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a b s t r a c t
Hyperlipidemia in the general population has been linked to the development of chronic kidney disease with
both oxidative and endoplasmic reticulum stress implicated. Physiological levels (50-300 µmol/L) of
saturated fatty acids such as palmitic acid (PA) cause cytotoxicity in vitro. We investigated cell type- and
stimulus-speciﬁc signaling pathways induced by PA in renal proximal tubular cells and whether oxidative
stress leads to ER stress or vice versa and which pathways predominate in signaling for PA-induced apoptosis
and necrosis. NRK-52E cells were incubated with PA or hydrogen peroxide (H2O2) combined with SP600125
which blocks c-Jun N-terminal kinase (JNK) activation; salubrinal, which maintains eukaryotic initiation
factor 2α in its phosphorylated state and the antioxidant EUK-134 - a superoxide dismutase mimetic with
catalase activity. We found that (i) PA causes both oxidative and ER stress leading to apoptosis which is
mediated by phosphorylated JNK; (ii) oxidant-induced apoptosis generated by H2O2 involves ER stress
signaling and CHOP expression; (iii) the ER stress mediated by PA is largely independent of oxidative stress;
(iv) in contrast, the apoptosis produced by PA is mediated partly via oxidative stress. PA-mediated cell
signaling in renal NRK-52E cells therefore differs from that identiﬁed in neuronal, hepatic and pancreatic
beta cells.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Oxidative stress plays an important role in the development of
diabetic nephropathy, disturbing the delicate balance between the
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generation of reactive oxygen species (ROS) and antioxidant defense
systems [1]. Endoplasmic reticulum (ER) stress involves disruption of
protein folding and subsequent activation of speciﬁc signaling
pathways which communicate between the ER, cytosol and nucleus
and which are involved in the pathogenesis of many diseases and
conditions including diabetes and ischemia-reperfusion injury [2,3].
Both hyperglycemia and proteinuria have been shown to induce
genes involved in ER stress in renal tubular epithelial cells in vitro, in
renal cells in diabetic patients and in animal models of diabetes [4,5].
The role of ER stress in the development of kidney injury has been
reviewed recently [6].
The intracellular mechanisms involved in the consequences of ER
stress within the kidney are complex (see Fig. 1) [7–9]. Survival
signals include activating transcription factor (ATF) 6, inositolrequiring ER-to-nucleus signal kinase (IRE) 1 and protein kinaselike ER kinase (PERK). PERK activation phosphorylates eukaryotic
translation initiation factor 2α (eIF2α) leading to the inhibition of
protein synthesis [8]. In contrast, death signals involve pro-apoptotic
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Fig. 1. Oxidant and ER stress pathways involved in apoptosis of renal cells. Salubrinal acts as a phosphatase inhibitor; SP600125 as an inhibitor of JNK phosphorylation; tunicamycin
as an inhibitor of the ﬁrst step in protein glycosylation and promoter of ER stress; hydrogen peroxide (H2O2) as an oxidant generator and EUK-134 [MeO-salenMn(III), [(N,N'-bis(3methoxysalicylidene)ethylenediamine)Mn(III)]+ Cl-] as an antioxidant with SOD and catalase mimetic activities. Abbreviations: ASK: apoptosis signal-regulating kinase; ATF:
activating transcription factor; CHOP: C/EBP homologous protein; eIF2α: eukaryotic initiation factor 2α; ERSE: endoplasmic stress response element; GADD: growth arrest and DNA
damage; IRE: inositol-requiring ER-to-nucleus signal kinase; JNK: c-Jun N-terminal kinase; PERK: protein kinase-like ER kinase; ROS: reactive oxygen species; SAPK: stress-activated
protein kinase; TRAF: tumor necrosis factor receptor-associated factor.

pathways such as tumor necrosis factor receptor-associated factor
(TRAF) 2, apoptosis signal-regulating kinase (ASK) 1 and c-Jun Nterminal kinase (JNK) pathways, leading to apoptosis which is
facilitated by caspase activation subsequent to TRAF2 activation by
ER stress [9]. ER stress can lead to the expression of CCAAT/enhancerbinding protein-homologous protein (Chop); a proapoptotic gene
which can be induced via the ATF6, IRE1 and PERK-eIF2α pathways
[7,10]. The transcription factor CHOP, the product of Chop, also known
as growth arrest and DNA damage 153 (GADD153), causes apoptosis
and Chop deﬁciency can protect mouse embryonic ﬁbroblasts against
apoptosis mediated by ER stress [11]. Chop deletion has also been
reported to protect pancreatic beta cells against oxidative stress
associated with diabetes in mice [12], suggesting potential interactions between oxidative and ER stress in diabetes.
Accumulation of saturated free fatty acids and their metabolites
within cells has been associated with cellular dysfunction and injury.
This process, which has been termed lipotoxicity [13,14], has been
described in hepatic cells and pancreatic beta cells under different
pathological conditions [15–17] and appears to involve both oxidative
and ER stress [18–20]. In humans, the range of concentration of free
fatty acids in serum is 0.25 to 3 mmol/L [21]; the chronically higher
levels occur in diabetic and non-diabetic obese patients [22]. The
direct effects of palmitic (16:0) acid (PA), a dietary saturated free fatty
acid, on the ER and associated lipotoxicity have been described in
several cell types ranging from neuronal cells to pancreatic beta cells
[23–25]. Furthermore, elevated levels of free fatty acids (e.g. linoleic

and arachidonic acids) have been measured in the urine of patients
suffering diabetic nephropathy and this correlated with increased
tubulointerstitial damage possibly caused by overload of free fatty
acids in the proximal tubule [26].
Both oxidative damage and ER stress have been implicated as
causative agents in the development of PA-mediated lipotoxicity
leading to apoptotic cell death. However, the pathways involved in
the development of fatty acid-mediated oxidative and ER stress
within the kidney, the time scale of activation, sequence of events,
cross talk and the consequences for the cell, e.g. loss of oxidative
function and viability, remain to be clariﬁed. The aim of this study was
to use classical inducers of oxidative stress or ER stress in conjunction
with PA and pharmacological inhibitors to investigate possible
pathway-speciﬁc contributions of ER and oxidative stress in the
development of apoptosis produced by PA in a renal proximal tubular
cell-line (NRK-52E cells).
Materials and Methods
Unless otherwise stated, all chemicals and reagents were obtained
from Sigma-Aldrich (Poole, Dorset, UK). PA was prepared as described
previously [27]. Brieﬂy, a stock solution of sodium palmitate (10 mmol/
L) was conjugated with fatty-acid-free bovine serum albumin (BSA) in a
3:1 molar ratio at 37 °C for 1 h prior to addition to cultured cells at a
dilution of 1:100. Salubrinal (Axxora, Nottingham, UK), tunicamycin
and SP600125 were initially dissolved in 100% dimethylsulfoxide
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(DMSO) and then diluted to a ﬁnal concentration of 0.02% (v/v), 1% (v/
v) and 0.02% (v/v) respectively, using Dulbecco's Modiﬁed Eagle's
medium (DMEM). EUK-134 [MeO-salenMn(III), [(N,N'-bis(3-methoxysalicylidene) ethylenediamine) Mn(III)]+ Cl-] was synthesized by Dr
Martyn Sharpe, Houston, Texas, USA [28] and was dissolved in DMEM by
sonication at 37 °C for 5 min.

this, cells were incubated with 50 μL of 5 μmol/L DEVD-NucViewTM
488 Caspase-3 substrate for 30 min. Fluorescence was measured in a
microplate reader (Cary Eclipse, Varian Inc.) set at wavelengths of
490 nm excitation and 520 nm emission.

Culture of NRK-52E cells

The nitroblue tetrazolium (NBT) assay [32] was used to assess the
ROS generation and more speciﬁcally of superoxide anion. While it is
acknowledged that under some circumstances NBT itself can lead to
the generation of superoxide anions [33], we have previously used the
NBT assay as a crude measure of superoxide generation by NRK-52E
cells [30]. Brieﬂy, cells were cultured on 6 well plates until conﬂuent
after which they were incubated with DMEM containing 300 µmol/L
PA and 25 µg/mL (30 µmol/L) NBT in DMEM. At the end of the
treatment period medium was discarded and 70% (v/v) methanol was
added to stop the reaction. After further rinsing with 100 % methanol,
the resultant blue formazan crystals were solubilised in a 1:1.167
mixture of 2 M potassium hydroxide and DMSO and absorbance was
read in a spectrophotometer set at 690 nm. Results were expressed as
% above the absorbance produced by untreated cells, i.e. those treated
with DMEM and NBT only, which was set as 100%.

The immortalized rat renal cell-line NRK-52E was obtained from
the European Collection of Cell Cultures (ECACC) (www.ecacc.org.uk).
Cells were maintained in 75 cm2 ﬂasks in DMEM containing 10% (v/v)
heat-inactivated fetal bovine serum (FBS, PAA Laboratories, Yeovil,
Somerset, UK), 1% (v/v) non-essential amino-acid solution,
5.5 mmol/L glucose, 100 U/mL penicillin and 50 µg/mL streptomycin
(supplemented DMEM) and grown at 37 °C in a humidiﬁed
atmosphere of 5% CO2 and 95% air. For experiments involving
Western blotting and cytotoxicity studies, NRK-52E cells were
subcultured using a combination of 0.1% (w/v) trypsin and 0.02 %
(w/v) ethylenediaminetetraacetic acid (EDTA, versene) and cultured
in 25 cm2 ﬂasks or on 24 well plates, respectively, in supplemented
DMEM containing 5 % (v/v) FBS. For caspase-3 activity assays, NRK52E cells were cultured on 96 well plates and grown in supplemented
DMEM containing 5% (v/v) FBS. Final incubations were performed on
sub-conﬂuent cultures of NRK-52E cells in the passage range 16 to 52
in supplemented DMEM containing 1% (v/v) FBS. For PA treatments,
appropriate controls containing fatty acid free albumin were routinely
included.
Incubation with palmitic acid and inhibitors
Cultured NRK-52E cells at 80-90% conﬂuence, were incubated with
a range of concentrations of PA (50-1000 µmol/L) for up to 24 h. NRK52E cells were also incubated with tunicamycin (10 µg/mL) or
hydrogen peroxide (H2O2, 300 µmol/L). Further incubations were
also performed in which NRK-52E cells were incubated with PA
(300 µmol/L) in the absence or presence of salubrinal (3 µmol/L),
SP600125 (3 or 10 µmol/L) or EUK-134 (30 µmol/L) for 24 h.
Measurement of cell viability and death
Cell viability and death were assessed as described previously by
measurement of the enzymatic conversion of the yellow tetrazolium
salt 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) into purple formazan and the release of lactate dehydrogenase
(LDH) from lysed cells, respectively [29,30]. NRK-52E cells were
stained with Hoechst 33342-propidium iodide (HPI) to assess cell
death by apoptosis and necrosis, respectively [31]. Speciﬁcally,
apoptotic cells were distinguished as those with characteristic nuclear
fragmentation and intense staining of condensed chromatin. Propidium iodide does not enter cells with intact plasma membranes,
however, after entering damaged apoptotic or non-apoptotic cells it
stains nuclear DNA pink. One thousand, randomly distributed nuclei
were counted per sample and were scored as morphologically normal,
apoptotic and necrotic using an inverted ﬂuorescence microscope
(Axiovert 25, Zeiss) set at excitation and emission wavelengths of 365
and 397 nm, respectively.

Measurement of superoxide production

Western immuno blotting for CHOP, p-eIF2α, p-JNK and β2actin
Cell protein was extracted using modiﬁed protein extraction
(RIPA) buffer consisting of 150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH
7.4), 1 mmol/L EDTA, 1 mmol/L phenylmethylsulphonylﬂuoride, 1%
(v/v) Triton-X 100, 1% (w/v) sodium deoxycholate and 0.1% (w/v)
sodium dodecyl sulphate (SDS) and containing protein inhibitor
cocktail [34]. Following centrifugation at 10,000 g, supernatants were
assayed for determination of total protein content using the Bradford
assay with BSA used as standard [35]. Subsequently, 30 μg of protein
was loaded into each lane of a SDS gel and proteins were allowed to
separate at 120 V for 90 min. Transfer of proteins to nitrocellulose
membranes was performed at 4 °C at 100 V for 80 min. The
membranes were then blocked using 5% (w/v) fatty acid-free
powdered milk for 1 h and incubated with the primary antibodies
overnight at 4 °C. The primary antibodies used and ﬁnal concentrations (which were based on manufacturer's recommendations) were:
rabbit polyclonal anti-phospho-JNK (Promega, Southampton, Hampshire, UK), 1:5000 dilution; mouse monoclonal anti-CHOP/GADD153
(Santa Cruz/Insight Biotechnology, Wembley, Middlesex, UK), 1:500
dilution; rabbit monoclonal anti-phospho-eIF2α (New England
Biolabs, Hitchin, Hertfordshire, UK), 1:1000 dilution and mouse
monoclonal anti-β2actin, 1:10000 dilution. For p-JNK and phosphorylated-eIF2α (p-eIF2α) immunodetection, the blocking solution
consisted of 1 or 5% (w/v) BSA rather than milk, respectively,
according to the manufacturer's protocol. Immunodetection was
performed at room temperature for 1 h using an appropriate
secondary antibody (e.g. anti-mouse IgG) diluted 1:5000 in TweenTris buffered saline containing 1 or 5% (w/v) milk or BSA.
Visualization of protein bands was performed using an ECL Plus
chemiluminescent detection system (GE Healthcare, Amersham,
Buckinghamshire, UK). Densitometric analysis was performed using
a scanning densitometer (Gel Doc-2000, Bio-Rad, Hertfordshire, UK)
and the results were normalized using β2actin readings obtained from
the same gel.

Measurement of caspase-3 activation
Statistical analysis
Caspase-3 activity was evaluated using a DEVD-NucViewTM 488
Caspase-3 substrate kit (Biotium Inc., Cambridge, UK). In the presence
of active caspase-3 enzyme, the substrate dissociates from its bound
ﬂuorogenic DNA-binding dye and the latter binds to DNA and emits
ﬂuorescence. Caspase-3 was detected by microscopic examination
and also by adapting the kit for microplate ﬂuorescence reading. For

Results are expressed as mean±standard deviation (SD) for n
independent observations as indicated. Statistical differences between mean values of groups have been determined using one way
analysis of variance (ANOVA) followed by a Dunnett's post-signiﬁcance test for comparison of multiple means using a commercially
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Palmitic acid induces ER stress in NRK-52E cells
Incubation of NRK-52E cells with PA produced a time-dependent
increase in the expression of the ER stress markers p-JNK, p-eIF2α and
CHOP which were detected using Western blotting. Signiﬁcant p-JNK
expression could be detected after 2 h incubation with 300 µmol/L PA
and this expression was maintained for up to 6 h (Figs. 3A, B). Both peIF2α and CHOP expression were detected after longer incubation
with 300 µmol/L PA, with signiﬁcant expression measured after 6 h
incubation and peak expression observed after 12 and 24 h
(Figs. 3C, D). PA-mediated CHOP expression was also concentrationdependent, with concentrations as low as 100 µmol/L PA producing a
signiﬁcant increase after 24 h incubation (Fig. 3E). Tunicamycin,
which inhibits the ﬁrst step in protein glycosylation and promotes ER
stress in many cell types including NRK-52E cells [36,37] was used as a
positive control. Incubation of NRK-52E cells with 10 µg/mL tunicamycin for 24 h produced an 8-fold increase in CHOP expression
compared to untreated control cells (Fig. 3F) as well as a signiﬁcant
increase in apoptosis from a baseline of 1.2% to 21.9% (Table 1).

Effects of JNK and p-eIF2α inhibition on PA-mediated apoptosis

Fig. 2. Effects of PA on NRK-52E cells. (A) Treatment with PA for 24 h produced
signiﬁcant and concentration-dependent effects on MTT reduction and LDH release.
Data represent mean±SD, n = 4. ★★P b 0.01 vs. control (0 µmol/L PA). (B) Treatment of
NRK-52E cells with 300 µmol/L PA produced a signiﬁcant increase in activity of
caspase-3. For comparison, the effects of tunicamycin (Tn, 10 µg/mL) are also shown.
Data represent mean±SD, n = 3. ★P b 0.05 and ★★P b 0.01 vs. untreated control.

available software (Graphpad Prism, version 4.0, Graphpad Software,
San Diego, CA, USA). The level of signiﬁcance was set at P b 0.05.

Inhibition of JNK activation using SP600125, an inhibitor of JNK
phosphorylation [38], signiﬁcantly reduced PA-mediated apoptosis of
NRK-52E cells. Concomitant incubation of cells with 300 μmol/L PA
and either 3 or 10 μmol/L SP600125 for 24 h produced a signiﬁcant
reduction of PA-mediated apoptosis by more than 50% (Fig. 4A).
Salubrinal, a protein phosphatase inhibitor which reduces the
dephosphorylation of p-eIF2α [39], also reduced PA-mediated
apoptosis of NRK-52E cells signiﬁcantly. Co-incubation of cells with
300 µmol/L PA and 3 µmol/L salubrinal for 24 h, reduced PAmediated apoptosis by approximately 40% (Fig. 4B). Neither
SP600125 nor salubrinal had any effect on the cell necrosis produced
by 300 µmol/L PA over 24 h (Figs. 4A, B), however, SP600125 was able
to abrogate the reduction in MTT produced by 300 µmol/L PA when
used at concentrations of 3 and 10 µmol/L (Table 2).

Results

Effects of JNK and p-eIF2α inhibition on CHOP expression

Palmitic acid causes apoptotic renal cell death

Although both SP600125 and salubrinal produced a reduction in
the apoptosis of NRK-52E cells caused by PA, the same concentrations
of these inhibitors did not inﬂuence PA-mediated CHOP expression.
SP600125 (10 µmol/L) did not modify CHOP expression produced by
300 µmol/L PA (Figs. 5A, B) indicating that JNK phosphorylation was
involved in apoptosis but not ER stress and CHOP expression. This
result obtained using salubrinal therefore puts NRK-52E cells in a
category closely resembling neuronal rather than pancreatic beta
cells. Salubrinal (3 μmol/L) did not modify PA-mediated CHOP
expression (Figs. 5C, D) and in fact, salubrinal on its own produced
a concentration-dependent and signiﬁcant increase in CHOP expression in NRK-52E cells over 24 h (Fig. 5E).

Incubation of conﬂuent cultures of the rat renal proximal tubular
NRK-52E cell line with PA for 24 h produced a concentrationdependent loss of cell viability and increased cell death as demonstrated by decreased reduction of MTT and increased LDH release,
respectively (Fig. 2A). MTT reduction was observed using PA
concentrations of 100 µmol/L or higher whereas signiﬁcant LDH
release could be measured only at higher PA concentrations of 300 and
1000 µmol/L, suggesting mitochondrial dysfunction precedes necrotic
cell death (Fig. 2A). While these assays quantify biochemical changes
which could result in loss of viability, the conﬁrmation of end-stage
apoptosis or necrosis was made using a combination of HPI staining of
nuclear morphology and membrane integrity. At a concentration of
300 µmol/L, PA produced a signiﬁcant increase in both apoptotic and
necrotic cell death; more cells were measured as apoptotic than
necrotic, but the fold increase in necrosis was greater (Table 1). The
classic ER stress inducer, tunicamycin, produced similar levels of
apoptosis as PA and the highest apoptosis: necrosis percent ratio,
while H2O2 (300 µmol/L) produced a signiﬁcant degree of apoptosis in
NRK-52E cells from a baseline level of 1.2% to 8.7% (Table 1). PAmediated apoptosis of NRK-52E cells coincided with a signiﬁcant
increase in caspase-3 activation (Fig. 2B). Tunicamycin as well as PA
increased ﬂuorescence in the caspase 3 assay conﬁrming activation of
apoptosis pathways (Fig. 2B).

Table 1
Apoptosis and necrosis measuring by nuclear staining in NRK-52E cells treated with PA
(300 μmol/L), tunicamycin (Tn; 10 μg/mL) or H2O2 (300 µmol/L) for 24 h. Data
represent mean±SD, n = 3-13 (n shown in brackets), ★★P b 0.01 vs. control (0 µmol/L
PA)
PERCENTAGE OF CELLS

Control
PA (300 μmol/L)
Tn (10 μg/mL)
H2O2 (300 µmol/L)

APOPTOSIS

NECROSIS

1.2 ± 0.7 (13)
17.4 ± 2.2★★(5)
21.9 ± 14.5★★(5)
8.7 ± 4.0★★(3)

0.3 ± 0.4 (13)
7.9 ± 1.3★★(5)
4.3 ± 2.7★★(5)
3.2 ± 0.4★★(3)
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Table 2
MTT reduction in NRK-52E cells treated with PA (300 μmol/L) in the presence of 3 or
10 μmol/L SP600125, an inhibitor of JNK. Data represent mean ± SD, n = 3. ★P b 0.05 vs.
PA only cells
MTT REDUCTION (% control)
Control
SP600125 only (10 μmol/L)
PA only (300 μmol/L)
PA (300 μmol/L) + SP600125 (3 μmol/L)
PA (300 μmol/L) + SP600125 (10 μmol/L)

Fig. 4. Effects of JNK and p-eIF2α inhibition on PA-mediated cell death by apoptosis and
necrosis. (A) Inhibition of JNK phosphorylation by SP600125 reduced PA-induced
apoptosis but not necrotic death of NRK-52E cells (B) Inhibition of p-eIF2α
dephosphorylation by salubrinal also reduced PA-induced apoptosis but not necrotic
death of NRK-52E cells. Data represent mean±SD, n = 3, ★P b 0.05 and ★★P b 0.01 vs.
control (0 mmol/L PA), ●●P b 0.01 vs. PA-treated cells.

Effects of EUK-134 on PA-mediated apoptosis and CHOP expression
Incubation of NRK-52E cells with 300 µmol/L PA and 30 µmol/L
EUK-134, a superoxide dismutase (SOD) mimetic with catalase
activity [28,40], produced a signiﬁcant improvement of cell viability
and a reduction in cell death (Fig. 6A) and also reduced PA-mediated
apoptosis (Fig. 6B). This was not unexpected, as PA generates ROS
(superoxide) as determined using the NBT assay with a percentage
rise from a control value of 100 ± 4.4 to 130 ± 3.5%. However, as with
SP600125 and salubrinal, EUK-134 did not have any effect on PAmediated CHOP expression (Figs. 6C, D). EUK-134 was also able to
abrogate H2O2-mediated reduction in cell viability and reduce cell
death (Fig. 6A), however, in contrast to its effects on CHOP expression
caused by PA, EUK-134 was able to reduce H2O2-mediated CHOP
expression signiﬁcantly (Figs. 6D, E).
Discussion
It is now clear that ER stress plays a role in the development and
progression of kidney injury and diabetic nephropathy. Microarray
analysis of renal biopsy specimens obtained from patients suffering
from diabetic nephropathy revealed the up-regulation of UPR genes

100.0 ± 3.5★
81.8 ± 5.2★
57.0 ± 4.3
66.7 ± 6.2★
66.2 ± 3.8★

associated with ER stress [4]. ER stress, which affects protein assembly
and trafﬁcking, was also associated with diabetic markers such as
hyperglycemia and proteinuria [4,41]. The association between ER
stress and diabetic nephropathy was conﬁrmed in vitro in renal HK-2
cells exposed to albumin and glucose, suggesting an early and protective
up-regulation of UPR followed by eventual apoptosis [4]. These ﬁndings
have contributed to other studies which have conﬁrmed the role of ER
stress in the development of cellular injury and apoptosis of glomerular
and tubular cells in renal disease [5,6,42–44]. In the present study, we
demonstrate that proximal tubular cells are sensitive to nutrient
overload and that micromolar concentrations of PA, which were within
the physiological range and below the levels found in obesity and/or
diabetes [21], reduced cell viability and caused death of NRK-52E cells
via apoptosis and necrosis.
An early biochemical change, observed in the kidney cell line after
6 h, was the increased phosphorylation of eIF2α, which decreases
protein synthesis; this is considered to be a protective cellular response
to short term exposure to stress [45]. However, in mild and established
diabetic nephropathy, expression of EDEM1, the gene for eIF2α kinase3,
was either unchanged or not detectable, suggesting that this protective
cellular response is overwhelmed within the diabetic kidney [4]. After
6 h exposure of NRK-52E cells to PA, a clear induction of CHOP (GADD
153) was also observed. CHOP expression is increased when eIF2-α is
maintained in its phosphorylated state, upstream of ATF4 (Fig. 1).
Although the exact role of CHOP in mediating apoptosis is not fully
understood [46–48], it may act as a pro-apoptotic transcription factor
via inhibition of the survival factor Bcl2 [49]. Salubrinal, an agent which
maintains eIF2-α in its phosphorylated state [39] has proven to be
potent in reducing ER stress induced by tunicamycin in neuronal cells
[50,51], however, it failed to protect pancreatic beta cells from harmful
effects of PA [52]. In the present study, salubrinal reduced apoptosis of
NRK-52E cells by PA, possibly via an ER stress preconditioning
mechanism involving the inhibition of novel protein synthesis [53]
and its effects on the kidney cell line therefore fall somewhere between
those of neuronal cells and pancreatic beta cells as reviewed in [38].
Salubrinal alone enhanced CHOP expression levels signiﬁcantly in NRK52E cells, as has been reported previously for pancreatic β cells [37,52].
These ﬁndings suggest that although CHOP may be necessary for the
induction of apoptosis by ER stress, it is not sufﬁcient. Furthermore, the
combination of PA and salubrinal did not produce an additive effect on
CHOP expression perhaps due to their actions on the same ER stress
pathway. Intriguingly, in established diabetic nephropathy, expression of
DDIT3, the gene for CHOP/GADD153 was down-regulated [4], however,
CHOP -/- mice appear to be protected against tunicamycin-induced ER
stress and renal dysfunction [11].
Oxidative stress and inadequate antioxidant defense responses
have been recognized as major contributors to the development of
diabetic nephropathy [1,54–56]. However, potential interactions
between ER and oxidative stress may occur, especially in the context

Fig. 3. Effects of PA on p-JNK, p-eIF2α and CHOP expression in NRK-52E cells. PA (300 µmol/L) produced a time-dependent increase in the expression of p-JNK p46 isoform as shown
by (A) Western blot and (B) densitometric analysis. Both p-eIF2α and CHOP were expressed after a longer incubation with 300 µmol/L PA, with (C) Western blot and
(D) densitometric analysis showing peak expression after 12 h which was maintained up to 24 h. (E) CHOP expression was also concentration-dependent with 100 µmol/L PA
producing a signiﬁcant expression over 24 h. For comparison, the effects of tunicamycin (Tn, 10 µg/mL) are also shown. (F) Incubation of NRK-52E cells with 10 µg/mL Tn for 24 h
also induced strong expression of CHOP. Data represent mean±SD, n = 3, ★P b 0.05 and ★★P b 0.01 vs. control (0 mmol/L PA), #P b 0.05, ##P b 0.01 vs. 100 µmol/L PA only, ++P b 0.05
vs. 300 µmol/L PA only, “ “P b 0.01 vs. all concentrations of PA only.
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Fig. 5. Effects of JNK and p-eIF2α inhibition on CHOP expression. Inhibition of JNK
phosphorylation by SP600125 or p-eIF2α dephosphorylation by salubrinal did not have
any effect on PA-induced CHOP expression as demonstrated by Western blot (A, C) and
densitometric analysis (B, D). Furthermore, 24 h treatment of NRK-52E cells with
salubrinal alone produced a concentration-dependent and signiﬁcant increase in CHOP
expression (E). Data represent mean±SD, n = 3, ★P b 0.05, ★★P b 0.01 vs. control
(0 mmol/L PA), #P b 0.05, ##P b 0.01 vs. 3 µmol/L salubrinal, +P b 0.05 vs. 10 µmol/L
salubrinal.

Fig. 6. Effects of EUK-134 on PA or H2O2-induced apoptosis and CHOP expression.
Incubation of NRK-52E cells with 300 µmol/L PA and 30 µmol/L EUK-134, an
antioxidant, produced a signiﬁcant improvement of cell viability and a reduction in
cell death (A) and reduced PA-mediated apoptosis (B). However, EUK-134 did not have
any effect on PA-mediated CHOP expression as demonstrated by Western blotting
(C) and densitometric analysis (D). EUK-134 was able to abrogate H2O2-mediated
reduction in cell viability and reduce cell death (A), however, EUK-134 was able to
reduce H2O2-mediated CHOP expression signiﬁcantly (D, E). Data represent mean±SD,
n = 3-5. ★★P b 0.01 vs. untreated controls, ●●P b 0.01 vs. PA-treated cells and #P b 0.01 vs.
H2O2-treated cells.
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of diabetic nephropathy. Deletion of the Chop gene has been shown to
protect pancreatic beta cells against oxidative stress associated with
diabetes in mice [12]. Furthermore, although ROS generation and
oxidative stress can activate the UPR as part of a survival process,
excessive or chronic oxidative stress (e.g. under hyperglycemic
conditions) can promote protein misfolding and subsequent apoptosis [48]. In our study, H2O2 produced signiﬁcant cellular injury and
death of NRK-52E cells which could be reduced signiﬁcantly by EUK134, conﬁrming our earlier ﬁndings demonstrating the protective
actions of this SOD and catalase mimetic in renal proximal tubular
cells [29,40]. EUK-134 was used in this study rather than SOD itself as
it has previously been used by us in rat models of acute kidney injury
and avoids the recognised problems associated with the administration of SOD in vivo such as immunogenicity and low bioavailability
while providing a similar degree of antioxidant protection to that
observed when using SOD in vitro [40]. We and others have previously
reported that PA also causes oxidant damage to pancreatic beta cells
[27,31,57], which can also be reduced by antioxidant molecules such
as EUK-134 or α-lipoic acid [31]. However, this study is the ﬁrst to
report that both PA and H2O2 induce CHOP expression in renal cells
suggesting that both produce ER stress. Oxidant generators can signal
through redox-dependent pathways such as the ASK1 pathway to
induce ER stress. While the antioxidant EUK-134 was able to
modulate CHOP expression caused by oxidant generators but not by
PA, we speculate that the ASK1 pathway is less important in the
development of PA-induced oxidative stress [58,59], however, this
will certainly require further research. The fact that EUK-134
promoted protection against PA-induced cell death conﬁrms that
oxidative stress plays a role in PA toxicity, via JNK activation within
2 h and subsequent apoptosis, as similar protection was observed
using both SP600125 and EUK-134.
Several studies have now demonstrated the lipotoxicity of PA in a
variety of cell types and have implicated oxidative and ER stress and
calcium disturbance as mechanisms of cell death [24,52,60–62]. Our
data using salubrinal, the JNK inhibitor SP600125 and the antioxidant
EUK-134 demonstrates some dissociation between CHOP expression
and apoptosis in renal NRK-52E cells exposed to PA. Although the role of
the p38 pathway has not been investigated in this study, many agents
which activate the JNK pathway are also likely to activate the p38
pathway (Fig. 1) [63]. With regards to the contribution of oxidative
stress to the development of ER stress, one recent study has
demonstrated that the oxidant paraquat can trigger CHOP expression,
ER stress, neuronal dysfunction and dopaminergic cell death which
involves the cleavage of p23, a small co-chaperone protein, by caspases
[64]. The same study showed that paraquat also inhibits proteosomal
activity which can lead to a UPR resulting in ER stress [64].
In summary, this investigation on the role of ER stress in
lipotoxicity in kidney cells has demonstrated that (i) PA caused a
signiﬁcant cellular dysfunction and death of NRK-52E cells via both
apoptosis and necrosis; (ii) PA produced a signiﬁcant expression of ER
stress detected at 6 h as signiﬁcantly increased expression of p-eIF2α
and CHOP protein; (iii) the JNK signalling pathway was activated
within 2 h of PA treatment and an inhibitor of the JNK pathway was
able to reduce PA-mediated apoptosis but did not modify ER-stress
related CHOP expression; (iv) H2O2 also caused a signiﬁcant cellular
dysfunction and death of NRK-52E cells - via apoptosis and necrosis as well as increased expression of CHOP; (v) EUK-134 reduced cellular
dysfunction and death of NRK-52E cells brought about by PA and H2O2
(vi) EUK-134 had differential effects on ER stress induced by these
two treatments. Speciﬁcally, EUK-134 did not modify PA-mediated
CHOP expression, however, it was able to reduce H2O2-mediated
CHOP expression signiﬁcantly. Taken together, these ﬁndings suggest
for the ﬁrst time that in renal cells both ER and oxidative stress are
separately involved in PA-induced toxicity and that increased ER
stress appears to play a greater role in cell death mediated by
oxidative stress than by PA. In conclusion, these ﬁndings may
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contribute to the understanding of the cellular mechanisms underlying the development of chronic kidney disease caused by saturated
fatty acids with interactions between ER and oxidative stress
pathways.
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