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The aim of this study was to investigate the effect of human serum albumin (HSA) overload on the
expression of the transcription factor hypoxia-inducible factor-1o0 (HIF-1a) in human renal proximal
tubular cell line HK-2. First, the cell viability and cytotoxic activity were examined to assess the cellular
conditions in HK-2 cells with HSA treatment employed in this study. HSA treatment for 48 h decreased

Keywords: the cell viability and increased the leakage of lactate dehydrogenase (LDH) into the medium in a concen-

211;'1@ tration-dependent manner, but the toxicity was relatively mild. Western Blot analysis revealed that HSA
umin - treatment induced the expression of HIF-1a protein in a concentration-dependent manner without a
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HK-2 cells change in B-actin protein expression. Confocal microscopy analysis revealed that HIF-1a protein was pre-

dominantly localized in the nucleus but was also observed in the cytoplasm. The HIF-1 target gene
mRNAs, glucose transporter 1 and glyceraldehyde 3-phosphate dehydrogenase, were up-regulated by
HSA treatment, leading to the increases in the protein expression levels. In addition, the mRNA of HIF-
1o was increased by HSA treatment. In conclusion, albumin loading induces HIF-1a in HK-2 cells, result-
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ing in the increases in the expression of proteins of its target genes.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Urinary protein is suggested to play a crucial role in progression
of tubulointerstitial damage which is considered to be associated
with end-stage renal disease [1-5]. Under normal renal function,
a small amount of proteins filtered at the glomerulus are reab-
sorbed by renal proximal tubular cells [2,4]. On the other hand,
in diseased kidneys, highly enhanced glomerular permeability to
proteins leads to an increased concentration of proteins in the
proximal tubular lumen [5]. When renal proximal tubular cells
are exposed to excessive amounts of proteins, a variety of harmful
responses are initiated in the proximal tubular cells [3,5,6]. The
expression of various genes in the renal proximal tubular cells is
reported to be up-regulated or down-regulated in proteinuria [7].

Several transcription factors, especially nuclear factor-kB (NF-
kB) and activator protein-1 (AP-1) which are linked to inflamma-
tory and immune responses, are involved in the pathogenesis of
tubulointerstitial damage with proteinuria [8-11]. As a conse-
quence of proteinuria, tubular cells become apoptotic, leading to
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eventual tubulointerstitial fibrosis through some cell signaling
pathways. NF-kB is reported to be activated by reactive oxygen
and nitrogen species, which are important physiological regulators
of redox processes [9]. It has been reported that exposure of prox-
imal tubular cells to albumin increases the cellular hydrogen per-
oxide content, serving as a signal for the activation of NF-xB [10].

HIF-1, a basic helix-loop-helix transcription factor, is com-
posed of an inducible a-subunit (HIF-1a) and a constitutive B-sub-
unit (HIF-1B) [12,13]. Under normoxic conditions, HIF-1o is
hydroxylated by prolyl hydroxylases and binds the von Hippel Lin-
dau protein, leading to HIF-1o ubiquitination and degradation by
the 26S proteasome. In hypoxia, the activity of the prolyl hydrox-
ylases decreases, resulting in the prevention of HIF-1a binding to
von Hippel Lindau protein. It stabilizes HIF-1a, which is followed
by nuclear translocation, dimerization with HIF-1p and binding
to hypoxia-response elements in the promoter of target genes such
as glucose transporter 1 (GLUT1), erythropoietin and vascular
endothelial growth factor (VEGF) [12-14]. Thus, HIF-1a is an
important regulatory factor that allows individual cells to adapt
to hypoxia. HIF-1 regulates >100 genes encoding metabolic en-
zymes, growth factors, and factors contributing to modulation of
extracellular matrix.

The activation of HIF-1 signaling has been reported to amelio-
rate renal injury in various animal models of acute kidney injury
and chronic kidney disease [15-21]. In contrast, it has been sug-
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gested that the increase in HIF-1 expression is associated with the
development of tubulointerstitial inflammation and fibrosis, in
which proteinuria may elicit pro-inflammatory and pro-fibrotic ef-
fects [22,23]. Previously, Katavetin et al. [24] reported that albumin
attenuated the hypoxia-induced increase in the expression of VEGF
mRNA and protein in immortalized rat proximal tubular cells.
However, it remains to be fully clarified whether or not albumin
overload modulates the expression of HIF-1a and its target genes.
In this study, we investigated the effect of albumin treatment on
the expression of HIF-1a and its target genes in HK-2 cells, a hu-
man proximal tubular cell line.

2. Materials and methods
2.1. Materials

Human serum albumin (HSA) and XTT [2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide] were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All other chemi-
cals used in the experiments were commercial products of the
highest purity available.

2.2. Cell culture

HK-2 cells were purchased from American Type Culture Collec-
tion (Manassas, VA, USA). The cells were cultured in Dulbecco’s
modified Eagle’s medium/Nutrient Mixture F-12 Ham (Sigma-Al-
drich) containing 10% fetal bovine serum (FBS) in an atmosphere
of 5% C0,-95% air at 37 °C, and were subcultured every 7 days
using 0.02% EDTA and 0.05% trypsin. Fresh medium was replaced
every 2 days, and the cells were subcultured every 7 days after
seeding.

2.3. Trypan blue dye exclusion assay

Trypan blue dye exclusion assay was performed as follows.
Briefly, HK-2 cells were cultured in medium containing 10% FBS.
At 4 days after seeding, the medium was changed to serum-free
medium, and the cells were maintained for further 24 h. Then,
the cells were treated with 20 mg/ml HSA and further maintained
for 48 h. After the incubation, the cells were detached from the
wells by trypsinization, and then the cell suspension was centri-
fuged. The cell pellets were resupended and stained with trypan
blue dye solution. The cell suspension was placed on the Burker-
Turk counting chamber. We estimated that the cells that did not
take up the dye were viable and those took the dye were non-via-
ble. These viable and nonviable cells were counted under the light
microscope.

2.4. XTT and LDH assays

In XTT assay, HK-2 cells were cultured in medium containing
10% FBS. At 4 days after seeding, the medium was changed to ser-
um-free medium, and the cells were maintained for further 24 h.
Then, the cells were treated with HSA at the indicated concentra-
tions and maintained for 48 h. Then, medium containing HSA
was replaced. After the cells were washed twice, 0.2 ml of
250 uM XTT solution containing 10 uM phenazine methosulfate
was added to each dish, and then the cells were incubated for
30 min at 37 °C. After transfer of the reaction solution to a micro-
plate well, the amount of orange formazan dye produced was
quantitated using a spectrophotometric plate reader to measure
absorbance at a wavelength of 490 nm. The reference absorbance
(nonspecific readings) was measured at a wavelength of 650 nm.

In LDH assay, HK-2 cells were treated with HSA as described
above. At 48 h after the treatment with HSA, LDH activity in the
medium and the lysed cells was measured in the Cytotoxicity
Detection KitP'“s (LDH) (Roche Diagnostics GmbH, Mannheim, Ger-
many) according to the instruction manual. The percentage of LDH
released from the cells was calculated by determining the ratio of
LDH in the medium compared to that in the lysed cells plus the
culture medium.

2.5. Western blot analysis

The whole cell lysates from HK-2 cells were used for Western
blot analysis, which was performed as described previously [25].
The primary antibodies used in this study were as follows: anti-
HIF-1a rabbit antibody (Novus Biologicals, Littleton, CO) (1:250),
anti-GLUT1 rabbit antibody (1:100) (Immuno-Biological Laborato-
ries Co., Ltd., Takasaki, Japan), anti-GAPDH rabbit antibody (Sigma-
Aldrich) (1:5000) and monoclonal anti-B-actin mouse antibody
(Sigma-Aldrich) (1:2000). The corresponding secondary antibodies
were as follows: anti-rabbit IgG linked with horseradish peroxi-
dase (GE Healthcare, Buckinghamshire, England) (1:5000) and
anti-mouse IgG linked with horseradish peroxidase (Kirkegaard &
Perry Laboratories Inc., Gaithersburg, MD, USA) (1:5000).

2.6. Immunofluorescence

HK-2 cells were cultured in medium containing 10% FBS. At
4 days after seeding, the medium was changed to serum-free med-
ium, and the cells were maintained for 24 h. At 5 days after seed-
ing, the cells were treated without or with HSA and maintained
for 48 h. Then, the cells were fixed with 4% paraformaldehyde for
10 min. The cells were washed twice, and then permeabilized with
0.1% Triton X-100 for 3 min. After the cells were blocked with 0.1%
non-fat dry milkfor 60 min and washed three times, the cells were
incubated with the anti-HIF-1a rabbit antibody (1:100) at room
temperature for 60 min. The cells were washed three times, and
then polyclonal swine anti-rabbit immunoglobulins/TRITC (Dako,
Glostrup, Denmark) (1:30) was added, and the cells were incu-
bated at room temperature for 60 min. After the cells were washed
three times, 5 U/ml BODIPY®FL phallacidin (Life Technologies, Fos-
ter City, CA) was added, and the cells were incubated at room tem-
perature for 20 min. After the cells were washed three times,
10 uM Hoechst33342 was added, and the cells were incubated at
room temperature for 30 min. The cells were washed three times,
and then mounted in Vectashield H-1000 (Vector Laboratories Inc.,
Burlingame, CA, USA), immunofluorescent signals were viewed
using a confocal laser scanning fluorescent microscope (LSM510
invert, Carl Zeiss, Jena, Germany).

2.7. Real-time PCR

Real-time PCR was performed using SYBR Green Realtime PCR
Master Mix (TOYOBO Co., Ltd., Osaka, Japan) as described previ-
ously [25]. The primer pair of HIF-1a sense and antisense (sense:
5'-GCTTTAACTTTGCTGGCCCCAGC-3’; antisense: 5'-GCAGGGTCAG-
CACTACTTCGAAG-3’) was specific for a 221-bp fragment of HIF-
1o transcripts. The primer pair of GLUT1 sense and antisense
(sense: 5'-ATACTCATGACCATCGCGCTAG-3’; antisense: 5'-AAA-
GAAGGCCACAAAGCCAAAG-3’) was specific for a 93-bp fragment
of GLUT1 transcripts. The primer pair of GAPDH sense and antisense
(sense: 5'-CCACCCATGGCAAATTCC-3’; antisense: 5'-TGGGATTTCCA
TTGATGACAA-3') was specific for a 69-bp fragment of GAPDH tran-
scripts. The primer pair of B-actin sense and antisense (sense: 5'-
CCTGGCACCCAGCACAAT-3'; antisense: 5-GCCGATCCACACGGAG-
TACT-3') was specific for a 70-bp fragment of B-actin transcripts.
The PCR conditions consisted of an initial denaturation at 95 °C
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for 1 min, followed by amplification for 45 cycles of 5s at 95°C,5 s
at 60 °C, and 15 s at 72 °C. The threshold cycle (Ct) value for each
mRNA was determined using the second derivative maximum
method.

2.8. Data analysis

Statistically significant differences were determined by Stu-
dent’s t-test, or one way or two way analysis of variance with
the Tukey-Kramer's test for post hoc analysis. A P value less than
0.05 was considered statistically significant.

3. Results
3.1. Effect of HSA overload on cell viability in HK-2 cells

After HK-2 cells were treated at various concentrations of HSA
for 48 h, cell viability and cytotoxicity were estimated. The trypan
blue extrusion assay showed that the percentage of non-viable
cells in the cells treated with HSA (20 mg/ml, 48 h) (15.9 + 1.4%
of total cells, n=4) was significantly higher than that in control
cells (5.6 £ 1.1% of total cells, n = 4). XTT assay showed that HSA de-
creased the cell viability in a concentration-dependent manner
(Fig. 1A). A significant decrease in cell viability was detected at
HSA concentration of 40 mg/ml, which reduced to 64.0% of control
cells. In LDH assay, a significant increase in LDH leakage into the
medium was observed at 5 mg/ml HSA or higher, but the increase
remained constant over 20 mg/ml HSA (Fig. 1B).

3.2. HIF-1a protein expression in HK-2 cells overloaded with HSA

To investigate the effect of HSA overload on HIF-1a protein
expression, Western blot analysis was performed. As shown in
Fig. 2A and B, HIF-1a protein in HK-2 cell lysate was enhanced
3.6-fold by 20 mg/ml HSA treatment for 48 h, whereas no obvious
changes in the expression of B-actin protein were observed. Next
we examined the subcellular localization of HIF-1a protein by
immunofluorescence with a confocal laser scanning microscope.
In control cells, little HIF-1o. protein expression was detected
(Fig. 2C). When HK-2 cells were treated with 20 mg/ml HSA for
48 h, nuclear localization of HIF-1a protein was clearly observed
(Fig. 2D).
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3.3. Effect of HSA overload on mRNA and protein expression of HIF-1-
target genes in HK-2 cells

Next, we investigated whether or not HSA overload induces the
expression of mRNA and protein of HIF-1-target genes, GLUT1 and
GAPDH. Real-time PCR analysis revealed that HSA treatment for
48 h increased the mRNA expression of GLUT1 and GAPDH in a
concentration-dependent manner (Fig. 3A and B). In addition, Wes-
tern blot analysis showed the increases in protein levels of GLUT1
and GAPDH in the lysates from HK-2 cells treated with HSA for
48 h (Fig. 3C and D).

3.4. Effect of HSA overload on HIF-1oc mRNA in HK-2 cells

It has been reported that reactive oxygen species such as hydro-
gen peroxide induce the mRNA of HIF-1a [26]. In addition, albumin
overload is shown to generate hydrogen peroxide in HK-2 cells
[10]. Therefore, we examined whether or not HIF-1o. mRNA level
is affected by HSA treatment. As shown in Fig. 4A, HSA increased
the mRNA level of HIF-1a in a time-dependent manner. Fig. 4B
showed the maximum increase of HIF-1loo mRNA at 20 mg/ml
HSA when the cells were incubated with HSA at various concentra-
tions for 48 h.

4. Discussion

The present study showed that albumin overload activated the
expression of HIF-1al protein, leading to the increases in mRNAs
and proteins of its target genes such as GLUT1 and GAPDH. First
we examined whether or not albumin induces the cytotoxicity un-
der treatment conditions employed in this study. When HK-2 cells
were treated with 20 mg/ml albumin for 48 h, the percentage of
dead cells stained with trypan blue was 15.9% of total cells, which
was significantly higher than that of non-treated cells (5.6%), but it
also showed that more than 80% of the albumin-treated cells were
still viable. Shalamanova et al. [27] reported that the cell viability
was more than 95% of the cells treated with 30 mg/ml albumin
for 48 h. In XTT assay, treatment with 20 mg/ml albumin for 48 h
decreased the cell viability by only 15.7%, but significant difference
was detected at 40 mg/ml albumin (Fig. 1A). The leakage of LDH
from the cells treated with 20 mg/ml albumin for 48 h was signif-
icantly higher than that from the cells without albumin, but the
albumin-induced increase in LDH leakage remained around 15%
over the control (Fig. 1B). Apoptotic DNA laddering was not de-
tected in LLC-PK; cells treated with 20 mg/ml albumin for 48 h
[28]. In Fig. 2D, there was no obvious apoptotic nuclear morphol-
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Fig. 1. Effect of human serum albumin (HSA) treatment on cell viability and cytotoxicity in HK-2 cells. At 4 days after seeding, HK-2 cells were cultured with serum-free
medium for 24 h, and then the cells were treated with various concentrations of HSA for 48 h. Cell viability and cytotoxicity were measured by XTT (A) and LDH (B) assays,
respectively. Values are expressed as the means + SE of three monolayers. *p < 0.05, significantly different compared with the value for the cells without HSA (0 mg/ml).
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Fig. 2. Expression of HIF-1a protein in HK-2 cells treated without or with HSA. (A) Western blot analysis of HIF-1a and B-actin proteins was performed with cell lysates from
HK-2 cells treated without (control) or various concentrations of HSA (5, 20 or 40 mg/ml) for 48 h. (B) Percent relative protein expression of HIF-1at (open column) and B-actin
(gray column) to each control was calculated by densitometric analysis of bands. The immunofluorescence analysis was performed to examine the subcellular localization of
HIF-1a protein in HK-2 cells treated without (C) or with (D) 20 mg/ml HSA for 48 h. Confocal microscopic images show HIF-1a (red), nucleus (Hoechst33342, blue) and F-
actin (BODIPY FL phallacidin, green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ogy such as chromatin condensation and nuclear fragmentation in
Hoechst 33342-stained cells treated with 20 mg/ml albumin for
48 h. Thus, it is likely that albumin treatment conditions employed
in this study induce relatively mild cytotoxicity.

Under the above-mentioned treatment conditions, we found
that albumin treatment enhanced the expression of HIF-1a protein
in HK-2 cells. The expression of HIF-1a protein has been reported
to be regulated not only in an oxygen-dependent but also in an
oxygen-independent manner. Zelzer et al. [29] found that insulin
and insulin-like growth factor-I induced the formation of HIF-1a/
aryl hydrocarbon receptor nuclear translocator (HIF-1o/HIF-1B)
transcription complex in HepG2 cells, followed by the inductions
of HIF-1-target genes such as GLUT1 and VEGF. Richard et al.
[30] found that angiotensin II (Ang II), thrombin and platelet-de-
rived growth factor increased HIF-1ae protein in rat vascular
smooth muscle cells, independently of the oxygen environment.
In addition, the induction of HIF-1a protein was blocked by reac-
tive oxygen species inhibitors. Interestingly, angiotensin-convert-
ing enzyme and angiotensinogen were up-regulated in the
kidney of rats with intense proteinuria, showing an increase in
Ang II generation in the kidney [31]. In addition, albumin treat-
ment was reported to increase Ang Il production in HK-2 cells in
a concentration- and time-dependent manner [32]. Therefore,
Ang Il might be involved in the albumin-induced increase in the
expression of HIF-1a protein in HK-2 cells.

Immunofluorescence study revealed that albumin treatment
enhanced the expression of HIF-1o protein in the nucleus of HK-
2 cells. This observation might indicate the activation of HIF-1-

dependent transcriptional activity in the HK-2 cells treated with
albumin. Therefore, we examined the changes in the expression
of HIF-1-target genes, GLUT1 and GAPDH. As expected, the mRNA
levels of these two target genes were increased by albumin treat-
ment in a concentration-dependent manner. Furthermore, Wes-
tern blot analysis revealed the albumin-concentration-dependent
increase in the protein levels of GLUT1 and GAPDH. Though these
two proteins play an important role in glycolytic pathway, the rea-
sons why these proteins are enhanced by albumin-overloaded cells
are unclear at present. Recently, GAPDH is suggested to exhibit a
variety of non-glycolytic functions including regulation of intracel-
lular membrane trafficking, receptor-medicated cell signaling and
apoptosis [33,34]. Therefore, the increase in GAPDH protein in
albumin-treated HK-2 cells might be responsible for induction of
cytotoxicity and/or adaptation to the albumin-overload conditions
though further studies are needed.

The levels of not only protein but also mRNA of HIF-1o were in-
creased by albumin treatment in HK-2 cells. This finding might
indicate the possibility that the albumin-induced increase in HIF-
1o protein is, at least in part, due to a change in its mRNA level.
Bonello et al. [26] found that H,0, and reactive oxygen species pro-
duced by thrombin treatment increased the expression levels of
HIF-1oo mRNA and protein. Furthermore, the HIF-1o promoter ele-
ment -197/-188, to which the NF-kB subunits p50 and p60 bind,
has been suggested to be responsible for transcriptional activation
of the HIF-1a gene by H,0, and thrombin [35]. It has been well
known that exposure to excess proteins including albumin induces
the formation of reactive oxygen species [10,36,37] as well as NF-
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Fig. 3. Expression of mRNAs and proteins of HIF-1 target genes GLUT1 and GAPDH in HK-2 cells treated without or with HSA. GLUT1 (A) and GAPDH (B) mRNA levels were
measured by real-time PCR analysis in HK-2 cells treated without or with various concentrations of HSA (5, 20 or 40 mg/ml) for 48 h. Relative level of each target gene mRNA
was determined after normalization to B-actin mRNA. The mRNA levels without HSA (0 mg/ml) were set to 100%. Values are expressed as the means + SE of three monolayers.
*p < 0.05, significantly different compared with the value for the cells without HSA (0 mg/ml). (C) Western blot analysis of GLUT1 and GAPDH proteins was performed with
cell lysates from HK-2 cells treated without (0 mg/ml) or various concentrations of HSA (5, 20 or 40 mg/ml) for 48 h. (D) Percent relative protein expression of GLUT1 (open
column) or GAPDH (gray column) to each control was calculated by densitometric analysis of bands.
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Fig. 4. Expression of HIF-1o0 mRNA in HK-2 cells treated without or with HSA. (A) HIF-1o0 mRNA level was measured by real-time PCR analysis in HK-2 cells treated with
20 mg/ml HSA for different incubation periods (0, 8, 24 or 48 h). The mRNA levels treated without HSA (0 h) were set to 100%. (B) HIF-1o« mRNA level was measured by real-
time PCR analysis in HK-2 cells treated without (0 mg/ml) or with various concentrations of HSA (5, 20 or 40 mg/ml) for 48 h. Relative level of HIF-1oc mRNA was determined
after normalization to B-actin mRNA. The mRNA levels without HSA (0 mg/ml) were set to 100%. Values are expressed as the means + SE of three monolayers. *p < 0.05,
significantly different compared with the value for the cells without HSA.

KB activation [8,10] in renal proximal tubular cells. Therefore, reac- get genes such as GLUT1 and GAPDH mRNAs were enhanced by
tive oxygen species-induced NF-xB activation might, at least in albumin overload, followed by increases in the protein levels.
part, contribute to the increase in HIF-1oo mRNA in HK-2 cells. These observations might indicate that HIF-1a plays an important

In conclusion, we found that albumin overload induced the role in changes in various genes in renal proximal tubular cells
expression of HIF-1oo mRNA and protein. In addition, the HIF-1 tar- which are observed under proteinuria.
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