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ABSTRACT

This article represents the main positions of the the-
ory of pleiotropic action of biologically active com-
pounds (BACs) and medicines, which has been design-
ed by the author based on her own experimental re-
searches. The term “pleiotropy” means the ability of
the BACs and medicines to implement more than one
mechanism of action resulting in the specific biolo-
gical (pharmacological) effect. The interaction of these
mechanisms forms a distinct pattern of biological re-
sponse (pleiotropic pattern), which reflects the change
in his character with the increased dose (concentra-
tion)-dependent efficacy of BACs and medicines. The
article consists of description of different pleiotropic
patterns established in experiments on the model of
reactive oxygen species (ROS) generation by macro-
phages dependent on activity of specialized enzyme
called Nox2-NAD(P)H oxidase (Nox2, EC 1.6.3.1).
Moreover, it consists of explanation of pharmacody-
namic nature of pleiotropic patterns by means of ap-
plication Chou-Talalay median effect equalization and
combination index (CI) theory. The novel theory ex-
plains unsolved until now universal aspects of activity
BACs and medicines, such as slope angles of “dose-
effect” dependences in the conditions relevant in vivo,
and it is of fundamental interest. However, it has ap-
plications in experimental pharmacology, as it allows
defining the choice of the individual compounds and
combinations, modulating the trust effect selectively
and efficiently. This knowledge opens up new appro-
aches to medicines discovery and evaluation, their ra-
tional dosing and combining.
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1. INTRODUCTION

Rapid development of molecular pharmacology and or-
ganic chemistry in the XX century has given mankind
the explosive growth of the absolute number of new me-
dicines, but, as the result of clinical studies, many proto-
types, emerged at the dawn of experimental pharmacol-
ogy, proved to be more effective than those that have
seemingly improved pharmacodynamic and pharmacok-
inetic profile. Since efficiency is the main criterion of the
clinical medicine value, such drugs have become the stan-
dard (exemplar). Our research demonstrates that a high
therapeutic efficacy of standard treatment may be due to
the special nature of their biological effect, based on ple-
iotropic action.

The term “pleiotropy” borrowed by the author from
the terminology of genetics, in the best possible way re-
flects the nature of the biologically active compounds
(BACs) and medicines in complex biological systems
and in vivo, organized by certain biological (pharmacol-
ogical) effect induction. In genetics pleiotropy refers to
the impact of a single gene in the development of several
phenotypic traits. In this context, pleiotropy means the
ability of the BACs and medicines to implement more
than one mechanism of action resulting in the specific
biological (pharmacological) effect. The interaction of
these mechanisms forms a distinct pattern of biological
response (pleiotropic pattern), which reflects the change
in his character with the increased dose (concentra-
tion)-dependent efficacy of BACs and medicines. Further
in this paper, pleiotropy will be discussed in relation to
antioxidant compounds for the sole reason that the mo-
del used for its study, was the cells, carrying enzyme
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Nox2-associated NAD(P)H-oxidase (Nox2, EC 1.6.3.1)
responsible for reactive oxygen species (ROS) genera-
tion within them, the search of approaches to which be-
came the original paradigm of the research. However, the
patterns revealed by this pleiotropic activity have the
universal biological value and can be applied in any re-
levant conditions. Nevertheless, antioxidants is a group
of drugs most critical for understanding of the pleiotropic
activity nature, as clarification of this issue helps to avoid
many mistakes and disappointments in their clinical ap-
plication.

The fundamental preconditions of the theory of BACs
and medicines pleiotropic action lie in the nature of “dose
(concentration)-effect” dependence shown in Figure 1
for normal (a), semi-log (b) and probit coordinates (c).

The latter two measurements are traditionally used in
experimental pharmacology to analyze the quantitative
parameters of the medicines. The main ones are the
maximum effect (E.,), effective doses (concentrations)
EDs-EDg4 (EC16-ECgy), allowing to estimate the activity
of the effector and the slope coefficient of the “dose
(concentration)-effect” (m) dependence [1,2]. Despite the
fact that the slope angle of “dose (concentration)-effect”
dependence is taken into account in the evaluation of
pharmacodynamic interactions, its determinants are not
known and the reasons for the variability still require
adequate explanation. Attempts to make the analysis of
that kind were taken in the first half of the twentieth
century by Archibald Hill, a British physiologist, who
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offered to consider them as a result of interreceptor in-
teractions within the frames of the receptor theory, de-
veloped intensively at that time, and hypothesized about
conjectured receptor cooperativity. He also introduced a
convenient coordinate system to analyze the slope angles
of “dose (concentration)-effect” (a variant of probit ana-
lysis). Since then, the idea of receptor cooperativity was
widely used in biochemistry and molecular pharmaco-
logy. However, the accumulation of the contradictory re-
sults in the experiments with receptor agonists gradually
led to doubt that receptor cooperativity is the only expla-
nation of differences in the slopes of the dose depen-
dence, especially since it does not include compounds
realizing non-receptor activity mechanisms, also inherent
in these differences. Nevertheless, the extrapolation to
receptorology of enzymological analytical approaches
has led to the fact that for the quantitative analysis of li-
gand-receptor interactions Lainuiver-Berk and Scatchardt
conversions become widely used thus allowing deter-
mine Kd (dissociation constant) for many BACs and me-
dicines based on the slop analysis of the transformed
“dose-effect” dependence. Soon, it was revealed that the
“true” Kd calculated in biochemical experiments, and
“apparent” Kd calculated in pharmacological experi-
ments can vary by several orders of magnitude [3, pp.
14-15]. This controversy led to the idea of free receptors
and attempts to modify the classical theory. Among the
most significant of these efforts the theory by R.B. Ste-
phenson (1956), was the most recognized and greatly
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Figure 1. The “dose-effect” dependence in the normal (a), semi-log (b) and probit (c) coordinates, the main

quantitative parameters of the above dependence (d).
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complemented to the classical theory. It was R.B. Ste-
phenson who first proposed the idea that the connection
between the stimulus and the effect is a property of tissue,
and not the medicine [4], thus, the effect of medicines was
placed outside the receptor theory. Significant contribu-
tion to the development of receptorology was also made
by W.D. Paton (1961) [5], A.T. Karlin (1967) [6], D Col-
quhoun (1973, 1998) [7,8], A. DeLean et al. (1979) [9], A.
Brugen (1981) [10], A. Gero (1983) [11], and other out-
standing scientists. Thanks to their work the classical
theory was significantly extended and many phenomena
of ligand-receptor interactions were explained. However,
the causes of variability in the slope “dose (concentra-
tion)-effect” dependence remained unsolved, like other
phenomena found out in pharmacological in vivo and ex
vivo experiments, including bimodal and polymodal “dose
(concentration)-effect” dependence, obtained in vivo con-
troversial of in vitro linear nature of the ligand-receptor
binding. It should be noted that the current trend in re-
ceptorology development to avoid simplistic represen-
tations of BACs effects and the work of biological sys-
tems was accepted [12-14], so recently in the scientific
terminology the concept of pleiotropic activity was intro-
duced, for example, in respect of G-proteins action [15]
and the segregate drugs effects [16,17]. Regarding the lat-
ter, it is worth noting that the authors use the term “ple-
iotropy” in a different context, meaning a property that
can be rather defined as “multiaffinity” (or “polytropism”).
The differences between these tow aspects of the BACs
action are discussed below. A group of researchers under
the direction of R. Tallarida, a well-known expert in the
field of combinatorial pharmacology, approached to the
nature of pleiotropic action in such interpretation. They
completed and in 2011 published the findings of research
concerning the synergistic mechanisms of tapendalol ana-
lgesic effect [18].

Pleiotropic activity and multiaffinity of BACs and
medicines. Based on the understanding of pleiotropy, as
the ability of the BACs and drugs to cause certain bio-
logical (pharmacological) effect due to the realization of
several activity mechanisms at the range of effective con-
centrations, it is clear, that the molecular nature of the
pleiotropic activity is multifarious and entirely dependent
on the chemical structure and the related physical and che-
mical properties of the compound. As for the antioxidant
effect, studied by the author, pleiotropic activity combines
antiradical properties and pharmacodynamic effects in the
cellular structures and effectors, resulting in some way, in
the decrease of the ROS quantitative yield, involving
Nox2-dependent generation. It should be noted, that the
direct antiradical effect, in its turn, can be regarded as ple-
iotropic, since the vast majority of antioxidants can inte-
ract with several types of free radicals. Discussion of plei-
otropic antioxidant effects is beyond the scope of this
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article, as it was carried out earlier [19].

Pharmacodynamic pleiotropy will primarily be consi-
dered in the relation to receptor agonists as the most wi-
dely used medicines. It is composed of relative recaptor
selectivity of these compounds on the one hand, and the
“plasticity” of receptors themselves, on the other hand.
However, pleiotropic nature is not limited to this. As it is
vividly seen from the research of the last half-decade,
many receptors, and possibly all, inherent relative tro-
pism to the different intracellular signaling pathways with
the potential to alternative signaling through GP-switch
[20]. The example of pleiotropic action due to this me-
chanism may be isoprenaline effect, as the agonist of f-
adrenergic receptors (#-ARs). Its stimulation, according
to modern ideas, should lead to Gs-mediated increase in
the intracellular concentration of cyclic adenosine mono-
phosphate (cAMP) and the strong inhibitory effect for
Nox2-dependent ROS production [21]. However, in fact,
the effect is below the expected yield. Magocsi M. et al.
research [20] allowed to explain it by demonstrating the
fact, which the tropism of the S-ARs to Gs-protein is also
relative and in a variety of conditions f-ARs interacts
with Gi-protein activating phosphoinositol-3-phosphate
(PIP3) cascade, alternative cAMP, and is able to neutral-
ize the effects of its activation [21]. The probability of
Gs/Gi-switching increases with the increment in the
number of activated S-ARs [20]. This is consistent in the
present study with the observed pattern of eliminated
pleiotropic action of isoprenaline (see below) and can, at
least partially, explain its nature. Currently, the causes
and mechanisms of GP-switching are poorly understood,
but they certainly make a significant contribution to the
pleiotropic biological response and may explain, in addi-
tion, some of the contradictions between the resulting
pharmacological efficacy of the number of receptor ago-
nists and receptor theory postulates.

Biological significance also has polytropism (polytro-
pic action), another property of BACs and medicines,
which should be understood as the ability to interact with
several relatively autonomous molecular targets and
cause several independent pharmacological effects, each
being pleiotropic. It is important to emphasize that poly-
tropism is a property of the BACs, whereas the concept
of pleiotropy can rather be referred to the characteristics
of its effects. Polytropism can be the basis of pleiotropic
activity, when multiple targets of BACs responsible for
development of the same effect. A typical example of
polytropic compounds are 7-TMS receptors non-selec-
tive agonists, such as dopamine. Dopamine has polytro-
pism because it can stimulate different receptors (dopa-
mine and adrenergic) and cause independent, often alter-
native, effects. So, in one range of concentrations (doses)
it stimulates dopamine receptors in the kidney vessels,
reducing vascular tone and increasing renal blood flow,
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while in the other, it stimulates alpha-adrenergic recap-
tors of the same vessels, thus leading to the alternative
effect. Moreover, each of the effects may be pleiotropic.
For example, above mentioned vasodilation effect of do-
pamine is ensured not only by “fast” signals from the do-
pamine receptors in the appropriate intracellular effectors,
but also by the delayed effects caused by arrestin activa-
tion [22], as well as by the modification of ROS-depen-
dent intercellular signaling.

Another typical example is nifedipine. In contrast to
isoprenaline, nifedipine realises the amplifying plei-
otropic pattern (see below) for Nox2-dependent ROS ge-
neration in the macrophages, which can be explained by
a dose-dependent blocking Ca’" channels, on the one
hand, and the inhibition of the enzyme protein kinase C
(PKC), on the other hand [23], given, that both effects
inhibit the activity of Nox2. Verapamil, in contrast to ni-
fedipine did not inhibit PKC and for Nox2-dependent
ROS generation realizes a different pattern—parallel ple-
iotropy. Thus, nifedipine is a polytropic compound, plei-
otropy of which appears only in case of a particular ac-
tivity, i.e, inhibiting effect on Nox2-dependent ROS gen-
eration in macrophages, which is provided by the expo-
sure of the two responsible for this process molecular
targets. In a common case, the necessary condition to
form pleiotropy on the basis of polytropism is the acces-
sibility of several molecular targets for the effector and
their simultaneous participation in the development of
the studied effect. Pleiotropy may be provided by the in-
teractions of specific and non-specific mechanisms of
BACs. Modern research in the field of high energy
chemistry suggests that free radical fragmentation of the
polar lipids is not only important for biological mem-
brane disruption, but it also ensures the release of BACs
acting as second messengers in the cells [24]. In this re-
gard, presence of the own prooxidant or antioxidant ac-
tivity of a BACs along with specific activity determines
its resulting biological effect. Propranolol may be taken
as an example of such compounds. It is proved that the
cardioprotective effect of propranolol is provided by its
blockage on the heart f-ARs, on the one hand, and pow-
erful antiradical activity for carbon-centered radicals, on
the other hand [25]. In this aspect, pleiotropy, in essence,
is a manifestation of the internal interactions, initiated by
the mechanisms of intra- and intercellular signaling and
communication. It should be emphasized that the plei-
otropic pattern is determined by the molecular mecha-
nisms of the BACs, but their study and analysis is not
sufficient for the effective practical application of them.
Of primary interest are pleiotropic patterns themselves,
since they offer the possibility of meaningful control of
the effectory system (effect). In this respect, the proper-
ties of the models chosen to assess the effect of BACs
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and medicines from the point of pleiotropy are of great
importance. Returning to the research, the findings of
which form the basis of this work, it should be noted,
that it is the choice of the relevant model that allowed us
to define and study the patterns of tested bioactive com-
pounds and antioxidants pleiotropic actions for Nox2-
dependent ROS generation in macrophages.

2. MATERIALS AND METHODS
2.1. Nox2-Dependent ROS Generation Research

The model to study of the Nox2-dependent ROS genera-
tion were resident peritoneal rat macrophages. This re-
search is based on the testing findings of 140 individual
compounds and 80 combinations of the BACs and phar-
macological agents in a wide range of concentrations
(107 - 10°® M). The influence of the test compounds and
their combinations on total and Nox2-dependent ROS
generation in macrophages was studied separately by lu-
minol-dependent chemiluminescence (CL) in experiments
in vitro on the LKB Wallac-1251 Luminometer (Sweden).
As an inducer of the respiratory burst, opsonized zymo-
san (OZ) was used, the testing time of pre-incubation
compounds with macrophages was 10 minutes, while the
time of CL registration was 40 minutes. The total (cumu-
lative) number of ROS generated by cells was assessed
by the area under the CL curve (AUC CL), mV/106 cells.
The indicator of the Nox2-dependent pool contribution in
total cellular ROS production was described as DAUC
CL mV/106 cells and calculated as the difference be-
tween AUC CL and the part which is due to the ROS ge-
neration is beyond Nox2 activation (provided by other
sources of ROS). The CL sample indicators, containing
the compounds under study, were expressed in the per-
centage to the control samples. The effect of each modu-
lator and combination was reproduced from 3 to 8 times.

2.2. Statistical Processing and Analysis

Statistical processing of the primary outcome in the se-
ries was performed using paired t-test, interseries com-
parisons were made by the Student’s t-test criterion. In
all cases, the difference was considered significant if the
probability of error was less than 5% (p < 0.05). Anti-
oxidant activity of the compounds was assessed by the
degree of CL suppression, calculating the effective in-
hibitory concentrations (IC16 - IC84) by the linear re-
gression using PAP “Statistica 6.1” and the “Microsoft
Office Exel 2010 algorithm to analyze the interaction of
component combinations by the Chou-Talalay combina-
tion index (CI) method [2]. In general, the equation of
the combination index is expressed as follows (1):

where (D)—agent dose (concentration) producing the
effect of a certain strength in case of combined use; (D,);
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(D),
(D),

—agent dose (concentration), producing a similar effect
in case of the individual application; n—the number of
components in a combination.

Assessment of synergy and antagonism according to
Chou-Talalay is as follows: CI < 0.1—very strong syner-
gism; 0.1 - 0.3—strong synergism; 0.3 - 0.7—synergism;
0.7 - 0.85—moderate synergism; 0.85 - 0.90—weak sy-
nergism; 0.90 - 1.10—additive effect; 1.10 - 1.20—weak
antagonism; 1.20 - 1.45—moderate antagonism, 1.45 -
3.3—antagonism; 3.3 - 10.0—strong antagonism, >10—
very strong antagonism.

cI :i (1)

2.3. Pleiotropy Analysis

The most important feature of the model, chosen to as-
sess pleiotropy, is a differentiated analysis of the test
compound activity relative to the total process, and to the
part of the process provided by the activity of the parti-
cularly effector’s. So, analysis of the pleiotropic patterns
in this study was made with a simple, yet highly infor-
mative model. Its essence is to determine the ratio of the
test compound (or combination of compounds) effect in
relation to Nox2-dependent ROS generation activity re-
ferring to the total process of cell ROS generation. This
ratio has been called the coefficient of relative activity
(pleiotropic activity, K,). On the basis of the calculation
data in the range of effect from E¢ to Eg4 for compounds
inhibiting Nox2-dependent ROS generation in macro-
phages the pleiotropic pattern (K;s.g4) was assessed. The
coefficients K;¢g4 were calculated according to the for-
mula (2):

K — ICxAUC
*IC

xDAUC

(2)
IC, was calculated by the equation [2] (3):

1c, =1¢, [ £,/0-1,)]" 3)

where K, is the pleiotropic activity coefficient at the X
level of the effect; /C, yc—inhibitory concentration of
the compound in relation to the total ROS generation at
the X level of the effect; /C,pyc—inhibitory concentra-
tion of compound for Nox2-dependent ROS generation
at the same effect level; f,—affected fraction from the
maximum effect; 1—f, (f,)—unaffected fraction from the
maximum effect; m—the slope coefficient of the “con-
centration—effect” dependence.

It is seen from the above equation that the pleiotropic
pattern demonstrates a Nox2 contribution to the forma-
tion of the total pool ROS generated by cell at different
concentrations of the BACs. Thus, if the Nox2 contri-
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bution growth increased symbatically to the modulator
concentration, a pattern, called sequential amplified (sy-
nergistic) pleiotropy (SAP-pattern), was shaped. This pat-
tern corresponded to the exponential increase of Kig.g4
with the increase of the BACs efficiency, which is clearly
seen in Figure 2(a). The results are presented in semi-
logarithmic coordinates (Log K, — E,), this pattern corre-
sponds to the positive values of the slope of the pleio-
tropic pattern to the x-axis, on which biological effec-
tiveness of the active compound (tg > 0.1) (Figure 2(b)).

On the contrary, if Nox2 contribution to the ROS cell
generation decreased with the increase of the modulator
concentration, the sequential eliminated (antagonistic)
pleiotropic pattern (SEP-pattern) was formed. Exponen-
tial K;6.34 decrease with the increase of the BACs effi-
ciency was consistent with this pattern. In the process of
data processing in the (Log K, — E,) coordinates, the
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10 100
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-X- SAP-pattern
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Figure 2. Basic pleiotropic patterns of
BACs and drugs for Nox2-dependent
ROS generation by macrophages in FcR-
induced phagocytosis. (a) Logarithmic
coordinates (Log K, — Log E,); (b) Se-
milogarithmic coordinates (Log K, — Ey).
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slope of the pleiotropic pattern in the range K¢.4 to the
x-axis becomes negative (tg <—0.1).

In that case, the contribution of Nox2 in the ROS cel-
lular generation remained unchanged as the increase in
the concentration of the BACs (a constant fraction at each
level of the effect) the parallel pleiotropic pattern (PP-
pattern) was formed that matched the K34 constant in
the effective dose range. In case the results were present-
ed in semilogarithmic coordinates, this pattern is deter-
mined by the value of the tg of +0.1 to —0.1 (0.1 > tg >
—0.1). In general, the pleiotropic activity is a fraction of
the BACs action for the target and cumulative effect, in-
cluding the target effect. Thus, pleiotropic activity is not
the characteristic of the effectors (BACs), but their effect
in the particular biological circumstances (test-systems).

Another essential property of the model is the effect
assessment of by the parameters allowing take into ac-
count a set of the tested compound activity mechanisms.
This study considered a quantitative yield of the final
products, determined by the activity of Nox2. The tested
compound could in any way modify the ROS output,
ranging from the direct anti-radical activity and finishing
with the enzyme-generator assembly violation, while
creating a specific pattern that doesn’t characterize me-
chanisms as such, but the nature of their interaction on
Nox2-dependent ROS generation. In the context of the
diagnostics (analysis) it should be emphasized that we
speak about pleiotropic activity in respect of a certain
effect, in this case, inhibition of Nox2-dependent ROS
generation. In addition, pleiotropic patterns are estimated
in each effect separately for polytropic compounds.

3. RESULTS AND DISCUSSION
3.1. Pleiotropic Patterns

The test results of the biologically active set of com-
pounds with different types of activity, inhibiting Nox2-
dependent ROS generation in macrophages, have reveal-
ed three main patterns of pleiotropic action. The charac-
teristics of these patterns are as follows. The first-PP-
pattern, differs by the constancy of the BACs pleiotro-

pic activity in the whole range of effective concentrations.

It suggests a rapid simultaneous operation of the BACs
mechanisms of activity and mechanisms of biosystems
reactivity keeping this consistency throughout the effec-
tive range. This pattern may also be formed by the com-
pounds the pleiotropy of which is not possible to be
identified in the proposed terms and because of this, they
appear to be “monotropic”. In the present model the con-
dition under which a PP-pattern is formed, is the con-
stant activity relating to the Nox2-dependent ROS gen-
eration in any concentrations of the biologically active
compounds, the slope angles of the “concentration ef-
fect” for total and Nox2-dependent ROS generation are
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identical (Figure 3). In the present research, this pattern
was exhibited by f-adrenergic antagonists (propranolol,
sotalol, oxprenolol, metoprolol) and serotonin (ondanse-
tron) receptors, sodium channel blockers (procaine, bupi-
vacaine), verapamil, ATP, serotonin, and the amino acid
L-arginine and antioxidants with high activity for car-
bon-centered radicals (compound C16 - 5-methoxy-1,3-
benzoxatiol-2-thione). In its turn, it is possible to identify
the subvariants of the PP-pattern based on the tropism
mechanisms of its form to the target effector (in this case
Nox2) and alternative effectors, together making up a
complex response, such as ROS cellular production (Fi-
gure 3):
- Pattern of parallel symbatic pleiotropy (PPs-pattern)
with Kjs.84 > 1.0 demonstrates a high tropism for the
target effector;

—m— ATP (DAUC)
—O—ATP (AUC)
—o—C16 (AUC)
—e—C16 (DAUC)
=t L-Arginine (AUC)
—a— L-Arginine (DAUC)

-3 -5 -7
Log (M)

(a)

Log (fal(1-fa))

'
N

L-Arg

ATP
1.0

K16-84

C16

0.1

10 100
—&— PPn-pattern E. %
—&— PPs-pattern
—e— PPa-pattern

(b)

Figure 3. The character of the
“concentration-effect” dependence
for ATP, L-arginine and compound
C16 (top) and corresponding subva-
riants of the parallel pleiotropic pat-
tern (bottom). (a) “Concentration-ef-
fect” dependence for compounds that
show different pattern subvariants
of parallel pleiotropy (Hill’s coordi-
nates). AUC-activity against the to-
tal ROS cell generation, DAUC-ac-
tivity against its Nox2-dependent part;
(b) Subvariants of the parallel plei-
otropic pattern on the example of
ATP (parallel neutral), L-arginine (pa-
rallel symbatic), C16 compounds (pa-
rallel antibatic). Logarithmic coor-
dinates.
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- Pattern of parallel antibatic pleiotropy (PPa-pattern)
with Kjs.84 < 1.0 demonstrates a high tropism to al-
ternative effectors;

- Pattern of parallel neutral pleiotropy (PPn-pattern) with
Ki¢.84 = 1.0 demonstrates comparable tropism for the
target and alternative effectors.

The second is SEP-pattern features intibatic efficiency
increase, exponential decrease of BAC pleiotropic acti-
vity in case when its concentration increases.

This pattern is formed by a sequential, dose-dependent
switching on of the BACs molecular mechanisms and
mechanisms of biological system reactivity, interacting
with each other on the basis of antagonism. In the con-
ditions of the used model it is formed in sequential, de-
pendent on the concentration inclusion of various anta-
gonistic or competing mechanisms of a Nox2 modifica-
tion dependent process, determining the exponential fall
in activity with respect to this component of the total
ROS cellular generation. The angle of the “concentra-
tion-effect” curve slope for total ROS generation exceeds
that of the Nox2-dependent process (Figure 4).

For each BAC the mechanism of the pattern formation
is different, however, all of them lose their activity for
Nox2-dependent ROS generation with the increase of
their concentration. Only a few compounds of different
pharmacodynamic profile demonstrated this type of plei-
otropy, including isoprenaline, AMP, taurine, colchicine.

The third-SAP-pattern is characterized by symbatic ef-
ficiency exponential increase of the BAC pleiotropic ac-
tivity with the growth of its concentration. The condi-
tion for this pattern formation is the sequential, dose-
dependent incorporation of the molecular mechanisms of
BAC:s and of biological systems reactivity mechanisms,
interacting with each other synergistically. In the present
study the condition for the formation of this pattern is se-
quential, concentration-dependent incorporation of syn-
ergistic effects for Nox2-dependent ROS generation de-
fining exponential growth of activity to the components
of total ROS cellular generation. In contrast to the pre-
vious pattern, the “concentration-effect” slope angle for
the total ROS generation is less than for Nox2-dependent
one (Figure 5). In the present study many receptor ago-
nists demonstrated that type of pleiotropic pattern, inclu-
ding antioxidants, with high antiradical selectivity for oxy-
gen-centered radicals, or combining this activity with
pharmacodynamic antioxidant action.

3.2. Correlation between the Pleiotropic Pattern
and the Slope of the “Concentration-
Effect” Dependence

Comparative analysis of the “concentration-effect” de-
pendence slope in the ROS macrophages generation in-
hibitors showed that in assessing the effects of the over-
all process, the greatest slope angle (maximum values tg)

Copyright © 2013 SciRes.

~ Isoprenaline (AUC)
—i— Isoprenaline (DAUC)

Log (fa/(1-fa))

—A—AMP (AUC)
2 ——AMP (DAUC)
-3 5 7
Log (M)
(@)
100.0 -
< 10.0 -
[e0]
©
< 1.0
0.1
10 100
E, %

- Isoprenaline —A— AMP

(b)

Figure 4. The character of the “con-
centration-effect” dependence for isopre-
naline and AMP (top) and the correspon-
ding pattern of the sequential eliminated
(antagonistic) pleiotropy (bottom). (a)
“Concentration-effect” dependence for iso-
prenaline and AMP (Hill’s coordinates).
AUC-activity for total ROS generation,
DAUC-activity for its Nox2-dependent
part; (b) General view of a sequential eli-
minating (antagonistic) pleiotropic pat-
tern on the example of isoprenaline and
AMP. Logarithmic coordinates.

demonstrated the compounds with a SEP-pattern for
Nox2-dependent generation (isoprenaline, AMP), while
the smallest angle was demonstrated by the compounds
with a SAP-pattern (lidocaine, nifedipine); compounds
with PP-pattern had intermediate values of the slope an-
gle (Figure 6).

When we assessed the effect of Nox2-dependent ROS
generation the reversed picture was obtained. In this sys-
tem, the largest angles showed the compounds with a
SAP-pattern (lidocaine, nifedipine), and the lowest angle
demonstrated the compounds with the SEP-pattern (iso-
prenaline, AMP). Modulators realizing the PP-pattern
still had intermediate values of the slope angle (Figure
7).

In general, the “dose (concentration)-effect” slope an-
gle depends on the test systems of the studied modulators.
If the experimental conditions allow to assess the effect
of the modulator with respect to the total process consist-
ing of n certain individual (target) processes, the slope
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Figure 5. The character of the “con-
centration-effect” for isobutyl-methylxan-
thine (IBMX) and nifedipine (top) and
the corresponding pattern of the sequen-
tial symbatic amplifying (synergistic) ple-
iotropy (bottom). (a) ““Concentration-effect”
dependence for IBMX and nifedipine
(Hill’s coordinates). AUC-activity for to-
tal ROS generation by cells, DAUC-the
activity for its Nox2-dependent part; Ge-
neral view of a sequential amplifying (sy-
nergistic) pleiotropy pattern on the exam-
ple of IBMX and nifedipine. Logarithmic
coordinates.

angles of “dose (concentration)-effect” dependence will
tend to be less in the compounds demonstrating a SAP-
pattern and bigger in a SEP-pattern. It is logical to as-
sume that the larger n, the smaller the “dose (concentra-
tion)-effect” slope angle for BACs. For the individual
(target) situation it is quite the opposite process—the
“dose (concentration)-effect” slope angle is bigger in
case of the SAP-pattern and smaller in those with anta-
gonistic pleiotropy (SEP-pattern). Compounds that show
a PP-pattern occupy the intermediate place in both test
systems.

To a great extend the above ideas are in tune with the
ideas of Hill who offered to assess the potential of inter-
action between the receptors according to the tangent
slope angle similar lines obtained for the receptor ago-
nists and introduced in receptology the concept of non-
cooperative receptor interaction (tg = 1), positive (tg > 1)
and negative (tg < 1) cooperativity. However, at that time
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Figure 6. “Concentration-effect” dependence in Hill’s coordi-
nates on the model of total ROS generation (top) and the cor-
responding values of tg angle (bottom right) for a number of
modulators realizing different patterns of pleiotropy for its
Nox2-dependent part (bottom left).
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Figure 7. “Concentration — effect” dependence in the Hill co-
ordinates on the model of Nox2-dependent ROS generation
(top) and the corresponding values of tg angle (bottom right)
for a number of modulators that realize different patterns of
pleiotropy (bottom left).
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the development of the receptor theory and the interpre-
tation of research findings of receptor agonists based on
Hill postulates were limited by rather simplistic notions
about their effects in vivo and they did not take into ac-
count a wide range of biochemical mechanisms, realized
apart from receptor bindings. Due to the same reason
receptor antagonists and compounds of unknown type of
activity were also not taken into account. In the light of
the theory of pleiotropic action, the interaction of recep-
tors can only be considered as one of the mechanisms of
pleiotropy.

3.3. Justification of Pleiotropic Patterns Using
the Chou-Talalay Theory of the
Combination Index

The above concept of pleiotropic patterns could be clas-
sified as a hypothesis, if there were not the evidences
obtained in the experiments concerning the combinations
of BACs. These studies were based on the practical ap-
plication of the Chou-Talalay theory of the combination
index, developed by the authors more than 30 years ago
and thoroughly tested in the world experimental practice
[2]. While studying of nearly a hundred different combi-
nations of BACs with the assessment of pleiotropic pat-
terns with respect to their inhibitory effect on Nox2-as-
sociated ROS generation it became possible to establish
the following. The greater the number of cross-mecha-
nisms of action provides the combination effect, the more
patterns of combinations differ from patterns of proto-
types. More than that, it is not possible to predict the
combination pattern by the prototypes patterns, as well as
it is not possible to predict the outcome of their pharma-
codynamic interactions [1,2]. However, based on the
pattern combination matching, and the character of their
components interaction, we can prove the nature of plei-
otropy individual patterns, which has so far been con-
sidered only in the framework of the hypothesis. Without
taking into account the absolute values of the combina-
tion index (CI) and related interpretations of the interac-
tion findings and consider only CI dynamics, as a basic
feature in the process of the growth effect (and concen-
tration) of the active compound, the observed pattern
should look in the following way. If there components
demonstrate dose-dependent synergistic interaction re-
garding the Nox2-dependent ROS generation, the com-
bination should form a SAP-pattern, and in case of dose-
dependent antagonistic interaction—a SEP-pattern should
form.

This thesis is fully consistent with the experimental
results. A combination, the component synergy of which
increases with the increase of concentrations, regardless
of the prototypes patterns, realized two pleiotropic pat-
terns-amplified (SAP-pattern) or parallel (PP-pattern). In
contrast, the combinations in which with the increase
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of concentration antagonism of ingredients has grown
(even the initial synergies at E;4.39) have formed the SEP-
pattern. The examples of combinations of the first and
second type are shown in Figure 8.

3.4. Place of the Theory of Pleiotropic Action in
Modern Pharmacology

Analysis of the Experimental Pharmacology historical
experience and the current situation show that the weak
point of modern scientific research is extremely high
(analytical) specialization of individual scientific fields
and almost complete absence of synthetic approaches mu-
tually integrating their knowledge and thus opening the
prospects for effective practical application of funda-
mental scientific advances. Relating to the dose regulari-
ties of drug use, the main mistake is to identify the effect,
caused by a specific receptor binding with the resulting
effect of the BACs and medicines, composed of the ef-
fector activity set of mechanisms and the reactivity me-
chanisms of the biological system itself. The novel the-
ory of pleiotropic action resolves this conflict, focusing
on the nature of the “dose (concentration)-effect” depen-
dency from the point of view that the slope angle is an
integral indicator of the BACs and medicines interac-
tion with biosystems (bioeffectors) on the basis of their
functional plasticity. This explains not only the differ-
ence between the slope angles for different medicines in
the same test system, but also the differences of angles
for the same medicine in different test systems. Analysis
of the medicine effects from the point of view of this
theory allows to explain both the pleiotropy as the abso-
lute difference in the “dose-effect” slope dependences,
set in a specific test system, and the relative differences
in the slope, potency and efficacy found when the effects
relating to the total process, and the its target components
were compared. The novel theory also explains bimodal
(polymodal) “dose-effect” dependences in pharmacologi-
cal experiments, as opposed to the linear dependence ob-
tained in biochemical research in vitro. The theory of
pleiotropic action is complementary to the receptor the-
ory and the theory of Chou-Talalay combination index.
Together with them it enhances understanding the es-
sence of the biological effects of BACs and medicines
and their combinations, and allows explore the most ef-
fective ones, with a high tropism to target components of
complex biological processes, the search of approaches
to modulation of which activity is the essence of research
in a special pharmacology.

4. CONCLUSION

The theory of pleiotropic action of biologically active
compounds and medicines explains unsolved until now
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Figure 8. Characteristics of “concentration-effect” dependency (for Nox2-dependent
ROS generation), pleiotropic patterns (Ki¢.g4 dynamic) and the corresponding patterns of
the combination index (Cl¢g4 dynamic), characteristic to the combinations of BACs,
differed by the potential of pharmacodynamic interactions. (a) Combination of nifedipine
and trans-resveratrol (in the molar ratio 1/1), the components of which demonstrate a
dose-dependent increase in a pharmacodynamic synergy (Cl4.54 dynamic), corresponds
the SAP-pattern (right), logarithmic coordinates; the slope angle of the curve “con-
centration-effect” dependence for the combination is increased compared with the com-
ponents (left, Hill coordinates); (b) IBMX and nifedipine combinations (in the molar ratio
1/1), the components of which demonstrate a dose-dependent increase in pharmacody-
namic antagonism (Cl,4.g4 dynamic), corresponds the SEP-pattern (right, logarithmic co-
ordinates); the slope angle of the curve “concentration-effect” dependence is decreased

related to the combination of the individual components (left, Hill coordinates).
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