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Proteinuria is a major cause of tubulointerstitial kid-
ney damage, and free fatty acids bound to albumin
are thought to play an important role in its pathogen-
esis. However, the mechanism whereby proteinuria
causes tubulointerstitial damage to the kidney is un-
clear. Using primary human renal proximal tubular
cells, we observed that albumin replete with fatty
acids (rBSA) and defatted albumin (dBSA) complexed
with linoleic acid (LA) induced significantly more ap-
optosis than did defatted albumin alone. Oxidative
stress was partially involved in apoptotic induction
by LA/dBSA but not by rBSA. Administration of fatty
acid-bound BSA increased the number of lipid drop-
lets (LDs) and the LD-associated proteins, adipocyte
differentiation-related protein and TIP47. LDs are
organelles that store esterified fatty acids , and the
LD-associated proteins are presumed to facilitate LD
formation. Knockdown of adipocyte differentia-
tion-related protein or TIP47 by RNA interference
enhanced induction of apoptosis by both rBSA and
LA/dBSA. Apoptotic induction was observed similarly
when either rBSA or LA/dBSA was applied to only the
apical surfaces of polarized LLC-PK1 cells. The
present results suggest that LDs and LD-associated
proteins have protective effects against apoptosis in-
duced by fatty acid-bound albumin by sequestering free
fatty acids. Therapeutic manipulation of these LD-asso-
ciated proteins could aid in the amelioration of
nephritic diseases. (Am J Pathol 2008, 173:1286–1294;
DOI: 10.2353/ajpath.2008.080137)

Functional impairment of the kidney during glomerulone-
phritis correlates better with the degree of tubulointersti-

tial atrophy than glomerular alteration.1 Many studies
have shown that proteinuria is a major cause of damage
in the renal tubules and interstitium.2–4 Albumin is the
predominant protein in the urine of nephritic patients. In
vitro studies have shown that albumin affects intracellular
signaling pathways in proximal tubular epithelial cells,5,6

induces them to generate various chemoattractants and
extracellular matrices,7,8 and changes the balance be-
tween cell proliferation and cell death.9,10

The mechanism whereby proteinuria causes tubuloin-
terstitial damage is unclear. Although many studies have
concluded that albumin itself is important for the devel-
opment of the pathological changes, other studies have
inferred that free fatty acids (FFAs) bound to albumin play
critical roles.9–11 In mice, FFA-bound albumin caused
more severe tubulointerstitial damage, including cortical
apoptosis, than albumin depleted of FFA.12,13 Also, in
cultured proximal tubular cells (PTCs), FFA-bound albu-
min induced apoptosis by activating peroxisome prolif-
erator activated receptor (PPAR)-�.11 These results sug-
gest that FFAs are involved in the pathogenesis of
tubulointerstitial damage.

FFAs are potentially harmful to cellular functions, but
cells readily esterify them to form triacylglycerol and cho-
lesterol esters. The esters are then stored in lipid droplets
(LDs), consisting of a globular mass of lipid esters sur-
rounded by a phospholipid monolayer.14,15 In fact, ad-
ministration of FFAs increases the number and size of
LDs in many kinds of cells in culture, including PTCs.16

Recent studies revealed that a number of proteins are
associated with LDs, and that their expression is in-
creased on FFA loading. Furthermore, engagement of
LDs in intracellular lipid trafficking, lipid metabolism, sig-
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nal transduction, and other cellular functions has been
suggested.15,17–19

In view of the novel functions attributed to LDs and
LD-associated proteins, we aimed to study whether their
manipulation could modify the effect of FFAs on PTCs.
For this purpose, we used primary human PTCs and two
PTC lines and confirmed that albumin replete with FFAs
as well as defatted albumin complexed with long-chain
FFAs induced a higher degree of apoptosis than defatted
albumin alone. Using this experimental system, we found
that reduction of LD-associated proteins, ie, adipose dif-
ferentiation-related protein (ADRP) and TIP47, by RNA
interference increased apoptosis induced by FFA-bound
albumins. The result suggests that manipulation of LD-
associated proteins could be a potential target of thera-
peutic intervention for nephrotic diseases.

Materials and Methods

Reagents

Rabbit anti-human TIP47 antibody was raised as de-
scribed.20 Mouse anti-ADRP antibody (Progen; Rich-
lands BC, Queensland, Australia), and secondary anti-
bodies (Jackson ImmunoResearch, West Grove, PA;
Invitrogen, Carlsbad, CA; Pierce Chemical, Rockford, IL)
were obtained commercially. Bovine serum albumin re-
plete with FFAs (rBSA, catalog no. A9306; Sigma Chem-
ical, St. Louis, MO; and endotoxin �0.1 ng/mg, catalog
no. 013-15104; Wako Pure Chemical, Osaka, Japan), and
essentially FFA-free BSA (dBSA, catalog no. 017-15141;
Wako) were used. Oleic acids (OA, Sigma), linoleic acid
(LA, Sigma), and docosahexaenoic acid (DHA, Sigma)
were vigorously mixed with dBSA in phosphate-buffered
saline at a molar ratio of 6:1,21 filter-sterilized, and added
to culture media at the final fatty acid concentration of
400 �mol/L (OA, LA) or 100 �mol/L (DHA). This concen-
tration of FFA was used because the molar ratio of FFA to
albumin could reach up to 8.59,22 and the albumin con-
centration in the proximal tubular lumen could be as high
as 2.9 mg/ml, or 43 �mol/L.23 In the current experimental
condition, the BSA concentration was 4.4 mg/ml when the
fatty acid was used at 400 �mol/L. Vitamin E and desfer-
rioxamine were purchased from Sigma. The FFA content
of the rBSA preparation was analyzed by gas chroma-
tography by Mitsubishi Kagaku BCL Inc. (Tokyo, Japan).

Cell Culture

Human primary PTCs (RPTECs; Cambrex, Walkersville,
MD), showing characteristics of PTCs in vivo, were culti-
vated in renal epithelial cell basal medium (REBM, Cam-
brex) supplemented with REGM SingleQuots (0.5 �l/ml
hydrocortisone, 10 pg/ml hEGF, 0.5 �g/ml epinephrine,
6.5 pg/ml triiodothyronine, 10 �g/ml transferrin, 5 �g/ml
insulin, 50 �g/ml gentamicin, 50 pg/ml amphotericin B,
and 0.5% fetal bovine serum). HK-2 cells, an immortal-
ized human PTC line, were obtained from American Type
Culture Collection (Rockville, MD) and were cultured in
K1 medium. The K1 medium contained Ham’s F-12/Dul-

becco’s modified Eagle’s medium (1:1, Sigma), 12.5
mmol/L HEPES, 10% heat-inactivated fetal bovine serum
(JRH Biosciences Inc., Lenexa, KS), and select hor-
mones as described.24 LLC-PK1 cells, a pig PTC line,
were obtained from the Japanese Collection of Research
Bioresources (Tokyo, Japan), and grown in 199 medium
(AppiChem, Darmstadt, Germany) supplemented with
10% fetal bovine serum. LLC-PK1 cells were grown in
Transwell chambers (Corning, Corning, NY), and used for
experiments 3 days after reaching confluence. All of the
cells were kept at 37°C in 5% CO2/95% air.

Immunofluorescence Microscopy and Data
Analysis

Cells were fixed with 3% formaldehyde and 0.05% glu-
taraldehyde for 30 minutes, permeabilized with 0.01%
digitonin for 30 minutes, and treated with 3% BSA before
immunolabeling for ADRP and TIP47. LDs were stained
with BODIPY493/503 (Invitrogen). Images were obtained
with an Axiovert fluorescence microscope equipped with
Apotome (Carl Zeiss, Oberkochen, Germany) and ana-
lyzed with Image J software (National Institutes of Health,
Bethesda, MD) as described.18 Contrast and brightness
of micrographs were adjusted by Adobe Photoshop 7.0
for data presentation.

RNA Interference and cDNA Transfection

For RNA interference (RNAi), siGENOME duplexes
(Dharmacon Inc., Lafayette, CO) were used to knock
down the expression of TIP47 and ADRP. A control RNA
duplex, siControl nontargeting siRNA, was also obtained
from Dharmacon. RNAi was conducted by electropora-
tion using the Gene Pulser 2 system (Bio-Rad, Hercules,
CA).25 RPTECs (1.5 � 106) were electroporated (600 V,
exponential decay 300 ms, 1 pulse) with 10 �g of siRNA
in 400 �l of siPORT siRNA electroporation buffer (Am-
bion, Austin, TX) using 2-mm electroporation cuvettes.
Cells were analyzed 3 days after RNAi.

Human ADRP and TIP47 cDNAs were cloned by poly-
merase chain reaction and inserted into the pcDNA3.1
vector (Invitrogen). The plasmid vectors were introduced
into the cells by Lipofectamine2000 (Invitrogen), and the
cells were analyzed 3 days later. The transfection proto-
col was optimized by using pEGFP-C1 vector (Clontech,
Mountain View, CA), and the efficiency was estimated as
�60%.

Western Blotting

Total cell lysates were prepared in a sodium dodecyl
sulfate-sample buffer, an equal amount of protein (30 �g)
was electrophoresed in 15% acrylamide gels, and the
protein was transferred to nitrocellulose membranes. The
blots were incubated with primary antibodies followed by
horseradish peroxidase-conjugated secondary antibod-
ies. The reaction was detected with the SuperSignal West
dura extended duration substrate (Pierce).
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Apoptosis and Cell Viability Assays and
Thiobarbituric Acid Reactive Substance
(TBARS) Assay

DNA fragmentation was detected by terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL) using an ApoAlert DNA fragmentation kit (Clon-
tech). Nuclei were counterstained with 4,6-diamidino-2-
phenylindole. More than five areas, each containing 30 to
170 cells, were randomly selected for each sample under
identical microscopic settings. The ratio of positive cells
was counted and given in percentages.

Activated caspases were detected by the CaspACE
FITC-VAD-FMK in situ marker (Promega, Madison, WI)
that was added directly to living cells and incubated for
20 minutes. The cells were then fixed and observed with
a microscope. For flow cytometric analysis, cells were
detached from the substrate by a trypsin-ethylenediami-
netetraacetic acid solution after fixation and all of the
cells were subjected to analysis in a FACSCalibur cytom-
eter (Becton Dickinson, Franklin Lakes, NJ). Fluores-
cence was excited at 488 nm and measured at 530 nm.
For each experiment, control samples obtained from cells
cultured in the complete medium containing 10% FCS
were analyzed along with the experimental groups, and a
threshold was set so that 1% of the control cells were
classified as apoptotic. Cell viability was determined with
the Cell Counting Kit 8 (Wako). The amount of TBARS
including lipid hydroperoxides, which increase as a result
of oxidative stress, was measured by the TBARS assay kit
(Cayman Chemical, Ann Arbor, MI).

Statistical Analysis

Where appropriate, experimental data were analyzed by
unpaired t-tests, assuming unequal variance. A P value
of �0.05 was considered statistically significant.

Results

FFA-Bound Albumin Induces Apoptosis in
Cultured PTCs

We first tested whether FFAs induce apoptosis of cul-
tured human PTCs (RPTECs). Because albumin itself
could induce apoptosis, we compared the effect of FFA-
free BSA versus the same concentration of FFA-bound
BSA using two different combinations: first, dBSA that
was depleted of FFAs was compared with the same
concentration (4.4 mg/ml) of dBSA prebound with linoleic
acid (18:2) or oleic acid (18:1) (LA/dBSA, OA/BSA; FFA
concentration, 400 �mol/L); second, dBSA and rBSA at
30 mg/ml were compared. Gas chromatographic analy-
sis revealed that the medium with 30 mg/ml of rBSA
contained �380 �mol/L FFAs, among which 56.6% (w/w)
were saturated, ie, stearate, palmitate, and myristate, and
the rest were unsaturated, ie, linoleate and oleate. An
albumin concentration of 30 mg/ml is higher than that is
found in the normal proximal tubule lumen in vivo, but was

necessary to reproduce the FFA concentration seen in
the nephrotic renal tubule.11 The ratio of apoptotic cells
was examined by TUNEL staining (Figure 1, A and B) and
fluorescence microscopic analysis of the caspase
marker (FITC-VAD-FMK) (Figure 1, C and D). Both assays
showed that LA/dBSA and rBSA induced a significant
increase in apoptosis compared to dBSA at the same

Figure 1. Fatty acids bound to BSA increase apoptosis in human PTCs
(RPTECs). Human PTCs, cultured in medium containing 0.5% FCS, were
treated with five different combinations of BSA and FFAs for 24 hours: i)
dBSA (4.4 mg/ml); ii) 400 �mol/L LA/dBSA (BSA concentration, 4.4 mg/ml);
iii) 400 �mol/L OA/BSA (BSA concentration, 4.4 mg/ml); iv) dBSA (30
mg/ml); and v) rBSA (30 mg/ml; FFA concentration, 380 �mol/L). A and B:
TUNEL assay; C and D: FITC-VAD-FMK assay. A and C: Photographs show
representative areas. B and D: The number of positive cells were counted in
eight random areas in three independent experiments and averaged (mean �
SD, **P � 0.01). In controls, no protein was added to the culture medium.
Both assays showed that LA/dBSA and rBSA significantly increased apoptosis
compared to dBSA at the same concentration. Scale bars � 10 �m.
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concentration. OA/BSA caused a slight increase in apo-
ptosis, but the difference was not statistically significant.
The result indicates that, irrespective of whether BSA
alone can induce apoptosis, FFAs bound with BSA can
exert additional effects to induce apoptosis of human
PTCs, and that the amount of FFAs included in the normal
rBSA preparation was sufficient for the effect. This may
explain the origin of oval fat bodies in the urine, which are
likely to be cell debris after fatty degeneration.26 The
observed apoptosis did not occur because of lipopoly-
saccharide contaminating BSAs,27 because rBSA with
little endotoxin contamination (�0.1 ng/mg, A9306;
Sigma) caused apoptosis in the present experiment.

The effect of FFAs was also examined using human
HK-2 cells, which have been used as a model of PTCs in
many studies.28–30 An increase in the apoptotic ratio
(Figure 2B) and a decrease in the surviving cell ratio
(Figure 2A) were observed by FFA treatments. The rela-
tively low apoptotic ratio in HK-2 cells was probably
because they are transformed cells. Nonetheless, the
result was essentially the same as that obtained in human
PTCs. We further examined the dose effect of rBSA on
apoptotic induction. As shown in Figure 2C, the apoptotic
ratio increased in a dose-dependent manner, and at any
concentration the effect was larger than dBSA at the
same concentration.

We also examined the effect of FFAs that was applied
only to the apical surface of the polarized PTC using
LLC-PK1 cultured on a Transwell filter support. This ex-
periment was done because PTC in vivo is the simple
epithelium with a tight intercellular barrier and FFA-bound
albumin bathes the apical surface alone in nephrosis.
Formation of an impermeable monolayer was confirmed
both by the trans-epithelial resistance measurement and
by immunofluorescence microscopy of ZO-1 (data not
shown). When various BSA preparations were added to
the apical chamber, rBSA and LA/dBSA, but not OA/
dBSA, increased the apoptotic ratio than dBSA in both
TUNEL and FITC-VAD-FMK assays (Supplementary Fig-
ure S1, see http://ajp.amjpathol.org). This result showed
that exposure of the apical surface of polarized epithelial
cells to FFAs is sufficient to induce apoptosis.

FFA-Bound Albumin Increases LDs, ADRP,
and TIP47 in Human PTCs

In many cell types including PTCs,16 FFAs were shown to
increase the total volume of LDs and expression of LD-
associated proteins. We examined whether similar in-
creases occur in human PTCs using the above treat-
ments that induced apoptosis. In human PTCs treated
with dBSA alone, either at 4.4 mg/ml or 30 mg/ml, LDs
were hardly visible by BODIPY493/503 staining, and la-
beling for ADRP or TIP47 was negligible (Figure 3A). After
treatment with LA/dBSA, OA/BSA, or rBSA, LDs were
clearly observed and were positively labeled for ADRP
and TIP47. Quantification of the labeling intensity in ran-
domly taken fluorescence micrographs showed that both
ADRP and TIP47 labeling in LDs increased after FFA-
bound albumin treatment (Figure 3, B and C). A very

similar result was obtained in HK-2 cells and after the
DHA/dBSA treatment (data not shown). TIP47 can exist
stably both as soluble and LD-bound forms, and is rap-
idly recruited from the cytosol to LDs when FFAs are
administered.31,32 On the other hand, ADRP exists in LDs
constitutively and is a more reliable marker for estimating
the amount of LDs. Consistent with this, Western blotting
showed that the total expression of ADRP was greater in
cells treated with rBSA than in those treated with dBSA,
whereas the expression of TIP47 was not significantly
different in the two samples (Figure 3D). An increase of
ADRP in LA/dBSA- and OA/dBSA-treated cells was also
confirmed by Western blotting (data not shown).

Figure 2. Apoptosis in HK-2 cells. A: HK-2 cells, preincubated for 24 hours
in serum-free medium, were treated with dBSA (4.4 mg/ml), LA/dBSA,
OA/dBSA (FFAs, 400 �mol/L; BSA, 4.4 mg/ml), dBSA (30 mg/ml), or rBSA
(30 mg/ml; FFA concentration, 185 �mol/L) for another 24 hours. Cell
survival was analyzed with the Cell Counting Kit 8. The number of surviving
cells are shown as a ratio to that of control cells kept in 10% FCS. The results
of nine samples obtained in three independent experiments were averaged
(mean � SD, *P � 0.05, **P � 0.01). B: HK-2 cells treated in the same manner
as described in A were analyzed by TUNEL assay. The number of positive
cells was counted in eight random areas in three independent experiments
and averaged (mean � SD, *P � 0.05). C: HK-2 cells were preincubated for
24 hours with 0.5% lipoprotein-deficient serum (LPDS), treated with dBSA or
rBSA (5, 15, 30, 60 mg/ml) for another 24 hours, stained by FITC-VAD-FMK,
and analyzed by flow cytometry. Control cells were kept in 0.5% LPDS
without any further additions. Results obtained in three independent exper-
iments were averaged (mean � SD, *P � 0.05, **P � 0.01).
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Antioxidants Suppress FFA-Induced Apoptosis
to Various Extents

Polyunsaturated FFAs (PUFAs) are substrates of iron-
dependent peroxidation reactions that give rise to lipid
peroxides, or reactive lipid oxygen species, and increase
oxidant stress.33,34 To explore whether lipid peroxidation
is involved in FFA-induced apoptosis, we examined the
effect of antioxidants: vitamin E (120 �mol/L) and desfer-
rioxamine (100 �mol/L), a specific chelator for iron that
inhibits iron-dependent lipid peroxidation,35 were used.
After preincubation with vitamin E or desferrioxamine for
1 hour, human PTCs were treated with LA/dBSA or rBSA
for another 24 hours in the continued presence of antiox-
idant. Apoptosis induced by LA/dBSA was suppressed
by incubation with either vitamin E or desferrioxamine
(Figure 4A), but was still significantly more than that
caused by dBSA alone (Figure 4B). In contrast, apoptosis
induced by rBSA was not affected by the presence of
antioxidants (Figure 4C). Similar results were obtained in
HK-2 cells by flow cytometry after FITC-VAD-FMK stain-
ing (data not shown). Interestingly, apoptosis caused by
DHA/dBSA in HK-2 cells was completely suppressed by
antioxidants (Supplementary Figure S2, see http://ajp.
amjpathol.org). Consistent with these results, the TBARS
assay showed that DHA/dBSA is the strongest oxidative
stress, whereas LA/dBSA is significantly weaker than
DHA/dBSA, and rBSA was comparable to dBSA (Supple-
mentary Figure S2C, see http://ajp.amjpathol.org). The
results corroborate that lipid peroxidation is the major
cause of apoptotic induction by polyunsaturated (24:6)
DHA/dBSA, whereas it is only partially involved in the
induction by LA/dBSA containing two unsaturated bonds
(18:2) and is not related to the induction by rBSA primarily
consisting of saturated fatty acids.

Knockdown of ADRP and TIP47 Augments
FFA-Induced Apoptosis

The experiments described above show that treatment
with FFA-bound albumin increases LD formation and ap-
optosis in PTCs. By storing excess FFAs as lipid esters,
LDs are thought to protect cells against the toxicity of
FFAs.36 This led to speculation that manipulation of LD
formation may influence the outcome of FFA loading. To
test this hypothesis in PTCs, we knocked down expres-
sion of ADRP and TIP47 by RNAi and examined the effect
on FFA-induced apoptosis.

The RNAi procedure using electroporation significantly
decreased the expression of both ADRP and TIP47 in
human primary PTCs, although the effect was consis-
tently more pronounced for TIP47 than for ADRP (Figure

and TIP47 (C) by immunofluorescence microscopy was quantified
(mean � SD). Results obtained in three independent experiments were
averaged. Eight areas were randomly chosen and photographed at the
same setting. The ordinate is the percentage of pixels that shows the
labeling more intense than a threshold (mean � SD, **P � 0.01) D:
Western blotting of ADRP and TIP47 using the total cell lysate. Treatment
with rBSA (30 mg/ml) drastically increased the expression of ADRP,
whereas the influence on TIP47 expression was minimal. Equal amounts
(30 �g) of protein were loaded in each lane. Scale bar � 5 �m.

Figure 3. LDs and LD-associated proteins in human PTCs (RPTECs) increase
significantly on treatment with FFAs bound to BSA. A: Human PTCs were
treated with dBSA (4.4 mg/ml), LA/dBSA, OA/dBSA (FFAs, 400 �mol/L; BSA,
4.4 mg/ml), dBSA (30 mg/ml), or rBSA (30 mg/ml) for 24 hours as described
in Figure 1. LDs were stained by BODIPY493/503 (green), whereas ADRP
(blue) and TIP47 (red) were labeled with antibodies. A merged picture
showed clearly that ADRP and TIP47 co-localize in the same LDs. Treatment
with LA/dBSA, OA/dBSA, or rBSA significantly increased the labeling inten-
sity of LDs, ADRP, and TIP47. B and C: The labeling intensity of ADRP (B)
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5A). Two days after RNAi, the cells were treated with
LA/dBSA or rBSA, and the apoptotic ratio was examined
24 hours later by the TUNEL assay. The apoptotic ratio
was compared between cells transfected with random
control siRNA and those treated with siRNAs specific for
ADRP or TIP47. Knockdown of either ADRP or TIP47
significantly increased the ratio of apoptotic cells that
were induced by both LA/dBSA (Figure 5B) and rBSA
(Figure 5C). A similar result was obtained by quantifying
the nuclear condensation after the 4,6-diamidino-2-phe-
nylindole staining (Supplementary Figure S3, see http://
ajp.amjpathol.org). A basal level of apoptosis observed in
the presence of dBSA was not changed by the RNAi
procedure. A similar result was obtained in HK-2 cells
that were subjected to RNAi and examined by flow cy-
tometry after FITC-VAD-FMK staining (data not shown).
These results suggest that endogenous ADRP and TIP47
may protect cells from apoptosis by augmenting storage
of FFAs as lipid esters in LDs.

Discussion

In the present study, we first showed that dBSA bound
with LA or rBSA induced more apoptosis than dBSA at
the same concentration using three different cell prepa-
rations: human primary PTCs and two immortalized cell
lines derived from PTCs, HK-2 and LLC-PK1. Second, we
demonstrated that knockdown of either ADRP or TIP47
aggravated FFA-induced apoptosis, suggesting a pro-
tective role of those LD-associated proteins in PTCs.

Concerning the first point, the result of LLC-PK1 cells is
important because they retain the apico-basolateral po-
larization when cultured on semipermeable supports and
form tight junctions to demarcate the apical and basal
fluid compartments. During nephrosis, a drastic increase
in protein concentration in the renal tubular fluid causes
various changes in the epithelial cells, whereas the ba-
solateral environment should remain primarily unaffected
at least during the initial stage. This condition could be
produced in vitro by adding BSA to only the apical com-
partment of polarized LLC-PK1 cells. In the present ex-

periment, apoptosis was similarly induced in nonpolar-
ized human PTCs and HK-2 cells that were exposed to
FFA-bound BSAs on all surfaces. But in other experimen-
tal conditions, loss of polarization could cause changes
in cellular reactions. Conflicting results have been re-
ported concerning the effect of BSA on cultured renal
tubular cells,7,9–11 and we speculate that some of these
discrepancies could be related to lack of cellular polar-
ization in the experimental systems.

FFAs can induce apoptosis through different path-
ways, and the pro-apoptotic potency of each FFA may
vary depending on the cell types.36 In the present study,
rBSA and LA/dBSA caused more apoptosis than OA/
dBSA in PTCs. Because the induction of apoptosis by
DHA/dBSA in HK-2 cells was completely suppressed by
either the antioxidant vitamin E or the iron-chelator des-
ferrioxamine, oxidative stress appears to be the major
cause of apoptosis in this case, as previously suggested.37

However, apoptosis caused by LA/dBSA was only par-
tially suppressed by these reagents, and apoptosis
caused by rBSA, primarily bound with saturated FFAs,
was not affected at all. This result suggests that oxidative
stress is a major effect that PUFAs exert on cells, but that
FFAs with less unsaturation induce apoptosis by other
mechanisms. That is, if human serum albumin is primarily
bound with saturated FFAs as rBSA, antioxidants would
not be effective to block apoptosis in PTCs of the ne-
phrotic kidney.

In many cases including the present study, OA has
been shown to be less toxic than saturated FFAs or
PUFAs.38 It may be partly because monounsaturated OA
may not generate strong oxidative stress and is not a
precursor for ceramide synthesis.38 Additionally, OA may
counterbalance its toxicity by promoting LD formation,
thereby reducing the FFA concentration.36 This supposi-
tion can be extended to other FFAs, and we speculated
that the proapoptotic potency of each FFA can be deter-
mined by the balance between its toxicity and ability to
induce LD formation. From this viewpoint, we hypothe-
sized that reduction of the LD-associated proteins, ADRP
and TIP47, would compromise the capacity of cells to

Figure 4. Increased FFA-induced apoptosis persists in the presence of antioxidants. Human PTCs were preincubated with 120 �mol/L vitamin E (VE) or 100
�mol/L desferrioxamine (DFX) for 1 hour, and were then incubated with LA/dBSA (LA, 400 �mol/L; BSA, 4.4 mg/ml) or rBSA (30 mg/ml) for 24 hours. Apoptosis
was measured by the TUNEL assay. A: Vitamin E and desferrioxamine significantly decreased apoptosis induced by LA/dBSA. B: Even in the presence of vitamin
E or desferrioxamine, LA/dBSA caused a higher ratio of apoptotic cells than dBSA alone. C: Apoptosis induced by rBSA was not significantly reduced by vitamin
E or desferrioxamine. Results obtained in three independent experiments were averaged (mean � SD; *P � 0.05, **P � 0.01).
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store lipid esters and increase apoptosis on administra-
tion of FFAs. As expected, when either ADRP or TIP47
was down-regulated by RNAi, apoptosis induced by LA/
dBSA or rBSA was significantly enhanced. The effect on
apoptosis was more consistently observed with TIP47
RNAi than with ADRP RNAi. This difference could result
from potential critical roles played by TIP47 in sequester-
ing FFAs to LDs, but it may simply be explained by the
fact that knockdown of TIP47 was more efficient than
ADRP.

ADRP has been presumed to be involved in the gen-
eration of LDs.21,39,40 Consistent with this supposition,
ADRP-null mice show a drastic reduction of LDs and lipid
esters in the liver.41 Perilipin, a LD-associated protein
expressed in adipocytes and steroidogenic cells, pre-
vents cytosolic hormone-sensitive lipases from acting on
lipid esters in LDs.42,43 ADRP may also have a similar
protective role against lipases,44 and may also reduce
the cytotoxic effect of FFAs by functioning in LDs in an
undefined manner. On the other hand, the function of
TIP47 with regards to LDs is unclear,18,31,45 whereas its
involvement in recycling of the mannose-6-phosphate
receptor from endosomes to the trans-Golgi network has
been reported.46 TIP47 shows significant similarity to
ADRP both in amino acid sequence and three-dimen-
sional structure45,47 and is likely to have a related func-
tion in some aspect of lipid metabolism. Even though the
molecular mechanism is not clear, we speculate that
reduction of ADRP and TIP47 compromised the ability of
cells to sequester FFAs as lipid esters and thus led to an
increase in FFA-induced apoptosis in PTCs (Figure 6).

We expected that cDNA transfection of ADRP or TIP47
would provide a protective effect against FFA-induced
apoptosis, but it did not cause a significant change in
HK-2 cells (data not shown). We speculate that this neg-
ative result was primarily attributable to the low level of
protein overexpression after cDNA transfection (data not
shown). Expression of ADRP is posttranslationally regu-
lated through polyubiquitylation and proteasomal degra-
dation.48,49 Without binding to LDs, they are likely to be
short-lived, and thus an introduction of cDNA did not lead
to a significant increase of protein. The regulatory mech-
anism of TIP47 protein expression is not known, but the
lack of a significant increase in expression after cDNA
transfection suggests a similar mechanism. Additionally,
different LD-related proteins may cooperate with each
other, such that they may need to be simultaneously over-
expressed to be truly functional. That is, if expression of
ADRP, TIP47, and some other proteins can be physiologi-
cally increased, they may give rise to an increase in pro-
tective function. In this context, it is noteworthy that PPAR
ligands inhibited progression of diabetic nephropathy50–52

and experimental glomerulonephritis.9,53 This phenotype
may be the result of an increase of not only ADRP but also
other LD-related proteins.15,54,55

The present study shows that FFAs bound to BSA
induce apoptosis in PTCs, and that reduction of ADRP or
TIP47 further increases the ratio of apoptotic cells. This
result does not exclude the possibility that high concen-
trations of urinary proteins alone can affect renal tubular
cells in the nephrotic kidney. Most importantly, this study

Figure 5. Knockdown of ADRP or TIP47 augments FFA-induced apoptosis
in human PTCs (RPTECs). A: Western blotting showed that expression of
ADRP and TIP47 in human PTCs was reduced significantly by RNAi. Equal
amounts (30 �g) of total cell lysate were electrophoresed and probed with
antibodies to ADRP, TIP47, PDI, ERp72, and �-actin. The RNAi of ADRP and
TIP47 reduced expression of respective protein significantly, but did not
affect other proteins. Results obtained from three independent experiments
were averaged and shown in the bar graph (mean � SD). B and C: Human
PTCs were transfected with either random, ADRP, or TIP47 siRNA, and then
challenged with LA/dBSA, rBSA, or dBSA. Apoptosis was measured by the
TUNEL assay. The result is shown as the average of four independent
experiments (mean � SD, **P � 0.01). B: Knockdown of either ADRP or
TIP47 increases apoptosis induced by LA/dBSA (LA, 400 �mol/L; BSA, 4.4
mg/ml), whereas it does not influence the basal level of apoptosis observed
in the presence of dBSA (4.4 mg/ml). C: The knockdown also increased
apoptosis by 30 mg/ml of rBSA, but it did not affect the apoptotic ratio in cells
treated by the same concentration of dBSA.
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demonstrates for the first time that LD-associated pro-
teins play some protective role against FFA-induced cy-
totoxicity in PTCs. Furthermore, it reveals that the cellular
toxicity of FFAs is heterogeneous and not linearly corre-
lated with the number of double bonds. The result sug-
gests that the prognosis for nephrosis may vary depend-
ing on the expression level of LD-associated proteins and
composition of FFAs bound to serum proteins. It also
suggests that LD-associated proteins and their regula-
tory mechanisms may be used as targets of therapeutic
intervention for nephrotic diseases. We hope that the role
of LD-associated proteins in PTCs will be confirmed in
animal experiments and translated to clinical applications
in the near future.
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