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Abstract: Renal diseases interfere with the regulation of several metabolic pathways including dyslipidemia. The
latter includes increased triglycerides, very low-density lipoprotein levels and decreased high-density lipoproteins.
These lipoproteins change during renal injury. Apolipoprotein-E deficient mice (ApoE”") are considered a very well
accepted model of hypercholesterolemia with marked renal pathological alterations. Ghrelin hormone is mainly
secreted from the stomach when the stomach is empty, but it is also found in the kidney. In this organ it has
autocrine and/or paracrine roles determining glomerular filtration rate, tubular phosphate and sodium reabsorp-
tion. Interestingly, it has been demonstrated that ghrelin levels increase after fasting. This mechanism induces
an interaction with sirtuin 1 (SIRT1)/p53 pathway suggesting a link between ghrelin and SIRT1 in the regulation
of salt and water metabolism. The mechanisms of ghrelin-induced SIRT1 expression are not yet fully understood.
Recent studies indicate that SIRT1 exerts renoprotective properties against kidney diseases. This could be a very
interesting point for underlining the important role of the ghrelin-SIRT1 system. Water movement across biological
cell membranes is enhanced or facilitated by tetrameric membrane-bound channels, named aquaporin (AQP) fam-
ily, and in particular, AQP1 and AQP2 proteins. In this study, we evaluated the possible pathway existing among the
ghrelin/SIRT1/AQP1/AQP2 system in APOE” mice in order to clarify or stress the role played by said system in renal
diseases associated to aging with or without comorbities. The results could provide a basis for considering ghrelin
as a new target for therapeutic strategies of renal injury.
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Introduction the drivers and consequences of these chang-

es will help to identify new biomarkers for opti-

Renal diseases and, in particular, chronic kid- mizing therapeutic approaches to these diseas-
ney diseases (CKD) affect millions of patients es [2]

and increase the risk of cardiovascular diseas-
es and death [1, 2]. It is known that renal dis-
eases interfere with the regulation of several
metabolic pathways. They also play an impor-
tant role in the development of dyslipidemia,
deregulating the levels or metabolism of many
molecules. The relationship between dyslipid-
emia and renal diseases is reciprocal since dys-

Apolipoprotein-E deficient (ApoE”) mice are
considered a very well accepted model of hyper-
cholesterolemia [4]. In these mice, dyslipidemia
is associated to marked renal pathological
alterations, including mesangial expansion, an
increase of extracellular matrix area [5], and

lipidemia is a risk factor for renal pathology,
and this latter causes several alterations on
lipoprotein profile [3]. This profile includes
increased triglycerides, very low-density lipo-
protein levels and decreased high-density lipo-
proteins. The lipoproteins change during renal
injury, and therefore, a better understanding of

lipid deposition in the glomerular capillaries.
The latter feature is typically found in glomeru-
lopathy, a renal disease associated to specific
ApoE mutations in humans [6]. It should be
noticed that many evidences suggested that
lipid accumulation in the kidney contributes to
the progression of CKD [7].
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Ghrelin hormone, a 28 amino acid peptide hor-
mone, is mainly secreted from the stomach
when the stomach is empty [8], but it is also
found in the kidney, where its levels are much
higher than in plasma. These findings suggest
that renal ghrelin has autocrine and/or para-
crine roles [9], and is able to increase renal
blood flow, glomerular filtration rate, tubular
phosphate and sodium reabsorption [9]. In par-
ticular, ghrelin stimulates distal nephron-
dependent sodium reabsorption by enhancing
the trafficking of epithelial sodium channels
(ENaCs) to the apical membrane in vivo [10-12].
Moreover, it reduces water intake under certain
circumstances, especially when drinking is
induced by a single acute stimulus [13].
Recently, it has been demonstrated that ghrelin
attenuates ureteral obstruction-induced fibro-
sis by inhibiting NLR family pyrin domain-con-
taining protein 3 inflammosome and endoplas-
mic reticulum stress in vivo [14]. Interestingly, it
has been demonstrated that ghrelin levels
increase after fasting and this induces an inter-
action with sirtuin 1 (SIRT1)/p53 pathway [15].
This data suggests a link between ghrelin and
SIRT1 in the regulation of salt and water metab-
olism [16]. Of note, the mechanisms by which
ghrelin-induced SIRT1 expression are not yet
fully understood. Recent studies have indicat-
ed that SIRT1 exerts renoprotective properties
against kidney diseases [17], and this could be
a very interesting point for underlining the
important role of the ghrelin-SIRT1 system.
These proteins are important for movement of
water not only in a single cell of some tissues
but also in many organs and in the full body.
Water movement across biological cell mem-
branes is enhanced or facilitated by tetrameric
membrane-bound channels, hamed aquaporin
(AQP) family [18]. In particular, AQP1 has been
identified in cortical and medullary structures
whereas AQP2 has been found only in Henle
loops and collecting ducts in renal medulla
[19].

On the basis of these considerations, in this
study we evaluated the possible pathway exist-
ing among the Ghrelin/SIRT1/AQP1/AQP2 sys-
tem in ApoE”" mice in order to clarify or stress
the role played by said system in renal diseas-
es. The results could provide a basis for consid-
ering ghrelin as a new target for therapeutic
strategies in renal injury.
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Materials and methods
Experimental groups

Eighteen C57BL/6 control mice and eighteen
ApoE” mice were housed in an animal experi-
mental unit with 12 hours alternating light-dark
cycle and constant temperature. All the experi-
mental animals were fed with standard chow
diet and water ad libitum. Mice were bred in the
Animal Care Facility of the Department of
Human Nutritional Sciences of the University of
Manitoba (Winnipeg, MB, Canada) and the
committee for Supervision of Animal Experi-
ments of the University of Manitoba (Winnipeg,
MB, Canada) approved the protocols of this
study. Mice were randomly divided into six
groups (six animals each): C57BL/6 controls
sacrified at 6 weeks of age; C57BL/6 controls
sacrified at 15 weeks of age; C57BL/6 controls
sacrified at 15 months (60 weeks) of age;
ApoE7 sacrified at 6 weeks of age; ApoE” sacri-
fied at 15 weeks of age and ApoE” sacrified at
15 months (60 weeks) of age. At the end of
each different experimental period, mice were
sacrified under local ether anaesthesia using
a nosal cone. Kidneys were rapidly dissected,
fixed in 10% neutral buffered formalin for 24
hours, dehydrated in serial alcohol solutions
and embedded in paraffin wax, according to
standard procedures [20, 21]. Serial sections
were used for the morphological and immuno-
histochemical evaluations.

Renal histological assessment

Serial kidney sections (7 um thick) of each sam-
ple were cut with a microtome and placed on
glass slides. Alternate sections were depar-
affinised in xylene and hydrated in serial alco-
hol solutions. Thus, they were stained with
haematoxylin eosin (Bio Optica, Milan, Italy),
and observed by an optical light microscope
(Olympus, Hamburg, Germany) at the final mag-
nification of 200x.

Immunolocalization of ghrelin, SIRT1, AQP1
and AQP2

Sections from kidney of ApoE” and C57BL/6
mice were cut (7 ym thick) and studied using
immunohistochemical methods in order to
evaluate Ghrelin, SIRT1, AQP1 and 2 expres-
sion in both cortex and medulla. Serial sections
were deparaffinized in xylene, using serial alco-
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hol solutions and rinsed with distilled water.
Sections were subjected to antigen retrieval in
0.01 M sodium citrate buffer, pH 6.0, in a micr-
owave oven: one cycle of 3 min at 600 Watts
[22]. They were later washed in Tris-buffered
saline (TBS) for 5 minutes, incubated in 3%
hydrogen peroxide, blocked with 1% bovine se-
rum albumin for 1 hour at room temperature
and finally incubated for three hours at room
temperature with the following primary antibod-
ies: rabbit monoclonal anti-ghrelin (diluted
1:500, Abcam, Cambridge, UK), rabbit poly-
clonal anti-SIRT1 (diluted 1:200; Santa Cruz
Biotechnology Inc., Dallas, TX, USA), rabbit poly-
clonal anti-AQP1 (diluted 1:400; Chemicon
International Inc., Temecula, CA, USA) and ra-
bbit polyclonal anti-AQP2 (diluted 1:500; Ch-
emicon International Inc., Temecula, CA, USA).
Then, the samples were washed in TBS (5 min-
utes) and labelled with secondary antibody, an
anti-rabbit biotinylated immunoglobulin (Dako,
Glostrup, Denmark), and successively conju-
gated with avidin-biotin peroxidase complex.
The reaction products were visualized using
0.33% hydrogen peroxide and 0.05% 3,3’-di-
aminobenzidine tetrahydrochloride (DAB), as
chromogen. The sections were finally counter-
stained with haematoxylin (Bio Optica, Milan,
Italy), dehydrated and mounted [23, 24]. The
immunohistochemical controls were performed
by omitting the primary antibody and in isotype
matched IgG presence.

Semi-quantitative and quantitative analyses

The immunohistochemical data for renal ghr-
elin, SIRT1, AQP1 and AQP2 were evaluated by
a blinder examiner and were expressed as ne-
gative (-), very weak (-/+), weak (+), moderate
(++), and strong (+++) positivity. Additionally, we
evaluated immunostaining as percentage of
area (%), for the same proteins. In particular,
staining intensity was measured 20 random
fields in six samples for each experimental
group with the same area (0.04 um?/field) [25,
26]. They have been used for calculating the
percentage of arbitrary areas. Digitally fixed
images of the slices at 200x magnification
were analysed using an optical microscope
(Olympus, Hamburg, Germany) equipped with
an image analyser (Image Pro Premier 9.1,
MediaCybernetics, Rockville, MD, USA). The
data were pooled to represent a mean value
and a statistical analysis was applied to com-
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pare the results obtained from the different
experimental groups.

Western blot ghrelin evaluation

The kidney homogenates of each experimen-
tal groups were loaded into 10% SDS-po-
lyacrylamide gels and subjected to electropho-
resis. The separated proteins were transferred
to nitrocellulose membranes and then incubat-
ed with bovine albumin serum solution for 1
hour, followed by overnight incubation at 4°C
with mouse monoclonal anti-B-actin antibody
(diluted 1:5000; AC5441-Sigma Aldrich, St.
Louis, MO, USA) and rabbit monoclonal ghrelin
antibody (diluted 1:450; Abcam, Cambridge,
UK). Then, protein detection was carried out
using secondary infrared fluorescent dye conju-
gated antibodies absorbing at 800 nm or 700
nm. Finally, the blots were visualized using an
Odyssey Infrared Imaging Scanner (Li-Cor Inc.,
Lincoln, USA).

Statistical analyses

Results are expressed as mean + S.E.M. St-
atistical significance of differences among the
experimental groups for all the markers was
evaluated by analysis of variance (one way
ANOVA calculated by Origin ® 7SRI, 1991-2002
OriginLab Corporation, One Roundhouse Plaza,
Northampton, MA 01060 USA) corrected by
Bonferroni test with significance set at P<0.05.
The results of semi-quantitative immunohisto-
chemical evaluation were compared between
both young and old controls and ApoE” mice at
the same age.

Results

Morphological evaluations were similar, both in
cortex and medulla, in young control mice (6
weeks and 15 weeks old) and, also, in young
ApoE” animals (6 weeks and 15 weeks old).
Immunohistochemical findings for ghrelin-
SIRT1-AQP1 and AQP2 proteins showed the
same results observed by morphological evalu-
ations. It is important to underline that the posi-
tivity decreased quickly in young and old ani-
mals from all experimental groups. Thus, we
decided to show and describe only morphologi-
cal and immunohistochemical evaluations of
young animals (6 weeks old) compared to old
control and ApoE”- mice (15 months-60 weeks-
old) because we considered this age more sig-
nificant for explaining our results.
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Figure 1. Haematoxylin-eosin staining showed the morphological relationship among control 6 weeks (A, C) and 15
months (60 weeks) old (B, D) mice, ApoE”- 6 weeks (E, G) and 15 months (60 weeks) old (F, H) mice (200X). The
morphological evaluations showed glomeruli (G), proximal (PT), and distal (DT) tubules, Henle loops (HL) and collect-
ing ducts (CD) respectively in renal cortex and medulla. The cytoarchitecture changed with aging in control mice (15
months old) and in ApoE”- mice (6 and 15 weeks old). Necrosis, swelling of tubular epithelial cells (black rectangles
and head arrows) and epithelial cell deposits (arrows) have been found both in cortex and medulla in old control

animals and in young and old ApoE”- mice.

Renal histopathological evaluation
Haematoxylin and eosin staining from young

control group showed a normal morphology
both in cortex and medulla. In particular, cortex
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from young controls showed normal glomeruli
and tubular structures. Moreover, the latter had
very few epithelial cell necrosis as shown in
Figure 1A. Instead, in old control animals (15
months old) the cytoarchitecture was changed
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and damaged. Cortex showed necrosis and
swelling of epithelial cells in proximal and distal
tubules and endothelial/mesangial cell necro-
sis in glomeruli (Figure 1B). About medulla,
young controls showed normal collecting ducts
and Henle loops (Figure 1C). Old animals had
necrosis and swelling in these structures and
several deposits inside their lumen (Figure 1D).
On the contrary young and old ApoE” mice
showed interstitial inflammation, tubular epi-
thelial cell death and glomerulosclerosis that
were more evident in old animals. In detail, the
kidney of animals (6 weeks old) had cortical
changes consisting in tubular and glomerular
injury with dilatation of the lumen and Bowman’s
capsule respectively (Figure 1E). The dilatation
of these structures increases with age of ani-
mals as shown in Figure 1F. Moreover, proximal
and distal tubules showed reduction in the
number and swelling of the epithelial cells
(Figure 1E, 1F). These alterations are similar to
that observed in medullary collecting ducts and
Henle loops. These injures were more severe in
old mice compared to young animals (Figure
1G, 1H). Remarkable, cortical and medullary
damages were more evident in kidney of old
ApoE” mice compared to old control groups.

Immunolocalization of ghrelin in kidney

Immunohistochemical analysis demonstrated
that ghrelin was expressed in renal cortex and
medulla of young control and ApoE”" animals.
Instead, old ApoE” mice did not have ghrelin
positivity respect to that observed in control
groups at the same age.

Renal cortex

Ghrelin expression was clearly observed in
cytoplasm of tubular epithelial cells and in
endothelial cells of glomeruli. Furthermore, it is
important to underline that the observed posi-
tivity was more evident in tubular structures
than in glomeruli. This positivity was strong in
distal tubules, moderate in proximal tubules
and weak in glomeruli of young control mice
(Figure 2A). Instead, ghrelin expression was
weak and sometimes moderate in all tubular
structures and always weak/very weak in glom-
eruli of old control mice (Figure 2B). Ghrelin
positivity was already lower in young ApoE” ani-
mals compared to control animals at the same
age. After this time, the expression decreased
very quickly and it was no evident in ApoE” old
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animals. In detail, glomeruli and tubular struc-
tures of young ApoE” mice had respectively
weak and weak/moderate positivity, whereas
ghrelin expression was negative in old animals.
The semi-quantitative observations reported
above are summarized in Table 1.

Renal medulla

Ghrelin expression was moderately and weak-
ly evident in cytoplasm of medullary structures
in young control and ApoE”" animals. Very we-
ak ghrelin positivity was observed in old co-
ntrols, whereas no positivity was observed in
old ApoE”- mice. Remarkable, ghrelin expre-
ssion decreased quickly both in control and
ApoE” mice from 6 to 15 weeks and this
decrease was still more evident after this age.
The quantitative results were reported as graph
in Figure 3A.

Immunolocalization of SIRT1 in kidney

Immunohistochemical evaluation showed that
SIRT1 was differently expressed in renal cortex
and medulla of control and ApoE” mice.
Moreover, the changes of SIRT1 expression
were similar but with different positivity among
control and ApoE” mice both in young and old
animals.

Renal cortex

In young control mice, SIRT1 was weakly and
sometimes moderately expressed in glomeruli
but strongly positive in cytoplasm of proximal
and distal tubules (Figure 2E). Instead, it was
weakly and sometimes moderately expressed
in glomeruli and tubular structures of old con-
trol group (Figure 2F).

In young ApoE” mice SIRT1 was weakly
expressed in glomeruli and moderately positive
in cytoplasm of tubular structures, whereas it
was completely negative in old ApoE” animals
(Figure 2G, 2H). Interestingly, cytoplasmic posi-
tivity was lower in young ApoE”- mice compared
to control mice at the same age.

Of note, SIRT1 expression was evident in young
control and ApoE”" mice even if they showed a
different intensity of positivity.

The semi-quantitative observations reported
above are summarized in Table 2.

Am J Transl Res 2019;11(7):4263-4276
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Figure 2. Immunohistochemistry of ghrelin, SIRT1 and AQP1 showed a different positivity in the renal cortex of
control (6 weeks and 15 weeks-60 weeks-old) (A, B, E, F, I, J) mice, in ApoE”- 6 weeks and 15 months (60 weeks)
old (C, D, G, H, K, L) mice (200X). The positivity of these proteins was seen in glomeruli (G), distal (DT) and proximal
(PT) tubules both in young and old mice; instead the expression of these proteins was evident in young and not in
old ApoE” mice.

Table 1. Semi-quantitative analysis of ghrelin expression in Renal medulla
renal cortex of both control and ApoE”- mice (6 weeks and

15 months-60 weeks-old) Immunohistochemical analysis re-

vealed strong and weak cytoplas-

CTR6 CTR 15 ApoE”"6  ApoE”15 mic expression of SIRT1 in Henle

. weeks old months old weeks old months old loops and collecting ducts of young
Glomeruli + +\t/- + - and old controls respectively. As
Proximal tubules ++ +/++ +/++ - observed for cortical positivity of
Distal tubules +++ +/++ +/++ - SIRT1, aging decreases significantly
Note. The data are expressed as negative (-), very weak (+/-), weak (+), its expression also in medulla of
moderate (++), strong (+++) positivity; CTR: C57BL/6 mice. ApoE” groups. Its positivity was
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A —a—ApoE-- —8—CTR

Ghrelin immunopositivity
in renal medulla (%)

Immunolocalization of aqua-

- porinl and 2 in kidney

AQP1 was expressed both in
cortex and medulla, whereas
AQP2 was localized only in the
medulla.

Renal cortex

In young control mice AQP1

weeks of age

B —a—ApoE-- ——CTR

SIRT1 immunopositivity
in renal medulla (%)

was moderately expressed in
cytoplasm of proximal tubules,
very weak evident in endothe-
lial cells of glomeruli and no
present in distal tubules (Fi-
gure 2l). Its positivity was
weak/very weak in old contr-
ol animals (Figure 2J). Young
ApoE” showed weak/very we-
ak cytoplasmic positivity in all
renal structures (Figure 2K);
instead no positivity was ob-
served in old ApoE” mice (Fi-

AQP1 immunopositivity
in renal medulla (%)

gure 2L). Interestingly, in th-
ese animals, the expression
of AQP1 was lower also res-
pect to young and old control
groups. The semi-quantitative

— observations reported above

are summarized in Table 3.

Renal medulla

AQP1 and AQP2 expression
was localized in cytoplasmic
of collecting ducts and Henle

weeks of age

Figure 3. Renal quantitative analyses in control 6 weeks and 15 months
(60 weeks) old mice, in ApoE” 6 weeks and 15 months (60 weeks) old mice
respectively for ghrelin 1 (A), SIRT1 (B) and AQP1 (C). The results showed a
significant decrease of protein positivity with aging both in control and ApoE
/~mice. + P<0.05 vs C57BL/6, 6 weeks old; *P<0.05 vs C57BL/6, 15 weeks
old; #P<0.05 vs C57BL/6, 15 months (60 weeks) old.

already reduced respect to that observed in
control mice at the same age. In fact, SIRT1
expression declines gradually increasing the
age of experimental mice, reaching no positivi-
ty in old ApoE7 animals. The quantitative obser-
vations are summarized in Figure 3B and they
are similar to that observed for ghrelin quanti-
tative data reported in Figure 3A.
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loops and the proteins had
same positivity. Thus, quanti-
tative analysis of AQP1 posi-
tivity was visualized in Figure
3C; semi-quantitative and qu-
antitative analyses of AQP2
expression were reported in
Table 4 and Figure 4. The qu-
antitative analysis for AQP1
showed a decreased positivity
in medullary structures of control and ApoE”
mice due to aging even if the latter animals had
a lower positivity already at young age (Figure
3C). AQP2 positivity was respectively strongly/
moderately and weakly positive in medulla of
young and old controls (Figure 4A, 4B). Instead
its positivity was moderate in young ApoE”
mice and not present in old ApoE” groups

Am J Transl Res 2019;11(7):4263-4276
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Table 2. Semi-quantitative analysis of SIRT1 expression in
renal cortex of both control and ApoE”- mice (6 weeks and

15 months-60 weeks-old)

matched control young mice and fu-
rther decreased, becoming almost
undetectable, in old ApoE” mice. Th-

CTR 6 CTR 15 ApoE”"6  ApoE” 15
weeks old months old weeks old months old

ese observations are summarized in
Figure 5.

Glomeruli +/++ +/++ +
Proximal tubules +++ +/++ ++
Distal tubules +++ +/++ ++

Discussion

This study provides evidence that:

Note. The data are expressed as negative (-), very weak (+/-), weak (+),
moderate (++), strong (+++) positivity; CTR: C57BL/6 mice.

Table 3. Semi-quantitative analysis of AQP1 expression in
renal cortex of both control and ApoE”- mice (6 weeks and

15 months-60 weeks-old)

1-ghrelin is differently expressed in
cortex and medulla of young and old
animals as well as between control
and ApoE” mice; 2-SIRT1, AQP1 and
AQP2 have a similar positivity pattern
in control and ApoE” mice at different
ages, but their expression decreases

CTR 6 CTR 15 ApoE”"6  ApoE” 15
weeks old months old weeks old months old

with aging in all experimental groups,
similarly to ghrelin.

Glomeruli +/- +\+/- +\+/-
Proximal tubules ++ +\+/- +\+/-
Distal tubules - +\+/- +\+/-

The ghrelin immunopositivity results
support the findings indicating that it

Note. The data are expressed as negative (-), very weak (+/-), weak (+),
moderate (++), strong (+++) positivity; CTR: C57BL/6 mice.

Table 4. Semi-quantitative analysis of AQP2 expression in
renal medulla of both control and ApoE”- mice (6 weeks

and 15 months-60 weeks-old)

is locally produced in the kidney and
may have a direct effect on this organ
[9, 27]. Furthermore, Takeda et al.
[28] demonstrated, in an experimen-
tal model of ischemic acute renal fail-
ure, that ghrelin administered both
before and during ischemia decrea-

CTR 6 CTR 15 ApoE”- 6
weeks old months old weeks old months old

ApoE”- 15

sed renal tissue injury and improv-
ed excretory function. These effects

Henle loops +++/++ + ++
Collecting ducts ~ +++/++ + ++

were associated with endothelium-
dependent vasodilation, with nitric

Note. The data are expressed as negative (-), very weak (+/-), weak (+),
moderate (++), strong (+++) positivity; CTR: C57BL/6 mice.

(Figure 4C, 4D). The quantitative observations
are summarized in Figure 4E.

Noteworthy, AQP1 and 2 patterns of positivity
were similar to that observed for ghrelin-SIRT1
system decreasing with aging in all experimen-
tal groups. Furthermore, young ApoE” mice
showed a lower degree of positivity respect to
control animals at the same age.

Western blot ghrelin evaluation

As previously observed by immunohistochemis-
try analyses, the western blot analyses con-
firmed that ghrelin was strongly expressed at
kidney level of young control mice, whereas its
expression decreased significantly in old con-
trol mice. Notably, renal ghrelin expression of
young ApoE”- mice was lower respect to age-
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oxide increase thus leading to a
decrease in oxidative stress, which is
thought to have a central role in isch-
emia-reperfusion injury [29]. After
this renal injury, tubular epithelial cell apopto-
sis has been reported [27, 30, 31], but ghrelin
has been shown to decrease the apoptosis of
these cells. This could be due to increase of
insulin-like growth factor 1 (IGF-1) that has anti-
apoptotic properties in several ischemia-reper-
fusion injury models [28, 30, 32]. Moreover,
Ariyasu et al. [33] showed that the mean plas-
ma concentrations of ghrelin in normal-weight
elderly people were lower than those in younger
people. These ApoE” mice of the same age
have less ghrelin positivity compared to young
animals (6, 15 weeks old). These findings have
been also confirmed by western blot assay. It is
of note that aging is often associated with a
progressive dysfunction in energy metabolism,
an increased homeostatic imbalance and a ri-
sk of diseases [34-37]. Thereasons for aging-re-
lated diseases are multifactorial; among these

Am J Transl Res 2019;11(7):4263-4276
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CTR cortex
(6 weeks old)

CTR cortex
(15 months old)

AQP2 immunopositivity
in renal medulla (%)

ApoE- cortex
(6 weeks old)

ApoE-+cortex
(15 months old)

weeks of age

Figure 4. AQP2 immunohistochemistry of control 6 weeks and 15 months (60 weeks) old (A, B) mice, of ApoE”" 6
weeks and 15 months (60 weeks) old (C, D) mice (200X). The positivity was seen both in Henle loops (HL) and col-
lecting ducts (CD). Quantification of AQP2 positivity in the groups reported above (E) showed a significant decrease
with the aging. + P<0.05 vs C57BL/6, 6 weeks old; *P<0.05 vs C57BL/6, 15 weeks old; #P<0.05 vs C57BL/6, 15

months (60 weeks) old.

factors, the decrease of ghrelin expression, as
shown in this study, could play an important
role. These findings agree with those obtained
by Wolden-Hanson [38], showing that fasting
failed to induce increased ghrelin in aged rats
compared to young animals. Moreover, it has
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been demonstrated that ghrelin administration
restored a young adult phenotype in liver of old
mice [39, 40]. On the basis of these consider-
ations, it seems that ghrelin decreases with
aging and as a result of several diseases. This
could contribute to the risk of various human
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CTR CTR ApoE+-
(6 weeks old) (15 months oid) (6 weeks old) (15 months old)

ApoE+- aging-related diseases throu-
gh a multitasking protein li-
ke SIRT1. In particular, SIRT1

Ghrelin _ —_—

Actin

Figure 5. Representative western blot assay shows renal ghrelin expression
of control (6 weeks and 15 months-60 weeks-old) mice and of ApoE”" (6

weeks, 15 months-60 weeks-old) animals.

pathologies, similarly to that observed by Viser
et al. [41] in elderly women. In fact, these
Authors suggested that ghrelin mimetics
extend health span by increasing IGF-1 and low-
ering IL-6.

Interestingly, the data presented in this paper
also demonstrate that ghrelin is evident not
only in tubular structures but also in glomeruli
of young control animals and ApoE”" mice (6, 15
weeks old). Previously, quantitative PCR stud-
ies demonstrated that ghrelin is expressed in
whole kidney [9, 42]. In particular, Jeffrey et al.
[42] indicated that they were unable to detect
significant protein expression in glomeruli even
if MRNA expression was seen in other studies
[9, 43]. Yabuki et al., [43] had detected a ghre-
lin peptide with a specific band of 13 KDa in
mouse kidney. The molecular weight of this pro-
tein matched that of prepro-ghrelin that was
seen by Jeffrey et al. [42]. These findings are
important because they support our data in
control mice; at the same time, they are
strengthened from our findings found in ApoE”
mice. Taken together all data we can underline
the presence of ghrelin in the kidney.

From physiological point of view, we can explain
our results considering that ghrelin is able to
induce contractile response that is relevant in
renal arteries [44]. In fact, Dimitrova et al. [44]
suggested that ghrelin exerts its contractile
activity on mammalian renal arteries by aug-
menting endothelin-1 triggered intracellular sig-
naling in smooth muscular cells, and/or by
stimulating the endothelial release of some
mediator playing a contractile action. These
mediators could be different from catechol-
amines, angiotensin Il, superoxide anions and
cyclooxygenase-derived prostanoids.

Therefore, we considered the possibility that
ghrelin could have a role in protecting against
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acts as a cardioprotective mo-
lecule that protects the heart
from aging and ischemia/re-
perfusion injury, resists hype-
rtrophic and oxidative stres-
ses, inhibits cardiomyocytes
apoptosis, and regulates car-
diac energy metabolism [45-
48]. Moreover, it is a survival
factor involved in lifespan extension as dis-
cussed by Ryu et al. [49]. Thus, we evaluated
SIRT1 expression in all experimental groups
and observed a decreased in SIRT1 positivity
associated to aging in control animals as well
as to pathological alterations in young and old
ApoE” mice. At our knowledge, few are the
papers stating that the link between ghrelin
and SIRT1 is found not only in kidney but also in
different organs; they have all been mentioned
above. Consequently, to better stress the
action of ghrelin-SIRT1 system, we have carried
out this study, the results of which have demon-
strated that both proteins are localized in the
same structures of the kidney, even if some-
times they showed different positivity. These
results are consistent with the data obtained by
Yang et al. in both in vivo and in vitro experi-
ments, which confirmed the existence of a
ghrelin-SIRT1 system that plays a role in sodi-
um fluid homeostasis [16]. These Authors sug-
gested that increased expression of SIRT1
occurred through activation of the ghrelin path-
way in low-salt diet rats. This finding support or
results indicating the presence of these pro-
teins in the kidney.

Last but not less important than other findings
is the relationship we observed between SIRT1
and AQP1 and 2. In this regard, we studied the
positivity of AQP1 and 2, showing that they
have the same positivity pattern as other pro-
teins studied. Interestingly, AQP1 and 2
decreased in old control animals and in ApoE”-
mice at different ages, and they co-localized
partially with SIRT1 and ghrelin. Moreover, it is
important to remember that AQP1 was present
in cortex and medulla, whereas AQP2 was only
evident in medulla. This pattern can be dis-
cussed considering the functions of these pro-
teins and their relationship with SIRT1 and
ghrelin. It is known that AQP1 is essential for
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Figure 6. A schematic representation of the ghrelin-mediated pathway. Inmunohistochemical analysis confirms the
role of ghrelin-SIRT1 system, both in renal cortex and medulla. The results show a correlation also among ghrelin,
SIRT1 and AQP1 in renal cortex and among ghrelin, SIRT1, AQP1 and 2 in renal medulla. This complex interaction is
characterized by changes that occur with aging and in ApoE” mice leading to renal injuries. Consequently, achieving
the steady psychological state of ghrelin concentration could be a new therapeutic approach to combat age-related
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constitutive water reabsorption in proximal
tubules and Henle loops [50]; this is confirmed
also in AQP1 gene knockout mice, which have a
severe urinary concentration defect [51].
Furthermore, in mice lacking AQP1, tubules
showed an 80% and a 90% reduction in osm-
otic water permeability in proximal tubules and
in Henle loops respectively. As regards AQP2,
many studies have underlined its essential role
in regulating body water balance mediated by
vasopressin [50]. Moreover, AQP2 in collecting
ducts is involved not only in water movement,
but also in cell migration and epithelial morpho-
genesis [52, 53]. It has been shown that it
decreases significantly in collecting ducts in
rats with cisplatin-induced kidney injury deter-
mined by ischemia/reperfusion disease or sep-
sis [54]. Conversely, AQP2 mRNA expression
was significantly up-regulated in the kidneys of
cirrhotic rats [55]. These findings imply th-
at AQP2 plays different roles in several renal-
related diseases. Moreover, they suggest that
SIRT1 overexpression increases AQP2 expres-
sion [54]. These results agree with our results,
proving the crucial role of SIRT1 in AQP2 regula-
tion. In fact, SIRT1 decreases in old control
groups and when its positivity is already low in
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young animal models, such as ApoE” mice, the
animals show morphological renal alterations.

In conclusion, we propose not only that ghrelin-
SIRT1 is a system, but also that it is linked to
AQP proteins and that together constitute a
complex axis for normal renal functions. When
this axis does not operate correctly, significant
changes are found in the structures and physi-
ology of the kidney, related to aging with or
without comorbidities. Figure 6 shows the rela-
tionship among ghrelin-SIRT1-AQP1 and 2.
These findings suggest that achieving a steady
physiological state of ghrelin concentrations
could be a candidate therapeutic approach to
combat age-related renal metabolic and physi-
ological changes.
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