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2019.—Albuminuria is frequently associated with proximal tubule
(PT) cytotoxicity that can feed back to cause glomerular damage and
exacerbate kidney disease. PT cells express megalin and cubilin
receptors that bind to and internalize albumin over a broad concen-
tration range. How the exposure to high concentrations of albumin
leads to PT cytotoxicity remains unclear. Fatty acids and other ligands
bound to albumin are known to trigger production of reactive oxygen
species (ROS) that impair PT function. Alternatively or in addition,
uptake of high concentrations of albumin may overload the endocytic
pathway and elicit downstream responses. Here, we used a well-
differentiated PT cell culture model with high endocytic capacity to
dissect the effects of albumin versus its ligands on endocytic uptake
and degradation of albumin, production of ROS, and cell viability.
Cellular responses differed dramatically, depending on the preparation
of albumin tested. Knockdown of megalin or cubilin failed to prevent
ROS production mediated by albumin ligands, suggesting that recep-
tor-mediated internalization of albumin was not necessary to trigger
cellular responses to albumin ligands. Moreover, albumin induced
cytotoxic responses when added to the basolateral surface of PT cells.
Whereas overnight incubation with high concentrations of fatty acid-
free albumin had no overt effects on cell function or viability,
lysosomal degradation kinetics were slowed upon longer exposure,
consistent with overload of the PT endocytic/degradative pathway.
Together, the results of our study demonstrate that the PT responds
independently to albumin and to its ligands and suggest that the
consequences of albumin overload in vivo may be dependent on
metabolic state.
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INTRODUCTION

The glomerulus and proximal tubule (PT) of the kidney
coordinately prevent the excretion of plasma proteins in the
urine. The glomerular filtration barrier efficiently excludes
most plasma proteins; those that normally escape filtration are
recovered by PT cells. Disruption of the glomerular barrier, as
occurs in nephrotic disease, results in high tubular concentra-
tions of albumin and other serum proteins that can overwhelm
the capacity for PT uptake and also trigger PT cell damage (7).

In turn, injured PT cells can activate downstream inflammatory
responses that further degrade glomerular function (15, 25).

Why is exposure of PT cells to serum proteins so damaging,
when many cell types are continuously bathed in this fluid? At
least some of the cytotoxicity can be recapitulated simply by
incubating PT cells in high levels of albumin, the most abun-
dant protein in serum. Albumin, present at �40 mg/mL,
maintains oncotic pressure in the serum and is a carrier of
numerous hydrophobic or amphipathic molecules, including
steroid hormones, fatty acids, and heme (11). An emerging
idea is that some of the ligands bound to albumin trigger toxic
responses (1). Additionally, uptake of high concentrations of
even free albumin (not complexed with any ligands) might
impair the function of PT endocytic and degradative pathways.
Understanding the differential cellular responses to albumin
and its ligands is essential for determining approaches to treat
proteinuric conditions initiated by different insults. However,
dissecting the role of albumin versus its bound ligands in PT
toxicity has proven challenging, and it is increasingly clear that
the use of undefined albumin preparations and quantitation of
different outcome measures can lead to discrepant conclusions
(4, 11, 31, 35).

Albumin is normally taken up by the PT via megalin and
cubilin receptors that are abundantly expressed in PT cells in
vivo and believed to recycle constitutively (10, 29). Whether or
how albumin uptake via these receptors contributes to PT
cytotoxic responses is not known. Several studies have dem-
onstrated that PTs in vivo and immortalized PT cells are
sensitive to BSA-mediated inflammasome activation, apopto-
sis, oxidative stress, and impaired lysosomal function (7, 8, 20,
26). Moreover, Liu and colleagues (26) demonstrated that
knockdown of megalin or cubilin blocked inflammasome ac-
tivation and cytokine maturation in HK-2 cells exposed to fatty
acid-free BSA (FAF-BSA).

Another unresolved question is whether albumin overload
triggers compensatory changes in endocytosis and/or megalin/
cubilin receptor expression. Immunohistochemical staining of
human kidney sections suggest a small increase in cubilin
receptor expression in tissue subject to nephrotic conditions
(41). In concordance with this, Liu et al. (26) observed in-
creased levels of megalin and cubilin in rats injected daily for
9 wk with FAF-BSA. In contrast, other studies in mice found
no effect of megalin or cubilin expression under overload
conditions (23, 30). Yet another study (37) reported disease-
specific variations in megalin versus cubilin expression and
distribution. Among many other possible reasons, temporal
responses during the course of disease may contribute to these
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discrepant findings. Indeed, changes in the temporal response
to albumin have been reported in vitro. HK-2 cells treated for
up to 24 h with BSA expressed increased amounts of megalin
and cubilin, whereas longer albumin exposure or treatment
with concentrations above 20 mg/mL resulted in reduced
receptor expression (26, 41). Understanding how the PT endo-
cytic pathway responds to changes in lumenal protein content
is important for designing therapies to limit kidney damage in
proteinuric states.

We recently developed an opossum kidney (OK) cell model
cultured under continuous shear stress that recapitulates key
features of PT function, including well-differentiated apical
and basolateral plasma membrane domains, increased energy
utilization and ion transport, and dramatically expanded apical
endocytic capacity (27). Similarly to the PT in vivo, these cells
rely on oxidative metabolism for energy production, thus
enabling us to better address the specific role of fatty acid
ligands carried by albumin in overload responses (34). Using
this model, we asked how exposure to nephrotic concentrations
of human serum (HuSer), to FAF-BSA, or to BSA complexed
with different ligands affects cellular outcomes known to be
associated with proteinuria. Our results suggest that cell via-
bility, endocytic responses, and increases in mitochondrial
reactive oxygen species (ROS) production are discoordinately
regulated by albumin ligand content. Moreover, knockdown of
either megalin or cubilin did not prevent the toxic effects on
ROS production, suggesting that endocytic uptake of albumin
is not required to elicit cytotoxic responses. Our results are
important for understanding how the PT responds to overload
resulting from numerous pathological states, including diabe-
tes, hemolysis, and heavy metal poisoning.

MATERIALS AND METHODS

Cell culture and albumin treatment. OK cells (RRID:CVCL_0472)
were cultured in DMEM-F-12 medium with 5% FBS (Atlanta Bio-
logicals) and 5 mM GlutaMAX (GIBCO). For experiments, unless
otherwise indicated, cells (4 � 105) were plated on 12-mm Transwell
(0.4-�m pore) polycarbonate membrane inserts (no. 3401, Corning) in
a 12-well plate with 0.5 mL of apical and 1.5 mL of basolateral culture
medium. The following day, cells were transferred to an orbital shaker
set at 146 rpm in the incubator and allowed to grow for an additional
3–4 days with daily medium changes, as previously described (27).

Lipid loading. FAF-BSA (A7030, Sigma) was loaded with sodium
palmitate (P9767, Sigma) or oleic acid (O1008, Sigma) at a 6:1 ratio
of lipid-FAF-BSA. Briefly, 9.1 mM solutions of sodium palmitate or
oleic acid and 1.5 mM FAF-BSA (BSA concentration of 100 mg/mL)
were made in PBS�/�. Each lipid was incubated with equal volumes
of FAF-BSA at 37°C for 1 h with intermittent agitation, resulting in
a 6:1 solution of lipid-FAF-BSA that was 50 mg/mL for BSA. Cells
were incubated as indicated with 6:1 sodium palmitate-FAF-BSA or
6:1 oleic acid-FAF-BSA at a final concentration of 20 mg/mL BSA.

Quantitation of endocytic uptake. Cells cultured on Transwell
supports as above and pretreated with 20 mg/mL albumin or normal
HuSer (no. H4522, diluted 1:1 into serum-free medium, Sigma) as
described above were incubated in serum-free medium with 40
�g/mL Alexa Fluor 647-albumin for 30–60 min at 37°C on an orbital
shaker in the incubator and then washed with PBS and solubilized.
Cell-associated fluorescence was quantified by spectrofluorimetry and
normalized to protein recovery measured by the Lowry assay.

siRNA knockdown of megalin and cubilin. OK cells (4 � 105) were
transfected with 1 �g of megalin siRNA duplex (sense sequence
5=-GGAAAGAGAUGCCGGCAAAUU-3=, Dharmacon) or cubilin
siRNA duplex (sense sequence 5=-CCAACGAACUUGUGGAA-

AAUU-3=, Dharmacon) using Lipofectamine RNAiMAX (no.
13778150, Invitrogen), following the manufacturer’s protocol, and
seeded onto 12-mm (no. 3401, Corning) Transwell permeable sup-
ports. The following day, cells were transfected a second time and
then shifted to an orbital shaker for 72 h with daily feeding. For
aconitase measurements, 1.6 � 106 cells were transfected with 4 �g
siRNA and cultured on 24-mm (no. 3412, Corning) Transwell per-
meable supports. Knockdown was confirmed by Western blot analysis
using rabbit anti-megalin antibody [MC-220, gift from Daniel Bi-
emesderfer, 1:20,000 dilution (43)] or a rabbit anti-cubilin antibody
that we generated against a sequence within CUB domain 16 of
Monodelphis domestica (rabbit no. 27445, 1:5,000 dilution).

Indirect immunofluorescence. OK cells cultured on permeable
supports were incubated with apically added 40 �g/mL Alexa Fluor
647-BSA for 30 min and then washed twice in warm PBS/�Ca2�/
�Mg2� (D8662, Sigma) and fixed in warm 4% paraformaldehyde-
100 mM sodium cacodylate for 15 min at ambient temperature. After
two washes in PBS, filters were quenched (PBS, 20 mM glycine, and
75 mM ammonium chloride) for 5 min and permeabilized for 5 min
in quench solution containing 0.1% Triton X-100. After being washed
with PBS, filters were blocked with PBS, 1% BSA, and 0.1% saponin
for 30 min and incubated for 30 min with Acti-stain 488 phalloidin
(PHDG1, Cytoskeleton) diluted in wash buffer [PBS, 0.5% BSA, and
0.025% (vol/vol) saponin]. Filters were washed three times in wash
buffer and mounted onto glass slides with ProLong Gold antifade
reagent (P36935, Molecular Probes). Filters were imaged on a Leica
TCA SP5 confocal microscope using the PL APO CS �63 objective.

Aconitase activity assay. OK cells (1.6 � 106) were plated on
24-mm Transwell (0.4-�m pore) polycarbonate membrane inserts (no.
3412, Corning) in a six-well plate with 1.5 mL of apical medium and
2.5 mL of basolateral medium. The following day, cells were trans-
ferred to an orbital shaker set at 146 rpm in the incubator and allowed
to grow for an additional 2 days with daily medium changes before
exposure overnight to albumin or HuSer as indicated. Aconitase
activity was measured using the Aconitase Activity Colorimetric
Assay Kit (BioVision) according to the manufacturer’s instructions.
Cells were washed twice with ice-cold PBS, scraped off the filters,
and pelleted at 3,000 rpm for 10 min. Cell pellets were lysed in 150
�L assay buffer by passage through a 22-gauge needle 10 times.
Lysates were sequentially centrifuged at 3,000 rpm (10 min) and
12,000 rpm (10 min), the supernatant was collected, and aconitase
activity in each sample was normalized to total protein.

Uptake and fate of radioiodinated albumin. FAF-BSA was radio-
iodinated to a specific activity of�50 �Ci/mg using the iodine
monochloride method. Cells were incubated at 37°C with �40 �g
125I-labeled albumin (125I-albumin) added apically in serum-free
medium for 15 min and then washed and incubated in fresh serum-
free medium. At the indicated times, the apical and basolateral media
were collected and combined, and the cells were solubilized. Samples
were trichloroacetic acid (TCA) precipitated and counted in a �-coun-
ter. Background counts were �0.5% of total internalized 125I-albumin
under all conditions.

RESULTS

PT endocytic capacity is differentially modulated by albumin
cargo. PT cells cultured overnight in high concentrations of
BSA have previously been shown to have reduced endocytic
capacity (21). To determine whether this effect is caused by
albumin itself and/or dependent on the specific ligands com-
plexed to albumin, we exposed OK cells cultured under our
optimized PT differentiation conditions to nephrotic concen-
trations (20–25 mg/mL) of normal HuSer or different prepa-
rations of albumin and quantified the effects on cellular endo-
cytic capacity. Cells were incubated for 3 h or overnight
(17–24 h) with apically added fraction V BSA (FrxV-BSA;
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BP1600, Fisher Bioreagents), FAF-BSA, FAF-BSA com-
plexed with palmitic acid at a 6:1 molar ratio (Palm-BSA), and
normal HuSer diluted 1:1 in medium (so that the concentration
of albumin was comparable with the other conditions). Cells

were then washed extensively and incubated for 30 min with
apically added 40 �g/mL Alexa Fluor-647 BSA, and cell-
associated fluorescence was quantified by spectrofluorimetry,
as described in MATERIALS AND METHODS. An aliquot of lysate
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Fig. 1. Differential effect of albumin ligands with proximal tubule (PT) endocytic capacity. Opossum kidney (OK) cells were incubated for 3 h (A) or 17–24 h
(B) in serum-free medium without (control) or with apically added BSA [20 mg/mL fraction V BSA (FrV-BSA), fatty acid-free BSA (FAF-BSA), or
palmitate-loaded BSA (Palm-BSA)] or 50% human serum (HuSer), as noted. Cells were then rinsed several times and incubated for 30 min with Alexa Fluor-647
albumin, and cell-associated fluorescence was quantified by spectrofluorimetry. Data were normalized to the protein recovered in each sample. The mean control
uptake of all experiments was set to 100, and each point represents data from an independent experiment. *P � 0.02 and **P � 0.01 by one-way ANOVA
(Dunnett’s multiple-comparisons test). C: recovered protein concentrations (means � SD, normalized to control) from cells treated for 3–48 h with albumin or
HuSer as above. ***P � 0.0005 and ****P � 0.0001 by one-way ANOVA (Dunnett’s multiple-comparisons test): 3 h, n 	 3; 17–24 h (combined), n 	 9; 48
h, n 	 5. D: control cells or cells treated overnight with albumin or HuSer and incubated for 30 min with Alexa Fluor-647 albumin (blue) were fixed and
processed to detect actin (green). Maximum projections sections of confocal stacks are shown to confirm that exposure to FrxV-BSA or Palm-BSA reduces
cellular albumin uptake and alters cell morphology but does not affect the integrity of the monolayer. Scale bar 	 10 �m.
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was used to quantify protein recovery in each sample as a
measure of cell viability, and endocytic uptake was normalized
accordingly. As shown in Fig. 1A, we observed a striking
reduction in cellular uptake of albumin in cells pretreated with
FrxV-BSA or Palm-BSA. The effects on endocytosis were
rapid and could be observed after as little as 3 h of exposure.
Preincubation for longer periods (17–24 h) resulted in greater
effects on endocytosis (Fig. 1B). In contrast, pretreatment with
FAF-BSA or HuSer had no effect on subsequent endocytic
uptake of Alexa Fluor-647 BSA.

Surprisingly, although FrxV-BSA and Palm-BSA caused
similarly rapid reductions in endocytic uptake, they had very
different effects on cell viability (Fig. 1C). Neither treatment
altered protein recovery after incubation for 3 h. Protein
recovery in samples treated overnight with FrxV-BSA were
similar to control (92 � 11%); however, by 48 h of exposure,
recovered protein was modestly reduced (to 71 � 7.4% of
control; Fig. 1C). In contrast, overnight treatment with Palm-
BSA resulted in a significant loss of recovered protein
(means � SD: 59 � 24% of control) that decreased further to
21 � 13% of control after 48 h.

We assessed the effect of the various overnight treatments
on monolayer integrity by confocal imaging of cells incubated
for 30 min with Alexa Fluor-647 albumin and then fixed and
processed to visualize actin. The reduction in albumin uptake
was clearly evident in cells treated overnight with FrxV-BSA
or Palm-BSA (Fig. 1D). Although the overall integrity of the
cell monolayer was not compromised by overnight incubation
with Palm-BSA or FrxV-BSA, some cells lacked the classic
microvillar staining pattern observed in control cells (Fig. 1D).
Moreover, cells treated with Palm-BSA appeared less densely
packed compared with control, consistent with the reduction in
protein recovery (Fig. 1D). We conclude that the ligands
complexed to albumin, rather than albumin itself, can rapidly
modulate endocytic capacity and cell viability in response to
overload.

Albumin ligands dictate PT oxidative stress responses. Cel-
lular oxidative stress levels are known to be sensitive to serum
metabolites typically carried by albumin, including heme and
fatty acids. Therefore, we asked whether exposure with HuSer,
FAF-BSA, or complexed albumin has different effects on ROS
production in PT cells. To this end, we measured the enzymatic
activity of aconitase, an enzyme in the tricarboxylic acid cycle
localized primarily to mitochondria that converts citrate to
isocitrate. Oxidation of the iron cluster within the active site of
aconitase blocks its catalytic activity. As a consequence, re-
duced aconitase activity is a sensitive indicator of mitochon-
dria-specific oxidative stress (12). Filter-grown OK cells were
incubated overnight with HuSer or the different BSA prepara-
tions as above and then washed and solubilized. Equal volumes
of lysate were incubated with substrate (citrate) for 1 h, and
aconitase-mediated production of isocitrate was quantified and
normalized to total protein. As shown in Fig. 2, exposure to
FAF-BSA had no effect on mitochondrial ROS levels. In
contrast, we observed a dramatic reduction in aconitase activity
in cells exposed to FrxV-BSA. However, Palm-BSA and
HuSer treatment caused only a small, albeit significant, de-
crease in aconitase. These data suggest that albumin ligands
have dramatically different effects on cellular ROS responses.
Moreover, the magnitude of ROS responses to HuSer and

albumins do not correlate directly with the modulation we
observed in endocytic capacity and protein recovery.

Megalin/cubilin-mediated albumin uptake is not required to
induce cytotoxicity. Because of the rapid effects of FrV-BSA
and Palm-BSA on endocytic capacity, we asked whether albu-
min uptake via megalin and cubilin receptors is required to
induce mitochondrial ROS and impair cell viability. OK cells
were transfected as described in MATERIALS AND METHODS with
control siRNA or siRNA oligonucleotides directed against
megalin or cubilin and cultured for an additional 72 h. Efficient
knockdown was confirmed by Western blot analysis with
anti-megalin and anti-cubilin antibodies (Fig. 3A). As ex-
pected, depletion of either receptor resulted in dramatically
reduced uptake of albumin (Fig. 3B). Cells treated under
similar conditions were then exposed overnight to FAF-BSA or
Palm-BSA and protein recovery, and aconitase activity was
quantified. As previously observed (Fig. 1C), treatment with
Palm-BSA caused a significant reduction in protein recovery,
whereas FAF-BSA had no effect (Fig. 3D). Similarly, pretreat-
ment with Palm-BSA led to reduced aconitase activity
(mean: 60.1 � 13% of control, P 	 0.02), as shown in Fig. 2,
although the results did not reach statistical significance when
the entire data set was analyzed by one-way ANOVA. Strik-
ingly, neither the Palm-BSA-induced reduction in aconitase
activity (Fig. 3C) nor protein recovery (Fig. 3D) was appre-
ciably ameliorated by either megalin or cubilin knockdown.
We conclude that receptor-mediated uptake of albumin is not
needed to trigger ROS production in PT cells exposed to
Palm-BSA.

Does increased ROS production impair apical PT endocy-
tosis of albumin? Palmitate and other ligands carried by albu-
min may diffuse freely across plasma membranes and into cells
or be actively transported by fatty acid transport mechanisms
(18). Therefore, we asked whether increased oxidative stress
triggered by exposure to FrxV-BSA and Palm-BSA impacts PT
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Fig. 2. Albumin ligands differentially trigger mitochondrial oxidative stress.
Opossum kidney (OK) cells were incubated for 17–24 h in serum-free medium
without (control) or with apically added BSA [20 mg/mL fraction V BSA
(FrV-BSA), fatty acid-free BSA (FAF-BSA), or palmitate-loaded BSA (Palm-
BSA)] or 50% human serum (HuSer) and then lysed, and aconitase activity
was measured and quantified as described in MATERIALS AND METHODS. Data
from 3 independent experiments performed in duplicate were normalized to
untreated controls. Means and SDs are plotted, and each point represents data
from a single experiment. *P � 0.05, **P � 0.02, and ****P � 0.0001 by
one-way ANOVA (Dunnett’s multiple-comparisons test).
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endocytic capacity. Prior studies have suggested that oxidative
stress can impair endocytosis (42), but oxidative stress has also
been reported to increase megalin expression, which would be
expected to increase albumin uptake (22). To this end, we
tested the hypothesis that exposure of filter-grown PT cells to
ROS-producing molecules added to either the basolateral or
apical compartment would similarly impair the subsequent
apical uptake of fluorescent albumin. Control experiments
using fluorescent 10K dextran confirmed that PT monolayers
remained tight under all conditions (�1% diffusion/h). Be-
cause unsaturated fatty acids are poor stimulators of ROS
production (13), we also included BSA complexed to oleic acid
(Olea-BSA; 6:1 molar ratio) as an additional negative control
in these experiments. Cells were incubated for 3 h or overnight
(17–20 h) with 20 mg/mL apical or basolateral FAF-BSA,
FrxVBSA, Palm-BSA, or Olea-BSA and then washed, and
uptake of Alexa Fluor-647 albumin was quantified as in Fig. 1.
As predicted, exposure to apically or basolaterally added FAF-
BSA or Olea-BSA had no effect on albumin uptake (Fig. 4, A
and B). In contrast, FrxV-BSA reduced albumin uptake com-
parably regardless of whether it was added apically or baso-
laterally (Fig. 4, A and B). Interestingly, Palm-BSA had less of
an effect on albumin uptake when added basolaterally for 3 h
before albumin uptake was measured (Fig. 4A), whereas it
inhibited endocytosis comparably with FrxV-BSA when added

apically. However, after overnight exposure to either apically
or basolaterally added Palm-BSA, endocytosis was profoundly
inhibited (Fig. 4B). Together, these data suggest that megalin/
cubilin-mediated uptake of FrxV-BSA or Palm-BSA is not
required for their cytotoxic effects on PT cells. However,
palmitate-induced responses occur more rapidly when the lipid
is accessible via the lumenal surface.

Does overload with albumin affect endocytic pathway
function? PT cells in vivo have an extraordinary endocytic
capacity, and under nephrotic conditions they accumulate high
concentrations of lysosomal albumin (30, 40). Endocytic up-
take of high concentrations of filtered proteins could over-
whelm the endocytic pathway and/or degradation machinery
and trigger downstream signaling responses (16). Because our
OK cell model maintains robust apical endocytic capacity, we
asked whether albumin degradation kinetics are affected by
“overload” conditions upon chronic exposure to high concen-
trations of albumin. Additionally, we tested whether induction
of ROS influences the processing of internalized albumin.
Preliminary experiments to quantify the fate of internalized
fluorescent conjugates of albumin yielded unsatisfactory re-
sults due to dequenching of the fluorescence upon albumin
degradation. As an alternative, we used radioiodinated albumin
(fatty acid free) as a readout of albumin fate. Cells were
preincubated with apically added 20 mg/mL FAF-BSA for 72
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h or with FrxV-BSA or Palm-BSA added basolaterally for 3 h
(to impair endocytic capacity and/or induce oxidative stress
without overload) and then washed extensively. Parallel con-
focal imaging experiments revealed no qualitative difference in
lysosomal morphology under all conditions (not shown). Sub-
sequently, cells were allowed to internalize apically added
125I-albumin (�0.5 mg/mL) for 15 min, and the albumin fate
was monitored over time. In contrast to shorter exposure times
(Fig. 1), incubation for 72 h with FAF-BSA caused a modest
(�35%) reduction in the total amount of 125I-albumin taken up
during the 15-min internalization period, suggesting that long-
term exposure to high concentrations of albumin overloads the
endocytic pathway (Fig. 5A). Similarly, and consistent with our
results shown in Fig. 4, pretreatment for 3 h with basolaterally
added FrxV-BSA resulted in a dramatic (�70%) reduction in
125I-albumin uptake. In contrast, exposure for 3 h to basolat-
erally added Palm-BSA had little effect on subsequent apical
uptake of 125I-albumin (Fig. 5A). Western blot analysis re-
vealed an apparent reduction in megalin expression in cells

treated for 3 h with basolateral FrxV-BSA but no decrease
under the other treatment conditions (Fig. 5B).

To assess degradation kinetics of endocytosed albumin, we
incubated cells pretreated as above with 125I-albumin for 15
min and returned them to culture. The medium and lysates
were collected from individual filters at 10, 20, or 30 min after
internalization and precipitated with TCA to quantify intact
versus degraded albumin. As shown in Fig. 5C, the kinetics of
125I-albumin degradation (quantified as the percentage of total
counts per min that were TCA soluble in the medium plus
supernatant) were significantly slower in cells pretreated for 72
h, with FAF-BSA compared with control cells. Similarly,
albumin degradation was slower in cells treated for 3 h with
basolaterally added FrxV-BSA or Palm-BSA (Fig. 5C). De-
spite the slower kinetics, the majority (
90%) of the internal-
ized albumin was degraded under all conditions when the chase
time was extended to 90 min (not shown). We conclude that
long-term exposure of PT cells to high concentrations of free
albumin can overwhelm the endocytic/degradation machinery.

DISCUSSION

Albuminuria induced by glomerular damage is clearly toxic
to the PT, and unraveling cellular responses in vivo has proven
challenging. Here, we examined the effects of albumin expo-
sure on cytotoxicity and endosomal function using a highly
differentiated PT culture model. We found remarkable differ-
ences in the cellular responses to different preparations of
albumin carrying distinct ligands. Additionally, we observed
that chronic exposure to free albumin impaired lysosomal
degradation kinetics, suggesting that albumin itself can over-
load the endocytic pathway in the absence of other cytotoxic
responses.

Our OK cell culture system provides an excellent model in
which to dissect the specific functions of albumin and its
ligands on PT function in different disease conditions. OK cells
cultured under orbital shear stress develop an elaborate endo-
cytic pathway and maintain the robust oxidative metabolism
unique to the kidney PT and are thus likely to mimic in vivo
responses to fatty acids and other potentially harmful mole-
cules carried by albumin (27, 34). In contrast to in vivo studies,
where the glomerular filtration barrier impedes direct access to
the tubule lumen, the use of a culture model enables delivery of
quantifiable levels of defined preparations of albumin to PT
cells. Additionally, the absence of inflammatory responses and
cross-talk from other nephron segments allows elucidation of
the immediate and direct PT responses to albumin and its
ligands. Using our model, we found that exposure of PT cells
to high concentrations of normal human serum is not toxic per
se and that specific ligands carried by albumin elicit distinct PT
responses. Although these are impossible to test precisely in
vivo, our scalable approach provides a means to perform more
detailed studies of differential PT responses to serum from
patients.

Our study demonstrates that the effects on cell toxicity of
commercially available preparations of albumin (FrxV-BSA)
or albumin complexed to palmitate are extreme compared with
exposure to albumin in normal human serum. PT cells tolerated
exposure to high concentrations of human serum with a modest
increase in ROS production but no apparent change in endo-
cytic capacity or cell viability. In contrast, exposure to Palm-
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Fig. 4. Basolateral exposure to BSA impairs apical endocytosis. Opossum
kidney (OK) cells were incubated for 3 h (A) or 17–20 h (B) in serum-free
medium without (control) or with apically (Ap) or basolaterally (Bl) added
BSA [20 mg/mL fatty acid-free BSA (FAF-BSA) or palmitate-loaded BSA
(Palm-BSA) or oleic acid-loaded BSA (Olea-BSA)]. Cells were then rinsed
several times and incubated for 60 min with apically added Alexa Fluor-647
albumin, and uptake was quantified as described in MATERIALS AND METHODS.
Data were normalized for protein recovery. Each point represents the average
uptake of duplicate samples (normalized to control), and the mean � SD of
2–3 experiments for each condition is indicated by the bar. *P � 0.05, **P �
0.01, ***P � 0.0005, and ****P � 0.0001 by one-way ANOVA (Dunnett’s
multiple-comparisons test).
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BSA resulted in a similarly modest effect on ROS production
but a dramatic reduction in endocytic capacity and cell viabil-
ity. Finally, exposure to FrxV-BSA, used frequently by inves-
tigators to study overload responses to albumin, resulted in a
profound and rapid loss of endocytic capacity and the greatest
increase in ROS levels but only a slow decline in cell viability.
FrxV-BSA was originally described as a preparation of albu-

min isolated using a cold ethanol precipitation; however, the
original purification scheme has since been modified to include
several variations, and the nomenclature no longer refers spe-
cifically to a precise purification strategy (32). Adding to the
challenges of interpreting studies using FrxV-BSA is the ob-
servation that this preparation has been described to contain
both growth-promoting and cytotoxic contaminants (19). The
use of undefined (and unspecified) preparations of BSA in in
vitro and in vivo albumin overload models likely explains
much of the variability in previous studies of the sequelae of
proteinuric insults to kidney function. Our results emphasize
the need to carefully document the precise experimental re-
agents and conditions used and how the outcomes were as-
sessed and reported. As in all studies where cytotoxicity is a
potential outcome, documentation of cell viability and appro-
priate normalization of the data are essential to fully interpret
the results.

Our data support the growing consensus that uptake of
saturated nonesterified fatty acids (NEFAs) carried by albumin
contributes significantly to PT toxicity during albumin over-
load (35). Albumin has seven binding sites for fatty acids, and
in proteinuric conditions, NEFA levels reaching the tubule
lumen are greatly increased. Cellular accumulation of saturated
NEFAs stimulates production of ROS that trigger lipoapoptosis
(17, 20, 36). However, metabolic status clearly has complex
effects on PT responses, as unsaturated NEFAs may provide
protection against ROS production and have also been reported
to stimulate PT cell growth (13, 39). Although the fully loaded
albumin used in our and other studies represents an unlikely
pathological condition, our data support the emerging concept
that metabolic disequilibria resulting in excessive serum lipids,
as in obesity or diabetes, may exacerbate PT responses in
nephrotic conditions (24).

Our data also suggest that free albumin itself does not trigger
ROS production in cultured cells, and, indeed, previous studies
have suggested that under some conditions it may be protective
(2, 5, 11, 33). Moreover, we found that albumin uptake via
megalin or cubilin receptors is not necessary to induce these
cytotoxic PT responses. This makes sense, given that numerous
cell types are sensitive to palmitate toxicity (9, 14). Passive
uptake of high concentrations of albumin into internalized
vesicles in endocytically active cells may provide a route of
entry. Additionally, there are many ways for palmitate to enter
cells, and there is an increasing awareness that fatty acid
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Fig. 5. Chronic albumin overload slows degradation kinetics. Opossum kidney
(OK) cells were pretreated with 20 mg/mL apical fatty acid-free BSA (FAF-
BSA) for 72 h or 20 mg/mL Fraction V BSA (FrxV-BSA) or palmitate-loaded
BSA (Palm-BSA) was added basolaterally for 3 h. After being washed, cells
were incubated with 125I-labeled albumin (125I-albumin) for 15 min. A: total
125I-albumin internalized under each condition (normalized to control; mean �
SD of 5 experiments). *P � 0.05 and ****P � 0.0001 by Kruskal-Wallis test
(Dunnett’s multiple-comparisons test). B: cells incubated with FAF-BSA,
FrxV-BSA, or Palm-BSA as in A were solubilized, and equal protein loads
were Western blotted with anti-megalin antibody. A representative blot is
shown, and normalized intensities (means � range) from 2 independent
experiments are plotted. C: cells treated as above were returned to culture after
internalization of 125I-albumin. Apical and basolateral medium from individual
filters was collected, and cells were solubilized after 10, 20, or 30 min.
Trichloroacetic acid-soluble 125I-dpm are plotted as the percent total for each
condition. The mean � SD of 3 experiments is plotted. *P � 0.05 and **P �
0.01 by two-way ANOVA (Dunnett’s multiple-comparisons test).
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transport proteins are upregulated by metabolic cues, including
a high-fat diet (24). Similar mechanisms may explain why
megalin-deficient mice remain susceptible to proteinuria-in-
duced tubular injury and why tubular cells downstream of the
PT respond to proteinuric insults (6, 38).

Although exposure to free albumin did not apparently induce
ROS production or impair cell viability, upon long-term incu-
bation (72 h) with FAF-BSA, we observed a reduction in
lysosomal degradation kinetics. This is consistent with the
observed accumulation of albumin in swollen lysosomal com-
partments and its delayed proteolysis under nephrotic condi-
tions in vivo (23, 30). Uptake of large amounts of albumin
could increase the proton-buffering capacity within acidified
compartments and thereby impair endosomal sorting and/or
lysosomal function (26). Lysosomes are emerging as critical
sensors of cell metabolism and signaling, and the accumulation
of albumin and/or its degradation products likely initiates
signaling pathways in addition to those triggered by albumin
ligands (16). Indeed, previous studies have reported changes in
inflammasome activation, cytokine maturation, and apoptosis
in cells treated with FAF-BSA (8, 26).

The results of our study confirm the complex contributions
of megalin and cubilin receptors to maintaining normal PT
function and also to disease progression (3, 28). Additionally,
they also reveal that the ligands carried by albumin enter PT
cells via pathways independent of megalin/cubilin-mediated
endocytosis. Although in vitro studies alone have limited direct
impact, understanding specific PT responses to albumin and its
various ligands is essential to inform the design and interpre-
tation of more translational approaches to limit the progression
of proteinuric disease. It is possible that therapeutic strategies
to limit versus to enhance the PT uptake of filtered proteins will
be differentially effective, depending on the specific metabolic
conditions that accompany nephrosis. Our culture model is
readily adapted to larger-scale screening approaches and may
provide one avenue to further elucidate the various PT signal-
ing pathways elicited by exposure to albumin and its ligands.
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