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Abstract
Aims/hypothesis During the development of type 2 diabetes
mellitus, beta cells are often exposed to a high glucose/
hyperlipidaemic environment, in which the levels of reac-
tive oxygen species (ROS) are elevated. In turn, ROS can
trigger an apoptotic response leading to beta cell death, by
activating mitogen-activated protein kinase (MAPK) signal-
ling cascades. Here we test the hypothesis that serine/threo-
nine protein phosphatase 5 (PP5) acts to suppress proapoptotic
c-Jun N-terminal kinase (JNK) signalling in beta cells.
Methods Ppp5c−/− and Ppp5c+/+ mice were subjected to
intraperitoneal glucose (IPGTT) or insulin tolerance tests.
Pancreatic islets from Ppp5c−/− and Ppp5c+/+ mice or MIN6
cells treated with short-interfering RNA targeting PP5 were
exposed to palmitate or H2O2 to activate MAPK signalling.
Changes in protein phosphorylation, mRNA expression,
apoptosis and insulin secretion were detected by western blot
analysis, quantitative RT-PCR or ELISA.
Results Ppp5c−/− mice weighed less and exhibited reduced
fasting glycaemia and improved glucose tolerance during

IPGTT, but retained normal insulin sensitivity and islet
volume. Comparison of MAPK signalling in islets from
Ppp5c−/− mice and MIN6 cells revealed that the lack of PP5
was associated with enhanced H2O2-induced phosphorylation
of JNK and c-Jun. Cells with reduced PP5 also showed
enhanced JNK phosphorylation and apoptosis after palmitate
treatment. PP5 suppression in MIN6 cells correlated with
hypersecretion of insulin in response to glucose.
Conclusions/interpretation PP5 deficiency in mice is associ-
ated with reduced weight gain, lower fasting glycaemia, and
improved glucose tolerance during IPGTT. At a molecular
level, PP5 helps suppress apoptosis in beta cells by a mechan-
ism that involves regulation of JNK phosphorylation.
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Introduction

In healthy individuals, fasting blood glucose concentrations
increase from about 4–5 mmol/l to 7–8 mmol/l after a meal
[1]. As insulin resistance develops, glucose uptake becomes
impaired, and normoglycaemia is maintained by compensa-
tory hypersecretion of insulin [2], mainly due to an increase
in pancreatic beta cell mass [3–5]. After the development of
type 2 diabetes, beta cells are exposed chronically to supra-
physiological glucose concentrations, which can result in
reduced beta cell mass [3, 5]. Since type 2 diabetes is often
linked to obesity, in conjunction with elevated glucose levels,
beta cells in type 2 diabetes patients are also often exposed to a
hyperlipidaemic environment, producing so-called glucolipo-
toxicity. Elevated levels of glucose and fatty acids are associ-
ated with increased production of reactive oxygen species
(ROS) [6–8]. Mounting evidence suggests that ROS act as
signalling intermediates and play important roles in a variety
of cellular responses. Notably, when present at high levels,
ROS cause oxidative stress and cellular damage, which can
initiate apoptosis in isolated human pancreatic islets [9]. Be-
cause beta cells express low levels of ROS-scavenging
enzymes [10, 11], they are highly susceptible to ROS.

To cope with oxidative stress, cells are equipped with
various signal-transduction networks. The mitogen-
activated protein kinase (MAPK) pathways are important
for an optimal response to counter oxidative stress. MAPK
cascades are generally three-tiered signalling modules, in
which sequential phosphorylation propagates and amplifies
the signal. In these cascades, the catalytic activity of the
downstream MAPK is activated by a MAPK kinase
(MAPKK)-mediated phosphorylation. MAPKKs are acti-
vated in a s imi lar manner by MAPKK kinases
(MAPKKKs). Apoptosis signalling kinase 1 (ASK1) is a
MAPKKK that plays a key role in oxidative-stress-induced
cell death. ASK1 activates two MAPKKs (MKK4 and
MKK6). In turn, MKK4 and MKK6 phosphorylate c-Jun
N-terminal kinases (e.g. JNK1, JNK2) and p38 MAPKs at
sites that enhance their catalytic activity [12–14]. JNKs and
p38 MAPKs induce a variety of cellular functions, notably
gene expression and apoptosis, through the phosphorylation
of specific serine and/or threonine residues of their substrate
proteins. When altered, the dysregulation ofMAPK signalling
networks has been linked to the pathogenesis of several dis-
ease states, including cancer, ischaemic injury and diabetes
[15].

The ability of ASK1 to respond to ROS is mediated in
part by its interaction with an antioxidant protein, thiore-
doxin [16]. Thioredoxin binds ASK1, inhibiting ASK1 ac-
tivity. When proper pro-oxidant/antioxidant balances are
maintained, reduced thioredoxin binding to ASK1 helps to
suppress apoptosis. Upon oxidation, thioredoxin dissociates
from ASK1 inducing a JNK-mediated cascade leading to

apoptosis. Hence, activation of ASK1 and the subsequent
activation of JNK and p38 MAPK is responsive to changes
in the level of ROS. To help protect cells from the accidental
activation of ASK1 and apoptosis, the catalytic activity of
ASK1 is further regulated by phosphorylation. Oxidative
stress induces ASK1 phosphorylation on Thr845, which
correlates with an increase in both ASK1 activity and
ASK1-dependent apoptosis [17, 18]. ASK1 is further regu-
lated by serine/threonine protein phosphatase 5 (PP5; encoded
by PPP5C), an okadaic acid/microcystin/calyculin A [19]
sensitive serine/threonine protein phosphatase that belongs
to the phosphoprotein phosphatase (PPP) family of enzymes
[20]. The expression of PPP5C is transcriptionally induced by
hypoxia/ROS via the activation of hypoxia-inducible tran-
scription factor 1α [21]. At high levels, ROS also induce the
association of PP5 with ASK1, which is associated with
dephosphorylation of Thr845 and the inactivation of ASK1
[22–24]. These observations suggest that PP5 can help sup-
press oxidative-stress-induced apoptosis, by preventing the
sustained activation of ASK1 and the subsequent activation
of JNK.

Like other PPPs (PP1, PP2A, PP2B/calcineurin, PP4,
PP6 and PP7), PP5 is conserved among species. Although
PPP5C is expressed in most, if not all, mammalian cells, the
role(s) of PP5 in biology is only beginning to emerge
[25–27]. The role of PP5 in beta cell function is entirely
unknown. The associations mentioned above, however, sug-
gest that it may play a role in the regulation of cellular
responses to stress, acting as a negative regulator of the
JNK- and/or p38-signalling cascades that facilitate apoptosis.
The present study further investigates the role of PP5 in mice
and explores the molecular mechanisms regulated by PP5 in
isolated pancreatic islets and clonal beta cells exposed to H2O2

or palmitate.

Methods

Animals and isolation of islets of Langerhans We have
generated PP5 knockout (Ppp5c−/−) mice [27], and experi-
ments were performed on 2–8-month-old male animals.
Glucose handling was evaluated by an i.p. glucose tolerance
test (IPGTT). The mice were fasted (4 h) before they re-
ceived i.p. injections containing a 30% glucose solution
(2 g/kg body weight). Blood was drawn from the tail vein,
and glycaemia was measured using a glucometer (One-
Touch Ultra 2; LifeScan, Milpitas, CA, USA) immediately
before (time 0) and 5, 15, 30, 60 and 120 min after the
injection. Insulin sensitivity was determined by an i.p. insu-
lin tolerance test. Random-fed mice were injected i.p. with
human recombinant insulin (Humalog; Eli Lilly, Indianapolis,
IN, USA) equivalent to 1 unit/kg body weight. Blood glucose
levels were measured as described above.
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Mice were killed by exposure to CO2 followed by decap-
itation. The pancreatic gland was excised, and islets were
isolated by collagenase digestion. Islets were placed in
RPMI-1640 culture medium (SVA, Uppsala, Sweden) con-
taining 11 mmol/l glucose and supplemented with 10% FBS,
2 mmol/l L-glutamine (SVA), 6 mg/ml penicillin G and
5 mg/ml streptomycin sulphate (Invitrogen, Carlsbad, CA,
USA) for an overnight recovery at 37°C in 5% CO2. The next
day, islets were transferred to medium (described above)
without FBS and supplemented with palmitate (0.5 mmol/l)
equilibrated with 0.5% BSA (fraction V fatty acid free; Roche
Diagnostics, Mannheim, Germany). The study was performed
according to the guidelines of Karolinska Institutet and ap-
proved by the local animal ethics committee.

MIN6 cell culture and in vitro treatment MIN6 cells [28],
derived from mouse pancreatic beta cells, were maintained in
DMEM containing sodium pyruvate and 25 mmol/l glucose,
and supplemented with 15% FBS, 6 mg/ml penicillin G,
5 mg/ml streptomycin sulphate, 2 mmol/l L-glutamine and
50 μmol/l β-mercaptoethanol at 37°C and 5% CO2. H2O2

was diluted in the above medium to a final concentration of
0.5 mmol/l. During palmitate exposure, 0.5 mmol/l palmitate
equilibrated with 0.5% BSAwas added.

Suppression of PP5 in cultured cells using siRNA Short
interfering RNAs (siRNAs) targeting three different regions
of mouse PP5 (NM_011155), or the corresponding scrambled
siRNA (negative control; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), were used to suppress PP5 expression in
MIN6 cells. Cell transfection was aided by electroporation,
using a Nucleofector (Lonza, Cologne, Germany) and
100 pmol/l of the indicated siRNA.

Analysis of ROS levels 5-(and-6)-Carboxy-2′,7′-dichlorodi-
hydrofluorescein diacetate (carboxy-DCF) was used as a
fluorogenic indicator to detect ROS. Cellular levels of
ROS were measured using the Image-iT LIVE Green Reac-
tive Oxygen Species Detection Kit (Invitrogen) as described
previously [29].

Assessment of cell viability and apoptosis Cell viability was
assessed by a Cytotoxicity Detection KitPlus (Roche Diag-
nostics), which measures the amount of lactate dehydroge-
nase released after cell lysis, which correlates inversely with
the amount of living cells. Apoptosis was detected by mea-
suring cytoplasmic DNA-histone nucleosomes generated
during apoptotic DNA fragmentation using the Cell Death
Detection Kit ELISAPLUS (Roche Diagnostics), according to
the manufacturer’s instructions.

Western blot analyses Protein samples from islets or cells
were prepared for western blot analysis as previously

described [30]. Total protein concentrations were deter-
mined as described by Lowry et al [31]. Immunoblot analy-
ses were performed using antibodies that recognise PP5
(Santa Cruz Biotechnology), phosphorylated p38 MAPK,
total p38 MAPK, phosphorylated JNK, total JNK, phos-
phorylated c-Jun, total c-Jun and the cleaved form of cas-
pase 3 (Cell Signaling Technology, Danvers, MA, USA).
Immunoreactive bands were detected using ECL (GE
Healthcare, Uppsala, Sweden), imaged with a GelDoc sys-
tem and quantified with Quantity One software (Bio-Rad
Laboratories, Hercules, CA, USA). To verify equal protein
loading after imaging, the polyvinylidene difluoride mem-
branes were stained with Coomassie Blue.

Quantitative PCR Total mRNA was isolated from cells and
islets. Complementary DNA (cDNA) was produced using
reverse transcriptase (iScript cDNA Synthesis Kit; Bio-Rad).
The expression levels of mRNAs were measured by SYBR
green-based quantitative RT-PCR (iQ SYBR Green Super-
mix). Actbwas used as an internal standard (for primer details,
see electronic supplementary material [ESM] Table 1).

Analysis of insulin, C-peptide and PP2A phosphatase
activity Glucose-stimulated insulin release and insulin con-
tent were measured in MIN6 cells after transfection with
siRNA targeting PP5 or a negative control siRNA, after treat-
ment with or without 0.5 mmol/l palmitate, as previously
described [30]. The amount of insulin was determined using
an insulin ELISA (Mercodia, Uppsala, Sweden). Quantifica-
tion of C-peptide in serum was determined by ELISA
(ALPCO Diagnostics, Salem, NH, USA), as instructed by
the manufacturer. PP2A activity was determined by using a
PP2A-specific immunoprecipitation phosphatase assay kit
(Millipore, Temecula, CA, USA), which measures free phos-
phate with malachite green dye. The assay was performed
according to the manufacturer’s instructions.

Immunohistochemistry Pancreatic glands were dissected
and placed in 4% phosphate-buffered paraformaldehyde
for 48 h. The fixed pancreas was then embedded in paraffin
and sectioned at 5 μm longitudinally through the entire
gland. Sections were stained for insulin (guinea pig anti-
insulin polyclonal; Dako, Glostrup, Denmark) and counter-
stained with haematoxylin and eosin. For quantification of
islet volume, we adopted the nucleofector method [32] using
a computerised setup for stereology, driven by newCAST
software (Visiopharm, Hoersholm, Denmark). For each an-
imal, the volume was determined from all islets identified
(ranging from 87 to 125 per animal) in three randomly
chosen sections and presented as the mean islet volume.

Statistical analysis Data are presented as mean±SEM. Stu-
dent’s t test was used to compare the difference between two
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groups. For multiple comparisons, differences were deter-
mined by one- or two-way ANOVA followed by the Bon-
ferroni post hoc test (GraphPad Prism version 5 software). A
value of p<0.05 was considered significant.

Results

Comparison of body weight, glucose tolerance and insulin
sensitivity in Ppp5c+/+ and Ppp5c−/− mice To characterise
the biological actions of PP5, we recently generated Ppp5c−/−

mice [27]. As reported for other tissues [27], western blot
analysis detected no PP5 protein in islets from Ppp5c−/−

animals, whereas PP5 was easily detected in islets from
Ppp5c+/+ animals (Fig. 1a). When compared over a time
period of 2–8 months of age, the weight of male Ppp5c−/−

mice was significantly less than littermate Ppp5c+/+ mice
(Fig. 1b). Mice lacking PP5 also had lower fasting glycaemia
than littermate controls (Fig. 1c), but unchanged fasting serum
insulin levels (Fig. 1d). However, C-peptide levels were in-
creased in Ppp5c−/−mice (Fig. 1e), which led to an increase in
the C-peptide to insulin ratio (1.4±0.4 in Ppp5c+/+ mice vs
4.1±1.1 in Ppp5c−/− mice, p<0.05). We also counted the
number of islets and quantified mean islet volume from his-
tological sections obtained from Ppp5c−/− and Ppp5c+/+

mice, but no differences were found (Fig. 1h and data not
shown). Blood glucose levels during an IPGTTwere reduced
in Ppp5c−/− mice (Fig. 1f), while no difference in insulin
sensitivity was observed between the two genotypes (Fig. 1g).

Expression of other protein phosphatases is not altered after
PP5 silencing After either genetic disruption of PP5 in mice
or siRNA suppression of PP5 in MIN6 cells, mRNA levels
of related PPP-family phosphatases (Ppp1ca, Ppp2ca and
Ppp3ca/calcineurin) were not upregulated to compensate for
PP5 deficiency (ESM Fig. 1a, b). Commensurate with
mRNA data, siRNA targeting PP5 did not have any effect
on PP2A activity (ESM Fig. 1c).

Characterisation of Ppp5c expression levels in islets of
Langerhans and MIN6 cells The expression of Ppp5c
mRNAwas readily detected in both pancreatic islets isolated
from Ppp5c+/+ (wild-type) mice and MIN6 cells. In both,
the expression level of Ppp5c mRNAwas similar to that of
Slc2a2 and Gck, but lower than Ins2 mRNA expression and
that of the housekeeping genes, Actb and Gapdh (ESM
Fig. 2a, b). In MIN6 cells, neither glucose nor palmitate
had an apparent effect on PP5 protein levels (ESM Fig. 2c).

Isolated islets from Ppp5c−/− mice show increased sensitivity
towards palmitate-induced activation of JNK signalling and
apoptosis Under pre-diabetic and diabetic conditions, beta

cells are under increased oxidative pressure due to both
hyperlipidaemia and hyperglycaemia [6]. To examine the
role of PP5 under such conditions, pancreatic islets isolated
from Ppp5c+/+ or Ppp5c−/− mice were treated in vitro with
0.5 mmol/l palmitate in the presence of 11 mmol/l glucose
for 24 h. Enhanced formation of cleaved caspase 3 was
observed after exposure, with the level of apoptosis further
enhanced in the Ppp5c−/− islets compared with Ppp5c+/+

islets (Fig. 2a). The augmented apoptosis in Ppp5c−/− islets
correlated with enhanced phosphorylation of JNK1 (Fig. 2b)
and was also associated with elevated levels of JNK2 protein
(Fig. 2c).

siRNA-mediated suppression of PP5 augments H2O2-induced
activation of JNK signalling in MIN6 cells MIN6 cells were
used to further investigate the role of PP5 in beta cells. First,
the effects of H2O2 on MAPK signalling were characterised.
After a 30 min exposure to 0.5 mmol/l H2O2, cellular levels
of ROS increased (Fig. 3a), which was associated with a
marked increase in JNK phosphorylation. JNK1 phos-
phorylation increased by 690±9% and JNK2 phosphory-
lation by 1,100±60% after a 15 min exposure (Fig. 3b).
A similar increase in phosphorylation was seen for both
c-Jun and p38 MAPK (Fig. 3c, d). When cell viability
was measured 30 min after treatment, it was only reduced
by 5% (Fig. 3e). However, the 30 min exposure to 0.5 mmol/
l H2O2 was sufficient to inflict irreversible cell damage (i.e.
when cells were treated for 30 min and then incubated in the
absence of H2O2, ~75% of the cells were dead after 8 h
[Fig. 3e]). The effects of H2O2 could be reversed completely
by supplementing the incubation medium with the ROS-
scavenging enzyme, catalase (Fig. 3f and data not
shown).

To determine if PP5 can suppress MAPK signalling,
MIN6 cells were transfected with siRNA targeting PP5,
which by 48 h after transfection reliably suppressed PP5
mRNA and protein levels by 75% and 85%, respectively
(Fig. 4a, b). The suppression of PP5 was associated with
increased sensitivity towards H2O2-induced phosphoryla-
tion of JNK1 and JNK2 (Fig. 4c, d). c-Jun was also hyper-
phosphorylated in cells after siRNA-mediated suppression
of PP5 (data not shown). However, H2O2-induced phos-
phorylation of p38 MAPK was not affected by the loss of
PP5 (Fig. 6e). Neither cellular levels of ROS nor expression
of scavenging enzymes was affected by siRNA targeting
PP5 (Fig. 4f, g). These observations indicate that acute
exposure of MIN6 cells to H2O2 promotes JNK signal-
ling, with PP5 acting as a negative regulator of JNK
phosphorylation.

Suppression of Ppp5c expression augments palmitate-
induced phosphorylation of JNK, c-Jun and apoptosis in
MIN6 cells MIN6 cells were exposed to palmitate
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(0.5 mmol/l) in combination with either 5.5 or 25 mmol/l glu-
cose for 24 h. In the presence of 25 mmol/l glucose, palmitate
treatment increased MAPK signalling, as evidenced by the
increased phosphorylation levels of JNK1 and JNK2

(Fig. 5a) and their downstream target, c-Jun (Fig. 5b). These
data suggest that palmitate, in the presence of high glucose
(25 mmol/l), activates the JNK arm of the signalling network.
However, it should be noted that, although the effect was not as

Fig. 1 Comparison of body
weight, glucose tolerance and
insulin sensitivity in Ppp5c+/+

(white circles and bars) and
Ppp5c−/− (black circles and
bars) mice. a PP5 protein
production in different tissues
(as indicated) from Ppp5c+/+

and Ppp5c−/− mice was
detected by western blot
analysis. b Body weights of
Ppp5c+/+ and Ppp5c−/− mice
(n09–13) were measured over
time. c Fasting blood glucose
concentrations (2 months
[n011], 3 months [n027],
4 months [n05–6] and
6 months [n021]) were
determined with a glucometer.
d Fasting insulin levels in the
serum were determined using
an insulin ELISA (2 months
[n016–23], 3 and 4 months
[n04–5]). e C-peptide levels in
the serum were determined by
ELISA (n07). Mice from both
strains were subjected to either
an IPGTT (n04–5) (f) or an
i.p. insulin tolerance test (n03)
(g). h Islet volume was evalu-
ated by stereology at ×10
magnification (n03–4).
Data represent mean±SEM.
* denotes a significant
difference (p<0.05) between
Ppp5c+/+ and Ppp5c−/− mice
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pronounced, palmitate-induced JNK1 and JNK2 phosphoryla-
tion was also observed in cells cultured in the presence of
5.5 mmol/l glucose (Fig. 5c). As expected, palmitate treatment
was associated with elevated levels of ROS (Fig. 5d). No
activation of p38 MAPK was observed in MIN6 cells after
palmitate exposure at either 5.5 or 25 mmol/l glucose (Fig. 5e).
As previously reported [9, 30, 33, 34], palmitate treatment
increased caspase 3 cleavage and enhanced DNA fragmenta-
tion, both hallmarks of apoptotic cell death (Fig. 5f, g).

Next, the effects of palmitate were evaluated in MIN6
cells with reduced levels of PP5. In concordance with the
results obtained using H2O2, susceptibility to palmitate was

increased in cells after siRNA-mediated suppression of PP5.
When compared with cells treated with a negative control
siRNA, the phosphorylation of JNK2 and c-Jun was aug-
mented in PP5 siRNA-treated cells (Fig. 6a–c). Palmitate-
induced apoptosis, measured as elevated levels of cleaved
caspase 3 and enhanced DNA fragmentation 24 h after the
addition of palmitate, was also elevated in MIN6 cells after
siRNA-mediated suppression of PP5 (Fig. 6d, e). These
observations suggest that palmitate-induced ROS produc-
tion can activate JNK in MIN6 cells, which is linked to
increased apoptosis, and that PP5 acts to help protect these
cells from the detrimental effects of palmitate.

Fig. 2 PP5 disruption increases JNK activation and augments lipo-
apoptosis in mouse pancreatic islets. Islets were isolated from the
indicated strains of mice and treated with (black bars) or without (white
bars) 0.5 mmol/l palmitate equilibrated with 0.5% BSA for 24 h.
a Comparison of palmitate-induced apoptosis between Ppp5c+/+ and
Ppp5c−/− islets performed by measuring protein levels of cleaved
caspase 3 by western blot analysis. Phosphorylation levels of JNK1
(b) together with the total JNK2 levels (c) were detected by western
blot analysis. Bars represent mean±SEM, n07–8. * denotes a signif-
icant difference (p<0.05) between palmitate and controls; † denotes a
significant difference (p<0.05) between Ppp5c+/+ and Ppp5c−/− mice

Fig. 3 H2O2 increases ROS levels and the phosphorylation of JNK,
c-Jun and p38 MAPK in MIN6 cells. Cells were treated with
0.5 mmol/l H2O2 (black bars) or water (control, white bars) as indicat-
ed. a ROS levels were measured using carboxy-DCF after a 30 min
exposure. Western blot analyses of cell extracts after a 15 min exposure
to H2O2 using antibodies that recognise JNK (b), c-Jun (c) or p38
MAPK (d) are shown. e MIN6 cells were treated with H2O2 continu-
ously (black bars) or transiently (for 30 min) and then placed in fresh
medium without H2O2 (grey bars); cell viability was measured at the
times indicated using the Cytotoxicity Detection Kit Plus. f The ROS
scavenger, catalase, reverses the effects of H2O2, as shown in cells treated
with 0.5 mmol/l H2O2 for 4, 8 or 16 h, with 250 U/ml of catalase (grey
bars); cell viability was measured at the times indicated. Bars represent
mean±SEM, n03–11. * denotes a significant difference (p<0.05)
between H2O2 and controls. † denotes a significant difference (p<0.05)
between catalase and H2O2 treatments. Phos., phosphorylated
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Reduction of PP5 induced a state of glucose-induced hyper-
secretion of insulin Consistent with the results obtained from
the IPGTT studies conducted with the Ppp5c−/− mice, the

insulin secretory response to 20 mmol/l glucose was more
than doubled in MIN6 cells treated with siRNA targeting
PP5 compared with cells treated with negative control

Fig. 4 PP5 suppression augments JNK phosphorylation, while p38
MAPK is unaffected, without having an apparent effect on free radical-
scavenging enzymes. MIN6 cells were transfected with siRNA target-
ing PP5 or a negative control (Neg.C) siRNA. mRNA levels were
measured 48 h after transfection by quantitative RT-PCR (a) and
protein was detected by western blot analysis (b). After transfection
(48 h) the cells were exposed to 0.5 mmol/l H2O2 for 5, 15 or 30 min.
Changes in the phosphorylation of JNK1 (c) and JNK2 (d) were
detected by western blot analysis. White circles, Neg.C siRNA; black
squares, PP5 siRNA. MIN6 cells were transfected as described above
and exposed for 48 h after transfection without (control, white bars) or

with 0.5 mmol/l H2O2 (black bars) for 15 min. Phosphorylation levels
of p38 MAPK were measured by western blot analysis (e). f MIN6
cells were transfected as described above and the mRNA expression
levels of scavenging enzymes indicated were measured by quantitative
RT-PCR (white bars, Neg.C siRNA; black bars, PP5 siRNA). g Sup-
pression of PP5 in MIN6 cells treated with 0.5 mmol/l H2O2 for 30 min
(black bars) revealed no further increase in ROS levels, compared with
untreated control (white bars). The data shown represent the mean±SEM,
n03–8. * denotes a significant difference (p<0.05) between H2O2 and
time zero or control; † denotes a significant difference (p<0.05) between
Neg.C siRNA and PP5 siRNA effect
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siRNA (Fig. 6g). The difference remained in cells exposed
to palmitate. However, no difference in insulin content of
the cells was observed (Fig. 6f).

Discussion

This paper describes, for the first time, a direct role for PP5
in pancreatic beta cells and a novel role for PP5 in the
regulation of glucose homeostasis. Studies conducted in
PP5 knockout mice revealed that, from 2 to 8 months of
age, male Ppp5c−/− mice weigh less and have lower fasting
glycaemia than Ppp5c+/+ littermate controls. At 4 months of
age, Ppp5c−/− mice display higher C-peptide levels but

Fig. 5 Palmitate-induced apoptosis correlates with increased JNK
signalling. MIN6 cells cultured in 25 mmol/l glucose were treated with
0.5 mmol/l palmitate equilibrated with 0.5% BSA (black bars), for
24 h compared with untreated controls (white bars). Changes in JNK
(a) and c-Jun (b) phosphorylation were detected by western blot
analysis. MIN6 cells were treated with or without 0.5 mmol/l palmitate
equilibrated with 0.5% BSA for 24 h in 5.5 mmol/l glucose. Changes
in JNK phosphorylation (c) were detected by western blot analysis.
MIN6 cells in 25 mmol/l glucose were treated with or without
0.5 mmol/l palmitate equilibrated with 0.5% BSA for 24 h. ROS
levels were determined by changes in the fluorescence of carboxy-
DCF (d). MIN6 cells were treated with or without 0.5 mmol/l palmitate
equilibrated with 0.5% BSA for 24 h. Phosphorylation levels of p38
MAPK were measured by western blot analysis in cells cultured in
5.5 mmol/l glucose or 25 mmol/l glucose (e). Cleaved caspase 3
protein levels were detected by western blot analysis (f). Apoptosis
was determined by measuring cytoplasmic levels of oligonucleosomes
(g). Bars represent mean±SEM, n04–8. * denotes a significant differ-
ence (p<0.05) between palmitate and controls. Phos, phosphorylated

Fig. 6 PP5 suppression correlates with increased JNK signalling,
augmented apoptosis and enhanced glucose-stimulated insulin secre-
tion. MIN6 cells were treated with siRNA targeting PP5 or a negative
control (Neg.C) siRNA. Cells were treated 48 h after transfection with
0.5 mmol/l palmitate equilibrated with 0.5% BSA (black bars) or
0.5% BSA/solvent (controls; white bars) for 24 h. Changes in JNK1
(a), JNK2 (b) and c-Jun (c) phosphorylation or cleaved caspase 3
protein levels (d) were detected by western blot analysis. Apoptosis
was detected by measuring cytoplasmic levels of oligonucleosomes
(e). Cellular insulin content (f) and glucose-stimulated insulin secretion
(g) were measured by insulin ELISA. In the latter, bars are represented
as follows: Neg.C siRNA in 2 mmol/l glucose (white), Neg.C siRNA
in 20 mmol/l glucose (black), PP5 siRNA in 2 mmol/l glucose (grey)
and PP5 siRNA in 20 mmol/l glucose (striped). Bars represent mean±
SEM, n06–11. * denotes a significant difference (p<0.05) between
palmitate and controls; † denotes a significant difference (p<0.05)
between Neg.C siRNA and PP5 siRNA effect; ‡ denotes a significant
difference (p<0.05) between 2 and 20 mmol/l glucose
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unchanged fasting serum insulin levels when measured in
peripheral blood. These data indicate that insulin (and
C-peptide) secretion is augmented in Ppp5c−/− mice, which
may explain why these mice have lower glucose levels. In
addition, it seems that Ppp5c−/− mice clear insulin more
efficiently, indicating that PP5 may regulate hepatic insulin
clearance. In support of enhanced insulin secretion, mice
lacking PP5 eliminate glucose faster than wild-type mice
during an IPGTT despite unchanged insulin sensitivity.
Moreover, islets from Ppp5c−/− mice are more sensitive to
palmitate-induced JNK phosphorylation and apoptosis.
Here we also report that silencing PP5 augments glucose-
stimulated insulin secretion in MIN6 cells without affecting
the amount of insulin contained in the cells.

The enhanced secretion of insulin by cells in which PP5
has been suppressed is consistent with an earlier study
showing that okadaic acid (an inhibitor of PP1, PP2A,
PP4, PP5 and PP6) enhances insulin secretion in beta cells
[35]. Enhanced insulin secretion in response to glucose may
also explain why the Ppp5c−/− mice were more resistant to
blood glucose increases during an IPGTT. While this study
was under review, Hinds et al [25] published a report in
which embryonic fibroblasts generated from another line of
PP5 knockout mice were used to study the balance between
lipolysis and lipogenesis. In these studies embryonic fibro-
blasts from mice lacking PP5 demonstrated resistance to lipid
accumulation in response to adipogenic stimuli, which was
due to elevated glucocorticoid receptor (GR) phosphorylation
and reduced peroxisome proliferator activated receptor
(PPAR)γ activity on genes controlling lipid metabolism
[25], indicating that PP5 may be a target for the treatment of
obesity. Our observation that male Ppp5c−/− mice weigh less
is consistent with this role for PP5, and in cultured human
tumour cells the suppression of PP5 greatly increased
dexamethasone transcriptional activation measured using a
luciferase reporter assay [36]. Our observation that mice with-
out PP5 can clear glucose more efficiently also suggests that
inhibitors of PP5 may be useful for the medical management
of diabetes. However, our mouse model is a total animal
knockout, and, although GR phosphorylation may be
regulated by PP5 in vitro, the effect of GR phosphorylation
can be gene specific [37]. Therefore future studies are needed
to determine if the ability of PP5 to alter glucose-stimulated
insulin secretion is a direct molecular action in beta cells, and
if our in vivo observations are influenced by indirect actions
associated with altered adipocyte biology or altered hypotha-
lamic control of the endocrine pancreas.

From a clinical perspective, the conclusion that inhibitors
of PP5 may be useful for treating human disorders should be
approached cautiously. The argument provided above sug-
gests that inhibitors of PP5 may be useful in helping to
prevent the development of type 2 diabetes, and, in the
Ppp5c−/− mice, a loss of beta cell mass was not observed.

However, results obtained with islets and MIN6 cells, in
which siRNAwas used to suppress PP5 expression, suggest
that PP5 may also act to help protect beta cells from damage
induced by palmitate. Future studies are necessary in which
mice are placed on high-fat diets to determine if PP5 indeed
plays a protective role in pancreatic beta cells in vivo.

Our studies also provide insight into the molecular
actions of PP5 in beta cells. In MIN6 cells, changes in
intracellular ROS were detected using a fluorescent DCF
assay, which cannot distinguish between different types of
ROS. Therefore we cannot draw conclusions about which
kind of ROS are involved. However, treatment with H2O2

was associated with elevated phosphorylation levels of JNK,
c-Jun and p38 MAPK and reduced cell viability. Silencing
of PP5 expression enhanced the effects of H2O2 on JNK and
c-Jun phosphorylation, without producing an increase in
basal DCF fluorescence, decreasing the production of ROS
scavenging enzymes, or altering p38 MAPK phosphoryla-
tion. Treatment with palmitate produced a similar response
in MIN6 cells. The effects of palmitate on JNK and c-Jun
phosphorylation were similar in both low and high glucose,
indicating that palmitate-mediated activation of JNK is not
glucose-dependent. These observations are in agreement
with previous studies conducted in other cell types that also
indicate that PP5 acts to suppress a JNK-mediated response
favouring apoptosis after ROS-induced stress [21–24, 38,
39]. Since other protein phosphatases, most notably PP2A
[39], have been shown to affect JNK phosphorylation, it was
important to exclude compensatory changes in the levels of
other phosphatases after manipulation of PP5. We observed
no changes in the mRNA expression levels of Ppp1ca,
Ppp2ca and Ppp3ca and, importantly, PP2A activity was
not changed after PP5 silencing.

Both our studies and the results reported by Hinds et al
[25] suggest that PP5 may play a previously unrecognised
role in glucose and lipid metabolism. Additional studies are
necessary to further address the role of PP5 in beta cell
function and glucose homeostasis. Studies are needed to
determine if PP5 affects the regulation of GR- and PPAR-
mediated gene expression in vivo. Molecular studies are
needed to determine if the observed increase in glucose
homeostasis is due to a direct or indirect role for PP5 in
the regulation of insulin secretion. Furthermore, since the
activation of JNK is triggered during endoplasmic reticulum
stress [40, 41], it may also be interesting to investigate the
possibility that PP5 functions as a negative regulator of such
stress-mediated apoptosis. The development of small mole-
cules that modulate PP5 activity should be very useful for
further study of PP5. It will be interesting to see if an
inhibitor of PP5 can suppress weight gain or prevent pro-
gression from glucose tolerance to diabetes, without harm-
ing pancreatic beta cells exposed to an environment with
elevated ROS. Alternatively, compounds that activate PP5
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may confer protection against lipotoxicity in beta cells. In
contrast, studies in which PP5 is upregulated by forced over-
expression may provide limited information. This is because
PP5 consists of a single polypeptide chain, with a catalytic
domain near the C-terminus and both regulatory and targeting
tetratricopeptide repeat (TPR) domains in the N-terminal
regions [42, 43]. In solution, PP5 has little catalytic activity
because the TPR domains fold over the catalytic site blocking
substrate access [44]. This state of autoinhibition is reversed
when PP5 binds to another protein via its TPR domains,
which triggers a conformational change that ‘activates’ PP5
by allowing substrate access to the catalytic site [45]. Hence,
forced overexpression of PP5 may only produce a pool of
unbound PP5 proteins without enzymatic activity [45].

In conclusion, our data provide evidence that PP5 is a
previously unrecognised player in the regulation of pancre-
atic beta cell apoptosis and glucose homeostasis. We show
that islets from Ppp5c−/− mice and MIN6 cells with sup-
pressed PP5 expression display increased sensitivity to-
wards palmitate- and H2O2-induced cytotoxicity. In mice,
the genetic disruption of PP5 was associated with reduced
weight gain, lower fasting glycaemia, increased glucose-
induced insulin secretion, and improved glucose tolerance
during IPGTT. Thus, PP5 may represent an underappreciat-
ed player in the development and progression of diabetes.
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