, respectively) (Figure 9). Thereaf-
ter, urinary excretion of hL-FABP differed significantly
(P < 0.05); in the r-BSA group, it increased and remained
high (7497 + 1888 ng/mg cre, 5884 = 1228 ng/mg cre,
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Figure 9. Levels of urinary excretion of hL-FABP expressed as a ratio of
urinary hL-FABP to urinary creatinine (ng/mg.cre) in Tg mice. Values are the
mean * SE. *, P < 0.05 compared to the saline group; t, P < 0.05 compared
to the d-BSA group.
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Tg: r-BSA '&%up WT r-BSA group

Figure 8. Photomicrographs of renal hL-FABP
immunostaining (day 14). Representative pho-
tomicrographs show immunostaining of hL-
FABP in the kidney of the saline (a, b), d-BSA (c,
d), and 1-BSA (e, ) groups in the Tg mouse, and
that of the r-BSA group (g, h) in the WT mouse.
Original magnifications: X40 (a, c, e, g); X100
(b, d, f h).

and 4459 + 1051 ng/mg cre on days 14, 21, and 28,
respectively), whereas in the d-BSA group, it did not
change significantly (879 = 279 ng/mg cre, 584 + 236
ng/mg cre, and 416 = 196 ng/mg cre on days 14, 21, and
28, respectively). Urinary excretion of hL-FABP in the
saline group remained low on all days. In the WT mice,
urinary hL-FABP was not detected in the r-BSA and the
saline groups.

Clinical Study

Correlation between Urinary Excretion of hL-FABP
and Clinical Parameters

We investigated whether there is a correlation between
urinary excretion of hL-FABP and other clinical parame-
ters in human with kidney disease (Figure 10), and found
that urinary excretion of hL-FABP was correlated signifi-
cantly with urinary protein (r = 0.68, P < 0.0001), urinary
NAG (r = 0.67, P < 0.0001), and creatinine clearance
(Ccr) (r = 0.49, P < 0.0001). By contrast, total cholesterol
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Figure 10. Correlation between urinary excretion of hL-FABP and other
clinical parameters. Urinary excretion of hL-FABP was correlated significantly
with urinary protein (7 = 0.68, P < 0.0001), urinary NAG (r = 0.67, P <
0.0001), and creatinine clearance (Ccr) (r = 0.49, P < 0.0001). By contrast,
total cholesterol was not correlated with urinary excretion of hL-FABP (r =
0.27, P < 0.0001).
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Figure 11. Correlation between urinary excretion of hL-FABP and the extent
of tubulointerstitial damage. Urinary excretion of hL-FABP was significantly
higher in patients with severe tubulointerstitial damage than in those with
mild or moderate tubulointerstitial damage (#, P < 0.005 mild group versus
severe group; *, P < 0.05 moderate group versus severe group).

was not correlated with urinary excretion of hL-FABP (r =
0.27, P < 0.0001).

Correlation between Urinary Excretion of hL-FABP
and Tubulointerstitial Damage

The ratio of the area of tubulointerstitial injury to the
whole cortical area was found to be correlated with the
level of urinary L-FABP (r = 0.33, P < 0.05), but not those
of urinary protein and urinary NAG (data not shown). In
addition, the level of urinary L-FABP was significantly
higher in individuals with severe tubulointerstitial damage
than in those with either mild or moderate damage
(54.3 = 20.1 ug/mg cre, 84.1 + 28.0 ug/mg cre, 333.8 +
146.5 pg/mg cre in mild, moderate, and severe groups,
respectively; P < 0.005 mild group versus severe group,
P < 0.05 moderate group versus severe group, and NS
mild group versus moderate group) (Figure 11).

Discussion

In the experimental model of protein overload nephropa-
thy, we demonstrated that, in comparison to the admin-
istration of FFA-depleted albumin, the administration of
FFA-replete albumin, which causes more severe tubulo-
interstitial damage, up-regulates expression of the hL-
FABP gene and increases urinary excretion of hL-FABP.
The number of infiltrated macrophages was significantly
lower in the Tg mice than in the WT mice. We also
demonstrated that urinary excretion of hL-FABP in pa-
tients with kidney disease is correlated with both urinary
protein and the severity of tubulointerstitial damage.
Thus, the present experimental model raises the hypoth-
esis that urinary excretion of hL-FABP reflects a stress
such as urinary protein overload on the proximal tu-
bules—a hypothesis that is supported by the clinical
observations.

In the experimental model using the Tg mice, levels of
total serum protein, levels of urinary BSA, and levels of
serum BSA were similar in the r-BSA and d-BSA groups
on day 7. This indicates that the amount of BSA that was

absorbed into the systemic circulation from the peritoneal
cavity, filtered through glomeruli, and loaded on the prox-
imal tubules was equivalent in the two groups. Urinary
excretion of BSA on day 14 was significantly higher in the
r-BSA group than in the d-BSA group. We previously
discussed that differences in BSA itself, such as its iso-
electric point, endotoxicity, cytotoxicity, and proximal tu-
bular uptake, are not likely to have an influence on its
urinary excretion."® The current results suggest that in the
early stages of the experiment, the amount of albumin
loaded on the proximal tubules was equivalent in the two
groups, whereas by day 14 the reabsorption of BSA had
decreased in the r-BSA group. Thus, we conclude that
the administration of FFAs bound to albumin damaged
proximal tubular function to a greater extent than did the
administration of pure albumin.

In the model using the Tg mice, the semiquantitative
histological analysis showed that by day 28 the r-BSA
group had developed significantly more severe tubuloin-
terstitial damage than either the d-BSA or the saline
group and that the number of infiltrated macrophages
was much larger in the r-BSA group than in the d-BSA
group. On day 28, the extent of glomerulosclerosis and
mesangial expansion was greater, and consequently the
levels of total serum protein were lower, in the r-BSA
group than in the d-BSA group. Other studies reported
that apoptosis was significantly increased in the r-BSA
group but not in the d-BSA group'®2" and that fibronectin
secretion, which was associated with accumulation of
tubulointerstitial matrix proteins, was induced by oleate
bound to albumin.'® The FFAs bound to albumin may be
more strongly related to the progression of kidney dis-
ease than is albumin itself.

Serum total cholesterol in the r-BSA group remained
higher than that in the d-BSA group on days 7, 14, and 28
(P < 0.05). These suggested that intraperitoneally in-
jected FFAs in the r-BSA group were used for the syn-
thesis of total cholesterol in the liver. Hypercholesterol-
emia was reported to cause interstitial inflammation and
fibrosis.®® As we could not exclude the possibility that
higher total cholesterol in the r-BSA group might play a
certain role in the development of tubulointerstitial dam-
age, we induced hypercholesterolemia (300 to 320 mg/
dl) in mice with a high-fat diet. These hypercholester-
olemic mice did not develop tubulointerstitial injury,
which indicated that total cholesterol level in the protein
overload model did not influence the progression of tu-
bulointerstitial injury (data not shown).

FABPs may play an important role of FFA delivery and
metabolic utilization.®"32 It has been hypothesized that
FABP protects vital cellular functions by binding intracel-
lular FFAs.2331-3% |n the proximal tubules, we investi-
gated the effect of hL-FABP expression on the tubular
damage induced by r-BSA. The levels of urinary protein
excretion and serum parameters were not significantly
different between the Tg and the WT mice. However,
L-FABP expression in the proximal tubules reduced mac-
rophage infiltration induced by r-BSA and mildly inhibited
the development of tubulointerstitial damage. We assume
that L-FABP may reduce accumulation of overloaded
FFAs in the proximal tubules, inhibit production of inflam-



matory factors, and attenuate macrophage infiltration.
However, there is an in vitro study suggesting that L-FABP
does not protect against cytotoxicity induced by FFAs in
the distal tubules, but not in the proximal tubules.3® Fur-
ther experiments are needed to further confirm the sig-
nificance of L-FABP in the proximal tubules under the
pathophysiological condition.

On day 7, urinary excretion of hL-FABP and expression
of the hL-FABP were similar in the r-BSA and d-BSA
groups. On day 14, however, when there was a signifi-
cant difference between the two groups in proximal tu-
bular function but not in renal structural disorder, urinary
excretion of hL-FABP and hL-FABP expression were sig-
nificantly higher in the r-BSA group than in the d-BSA
group. On day 28, when there was significantly more
severe tubulointerstitial damage in the r-BSA group than
in the d-BSA group, hL-FABP expression and urinary
excretion of hL-FABP remained high, in parallel with uri-
nary levels of BSA. These results indicate that stresses on
the proximal tubules, such as FFAs bound to albumin,
induce an up-regulation of hL-FABP gene expression and
accelerate the excretion of hL-FABP from the proximal
tubules, resulting in an increase in urinary excretion of
hL-FABP.

Because hL-FABP was detected in not only the kidney,
but also the liver and intestine of the Tg mice, serum
L-FABP was filtered through the glomeruli and might
influence urinary L-FABP. We measured serum hL-FABP
of the Tg mice injected with r-BSA or d-BSA on day 28,
when levels of urinary protein, urinary mouse albumin,
and urinary hL-FABP were significantly higher in the r-
BSA group than in the d-BSA group. Serum hL-FABP of
the former was similar to that of the latter (0.14 + 0.42
pg/ml and 0.09 = 0.29 pg/ml, respectively; NS). Further-
more, injection of r-BSA or d-BSA did not increase hL-
FABP expression in the liver of the Tg mice (data not
shown), whereas it increased in the kidney of the Tg
mice. Therefore, these results suggest that serum hL-
FABP levels do not influence urinary hL-FABP levels.

L-FABP is a member of the genetically related cytoso-
lic family of FABPs, which are known to bind intracellular
fatty acids and transport them to sites of FFA B-oxidiza-
tion (mitochondria or peroxisomes).*¢2” Transcription of
the L-FABP gene is promoted by FFAs.® Recently, it has
been reported that L-FABP transports FFAs from the cy-
tosol to the nucleus®?“° and that L-FABP interacts with
the nuclear protein peroxisome proliferator-activated re-
ceptors,*" which is a nuclear target of FFAs and initiates
the gene expression of enzymes involved in lipid metab-
olism.#243 |_-FABP may have an important role in fatty
acid homeostasis in the cytoplasm.?®?® |-FABP may
have the same functions in the proximal tubules that it has
in the liver and thus may be up-regulated by FFAs bound
to albumin (as in r-BSA) and promote FFA metabolism by
transporting them to the mitochondria, peroxisomes, or
nucleus.

FABPs from some tissues of different mammalian spe-
cies can show greater amino acid similarity and identity
than is observed among FABPs isolated from different
tissues of the same species.** Although L-FABP is not
expressed in mouse kidney under physiological condi-
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tions, it is possible that L-FABP expression may be in-
duced in mouse kidney by FFA overload in a protein
overload model. To discount this possibility, we gener-
ated a similar model of protein overload nephropathy in
the WT mice, and performed Western blot analysis and
immunohistochemistry with the anti-hL-FABP monoclonal
antibody established here, FABP-2, which had cross-
reaction with endogenous mouse L-FABP. Furthermore,
we measured the urinary excretion of hL-FABP in the WT
mice injected with r-BSA. However, we observed neither
induction of L-FABP in the proximal tubules nor urinary
excretion of hL-FABP in the WT mice. Thus, we conclude
that there is little possibility that mouse L-FABP influ-
enced our present results.

Because the Tg mice used in this study were gener-
ated by microinjection of the genomic DNA of hL-FABP
including its promoter region, it seems possible that the
transcription of the hL-FABP gene in the Tg mice might
be regulated by the same mode in humans. In the patho-
logical model of protein overload in these Tg mice, we
would expect that the dynamics of hL-FABP might reflect
its dynamics under similar pathophysiological conditions
in humans. Thus, expression of hL-FABP in human prox-
imal tubules may be up-regulated by increased urinary
protein and the excretion of hL-FABP into urine may be
accelerated.

Urinary protein has been widely confirmed as a factor
indicative of progressive tubulointerstitial injury. %272 In
patients with kidney disease, there was a significant cor-
relation of urinary L-FABP with levels of urinary protein
and with the extent of tubulointerstitial damage in renal
tissue. Other markers were not correlated with the extent
of tubulointerstitial damage. These results indicate that
an increase in urinary protein becomes a stress on the
proximal tubules and causes accelerated excretion of
hL-FABP from the proximal tubules into urine. The level of
urinary L-FABP reflects the extent of tubulointerstitial
damage. The clinical study advocates the hypothesis of
the experimental model—that is, urinary excretion of hL-
FABP reflects a stress such as urinary protein overload
on the proximal tubules. Furthermore, we recently re-
ported that only urinary hL-FABP was correlated with the
progression of chronic kidney disease.?” Thus, urinary
excretion of hL-FABP will probably serve as a useful
marker for tubulointerstitial damage in humans.

Urinary NAG, which reflects structural damage of tubular
cell, was measured in the r-BSA, the d-BSA, and the saline
groups of the Tg mice. The level of NAG in the r-BSA group
was higher than that in the d-BSA and the saline groups, but
not significantly (data not shown). However, in this experi-
mental study, we cannot completely deny the possibility
that such a tubular damage can be easily monitored by
measuring urinary NAG levels. In the clinical study, the
degree of the tubulointerstitial damage was correlated
with urinary L-FABP, but not with urinary NAG. We pre-
sume that the clinical significance of L-FABP may be
different from that of NAG.

The reason why an increase in urinary protein causes
hL-FABP to be excreted from the proximal tubules into
urine was not clarified in these studies. When an uncon-
trolled influx of FFAs into the proximal tubules occurs in
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massive proteinuria, hL-FABP not only might promote the
transport of FFAs to the mitochondria or peroxisomes, but
it also might bind FFAs and excrete them into urine to
maintain a low intracellular level of FFAs. Further studies
are needed, however, to clarify the exact mechanisms
underlying the increase in urinary excretion of hL-FABP.

In conclusion, our experimental model suggests that
the urinary excretion of hL-FABP reflects a stress, such as
urinary protein overload on the proximal tubules, that
causes tubulointerstitial damage. The clinical observa-
tions support this hypothesis and show that urinary hL-
FABP may be a useful clinical marker for kidney disease.
Taken together, these results bring new insight into our
understanding of the clinical implications of hL-FABP
expressed in the proximal tubules.
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