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a b s t r a c t
Unsaturated fatty acids may counteract the lipotoxicity associated with saturated fatty acids. Palmitic acid
induced endoplasmic reticulum (ER) stress and caused apoptotic and necrotic cell death in the renal
proximal tubular cell line, NRK-52E. We investigated whether α-linolenic acid, an unsaturated fatty acid,
protected against ER stress and cell death induced by palmitic acid or by other non-nutrient ER stress
generators. Incubation of NRK-52E cells for 24 h with palmitic acid produced a signiﬁcant increase in
apoptosis and necrosis. Palmitic acid also increased levels of three indicators of ER stress — the
phosphorylated form of the eukaryotic initiation factor 2α (eIF2α), C/EBP homologous protein (CHOP),
and glucose regulated protein 78 (GRP78). α-Linolenic acid dramatically reduced cell death and levels of all
three indicators of ER stress brought about by palmitic acid. Tunicamycin, which induces ER stress by
glycosylation of proteins, produced similar effects to those obtained using palmitic acid; its effects were
partially reversed by α-linolenic acid. Salubrinal (a phosphatase inhibitor) causes increased levels of the
phosphorylated form of eIF2α — this effect was partially reversed by α-linolenic acid. Palmitoleate, a
monosaturated fatty acid, had similar effects to those of α-linolenic acid. These results suggest that part of
the mechanism of protection of the kidney by unsaturated fatty acids is through inhibition of ER stress, eIF2α
phosphorylation and consequential reduction of CHOP protein expression and apoptotic renal cell death.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Type 2 diabetes, which is on the increase world-wide, is
characterized by increased blood glucose and fatty acid levels.
Prolonged exposure of cells to nutrient overload results in pathological alterations which contribute to the development of microvascular
complications such as diabetic nephropathy (Dronavalli et al., 2008;
Kanwar et al., 2008). Recently, elevated levels of free fatty acids (e.g.
linoleic and arachidonic acid) have been measured in the urine of
patients suffering from diabetic nephropathy and this correlated with
increased tubulointerstitial damage possibly caused by overload of
free fatty acids in the proximal tubule (Sasaki et al., 2009).
Endoplasmic reticulum (ER) stress, which involves disruption of
protein folding, lipid and sterol biosynthesis and intracellular calcium
stores and ultimately cell death via apoptosis, is involved in the
pathogenesis of many diseases and conditions including ischemia–
reperfusion injury and diabetes (Lin et al., 2008; Schroder, 2008).
Several intracellular pathways contribute to this terminal response
(Cnop et al., 2007; Cunha et al., 2008; Ji et al., 2005; Kim et al., 2006)
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and depending on the severity or longevity of ER stress, may result in
intracellular signaling for either cytoprotection or cellular dysfunction
within the kidney (Kitamura, 2008). For example, mild ER stress can
mediate cell protection via the phosphorylation of eukaryotic
initiation factor (eIF2α) subsequent to activation of protein kinaselike ER kinase (PERK) pathway which produces a temporary shutdown
of protein synthesis (Ron and Walter, 2007). Within the kidney,
induction of ER stress by tunicamycin or thapsigargin in an anti-Thy1
rat model of nephritis has been shown to reduce mesangioproliferative
glomerulonephritis (Inagi et al., 2008). However, prolonged or severe
ER stress activates PERK-mediated eIF2α phosphorylation which leads
to expression of activating transcription factor 4 (ATF4) and the
transcription factor C/EBP homologous protein (CHOP) — also known
as growth arrest and DNA damage (GADD)153 — leading to cell death
via apoptosis (Ron and Walter, 2007). Recent reports have described
ER stress in the kidneys of diabetic rats (Liu et al., 2008) and in humans
with nephropathy (Lindenmeyer et al., 2008). Glucose regulating
protein (GRP)78, which acts as a chaperone and a common regulator/
sensor of ER stress, can also be activated by PERK as well as by inositolrequiring ER-to-nucleus signal kinase (IRE)-1 upon its dissociation
from its transluminal site on the ER.
Accumulation of saturated free fatty acids and their metabolites
within cells produces lipotoxicity involving signiﬁcant cellular
dysfunction and injury (Weinberg, 2006). The lipotoxicity of palmitic
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(16:0) acid, a dietary saturated free fatty acid, has been shown to
involve both ER stress and/or apoptotic cell death in many cell types
including pancreatic β cells (Beeharry et al., 2003; Diakogiannaki
et al., 2008; Martinez et al., 2008), preadipocytes (Guo et al., 2007),
ovary cells, cardiomyocytes (Borradaile et al., 2006), retinal pericytes
(Cacicedo et al., 2008), liver (Wei et al., 2006) and neuronal cells
(Almaguel et al., 2009). In contrast, the beneﬁcial effects of unsaturated
fatty acids, such as α-linolenic acid, in health (Fuentes et al., 2008) and
disease has been studied in human (Zatonski et al., 2008) and animal
models of cardiomyopathy (Fiaccavento et al., 2006) spinal cord
ischemia (Lang-Lazdunski et al., 2003) and inﬂammation (Ren et al.,
2007). α-Linolenic acid has been shown to lower apoptosis in human
umbilical cord endothelial cells exposed to high glucose (Zhang et al.,
2007) in neuronal cells incubated with etoposide, a classical inducer of
apoptosis (Wu et al., 2007) and in murine enteroendocrine cells
subjected to serum deprivation (Katsuma et al., 2005). Similar
protection has been observed using mono-unsaturated fatty acids
such as palmitoleate (C16:1) and oleate (C18:1) which were able to
protect BRIN-BD11 pancreatic β cells against apoptosis induced by
saturated fatty acids (palmitic acid), serum withdrawal or exposure to
cytokines (Welters et al., 2004). Recently, a diet rich in polyunsaturated
fatty acids, speciﬁcally, a canola (rapeseed)-supplemented diet high in
levels of α-linolenic acid, has been shown to reduce the degree of
diabetic renal disease in streptozotocin-induced diabetic rats (Garman
et al., 2009).
We ﬁrst investigated if palmitic acid, a dietary saturated free fatty
acid and the most abundant circulating fatty acid in vivo (Richieri
et al., 1993), could generate ER stress in a renal proximal tubular
(NRK-52E) cell-line and compared its effects with those of a known
inducer of ER stress (tunicamycin). Secondly, we investigated whether
α-linolenic acid, an unsaturated fatty acid, could provide protection
against the cell death induced by palmitic acid. Finally, once the
beneﬁcial actions of α-linolenic acid were conﬁrmed, this study
investigated whether these effects were mediated via modiﬁcation of
the ER stress process with speciﬁc attention given to the role of GRP78
expression, eIF2α phosphorylation and induction of CHOP.
2. Materials and methods
Unless otherwise stated, all chemicals and reagents were obtained
from Sigma-Aldrich (Poole, Dorset, UK). Palmitic acid was prepared as
described previously (Beeharry et al., 2004). Brieﬂy, a stock solution of
sodium palmitate (10 mmol/l) was conjugated to fatty-acid-free bovine
serum albumin (BSA) in a 3:1 molar ratio at 37 °C for 1 h prior to
addition cultured cells at a dilution of 1:100. Salubrinal (Axxora,
Nottingham, UK) and tunicamycin were initially dissolved in 100%
dimethylsulfoxide (DMSO) and then diluted using Dulbecco's Modiﬁed
Eagle's medium (DMEM).
2.1. Culture of NRK-52E cells
The immortalized rat renal cell-line NRK-52E was obtained from
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% 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 passaged 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. 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.

2.2. Incubation of NRK-52E cells
Cultured NRK-52E cells at 80–90 % conﬂuence, were incubated
with palmitic acid (300 µmol/l) for up to 24 h. NRK-52E cells were
also incubated with tunicamycin (10 µg/ml) or salubrinal (3 µmol/l).
Further incubations were also performed in which NRK-52E cells were
incubated with palmitic acid (300 µmol/l) in the absence or presence
of α-linolenic acid (100 or 300 µmol/l) or palmitoleate (300 µmol/l)
for up to 24 h.

2.3. 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 (Samai et al., 2007; Samai
et al., 2008). NRK-52E cells were stained with Hoechst 33342 and
propidium iodide (HPI) to assess cell death by apoptosis and
necrosis (Beeharry et al., 2004). 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.

2.4. Western immuno blotting for CHOP, p-eIF2α 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
(PMSF), 1% (v/v) Triton-X 100, 1% (w/v) sodium deoxycholate and
0.1% (w/v) sodium dodecyl sulfate (SDS) and containing protein
inhibitor cocktail (Hasko et al., 2000). Following centrifugation,
supernatants were assayed for determination of total protein content
using the Bradford assay with BSA used as standard (Bradford, 1976).
Subsequently, 30 μg protein was loaded to 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 monoclonal anti-phospho-eIF2α (New England
Biolabs, Hitchin, Hertfordshire, UK), 1:1000 dilution; mouse monoclonal anti-CHOP/GADD153 (Santa Cruz/Insight Biotechnology,
Wembley, Middlesex, UK), 1:500 dilution; rabbit polyclonal antiGRP78 (BiP) (Stressgen via Cambridge Bioscience, Cambridge, UK),
1:2000 dilution and mouse monoclonal anti-β2actin, 1:10,000
dilution. For p-eIF2α immunodetection, the blocking solution consisted of 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 Tween–Tris 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 Doc2000, Bio-Rad, Hertfordshire, UK) and the results were normalized
using β2actin readings (Starkel et al., 2007; Xie et al., 2002).
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2.5. Statistical analysis

3.2. α-Linolenic acid reduces ER stress mediated by palmitic acid

Results are expressed as mean± standard error of the mean (S.E.M.)
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 available
software (Graphpad Prism, version 4.0, Graphpad Software, San Diego,
CA, USA). The level of signiﬁcance was set at P b 0.05.

Palmitic acid produced a signiﬁcant increase in the expression of
markers of ER stress. Speciﬁcally, incubation of NRK-52E cells with
300 µmol/l palmitic acid produced an early increase in levels of
phosphorylated eIF2α (p-eIF2α) after 6 h (Fig. 2A, B) which was
detected using Western blotting. After 24 h incubation with palmitic
acid, increased levels of CHOP were also detected (Fig. 2C, D).
Tunicamycin, which inhibits early protein glycosylation and promotes
ER stress in many cell types (Diakogiannaki et al., 2008; Peyrou and
Cribb, 2007), was used as a positive control in this study. Incubation of
NRK-52E cells with 10 µg/ml of tunicamycin for 24 h produced an
increase in p-eIF2α which was comparable to that obtained using
300 µmol/l palmitic acid after 6 h (Fig. 2A, B). In the presence of αlinolenic acid, ER stress mediated by palmitic acid was signiﬁcantly
reduced. Co-incubation of NRK-52E cells with 300 µmol/l palmitic
acid and 300 µmol/l α-linolenic produced a signiﬁcant reduction in
levels of p-eIF2α after 6 h (Fig. 2A, B) and CHOP after 24 h (Fig. 2C, D).

3. Results
3.1. Palmitic acid causes signiﬁcant cellular dysfunction and death of
renal cells — protection by α-linolenic acid
Incubation of subconﬂuent cultures of the NRK-52E cells with
300 µmol/l palmitic acid for 24 h produced a signiﬁcant loss of cell
viability as demonstrated by decreased reduction of MTT and
increased LDH release (Fig. 1A). The mode of cell death observed at
this concentration of palmitic acid was a combination of apoptosis and
necrosis as determined using a combination of HPI staining (Fig. 1B).
However, co-incubation of NRK-52E cells with 300 µmol/l palmitic
acid and 100 or 300 µmol/l α-linolenic acid restored cell viability to
levels observed in untreated cells (Fig. 1A). As expected, this
beneﬁcial effect of α-linolenic was reﬂected in a signiﬁcant reduction
of both the apoptotic and necrotic cell death caused by palmitic acid
(Fig. 1B).

Fig. 1. α-Linolenic acid protects NRK-52E cells against toxicity mediated by palmitic acid.
(A) MTT reduction and LDH release from cells treated with 300 μmol/l palmitic acid (PA)
for 24 h in presence of 100 or 300 μmol/l α-linolenic acid (ALA). (B) HPI analysis for cells
treated with 300 μmol/l palmitic acid (PA) for 24 h in presence of 100 μmol/l α-linolenic
acid (ALA). Data represent mean± S.E.M., n = 3, ★P b 0.05, ★★P b 0.01 vs. untreated
controls (0 µmol/l palmitic acid), ●●P b 0.01 vs. palmitic acid-only cells.

Fig. 2. α-Linolenic acid protects NRK-52E cells against ER stress induced by palmitic acid.
(A) Western blot and (B) densitometric analysis demonstrating the reduction of palmitic
acid (PA)-induced p-eIF2α expression by 300 µmol/l α-linolenic acid (ALA) after 24 h.
(C) Western blot and (D) densitometric analysis of CHOP expression after 24 h incubation
of cells with 300 μmol/l palmitic acid (PA) in presence of 100 or 300 μmol/l α-linolenic acid
(ALA). Tunicamycin was used as a positive control in both (A) and (C) (Tn; 10 μg/ml). Data
represent mean ± S.E.M., n = 3, ★★P b 0.01 vs. untreated controls (0 µmol/l palmitic acid),
●●
P b 0.01 vs. palmitic acid-only cells.
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3.3. Effects of α-linolenic acid on renal cell death mediated by tunicamycin
Incubation of NRK-52E cells with 10 µg/ml tunicamycin for 24 h
reduced cell viability (Fig. 3A) which was conﬁrmed by signiﬁcant
increases in both apoptosis and necrosis (Fig. 3B). α-Linolenic at
concentrations of 100 and 300 µmol/l, was able to increase cell
viability signiﬁcantly but not completely (Fig. 3A) — an effect which
was reﬂected by a signiﬁcant reduction in the numbers of apoptotic
cells generated by palmitic acid (Fig. 3B). In contrast, α-linolenic at a
concentration of 300 µmol/l increased signiﬁcantly the necrotic cell
death mediated by tunicamycin (Fig. 3B).
3.4. Effects of α-linolenic acid on ER stress induced by tunicamycin
Incubation of NRK-52E cells with 10 µg/ml tunicamycin for 24 h
produced a signiﬁcant increase in levels of CHOP (Fig. 4A, B) as well as
increased expression of GRP78 (Fig. 4A, C) subsequent to an increase
in p-eIF2α levels observed after 6 h (Fig. 2A, B). α-Linolenic, at
concentrations of 100 and 300 µmol/l, was able to reduce the increase
in CHOP levels produced by 300 µmol/l palmitic acid (Fig. 4A, B).
However, neither concentration was able to reduce GRP78 expression
mediated by palmitic acid (Fig. 4A, C).
3.5. Effects of α-linolenic acid on p-eIF2α and CHOP levels after salubrinal
In order to clarify further the effects of α-linolenic on ER stress in
NRK-52E cells, the effects of salubrinal, a phosphatase inhibitor which
maintains p-eIF2α in its phosphorylated form, on levels of p-eIF2α and
CHOP were also examined. As expected, 3 µmol/l salubrinal produced a
signiﬁcant increase in p-eIF2α after 6 and 24 h (Fig. 5A, B) and an
increase in CHOP levels after 24 h (Fig. 5A, B). The increase in p-eIF2α

Fig. 4. α-Linolenic acid protects NRK-52E cells against ER stress induced by tunicamycin.
(A) Western blot image and densitometric analysis of (B) CHOP and (C) GRP78 expression
in cells treated with tunicamycin (Tn; 10 μg/ml) in presence of increasing concentrations of
α-linolenic acid (ALA) for 24 h. Data represent mean± S.E.M., n =3, ★P b 0.05, ★★P b 0.01
vs. untreated controls (0 µg/ml tunicamycin), ●Pb 0.05, ●●Pb 0.01 vs. tunicamycin-only cells.

levels after 6 h could be signiﬁcantly reduced by 300 µmol/l α-linolenic,
however, α-linolenic did not have any effect on p-eIF2α after 24 h
(Fig. 5A, B). α-Linolenic, at a concentration of 300 µmol/l, was also able
to reduce CHOP subsequent to salubrinal administration (Fig. 5A, B).
NRK-52E cells were incubated with 3 µmol/l salubrinal in the presence
of palmitoleate, a mono-unsaturated fatty acid, for comparison with αlinolenic. Although 300 µmol/l palmitoleate was able to reduce
salubrinal-mediated increases in p-eIF2α observed after 6 h incubation
(Fig. 5A, B), it had no effect on the increase in CHOP levels produced by
salubrinal after 24 h (Fig. 5A, B).
4. Discussion

Fig. 3. α-Linolenic acid protects against dysfunction and apoptosis of NRK-52E cells
induced by tunicamycin. Data represent mean± S.E.M., n =3, ★★P b 0.01 vs. untreated
controls (0 µg/ml tunicamycin), ●●P b 0.01 vs. tunicamycin-only cells.

In this study, we report that (i) palmitic acid causes signiﬁcant cell
death in a renal proximal tubular cell-line (NRK-52E cells) and that the
mode of cell death is both apoptosis and necrosis, (ii) palmitic acid
causes a signiﬁcant degree of ER stress in renal cells, (iii) α-linolenic
protects NRK-52E cells against palmitic acid lipotoxicity by reducing ER
stress and apoptosis and (iv) α-linolenic reduces the early phosphorylation of eIF2α and the increase in levels of CHOP caused by palmitic
acid. α-Linolenic was also able to reduce levels of p-eIF2α and CHOP
within cells incubated with the phosphatase inhibitor salubrinal.
Palmitoleate, a mono-unsaturated fatty acid, was able to reduce
salubrinal-mediated increases in p-eIF2α levels but had no effect on
CHOP. The effects of palmitic acid were similar to those observed using
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Fig. 5. Inhibition of salubrinal-induced increases in p-eIF2α and CHOP levels by α-linolenic
acid in NRK-52E cells. (A) Western blot and (B) densitometric analysis of p-eIF2α
expression 6 and 24 h and CHOP expression 24 h after administration of salubrinal
(SAL; 3 μmol/l) in presence of palmitoleate (PO; 300 μmol/l) or α-linolenic acid (ALA;
300 μmol/l). Data represent mean ± S.E.M., n = 3–4, ★P b 0.05, ★★P b 0.01 vs. untreated controls (0 µmol/l salubrinal), ●P b 0.05, ●●P b 0.01 vs. salubrinal-only cells.

tunicamycin, an inhibitor of protein glycosylation which promotes ER
stress. Taken together, these results suggest that unsaturated fatty acids
such as α-linolenic may protect the kidney against lipotoxicity
generated by saturated dietary free fatty acids such as palmitic acid.
α-Linolenic was also able to reduce cellular dysfunction and
apoptosis caused by tunicamycin — a recognised inducer of ER stress.
Interestingly, a concentration of 300 µmol/l α-linolenic acid produced a
small, but signiﬁcant, increase in necrotic cell death caused by
tunicamycin as indicated by HPI staining (Fig. 3B). We believe this
reﬂects the toxic nature of tunicamycin which, as well as promoting ER
stress and apoptosis, also causes necrotic cell death in other cells such as
neuronal cells (Nakayama et al., 2009). The mechanism underlying the
necrotic cell death produced by tunicamycin is not clear but it does not
seem to involve the generation of oxidative stress (Zhang et al., 2006),
rather, it is likely to be a consequence of major disruption of intracellular
calcium homeostasis. It is possible that by protecting cells against
tunicamycin-induced apoptosis, α-linolenic acid diverted damaged
NRK-52E cells into a necrotic cell death pathway.
Saturated fatty acids have been shown to produce deleterious
effects on many cell types ranging from pancreatic β cells and
preadipocytes (Cunha et al., 2008; Guo et al., 2007) to tumor cells
(Zeng et al., 2008). The mechanisms involved include generation of
oxidative stress (Beeharry et al., 2003; Cacicedo et al., 2005) altered
mitochondrial permeability (Koshkin et al., 2008), changes in the
morphology of the ER (Borradaile et al., 2006) and an increase in ER
stress (Cunha et al., 2008; Lai et al., 2008; Wei et al., 2006). The ability
of palmitic acid to generate oxidative stress is well known (Beeharry
et al., 2003) as is its ability to increase levels of markers of ER stress
such as p-eIF2α and CHOP (Cunha et al., 2008; Diakogiannaki et al.,
2008; Guo et al., 2007; Lai et al., 2008; Wei et al., 2006). The ability of
palmitic acid to increase ER stress in NRK-52E cells was conﬁrmed in
this study via measurement of increased p-eIF2α and CHOP. Using these
divergent pathways, palmitic acid is able to induce apoptosis via
activation of protein kinase C (Eitel et al., 2003), nuclear factor-κB
(Staiger et al., 2006) or JNK (Malhi et al., 2006; Pagliassotti et al., 2007).
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ER stress has been associated with several pathological conditions
which can affect the kidney including ischemia–reperfusion injury,
glomerulonephritis and diabetic kidney disease (Bando et al., 2004;
Inagi et al., 2005; Inagi et al., 2008; Liu et al., 2008; Ohse et al., 2006).
In this study, we have demonstrated for the ﬁrst time that ER stress
produced by palmitic acid in renal proximal tubular cells can be
signiﬁcantly reduced by α-linolenic acid, an unsaturated fatty acid. We
also report here, for the ﬁrst time, that the protection afforded by an
unsaturated fatty acid involves a reduction of ER stress. The mechanism
involves a reduction in the raised levels of p-eIF2α and CHOP associated
with palmitic acid, however the results of our investigation appears to
rule out a protective mechanism mediated by GRP78 as α-linolenic acid
did not signiﬁcantly affect levels of this chaperone molecule whereas
levels of CHOP were signiﬁcantly reduced.
Speciﬁc unsaturated fatty acids such as linolenic (Beeharry et al.,
2003; Beeharry et al., 2004) palmitoleic (Diakogiannaki et al., 2008)
and oleate (Koshkin et al., 2008) have previously been shown to
protect against the damaging actions of saturated fats in different cell
types via reduction of mitochondrial permeability (Koshkin et al.,
2008) and activation of phosphoinositide 3 kinase (Beeharry et al.,
2004) in pancreatic β cells, reduction of phospholipase A2 in liver cells
(Wei et al., 2006) and reduction of JNK activation in cardiac myocytes
(Miller et al., 2005). In 2005, Hufnagel and co-workers demonstrated
that unsaturated fatty acids could activate protein phosphatase type
2C in endothelial cells leading to apoptosis (Hufnagel et al., 2005).
However, we believe that our study is the ﬁrst to report the protective
effects of α-linolenic acid in renal proximal tubular cells.
To investigate the mechanisms involved in the protection afforded
by α-linolenic acid, the effects of this unsaturated fatty acid on the proapoptotic PERK pathway were investigated. PERK activation results in
phosphorylation of eIF2α and as expected, salubrinal, which inhibits the
phosphatase responsible for eIF2α dephosphorylation increased levels
of p-eIF2α and produced apoptosis of NRK-52E cells. α-Linolenic acid
was able to reduce the early phosphorylation of p-eIF2α and reduce
levels of CHOP. In our study, a similar effect on p-eIF2α phosphorylation
was obtained using palmitoleate — a mono-unsaturated fatty acid. A
similar effect has recently been shown by Diakogiannaki and coworkers using pancreatic β cells (Diakogiannaki et al., 2008). We
therefore speculate that the unsaturated fatty acids could enhance
phosphatase activity in the kidney.
To summarize, the results presented here suggest that unsaturated
fatty acids such as α-linolenic acid may be able to provide protection of
renal cells against the detrimental effects of saturated fatty acids such as
dietary palmitic acid and nutrient overload associated with type 2
diabetes and obesity.
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