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Plant Hormone Cytokinins for Modulating
Human Aging and Age-Related Diseases
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Abstract Cytokinins are phytohormones that regulate plant growth, development
and senescence. Experiments both in vitro and in vivo demonstrate that they can
also have diverse effects on animal cells and tissues. Particularly interesting is their
ability to protect cells against various forms of stress and prevent some detrimental
effects of cell aging. For example, human skin fibroblasts cultured in the presence
of kinetin or trams-zeatin retain some characteristics of cells of lower passage.
Kinetin is even able to increase the lifespan of invertebrates. In this chapter, we
review protective effects of cytokinins in animals at molecular, cellular, tissue and
organismal levels. We also discuss potential application of cytokinins for the
treatment of age-related diseases, including neurodegenerations, inflammatory
diseases and disorders caused by aberrant cell proliferation.
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K Kinetin

KR Kinetin riboside

KRTP Kinetin riboside-5'-triphosphate
oTR  ortho-topolin riboside

pTR  para-topolin riboside

ROS  Reactive oxygen species

14.1 Introduction

Cytokinins are phytohormones identified originally as substances that promote
plant cell division in the presence of another phytohormone, auxin (Skoog et al.
1965). They play important roles in the development and growth of both root and
shoot systems. Processes regulated by cytokinins include water and nutrient
mobilization, apical dominance, branching, flowering, breaking of bud dormancy
and seed germination (Werner and Schmiilling 2009). Cytokinins also delay leaf
senescence—they prevent the degradation of chlorophyll and outflow of nutrients
from the leaf. A good demonstration of this activity occurs in “evergreen” trans-
genic tobacco plants with the gene encoding ipt (isopentenyltransferase), the protein
responsible for cytokinin biosynthesis under the control of a senescence-specific
promoter (Gan and Amasino 1995).

Knowledge that cytokinins play key roles in the regulation of plant growth and
development has stimulated studies into their potential utility for treating human
diseases, especially those involving dysfunctional cell proliferation and/or differ-
entiation. Cytokinin ribosides were even evaluated in patients with diverse malig-
nancies as early as the 1970s (Mittelman et al. 1975). Later on, cytokinins inspired
development of inhibitors of cyclin-dependent kinases olomoucine, bohemine,
roscovitine and their analogues (Vesely et al. 1994; Havlicek et al. 1997;
Vermeulen et al. 2002; Krystof et al. 2002). The ability of cytokinins to prevent
processes associated with plant senescence has attracted research focused on their
ability to ameliorate aging traits in animals, including humans. In this article, we
review the effects of cytokinins in animals at molecular, cellular, tissue and
organismal levels with an emphasis on anti-aging and cytoprotective activity. We
also discuss potential application of cytokinins in the treatment of inflammation and
neurodegeneration as relevant to various age-related diseases. Finally, we include a
section about the antiproliferative activity of cytokinins—they are cytotoxic for
malignant cells of diverse histopathological origin but are also able to induce
differentiation of some leukemia cells and keratinocytes.
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14.2 Chemical Structure and Occurrence of Cytokinins

Regarding their chemical structure, plant cytokinins are adenine derivatives sub-
stituted at the N®-position with either an isoprenoid or aromatic side chain.
Synthetic compounds with cytokinin activity can have other scaffolds, phenylureas
being the best known example. Isoprenoid cytokinins include cis- and trans-zeatin
(tZ) and their analogues with a saturated side chain (dihydrozeatin) or without an
hydroxyl group (N°-isopentenyladenine, iP). Whereas isoprenoid cytokinins are
present in all plants, aromatic cytokinins with N®-benzyl substituents have only
been found in certain taxa (Horgan et al. 1975; Strnad 1997). Besides N6—benzy—
ladenine (BA), its hydroxylated derivatives, i.e., topolins, have been described.
Kinetin (K), the first identified cytokinin, has an Nﬁ—furfuryl side chain. K was first
recognized as the substance responsible for the cytokinin activity of autoclaved
herring sperm, which was attributed to thermal DNA damage. Later it was reported
to occur naturally in plant material (Ge et al. 2004), as well as human cells and urine
(Barciszewski et al. 1996, 2000). However, its natural occurrence is probably very
rare and rather mysterious. We have not even been able to unequivocally identify
this compound in diverse plant material using sophisticated tandem mass spec-
trometry analysis. Barciszewski et al. (1997) proposed that endogenous K is a result
of oxidative DNA damage. Both isoprenoid and aromatic cytokinins occur as free
bases, ribosides, ribotides, N-glucosides and amino acid conjugates. Moreover
cytokinins with hydroxylated isoprenoid side chains can also form O-glycosides.
NS-substituted adenine derivatives also occur in certain tRNA species of all
organisms with the exception of Archea. For example, in mammals, an NC-iso-
pentenyladenosine (iPR) moiety forms part of tRNA[Ser]Sec. It facilitates
codon-anticodon interactions and contributes to the efficiency of selenoprotein
synthesis. Adenines and adenosines with N°-substitution may be released into the
cytosol, and subsequently into body fluids, as a result of tRNA turnover. iPR was
detected in human urine many years ago (Chheda and Mittelman 1972) (Fig. 14.1).
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Fig. 14.1 Natural cytokinin bases studied as modulators of processes related to aging. From left to
right—kinetin, frans-zeatin, N°-isopentenyladenine, N°-benzyladenine, para-topolin
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14.3 Cytokinin Signaling in Plants

The cytokinin signal in plants is perceived by a His-Asp phosphorelay similar to the
two-component systems of bacteria. After recognition of the cytokinin ligand by the
extracellular domain of the transmembrane cytokinin receptor (AHK2, AHK3, or
AHK4 in Arabidopsis thaliana), the intracellular portion of the receptor phos-
phorylates histidine phosphotransfer proteins (AHPs). These transmit the signal to
nuclear response regulators (ARRs), which can activate or repress transcription of
the response genes. Anti-senescence activity of cytokinins is mediated through the
activation of AHK3, the type-B response regulator ARR2 and cytokinin response
factor CRF6. Increased cell-wall invertase activity in response to cytokinins is both
necessary and sufficient for the inhibition of senescence (Zwack and Rashotte
2013).

Although differences in the substrate specificity between individual cytokinin
receptors exist, cytokinin bases are consistently the most active cytokinin form in
both receptor assays and cytokinin biotests (Mok and Mok 2001; Spichal et al.
2004). The intensity and duration of the signaling is dependent on the receptor and
response regulator composition of the given cell/tissue and the availability of
individual cytokinins. The rate-limiting step in cytokinin biosynthesis is catalyzed
by isopentenyltransferases (IPTs), which synthesize either free cytokinin nucleo-
tides (adenosine phosphate-IPTs) or modify adenosine in tRNA (tRNA-IPTs).
Conversion of cytokinin 5’-monophosphates into their respective free bases is
catalyzed by phosphoribohydrolase encoded by the gene LONELY GUY
(LOG) (Kurakawa et al. 2007). An alternative pathway where dephosphorylation of
riboside-5'-monophosphates precedes the cleavage of the glycoside bond also exists
(Chen and Kristopeit 1981), but the genes responsible have not yet been charac-
terized. Cytokinins are degraded by cytokinin oxidase/dehydrogenases (CKXs),
which catalyze removal of the side chain. The cytokinin signal is also attenuated by
conversion of free bases into less active (ribosides, ribotides) or inactive forms
(glucosides, conjugates with alanine). With the exception of N7- and
NO-glucosides, cytokinin conjugates can be converted back into free bases and are
seen as transport/storage cytokinin forms. The uptake and efflux of cytokinins by
cells is facilitated by members of the purine permease family (PUPs) of trans-
membrane channels (Gillissen et al. 2000) and by equilibrative nucleoside trans-
porters (ENTs) (Hirose et al. 2008). Cytokinins are present in both phloem and
xylem fluid and serve as both acropetal and basipetal messengers (Kudo et al.
2010). The first acropetal transporter was described recently (Zhang et al. 2014).
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14.4 Effects of Cytokinins in Animal Systems

14.4.1 Cytoprotective and Anti-aging Activity of Cytokinins

Interest in the anti-aging activity of cytokinins started in 1994 when Rattan and
Clark discovered positive effects of K on several characteristics related to aging in
human skin fibroblasts during serial passage in vitro (Rattan and Clark 1994). The
size and morphology of fibroblasts passaged in the presence of K resembled those
of the cells at lower passage numbers. Treatment with K decreased the number of
actin stress fibers and autofluorescence due to accumulated lipofuscin was also less
intense. Similar effects of #Z on in vitro aging of a fibroblast population were
reported more than 10 years later (Rattan and Sodagam 2005). Optimal anti-aging
effects were observed at 80 pM concentration for both compounds. It is important
to note that these long-term cultivation experiments were enabled by the remarkably
low toxicity of the cytokinins tested. Beneficial effects of several other cytokinin
bases on various parameters relevant for aging amelioration and/or age-related
disease therapy were reported in the years following the original discovery, and we
discuss them below. Active compounds include para-topolin, iP and a K derivative
6-furfurylamino-9-(tetrahydropyran-2-yl)-9H-purine (Pyratine-6, PRK-124) (Walla
et al. 2010). K, Z and Pyratine are the principal ingredients of several marketed
cosmeceuticals.

Notably, K effects related to aging are not limited to cells and tissues as dietary
K has been shown to increase the life span of Zaprionus paravittiger fruit flies.
K prolonged the larval and pupal stages but also reduced the age-specific death rates
throughout the adult lifespan (Sharma et al. 1995). The effect was accompanied by
enhanced catalase activity (Sharma et al. 1997). We also recently discovered that K
and several other cytokinin derivatives are able to increase the lifespan of
Caenorhabditis elegans (our unpublished data).

14.4.2 Anti-oxidant Activity of Cytokinins

Since the discovery of anti-aging activity of K in human fibroblasts, research has
primarily focused on its ability to protect macromolecules and cells against
oxidative damage and stress. Barciszewski et al. (1997) hypothesized that
endogenous K may arise as a consequence of oxidative damage of DNA, thus
creating protection near to the site of damage. The proposed mechanism of K
formation assumes that hydroxy radical attack at the 5’ carbon of the deoxyribose
residue yields furfural. This aldehyde reacts with the amino group of adenine and,
after intramolecular rearrangement, the resulting Schiff base is reduced into K
(Barciszewski et al. 1997).

Using 8-oxo0-2'-deoxyguanosine (8-oxo-dG) as a marker for oxidative damage of
DNA, Olsen et al. (1999) showed that K significantly protects DNA against reactive
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oxygen species (ROS) generated by the Fenton reaction in vitro. The effect was
dose dependent, with a maximum of about 50% protection observed at 100 uM K.
K has also been shown to protect proteins against oxidative/glycoxidative damage
more efficiently than adenine in several experimental systems in vitro (Olsen et al.
1999). Besides decreasing protein carbonylation in an iron/ascorbate system, it also
prevented formation of advanced glycation end-product pentosidine and aggrega-
tion after incubation of proteins with sugars. Active K concentrations were in the
range 50-200 uM (Verbeke et al. 2000). Recently, the antioxidant activities of K,
BA, para-topolin and iP were evaluated by fluorimetric and spectrophotometric
assays (Brizzolari et al. 2016). With the exception of BA, all the compounds
showed significant activity in the oxygen radical absorbance capacity (ORAC)
assay at 2.5 and 5 pM concentrations. In the Trolox equivalence antioxidant
capacity (TEAC) assay, only para-topolin (0.5-5 pM) was active, probably due to
the presence of a phenolic hydroxyl. All the compounds were able to react with
hydroxyl radicals generated in the 2-deoxyribose degradation assay. A somewhat
higher activity of iP was ascribed to the presence of the double bond in the N®-side
chain. Using electron spin resonance, Hsiao et al. (2003) showed that short pre-
treatment with K at concentrations of 70 and 150 uM effectively inhibited hydroxyl
radical formation in collagen-activated platelets.

Direct comparison of K with a group of other established antioxidants, com-
prising L-ascorbic acid, pL-alpha-tocopherol, pL-alpha lipoic acid, ubiquinone and
idebenone, has been carried out (McDaniel et al. 2005). K quenched radicals
generated through the photochemical excitation of water molecules effectively only
at a concentration of 1 pM. The effective concentrations of the other compounds,
with the exception of pL-alpha lipoic acid, were one or two orders of magnitude
lower. K (100 pM) completely prevented oxidation of low density lipoproteins by
Cu?*. The other compounds decreased the production of lipid hydroxyperoxides in
equimolar concentrations less efficiently (idebenone: 80%, pL-alpha-tocopherol:
50%, ubiquinone: 26%, pL-alpha lipoic acid: 22%, L-ascorbic acid: 15%). However,
this exceptional activity of K was not observed in the microsome oxidation
(NADPH/ADP/Fe’*) assay, which is considered to be a more realistic model of cell
membrane peroxidation. Whereas the activity of K was comparable with that of
ubiquinone and L-ascorbic acid (reduction of malonyldialdehyde equivalents by
24-27%), the other test compounds decreased MDA production by 47-55%.

Cytokinins may also form complexes with ions of metals with the ability to
quench ROS. Superoxide dismutase-like activity of Cu®* complexes of K and BA
have been reported (Goldstein and Czapski 1991). The ability of Cu** complexes of
BA derivatives to protect against oxidative damage in vivo (aloxan induced dia-
betes) has been observed (Starha et al. 2009).

Besides their direct anti-oxidant activities, cytokinins also activate cellular
anti-oxidant defense mechanisms. Z has been shown to induce hydrogen peroxide
decomposing enzymes in human skin fibroblasts. The treatment was also able to
protect both proliferating and senescent cells against the hydrogen peroxide induced
cell death (Rattan and Sodagam 2005). Induction of antioxidant enzymes may also
contribute to the lifespan extension observed in flies after K treatment mentioned
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above (Sharma et al. 1997) because it enhances the catalase activity in this
organism. K also has been demonstrated to exhibit protective effects in the bp-
galactose model of glycoxidative stress. In cultured rat astrocytes, K partially
reversed a decrease in the activities of glutathione peroxidase and superoxide dis-
mutase induced by D-galactose treatment. K treatment also decreased malonyl-
dialdehyde concentration in the cell membranes and increased cell viability. The
active concentrations were in the range 50-100 pM. In addition, K was shown to
have beneficial effects in rats receiving daily subcutaneous injections of p-galactose
at 125 mg/kg for 6 weeks. K (10, 20 and 40 mg/kg) was administered by gastric
perfusion for the whole period of galactose exposition. However, no information
was provided about K concentrations in plasma or brain tissue. A dose of 10 mg/kg
was concluded to have the most promising effect because it was able to attenuate
the negative effects of p-galactose on malonyldialdehyde concentration and activ-
ities of glutathione peroxidase and superoxide dismutase in brain tissue (Liu et al.
2011).

Although iPR and N°-benzyladenosine (BAR) have been studied traditionally as
anti-cancer agents, they possess cytoprotective activities as well. Dassano et al.
(2014) showed that treatment of several cancer cell lines with iPR or BAR induced
robust expression of genes regulated by transcription factor Nrf2. Moreover, the
transcription of Nrf2 itself was upregulated. These expression changes were not a
just a futile response to oxidative stress resulting from drug-induced damage. In
fact, the treatment with cytokinin ribosides decreased the basal levels of ROS and
increased the resistance of the cells to pro-oxidative insults. Our earlier unpublished
observation that not only iPR but also other cytotoxic ribosides, including kinetin
riboside (KR), in low micromolar concentrations induce Nrf2-dependent gene
expression in multiple cell lines led us to speculate that the cytoprotective activity
of K could be mediated by its metabolite KR and/or appropriate ribotides. The
conversion of cytokinin bases into their respective riboside 5'-monophosphates by
human cells has been reported (Mlejnek and DoleZel 2005). However, treatment of
several cell lines, including skin fibroblasts and immortalized keratinocytes, with
100 uM K did not have any significant effect on hemeoxygenase expression (un-
published data). Because tissues may differ in expression and/or activity of phos-
phoribosyltransferase, and thus in the rate of K conversion into its riboside, studies
of a wider panel of cell lines could identify tissues where the proposed mechanism
is relevant. Nevertheless, Hertz et al. (2013) recently demonstrated that conversion
of K into its ribotides may be indeed important for its cytoprotective activity.
Mitoprotective PTEN-induced putative kinase 1 (PINK1, PARK®6) is able to use
kinetin riboside 5'-triphosphate (KRTP) as a donor of a phosphate group more
efficiently than ATP. Because of its unusual behavior, Hertz et al. (2013) designated
KRTP as a PINKI1 neo-substrate. They showed that K is converted into KRTP
within the cells and that treatment with K accelerated Parkin recruitment to
depolarized mitochondria and suppressed oxidative stress-induced apoptosis in
human-derived neural cells in a PINK1-dependent manner.
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14.4.3 Cytokinins in the Therapy of Skin Diseases
and Cosmetics

Because the anti-aging activity of K, and later #Z, was demonstrated for the first
time in skin fibroblasts, multiple studies evaluating the applicability of cytokinin
bases in skin protection both in vitro and in vivo have been conducted. Positive
effects include protection against UV-induced damage, improved wound healing
and aquaporin induction. Cytokinins also modulate melanogenesis and keratinocyte
differentiation. Several clinical trials have shown that they can improve multiple
traits of photoaging skin and also some symptoms of acne rosacea.

McDaniel et al. (2005) compared the UV-protective activity of a group of
antioxidants, i.e., K, r-ascorbic acid, pr-alpha-tocopherol, prL-alpha lipoic acid,
ubiquinone and idebenone. K was shown to protect primary keratinocytes against
UVB (single dose, 200 mJ/cm?); it reduced the number of cells stained positively
by immunohistochemistry with an antibody against thymine—dimer from 53 to
34%. Whereas idebenone, L-ascorbic acid and pr-alpha-tocopherol offered similar
protection levels (29-35% of positive cells), ubiquinone and DL lipoic acid were
not active. Subsequently, the UV-protective activity of the compounds was tested in
patients, each compound on five subjects. The compounds were applied as
ethanolic solutions (0.5% w/w) on mid-back regions once a day for 2 weeks.
Sunburn cells (SBC) induced by a 1.5 x minimal erythema dose of UVB were
quantified in biopsies obtained 20 h later. K reduced the number of SBC by 20%,
compared to about 10% for ubiquinone and pL-lipoic. Whereas idebenone and pL-
alpha-tocopherol were more active (reduction by 38 and 30%, respectively),
ascorbic acid did not have any protective effect. Unfortunately, no UV protective
effects of K were observed in pigs. Four days’ application of 0.1% K cream or 0.5%
K solution neither ameliorated UV-induced erythema nor reduced the number of
SBC in pigs (Tournas et al. 2006) exposed to a one to five times minimal erythema
dose of UV irradiation (~5 mW/cm? of UVB and ~40 mW/cm? of UVA).

Cell culture experiments have suggested that Z could improve skin hydration
and wound healing, as well as prevent detrimental effects of photoaging on those
processes (Ji et al. 2010). zZ at 40 and 80 puM concentration also induced expression
of aquaporin 3 protein (AQP3) in spontaneously immortalized HaCaT ker-
atinocytes. Treatment with #Z was also able to ameliorate a UV-induced decrease in
AQP3 concentrations and membrane water permeability to a large extent.
Experiments with pharmacological MAPK pathway inhibitors revealed that 1Z
inhibits UV-induced MEK/ERK activation. #Z has also been reported to promote
wound healing in the scratch assay with either irradiated or non-irradiated cell
cultures (Ji et al. 2010) and inhibit (zZ at 20-40 pM) UVB-induced MMP-1
expression in skin fibroblasts (Yang et al. 2009).

Cytokinin bases have been shown to promote differentiation of keratinocytes.
K at 40-200 uM concentration induced growth arrest and changes of several
markers of differentiation (keratin K10 and involucrin) in human keratinocytes in
cell culture (Berge et al. 2006). The effect was augmented by the presence of Ca®*
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ions. Other markers of differentiation (trans-glutaminase) were unchanged, sug-
gesting that K-induced differentiation might be mediated by pathways different
from those activated by other differentiation inducing agents. In a subsequent study,
Berge et al. (2008) reported that treatment with K improved the sensitivity of aging
keratinocytes to the differentiating effects of Ca** ions. The authors mentioned
unpublished data indicating that the effect was accompanied by induction of Hsp90,
Hsp70 and heme-oxygenase-1. They suggested that the effects were mediated by
stress-induced hormesis based on this observation.

A positive effect of K on filaggrin levels, another marker of keratinocyte dif-
ferentiation, was observed in an in vitro reconstructed skin equivalent (Vicanova
et al. 2006). In contrast to 2D culture, K promoted the growth of keratinocytes, as
indicated by an increase in the number of Ki67-positive cells.

Both experimental systems mentioned above used human keratinocytes from
healthy donors. However, it should be noted that models using keratinocytes from
psoriatic lesions might be more appropriate for evaluation of the utility of cytoki-
nins in the therapy of psoriasis.

Other dermatologic/cosmetic applications of cytokinins relate to the therapy of
pigmentation disorders. Whereas K has been reported to decrease hyperpigmentation
in dogs (Kimura and Doi 2004), BA is a stimulator of melanogenesis (Kim et al. 2009).
At concentrations of 50 and 100 pM, it stimulated melanogenesis in B16 mouse
melanoma cells through protein kinase A mediated induction of microphthalmia-
associated transcription factor (MITF), tyrosinase and tyrosinase-related proteins 1
and 2 (TYRP1, TYRP2). In contrast to alpha-MSH, BA activated protein kinase A in a
cAMP independent manner. Also, para-topolin induced tyrosinase expression and
melanogenesis in B16 cells (our unpublished data).

14.4.4 Clinical Examination of Kinetin and Its Relatives

Topical K has been evaluated in multiple open-label single-arm clinical trials, in
which effects were compared before and after treatment. K lotion 0.1% (Kinerase)
applied twice daily was evaluated as a treatment for mildly to moderately photo-
damaged facial skin in 32 subjects. Twelve and twenty four week treatments were
found to improve significantly skin texture, mottled hyperpigmentation and fine
wrinkles according to the both patient’s and physician’s assessment. The treatment
also improved transdermal water loss (McCullough and Weinstein 2002). The same
regimen was later evaluated in patients (N = 17) with mild to moderate facial
rosacea in a 12 week study (Wu et al. 2007). K treatment was found to reduce
redness and had also a positive, yet statistically insignificant, effect on telangiec-
tasia. The physician’s rating of overall improvement of rosacea symptoms increased
over the study period and by week 12, almost 60% of the subjects showed at least
moderate improvement. K was generally well tolerated in those studies. However,
in rare cases, acne or a rash was observed after 8 weeks’ treatment.
Wanitphakdeedecha et al. (2015) evaluated the effects of applying 0.1% K cream
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twice daily on the photoaging facial skin of 100 Thai subjects. Twelve weeks’
treatment was accompanied by small but statistically significant improvements in
overall skin condition, skin texture, color and wrinkles. K also improved ultraviolet
spots and redness. Chiu et al. (2007) evaluated possible synergistic effects of using
a combination of K (0.03%) and niacin (4%) in a double-blind clinical study on 52
Taiwanese subjects. Serum containing either K and niacin (27 subjects) or niacin
alone (25 subjects) was applied to one half of the face and the vehicle to the other
twice daily for 12 weeks. Although the combination of K and niacin had a larger
positive effect on most of the evaluated parameters, including corneal hydration and
erythema index, than niacin alone when compared to the baseline, the differences
between the treatments were not statistically significant. Also, vehicle alone had a
positive effect on multiple parameters, yet the effects of K were typically larger.

To the best of our knowledge, no reports of clinical trials with #Z have been
published. Several open-label, single-arm clinical trials have evaluated the K
derivative 6-furfurylamino-9-(tetrahydropyran-2-yl)-9H-purine (Pyratine-6,
PRK-124), which originated from our laboratory (Laboratory of Growth
Regulators, Olomouc, Czech Republic) and then was developed by companies
Senetek PLC and Pyratine PLC, USA. In a trial evaluating its effects on aging and
photodamaged skin of 40 subjects (34 finished the study), Pyratine (0.1%) was
reported to improve skin moisturization, roughness, mottled hyperpigmentation,
fine wrinkles and facial erythema in comparison with the baseline within 4 weeks
(McCullough et al. 2008). Application of the compound (0.125%) twice daily was
also found to improve symptoms of acne rosacea compared to the baseline in a
12 week study (Ortiz et al. 2009), with some beneficial effects observed as early as
week 4. In a later study, 18 subjects were followed over an extended 48 week trial
(Tremaine et al. 2010). A mean 44% reduction in erythema severity and 89%
reduction in inflammatory lesions was observed at week 48. The treatment also had
a positive effect on telangiectasias, transepidermal water loss and skin dryness. No
treatment-induced skin irritation was observed.

14.5 Neuroprotective Activity of Cytokinins

Multiple reports of cytokinin activities relevant to the treatment of neurodegener-
ation exist. Notably, such effects are not limited to cytokinin bases only, but
cytokinin ribosides have also been shown to possess neuroprotective activity. As
discussed above, K protects rat astrocytes in vitro as well as rat brain against
glycoxidative damage in the D-galactose model via promotion of anti-oxidant
defense (Liu et al. 2011). KRTP increases kinase activity of PTEN-induced putative
kinase 1 (PINK1). PINKI is critical for mitochondrial quality control—it accu-
mulates in the outer membrane of impaired mitochondria and, through the
recruitment of Parkin protein, targets them for autophagy. Both PINK1 and Parkin
are mutated in the familial forms of recessive Parkinson’s disease. Treatment with
K protected SH-SYS5YS neuroblastoma cells against proteasomal and oxidative
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stress in PINK1-dependent manner. K is therefore an interesting drug candidate for
the treatment of familial form of Parkinson’s disease and possibly also therapy of
other diseases with mitochondrial dysfunction. It would be interesting to identify
other N°-substitued adenines with similar type of activity. This may prove difficult
because both base and riboside require not only multistep metabolic activation, but
they also have to mimic the shape and behavior of ATP in the PINK1 binding
pocket (Hertz et al. 2013).

K is also a candidate drug for neurodegenerative disease familial dysautonomia.
A clinical study (NCT02274051) is in the process of recruiting patients at the time
of writing this text according to web page www.clinicaltrials.gov. Both in vitro and
in vivo experiments have demonstrated that K is able to correct aberrant splicing of
pre-mRNA originating from the IKBKAP gene (inhibitor of kappa light polypep-
tide gene enhancer in B-cells, kinase complex-associated protein). The mechanism
of K’s action is unknown. However, the very limited number of transcripts with
splicing influenced by the treatment suggests that K interacts with regulators or
components of specific spliceosome sub-species.

tZ also exhibits multiple activities relevant for the therapy of diseases of the
central nervous system, in particular Alzheimer’s disease. It was identified as the
substance responsible for inhibition of rat acetylcholinesterase contained in an
extract from the traditional Korean edible plant Fiatoua villosa (ICs5y 1.09 x 1074
M) (Heo et al. 2002). Follow-up studies showed that ¢Z protects rat pheocytohroma
cells PC12 against toxic effects of an amyloid beta fragment comprising amino
acids 25-35. ¢Z treatment had a positive effect on both ROS production and cell
viability (Choi et al. 2009). Also reported was a beneficial effect of long-term
treatment with #Z on scopolamine-induced amnesia. Scopolamine is an antagonist
of muscarinic acetylcholine receptors, but its administration also influences other
neurotransmitter systems. For example, repeated treatment of scopolamine has been
shown to decrease levels of monoamines (noradrenaline, dopamine and serotonin)
and also increase oxidative stress in brain (Haider et al. 2016). In Choi et al.’s study
(2009), animals had ad libitum access to either normal drinking water (control and
scopolamine control groups) or ¢Z solution (0.002, 0.004, and 0.008% w/v) for
21 days. More specific information about dosing (drinking volume by the indi-
vidual animals) and ¢Z concentrations in plasma and brain tissues was not reported.
After the treatment period, temporal amnesia was induced by a single s.c. injection
of scopolamine (1 mg/kg) and behavioral tests were started 30 min later. All three
tested concentrations markedly attenuated negative effects of scopolamine on
passive avoidance and spontaneous alternation behaviors in the Y-maze test. After
finishing the tests, the animals were sacrificed and acetylcholinesterase activity in
brain lysates was measured. The two highest Z concentrations were able to reduce
the effects of scopolamine on acetylcholinesterase activity. Similar effects on
behavior were observed when mice were provided food mixed with #Z ad libitum
for 4 weeks (Choi et al. 2009). However, the mechanism of the observed Z activity
is unclear. The authors provided no rationale for the treatment regime length—
much shorter regimes and possibly single #Z injection may have been more
appropriate for evaluation of acetylcholinesterase inhibition or direct antioxidant
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capacity. It would be interesting to assess the effect of #Z on the level of oxidative
stress and level/activity of the antioxidant defense system in brain before and after
scopolamine treatment.

KR and trans-zeatin ribosides (tZRs) have been shown to have cytoprotective
activities. Both of them, but not BAR, can protect PC12 cells against serum star-
vation induced apoptosis (Lee et al. 2012). The corresponding free bases, tZ and K
were inactive in this model. The protective effects of KR were apparent at con-
centrations as low as 1 uM, whereas tZR did not show any significant activity at
this concentration. However, at a concentration of 100 pM, tZR was more effective
than equimolar KR and was therefore selected for follow-up experiments. Its
protective activity in a serum deprivation model was mediated by activation of the
A, adenosine receptor (A,AR) and the downstream protein kinase A (PKA) as
co-treatment with inhibitors of those proteins abolished the protective effect. A;AR
has been suggested as a potential therapeutic target in Huntington’s disease because
it is highly expressed in the striatum, where mutant huntingtin causes early damage.
Moreover, AjaR-selective agonists effectively ameliorate several symptoms of
Huntington’s disease in both cell cultures and animal models (Chou et al. 2005;
Chiu et al. 2015). Therefore, tZR’s ability to prevent huntingtin aggregation was
tested in PC12 cells overexpressing the mutant protein. Indeed, tZR treatment
prevented both the mutant huntingtin aggregation and subsequent proteasome
dysfunction in an A,5,R and PKA dependent manner.

Para-Topolin riboside (pTR, 6-(4-hydroxybenzylamino)-9H-purine riboside) is
an A,AR agonist as well. It was isolated as a neuroprotective substance from the
Chinese medicinal plant Gastrodia elata (Huang et al. 2011a, b). pTR (designated as
T1-11 in the study) has been shown to interact with not only A,;sR but also
equilibrative nucleotide transporter ENT1. ENT1 inhibition can increase the
amount of adenosine in extracellular space and possibly contribute to modulation of
adenosinergic signaling in synapses where both proteins are present. Treatment of
R6/2 mice with pTR administered using a subcutaneous Alzet minipump for 48 h
improved motor deterioration. pTR administered in drinking water (0.05 mg/ml
ad libitum, plasmatic or brain concentration unknown) improved the rotarod per-
formance already after 2 weeks and the effect persisted until the end of the
experiment after 7 weeks. Analysis of the brains showed a lower accumulation of
huntingtin, improved activity of proteasome and higher levels of mRNA for
brain-derived neurotrophic factor (BDNF). Finally, pTR also binds to A3R, another
adenosine receptor with a known role in CNS physiology (Borea et al. 2014). For
example, agonists of A3R have been shown to have neuroprotective effects in
subarachnoid hemorrhage-induced brain damage (Maria Pugliese et al. 2007).
Nevertheless, the therapeutic utility of targeting the brain is somewhat controversial
because prolonged A3R activation may be neurotoxic (Luo et al. 2010). Recently,
A3R agonistic activity of iPR has been reported (Blad et al. 2011). However, to the
best of our knowledge, its effects in models of neurological diseases have not yet
been studied.



14 Plant Hormone Cytokinins for Modulating Human Aging ... 323

14.6 Immunomodulatory Activities of Cytokinins

In the previous section, we discussed interaction of cytokinin ribosides with the
adenosine receptor A, 4 in relation to their neuroprotective activities. However, A,
is also expressed in various immune system cells (T-lymphocytes, macrophages,
monocytes and polymorphonuclear leukocytes) and its activation plays an impor-
tant role in the regulation of both innate and adaptive immunity (Milne and Palmer
2011). Selective A, 4 receptor agonists have been suggested as drugs for treatment
of graft-versus-host disease, colitis and T-lymphocyte mediated ischemia-
reperfusion injury (Chhabra et al. 2012; Jones and Kang 2015). The
immunomodulatory activity of ZR was demonstrated for the first time by Lappas
(2015). It was shown to inhibit production of interferon (IFN)-vy, IL-2 and TNF-o in
either CD3+CD4+ or CD3+CD8+ T-lymphocytes incubated with anti-CD3 anti-
body. In the case of the CD3+CD4+ population, ZR also inhibited production of
IL-4. EC50 values were in the range 10-100 uM. Furthermore, #ZR inhibited
upregulation of CD25, CD69 and CD40L. The inhibitory effects in the latter assays
were strongly attenuated by co-treatment with 10 uM of the selective A,4 receptor
antagonist ZM?241385, thereby confirming its involvement. In mice, fZR decreased
the number of white-blood cells in intraperitoneal infiltrate in thioglycollate-
induced peritonitis. #ZZR was administered as a 1 mg/kg i.p. bolus at times 0, 1.5 and
3 h after the thioglycollate injection. Overall, the data showed that #ZR is not a very
potent immunomodulator in terms of the active concentration. However, the
absence of cytotoxic effects up to 1000 uM suggest that the low activity could be
possibly compensated by the administration of higher doses.

As discussed above, iPR and BAR activate the Nrf2 pathway and protect cells
against oxidative stress (Dassano et al. 2014). The employed models also included
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced superoxide production by
HL-60 cells differentiated along the neutrophilic lineage. Further, the authors tested
the activity of the cytokinins in a mouse ear inflammation model where topical
TPA-induced oxidative stress stimulates an inflammatory response. Pretreatment
with iPR and BAR attenuated the inflammation and reduced the number of infil-
trating neutrophils. The exact mechanism of the protective effect is unclear and
other processes besides Nrf2 activation could be involved. The authors discussed
possible involvement of glucocorticoid receptor signaling (iPR induced several
transcripts in this pathway) and adenosine receptor As;R activation. The AsR
agonistic activity of iPR and tZR was reported recently (Blad et al. 2011). A3R
regulates various aspects of inflammation, including neutrophile chemotaxis and
superoxide production (van der Hoeven et al. 2010). The anti-inflammatory effects
of A3R activation are mediated through the inhibition of NF-xB dependent pro-
duction of cytokines, including TNF-o. A3zR agonists have been shown to have
robust anti-inflammatory activity in animal models of inflammatory bowel disease,
systemic toxemia, pulmonary and liver inflammation as well as rheumatoid arthritis
(Borea et al. 2014). Nanomolar A3R agonist CF101 (IB-MECA) structurally related
to aromatic cytokinins is currently being evaluated as an antirheumatic and
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antipsoriatic agent in clinical trials. Recently, promising activity in patients with
moderate to severe plaque psoriasis was reported (David et al. 2016).

Another explanation of the anti-inflammatory activity of iPR was offered by
studies of its effects on natural killer cells (NK cells) (Ciaglia et al. 2014). iPR at
10 uM concentration inhibited the cytotoxicity of NK cells against leukemia K562
cells. The treatment prevented ERK/MAPK and STATS activation in IL-2-activated
NK cells, downregulated the expression of activating receptors NKp44 and
NKG2D and decreased secretion of cyto/chemokines (RANTES, MIP-1a, TNF-a
and IFN-v). Topical application of iPR significantly reduced ear edema in a mouse
model of croton oil-induced ear dermatitis with a potency comparable to that of
indomethacin. Histology analysis showed lower leukocyte infiltration and
decreased staining of the natural cytotoxicity receptor NKp46, whose expression is
typical for NK cells, in irritated mid and papillary dermis.

Finally, cytokinin bases may also possess anti-inflammatory activity. K and
Pyratine have been shown to have beneficial effects on acne rosacea, a skin con-
dition with an inflammatory component (Wu et al. 2007; Tremaine et al. 2010).

14.7 Antiproliferative Effects of Cytokinins and Cytokinin
Analogues

Natural cytokinin ribosides iPR, KR, BAR, ortho-topolin riboside (0TR) and N°-
(2-hydroxy-3-methoxybenzyl)adenosine (but not their respective bases) have been
reported to exhibit strong cytotoxic effects against a range of human cell lines
derived from both hematological malignancies and solid tumors (Dolezal et al.
2007; Voller et al. 2010, 2017). Numerous studies with various experimental
designs (assay principle, endpoint, length of treatment) have demonstrated that
some cytokinin ribosides are active at submicromolar (against some leukemia) or
micromolar concentrations (against other leukemia, adherent cells). The toxicity of
tZR and cis-zeatin riboside, other natural cytokinins that differ from iPR by
hydroxylation of the isoprenoid side-chain, is very limited (Ishii et al. 2002; Rattan
and Sodagam 2005; Voller et al. 2010). Further, isomers of oTR with a hydroxy
group in either the meta- or para-position of the phenyl ring do not show significant
toxicity (Voller et al. 2010).

In leukemia cell lines, cytokinin ribosides induce rapid apoptosis (Mlejnek and
Kuglik 2000; Ishii et al. 2002; Voller et al. 2017). Cell death is preceded by ATP
depletion. An exception is N°-(2-hydroxy-3-methoxybenzyl)adenosine, where
apoptosis ensues without marked effects on cell energy levels (Voller et al. 2017). It
has recently been demonstrated that KR may be a potential drug for the treatment of
multiple myelomas. In several cell lines, KR has been found to suppress cyclin D1
and D2 transcription, followed by arrest of the cell-cycle and selective apoptosis in
tumor cells (Tiedemann et al. 2008). KR may be also effective against leukemia
stem cells (McDermott et al. 2012).
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Cytotoxic effects of iPR and KR against mammalian cell lines derived from solid
tumors have been reported many times (Meisel et al. 1998; Griffaut et al. 2004;
Laezza et al. 2006, 2009, 2010; Spinola et al. 2007; Cheong et al. 2009; Cabello
et al. 2009; Colombo et al. 2009; Rajabi et al. 2012; Wang et al. 2012; Ciaglia et al.
2014, 2016). Depending on the cell line and cytokinin used, the treatment resulted
in apoptosis, G1 or G2/M block. The spectrum of the effects induced by cytokinin
ribosides in the tested cell lines included ATP depletion, genotoxic stress (Cabello
et al. 2009), JNK activation (Laezza et al. 2009), inhibition of farnesyl-protein
transferase activity (Laezza et al. 2006), inhibition of EGFR signaling (Ciaglia et al.
2016) and changes in levels of mitochondrial proteins (Cheong et al. 2009).
Recently, microarray analysis of the effects of iPR (100 uM) on MCF7 and A549
cell lines was published. iPR induced a set of genes involved in stress induced cell
cycle arrest, e.g., PPP1R15A, DNAJB9, DDIT3, and HBP1 (Colombo et al. 2009).
Cytokinin ribosides may also interfere with neoangiogenesis (Pisanti et al. 2014).
Further, cytokinin riboside-5-monophosphates have been identified as inhibitors of
putative oncogene RCL1 (Amiable et al. 2013; Voller et al. 2017).

In vivo anticancer activity of iPR, KR, oTR and BAR has been demonstrated
using several animal and xenograft models of cancer (Griffaut et al. 2004; Laezza
et al. 2006; Tiedemann et al. 2008; Voller et al. 2010). iPR and BAR have been
shown to exhibit limited activity against a diverse range of cancers in a small
clinical trial (Mittelman et al. 1975). Micromolar concentrations of both cytokinin
ribosides and cytokinin bases can also induce cell death in plant cell cultures, with
some traits typical for apoptosis (activation of caspase-like proteases and frag-
mentation of DNA) (Mlejnek and Prochazka 2002; Mlejnek and Dolezel 2005).
This cell death is preceded by depletion of ATP and the production of ROS.

In contrast to their hormonal activity in plants, which requires interaction with
specific membrane-bound receptors, intracellular conversion of cytokinins to 5'-
monophosphates is necessary for their cytotoxic effect. The concentrations of
cytokinins required to produce cytotoxic effects are higher than those found
endogenously in plant tissues, but they do fall within the range used in plant
bioassays (Carimi et al. 2003; Mlejnek and Dolezel 2005). Phosphorylation of
cytokinin ribosides by adenosine kinase (ADK) is a requirement for the cytotoxic
effect of cytokinin ribosides in both animal (Mlejnek and Dolezel 2005; Voller et al.
2010) and plant cells (Mlejnek and Prochazka 2002). Low affinity to ADK (and
possibly other nucleoside kinases) may explain the lack of activity of other cyto-
kinin ribosides (Mlejnek and DoleZel 2005) and possibly also their analogues with
ribose replaced by acyclic polyols (Colombo et al. 2009; Ottria et al. 2009).
Contrary to other nucleoside analogues that are converted to nucleoside triphos-
phates, the dominant metabolites of cytokinin ribosides are their respective riboside
monophosphates (Mlejnek and DoleZel 2005). This observation suggests that
cytokinin ribosides have a different mechanism of action than -classical
antimetabolites which, after phosphorylation, directly interfere with the synthesis of
nucleic acids. In cultured plant cells, the cytoxicity of cytokinin bases and their
corresponding ribosides are comparable because, in contrast to human cell lines,
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plant cells are able to convert both metabolic forms efficiently into riboside-5
-monophosphates (Mlejnek and Prochazka 2002; Mlejnek and Dolezel. 2005).

A characteristic trait of leukemia cells is blockade of their differentiation into
functional mature cells. Various chemicals acting by diverse mechanisms are able
to force malignant cells to undergo terminal differentiation. Such differentiation
therapy could be much safer than regimens based on cytotoxic effects. Cytokinin
bases K, iP, BA and, to lesser degree, also tZ have been shown to induce granu-
locytic differentiation of human myeloid leukemia cell line HL-60 (Ishii et al. 2002)
derived from the peripheral blood leukocytes of a patient with acute myeloid leu-
kemia. The activity was mediated by phosphorylation of ERK1/2, expression of
CEBPD and S100P (Ishii et al. 2005a, b). Whereas cytokinin bases induced dif-
ferentiation at rather high concentrations (25-100 uM), their ribosides caused rapid
apoptosis at low micromolar levels. Treatment with caspase inhibitors shifted the
activity of iPR in HL-60 from pro-apoptotic to growth inhibitory and differentiating
activity (Ishii et al. 2002). Cytokinins are also able to promote differentiation of
keratinocytes, as discussed above.

14.8 Conclusions

Cytokinins regulate a wide range of plant processes, including growth, differenti-
ation and organ senescence. This fascinating activity together with reports that
some cytokinins occur in animals, including humans, has inspired interest in
studying their effects in mammalian cell cultures and animal models. However,
current knowledge of cytokinin signaling in plants suggests that the diverse effects
of cytokinins in animal systems are relayed by mechanisms and pathways different
from those that mediate hormonal activity in plants.

In plants, cytokinins are recognized by receptor histidine kinases, which are part
of the His-Asp phosphorelay resembling the two-component environmental sensors
of bacteria. No signaling system with similar organization exists in animals. In
addition, plant leaf senescence, an active and highly regulated process, is a phe-
nomenon completely different from animal aging (stochastic accumulation of
damage) and cell senescence (irreversible growth arrest that protects the body
against tumor development).

Nevertheless, studies of cytokinins in mammalian cell cultures and animals have
led to discoveries of a range of responsive pathways and processes, as well as
numerous prospective therapeutic applications. The propensity of cytokinins, which
are adenine and adenosine derivatives, to influence diverse processes in animal cells
is probably a consequence of their ability to interact with various components of the
animal purinome.

The anti-proliferative activity of cytokinin ribosides (through induction of cell
cycle block or/and cell death) and bases (through induction of cell differentiation)
has prompted studies into their potential utility for the therapy of proliferative
diseases like leukemias, cancers and psoriasis. Although anti-cancer cytokinin
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ribosides were evaluated in patients with diverse malignancies as early as the 1970s
(Mittelman et al. 1975), limited activity and problems with stability led to a loss of
interest in further development at that time. Recent interest in cytotoxic anti-cancer
ribosides has been stimulated by molecular studies of their mechanism of action,
e.g., by microarray analyses (Colombo et al. 2009) and discovery of the high
anticancer activity of BARs hydroxylated on the phenyl ring (Dolezal et al. 2007,
Voller et al. 2010). Further, inhibitors of cyclin-dependent kinases olomoucine,
bohemine, roscovitine, developed in our laboratory, were inspired by cytokinins
(for a review see Jorda et al. 2012).

Another fertile research area was spurred on by the finding that the cytokinin
bases K and 7Z delay the onset of several characteristics related to aging in human
skin fibroblasts during serial passage in vitro (Rattan and Clark 1994; Rattan and
Sodagam 2005). Some cytokinin bases even extend the lifespan of invertebrates
such as drosophila (Sharma et al. 1995) and C. elegans (our unpublished data).
Even today, when ¢Z, K and its analogue Pyratine are the principal components of
cosmetics used for the treatment of aging skin, their mechanism of action is still not
fully understood. Since the original discovery, research has mainly focused on the
ability of cytokinins to protect macromolecules and cells against oxidative damage
and stress. Numerous studies have reported the ability of K to quench radicals
directly and this activity has also been observed for several other cytokinin bases.
However, K and ¢Z also induce cellular antioxidant defense by an as yet uniden-
tified mechanism. Moreover, K modulates splicing of certain pre-RNAs
(Slaugenhaupt et al. 2004). Therefore, it is tempting to speculate that it may also
modulate splicing of transcripts of some genes related to cytoprotection.

Recently, Hertz et al. (2013) described an unusual mechanism of cytoprotective
activity of K, including its intracellular conversion into respective ribotides. KRTP
increases the activity of the mitoprotective kinase PINK1 by acting as a more active
ATP analogue (neosubstrate). Other mechanisms of action including the ribosyla-
tion of cytokinin bases cannot be ruled out either. Cytokinin ribosides induce
Nrf2-dependent transcription (Dassano et al. 2014, our unpublished data), inhibit
proteosynthesis (as indicated by a decrease of activating phosphorylation of p70 S6
kinase and S6 protein) and activate autophagy (increase in levels of LC3-II) (our
unpublished data). All these pathways have been implicated in cytoprotection and
aging prevention (Bruns et al. 2015; Madeo et al. 2015). If cytokinin bases are
metabolized into respective ribosides/ribotides in quantities sufficient to activate
those stress response pathways, they could act as hormetin precursors, i.e.,
prohormetins.

In the last few years, cytokinin ribosides have been studied in connection with
their anti-inflammatory and neuroprotective activities. Activation of A, or As
adenosine receptors has been implicated in the effect. Because much more active
agonists have already reached clinical trials, purinergic activity alone may not
warrant future development of such compounds into drugs. However, other path-
ways could possibly be involved in immunomodulatory activity, including
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activation of an Nrf2 response and inhibition of farnesyl diphosphate synthase.
Notably, inhibition of protein farnesylation by iPR mediates not only its anti-cancer
and immunomodulatory activities (Ciaglia et al. 2014; Laezza et al. 2006) but also
its ability to decrease the accumulation of abnormal lamin A (progerin) in the
nuclear envelope of cells originating from patients with Hutchinson-Gilford
progeria (Bifulco et al. 2013). Progerin resulting from aberrant processing of wild
type lamin A transcripts accumulates in tissues including skin of elderly and was
therefore suggested as a biomarker of aging (McClintock et al. 2007). Hence,
topical application of iPR (or possibly iP) could have multiple benefits.

A major obstacle in the development of cytokinin ribosides into anticancer drugs
has been their pharmacokinetics. Clinical trials in the 1970s showed that they have
a short plasmatic half-life (Mittelman et al. 1975). Our studies indicate that cyto-
kinin ribosides may have problems with crossing biological barriers (Voller et al.
2010). However, studies in rodents reviewed above suggest that some cytokinin
ribosides can be absorbed from the gut and even reach the brain, whereas others are
able to penetrate the skin, as indicated by their therapeutic effects. Unfortunatelly,
no information about plasma and/or tissue concentration has been reported. Such
observations do not guarantee similar behavior in humans because of differences in
physiology. For example, human skin has not only less hair follicles but also a
thicker epidermis and dermis, which pose a much higher barrier to the penetration
of drugs, especially hydrophilic ones. Prodrugs may be necessary to allow the
active compound to reach target deep layers of (intact) skin. Another option could
be administration of cytokinin bases that could be converted into active ribosides
within the tissue, as discussed above. Once a cytokinin riboside is present in target
skin layers, its pharmacokinetic properties may be seen as an advantage as they will
prevent it from reaching the systemic circulation, and thus limit possible side effects
(e.g., vasodilatation in the case of A,AR agonists).

K, #Z and Pyratine are principle components of cosmetics products (Kinerase
and Pyratine-6 lines). Clinical evaluation reports have been published for K and
Pyratine. Both compounds showed beneficial effects on photoaging skin and also
ameliorated some symptoms of acne rosacea. Most of the studies were open-label
and single-arm and effects were compared to the state before the treatment. The
reported positive results together with multiyear experience of their safe usage in
cosmetics could encourage testing of these compounds in clinical trials with a better
design that may eventually support their approval in acne rosacea or possibly other
inflammatory skin conditions. Recent discoveries of the unique activities of K
relevant for the treatment of Parkinson’s disease (PINKI1 activation) or familial
dysautonomia (correction of aberrant splicing of IKBKAP transcripts) may result in
clinical trials in those indications. Recruitment of patients for a study of familial
dysautonomia is currently underway. Because the therapy would require chronic
administration of K, we may also learn about its anti-aging activities not yet
described from those studies.
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