
broblasts. Spermidine displayed a reverse dose-related 
mode of activity with mmol/L growth inhibition, where-
as 30% stimulation over basal levels was detected at 
μmol/L and nmol/L levels. Novel spermidine-supramo-
lecular complexes that formed between spermidine 
and polyanionic polymers, such as HA, alginate, and 
polymaleate, were then tested at variable spermidine 
concentrations and a fixed polymer level (0.1% w/v). 
Spermidine-supramolecular complexes stimulated the 
cell growth rate throughout the entire concentration 
range with maximal potency (up to 80%) at sub-μmol/L 
levels. Similar results were obtained with spermidine-
(α-cyclodextrin), another type of spermidine-supramo-
lecular complex. Moreover, the increased expression 
of Ki-67 in the reconstituted human vaginal epithelium 
exposed to spermidine-HA 50 showed that the mode of 
action behind the spermidine-supramolecular complex-
es was increased cell proliferation. Functional and mor-
phological assessments of reconstituted human vaginal 
epithelium integrity did not show significant alterations 
after exposure to spermidine-HA, thus supporting its 
safety. 

CONCLUSION: Spermidine found in spermidine-supra-
molecular complexes displayed potentiated regenera-
tive effects. Safety data on reconstituted human vagi-
nal epithelium suggested that assessing spermidine-
supramolecular complex efficacy in atrophic disorders is 
justified. 

© 2013 Baishideng. All rights reserved.  

Key words: Polyamines; Spermidine; Growth; Supramo-
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Core tip: Previous in vitro  studies showed that spermi-
dine may have different, or even opposite, effects on 
cell survival, leading to either proliferation or apoptosis 
depending on a variety of factors. We showed that the 
inclusion of spermidine in supramolecular complexes 
with various polymers optimized its use for regenera-
tive purposes. Spermidine-supramolecular complexes 

Carlo A Ghisalberti, Alberto Morisetti, Alessandro Bestetti, Gaetano Cairo

Potent trophic activity of spermidine supramolecular 
complexes in in vitro  models

ORIGINAL ARTICLE

Carlo A Ghisalberti, Gaetano Cairo, Department of Biomedical 
Sciences for Health, University of Milan, 20133 Milan, Italy
Carlo A Ghisalberti, Alberto Morisetti, Alessandro Bestetti, 
Tixupharma, 20124 Milan, Italy
Author contributions: Ghisalberti CA conceived experiments, 
acquired and analyzed data, and wrote the manuscript; Morisetti 
A acquired and analyzed data and co-wrote the manuscript; 
Bestetti A acquired and analyzed data and helped finalize the pa-
per; and Cairo G analyzed data and wrote the manuscript. 
Supported by Grants from the Italian Ministry of Education
Correspondence to: Gaetano Cairo, Professor, Department of 
Biomedical Science for Health, University of Milano, Via Man-
giagalli 31, 20133 Milano, Italy. gaetano.cairo@unimi.it 
Telephone: +39-2-50315338   Fax: +39-2-50315338 
Received: April 30, 2013        Revised: July 3, 2013 
Accepted: July 23, 2013 
Published online: August 26, 2013

Abstract 
AIM: To test the growth-promoting activity of the 
polyamine spermidine bound to various polymeric com-
pounds in supramolecular complexes.

METHODS: A thiazolyl blue cell viability assay was 
used to determine the growth-promoting potency of 
spermidine-supramolecular complexes in a human skin 
fibroblast cell line exposed to spermidine and differ-
ent spermidine-supramolecular complexes that were 
obtained by combining spermidine and polyanionic 
polymers or cyclodextrin. Reconstituted human vagi-
nal epithelium was exposed to a specific spermidine-
supramolecular complex, i.e. , spermidine-hyaluronan 
(HA) 50, and cell proliferation was determined by Ki-67 
immunohistochemical detection. Transepithelial electri-
cal resistance and histological analysis were also per-
formed on reconstituted human vaginal epithelium to 
assess tissue integrity. 

RESULTS: The effect of spermidine and spermidine-
supramolecular complexes was first tested in skin fi-
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stimulated cell proliferation but did not cause significant 
alterations to vaginal tissue integrity. These results sug-
gest that growth pathways in senescent or damaged 
tissues may be activated by the controlled release of 
spermidine from spermidine-supramolecular complexes 
to provide a faster recovery.

Ghisalberti CA, Morisetti A, Bestetti A, Cairo G. Potent trophic 
activity of spermidine supramolecular complexes in in vitro mod-
els. World J Biol Chem 2013; 4(3): 71-78  Available from: URL: 
http://www.wjgnet.com/1949-8454/full/v4/i3/71.htm  DOI: http://
dx.doi.org/10.4331/wjbc.v4.i3.71

INTRODUCTION
Spermidine belongs to the class of  biogenic, small, poly-
cationic polyamines found ubiquitously in microbial, 
plant, and animal cells. These compounds interact with 
negatively charged molecules such as DNA, RNA or 
proteins and, thus, are involved in a wide array of  func-
tions. It has been shown that polyamines play a role in 
DNA and RNA stabilization, the modulation of  mRNA 
translation, and cellular signaling[1-3]. Their large range 
of  involvement in processes and cellular responses sug-
gests that polyamines play a key role in the control of  cell 
growth, survival, and proliferation. 

In humans, spermidine is derived from three sources: 
cellular synthesis, food intake, and production by the gut 
microflora. In normal healthy cells, the levels of  spermi-
dine and other polyamines are tightly controlled by mul-
tiple mechanisms that balance synthesis, catabolism and 
transport. The first biosynthetic step is the production of 
L-ornithine from L-arginine by mitochondrial arginase. 
Ornithine is then decarboxylated by ornithine decarbox-
ylase to produce putrescine, which is then transformed 
into spermidine by spermidine synthase. Spermidine may 
be further converted to spermine by spermine synthase[4]. 

Changes in polyamine levels have been associated 
with aging and disease, with levels declining continuously 
with age[5]. However, several lines of  evidence have indi-
cated the beneficial effects of  polyamines; dietary spermi-
dine supplementation showed protective effects against 
aging in human cells and laboratory animals. Moreover, 
epidemiological studies showed that prolonged life ex-
pectation was associated with higher polyamine food 
intake[6-11]. Experimental studies showed that polyamines 
are essential for eukaryotic cell growth and viability, as 
they were found to positively promote vital functions 
such as proliferation, cell reprogramming, autophagy, mi-
gration and differentiation[12-15].

However, not all of  the data obtained in cultured 
cells are supportive of  a positive role for spermidine 
on cell growth. For example, the role of  polyamines in 
cell death, particularly apoptosis, is still controversial. In 
different cellular models, polyamine depletion inhibited 
mitochondrial and death receptor-dependent apoptosis 

pathways[16]. Conversely, another study indicated that 
polyamine-depletion in IEC-6 cells delayed the onset of  
apoptosis and conferred protection against DNA damag-
ing agents, suggesting an involvement of  the caspase acti-
vating signal cascade[17]. Examples of  either activation or 
prevention of  apoptosis due to polyamine depletion are 
known for several cell lines[18].

The dual activity of  polyamines may depend on the 
fact that the local concentration of  spermidine seems 
to be a critical factor, as was shown for its effect on mi-
crotubule assembly[19]. Another important factor is the 
working mechanism of  polyamines, which seem to per-
form their different functions through the formation of  
supramolecular complexes with large anionic molecules 
such as DNA and RNA, as was shown for lymphocytes, 
in which it is estimated that 60% of  spermidine is bound 
to RNA[20]. The formation of  different spermidine-
supramolecular complexes that release sustained, minute 
amounts of  polyamines may influence the concentration, 
and hence the activity, of  spermidine, e.g., by triggering 
reparative processes on senescent or damaged tissues. 
In view of  a possible therapeutic use of  spermidine to 
restore physiological status in tissues undergoing senes-
cence-dependent alterations, finding optimal conditions 
(i.e., formation of  spermidine-supramolecular complexes) 
for such use is critical. In particular, it is conceivable that 
spermidine could restore a healthy status in urogenital 
tissues and mucosae undergoing senescence, a common 
condition affecting a large segment of  postmenopausal 
women. To investigate this issue, we tested the effects of  
spermidine and various spermidine-supramolecular com-
plexes in fibroblasts and in reconstituted human vaginal 
epithelium. 

MATERIALS AND METHODS
Chemicals
Spermidine 3HCl (Sigma-Aldrich, Milan Italy); Hyal-
uronate high molecular weight, sodium salt (Bioiberica, 
Barcelona, Spain); Oligomeric hyaluronate (Tixupharma, 
Milan, Italy); Sodium alginate (Santialgine™ S1100, Car-
gill, United States); co-[methylvinylether/maleic acid]-
polymer, sodium salt, (PMVE/MA, Gantrez™ S-97 
BF, ISP, United States); α-Cyclodextrin (Cavamax® W6 
Pharma, Wacker Chemie AG). 

Preparation of Spermidine supramolecular complexes
Spermidine-supramolecular complexes with polyanionic 
polymers were prepared by adding 0.1% w/v of  the fol-
lowing polymers to a 1/10 serially diluted solution of  
spermidine: hyaluronate (HA), oligomeric hyaluronate 
(OHA), sodium alginate (Alg), and gantrez (Gz). The 
resulting spermidine-supramolecular complexes are il-
lustrated in Table 1, expressed as the ratio (meq/meq) 
of  cationic equivalents from spermidine and anionic 
equivalents from the anionic polymer. For the assay on 
reconstituted human vaginal epithelium tissue, a sper-
midine-supramolecular complex containing spermidine 
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(5 μmol/L) and HA in a 1:50 meq:meq ratio, hereafter 
termed spermidine-HA50, was prepared.

The spermidine-supramolecular complex as an in-
clusion complex was prepared by dissolving 1.944 g of  
α-cyclodextrin (aCD) in 15 mL of  water; this solution 
was added to 1 mmol of  spermidine 3HCl, and then 
0.2 mL of  1 mol/L NaOH was added under slow stir-
ring. This stock solution was serially diluted to reach the 
required concentrations. 

Cell culture experiments
The human skin fibroblast cell line ATCC-CRL-2703 
was grown under standard culture conditions in DMEM. 
Spermidine and the different spermidine-supramolecular 
complexes were added to wells containing semi-confluent 
cells. Cells were exposed to test products for 24 and 48 h 
(medium was replaced after 24 h). At the end of  the 
incubation period, cells were washed with 200 μL of  
PBS, and cell viability was evaluated using thiazolyl 
blue (MTT) as an indicator of  mitochondrial function. 
Briefly, 200 μL of  MTT-medium was added to each 
culture well and left for 4 h at 37 ℃ and 5% CO2. The 
MTT-medium was then removed, and 200 μL of  MTT 
solvent solution (10% Triton X-100 plus 0.1 mol/L HCl 
in anhydrous isopropanol) was added. The plate was 
shaken on a rotary plate for 20-30 min to ensure that all 
of  the formazan crystals were dissolved. Absorbance 
was measured at 570 nm on a microplate reader, and the 
background absorbance at 690 nm was subtracted. For 
each concentration, six replicates were carried out. The 
results are expressed as percentage (%) cell proliferation 
compared to an untreated control cell culture. 

Ki-67 immunohistochemistry in reconstituted human 
vaginal epithelium
Reconstituted human vaginal epithelium, obtained from 
SkinEthic™ (Lyon, France), was derived from the im-
mortalized human cell line A431 grown for 5 d on poly-
carbonate filters. Reconstituted human vaginal epithelium 
has a strict morphological similarity to the normal vaginal 
epithelium. Reconstituted human vaginal epithelia were 

placed in 6- or 12-well plates containing 0.75-1.00 mL of  
maintenance medium and incubated at 37 ℃ in 5% CO2 
overnight. The reconstituted human vaginal epithelia 
(duplicate samples per treatment) were incubated for 24 h 
at 37 ℃ with 50 μL of  a 1 mg/mL aqueous solution of  
spermidine-HA 50 and then fixed in 10% formol-saline 
for immunohistochemical processing. To evaluate the ex-
pression of  Ki-67, a known marker of  cell proliferation, 
the Ki-67 antibody (Invitrogen, Eugene, OR, United 
States) was applied overnight at a 1:100 dilution, and de-
tection was obtained using a commercial kit (Superpicture 
Polymer Detection Kit, Invitrogen) containing horserad-
ish peroxidase and diaminobenzidine (DAB) as chromo-
genic agents.

Transepithelial electrical resistance and histological 
evaluation of reconstituted human vaginal epithelium 
Transepithelial electrical resistance, which is the discrimi-
nating parameter in the EU-validated rat skin electrical re-
sistance test to measure the integrity of  stratum corneum 
and its barrier function, was evaluated in reconstituted 
human vaginal epithelia. The higher the transepithelial 
electrical resistance value, the lower the loss of  intercel-
lular water content. Transepithelial electrical resistance of  
reconstituted human vaginal epithelia was measured in 
triplicate before and after exposure to spermidine-HA50, 
prepared as described above, or to physiological saline 
for 24 h at 37 ℃. Briefly, 5 mL of  spermidine-HA50 or 
physiological saline was applied to the tissue sample in a 
plate containing 5 mL of  physiological saline; transepi-
thelial electrical resistance was evaluated in the range 
of  0-20 kΩ relative to the tissue surface by a Millicell 
ERS instrument (Millipore, MA, United States). Three 
measurements were made before and after treatment; 
the latter measurement was performed after washout of  
the compound. The value (Ω) of  the void support was 
subtracted from the values obtained for tissues; a further 
correction was made regarding tissue surface (0.5 cm2) as 
follows: mean value (Ω) of  3 determinations – value of  
void support = value (Ω) × 0.5 (tissue surface). At the 
end of  the procedure, the tissue was rinsed and fixed in 
10% formol saline, processed through paraffin wax, cut 
and stained with hematoxylin-eosin for histopathological 
examination (× 20 magnification, DFC-320 Leica cam-
era). Tissue damage was scored from 0 to 4, in order of  
increasing severity, by a blinded examiner. 

Statistical analysis
The data were subjected to statistical analysis using a 
t-test for independent samples. For spermidine and 
spermidine+cyclodextrin groups, each experimental time 
point was compared to untreated cells, and the results 
were considered significant for P < 0.05. For the spermi-
dine + HA, spermidine + OHA, spermidine + Alg and 
spermidine + Gz groups, each experimental time point 
was compared to cells treated with the respective vehicle 
(HA, OHA, Alg, Gz), and the results were considered 
significant for P < 0.05. 
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Table 1  Spermidine-supramolecular complexes tested in the 
fibroblasts proliferation model

Spermidine concentration Spermidine-HA Spermidine-Alg Spermidine-Gz

0 nmol/L      HA 0.1%      Alg 0.1%      Gz 0.1%
1 nmol/L    SMC 10-6:1    SMC 10-6:3    SMC 10-6:9
10 nmol/L    SMC 10-5:1    SMC 10-5:3    SMC 10-5:9
100 nmol/L    SMC 10-4:1    SMC 10-4:3    SMC 10-4:9
1 μmol/L    SMC 10-3:1    SMC 10-3:3    SMC 10-3:9
10 μmol/L    SMC 10-2:1    SMC 10-2:3    SMC 10-2:9
100 μmol/L    SMC 10-1:1    SMC 10-1:3    SMC 10-1:9
1 mmol/L    SMC 1:1    SMC 1:3    SMC 1:9

Each spermidine-supramolecular complex is represented as spermidine-
to-polymer ratio (meq/meq), as calculated from the cationic equivalents 
from spermidine and the anionic equivalents from the polymer. HA: 
Hyaluronate; OHA: Oligomeric hyaluronate; Alg: Sodium alginate; Gz: 
Gantrez; SMC: Spermidine-supramolecular complexes.
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RESULTS
Spermidine-based supramolecular complexes 
stimulated cell growth 
To evaluate the effect of  spermidine on cell growth, hu-
man fibroblasts were exposed to spermidine either as a 
free salt or in various spermidine-supramolecular com-
plexes (Table 1). The exposure of  fibroblasts to spermi-
dine alone for 24 or 48 h increased the cell number com-
pared to untreated cells by approximately 30% at 10 and 
100 nmol/L. However, higher concentrations resulted in 
the progressive reduction of  the stimulatory effect, with 
the highest doses showing an almost linear, dose-depen-
dent inhibitory effect (Figure 1A). 

Conversely, the inclusion of  spermidine in spermi-
dine-supramolecular complexes produced a completely 
different bell-shaped response pattern (Figure 1B-E). 
Spermidine in complex with α-cyclodextrin (Spermidine-
aCD) that was serially diluted to provide concentrations 
ranging from 1 to 0.1 nmol/L exhibited excellent stimu-
latory activity, with a peak at 100 nmol/L showing 80% 
stimulation over untreated cells and a decrease in stimula-
tion at higher concentrations (Figure 1B).

Exposure to spermidine-supramolecular complexes 
formed with different polyanionic polymers such as HA 
and Alg also resulted in positive responses. Because Alg 
and HA themselves may display regenerative properties, 

the effect of  spermidine-supramolecular complexes was 
compared to that of  the polymers alone. Spermidine-HA 
increased fibroblast cell viability by approximately 80% 
within the 10-100 nmol/L range (Figure 1C). Spermi-
dine-Alg produced a similar, although flatter, bell-shaped 
curve (Figure 1D). Maximal activity was observed at 10 
to 1 μmol/L. It is noteworthy that Alg alone showed 
better stimulatory properties than HA, a well-known and 
widely applied regenerative biopolymer. Spermidine-Gz, 
a complex between spermidine and a synthetic polymer, 
also showed a strong effect; interestingly, spermidine-Gz 
activity at 24 h was roughly two-fold higher than at 48 h 
(Figure 1E). The rich anionic density of  the polymeth-
ylvinylether-co-maleic anhydride, polymer that constitutes 
Gz and an expected slower release of  entrapped spermi-
dine may account for the higher effect of  spermidine-Gz 
at 24 h. Importantly, exposure of  fibroblasts to OHA, 
a salt formed by depolymerized HA and spermidine, 
showed a pattern similar to that obtained with spermi-
dine (compare Figure 1A and F), i.e., greater stimulation 
than depolymerized HA alone at low concentrations, but 
no effect at doses above 100 μmol/L. This reinforces the 
idea that the association of  spermidine with polymers 
in supramolecular complexes provides a better stimulat-
ing effect over a wide range of  concentrations. To better 
extrapolate the effect of  the association between sper-
midine and spermidine-supramolecular complexes, the 
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Figure 1  Effect of spermidine and spermidine-supramolecular complexes on cell growth. Fibroblast cultures were exposed to spermidine salts (A) or spermi-
dine-supramolecular complexes (B-F) for 24 (dark bars) and 48 h (light bars) and cell viability was evaluated by thiazolyl blue assay. A: Cells were treated with pure 
spermidine 3HCl (spermidine); B: Supramolecular complexes formed by spermidine with α-cyclodextrin (spermidine-aCD); C: Polymeric hyaluronan (spermidine-
hyaluronate, HA); D: The natural biopolymer alginate (Spermidine-sodium alginate, Alg); E: Synthetic maleate copolymer (gantrez, Gz); F: Depolimerized HA salt 
(oligomeric hyaluronate, OHA). These data (mean ± SE, n = 3) are expressed as percentage (%) increase over cells treated with physiological saline (panels A and B) 
or the supramolecular complex alone without spermidine (panels C-F).
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data were processed by subtracting the contribution of  
both spermidine at corresponding concentrations and the 
relative polyanion for each spermidine-supramolecular 
complex. The results reported in Figure 2 illustrate the 
efficacy profile of  the association by itself. 

Spermidine-supramolecular complexes stimulate cell 
proliferation in reconstituted human vaginal epithelium 
We next investigated the molecular pathways behind the 
growth stimulating effect of  spermidine-supramolecular 

complexes. To this purpose, the spermidine-HA complex 
was selected due to its superior balance between regen-
erative potency and biocompatibility. In fact, spermidine-
HA was not inhibitory at any tested concentration (Figure 
1C). The spermidine-supramolecular complex formed 
with a cationic to anionic ratio of  50:1 meq/meq, herein 
termed spermidine-HA 50, was evaluated in reconstituted 
human vaginal epithelium by examining the immunohis-
tochemical expression of  the mitotic marker Ki-67. In 
control samples, Ki-67, which is a nuclear protein associ-
ated with ribosomal RNA transcription and cell growth and 
is expressed in the G1, S, G2 and mitosis phases of  the cell 
cycle[21,22], was observed only in a few apical cells (Figure 
3A). However, many cells expressing Ki-67 homogeneously 
distributed from the apical to the basal stratum were found 
in samples exposed to spermidine-HA 50 (Figure 3B). The 
tissue had a normal cell morphology and extracellular ma-
trix structure and adhered normally to support. 

Spermidine-supramolecular complexes are not harmful 
in reconstituted human vaginal epithelium
The transepithelial electrical resistance assay, which 
directly measures total resistivity due to the combined 
thickness and function of  cell tight junctions, evaluates 
the degree of  damage and functionality of  tissues. We 
thus used transepithelial electrical resistance in recon-
stituted human vaginal epithelium to check for possible 
damaging effects of  spermidine-HA 50. Figure 4A 
shows that after 24 h of  treatment, the resistivity of  con-
trol samples increased by about 10%, whereas that of  
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Figure 2  Net proliferative effect of spermidine-supramolecularcomplexes. 
Data expressed as value of the increment in percentage (%) fibroblasts in-
crease carried out by the spermidine-supramolecular complexes subtracted 
from the values of spermidine alone at equivalent concentrations and the value 
of the supramolecular complex-forming polymers at 0.1% concentration. HA: 
Hyaluronate; Alg: Sodium alginate; Gz: Gantrez; OHA: Oligomeric hyaluronate; 
aCD: α-cyclodextrin.
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Figure 3  Evaluation of Ki-67 antigen expression in reconstituted human 
vaginal epithelium. Ki-67 immunoreactivity was evaluated in reconstituted 
human vaginal epithelium exposed for 24 h to saline (A) or to spermidine-hyal-
uronate 50 (B). A typical result out of three independent experiments is shown (× 
20 magnification). 
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the spermidine-supramolecular complex-treated samples 
increased by 7%. The values fell in the normal range of  
60-80 Ω/cm2, and the difference, though not statistically 
significant, was regarded as a fluctuation without patho-
logical significance. Baseline values accounted for less 
than 5% of  the difference.

Histological examination did not show tissue altera-
tions (Figure 4B). In samples exposed to spermidine-
HA 50 for 24 h (upper panel), the tissue condition, cell 
morphology, adherence to support, appearance of  the 
extracellular matrix, and continuity to the squamous ex-
ternal layer appeared essentially unchanged with respect 
to reconstituted human vaginal epithelium treated for 24 
h with saline (lower panel). 

DISCUSSION
In vivo, polyamine metabolism is tightly regulated by com-
plex machinery involving biosynthesis, interconversion, 
catabolism, and cellular uptake to reach the appropriate 
levels of  these regulatory factors[23]. Due to their cationic 
nature, polyamines, including spermidine, strongly bind 
to DNA, thereby changing its conformation. Moreover, 
spermidine, by modulating histone acetylase and deacety-
lase activity, can alter histone acetylation, which in turn 

will affect gene transcription in proliferating cells[24] that 
contain the amino acid residue hypusine, which is specifi-
cally synthesized from spermidine. Therefore, by modu-
lating gene expression at multiple levels, polyamines (and 
spermidine in particular) trigger a variety of  changes that 
can potentially lead to complex cellular responses[13,25]. 
Such a variety of  different actions, together with the re-
quirement for appropriate tissue concentrations, may ex-
plain how, in experimental studies, polyamines were able 
to promote both cell growth and cell death and showed 
complex involvement in various pathophysiological con-
ditions[26]. This finding suggests that the proper concen-
trations are required to attain a high positive response for 
regenerative purposes. 

In our skin fibroblast model, spermidine showed an 
expected growth-promoting effect, but polyanionic-type 
supramolecular complexes containing spermidine were 
overall much more effective in increasing cell viability, 
with an effect generally more pronounced at 24 h than 
at 48 h (Figure 2). Moreover, while the stimulating effect 
of  spermidine alone on cell viability was evident only at 
low concentrations, time course and dose response stud-
ies showed that spermidine-supramolecular complexes 
promoted cell growth over a wide range of  concentra-
tions without inhibitory effects. The trends depicted bell-
shaped curves with peaks exceeding an 80% increase 
over basal levels and showed different profiles (Figure 1). 
The strongest effect on cell viability was obtained by the 
association with a typical growth-enhancing biopolymer, 
such as HA, that resulted in a potent synergistic effect. 
The cumulated potency of  spermidine-HA was 15-fold 
higher than that of  HA alone, and it did not show the 
bimodal pattern of  spermidine alone. Our interpretation 
of  these data suggest that the effect of  spermidine-su-
pramolecular complexes might correlate with the kinetics 
of  spermidine release in the culture medium; spermidine-
supramolecular complexes may continuously release low 
amounts of  spermidine that simulate the growth-stim-
ulating effect of  low doses of  spermidine alone (Figure 
1A) while avoiding the inhibitory effect of  high doses. 

Support for this hypothesis is provided by comparing 
the results obtained with spermidine complexed to poly-
meric HA to those obtained with a salt formed by sper-
midine and OHA, i.e., monomers or dimers of  glucuronic 
acid/N-acetylglucosamine disaccharide. OHA showed a 
response comparable to that of  spermidine, further indi-
cating that spermidine needs to be complexed with either 
natural or synthetic polymers in spermidine-supramolecu-
lar complexes to effectively promote cell growth. 

Further confirmation that the inclusion of  spermi-
dine in spermidine-supramolecular complexes may be a 
key factor in optimizing the growth-promoting properties 
of  spermidine was provided by the results obtained with 
spermidine-aCD, i.e., a spermidine-supramolecular com-
plex based on an uncharged type of  inclusion complex. 
When serially diluted over a concentration range span-
ning from 1 to 0.1 nmol/L, these complexes also yielded 
excellent results that were comparable to those of  the 
spermidine-supramolecular complexes formed with the 
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Figure 4  Histopathological examination and transepithelial electric resis-
tance assessment of reconstituted human vaginal epithelium. A: Cell integ-
rity was evaluated by transepithelial electrical resistance determination (Ω/cm2). 
Mean values of separate 3 mean ± SE; B: Reconstituted human vaginal epithe-
lia were examined histologically after exposure to spermidine-hyaluronate 50 
(upper panel) or saline (lower panel). A typical result out of three independent 
experiments is shown (× 20 magnification). 
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polyanionic polymers. 
The data obtained in cultured cells were supported by 

experiments performed in reconstituted human vaginal 
epithelium that was used as a validated model of  human 
vaginal mucosa[27-30]. To explore the mechanism of  action 
of  spermidine-supramolecular complexes, reconstituted 
human vaginal epithelium was exposed to spermidine-
HA, the complex of  spermidine with HA that showed 
the best stimulation in fibroblasts. Upon treatment, the 
expression of  the Ki-67 antigen, which is a nuclear pro-
tein associated with cell growth expressed in proliferating 
cells but absent in quiescent cells[21,22], was detected in 
many cells from the apical layer to the basal cells. There-
fore, these results indicate that spermidine-supramolec-
ular complexes provide a steady, mitogenic amount of  
spermidine (in the nmol/L range) released, thus eliciting 
a proliferative effect on epithelial cells and sub-seeding 
fibroblasts. These data indicated that spermidine-supra-
molecular complexes are effective in triggering regenera-
tion by inducing cell proliferation, although other effects 
relying on the inhibition of  cell death cannot be ruled 
out. Our results are in agreement with literature data 
showing that polyamines are essential factors in tissue 
remodeling[3,6,31-34].

Finally, because these results suggest that spermidine-
supramolecular complexes may be used in restoring a 
healthy tissue condition in various age-related disorders 
characterized by a compromised trophic status of  muco-
sae, e.g., in urogenital pathology, safety evidence is required. 
Transepithelial electrical resistance experiments using 
reconstituted human vaginal epithelium, which were per-
formed to assess functional and morphological characteris-
tics of  the vaginal epithelium after exposure to spermidine-
supramolecular complexes, showed only minor alterations 
after 24 h exposure, indicating that the spermidine-supra-
molecular complex tolerability is satisfactory. 

In conclusion, our in vitro results indicate that sper-
midine-supramolecular complexes may elicit soft-tissue 
remodeling, and the complex potency seems to be linked 
to a very low, steady flux of  spermidine. The broad range 
of  stimulating activity that spanned 6 logs of  concentra-
tion seems to indicate the presence of  a non-receptorial 
mechanism leading to cell proliferation. 
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spermidine-supramolecular complexes are able to restore a healthy condition 
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fect of the tested substances on cell viability as a function of mitochondrial func-
tion. Hence, the expressions “growth promoting activity”, “proliferative effects”, 
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