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Abstract Let alone calorie restriction, life span exten-
sion in higher organisms has proven to be difficult to
achieve using simple drugs. Previous studies have
shown that the polyamine spermidine increased the
maximum life span in C. elegans and the median life
span in mice. However, younger subjects (< 40 years of
age) are infrequently prescribed nor self-medicating

with antiaging drugs. Therefore, in the present study, we
aimed at assessing the effect of long-term treatment with
spermidine given in the drinking water on behavioral
performance and longevity of male, middle-aged
Sprague-Dawley rats. We report that spermidine given
in the drinking water did not extend neither the median
nor the maximum life span of the middle-aged male
Sprague-Dawley rats. However, spermidine treatment
had a beneficial effect on the body weight and the
kidney tubules, liver, and heart morphology. Behavior-
ally, spermidine led to a reduction in anxiety and an
increase in curiosity, as assessed by exploratory behav-
ior. Moreover, long-term treatment with spermidine en-
hanced autophagy in the brain and led to a diminished
expression of the inflammatory markers, Tgfb, CD11b,
Fcgr1, Stat1, CR3, and GFAP mRNAs in several corti-
cal region and hippocampus of the treated rats suggest-
ing that one beneficial effect of the long-term treatment
with spermidine is an attenuated proinflammatory state
in the aged brain. Our results suggest that long-term
treatment with spermidine increases health span of
middle-aged rats by attenuating neuroinflammation
and improving anxiety and exploratory behavior.
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Introduction

As societies age, researchers worldwide are interested in
finding antiaging treatments to enable aged people to live
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a longer life in good health. Most of the studies aimed at
manipulating the life span have been done in lower
organisms. Thus, short-term calorie restriction achieved
by intermittent fasting during early life induced life span
expansion in Drosophila by 33%, most likely by a TOR-
independent mechanism (Catterson et al. 2018). Howev-
er, most of studies were concerned with the beneficial
effects on life span of antioxidants and anti-inflammatory
dietary supplements. Thus, exposing Drosophila
melanogaster to resveratrol orally resulted in prolonged
life span possibly via a reduction in the oxidative stress
(Abolaji et al. 2018) whileDrosophila flies kept on a diet
supplemented with an extract of Ilex paraguariensis also
displayed an extended life span by 13% (Niraula et al.
2018). In another study, the antioxidant fucoxanthin was
used to extend life span by 33% in both Drosophila
melanogaster and Caenorhabditis elegans albeit at the
expense of decreased flies fecundity (Lashmanova et al.
2015). Similarly, Drosophila melanogaster treated with
nonsteroidal anti-inflammatory drugs displayed increased
life span but decreased fecundity (Danilov et al. 2015).

Life span manipulations in the worm Caenorhabditis
elegans were also at the focus of several studies. Thus,
the anticonvulsant drug, ethosuximide, was used to
prolong life span inC. elegans by inhibiting the function
of specific chemosensory neurons (Collins et al. 2008).
Similarly, the ACE inhibitor, captopril, was used by
Kumar and colleagues to extend the mean adult life span
by 23% and maximal adult life span by 18%most likely
via inhibiting the expression of the homolog of human
ACE in this worm, acn-1 (Kumar et al. 2016).

Inhibition of mTOR (target of rapamycin) signaling
using rapamycin has been shown to extend life span in
C. elegans (Vellai et al. 2003; Jia et al. 2004) and
Drosophila melanogaster (Kapahi et al. 2004) and in-
creased life expectancy and health span in mice
(Anisimov et al. 2010; Harrison et al. 2009; Miller
et al. 2011).

Mouse-sized naked mole-rats (Heterocephalus
glaber), which is expected to live 6 years on the basis
of allometry, do not conform to Gompertzian laws of
age-related mortality. In the search for metabolic bio-
markers of slow and successful aging phenotypes, it was
recently reported on low circulating levels of the amino
acids linked to the methionine pathway, which concur
with metabolome reports on the long-lived Ames dwarf
mice and methionine-restricted rats, calorically restrict-
ed mice, as well as on those observed in hibernating
ground squirrels (Lewis et al. 2018).

Autophagy is a major pathway for the turnover of
organelles and thus the rejuvenation of the cell. There-
fore, efficient extension of life span by genetic, pharma-
cological, and dietary manipulations may require au-
tophagy (Madeo et al. 2018; López-Otín et al. 2016;
Madeo et al. 2015; Rubinsztein et al. 2011). One drug
that has been shown to extend longevity by enhancing
autophagy is the polyamine spermidine which has been
shown to increase mean andmaximal longevity in yeast,
worms, flies, and human immune cells (Eisenberg et al.
2009).

Polyamines are considered important for survival,
being involved in multiple pathways and biological
processes, while abnormal changes in polyamine levels
are associated with diseases and aging (Hussain et al.
2011). Thus, an analysis of polyamine levels in female
mice aged 3, 10, and 26 weeks old revealed that
spermidine concentration decreased with age in 11 from
14 tissues and spermine decreased only in the skin,
muscles, and heart, while putrescine was decreased in
all the 14 tissues and ages (Nishimura et al. 2006). Mice
fed with a polyamine-rich food containing spermine,
spermidine, and putrescine increased survival at
22 months (Soda et al. 2009).

More recently, administration of the polyamines
spermine and spermidine in drinking water extended
the median life span of young mice as compared to that
of controls (Eisenberg et al. 2016). However, younger
subjects (< 40 years of age) are infrequently prescribed
nor self-medicating with antiaging drugs. Therefore, in
the present study we aimed at assessing the effect of
long-term treatment with spermidine given in the drink-
ing water on behavioral performance and longevity of
male, middle-aged Sprague-Dawley rats.

Materials and methods

Animals and treatment

Middle-aged (18 months) male Sprague-Dawley rats
were maintained on a 12-h light/dark cycle and 23 °C
and allowed free access to food and water. The rats were
randomly assigned to two groups: (1) control group
(N = 45) and (2) treatment group (N = 45). The rats were
treated with 25 mg/kg/day spermidine (Sigma-Aldrich,
Munich, Germany) dissolved in the drinking water, until
death. The control group received water only. Sur-
vival was daily controlled. All studies with use of
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laboratory animals were being performed in accor-
dance with Directive 2010/63/EU of the European
Parliament and the Council of 22 September 2010
on the protection of animals used for scientific pur-
poses with relevant acts and regulations. All proto-
cols were approved by the local animal ethics com-
mittee, 112-14112018. All appropriate measures were
taken to minimize pain and suffering.

Behavioral tests and histological analysis

Rats were subjected every 2 weeks to a variety of somato-
sensory, motor, learning, andmemory tests and in total for
16 weeks. All testing was performed from 2 to 5 PM by
an experimenter who was blinded to the group identity.

Elevated plus maze

The elevated plus maze (EPM) is a test measuring
anxiety in rodents. The model is based on the test
animal’s aversion to open spaces and tendency to be
thigmotaxic. In the EPM, this anxiety is expressed by
the animal spendingmore time in the enclosed arms. For
the test, we used an elevated, plus-shaped (+) apparatus
with two open and two enclosed arms. Briefly, rats are
placed at the junction of the four arms of the maze,
facing an open arm, and entries/duration in each arm
are recorded by video tracking for 5 min.

Exploratory activity in a small three-dimensional
environment: cylinder test

The exploratory behavior of animals was measured using
the cylinder test (Gharbawie et al. 2004). Briefly, each
animal was individually placed in the cylinder and filmed
for 5 min. From the video records of their behavior,
activity on the vertical surface of the cylinder was ana-
lyzed. Exploratory behavior was organized into bouts
lasting one to 2 min. The number of touches with the
forelimbs when exploring the wall of the cylinder while it
maintained contact with the floor only with its hindlimbs
was taken as a measure of exploratory activity.

Bilateral sensorimotor coordination: rotating beam
walking test

The rotating beam task assesses coordination and sen-
sorimotor function. Each rat was tested for its ability to
cross a rotating (6 rpm) horizontal rod. The task

involved both forelimb and hindlimb coordination and
the fine vestibulo-motor function. The performance was
videotaped from above, and recordings were analyzed
using a slow-motion video as previously described by
us. The score assessment was done as previously de-
scribed (Buchhold et al. 2007). Briefly, each rat was
tested for its ability to negotiate a rotating (6 rpm)
horizontal rod. Normally, the rats will cross the cylinder
with their feet squarely on the top surface of the rod.
Using either a forelimb or hindlimb on the side of the
beam was considered to be a fault. The time taken for
the rat to traverse the rotating cylinder and join a group
of rats visible at the finish line was measured. The score
assessment was twofold: (1) time (seconds) required to
traverse the rotating cylinder and (2) the score as fol-
lows: 0, rat falls immediately (onto a soft surface); 1, rat
does not walk forward, but stays on the rotarod; 2, rat
walks but falls before reaching the goal; 3, rat traverses
the rod successfully, but the limbs are used asymmetri-
cally; 4, the left hindlimb is used less than 50% of the
time taken to traverse the rod; 5, the rat successfully
traverses the rod but with some difficulties; 6, no mis-
takes, symmetric movements.

Morris water maze

The Morris water maze task was used to assess spatial
learning and memory. One week before treatment, aged
rats were trained to find a submerged platform in a large
(180-cm diameter) pool filled to within 20 cm of the
upper edge with water maintained at 26 °C. The pool
was divided into four compass quadrants (north, south,
east, andwest). Several visual stimuli were placed in each
of the four quadrants. For the acquisition of spatial learn-
ing, each animal underwent a block of four trials per day
for 7 days. Before the first trial, the rat was placed on the
hidden platform for 30 s by the investigator. Each trial
consisted of placing the rat in the water at one of the
randomly selected four starting locations around the pool
perimeter. Each rat was allowed a maximum of 60 s to
find the hidden platform and remain on it for 30 s. If a rat
failed to find the platform within 60 s, the rat was placed
on the platform for 30 s by the investigator.

The time and distance required to find the hidden
platform during these four acquisition trials were aver-
aged (Tottori et al. 2002). The swim path was recorded
by an image analysis system (VideoMot2, TSE, Bad
Homburg, Germany) that computed path length and
percentage of time spent in each of 4 quadrants.
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Functional assessment of spatial learning and memory
was estimated every 2 weeks and in total for 16 weeks.

Histological examination

After 250 days of treatment, five animals/group were
sacrificed for histological analysis of the liver, heart,
spleen, and kidney. The animals were anesthetized with
a mix of xylazine/ketamine, and serum was collected by
cardiac puncture. Then the heart, spleen, kidney, and
liver were surgically removed from both controls and
experimental groups. All of these organs were dissected,
and selected tissue samples from each organ were stored
in 10% formaldehyde over 24 h. Subsequently, these
samples were processed using a Leica tissue processor
(Leica, Germany). The paraffin embedding was per-
formed with a Leica tissue embedding system. After
this step, serial 3-μm thick sections were cut using a
Leica rotary microtome. Then these sections were trans-
ferred on glass slides and stained with hematoxylin and
eosin.

Biochemical methods

RNA extraction and RNA quality control

After 250 days of treatment, the brains of five animals/
group (see “Histological examination”) were analyzed
by qRT-PCR. After the tissue was homogenized, total
RNA was extracted from microdissected tissue using
TRIzol reagent (Invitrogen Life Technologies, Karlsru-
he, Germany). Genomic DNA was removed using the
RNeasy Plus kit (Qiagen).

Quantitative real-time PCR

For quantitative real-time PCR (qPCR), we synthe-
sized cDNA from individual samples of total RNA
with the high-capacity cDNA reverse transcription kit
(Applied Biosystems, USA). The qPCR was per-
formed in 96-well 0.1-ml thin-wall PCR plates (Ap-
plied Biosystems) in the StepOnePlus System (Ap-
plied Biosystems). Each 20 μl reaction contained
10 μl iQ SYBR Green Master Mix (BioRad Labora-
tories, Hercules, CA, USA), 2 μl gene-specific for-
ward and reverse primer mix, and 8 μl pre-diluted
cDNA. No template controls contained nuclease-free
water instead. The cycling conditions were 3 min
95 °C to activate iTaq DNA polymerase followed by

45 cycles with 30 s denaturation at 95 °C, 30 s
annealing at 58 °C, and 30 s elongation at 72 °C. At
the end of the amplification cycles, melting curves
were used to validate PCR product specificity. All
samples were amplified in triplicate. Data were ana-
lyzed using theΔΔCt method (Livak and Schmittgen
2001). The expression levels of genes of interest were
normalized to the average of expression level of the
two housekeeping genes (hypoxanthine guanine
phosphoribosyltransferase 1, HPRT1, and ribosomal
protein 19, RPL 19) from the same sample. The rela-
tive expression for a gene of interest was defined as
the ratio of expression of the gene to that of the
housekeeping gene. The fold change for a gene of
interest was defined as the ratio of the relative expres-
sion in the treated animals to that in the controls.
Eurofins, Germany, provided all primers.

ELISA analysis of autophagy

Proteins were isolated simultaneously with the RNA
isolation. Briefly, proteins in the lower phase left after
RNA extraction were precipitated with isopropanol.
After centrifugation at 12,000 g for 10min and removal
of the supernatant, the pellet was washed five times
with 300 mM guanidine hydrochloride in 95% ethanol
and twice in ice-cold acetone prior to centrifugation.
The dried protein pellet was dissolved in RIPA buffer
and protein concentration determined by the Bradford
assay. Next, the levels of two proteins associated with
autophagy were measure by ELISA. The test principle
applied in this kit is sandwich enzyme immunoassay.
The microtiter plate provided in this kit has been pre-
coated with an antibody specific to microtubule-
associated protein 1 light chain 3 alpha (MAP1LC3a)
or lysosome-associatedmembrane protein 1 (LAMP1)
(antibodies-online, Aachen, Germany). Standards or
samples are then added to the appropriate microtiter
plate wells followed by a biotin-conjugated antibody
specific to MAP1LC3a or LAMP1. Next, avidin con-
jugated to horseradish peroxidase (HRP) is added to
each microplate well and incubated. Next, TMB sub-
strate solution is added, and the enzyme-substrate re-
action is terminated by the addition of sulfuric acid, and
the color change ismeasured spectrophotometrically at
a wavelength of 450 nm. The concentration of
MAP1LC3a and LAMP1 in the samples is then deter-
mined by comparing the O.D. of the samples to the
standard curve.
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Bioavailability of spermidine

Serum from controls and treated animals was obtained
by cardiac puncture, and spermidine concentration was
determined using an immunoassay (BioCat GmbH, Hei-
delberg, Germany).

Statistical analysis

Behavior, body weight, and liquid intake The main ef-
fects of treatment and time and interactions of the two
factors were analyzed using two-way ANOVA
(GraphPad Software, San Diego, CA, USA), with treat-
ment as between-subjects variable and time as within-
subjects variable. For quantitative data, the results were
expressed as mean ± standard deviation (mean ± SD).
The between-groups analysis was performed using post
hoc tests (Bonferroni) for multiple comparisons. The
level of significance was set at P < 0.05, using two-
tailed test.

RT-PCR, ELISA, and spermidine bioavailability in
serum The effect of treatment has been done by un-
paired t test, two-tailed. Histological comparisons were
done using the Mann-Whitney test. Survival statistics
was done using the Gehan-Breslow-Wilcoxon test.

Results

Treatment with spermidine did not increase
the maximum life span in middle-aged male
Sprague-Dawley rats

Treatment was initiated at the age of 18 months and
continued for 350 days. The maximal survival was of
773 days for controls and 784 days for the treatment
group. Neither the maximum nor the median life was
significantly different between treatment and controls
(Fig. 1a). Spermidine-fed animals displayed increased
serum spermidine levels (7.8 nmol/ml serum) as com-
pared to controls (3.9 nmol/ml serum), confirming its
systemic bioavailability (Fig. 1b).

At the time the treatment was initiated, the body
weights were roughly similar. However, the treatment
led to a gradual increase in the body weight so that there
was a significant weight differences between spermidine-
supplemented and control rats starting at the 18th week of
treatment (Fig. 1c). The amount of liquid intake

decreased significantly with increasing time, but there
was no significant difference between the treated and
control groups (Fig. 1d).

Effects of long-term treatment with spermidine
on behavior

Behavior in the elevated plus maze reflects a conflict
between the rodent’s preference for protected areas
(closed arms) and their innate motivation to explore
novel environments (open arms). Anxiety reduction is
indicated in the plus maze by an increase in the propor-
tion of time spent in the open arms. Accordingly, we
found that the time spent in open arms was significantly
larger in the treatment group starting at week 4 (Fig. 2a).

The exploratory behavior of animals in a three-
dimensional environment decreased with increasing
age in both groups (Fig. 2b). However, the number of
contacts with the forelimbs when exploring the wall of
the cylinder in the upright position was significantly
increased by spermidine administration both at 4 and 8
weeks of treatment (Fig. 2b).

On the beam walking test, both groups showed sim-
ilar performance during the first 3 months of treatments.
After that, performance began to deteriorate in both
groups. In contrast to the time required to traverse the
rotating beam, the score reflecting movement symmetry
began to deteriorate progressively from the first week of
testing and was not significantly modulated by treatment
at both the 3- and 6-rpm speeds (Fig. 2c, d).

Over the training period of 7 days, rats learned to
locate and climb onto the hidden platform and perfor-
mance improved significantly during this time on the
water maze test. However, after the treatment began, the
performance did not improve in either group. On the
contrary, the time needed to locate the platform slightly
increased in both groups (Fig. 2e).

Spermidine treatment was associated with pathological
changes in several organ

Histological evaluation of myocardium revealed focal
degeneration of myocytes and focal necrosis and limited
areas of fibrosis in both the control and experimental
groups (Fig. 3). However, in the treated rats, lipomatosis
was less evident, and there were fewer apoptotic
myocytes. In the control group, we noted granulovacuolar
degeneration of the epithelium of the kidney tubules,
while this was less obvious in the experimental subjects.
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However, in both the aged control and experimental
groups, the spleen showed normal architecture with focal
mild accumulation of hemosiderin and giant multinucle-
ated cells in the cords of Billroth (Fig. 3).

Histopathological evaluation of the liver tissue in con-
trols revealed peri-centrolobular, periportal, and medio-
lobular patchy degeneration. Remarkably, these morpho-
logical changes were limited in the experimental group.
Occasionally, we have also noted peri-centrolobular infil-
tration of lymphocytes in both groups (Fig. 3). However,
chronic inflammation as suggested by the presence of the
lymphocytes in the tissue was diminished in treated ani-
mals as compared with controls indicating a potential
protective role of the administered spermidine on the liver.
The histopathological changes are summarized in Table 1.

Spermidine treatment attenuates neuroinflammation

It has been suggested that spermidinemayhave an anti-
inflammatory effect by inhibiting proinflammatory

cytokine synthesis in human mononuclear cells
(Zhang et al. 1997) and suppressing LFA-1 expression
on human lymphocytes (Soda et al. 2005). Indeed,
chronic inflammation as suggested by the presence of
the lymphocytes in the liver points out to less patho-
logical changes in treated animals compared with the
controls indicating a potential protective role of the
administered factor.

Further, we asked if long-term treatment with
spermidine reduces gene expression for several in-
flammatory markers including CD11b, CR3, Tgfb,
CXCR4, Fcgr1a, and Stat1 mRNAs. The expression
of the astrocytic marker GFAP was also tested. Of
these, we found, by RT-PCR, significant decreases
in the expression of inflammatory and astrocytic
marker in the transcripts coding for Tgfb, CD11b,
Fcgr1, Stat1, CR3, and GFAP mRNAs in several
cortical region and hippocampus of treated rats
(Fig. 4, upper panel). CXCR4 coding for a chemo-
kine receptor specific for stromal-derived-factor-1,

Fig. 1 Treatment with spermidine slightly increased the median
but not maximum life span in middle-aged male Sprague-Dawley
rats. a Rat survival curves. Dashed lines depict median life spans.
N = 41/44 (a, control/spermidine) male mice and N = 50/42 (b,
control/spermidine) female mice. P value represents comparison
with control group calculated using Breslow test. b Time course of
the body weight during treatment. Note the significant difference

of treatment on the body weight starting with week 18 of treat-
ment. c The amount of liquid intake decreased significantly with
increasing time, but there was no significant difference between
the treated (spermidine) and control (water) groups. ***P =
0.0001 (ANOVA with post hoc Bonferroni); **P = 0.003 (un-
paired t test, two-tailed); *P = 0.039 (ANOVA with post hoc
Bonferroni); P = 0.054 (Gehan-Breslow-Wilcoxon test)
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also called Cxcl12, expression was not significantly
changed by the treatment.

Spermidine treatment enhances autophagy in the brain

It has been suggested that the mechanisms underlying
the beneficial effects of spermidine on cardiac structure
and function and life span extension is an increased
autophagy (Madeo et al. 2018; Eisenberg et al. 2009,
2016). Indeed, long-term treatment with spermidine led
to a small but significant increase in the levels of
MAP1B-LC3a and LAMP1, two autophagic and
endolysosomal organelle marker in neurons (Cheng
et al. 2018; Wang et al. 2006); those levels are a good
indicator of the autophagic flux (Fig. 4, lower panel).

Discussion

Living a longer, healthier life brings benefits to indi-
viduals, employers, and wider society that will be
increasingly valuable in an aging population. Previous
studies have shown that the polyamine spermidine had
cardioprotective effects in mice and increased the
maximum life span in C. elegans and extended both
the maximum and median life span in mice (Eisenberg
et al. 2016). A similar effect was achieved by food
supplementation with probiotics that amplified gut
microbiota polyamine synthesis or reduced midlife
mortality by a polyamine-rich diet in short-lived
mouse strains (Soda et al. 2009; Matsumoto et al.
2011).

Fig. 2 Effects of treatment with
spermidine on behavior. Note a
reduction in anxiety and an
improvement in the exploratory
behavior in the treatment group.
There was no improvement in the
beam walking (movement
coordination) and water maze
(working memory) tests. **P =
0.021 (ANOVAwith post hoc
Bonferroni); *P = 0.029
(ANOVAwith post hoc
Bonferroni)
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Recently, a small population-based study has shown
that nutrition rich in spermidine is linked to increased
survival in humans. The survival advantage was driven
by a reduced risk of death from all major causes (Kiechl

et al. 2018). In our experiment, however, treatment with
spermidine at 3 mM concentration in drinking
water did not extend either the median or the
maximum life span in middle-aged male Sprague-
Dawley rats fueling the debate about the translat-
ability of results across different species.

Let alone calorie restriction (Al-Regaiey 2016), life
span extension in higher organisms has proven to be
more difficult to achieve using simple drugs. Along this
line, a ketogenic diet increased median life span and
survival and slowed age-related decline in physiological
function in mice compared to controls by increasing
protein acetylation levels and regulating mTORC1 sig-
naling (Roberts et al. 2017). However, a previous study
reported that lifelong feeding with a ketogenic diet did
not alter longevity in C57BL/6 mice suggesting that
feeding strategies and husbandry issues may play a role
in determining the influence of the ketogenic diet on life
span (Douris et al. 2015). Similarly, rapamycin given to
mice seems to prevent age-dependent decline in spon-
taneous activity and retard age-related pathology, in-
cluding degenerative changes in tendon elasticity, liver,
heart, and endometrium the liver and heart. However,
rapamycin treatment also led to a pronounced testicular
tubular degeneration in mice confirming that spermato-
genesis and fertility are impaired in men receiving
rapamycin following therapeutic transplantation
(Wilkinson et al. 2012).

Fig. 3 Effect of treatment with spermidine on histological features
of the liver, heart, spleen, and kidney. Liver: (Controls): liver
parenchyma with normal architecture; there is patchy focal inflam-
mation and focal cellular degeneration surrounding the central
portal vein. (Treatment): liver parenchyma with normal architec-
ture; rare scattered inflammatory cells are seen in close proximity
to the central portal vein.Heart: (Controls): myocardium showing
normal architecture and some inflammatory cells admixed with
some fibroblasts. (Treatment): myocardium showing normal

architecture and less accumulation of fat. Spleen: (Controls):
splenic parenchyma with normal architecture. (Treatment): splenic
parenchyma with normal architecture. Kidney: (Control): renal
parenchyma with focal glomerulosclerosis and changes suggestive
of tubular atrophy. (Treatment): no evidence of glomerulosclerosis
is seen. The most significant difference was observed in the liver
(P = 0.029, Mann-Whitney test) and kidney (P = 0.036, Mann-
Whitney test). Original magnification: 40x

Table 1 Histological evaluation of organs

Pathological changes Controls Treatment

Heart

Low (+) 7/11 8/9

Medium (++) 1/11 1/9

High (+++) 3/11 0/9

Liver

Low (+) 4/11 7/9

Medium (++) 4/11 2/9

High (+++) 3/11 0/9

Kidney

Low (+) 5/11 8/9

Medium (++) 6/11 1/9

High (+++) 0/11 0/9

Spleen

Low (+) 1/11 5/9

Medium (++) 3/11 3/9

High (+++) 7/11 1/9

Numerators indicate the number of rats with various

Degrees (low, medium, high) of pathology

Denominators indicate the total number of rats examined
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The polyamines spermidine and spermine have
pleiotropic effects on cell physiology, some of which
are thought to influence animal behavior (Guerra et al.
2016). Indeed, long-term treatment of middle-aged rats
with spermidine led to a reduction in anxiety, as indi-
cated by an increase in the proportion of time spent in
the open arms of the plus maze and by an improvement

in exploratory performance in the cylinder test. Howev-
er, the treatment did not improve performance on spatial
memory or bilateral sensorimotor coordination (rotating
beam) tasks. Given the beneficial effects of increased
autophagy and decreased neuroinflammation on the ag-
ing process (Madeo et al. 2018; López-Otín et al. 2016;
Madeo et al. 2015; Sandu et al. 2015), we speculate that

Fig. 4 (Upper panel) Spermidine
treatment attenuates
neuroinflammation by reducing
gene expression for several
inflammatory markers including
CD11b, CR3, Fcgr1a, Stat1,
Tgfb, and GFAP mRNAs in
several cortical regions and the
hippocampus of the treated rats.
(Lower panel) Long-term treat-
ment with spermidine led to a
small but significant increase in
the levels of MAP1B-LC3a (P =
0.022, unpaired t test, two-tailed)
and LAMP1 (P = 0.030, unpaired
t test, two-tailed), two autophagic
and endolysosomal organelle
markers in neurons
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manipulating brain autophagy and neuroinflammation
with spermidine may also have beneficial effects on
behavior including a reduction in anxiety and an in-
crease in curiosity as assessed by exploratory behavior
in animal models of aging.

Long-term treatment of mice fed with food con-
taining spermine and spermidine or more recently
administration of the polyamines spermine and
spermidine in drinking water extended the median
life span of young mice as compared to that of
controls by enhancing cardiac autophagy and a
significant decrease of several plasma proteins in-
cluding chitinase-3-like protein 1 (CHI3L1) — as-
sociated with pathogenic processes related to in-
flammation (Zhang et al. 1997; Soda et al. 2005,
2009; Eisenberg et al. 2016). However, behavior
was not investigated in these studies.

Aging leads to a progressive decline in immune
function which is associated with an increased frequen-
cy of infections and chronic diseases. In particular, aged
men experience a significant decrease in the levels of
circulating testosterone and dehydroepiandrosterone
(DHEA), which have been linked to depression, cardio-
vascular diseases, and sarcopenia. Interestingly, short-
term physiological androgen supplementation in aged
male rhesus macaques led to improved immune senes-
cence by stabilizing the frequency of naïve and memory
T cells decreasing the levels of inflammatory cytokines
in supplemented aged males compared to the aged con-
trols (Rais et al. 2017).

The aging brain is characterized by a proinflamma-
tory state mainly due an increased numbers of activated
and primed microglia and increased steady state levels
of inflammatory cytokines. As a result, an exaggerated
inflammatory responses may lead to the development of
cognitive deficits, impaired synaptic plasticity, and ac-
celerated neurodegeneration (Patterson 2015). Although
cognitive decline is observed in the normal aging mon-
key, neurons are seemingly not lost with increasing age.
Instead, frontal white matter is lost as myelin degener-
ates and both correlate with age-related cognitive de-
cline. One underlying mechanism of cognitive decline
in aging monkey could be an age-related increase in
myelin damage. Indeed, using unbiased stereology to
quantify the density of activated microglia and phago-
cytic microglia, it was shown that microglia become
activated to a phagocytic phenotype with increasing
age, most likely in response to accumulating myelin
pathology in the white matter (Shobin et al. 2017).

Spermidine can prevent memory loss in aging model
organisms (Gupta et al. 2013, 2016). Promotion of
cognitive and brain health in older individuals with
cognitive decline is one of the most crucial public health
issues. A small clinical trial tested whether spermidine
supplementation has a positive impact on memory per-
formance in patients with cognitive decline and progres-
sion to dementia due to Alzheimer’s disease. Indeed,
memory performance was moderately enhanced in the
spermidine group compared with placebo at the end of
intervention (Wirth et al. 2018).

The age-related loss of muscle mass and function in
older adults may be the blunted response of skeletal
muscle protein synthesis after dietary protein feeding
which can be attributed to with the anabolic resistance
due to elevated levels of oxidative stress and inflamma-
tion (Balage et al. 2010). Decreasing oxidative stress
and inflammation through antioxidant or ibuprofen
treatment has been shown to restore the acute anabolic
effects of leucine-stimulated mixed muscle protein syn-
thesis in animals (Rieu et al. 2009).

In a recent study, it was shown that 6 weeks of dietary
supplementation with conjugated linoleic acid (CLA)
and Protandim, which have been shown to activate
nuclear factor erythroid-derived 2-like 2 (Nrf2), a tran-
scription factor that regulates the expression of the en-
dogenous antioxidant network and anti-inflammatory
pathways, may enhance proteostatic mechanisms of
skeletal muscle contractile proteins in older adults and
the age-related loss of muscle mass and function
(Konopka et al. 2017). In this context, our finding that
the treatment of the middle-aged rats with spermidine
led to an increase in the body weight offers a promising
alternative to prevent body weight loss with increasing
age by dietary supplementation with spermidine.

In our study, treatment with spermidine alone en-
hanced autophagy in the brain and led to a diminished
expression of the inflammatory markers, Tgfb, CD11b,
Fcgr1, Stat1, CR3, and GFAP mRNAs in several corti-
cal region and hippocampus of the treated rats suggest-
ing that one beneficial effect of the long-term treatment
with spermidine is an attenuated proinflammatory state
in the aged brain.

Long-term treatment with spermidine in mice had a
protective effect both on the heart and the kidney
(Eisenberg et al. 2009). Senescence is associated with
significant histological changes in the kidney. Elderly
subjects develop nephrosclerosis which is associated
with focal and global glomerulosclerosis, as well as
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interstitial fibrosis and tubular atrophy (Denic et al.
2016; Anderson and Brenner 1986; Bolton and Sturgill
1980). In addition, histopathological evaluation of se-
nescent kidney reveals significant fibro-intimal thicken-
ing which indicates arteriosclerosis (Denic et al. 2016).
This has a major role promoting an ischemic injury
which leads to pericapsular fibrosis and alteration in
the basement membrane functionality, while the
Bowman’s capsule fills with a proteinaceous hyaline
material (Denic et al. 2016). In our experiments, focal
glomerulosclerosis is present in both control and exper-
iments groups, although it was more obvious in
controls.

Spermidine given in the drinking water exerted
cardioprotective effects, reducing cardiac hypertro-
phy and preserving diastolic function in old mice by
increased cardiac autophagy, mitophagy, and mito-
chondrial respiration. The spermidine treatment also
improved the mechano-elastical properties of
cardiomyocytes in vivo (Eisenberg et al. 2016). Car-
diac senescence and myocardial fibrosis have been
previously described in the literature, but the underly-
ing mechanism is poorly understood. It was reported
that blocking p53 via siRNA in cardiac fibroblasts will
significantly decrease senescence associate hypoxic
injury, while an increased level of endogenous p53
increases ischemia associated with senescence. This
suggests that p53 could be a potential therapeutic
target in this context (Zhu et al. 2013). Although
molecular mechanisms of cardiac senescence are in-
completely elucidated, evaluation of myocardial fi-
brosis is of paramount importance for histological
assessment of cardiac senescence. In our study, we
confirm the cardioprotective effects of spermidine
which had a beneficial effect on heart morphology
by diminishing the accumulation of fat and the num-
ber of dying myocytes.

With regard to liver senescence, Ogrodnik et al.
(2017) have reported that it is associated with nonalco-
holic fatty liver disease (NAFLD) characterized by an
accumulation of lipids suggesting steatosis. The authors
have described in a murine experimental model that a
blockage of p16INK4a-positive senescent cells in ge-
netically modified subjects (INK-ATTAC mice) de-
creases liver steatosis suggesting a potential therapeutic
target (Ogrodnik et al. 2017).

In this context, previous studies have shown that
young male mice fed orally high polyamine chow for
64weeks showed lower incidence of glomerulosclerosis

and increased expression of senescence marker protein-
30 (SMP-30) in both kidney and liver compared to those
fed the low polyamine chow. SMP-30 has been shown
to protect organs from oxidative stress during aging, and
its tissue levels decrease with aging (Fujita et al. 1992;
Sato et al. 2009). Thus, the preservation of SMP-30
staining indicates that the progression of age-
associated pathologies is attenuated in mice fed the high
polyamine chow (Soda et al. 2009). In our study, the
treatment with spermidine did not alter either fibrosis in
the myocardium or the accumulation of hemosiderin
and giant multinucleated cells in the hepatic cords of
Billroth. However, the granulovacuolar degeneration of
the epithelium of the kidney tubules was attenuated in
the experimental subjects and had a beneficial effect on
peri-centrolobular, periportal, and medio-lobular hepatic
patchy degeneration in spermidine-treated animals.

Conclusion

Our results suggest that long-term treatment with
spermidine increases health span of middle-aged
rats by attenuating neuroinflammation, anxiety,
and the exploratory behavior. Mice and rats,
let alone C. elegans and D. melanogaster, differ
genetically, metabolically, anatomically, and behav-
iorally. Hence, our finding that they also differ in
response to the putative longevity-extending agent
spermidine may not come as a surprise. However,
the results add fuel to the debate about the trans-
latability of the results such treatments among
species and in particular to humans.
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