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Abstract

Kukoamine A (KukA) is a spermine (SPM) conjugate with dihydrocaffeic acid (DHCA), with interesting biological
activities. The four possible regioisomers of KukA, as well as a series of KukA analogs incorporating changes in
either the SPM or the DHCA structural units, were evaluated for their antioxidant activity and their inhibitory
activity on soybean lipoxygenase (LOX) and lipid peroxidation. The reducing properties of the compounds were
evaluated using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging assay and found to be in the
range 5-97.5%. KukA significantly inhibits LOX with IC, 9.5 uM. All tested analogs inhibited lipid peroxidation in
the range of 11-100%. The most potent compounds KukA and its analog 3, in which the DHCA units had been
replaced by O,0’-dimethylcaffeic acid units, were studied for their anti-inflammatory activity in vivo on rat paw
edema induced by carrageenan and found to be of comparable activity to indomethacin. The results of the bio-
logical tests are discussed in terms of structural characteristics.

Keywords: kukoamines; spermine; dihydrocaffeic acid; antioxidant activities; anti-inflammatory activities;

lipoxygenase inhibitors; lipid peroxidation

Introduction

Caffeic acid (CA), dihydrocaffeic acid (DHCA), and their
analogs are potent natural antioxidants with multiple
mechanisms involving free radical scavenging, metal ion
chelation, and inhibitory actions on specific enzymes that
induce free radical and lipid hydroperoxide formation'*
Therefore, their antioxidative actions could prevent oxidative
rancidity in foods and oxidative damage in vivo, relating
to diseases such as cancer, diabetes, and cardiovascular,
Alzheimer’s, and Parkinson’s diseases.

Spermine (SPM) is a natural antioxidant, which is found
in all living organisms. Research shows that SPM has an
important function in those areas of the body that are
exposed to a high level of oxygen usage. This pertains to
the skin, the brain, sperm cells, and the lungs in particular.
Spermine’s role is that of protecting cells against free radi-
cals and of their destructive effects’.

Today, there is increased interest in the combina-
tion of two pharmacophores on the same scaffold. This

procedure leads to hybrid molecules or conjugates, which
areusually more effective than their individual components.
Kukoamines A (KukA) and B (KukB) (Figure 1) are SPM
alkaloids, actually SPM conjugates with DHCA, which have
been isolated from the medicinal plant Lycium chinense*®.
More recently, alkaloids of the kukoamine type, e.g. KukA,
were identified in a range of solanaceous species, including
potato®. KukA shows hypotensive activity?, and is a potent
and selective inhibitor of trypanothione reductase (TryR)’,
a crucial enzyme for the survival of pathogenic trypano-
somatid parasites from oxidative stress.

There is an increasing interest in antioxidants,
particularly in those intended to prevent the presumed
deleterious effects of free radicals in the human body, and
to prevent the deterioration of fats and other constituents
of foodstuffs. In both cases, there is a preference for anti-
oxidants from natural rather than from synthetic sources.
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Figure 1. Structures of compounds encountered in the present work.

In an effort to identify the structural characteristics of the
kukoamine alkaloids responsible for their antioxidant
activity, we have synthesized all four possible regioisomers
of kukoamine A, namely KukA-D (Figure 1), as well as a
series of KukA analogs®!’, examples of which (compounds
1-7) are presented in Figure 1. We now considered it of
interest to examine the possible lipoxygenase (LOX)
activity of KukA and its analogs as presented in Figure 1
as well as their potential to inhibit lipid peroxidation of
biological membranes and to act as anti-inflammatory
agents. Through these compounds, we could hopefully
determine the effect of the following structural elements:
(a) the site of attachment of the DHCA units on the
polyamine skeleton (KukA-D), (b) the replacement of the
phenolic hydroxyl functions by H, OMe, or NO, groups
(analogs 2-6), (c) the replacement of the DHCA units by
caffeic acid (CA) units (e.g. analogs 3-6), (d) the use of

polyamines with shorter chains, e.g. spermidine (SPD) as
exemplified with analog 7, and (e) the replacement of the
secondary amino functions in SPM with the strongly basic
and better binding guanidyl functions (analog 1), on the
biological activity.

Materials and methods

Materials

All the chemicals used were of analytical grade and
commercially available from Merck. 1,1-Diphenyl-2-
picrylhydrazyl (DPPH) and nordihydroguairetic acid
(NDGA) were purchased from Aldrich Chemical Co.
(Milwaukee, WI, USA). Soybean lipoxygenase, linoleic acid
sodium salt, and indomethacin were obtained from Sigma
Chemical Co. (St.Louis, MO, USA) and carrageenan, type
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K, was commercially available. For the in vivo experiments,
male and female Fischer-344 rats (180-240 g) were used.

KukA and B are known compounds*® and KukC and
D and KukA analogs 1-7 have already been described® .
For the purpose of the present biological studies, all these
compounds were prepared as follows. KukA was obtained
as its corresponding dihydrochloride salt using the meth-
odology presented in reference 10. KukB-D were obtained
as their corresponding dihydrochloride salts according
to the methods described in reference 8. KukA analog 1
was obtained as the corresponding bistrifluoroacetate
salt according to the method described in reference 9.
KukA analogs 3-6 were obtained as their corresponding
bishydroxysuccinimidate salts according to the methodo-
logy described in reference 10. Finally, the methodology
described in reference 10 was also employed for the prepa-
ration of KukA analogs 2 and 7.

Physicochemical studies

Determination of lipophilicity as Clog P values

Since lipophilicity is a significant physicochemical prop-
erty determining distribution, bioavailability, metabolic
activity, and elimination, we tried to calculate theoretically
the lipophilicity values of KukA and its analogs as Clog P
values in n-octanol-buffer using the CLOGP Program of
Biobyte Corp.'.

Biological assays

In vitro assays

For the in vitro tests a Lambda 20 (PerkinElmer) UV-Vis dou-
ble beam spectrophotometer was used. Each in vitro experi-
ment was performed at least in triplicate and the standard
deviation of absorbance was less than 10% of the mean.

In this investigation all compounds were studied in order
to gain insight into their biological response. The KukA ana-
logs and the parent molecules CA and DHCA were stud-
ied with regard to their antioxidant ability as well as their
inhibition of soybean lipoxygenase.

Determination of reducing activity of the stable radical
1,1-diphenyl-picrylhydrazyl (DPPH)"?

To an ethanolic solution of DPPH (0.05mM) in absolute
ethanol an equal volume of compound dissolved in dime-
thyl sulfoxide (DMSO) was added. The mixture was shaken
vigorously and allowed to stand for 20 min or 60 min; absorb-
ance at 517nm was determined spectrophotometrically and
the percentage of reducing activity (RA %) was calculated.
All tests were undertaken on three replicates and the results
presented in Table 1 were averaged.

Soybean lipoxygenase inhibition study in vitro'?

The tested compounds dissolved in DMSO were incubated
at room temperature with sodium linoleate (0.1 mL) and
0.2mL of enzyme solution (1/9x10™*w/v in saline) in
Tris buffer pH 9. The conversion of sodium linoleate to

Table 1. Interaction percent with DPPH (RA %), in vitro inhibition of
soybean lipoxygenase (LOX) (IC, ), inhibition percent of lipid peroxidation
(AAPH %), and inhibition percent of carrageenan-induced rat paw edema
(ICPE %) by KukA and analogs.

RA%, IC pMor% ICPE %,
0.1mM inhibition, AAPH %, 0.01 mmol/
Compounds ClogP 20/60 min 0.1mMLOX 0.1mM kg
CA 0.82 55  600pM(IC,) 17.5
DHCA 0.45 100 16% 47
SPM -2.33 4 NA NA
SPD -1.48 NA NA NA
DHCA +SPM 12 5.4% 72.4
(2:1)
DHCA +SPD 7 30% 88.5
(2:1)
KukA -1.79 96  95uM(IC,) 72 43+
KukB —-1.66 97.5 22% 22
KukC -1.53 NA 30% 18
KukD -1.13 42.5 32% 11
1 -2.83 97 16% 36
2 0.57 5 5.4% 68
3 1.42 52 62pM(IC,) 100 42+
4 2.35 51 72pM(IC,) 92
5 2.51 61 20% 100
6 1.99 57 17% 36
7 1.42 10 41% 93
NDGA 81 84%
Trolox 63
Indomethacin 47

Note. The effect on edema is expressed as percent of weight increase
of hind paw (and as percent of inhibition of edema) in comparison to
controls. Each value represents the mean obtained from 6-15 animals
in two independent experiments. In all cases, significant difference from
control: *p<0.1, *p<0.01 (Student’s ¢ test); NA, no activity.

13-hydroperoxylinoleic acid at 234nm was recorded and
compared with the appropriate standard inhibitor.

Inhibition of linoleic acid lipid peroxidation'®

Production of conjugated diene hydroperoxide by oxidation
of linoleic acid in an aqueous dispersion was monitored at
234nm. 2,2'-Azobis(2-amidinopropane) dihydrochloride
(AAPH) was used as a free radical initiator. Ten microliters
of the 16 mM linoleic acid dispersion was added to the UV
cuvette containing 0.93mL of 0.05M phosphate buffer, pH
7.4, prethermostated at 37°C. The oxidation reaction was
initiated at 37°C under air by the addition of 50 wL of 40 mM
AAPH solution. Oxidation was carried out in the presence of
aliquots (10 L) of KukA and its analogs. In the assay without
antioxidant, lipid oxidation was measured in the presence
of the same level of DMSO. The rate of oxidation at 37°C was
monitored by recording the increase in absorption at 234 nm
caused by conjugated diene hydroperoxides.

In vivo assays

Inhibition of carrageenan-induced edema'*

Edema was induced in the right hind paw of Fischer-344
rats (150-200¢g) by the intradermal injection of 0.1 mL
2% carrageenan in water. Both sexes were used. Female



pregnant rats were excluded. Each group was composed
of 6-15 animals. The animals, which had been bred in our
laboratory, were housed under standard conditions and
received a diet of commercial food pellets and water ad
libitum during the maintenance but they were entirely
fasted during the experimental period. Our studies were
in accordance with recognized guidelines on animal
experimentation. The tested compounds (0.01 mmol/kg
body weight) were suspended in water, with a few drops of
Tween 80, having been ground in a mortar before use, and
then they were given intraperitoneally, simultaneously
with the carrageenan injection. The rats were euthanized
3.5h after carrageenin injection. The difference between
the weights of the injected and uninjected paws was cal-
culated for each animal. The change in paw weight was
compared with that in control animals (in which edema
was also induced by the intradermal injection of 0.1 mL
2% carrageenan in water) and expressed as a percent inhi-
bition of the carrageenan-induced paw edema (ICPE %)
(Table 1). Indomethacin was tested as a reference com-
pound at 0.01 mmol//kg (47%).

The value of ICPE % is the mean from two different experi-
ments with a standard error of the mean less than 10%.

Results and discussion

In this work, we evaluated in vitro and in vivo a series of
KukA analogs that were expected to offer protection against
inflammation and radical attack.

Antioxidants are defined as substances that even at low
concentration significantly delay or prevent oxidation of
easily oxidizable substrates. There has been increased inter-
est in using antioxidants for medical purposes in recent
years. It is well known that free radicals play an important
role in the inflammatory process'. Many non-steroidal
anti-inflammatory drugs have been reported to act either
as inhibitors of free radical production or as radical scav-
engers'®. Consequently, compounds with antioxidant prop-
erties could be expected to offer protection in rheumatoid
arthritis and inflammation and lead to potentially effective
drugs. Thus, we tested the KukA analogs with regard to
their antioxidant ability and in comparison to well known
antioxidant agents, e.g. nordihydroguaiaretic acid (NDGA),
caffeic acid (CA), and trolox.

Antioxidant potential of KukA and analogs

For estimating the antioxidative potential of chemical
components, different experimental approaches are used'®.
Most of them require a spectrophotometric measurement
and a certain reaction time in order to obtain reproducible
results'’. The use of DPPH for a radical scavenging measur-
ing method is employed. DPPH is a stable free radical in a
methanolic solution. In its oxidized form, the DPPH radical
has an absorbance maximum centered at about 517 nm*.
The DPPH method is described as a simple, rapid, and
convenient method independent of sample polarity for
screening of many samples for radical scavenging activity".
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These advantages make the DPPH method interesting for
testing our analogs.

The interaction of the examined compounds with the
stable free radical DPPH is shown in Table 1. This interaction
indicates their radical scavenging ability in an iron-free sys-
tem. With the exception of KukC, SPM, SPD, 2, and 7, all the
other compounds highly interacted with DPPH at 0.1 mM.
The combinations of DHCA with SPM (molar ratio 2:1) and
DHCA with SPD (molar ratio 2:1) presented low interaction
values (12 and 7%, respectively). These results support the
idea that the interaction activity is correlated with the over-
all structure of the synthesized conjugates. The interaction
remains highly constant. No changes are observed after
60 min. Itis evident that the presence of the phenolic hydroxyl
groups and the amino groups of the polyamine skeleton are
correlated with higher values. The replacement of the phe-
nolic hydroxyl groups by H, OMe, or NO, groups leads to
lower values. The site of attachment of the DHCA units on
the polyamine skeleton in KukA-D influences their reducing
ability. Thus, KukA and B present very high interaction values
which disappeared in KukC and decreased in KukD (Table
1). The replacement of the DHCA unit (analog 2) by the CA
moiety (analog 4) increases the interaction value. Analog 7
with a shorter polyamine chain (SPD) is correlated with very
low antioxidant activity compared to analog 3 incorporating
the SPM chain. Finally, the replacement of the secondary
amino groups by guanidyl groups in the polyamine chain
does not seem to influence reducing ability.

It seems that hydrophilicity (low lipophilicity values)
partly affects the reducing ability. In particular, KukA and
B and analog 1 with the highest reducing ability are com-
pounds characterized by low lipophilicity (according to their
theoretical calculated Clog P values) whereas the analogs
3, 4, 5, and 6 with medium reducing ability (51-61%) are
compounds characterized by higher lipophilicity.

LOX inhibition by KukA and analogs

Leukotrienes play an important role as mediators of a variety
of inflammatory and allergic reactions and are derived from
the biotransformation of arachidonic acid catalyzed by
lipoxygenase (LOX). Lipoxygenases play a role in membrane
lipid peroxidation by forming hydroperoxides in the lipid
bilayer®?'. Inhibitors of LOX have attracted attention ini-
tially as potential agents for the treatment of inflammatory
and allergic diseases, but their therapeutic potential has now
been expanded to certain types of cancer and cardiovascular
diseases?*.

Natural polyamines have been shown to inhibit dioxy-
genase activity of soybean lipoxygenase-1. The inhibitory
power was dependent on the number of basic groups in the
molecule, inthe order SPM > SPD > cadaverine > putrescine®.
Both SPD and SPM acted as noncompetitive inhibitors of
lipoxygenase-1 with respect to linoleic acid. The inhibi-
tory power apparently correlated with the radical-trapping
ability of the polyamines. SPD and SPM also inhibited the
co-oxidase and peroxidase activities of lipoxygenase-1*. In
this context, we decided to further evaluate the synthesized
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KukA analogs for inhibition of soybean lipoxygenase (LOX)
by the UV absorbance based enzyme assay* (Table 1). Most
of the LOX inhibitors are antioxidants or free radical scav-
engers®, since lipoxygenation occurs via a carbon-centered
radical. Some studies suggest a relationship between LOX
inhibition and the ability of the inhibitors to reduce Fe** at
the active site to the catalytically inactive Fe**. LOXs contain
a “non-heme” iron per molecule in the enzyme active site
as high-spin Fe* in the native state and high-spin Fe** in the
activated state. Several LOX inhibitors are excellent ligands
for Fe*. This inhibition is related to their ability to reduce
the iron species in the active site to the catalytically inactive
ferrous form?®.

Furthermore, it has been shown that polyamines may
inhibit lipid peroxidation by chelating iron, thus impairing
the iron-mediated generation of free radicals®*. Other lines
of evidence suggest that the radical scavenging ability*” and
the antioxidant power® of polyamines might be important
in the inhibition of lipid peroxidation. Perusal of the IC_, or
percent inhibition values (Table 1) shows that KukA is the
most active (9.5 wM) within the set, followed by compounds
3 and 4. It is therefore apparent that the highest inhibitory
activity is secured by SPM molecules bisacylated at their
terminal amino functions by DHCA and to a lesser degree
by CA analogs substituted by one or two methoxy groups.
Although lipophilicity is referred to* as an important physi-
cochemical property for LOX inhibitors, all the above tested
derivatives do not follow this concept. Thus, KukA had an
IC, value of9.5 uM (Clog P=-1.79) whereas analog 4 had an
IC,, value of 72 pM (Clog P=2.35). Under our experimental
conditions and at 0.1 mM, SPM and SPD do not inhibit LOX.
The combinations of DHCA with SPM (molar ratio 2:1) and
DHCA with SPD (molar ratio 2:1) presented 5.4 and 30%
inhibition, respectively.

Inhibition of lipid peroxidation by KukA and analogs

In this investigation, all compounds were studied in order
to identify their possible inhibitory activity on lipid per-
oxidation. Azo compounds, generating free radicals through
spontaneous thermal decomposition, are useful for free
radical production studies in vitro. The water soluble azo
compound AAPH has been extensively used as a clean and
controllable source of thermally produced alkylperoxyl free
radicals. In our studies, AAPH was used as a free radical
initiator to follow oxidative changes of linoleic acid to con-
jugated diene hydroperoxide. Compounds KukA, 3-5, and
7 showed excellent inhibition of lipid peroxidation. Thus,
of the four kukoamine isomers, KukA is by far the most
potent inhibitor of lipid peroxidation. On the other hand,
conjugates of either SPM or SPD (analog 7) with CA analogs
unsubstituted, or incorporating one or two electron donating
groups (e.g. methoxy) in the ring, provided the most potent
inhibitors (92-100% inhibition) in this set of compounds.
SPM and SPD did not inhibit the lipid peroxidation under
our experimental conditions. However, the combinations
of DHCA with SPM (molar ratio 2:1) and DHCA with SPD
(molar ratio 2:1) presented high inhibitory activity (72.4 and

88.5%, respectively). Lipophilicity is the main physicochemi-
cal parameter influencing their interaction.

In vivo anti-inflammatory activity of KukA and analog 3
KukA and analog 3 were selected to be examined in vivo using
the functional model of carrageenin-induced rat paw edema,
on the basis that these compounds both highly inhibited LOX
andpresentedhighinvitroantioxidantactivities. Carrageenan-
induced edema is a non-specific inflammation resulting from
a complex of diverse mediators®. As shown in Table 1, both
compounds induced equipotent inhibition against rat paw
edema, which is very close to the effect produced by the com-
monly used standard, namely indomethacin.

Conclusions

A series of KukA isomers and analogs were tested for their
antioxidant activity.

The highest activity was shown by KukA, KukB, and KukA
analog 1. KukA showed the best inhibitory activity on LOX
followed by KukA analogs 3 and 4. These compounds showed
much higher inhibition of LOX compared to caffeic acid and
better inhibitory activity on lipid peroxidation compared to
trolox. KukA and KukA analog 3 with the most promising
biological profile also showed very good anti-inflammatory
activity in vivo compared to indomethacin.

In general, the presence of the hydrophilic SPM skel-
eton, the increased conformational freedom in the DHCA
moiety (replacement of the rigid trans-CH=CH in CA by
the CH,CH, function in DHCA), and the presence of free
phenolic hydroxyl groups seem to increase substantially
the antioxidant properties and the ability to inhibit LOX and
lipid peroxidation as well as show strong anti-inflammatory
activity. However, inhibition of lipid peroxidation seems not
to be dependent on the length of the polyamine chain, the
absence of free phenolic hydroxyl groups, and the degree of
unsaturation of the CA side-chain.
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