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Deficient hippocampal insulin signaling and
augmented Tau phosphorylation is related to
obesity- and age-induced peripheral insulin
resistance: a study in Zucker rats
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Abstract

Background: Insulin signaling and Tau protein phosphorylation in the hippocampi of young and old obese Zucker
fa/fa rats and their lean controls were assessed to determine whether obesity-induced peripheral insulin resistance
and aging are risk factors for central insulin resistance and whether central insulin resistance is related to the pathologic
phosphorylation of the Tau protein.

Results: Aging and obesity significantly attenuated the phosphorylation of the insulin cascade kinases Akt
(protein kinase B, PKB) and GSK-3β (glycogen synthase kinase 3β) in the hippocampi of the fa/fa rats. Furthermore,
the hyperphosphorylation of Tau Ser396 alone and both Tau Ser396 and Thr231 was significantly augmented by
aging and obesity, respectively, in the hippocampi of these rats.

Conclusions: Both age-induced and obesity-induced peripheral insulin resistance are associated with central insulin
resistance that is linked to hyperTau phosphorylation. Peripheral hyperinsulinemia, rather than hyperglycemia, appears
to promote central insulin resistance and the Tau pathology in fa/fa rats.
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Background
Insulin resistance (IR) is a state during which a higher
than normal insulin level is required for glucose homeo-
stasis. IR occurs in the periphery and in the brain, where
it has recently been linked to the hyperphosphorylation
of the neuronal cytoskeleton protein Tau [1], which is
symptomatic for Alzheimer’s neurodegeneration. After the
glucose homeostasis is disturbed, an increase in the glucose
level indicates the onset of type-2 diabetes (T2D).
In several clinical studies, T2D was found to increase

the risk of Alzheimer’s disease (AD) [2]. In the postmor-
tem brains of both T2D and sporadic AD patients, central
resistance to insulin was documented by attenuated insu-
lin signaling, namely via a decreased phosphorylation of

the insulin cascade kinases PDK1 (3-phosphoinositide-
dependent protein kinase-1), Akt (protein kinase B, PKB),
and GSK-3β (glycogen synthase kinase 3β), and this effect
was more pronounced in patients with both T2D and AD
[3]. GSK-3β acts as both the insulin cascade kinase and
the primary kinase phosphorylating Tau [4,5]. The phos-
phorylation of Ser9 in GSK-3β by Akt inhibits the kinase
activity of GSK-3β [6,7], and the attenuated phosphoryl-
ation of Ser9 logically increases the kinase activity of
GSK-3β toward Tau. Central insulin resistance is linked to
a hyperphosphorylation of Tau through GSK-3β [8].
Severe hyperinsulinemia and hyperglycemia, as well as

the hyperphosphorylation of Ser199/202, Thr231, and
Ser396 in Tau, were found to increase progressively with
age in the hippocampi of db/db mice with impaired lep-
tin receptor signaling, a rodent model of T2D [9]. An
augmented phosphorylation of Ser396 in the hippocam-
pal Tau of db/db mice was later confirmed by another
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research team [10]. However, in whole-brain samples of
db/db mice with fully developed T2D, changes in the in-
sulin receptors and GSK-3β phosphorylation were not
found [11].
Similar to db/db mice, Zucker fatty fa/fa rats have a

genetically homozygous leptin receptor mutation that re-
sults in leptin dysfunction. Zucker fa/fa rats suffer from
obesity induced by hyperphagia, severe hyperlipidemia,
and hyperinsulinemia, resulting in IR in the liver,
muscle, and adipose tissue [12-14]. The IR in fa/fa
rats is established prior to adulthood, at the age of
7 weeks [15]. Unlike db/db mice, fa/fa rats are normogly-
cemic or have only slightly elevated glucose levels and do
not develop diabetes [12,13].
In this study, insulin signaling and Tau phosphoryl-

ation were followed in the hippocampi of 12- (young)
and 33-week-old (old) obese Zucker fa/fa rats and their
lean controls to verify the hypothesis that peripheral in-
sulin resistance resulting from obesity and/or old age
represents a risk factor for central insulin resistance and
that such possible central IR is linked to the pathologic
phosphorylation of Tau protein. In short, we aimed to
determine whether IR with hyperinsulinemia but normo-
glycemia is associated with a risk of Tau protein path-
ology in the hippocampus.

Results
Metabolic parameters
In old age, both the fa/fa rats and controls developed se-
vere obesity compared with the relevant young controls
(F(1,20) = 466.52; p < 0.001). The fa/fa rats also showed
a significantly higher body weight than did the age-
matched controls (F(1,20) = 236.30; p < 0.001) (Table 1).
As expected, obesity in fa/fa rats resulting from impaired
leptin receptor signaling was manifested by hyperlepti-
nemia; thus, a significant age and fa/fa genotype inter-
action exists (F(1,20) = 12.36; p < 0.01), and a subsequent
Bonferroni post-hoc test revealed an increase in the
plasma leptin levels in young fa/fa rats compared with
young controls (p < 0.01); this increase was more pro-
nounced in old fa/fa rats compared with old controls
(p < 0.001) (Table 1). Obesity was accompanied by
hyperinsulinemia. There were significant effects of the fa/fa

genotype (F(1,20) = 71.66; p < 0.001) and age (F(1,20) = 13.94;
p = 0.001), as well as an age x fa/fa genotype inter-
action (F(1,20) = 7.99; p = 0.01) with plasma insulin. Sig-
nificant hyperinsulinemia in fa/fa rats was represented
by extreme insulin levels that reached 12-fold (p < 0.001) at
12 weeks of age and 9-fold at 33 weeks of age (p < 0.001) in
lean age-matched controls. The glucose levels in all rats
were similar and did not exceed normal values (Table 1).
Quantitative insulin sensitivity check index (QUICKI)
was significantly decreased in both 12-week-old obese
(p < 0.05) and 33-week-old obese rats (p < 0.05) com-
pared to age-matched lean controls. Both age (p = 0.002)
and fa/fa genotype (p = 0.012) were accompanied with
higher and longer lasting rise in glycaemia during glucose
tolerance test as revealed by general linear model for re-
peated measures. However, there was no interaction be-
tween these factors (Figure 1). The impairment in glucose
tolerance was assessed also using parameter of 2-h gly-
cemia during IPGTT. This impairment was observed
with respect to age (F(1,20) = 19.30; p < 0.001) as well as
to fa/fa genotype (F(1,20) = 21.44; p < 0.001). There was
no detected effect of an age x fa/fa genotype inter-
action. The area under the curve of the glucose level
during IPGTT was found to increase due only to the
fa/fa genotype (F(1,20) = 5.41; p < 0.05).
Dyslipidemia in young and old fa/fa rats was noticed

based on the serum lipid parameters. Both total choles-
terol (F(1,20) = 120.38; p < 0.001) and cholesterol/HDL ra-
tio (F(1,20) = 23.55; p < 0.001) were significantly increased
in fa/fa rats compared with lean rats (Table 2). Statistical
analysis also revealed that age significantly affected the
plasma total cholesterol (F(1,20) = 58.30; p < 0.001) and
cholesterol/HDL ratio (F(1,20) = 4.38; p < 0.05). A signifi-
cant age x fa/fa genotype interaction significantly affects
the plasma total cholesterol (F(1,20) = 42.83; p < 0.001)
and cholesterol/HDL ratio (F(1,20) = 6.26; p < 0.05). As re-
vealed in the post-hoc test, both the plasma total choles-
terol were significantly increased in young and old fa/fa
rats compared with their age-matched lean controls
(p < 0.001). An age-dependent increase in this lipid
parameter was observed only in fa/fa rats (p < 0.001).
The cholesterol/HDL ratio was increased in old fa/fa rats
compared with their lean age-matched rats (p < 0.001) and

Table 1 Metabolic parameters of fa/fa (obese) rats and their age matched controls

Rats Weight [g] Leptin [ng/ml] Insulin [ng/ml] Glucose [mmol/l] QUICKI

Young control 257 ± 14,17 2,02 ± 1,23 0,50 ± 0,24 6,00 ± 0,42 0,537 ± 0,071

Young fa/fa 386 ± 13,68*** 36,72 ± 5,20** 6,26 ± 2,14** 6,27 ± 0,63 0,234 ± 0,008*

Old control 457 ± 21,38*** 6,33 ± 1,72 1,43 ± 0,38 6,38 ± 0,43 0,274 ± 0,010

Old fa/fa 683 ± 48,31###, ooo 88,66 ± 32,71###, ooo 12,96 ± 4,50###, ooo 6,80 ± 0,51 0,216 ± 0,007o

Data are mean ± SD, n = 6 animals per group. Significance is *P < 0,05, **P < 0,01 and ***P < 0,001 (*vs. young control rats, #vs. young fa/fa rats, ovs. old control rats)
using two-way ANOVA, Bonferroni post hoc test.
Significance P<0.05, P<0.01, or P<0.001 is illustrated by one, two, or three symbols, respectively. Particular symbols are for particular groups compared.
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in old fa/fa rats vs. young fa/fa rats (p < 0.01). In the case of
plasma triglycerides levels, a significant elevation was no-
ticed only in 33-week-old obese Zucker rats compared to
lean rats of the same age.

Insulin signaling cascade in the hippocampus
Regarding the insulin cascade, a two-way ANOVA re-
vealed a significant main effect of the fa/fa genotype
(F(1,20) = 6.82; p < 0.05) on insulin receptor protein ex-
pression. In Zucker fatty rats, obesity was associated
with lower hippocampal insulin receptor protein levels
(Figure 2). However, aging did not affect hippocampal
insulin receptor protein expression (F(1,20) = 0.43; p < 0.52).
There was no significant interaction between age and
genotype (F(1,20) = 0.78; p < 0.08).
Age had a main effect on decreasing the level of

PI3 kinase (PI3K) (F(1,20) = 42.03; p < 0.001). The level
of PI3K was also attenuated due to the fa/fa pheno-
type (F(1,20) = 9.84; p < 0.001) (Figure 2). The two-way
ANOVA revealed a significant interaction between age and

genotype (F(1,20) = 17.77; p < 0.001). Bonferroni’s post-hoc
test revealed significantly decreased levels of PI3K in young
obese rats compared with young lean rats (p < 0.001) and
in old lean rats compared with young lean rats (p < 0.001).
No significant differences were observed between old obese
and old lean rats.
As determined by the two-way ANOVA, there was

significant main effect of fa/fa genotype (F(1,20) = 5.00;
p < 0.05) on the phosphorylation of PDK1 Ser241 in
the hippocampus (Figure 2). Obesity decreased PDK1
Ser241 phosphorylation in the hippocampi of Zucker
fa/fa rats. Neither a significant main effect of age nor
an interaction between age and genotype was detected
(Figure 2).
The two-way ANOVA revealed a significant main effect

of age (F(1,20) = 27.11; p < 0.001) on the phosphorylation of
Akt Thr308 (Figure 2). Aging significantly attenuated the
hippocampal phosphorylation of Akt Thr308 in both fa/fa
and lean rats. Neither a significant effect of genotype
(F(1,20) = 0.67; p < 0.42) nor an interaction between age
and genotype (F(1,20) = 1.80; p < 0.19) was noted. Regard-
ing the phosphorylation of Akt Ser473, significant main
effects of age (F(1,20) = 31.10; p < 0.001) and the fa/fa geno-
type (F(1,20) = 6.51; p < 0.05) were observed. Both aging and
obesity attenuated the phosphorylation of Akt Ser473
(Figure 2). There was no significant interaction between
age and the fa/fa genotype (F(1,20) = 1.08; p < 0.31).
Similarly, significant main effects of age (F(1,20) = 9.84;

p < 0.01) and the fa/fa genotype (F(1,20) = 12.26; p < 0.01)
(Figure 2) on the phosphorylation of GSK-3β Ser9 were
observed. Both aging and obesity reduced the phosphor-
ylation of GSK-3β Ser9 (Figure 2). No significant inter-
action between these factors was detected (F(1,20) = 0.81;
p < 0.38).

Abnormal phosphorylation of tau protein in the
hippocampus
Regarding the phosphorylation of tau at Ser396 in
the hippocampus, main effects of age (F(1,20) = 21.55;
p < 0.001) and genotype (F(1,20) = 31.16; p < 0.001) were
found. Both of these factors increased the phosphorylation
of hippocampal tau at Ser396 (Figure 3). There was no sig-
nificant interaction between age and the fa/fa genotype
(F(1,20) = 1.35; p < 0.26). The two-way ANOVA revealed a
significant main effect of fa/fa genotype (F(1,20) = 8.86;
p < 0.01) on Tau Thr231 phosphorylation (Figure 3).
Obesity significantly increased the phosphorylation of
hippocampal Tau Thr231. Neither a significant effect of
age (F(1,20) = 0.21; p < 0.66) nor an interaction between
age and genotype (F(1,20) = 0.05; p < 0.82) was noted.

Discussion and conclusions
This study revealed attenuated insulin signaling and in-
creased hyperphosphorylation of Tau (at Ser396 and

Figure 1 Graph of inraperitoneal glucose tolerance test. Before
the IPGTT rats were fasted overnight. The intraperitoneal injection of
50% dextrose at dose 2 g/kg was administered and glucose was
measured in the tail vein using a glucometer. Data are mean ± SD
(n = 6 rats per group). Statistical analysis was calculated by two-way
ANOVA, Bonferroni post hoc test.

Table 2 Levels of lipids in blood serum of fa/fa (obese)
rats and their age matched controls

Rats Cholesterol
[mmol/l]

Triglycerides
[mmol/]

Cholesterol/HDL

Young control 2,25 ± 0,23 0,783 ± 0,117 1,605 ± 0,066

Young fa/fa 3,40 ± 0,41** 2,917 ± 0,703 1,988 ± 0,214

Old control 2,53 ± 0,15 0,783 ± 0,098 1,539 ± 0,067

Old fa/fa 7,08 ± 1,17###, ooo 4,000 ± 0,802oo 2,736 ± 0,763##, ooo

Data are mean ± SD, n = 6 animals per group. Significance is *P < 0,05, **P < 0,01
and ***P < 0,001 (*vs. young control rats, #vs. young fa/fa rats, ovs. old control rats)
using two-way ANOVA, Bonferroni post hoc test.
Significance P<0.05, P<0.01, or P<0.001 is illustrated by one, two, or three
symbols, respectively. Particular symbols are for particular groups compared.
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Thr231) in the hippocampi of fa/fa rats exhibiting per-
ipheral insulin resistance or advanced age.
Both the fa/fa rats in this study and the db/db mice in

a previous work [9] exhibited impaired leptin signaling,
hyperinsulinemia and blood insulin levels approximately
10-fold higher than the normal values. These data indi-
cate that peripheral insulin resistance developed at an
early age (8 and 12 weeks) in the db/db mice and the fa/fa
rats, respectively. IR in the fa/fa rats was indirectly demon-
strated using the QUICKI test. Dyslipidemia in the fa/fa
rats could be linked to peripheral IR.
The fa/fa rats were normoglycemic even at an ad-

vanced age (33 weeks), whereas 8-week-old db/db mice
had glucose levels double those of the control db +mice
[9]. Glucose or glucosamine availability is considered to

determine the degree of GlcNAcylation of the serines
and threonines in the Tau protein that can be phosphor-
ylated [16]. The attenuation of GlcNAcylation in favor of
the augmented phosphorylation of the Tau protein has
been described as a possible mechanism of Tau path-
ology [17-19]. On the other hand, healthy mice deprived
of food for one to three days (which likely resulted in
lower than normal glucose levels) exhibited reversible
phosphorylation of hippocampal Tau Ser396 [20]. The
fa/fa rats in the present study exhibited an obvious
increase in the hyperphosphorylation of hippocampal
Tau protein in the normoglycemic state. This finding
supports the hypothesis that insulin ineffectiveness,
rather than extreme glucose levels, is linked to Tau
hyperphosphorylation.

Figure 2 Insulin signaling cascade in hippocampi of fa/fa rats and their control. A Western blots of the proteins involved in insulin
signaling cascade using specific antibodies (n = 6 rats per group) B Densitometric quantification of the western blots normalized to beta-actin:
data are mean ± SD (n = 6 rats per group). Statistical analysis was calculated by two-way ANOVA, Bonferroni post hoc test.
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In this study, the obese rats had significantly reduced
hippocampal levels of insulin receptor and PI3 kinase
protein. Statistically significantly attenuated phosphoryl-
ation of both Akt Thr308 and Ser473 was detected
in old-age rats, and this effect was more pronounced in
fa/fa rats. A similar trend was found for the phosphoryl-
ation of Ser9 in GSK3/β. GSK-3β, a kinase common in
insulin cascading and Tau phosphorylation, is constitu-
tively active in resting neurons, and its activity is nega-
tively affected by Ser9 phosphorylation [6,7]. GSK-3β
is the primary Tau kinase that hyperphosphorylates
Tau [21-23], with Ser199, Thr231, Ser396, and Ser413
as the predominant targets [24]. Cavallini et al. [25]
identified GSK-3β and also GSK-3α and MAPK13 as
the most active out of 352 kinases overexpressing both
Tau kinases and Tau protein [25]. Besides Akt and
GSK-3β, extracellular signal-regulated kinase (ERK), is
involved both in insulin signaling and Tau phosphor-
ylation. However, there were found no differences in
ERK1/2 phosphorylation between the groups in this
study (not shown).
The Ser396 and Thr231 phosphorylations investigated

in this study are essential in Tau protein pathology for
the following reasons. Ser396 is directly phosphorylated
by GSK-3β without priming (previous phosphorylation
of another Ser or Thr on the Tau protein) [26]. More-
over, a positive relationship between the phosphorylation

of Tau Ser396 in the cerebrospinal fluid and the sever-
ity of the disease was found in AD patients [27]. Add-
itionally, NIRCO (neuron specific knock-out) mice
without insulin receptors in brain neurons showed an
increase in the phosphorylation of Tau Thr231, which
resulted from the attenuated phosphorylation of Akt
Ser473 and GSK-3β Ser9 [5]. Cavallini et al. [25] speci-
fied the main phosphorylation sites of Tau as Ser202,
Thr231, Ser235, and Ser396/404. In addition to Ser396
and Thr231, we examined Tau phosphorylation at Ser212/
214 and Ser 202 in all the groups, but the results were
inconsistent.
Inefficient leptin signaling in fa/fa rats could con-

tribute to Tau hyperphosphorylation because leptin
has been reported to prevent Tau phosphorylation in
neuronal cells via the activation of AMP-dependent
kinase [28]. This process was later found to be stress
dependent [29], making its role in Tau pathology
unclear.
This study demonstrated that the phosphorylation

of Ser396 and Thr231 in hippocampal Tau was related
to the fa/fa obese phenotype; an interaction with the
rats’ age was found for Ser396 only. Analogously, in
the hippocampi of db/db mice with non-functioning
leptin receptors and severe IR, Tau phosphorylation at
Ser 199/202, Thr231, and Ser396 was found to pro-
gress with age. Unfortunately, the previous study of

Figure 3 Hyperphosphorylation of Tau protein on different epitopes in hippocampi of fa/fa rats and their control. A Western blots of
phosphorylation of Tau protein on the epitopes Ser396 and Thr231 (n = 6 rats per group) B Densitometric quantification of western blots
normalized to β-actin: data are mean ± SD (n = 6 rats per group). Statistical analysis was calculated by two-way ANOVA, Bonferroni post hoc test.
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db/db mice [9] did not provide data on hippocampal
insulin signaling.
In a human study [3], attenuated insulin signaling

was inversely correlated with increased Tau hyperpho-
sphorylation in the frontal cortex of T2D patients, and
this correlation was more pronounced in T2D patients
with AD co-morbidity. However, data on insulin, glu-
cose, and lipid levels were not accessible because of
postmortem sampling. Nevertheless, both impaired in-
sulin signaling and Tau hyperphosphorylation in the
brain were obvious in both the human study [3] and
this rat study.
Peripheral IR in old-age rats appeared to result in

central insulin resistance and Tau hyperprotein phos-
phorylation in the hippocampus. This effect was more
pronounced in obese fa/fa rats, which are prone to
obesity-induced IR. Based on the normoglycemic state
of the IR fa/fa rats, we conclude that a pre-T2D state
with IR and normoglycemia is associated with an in-
creased risk of central pathological IR and Tau phos-
phorylation. The precise mechanism and the role of
leptin signaling should be elucidated.

Methods
Animals
This investigation was conducted in accordance with eth-
ical standards of the Declaration of Helsinki. This study
conformed to national and international guidelines and
was approved by the authors’ institutional review board.
All experimental procedures and animal care were car-
ried out according to the Jagiellonian University Ethical
Committee on Animal Experiments (No 75/2011).
Old (33 weeks old) and young (12 weeks old) male

obese Zucker fa/fa rats and their age-matched lean con-
trols (n = 6 per each group) were maintained at Jagellonian
University in Krakow, Poland. Lean individuals (dominant
homozygotes Fa/Fa or heterozygotes Fa/fa) served as lean
controls for the obese fa/fa rats. The animals had free
access to food and water.
The overnight-fasted rats were euthanized by decapita-

tion. The blood glucose was measured at Synlab (Bratislava,
Slovakia) using the multi-analyzer COBAS Integra
800 (Roche Diagnostics Ltd., Rotkreuz, Switzerland), and
the serum leptin and insulin levels were determined
using RIA kits (Millipore, USA) following the manufac-
turer’s instructions. The measurements of the serum
lipids were performed in the Laboratory Diagnostics
Unit of The University Hospital in Krakow using com-
mercially available kits (Roche Molecular Diagnostics,
Pleasanton, CA, USA). The quantitative insulin sensi-
tivity check index (QUICKI) [30] was calculated as
QUICKI = 1/[(log(I0) + log(G0)], where I0 is the fasting
plasma insulin level (microunits per mL), and G0 is the
fasting blood glucose level (milligrams per dL).

Intraperitoneal glucose tolerance test
All rats were subjected to an intraperitoneal glucose tol-
erance test (IPGTT) 2 days prior to euthanasia and after
a 16-hour-long overnight fast. The rats were adminis-
tered an intraperitoneal injection of 50% dextrose at a
dose of 2 g/kg body weight. The blood glucose was mea-
sured using a glucometer (Accu-Chek Active, Roche
Diagnostics, Germany) in the tail vein blood prior to and
30, 60, 90, and 120 min after glucose administration.

Tissue preparation for western blotting
The dissected hippocampi were homogenized in a glass
microhomogenizer using lysis buffer (62.5 mM Tris–
HCl buffer with pH 6.8, 1% deoxycholate, 1% Triton
X-100, 50 mM NaF, 1 mM Na3VO4, and Complete
Protease Inhibitor (Roche, Switzerland). The lysates
were sonicated for 10 min and boiled for 10 minutes.
The samples for electrophoresis at 1 μg/μl were diluted
with a Laemmli sample buffer containing 50 mM NaF
and 1 mM Na3VO4.

Antibodies
The following primary antibodies were used: insulin re-
ceptor rabbit mAb, PI3 kinase rabbit Ab, phospho-PDK1
(Ser241) rabbit mAb, PDK1 rabbit mAb, phospho-Akt
(Thr308) rabbit mAb, phospho-Akt (Ser473) rabbit
mAb, Akt rabbit mAb, phospho-GSK-3β (Ser9) rabbit
mAb, and GSK-3 β rabbit mAb (all from Cell Signaling
Technology, Beverly, MA, USA); phosphoTau (Ser396)
rabbit mAb and phosphoTau (Thr231) rabbit mAb (clone
PHF13.6 and PHF-6, respectively, both from Invitrogen,
NY, USA); CTer mouse mAb for total Tau protein (gift
from Dr. M.-C. Galas, Inserm U837, Lille, France); and
beta-actin mouse mAb (from Sigma Aldrich). The follow-
ing secondary antibodies were used: anti-mouse IgG HRP-
linked antibody and anti-rabbit IgG HRP-linked antibody
(both from Cell Signaling Technology, Beverly, MA, USA).

Western blotting
Samples of 2–15 μg total protein were subjected to 4/10%
SDS-PAGE and transferred onto nitrocellulose (BIO-RAD)
or polyvinylidene difluoride (Sigma Aldrich) membranes.
The blots were blocked in 5% non-fat milk or 3% BSA in a
TBS/Tween buffer (20 mM Tris, 136 mM NaCl, 0.1%
Tween-20) with 50 mM NaF and 1 mM Na3VO4, incu-
bated with the appropriate primary antibody, then incu-
bated with the HRP-linked secondary antibody and
developed using the SuperSignal West Femto maximum
sensitivity substrate (Pierce, Rockford, IL, USA) following
the manufacturer’s instructions. The bands were visualized
using the ChemiDoc™ System (BIO-RAD, Hercules, CA,
USA) and were quantified using Image Lab Software
(BIO-RAD, Hercules, CA, USA). The band intensities were
normalized using actin as an internal loading compound,
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and the ratios of the intensity of the band with the phos-
phorylated protein and the intensity of the band with the
total level of protein were calculated.

Statistical analysis
The data were analyzed using IBM SPSS 19 Software
and are presented as the means ± SD. The data were
tested for normality by Shapiro-Wilk test. Normally
distributed data were analysed by two-way analysis of
variance with interaction with factors of age and fa/fa
genotype. Non-normally distributed data were subjected
to natural logarithm transformation followed by two-
way ANOVA (insulin). Data without normal distribution
despite the use of above mentioned transformation were
analysed by non-parametric Kruskal-Wallis test (QUICKI,
triglycerides). General Linear Model for Repeated Measures
was used to evaluate differences in glycaemia during
IPGTT. Total area under the curve (AUC) was calculated
to describe increment of plasma glucose levels after ex-
ogenous glucose load. The overall level of statistical signifi-
cance was p < 0.05.
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ORIGINAL ARTICLE

Novel lipidized analogs of prolactin-releasing peptide have
prolonged half-lives and exert anti-obesity effects after
peripheral administration
L Maletínská1, V Nagelová1, A Tichá1, J Zemenová1,2, Z Pirník1,3,4, M Holubová1, A Špolcová1, B Mikulášková1,5, M Blechová1, D Sýkora2,
Z Lacinová6, M Haluzík6, B Železná1 and J Kuneš1,5

OBJECTIVES: Obesity is a frequent metabolic disorder but an effective therapy is still scarce. Anorexigenic neuropeptides produced
and acting in the brain have the potential to decrease food intake and ameliorate obesity but are ineffective after peripheral
application. We have designed lipidized analogs of prolactin-releasing peptide (PrRP), which is involved in energy balance
regulation as demonstrated by obesity phenotypes of both PrRP- and PrRP-receptor-knockout mice.
RESULTS: Lipidized PrRP analogs showed binding affinity and signaling in PrRP receptor-expressing cells similar to natural PrRP.
Moreover, these analogs showed high binding affinity also to anorexigenic neuropeptide FF-2 receptor. Peripheral administration of
myristoylated and palmitoylated PrRP analogs to fasted mice induced strong and long-lasting anorexigenic effects and neuronal
activation in the brain areas involved in food intake regulation. Two-week-long subcutaneous administration of palmitoylated
PrRP31 and myristoylated PrRP20 lowered food intake, body weight and improved metabolic parameters, and attenuated
lipogenesis in mice with diet-induced obesity.
CONCLUSIONS: Our data suggest that the lipidization of PrRP enhances stability and mediates its effect in central nervous system.
Strong anorexigenic and body-weight-reducing effects make lipidized PrRP an attractive candidate for anti-obesity treatment.

International Journal of Obesity advance online publication, 14 April 2015; doi:10.1038/ijo.2015.28

INTRODUCTION
Prolactin-releasing peptide (PrRP) was originally discovered as an
endogenous ligand of an orphan G-protein-coupled receptor.1

PrRP and its receptor named GPR10 were detected in several
hypothalamic nuclei,2 suggesting an involvement of PrRP in the
control of food intake and body weight.3 PrRP was also found to
have high affinity to the neuropeptide FF-2 (NPFF2) receptor,
resulting in anorexigenic effect.4 The endogenous ligand of NPFF2
receptor, NPFF, also has hyperalgesic and anti-morphine analgesic
properties (for reviews, see5,6).
The suggestion that PrRP may act as a homeostatic regulator of

food intake was supported by the finding that PrRP messenger
RNA (mRNA) expression was reduced in situations of negative
energy balance similarly to other anorexigenic peptides such
as α-melanocyte stimulating hormone or cocaine- and
amphetamine-regulated transcript peptide.3 The intracerebroven-
tricular administration of PrRP inhibited food intake and body
weight gain in rats but did not cause conditioned taste aversion.7

Furthermore, Fos immunoreactivity was enhanced after PrRP
administration in the brain areas associated with food intake
regulation.7

Finally, PrRP-receptor-knockout mice had significantly higher
body weight at 15 weeks of age compared with wild-type mice,
and this late-onset obesity was much more pronounced in female
mice, which also exhibited a significant decrease in energy

expenditure.8 Similarly, PrRP-deficient mice displayed late-onset
obesity, increased food intake and attenuated responses to the
anorexigenic signals cholecystokinin and leptin.9

Taken together, these findings suggest that PrRP and other
anorexigenic neuropeptides involved in food intake regulation10,11

may have a potential in the development of future anti-obesity
agents. Nevertheless, because these peptides normally regulate
food intake directly in the hypothalamus, their anorexigenic
potential after peripheral administration is hampered by their
inability to cross the blood-brain barrier (BBB) and to reach the
target brain receptors.
For the design of peptide drugs, the lipidization of peptides,

that is, the attachment of fatty-acid chain to peptides through
ester or amide bond is advantageous. Such modification results in
an increased stability and half-life of the peptide, and it is possible
that these modifications allow peptide to cross the BBB after
a peripheral administration (reviewed by12–14). Myristoylation
or palmitoylation through an amide bond on a Lys has been
employed in the insulin analog detemir15 or glucagon-like peptide
1 analog liraglutide.16 Both of these peripherally acting lipopep-
tide drugs show strongly prolonged half-lives and slower
biodegradation. Central effects of detemir and liraglutide have
been described suggesting that the attachment of fatty acid may
also enable these peptides to cross the BBB.17

PrRP seems to be a suitable candidate for lipidization because
of its linear, one-chain peptide structure. Two biologically active
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isoforms of PrRP, with either 31 (PrRP31) or 20 (PrRP20) amino
acids contain a C-terminal Arg-Phe-amide sequence that is critical
for the preservation of biological activity of PrRP.18–20

The aim of this study was to achieve the direct central
anorexigenic activity of PrRP via its peripheral route of administration
employing the lipidization of its N terminus. We tested a series of
PrRP analogs modified with fatty acids of various lengths both
in vitro and in vivo. The data showed that myristoylated PrRP20
and palmitoylated PrRP31 retained the biological activity of PrRP
while significantly decreasing food intake and body weight and
improving metabolic parameters upon peripheral administration
in mice with diet-induced obesity. Thus, the lipidization of
neuropeptides involved in food intake regulation might serve as
a tool to retain their ability to act centrally after peripheral
administration.

MATERIALS AND METHODS
Peptide synthesis and iodination
Rat PrRP analogs (for structure see Table 1), human PrRP31
(SRTHRHSMEIRTPDINPAWYASRGIRPVGRF-NH2), scrambled peptides (SHQ
RPADTHWYPRGNleFPTIGRITARNGEVSR-NH2 and (N-myr)SHQRPADTHWYP
RGNleFPTIGRITARNGEVSR-NH2) and a stable analog of NPFF, 1DMe
(D-YL(N-Me)FQPQRF-NH2) were synthesized and purified as described
previously.21 Lipidization of PrRP analogs was performed as shown in22 on
fully protected peptide on resine as a last step. The purity and identity of
all peptides were determined by analytical high-performance liquid
chromatography and by using a Q-TOF micro MS technique (Waters,
Milford, MA, USA).
Rat or human PrRP31 and 1DMe were iodinated at Tyr20 and D-Tyr1,

respectively, with Na125I (Izotop, Budapest, Hungary) as described
previously.22

Binding to intact plated cells and cell membranes
Rat pituitary RC-4B/C cells obtained from ATCC (Manassas, VA, USA) were
grown as described previously24 and Chinese hamster ovarian (CHO)-K1
cells with GPR10 receptor (Perkin Elmer, Waltham, MA, USA) according to
manufacturer's instructions. Saturation and competitive binding experi-
ments were performed according to Motulsky and Neubig.25 RC-4B/C or
CHO-K1 cells were incubated with 0.5–5 nM 125I-rPrRP31 or 125I-hPrRP31,
respectively, in saturation experiments or with 0.1 nM 125I-rPrRP31 or with
0.03 nM 125I-hPrRP31, respectively, and 10− 11–10− 5M non-radioactive
ligands in competitive binding experiments. Experiments were performed
on plates incubated for 60min at 25 °C. Non-specific binding was
determined using 10− 5M PrRP31. Binding assays on human NPFF2
receptor membranes obtained from Perkin Elmer were performed as
described in.24

Detection of MAPK/ERK1/2 phosphorylation by western blotting
CHO-K1 cells were incubated with PrRP31, PrRP20, palm-PrRP31 or
myr-PrRP20 with final concentrations from 10− 7–10− 12M for 5 min at
37 °C. The cells were lysed and western blots carried out as described in.26

Stability of PrRP analogs in vitro
Rat plasma fortified with a solution of the studied compound at a
concentration of 3 × 10− 6

M was incubated at 37 °C. The times of sampling
were 0–24 h for PrRP31 and PrRP20 and 0–96 h for palm-PrRP31 and
myr-PrRP20. Samples were collected in triplicates and stored at − 20 °C. The
PrRP(1–31) EIA high-sensitivity kit (Peninsula Laboratories, San Carlos, CA,
USA) was used according to the manufacturer's instructions.

Pharmacokinetics in vivo in mice
All animal experiments followed the ethical guidelines for animal
experiments and the Act of the Czech Republic Nr. 246/1992 and were
approved by the Committee for Experiments with Laboratory Animals of
the ASCR.
The measurement of in vivo pharmacokinetics was performed as

previously described.23 C57BL/6 male mice were injected subcutaneously
(SC) with PrRP31, PrRP20, palm-PrRP31 or myr-PrRP20 (dissolved in saline;
Sal) at a dose of 5 mg kg− 1 (n= 3), blood plasma collected and peptides
determined by PrRP(1–31) EIA high-sensitivity kit.

Acute food intake in lean mice
Male C57BL/6 mice from Charles Rivers Laboratories (Sulzfeld, Germany)
were housed at a temperature of 23 °C and a daily cycle of 12 h light and
dark (lights on at 6:00). The mice were given ad libitum water and standard
chow diet (St-1, Mlýn Kocanda, Jesenice, Czech Republic). Following
schedules were used for food intake monitoring after single administration
of peptides: (a) on the day of the food intake experiment, overnight (17 h)
fasted mice were injected SC with Sal or PrRP analogs at doses of
0.1–5mg kg− 1 (all dissolved in Sal) (n= 6–8). Fifteen minutes after
injection, the mice were given weighed food pellets. The pellets were
weighed every 30min for at least 6 h. (b) Freely fed mice were injected SC
with Sal or PrRP analogs at a dose of 5 mg kg− 1 (all dissolved in Sal) (n=6)
30min before lights out. Food intake was monitored every 10min for at
least 14 h using automatic food intake monitoring system (Development
Workshops of IOCB, Prague, Czech Republic).

Fos immunohistochemistry
For c-Fos immunohistochemical processing, overnight-fasted male mice
with the free access to water (n= 4) were SC injected with Sal or PrRP31,
oct-PrRP31, myr-PrRP20 or palm-PrRP31 at a dose of 5 mg kg− 1. Ninety
minutes after injection, the mice were deeply anesthetized with sodium
pentobarbital (50 mg kg− 1, intraperitoneally) and perfused transcardially,
the brains were treated and c-Fos immunoreactivity determined as
described in.27,28

Table 1. Structures and binding affinities of PrRP analogs

Analog Sequence Human GPR10. 125I-human
PrRP31 binding Ki (nM)

Human NPFF2.125I-1DMe
binding Ki (nM)

RC-4B/C cells. 125I-rat PrRP31
binding Ki (nM)

PrRP31 SRAHQHSMETRTPDINPAWYTGRGIRPVGRF-NH2 3.91± 0.21 42.21± 6.76 2.38± 0.11
oct-PrRP31 (N-oct)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH2 1.49± 0.07 24.82± 13.2 0.98± 0.22
dec-PrRP31 (N-dec)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH2 1.42± 0.55 14.73± 3.10 0.68± 0.12
dodec-PrRP31 (N-dodec)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH2 1.15± 0.35 14.28± 6.40 0.38± 0.14
myr-PrRP31 (N-myr)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH2 0.69± 0.09 1.59± 0.32 0.69± 0.09
palm-PrRP31 (N-palm)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH2 2.94± 0.33 0.69± 0.36 0.51± 0.15
stear-PrRP31 (N-stear)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH2 5.24± 0.57 15.92± 14.43 0.93± 0.08

PrRP20 TPDINPAWYTGRGIRPVGRF-NH2 4.4± 0.77 21.80± 9.91 2.23± 0.19
oct-PrRP20 (N-oct)TPDINPAWYTGRGIRPVGRF-NH2 1.88± 0.31 48.13 ± 13.19 0.91± 0.23
dec-PrRP20 (N-dec)TPDINPAWYTGRGIRPVGRF-NH2 2.94± 0.47 3.60± 2.57 0.41± 0.01
dodec-PrRP20 (N-dodec)TPDINPAWYTGRGIRPVGRF-NH2 2.34± 0.25 9.97± 3.48 0.58± 0.22
myr-PrRP20 (N-myr)TPDINPAWYTGRGIRPVGRF-NH2 4.21± 0.24 8.23± 1.97 1.02± 0.20

Abbreviations: dec, decanoyl; dodec, dodecanoyl; myr, myristoyl; Nle, norleucine; oct, octanoyl; palm, palmitoyl; stear, stearoyl. The means± s.e.m. of at least
three separate experiments are shown. In competitive binding, Ki was calculated using the Cheng–Prusoff equation. The concentration of the radioligand was
0.1 nM or 0.03 nM, and the Kd that was calculated from saturation experiments was 4.21± 0.66 nM for RC-4B/C23 or 0.95± 0.20 nM for GPR10 receptor in CHO
cells, respectively. Kd for NPFF2 receptor in CHO cells was 0.72± 0.12 nM.
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Behavioral tests in mice
Locomotor activity and analgesia were measured in free-fed mice using
the VideoMot system (TSE Systems, Bad Homburg, Germany) after the SC
injection of Sal, PrRP31, oct-PrRP31, palm-PrRP31 and myr-PrRP20 at a dose
of 5 mg kg− 1 (n= 5) as described previously.28,29

The elevated plus maze (TSE Systems) test was used to measure anxiety/
fear behavior. The total time spent in open and closed arms was measured.

Determination of prolactin release in rats and mice
Male Wistar rats (250–300 g, Harlan Laboratories, Correzzana, Italy, n=3)
were injected intravenously into the jugular vein with Sal, thyrotropin-
releasing hormone (10 μg kg− 1) or palm-PrRP31 (0.5 mg kg− 1), or SC with
Sal or palm-PrRP31 (5 mg kg− 1). Blood was collected from carotid artery
before injections and 5 and 10min after injections. Male C57BL/6 mice
were injected SC with Sal, myr-PrRP20 or palm-PrRP31 (5mg kg− 1). Blood
was collected by decapitation 10min after injection. Prolactin (PRL) in rat
or mouse serum was determined with a radioimmunoassay assay kit
(Izotop).

Effect of 14-day administration of palm-PrRP31 and myr-PrRP20 on
food intake and metabolic parameters in mice with high-fat diet-
induced obesity
From 8 weeks of age, C57BL/6 mice were supplied with a high-fat (HF) diet
for 12 weeks to induce obesity. The energy content of the HF diet was
5.3 kcal g− 1, with 13%, 60% and 27% of the calories derived from protein,
fat and carbohydrate, respectively.30 Food intake and body weight were
monitored weekly from 9 to 18 weeks of age. Mice resistant to the HF diet
were withdrawn from the experiment (~10% of mice).
At the age of 19 weeks, the mice were divided into groups of 10 animals

and placed into the separate cages with free access to HF diet and water.
Three groups were injected SC either with Sal or with palm-PrRP31 or
myr-PrRP20 at a dose of 5 mg kg− 1 twice a day. The fourth group served as
pair-fed controls to the animals treated with palm-PrRP31, and was given
food amount consumed by palm-PrRP31 treated mice the previous day.
The amount of the HF diet consumed and the weight of the mice were
monitored daily.
At the end of the experiment, overnight-fasted mice were killed by

decapitation starting at 8:00 a.m. The trunk blood was collected, and the
plasma was separated and stored at –20 °C. The intraperitoneal adipose
tissue (IPAT), subcutaneous adipose tissue (SCAT), the perirenal adipose
tissue, the brown adipose tissue and the liver of all mice were dissected,
weighed and stored at − 70 °C.

Determination of hormonal and biochemical parameters
The plasma insulin concentrations were measured with radioimmunoassay
assays (Linco Research, St Charles, MI, USA), leptin concentrations were
determined with enzyme-linked immuno assay (Millipore, St Charles, MI,
USA), corticosterone levels were determined with radioimmunoassay assay
kit (Izotop) and adrenocorticotropic hormone with enzyme-linked immuno
assay (Peninsula Laboratories). The plasma glucose levels were measured
using a Glucocard glucometer (Arkray, Kyoto, Japan). The plasma
triglyceride levels were measured by quantitative enzymatic reactions
(Sigma, St Louis, MO, USA).

Determination of mRNA expression
Samples of adipose tissue (IPAT, SCAT) and liver were processed as
described in.31 Determination of the mRNA expression of genes of interest
(ACACA and FASN in liver, IPAT and SCAT; lipoprotein lipase, adiponectin
and leptin in IPAT and SCAT, FABP-4 in liver, UCP-1 in brown adipose
tissue) was performed using an ABI PRISM 7500 instrument (Applied
Biosystems, Foster City, CA, USA). The expression of beta-2-microglobulin
was used to compensate for variations in input RNA amounts and the
efficiency of reverse transcription. (ACACA—acetyl-CoA carboxylase 1,
FASN—fatty-acid synthase, LPL—lipoprotein lipase, SREBP—sterol regula-
tory element-binding protein, FABP-4—fatty-acid binding protein 4, UCP-1
—uncoupling protein-1).

Analysis of binding data and statistics
The saturation binding curves were plotted using GraphPad software
(San Diego, CA, USA) comparing the best fit for single binding site models
(Kd, Bmax and IC50 values were obtained from nonlinear regression analysis).

Inhibition constants (Ki) were calculated from the IC50 values using the
Cheng–Prusoff equation.32

The data are presented as the means ± s.e.m. for the number of animals
indicated in the figures and tables. The data were analyzed using one-way
analysis of variance followed by the Dunnett's post hoc test or a t-test, as
stated in the figure and table legends, using the GraphPad Software.

RESULTS
Lipidized analogs of PrRP20 and PrRP31 are agonists of the PrRP
receptor GPR10 and have high affinity to both GPR10 and NPFF2
receptors
The peptide sequences were assembled on a solid support as
described in the Materials and Methods. The purity of all peptides
was higher than 95%. The structures of the PrRP analogs used in
this study are shown in Table 1. PrRP20 and PrRP31 were lipidized
at the N terminus with fatty acids of different lengths. Lipidized
PrRP31 analogs were modified with norleucine in position 8 to
avoid oxidation of the original methionine. Analogously to a
similar modification of the cocaine- and amphetamine-regulated
transcript peptide,33 the change of methionine for norleucine did
not affect the biological activity of PrRP31.
All native and lipidized analogs of PrRP31 and PrRP20 competed

with human 125I-PrRP31 for binding to CHO cells overexpressing
the human PrRP receptor GPR10 with Ki values in a nanomolar
range, as shown in Table 1. Scrambled peptide based on PrRP20
and its myristoylated analog (structures in the Methods) were
bound to GPR10 receptor with a negligible affinity, with Ki values
higher than 10− 5

M.
Natural PrRP31 and PrRP20, as well as their lipidized analogs

palmitoylated PrRP31 (palm-PrRP31) and myristoylated PrRP20
(myr-PrRP20), respectively, increased the phosphorylation of
MAPK/ERK1/2 in CHO cells overexpressing GPR10 receptor with
an EC50 values in the nanomolar range (EC50 was 1.01 nM for
PrRP31, 5.62 nM for PrRP20, 0.93 nM for palm-PrRP31 and 1.48 nM
for myr-PrRP20), which confirmed the powerful agonist effects of
palm-PrRP31 and myr-PrRP20 on the GPR10 receptor. The dose–
response curves are shown in Supplementary Figure S1.
Lipidized PrRP analogs were bound to CHO cells overexpressing

NPFF2 receptor with Ki values of 10
− 8

M range or lower, similar to
native PrRP20 and PrRP31 in competition binding with a stable
NPFF analog 125I-1DMe (Table 1). Myristoylated and palmitoylated
PrRP analogs displaced 125I-1DMe with affinity equal to or higher
than 1DMe (Ki = 2.21 ± 0.70).
In the rat tumor pituitary cell line RC-4B/C expressing

endogenously both GPR10 and NPFF2, lipidized PrRP analogs
were bound with a very high affinity to these cells that increased
with the length of the carbon chain of a fatty acid (Table 1).

Palm- and stear-PrRP31 and myr-PrRP20 attenuate food intake
after acute peripheral administration in fasted lean mice and
activate neurons in the food intake-regulating areas in the brain
Food intake was unaffected in Sal-treated controls and native
PrRP31 and native PrRP20 administered SC in mice, both fasted
and freely fed (Figure 1). In contrast, anorexigenic effects of
several peripherally administered lipidized analogs of PrRP31 and
PrRP20 were proven in fasted mice (Figure 1a and b) and freely
fed mice (Figure 1c). After the acute SC administration of
myr-PrRP20 and palm- and stear-PrRP31 (dose of 5 mg kg− 1),
food intake was very significantly lowered for several hours. The
effects of myr-PrRP20 and palm-PrRP31 were dose-dependent,
with a dose as low as 1 mg kg− 1 of each peptide significantly
lowering food intake (Supplementary Figure S2). Scrambled
myristoylated PrRP20 had no effect on food intake in mice after
peripheral administration (Figure 1a). Interestingly, PrRP31 lipo-
peptides with myristoyl and fatty acids of shorter carbon chains
and PrRP20 lipopeptides with dodecanoyl fatty acid and fatty
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acids of shorter carbon chains did not significantly affect food
intake (Figure 1a and b). Although myr-PrRP20 showed a stronger
anorexigenic potency at a dose of 5 mg kg− 1 SC in fasted mice
compared with palm-PrRP31 (Figures 1a and b), anorexigenic
effect of both analogs was comparable in freely fed mice
(Figure 1c) and moreover, palm-PrRP31 lowered food intake more
significantly than myr-PrRP30 at a dose of 1 mg kg− 1

(Supplementary Figure 2). It might be explained by higher
lipophilicity and lower solubility of myr-PrRP20 compared with
palm-PrRP31.
The central effect of peripherally administered palm-PrRP31 as

well as myr-PrRP20 was confirmed by a significant increase in
c-Fos immunoreactivity in the hypothalamic and brainstem nuclei

involved in food intake regulation (Figure 2). Natural and
octanoylated PrRP31 administered peripherally did not influence
food intake and did not increase c-Fos immunoreactivity.

Lipidized analogs of PrRP are selective and stable anorexigenic
compounds
Several behavioral tests in mice were carried out to evaluate
possible side effects of selected PrRP analogs after their peripheral
administration. Two analogs that did not affect food intake after
SC administration, PrRP31 and oct-PrRP31, and two analogs that
did significantly decrease food intake, myr-PrRP20 and palm-
PrRP31, were SC administered into mice at a dose of 5 mg kg− 1 to
test their sedative effect (in the open field test), analgesic activity
(in the hot plate test) and anxiety (in the elevated plus maze).
Neither non-lipidized nor lipidized PrRP analogs influenced open
field locomotory activity, nor did they exhibit any analgesic or
hyperalgesic activity, nor were any anxiogenic effects in the
elevated plus maze observed (Supplementary Figure S3).
After intravenously or SC administration, Palm-PrRP31 did

not increase PRL release in rats compared with intra-
venously administered thyrotropin (Supplementary Figure S4a).
Similarly, myr-PrRP20 and palm-PrRP31 did not signi-
ficantly affect PRL release in mice after SC administration
(Supplementary Figure S4b).
The degradation of selected PrRP analogs was tested in rat

plasma in vitro. The stabilities of palm-PrRP31 and myr-PrRP20
were prolonged (424 h) compared with native PrRP20 or PrRP31
(half-lives ~ 10–20min) (Figure 3a), possibly by promoting the
association of these peptides with circulating plasma proteins
through the attached fatty-acid moieties.
To further validate the pharmacokinetic profiles of selected

analogs in vivo, plasma concentrations of PrRP31, PrRP20, palm-
PrRP31 and myr-PrRP20 were determined after a single SC
injection into mice (Figure 3b). Lipidized PrRP analogs showed
longer stability and increased AUC compared with natural PrRP31
and PrRP20.

Chronic 14-days administration of palm-PrRP31 and myr-PrRP20
decreased food intake and body weight in DIO mice, improved
metabolic parameters and positively affected lipid metabolism
Rodents with diet-induced obesity are considered models of the
most common human obesity, which is associated with the
consumption of HF food. The therapeutic potential of two selected
lipidized PrRP analogs that were the most potent in the acute food
intake test was assessed in diet-induced obese mice that were
peripherally administered these peptides for 14-days twice
per day. Figure 4 shows that the food intake and body weight
in diet-induced obesity (DIO) mice were significantly lowered,
mainly by the effect of palm-PrRP31. After the treatment, palm-
PrRP31-treated mice weighed ~ 15% less and myr-PrRP20-treated
mice ~ 10% less than Sal-treated controls. No signs of inflamma-
tion were observed during the treatment.
As shown in Table 2, palm-PrRP31 treatment significantly

lowered insulin and leptin levels in blood, and decreased SCAT
and perirenal fat masses. The group of mice pair-fed to palm-
PrRP31 showed similar metabolic changes, suggesting that the
primary effect of palm-PrRP31 is most likely due to food intake
regulation. Despite the fact that the treatment of DIO mice with
myr-PrRP20 decreased circulating level of leptin significantly, the
masses of the dissected fat tissues were not significantly lowered
(Table 2).
Plasma corticosterone level significantly increased after myr-

PrRP20 and palm-PrRP31 treatment compared with Sal-treated
group, but increase in adrenocorticotropic hormone level did not
reach significance (Supplementary Figure S5).

Figure 1. Palmitoylated and stearoylated PrRP31 and myristoylated
PrRP20 attenuate food intake after acute peripheral administration
in fasted mice. Cumulative food intake of 17 h fasted mice after
acute SC administration of (a) lipidized PrRP20 analogs, (b) natural
and lipidized PrRP31 analogs at a dose of 5 mg kg− 1, (c) cumulative
food intake of freely fed mice after acute SC administration of saline,
PrRP31, myr-PrRP20 and palm-PrRP31 (dose 5mg kg− 1). Food intake
is expressed in grams of food consumed (n= 6–8 mice per group).
***Po0.001 vs saline-treated group. The significance concerns the
whole time course.
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Expression of UCP-1 was not changed in brown adipose tissue
of palm-PrRP31 compared with Sal-treated group (Supplementary
Figure S6).
As palm-PrRP31 treatment had the most attenuating effect on

fat stores, we investigated the mRNA expressions of adipokines
and fat metabolism-regulating enzymes only in palm-PrRP31-
treated DIO mice and their pair-fed group. Decrease in the masses
of all particular fats dissected resulted in a very significantly
attenuated mRNA expressions of leptin (Supplementary Figure S7)
but not adiponectin (not shown). In both SCAT and IPAT, the
second most significant site of lipogenesis, fatty-acid synthase
mRNA was significantly attenuated. Treatment with palm-PrRP31
did not decrease lipoprotein lipase mRNA expression in SCAT or in
IPAT in contrast to the results observed in pair-fed animals
(Supplementary Figure S7). Palm-PrRP31 treatment attenuated fat
metabolism more significantly in the liver, where the mRNAs of
enzymes catalyzing the de novo synthesis of fatty acids, ACACA
and FASN, were reduced significantly and in addition to a
reduction in sterol regulatory element-binding protein mRNA
(Supplementary Figure S7).

DISCUSSION
In spite of their low toxicity and few side effects, the clinical
potential of natural centrally acting anorexigenic neuropeptides is
limited due to their low stability and poor bioavailability under

physiological conditions. Our work has shown for the first time
that a unique modification of PrRP by lipidization led not only to
an increased stability in blood but also enabled to exert PrRP
central effect after peripheral administration.
In our previous study,20 we confirmed the importance of the

C terminus, identical for both PrRP20 and PrRP31, for their
biological activity. Therefore, the N terminus of both natural
peptides, PrRP31 and PrRP20, was lipidized with fatty acids of
different lengths to preserve their full biological activity. PrRP31
and PrRP20 lipidized by 8–18 carbon chain fatty acids retained
their binding affinities to GPR10 and NPFF2 receptors over-
expressed in CHO cells and to tumor cells RC-4B/C endogenously
expressing both GPR10 and NPFF2 receptors with affinities similar
to natural PrRP31.20,34 Agonistic properties of the lipidized analogs
of PrRP31 and PrRP20 were confirmed by an increased MAPK/
EKR1/2 phosphorylation in CHO cells overexpressing GPR10
receptor.
Despite similar binding affinities and agonist character of PrRP

lipidized by 8–18 carbons chain fatty acids, only palm- and stear-
PrRP31 and myr-PrRP20 highly significantly and dose-dependently
lowered food intake in lean overnight-fasted and freely fed mice
after SC administration, whereas analogs containing fatty acids with
shorter carbon chains and the natural PrRP31 or PrRP20 had no
effect on food intake. These findings suggest that only palm- or
stear-PrRP31 and myr-PrRP20 were probably able to cross the BBB
and exert their central effect on food intake. This conclusion was

Figure 2. Effect of PrRP lipidization on cells activity in food intake-regulating areas in mouse brain. Fos immunoreactivity: the qualitative as
well as quantitative assessment of Fos-immunostained cells in coronal section of PVN (a–e), Arc (f–j) and NTS (k–o) 90 min after SC application
of saline (a, f, k) and PrRP31 (b, g, l), oct-PrRP31 (c, h, m), palm-PrRP31 (d, i, n) and myr-PrRP20 (e, j, o) at a dose of 5mg kg− 1 in fasted mice
(n= 4). *Po0.05, **Po0.01 vs saline (Sal), PrRP31 and oct-PrRP31. PVN—paraventricular hypothalamic nucleus, Arc—arcuate hypothalamic
nucleus, NTS—solitary tract nucleus, 3v—third brain ventricle. Scale bar is 50 μm for a–e, 100 μm for f–o.
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further supported by the fact that both SC administered
myr-PrRP20 and palm-PrRP31 significantly enhanced c-Fos immu-
noreactivity in food intake-regulating hypothalamic and brainstem
nuclei containing both GPR10 and NPFF2 receptors,18,35 whereas
natural and octanoylated PrRP31 did not induce these changes.
In the hypothalamus, leptin receptor and PrRP are colocalizated

and have additive anorexigenic effect.36 Anorexigenic effect of
PrRP independent of leptin but dependent on CCK was suggested
in the brainstem.37

The acute SC administration of natural PrRP31, palm-PrRP31 and
myr-PrRP20 did not result in any sedative, analgetic or anxiety-
inducing effects in mice. Thus, despite their high-affinity binding to
NPFF2 receptor, lipidized PrRP analogs do not share the
hyperalgesic activities of NPFF.24 In spite of its name, PrRP-
induced PRL release is currently considered controversial.38 In our
experiments, after intravenously or SC administration, palm-PrRP31
or myr-PrRP20 did not increase the release of PRL in rats and mice.
The long-lasting anorexigenic effect of palm- and stear-PrRP31

and myr-PrRP20 analogs could be explained by their prolonged
stability owing to binding to serum albumin similar to liraglutide
or palmitoylated gastric inhibitory polypeptide.16 Our stability test
confirmed that both palm-PrRP31 and myr-PrRP20 were stable for
424 h in rat plasma. In vivo pharmacokinetics in mice also showed
longer stability and a higher area under the curve for palm-PrRP31
and myr-PrRP20 compared with natural, non-lipidized analogs.
Finally, the 2-week-long twice daily administration of palm-

PrRP31 and myr-PrRP20 to mice with HF diet-induced obesity
significantly decreased cumulative food intake and body weight.
The time course and the extent of the effect were similar to those

of liraglutide,39,40 confirming the potential of these compounds
for obesity treatment.
The decrease in body weight after 2-week palm-PrRP31

treatment in DIO mice was mediated mainly by the reduction of
body fat that was accompanied by a decrease in leptin level.
Decreased mRNA expressions of fatty-acid synthase in both the
adipose tissue and the liver along with a decreased expression of
acetyl-CoA carboxylase and sterol regulatory element-binding
protein in the liver suggests that this reduction most likely
resulted from a decreased de novo lipogenesis owing primarily to
negative energy balance due to reduced food intake. In our study,
changes of UCP-1 mRNA in brown adipose tissue after palm-
PrRP31 treatment pointing to possible increase of energy
expenditure were not found. On the other hand, significantly
increased corticosterone and nonsignificantly increased adreno-
corticotropic hormone plasma levels after 14-days treatment with
myr-PrRP20 and palm-PrRP31 support the fact that PrRP was
proposed to be implicated also in endocrine regulation of
hypothalamic–pituitary–andrenal axis.41

In conclusion, we have demonstrated that the lipidization of
PrRP enabled its central anorexigenic effect after peripheral
administration in both acute and chronic settings by enhancing
its stability in the blood and improving its ability to cross the BBB.
Our data also confirmed that GPR10 and/or NPFF2 receptors are
suitable targets for the treatment of obesity. Collectively, our data

Figure 3. Pharmacokinetics of the PrRP analogs in vitro and in vivo.
(a) Degradation profiles in rat plasma. The analog triplicates were
incubated for different times in rat plasma and then submitted for
immunoanalysis using EIA kit. The results are expressed as the
percentage differences from the blood levels of PrRP31 at time 0
with a 10− 6M initial concentration. (b) Plasma concentrations after
single SC injection (5mg kg− 1) in mice (n= 3) as measured by
EIA kit.

Figure 4. Palmitoylated PrRP31 and myristoylated PrRP20 reduce
food intake and body weight of diet-induced obese mice. Effect of
14- day administration of palm-PrRP31 and myr-PrRP20 on (a) food
intake and (b) body weight of DIO mice. Mice were SC administered
by saline or peptides at a dose of 5mg kg− 1 twice daily (n= 10). Pair-
fed group received amount of food consumed by palm-PrRP31-
treated group the previous day. The data were analyzed by one-way
ANOVA. *Po0.05, **Po0.01, ***Po0.001 vs saline-treated group.
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suggest that lipidized PrRP analogs have potential as a possible
future anti-obesity drugs.
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Abstract. Numerous epidemiological and experimental studies have demonstrated that patients who suffer from metabolic
disorders, such as type 2 diabetes mellitus (T2DM) or obesity, have higher risks of cognitive dysfunction and of Alzheimer’s
disease (AD). Impaired insulin signaling in the brain could contribute to the formation of neurofibrillary tangles, which contain an
abnormally hyperphosphorylated tau protein. This study aimed to determine whether potential tau hyperphosphorylation could
be detected in an obesity-induced pre-diabetes state and whether anorexigenic agents could affect this state. We demonstrated
that 6-month-old mice with monosodium glutamate (MSG) obesity, which represent a model of obesity-induced pre-diabetes,
had increased tau phosphorylation at Ser396 and Thr231 in the hippocampus compared with the controls, as determined by
western blots. Two weeks of subcutaneous treatment with a lipidized analog of prolactin-releasing peptide (palm-PrRP31) or
with the T2DM drug liraglutide, which both had a central anorexigenic effect, resulted in increased phosphorylation of the insulin
cascade kinases PDK1 (Ser241), Akt (Thr308), and GSK-3� (Ser9). Furthermore, these drugs attenuated phosphorylation at
Ser396, Thr231, and Thr212 of tau and of the primary tau kinases in the hippocampi of 6-month-old MSG-obese mice. We
identified tau hyperphosphorylation in the obesity-induced pre-diabetes state in MSG-obese mice and demonstrated the beneficial
effects of palm-PrRP31 and liraglutide, both of known central anorexigenic effects, on hippocampal insulin signaling and on
tau phosphorylation.
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prolactin-releasing peptide, tau phosphorylation
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INTRODUCTION

Besides extracellular amyloid-� peptide (A�)
plaques, Alzheimer’s disease (AD) is character-
ized by intracellular hyperphosphorylated tau protein
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neurofibrillary tangles. Tau protein is expressed mainly
in neurons where it promotes tubulin assembling to
microtubules and establishes links between micro-
tubules and other cytoskeleton components. Binding
of tau to tubulin is regulated by phosphorylation
of tau. Hyperphosphorylation lowers binding of
tau to tubulin and promotes tau self-polymerization
and aggregation to neurofibrillary tangles [1–3].
Tau is primarily phosphorylated by the following
proline-directed kinases: GSK-3� (glycogen syn-
thase kinase-3�), cdk5 (cyclin-dependent kinase 5),
p44/42 MAPK/ERK1/2 (mitogen-activated protein
kinases/extracellular signal-regulated kinases), and
JNK (c-Jun N-terminal kinase) [4]. When tau and its
various kinases were co-overexpressed in neuroblas-
toma cells, GSK-3�, GSK-3�, and MAPK 13 were the
most effective tau kinases that phosphorylated Ser202,
Thr231, Ser235, and Ser396/404, which represent the
AD-relevant phosphorylation sites. Generally, GSK-
3� has a kinase activity to the most phosphorylation
sites of tau. Most of the kinases phosphorylate several
tau epitopes, and most phosphorylation sites are targets
of more than one kinase. Additionally, some epitopes
can be phosphorylated only after other sites have been
phosphorylated [5, 6].

GSK-3� is a participant in the insulin signaling
cascade and is abundantly expressed in the central ner-
vous system. The phosphorylation of serines 9 and 389
inhibits the kinase activity of GSK-3� [7]. Decreased
insulin effectiveness with attenuated GSK-3� Ser9
phosphorylation was shown to result in enhanced
GSK-3� kinase activity toward tau in both type 2
diabetes mellitus (T2DM) and AD patients [8]. Sim-
ilarly, in db/db mice, which represent a rodent model
of T2DM, hippocampal tau protein phosphorylation at
the epitopes Ser199/202, Thr231, and Ser396, as well
as spatial memory impairment, increased progressively
with age-related hyperinsulinemia and hyperglycemia
[9, 10]. The pathological changes in GSK-3� and tau
phosphorylation identified in db/db mice were reversed
with insulin administration [11].

Insulin secretagogues, such as the glucagon-like
peptide-1 (GLP-1) analogs exendin-4 and liraglutide,
which are used for T2DM treatment, as well as the
glucose-dependent insulinotropic polypeptide (GIP)
analog, have demonstrated protective effects in the
brain by reducing A� plaques and by preventing the
loss of synapses and memory impairments in AD
mouse models [12–16]. In rats with intracerebroven-
tricular (ICV) streptozotocin (STZ) treatment-induced
sporadic AD [17], a decline in learning and mem-
ory and an increase in total and phosphorylated tau

in the hippocampus were reversed by an ICV co-
application of a GLP-1 analog [18]. Because the central
effects of liraglutide have been shown to be exclu-
sively anorexigenic and weight-attenuating [19], one
question that arises is whether an anorexigenic neu-
ropeptide produced and acting in the brain, such as
prolactin-releasing peptide (PrRP) (reviewed by [20]),
could affect tau phosphorylation in the hippocam-
pus. PrRP production is under the control of leptin;
PrRP-expressing neurons contain leptin receptors, and
when PrRP and leptin were ICV co-administered
to rats, these drugs had additive anorexigenic and
energy expenditure-increasing effects [21]. The neu-
roprotective properties of leptin include lowering tau
phosphorylation in tau-overexpressing SH-SY5Y cells
[22]. Leptin attenuated A� formation and improved
cognitive performance in CRND8 mice overexpress-
ing amyloid-� precursor protein (A�PP) [23, 24]. A
non-functioning leptin receptor was the cause of wors-
ened spatial memory in Zucker diabetic fatty rats [25]
and in db/db mice [26].

In this study, we aimed to determine whether
tau hyperphosphorylation could be detected during
the pre-diabetes state, which is a frequent condi-
tion in elderly individuals. A useful rodent model
of pre-diabetes includes mice or rats with obesity
induced by monosodium glutamate (MSG) subcu-
taneous injections administered to newborns, which
result in specific lesions in the arcuate nucleus (ARC)
of the hypothalamus. MSG-obese rodents develop obe-
sity with increased adiposity at a sustained body weight
[27] because of a lower metabolic rate rather than
elevated food intake [28]. Hyperinsulinemia at nearly
normoglycemia [29] supports the use of MSG- obese
mice as a model of pre-diabetes.

In this study, we also aimed to determine how
repeated administration of the GLP-1 agonist liraglu-
tide, which is an anti-T2DM drug promoting insulin
secretion that has also a central body weight-reducing
effect, and our unique centrally acting anorexigenic
lipidized PrRP analog, affected metabolic parame-
ters connected with pre-diabetes in the periphery and
insulin signaling and tau phosphorylation in the hip-
pocampus.

MATERIALS AND METHODS

Peptides

The palmitoylated PrRP analog palm-PrRP31
(N-palm-SRTHRHSMEIRTPDINPAWYASRGIRPVG
RF-NH2) was synthesized and purified at the Institute
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of Organic Chemistry and Biochemistry, Prague,
Czech Republic as previously described [30]. PrRP
lipidization was performed as previously described
in [31] on a fully protected peptide on resin as the
final step. The purity and identity of the peptide was
determined using analytical HPLC and a Q-TOF
micro MS technique (Waters, Milford, MA, USA).

Liraglutide (Victoza, Novo Nordisk, Maloev, Den-
mark, 6 mg/ml in an injection pen) was obtained from
a pharmacy.

Experimental animals

All animal experiments followed the ethical guide-
lines for animal experiments and the Czech Republic
Act No. 246/1992. The experiments were approved
by the Committee for Experiments with Laboratory
Animals of the Academy of Sciences of the Czech
Republic.

NMRI mice (Charles River, Sulzfeld, Germany)
were housed at 23◦C with a daily 12-h light and dark
cycle (lights on at 6 a.m.). The mice had free access
to water and a standard chow diet (Mlýn Kocanda,
Jesenice, Czech Republic), which contained 25%, 9%,
and 66% calories as protein, fat, and carbohydrates,
respectively, and 3.4 kcal/g energy content.

For MSG-induced obesity, newborn male NMRI
mice were subcutaneously (SC) administered L-
glutamic acid sodium salt hydrate (Sigma-Aldrich, St.
Louis, MO, USA) (4 mg/g body weight) at postnatal
days 2–8 as previously described [28].

Body weight was monitored once per week up to the
age of 6 months. Overnight fasted MSG-obese mice
and their controls at ages 2 and 6 months (n = 10) were
sacrificed by decapitation starting at 8:00 a.m. The
trunk blood was collected, and the plasma was sep-
arated and stored at −20◦C. The white adipose tissue
(i.e., subcutaneous, abdominal, and perirenal fat), the
liver and the hippocampus of all mice were dissected
and weighed. The rate of adiposity was expressed as the
fat-to-body weight ratio (the ratio of the total adipose
tissue weight to the total body weight).

Effects of 14-day administration of palm-PrRP31
and liraglutide on body weight, food intake,
metabolic parameters, insulin signaling, and tau
phosphorylation in MSG-obese mice

At 6 months old, one week before the beginning of
the experiment, the MSG-obese mice were randomly
divided into groups of 10 mice and placed in individual
cages with free access to food and water. The following

week, the mice were subjected to a 14-day admin-
istration of peptides. Three groups were SC injected
with saline, palm-PrRP31 (5 mg/kg), or liraglutide
(0.2 mg/kg, both peptides dissolved in saline) twice per
day (at 8:00 a.m. and 6:00 p.m.). The amount of food
consumed and the weights of the mice were monitored
daily.

At the end of the experiment, overnight fasted mice
were sacrificed by decapitation starting at 8:00 a.m.
Blood was collected, and tissues were dissected as
previously described in section Experimental animals.

Glucose tolerance test

An intraperitoneal glucose tolerance test (IPGTT)
was performed on day 9 of the 14-day treatment.
Overnight fasted MSG-obese mice were IP injected
with glucose (2 g/kg) at 8:00 a.m. (time 0). Then, blood
glucose was measured at 0, 15, 30, 60, 90, 120, and
180 min following injection using a Glucocard glu-
cometer (Arkray, Kyoto, Japan).

Determination of hormonal and biochemical
parameters

The plasma insulin concentrations were measured
using RIA (Millipore, St. Charles, MI, USA and Linco
Research, St. Charles, MI, USA), and the leptin con-
centrations were determined using ELISA (Millipore,
St. Charles, MI, USA). The serum glucose levels were
measured using a Glucocard glucometer. All mea-
surements were performed according to the protocols
recommended by the manufacturers.

Antibodies used for immunoblotting and
immunohistochemistry

The following antibodies were used: phospho-
PDK1 (3-phosphoinositide-dependent kinase 1) rabbit
mAb, PDK1 rabbit mAb, phospho-Akt (Thr308) rabbit
mAb, phospho-Akt (Ser473) rabbit mAb, Akt rabbit
mAb, phospho-GSK-3� (Ser9) rabbit mAb, GSK-3
� rabbit mAb, phospho-MAPK/ERK1/2 mouse mAb,
total MAPK/ERK1/2 mouse mAb, phospho-JNK rab-
bit mAb, total JNK rabbit mAb, anti-mouse IgG
HRP-linked antibody, anti-rabbit IgG horseradish per-
oxidase (HRP)-linked antibody (purchased from Cell
Signaling Technology, Beverly, MA, USA). Anti-
Tau[pSer396] rabbit mAb, anti-Tau[pThr231] rabbit
mAb were purchased from Invitrogen, NY, USA and
AT8 antibody was purchased from Thermo Scien-
tific, Waltham, MA, USA. Tau CTer mouse mAb was
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identified previously [32] and anti-�-actin antibody
produced in mouse were obtained from Sigma-Aldrich,
St. Louis, MO, USA.

Tissue preparation for immunoblotting

The hippocampi were separated from the dis-
sected brains and homogenized in cold lysis buffer
(62.5 mM Tris-HCl buffer with pH 6.8, 1% deoxy-
cholate, 1% Triton X-100, 50 mM NaF, 1 mM Na3VO4
and complete protease inhibitor (Roche Applied Sci-
ence, Mannheim, Germany)) using a Bullet Blender
homogenizer (Next Advance, Inc., Averill Park, NY,
USA). During tissue handling, all samples were kept on
ice. The lysates were sonicated for 1 min. The protein
concentration was determined using a Pierce BCA pro-
tein assay kit (Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The lysates were diluted to a final concen-
tration of 1 �g/�l in Laemmli sample buffer (62.5 mM
Tris-HCl with pH 6.8, 2% SDS, 10% glycerol, 0.01%
bromophenol blue, 5% �-mercaptoethanol, 50 mM
NaF, and 1 mM Na3VO4) and stored at −20◦C.

Immunoblotting

The samples for immunoblotting were sonicated
for 1 min and boiled at 100◦C for 2 min. Then,
10 �g/10�l of each sample was resolved using 5/10%
SDS-PAGE electrophoresis. The proteins were trans-
ferred onto a nitrocellulose membrane, blocked in
5% non-fat milk or BSA in TBS/Tween-20 buffer
(20 mM Tris, 136 mM NaCl, 0.1% Tween-20, 50 mM
NaF, and 5 mM Na3VO4) and incubated overnight
in the corresponding antibody diluted in 5% non-fat
milk or 5% BSA in TBS/Tween-20 buffer at 4◦C.
After incubation for 1 h with a HRP-linked secondary
antibody at room temperature, the membranes were
developed using Luminata Classico/Crescendo/Forte
Western HRP Substrates (Merck Millipore, Darmstadt,
Germany), visualized in a ChemiDocTM System (Bio-
Rad, Hercules, CA, USA) and quantified using Image
Lab Software (Bio-Rad, Hercules, CA, USA). To com-
pare obtained data the electrophoresis and transfer
were performed at the same time in one electrophoretic
or transfer system and membranes were visualized in
the ChemiDocTM System altogether. The protein level
was normalized to �-actin as a housekeeping protein.

Tissue preparation for immunohistochemistry

One hemisphere of each brain was fixed for 24 h
in 4% paraformaldehyde, transferred to 70% ethanol

and embedded in paraffin at the histology laboratory
of the Faculty of Medicine, Lille, France (Laboratoire
d’histologie, Faculté de Médecine, Lille, France).

Phosphorylated tau immunohistochemistry

Five-micrometer thick paraffin-embedded sagittal
brain slices were deparaffinized by washing three times
in toluene, rehydrated in ethanol (100, 95, 70, and 30%)
and unmasked by boiling for 10 min in citrate buffer pH
6 (3.75 mM acid citrate, 2.5 mM disodium phosphate).
After 1 h of blocking in 1% horse serum in PBS buffer
(Sigma-Aldrich, St. Louis, MO, USA), the slices were
incubated overnight at 4◦C with the appropriate anti-
body diluted in PBS/0.2% Triton X-100 buffer. Then,
the slices were incubated for 1 h with secondary anti-
body Alexa 488 or Alexa 568 (Life Technologies, NY,
USA). The nuclei were stained with Vectashield/DAPI
(4′,6-diamidino-2-phenylindole, Vector Laboratories,
Burlingame, CA, USA). Images were acquired on a
Zeiss confocal laser-scanning microscope LSM 710
using a 488-nm Argon laser, a 561-nm diode-pumped
solid-state laser and a 405-nm ultraviolet laser with the
same laser intensities to compare the images at Lille
2 University (Plate-forme d’Imagerie Moléculaire et
Cellulaire).

Prolactin releasing hormone receptor (PrRP-R)
immunohistochemistry

Overnight fasted untreated control male NMRI mice
(n = 4, body weight 45.6 ± 1.3 g) with the free access
to water were used for PrRP-R immunohistochem-
ical processing. The mice were deeply anesthetized
with sodium pentobarbital (50 mg/kg, IP) and transcar-
dially perfused with 0.1 M phosphate buffer (PB, pH
7.4) containing 4% paraformaldehyde. The brains were
subsequently removed, postfixed in the same fixative
overnight at 4◦C, and infiltrated with 20% sucrose in
0.1 M PB for 48 h at 4◦C. The brains were cut into
30-�m thick coronal sections at −22◦C in a Leica
CM1950 cryostat (Leica Microsystems GmbH, Ger-
many), and the free-floating sections were collected in
cold (4◦C) PB.

The free-floating sections were repeatedly washed
in cold PB, followed by preincubation in 3% H2O2 for
40 min at room temperature. Then, the sections were
incubated with rabbit PrRP-R polyclonal antiserum
(1:200, LifeSpan BioSciences, Inc., LS-C177303) and
diluted in 0.1 M PB containing 4% normal goat serum
(Gibco, Grand Island, NY, USA), 0.5% Triton X-
100 (Sigma-Aldrich, St. Louis, MO, USA), and 0.1%
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sodium azide for 48 h at 4◦C. After several rinses in
PB, the sections were incubated with biotinylated goat
anti-rabbit IgG (1:500, VectorStain Elite ABC, Vec-
tor Laboratories, Burlingame, CA, USA) diluted in
0.1 M PB containing 4% NGS and 1% Triton X-100 for
90 min at room temperature. The PB rinses were fol-
lowed by incubation with the avidin-biotin peroxidase
complex (1:250, VectorStain Elite ABC, Vector Labo-
ratories, Burlingame, CA), which was diluted in 0.1 M
PB containing 1% Triton X-100 for 90 min at room
temperature. PB washing was followed by a wash in
0.05 M Tris-HCl (pH 6.0). The PRLHR antigenic sites
were visualized with 0.01% 3,3′-diaminobenzidine
tetrahydrochloride (DAB, Sigma-Aldrich, St. Louis,
MO, USA) dissolved in 0.05 M Tris-HCl contain-
ing 0.0012% H2O2 for 3–5 min. Finally, the sections
were mounted on glass, air-dried, and coverslipped
with DPX mounting medium (Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA). Immunostaining
of the negative control, which did not display anti-
serum immunolabeling, included the substitution of
the primary antiserum with normal rabbit serum
and the sequential elimination of the primary or
secondary antibody from the staining series. The PrRP-
R immunoreactive cells were evaluated separately
in each side of the coronal sections (n = 2-3 sec-
tions per mouse) within the dentate gyrus and the
CA1-CA3 fields of the hippocampus of the hippocam-
pal formation (from bregma −1.46 to −1.94 mm)
according to the mouse brain atlas [33]. Images of
representative sections were acquired using a digital
camera (Olympus DP70) and an Olympus AX70 light
microscope.

Statistical analyses

The data are presented as the means ± SEM for the
number of animals indicated in the Figures and Tables.
The data were analyzed using a two-way analysis of
variance (ANOVA), followed by a Bonferroni post-
hoc test, or using a one-way ANOVA, followed by a

Dunnett’s post-hoc test or a t-test, as stated in the Fig-
ure and Table legends, using Graph-Pad Software (San
Diego, CA, USA). p < 0.05 was considered statistically
significant.

RESULTS

Six-month-old MSG-obese mice developed
increased tau phosphorylation

The male MSG-obese mice and their age-matched
controls were characterized by fat and body weight and
by the metabolic parameters connected with obesity
and diabetes at 2 and 6 months old (Table 1). The body
weights of the MSG-obese mice did not significantly
differ from their age-matched controls at 2 or 6 months
old. However, the total amount of white adipose tis-
sue and the resultant leptin levels were significantly
higher in the MSG-obese mice compared with those
amounts and levels of their age-matched controls. Fast-
ing glucose levels were not significantly increased in
the MSG-obese mice, whereas the insulin levels were
significantly higher in the MSG-obese mice at both 2
and 6 months old compared with those levels of their
age-matched controls (Table 1). Thus, the MSG-obese
mice exhibited obesity with significant fat accumula-
tion in a pre-diabetes state (increase in insulin but not
glucose levels).

The phosphorylation of inhibitory Ser9 in GSK-3�,
which is the primary tau kinase, significantly decreased
only in the 6-month-old controls compared with that
in the 2-month-old controls (Fig. 1). Compared with
the controls, the 6-month-old MSG-obese mice dis-
played increased phosphorylation at the Ser396 and
Thr231 epitopes of hippocampal tau, whereas the 2-
month-old MSG-obese mice did not display different
phosphorylation levels of the Ser396 and Thr231 epi-
topes of hippocampal tau compared with respective
age-matched controls (Fig. 1). It was the reason why
6-month-old MSG-obese mice were used in the fol-
lowing experiment.

Table 1
Metabolic parameters of 2 and 6 months old MSG mice and their age-matched controls

Mice Body weight White adipose tissue Glucose Insulin Leptin
[g] [% body weight] [mmol/l] [ng/ml] [ng/ml]

Controls 2 months 40.29 ± 0.94 4.54 ± 0.47 6.63 ± 0.46 0.96 ± 0,15 2.07 ± 0.43
MSG 2 months 42.50 ± 0.59 12.04 ± 0.63∗∗∗ 8.55 ± 0.34 3.48 ± 0.57∗ 27.38 ± 4.14∗∗
Controls 6 months 53.73 ± 1.84 6.88 ± 0.47 6.43 ± 0.52 0.83 ± 0.27 4.03 ± 1.55
MSG 6 months 57.18 ± 1.26 11.46 ± 0.48 ### 5.83 ± 0.45 3.64 ± 0.99# 18.11 ± 2.91##

Data are mean ± SEM (n = 10 animals per group). Significance is ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 (∗versus control 2 months, #versus
control 6 months) using one-way ANOVA, Bonferroni post hoc test.
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Fig. 1. MSG mice show age-related pathological tau hyperphosphorylation in the hippocampus. A) Western blot analysis of glycogen synthase
kinase-3� (GSK-3�) activation and tau phosphorylation (Ser396 and Thr231 epitopes) in hippocampi lysates of 2- and 6-month-old MSG mice
and their controls (n = 10 mice per group). B) Densitometric quantification of the Western blots normalized to �-actin. Data were analyzed by
two-way ANOVA, Bonferroni post hoc test. Data are mean ± SEM, n = 10 mice per group.

Anorexigenic lipopeptides, palm-PrRP31 and
liraglutide, attenuated food intake but did not
affect body weight or related metabolic
parameters in MSG-obese mice

To examine the effects of two anorexigenic peptides
on hippocampal tau phosphorylation in 6-month-old
MSG-obese mice, liraglutide and the novel analog
palm-PrRP31 were SC administered twice per day for
14 days at doses that significantly lowered food intake
and activated neurons in the brain areas regulating food
intake after acute administration [34].

The cumulative food intake significantly decreased
after treatment with both lipopeptides (Fig. 2). Weight
loss did not reach significance after treatment with

either palm-PrRP31 or liraglutide compared with that
of the saline-treated group (Fig. 2). However, signif-
icant weight loss occurred in the saline-treated group
most likely because of the repeated injections. Further-
more, based on our previous experience, the NMRI
mouse strain is extremely sensitive to manipulation
and to repeated injections. The white adipose tissue
weight and leptin levels only tended to decrease after
treatment with both peptides. The fasting glucose and
insulin levels did not significantly differ from those
levels of the saline-treated controls (Table 2).

IPGTT was performed in fasted mice on day 9 of
the experiment (Fig. 3). The AUCs of palm-PrRP31
or liraglutide treated MSG-obese mice did not signif-
icantly differ from those AUCs for the saline-treated
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Fig. 2. Body weight change and food intake in MSG mice after palm-
PrRP31 or liraglutide treatment. Effect of 14-day administration of
liraglutide and palm-PrRP31 on (A) body weight change and (B)
food intake of MSG mice. Mice were SC administered by saline
or peptides, palm-PrRP31 at a dose of 5 mg/kg and liraglutide at a
dose of 0.2 mg/kg twice daily (n = 10). The data were analyzed by
one-way ANOVA, Bonferroni post-hoc test. ∗p < 0.05, ∗∗p < 0.001
and ∗∗∗P < 0.001 vs saline-treated group.

MSG-obese mice or for the control mice (Fig. 3a); only
the final glucose level was significantly lower in the
MSG-obese mice treated with palm-PrRP31 compared
with the MSG-obese control mice treated with saline
(Fig. 3b).

Palm-PrRP31 and liraglutide ameliorated insulin
signaling and attenuated activity of tau kinases in
the hippocampi of MSG-obese mice

The repeated administration of both palm-PrRP31
and liraglutide positively affected the hippocampal

Fig. 3. Glucose tolerance test in MSG mice and their controls.
Intraperitoneal glucose tolerance test (IPGTT) was performed in
overnight fasted MSG mice injected IP with glucose (2 g/kg) after
9 days of saline, liraglutide, or palm-PrRP31 treatment (n = 10). A)
Area under curve (AUC). B) Time course of IPGTT. Significance is
∗p < 0.05 using one-way ANOVA, Bonferroni post-hoc test.

insulin signaling cascade. Figure 4 shows signifi-
cant enhancement of PDK phosphorylation in the
liraglutide-treated mice but not after palm-PrRP31
intervention. Akt phosphorylation at the Thr308
epitope significantly increased in the palm-PrRP31-
treated group but not in the liraglutide-treated group.
Akt phosphorylation at Ser473 was not affected by
either treatment.

Phosphorylation at the Ser9 epitope of GSK-3�,
which is the primary tau kinase, significantly increased

Table 2
Metabolic parameters of 6 months old MSG mice after 14-day treatment with palm-PrRP31 and liraglutide

Intervention Body weight White adipose tissue Glucose Insulin Leptin
[g] [% body weight] [mmol/l] [ng/ml] [ng/ml]

Saline 53.08 ± 2.22 6.37 ± 0.84 6.48 ± 0.42 1.53 ± 0.20 23.10 ± 3.85
Palm-PrRPP31 50.07 ± 1.68 4.91 ± 0.43 6.49 ± 0.32 1.57 ± 0.13 21.20 ± 2.62
liraglutide 48.23 ± 1.70 5.38 ± 0.67 5.63 ± 0.34 1.91 ± 0.27 18.16 ± 2.41

Data are mean ± SEM (n = 10 animals per group). Data were analyzed by one-way ANOVA, Bonferroni post hoc test.
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Fig. 4. Liraglutide and palm-PrRP31 enhance insulin signaling in the hippocampus. Insulin signaling cascade in hippocampi of MSG mice after
palm-PrRP31 or liraglutide treatment. A) Western blots of the proteins involved in insulin signaling cascade using specific antibodies (n = 10
mice per group). B) Densitometric quantification of the western blots normalized to �-actin. Data are mean ± SEM. The data were analyzed by
one-way ANOVA, Dunnett post hoc test. ∗p < 0.05, ∗∗p < 0.001, and ∗∗∗p < 0.001 versus saline-treated group.

after palm-PrRP31 administration but not after liraglu-
tide administration in the MSG-obese mice (Fig. 5).

The phosphorylation of two other potent tau kinases,
ERK1/2 and JNK, was significantly lowered after both
palm-PrRP31 and liraglutide administration in the hip-
pocampi of the MSG-obese mice, as shown in Fig. 5.

Palm-PrRP31 and liraglutide reduced tau
hyperphosphorylation in the hippocampi of
MSG-obese mice

The phosphorylation of the hippocampal tau pro-
tein at the Thr212, Thr231, and Ser396 epitopes of the
MSG-obese mice was affected by treatment with both
palm-PrRP31 and liraglutide (Fig. 6). Both liraglutide

and palm-PrRP31 treatment significantly decreased
the hyperphosphorylation of the tau protein in these
epitopes. The immunohistochemical analysis of the
hippocampi confirmed these results. In the CA1 sub-
field of the hippocampus, the phosphorylation of the
tau protein at Thr212 and at Ser202/T205 (the antibody
AT8) decreased after palm-PrRP31 and liraglutide
treatment compared with that of the control group
(Fig. 7).

PrRP-R immunopositive cells are present in the
hippocampus

PrRP-R immunopositive cells, which displayed
small cell bodies and dendritic branches, were
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Fig. 5. Impact of liraglutide and palm-PrRP31 treatment on phosphorylation of hippocampal tau kinases GSK-3�, ERK1/2, and JNK. A) Western
blots of the tau kinases phosphorylation using specific antibodies (n = 10 mice per group). B) Densitometric quantification of the western blots
normalized to �-actin. Data are mean ± SEM. The data were analyzed by one-way ANOVA, Dunnett post hoc test. ∗p < 0.05, ∗∗p < 0.001, and
∗∗∗p < 0.001 versus saline-treated group.

primarily detected in the stratum lacunosum-
moleculare of the hippocampus (Fig. 8) and in the
hilus proper of the dentate gyrus from control mice.
In addition, several scattered PrRP-R cells were also
detected in the stratum radiatum of the CA3 field of
the hippocampus.

DISCUSSION

The primary results of this study revealed that treat-
ment with palm-PrRP31, an analog of the anorexigenic
neuropeptide PrRP that is active centrally after periph-
eral administration [34] and the T2DM drug liraglutide

both had a central anorexigenic effect and decreased
the phosphorylation of several tau kinases and of the
tau protein in the hippocampus of 6-month-old pre-
diabetic MSG-obese mice. Moreover, palm-PrRP31
and liraglutide abolished insulin signaling in the hip-
pocampus in the MSG-obese mice.

MSG administration to mice or rats during the
neonatal period led to “selective” lesions in the ARC
[35, 36]; to pre-diabetic syndrome with mild hyper-
glycemia, hyperinsulinemia, and hyperleptinemia [36,
37]; and to decreased insulin sensitivity [38]. This
pre-diabetic condition was also apparent in our MSG-
obese mice at 2 and 6 months old.
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Fig. 6. Pathological hyperphosphorylation of tau protein is attenuated in hippocampi of MSG mice after liraglutide and palm-PrRP31 treatment.
A) Western blots of tau phosphorylation on the epitopes Ser396, Thr231, and Thr212 (n = 10 mice per group). B) Densitometric quantification
of western blots normalized to �-actin. Data are mean ± SEM. The data were analyzed by one-way ANOVA, Dunnett post hoc test. ∗p < 0.05,
∗∗p < 0.001, and ∗∗∗p < 0.001 versus saline-treated group.

Fig. 7. Immunohistochemical staining of phosphorylated tau in hippocampi of MSG mice after liraglutide and palm-PrRP31 treatment. In
hippocampal CA1 region from MSG mice, tau phosphorylation at Thr212 and at Ser202/Thr205 was detected after liraglutide or palm-PrRP31
treatment compared to saline-treated group. The nuclei were counterstained with DAPI (4′,6-diamidino-2-phenylindole).
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Fig. 8. The PrRP receptor immunopositive cells in the stratum
lacunosum-moleculare (slm) of the control mice hippocampus. A)
The detailed picture of PrRP receptor immunopositive cells in the
stratum lacunosum-moleculare (slm) of the untreated control NMRI
mice hippocampus. The white scale bar = 20 �m. B) The lower res-
olution picture of mice hippocampus with the denoted square area
from which detailed pictures (A) was taken. slm, stratum lacunosum-
moleculare; sm, stratum moleculare; sr stratum radiatum.

Although an age-related significant decrease in the
phosphorylation of inhibitory Ser9 in GSK-3�, which
augmented GSK-3� kinase activity, was obvious in
controls but not in our MSG-obese mice, significantly
enhanced phosphorylation of Thr231 and Ser396 of
tau in the hippocampi was identified in the 6-month-
old, but not in the 2-month-old, MSG-treated mice
compared with controls. Tau hyperphosphorylation in
pre-diabetic MSG-obese mice appears to be a progres-
sive process similar to db/db mice with severe T2DM
[9] and Zucker fa/fa rats [39]. Similarly, an increased
phosphorylation at Ser396 in the neurofibrillary tan-
gles and in dystrophic neurites has been found in the
later stage of AD [40].

MSG-obese mice exhibit hyperleptinemia resulting
from increased adiposity and from the loss of ARC
neurons, which are the primary leptin targets [35,
36]. Recently, leptin resistance in the hippocampus
was found to play a possible role in the characteristic
changes associated with AD [41]. In contrast, lep-
tin administration protected cortical and hippocampal
cells from A�-induced expression of synaptic protein
and tau hyperphosphorylation in vitro and in vivo [42].

Leptin controls PrRP production in the hypothala-
mus, and the anorexigenic effect of PrRP is synergistic
with leptin [43]. Additionally, the present study
demonstrated the presence of the PrRP receptor in the
stratum lacunosum-moleculare of the CA1 subfield of
the hippocampus and in the hilus of the dentate gyrus
from control mice. These findings allowed rational
assumption for the study of the palm-PrRP31 treat-

ment also in obese MSG mice. Liraglutide was shown
to cross the blood-brain barrier and to increase cAMP
and neurogenesis in the mouse brain [44]. Learning and
memory were restored after GLP-1 receptor (GLP-1R)
gene transfer to the hippocampus in GLP-1R-deficient
mice [45]. Although the central effect of liraglutide
has recently been demonstrated to be only anorexi-
genic [19], liraglutide ameliorated hippocampal tau
hyperphosphorylation in rats with STZ-induced severe
T2DM in established DIO [46] and improved spatial
memory and hippocampal neurogenesis in DIO mice
[47, 48].

Moreover, different effects of diabetes on tau hyper-
phosphorylation have been identified in AD mouse
models, in STZ-treated pR5 mice expressing P301L
mutant tau [49], and in THY/Tau22 transgenic mice
overexpressing human mutated tau with DIO [50].
STZ-induced diabetes exacerbated tau pathology in
pR5 mice, whereas a detrimental effect of DIO on tau
pathology in THY/Tau22 mice was related to obesity
rather than to insulin resistance, whether peripheral
or central. This study demonstrated that tau hyper-
phosphorylation could occur in the hippocampi of
mice with obesity connected with pre-diabetes and that
anorexigenic peptides with potent anti-obesity effects
could attenuate this hypothetical tau hyperphosphory-
lation. Because the central effects of liraglutide have
been proven exclusively anorexigenic and because
palm-PrRP31 is an analog of a potent anorexigenic
neuropeptide whose anti-diabetic effect has not yet
been demonstrated, we conclude that the anorexigenic
rather than anti-diabetic effects of both liraglutide
and palm-PrRP31 mediated the decrease in tau phos-
phorylation in the hippocampi of the MSG-treated
obese mice. In this study, we found that liraglutide
and palm-PrRP31 attenuated the effects on tau hyper-
phosphorylation, although a 9-day treatment with both
liraglutide and palm-PrRP31 did not affect the global
utilization of glucose in the MSG-obese mice. In
contrast, food intake significantly decreased after treat-
ment with both substances.

In conclusion, 14-day peripheral administration
of the anorexigenic lipopeptides, palm-PrRP31 and
liraglutide, ameliorated hippocampal insulin signaling,
decreased the activity of major tau kinases, and atten-
uated the pathological hyperphosphorylation of tau in
MSG-obese mice, which are a model of obesity and
pre-diabetes. These findings support the potential use
of these analogs for the prevention and treatment of
the tau hyperphosphorylation that is connected with
obesity-related T2DM and describe, for the first time,
the neuroprotective effect of PrRP.
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