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Abstract:

Pharmacokinetics of amixin, a synthetic interferon inducer, has been studied in mice under intravenous and oral routes of administra-

tion. Following oral administration, 80% of the drug was eliminated in the unchanged form. Its absolute biological availability com-

prised 0.7. In comparison to oral administration, after intravenous injection concentrations of amixin and its radioactive metabolites

were higher during the first 5–120 min of the experiment in all organs and tissues. During the first 4–24 h, we observed an increase in

the total radioactive material that was similar for both modes of administration. Low drug elimination rate was noted under both con-

ditions. A novel integral model-independent method for estimation of equilibrium tissue-to-plasma partition ratios (K�) has been

proposed. The suggested integral parameter K� does not depend on the structure of the kinetic scheme and, most importantly, could

be used for analysis of incomplete kinetic curves. We also propose a combined model that could help determine parameters of irre-

versible xenobiotic binding, the extent of the absorption from the intestine and relative efficacy of the hepatic excretion, in particular

presystemic drug elimination.
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Introduction

Amixin or tilorone (2,7-bis-[2-N,N-diethylamino-

ethoxy]-fluorene-9-one) is a synthetic immunomodu-

lator widely used in therapy and prophylaxis of viral

diseases [13, 24, 31–33]. Antiviral and interferon-

inducing action of tilorone has been known for more

than 30 years [8–10]. According to numerous studies

[7, 17, 18, 20, 23, 30, 34, 35, 38, 44], tilorone stimu-

lates production of endogenous interferon mainly in

T-lymphocytes. Binding of interferons to their spe-

cific receptors initiates synthesis of antiviral, antipro-

liferative and immunomodulating substances [4, 6,

26, 28, 40, 46]. Antiviral activity of tilorone against

hepatitis B and C viruses has received a particular at-

tention [13, 17, 39]. Activation of spleen natural killer

cells in vivo has been documented and a possibility of

using tilorone as a cytostatic drug was discussed [1–3,

25, 27, 29]. One of the possible mechanisms of antivi-

ral effects of tilorone could involve its interaction

with nucleic acids [8–10, 21, 37]. Tilorone and similar

compounds could, therefore, have an oncotherapeutic

potential [5, 12, 22].

In contrast to many studies on the biological activ-

ity and mechanisms of action of tilorone, there are

very few accounts of its pharmacokinetics in animals.

Wacker et al. have studied distribution of the total
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radioactivity after intraperitoneal administration of
14C-tilorone at a single dose of 1.5 mg/kg and only

after 16 h [45]. Maximum contents of tilorone were

determined in the liver, spleen and kidneys of mice.

Gaur and Chandra who studied distribution of tilorone

24 h after its administration have obtained similar re-

sults [15]. Intracellular distribution of [14C]-tilorone

hydrochloride in various tissues of rats and mice was

also reported in the latter study. Golovenko and Bori-

syuk studied pharmacokinetics of amixin following

multiple oral administration [19]. They noted a high

steady-state concentration of the drug in various tis-

sues and its slow elimination. It has been demon-

strated that biotransformation of tilorone in rats and

mice is not significant [41, 45]. Minor metabolites de-

tected in the above-mentioned studies were products

of oxidation of aliphatic moieties of the tilorone mole-

cule. Depending on the biosubstrate, 70–90% of the

total radioactivity was represented by the parent drug

[41, 45]. This allows for using kinetics of the total ra-

dioactivity contents for pharmacokinetic studies of

[3H]-tilorone.

In our study, we, therefore, studied kinetics of

[3H]-amixin distribution in tissues of mice following

a single intravenous or oral administration. Since eli-

mination of amixin is very slow, we proposed a novel

integral method of model-independent analysis that

could be used to analyze pharmacokinetics of xenobio-

tics that lack a pronounced distribution or elimination

phase. Also a combined model-independent method

has been worked out to determine irreversible binding

of amixin in the body.

Materials and Methods

The study was conducted according to the principles

of the “Declaration of Helsinki”. Experimental proto-

cols were approved by the Ethics Committee of the

Pharmacological Committee of Ukraine and performed

in strict accordance with the Ethics Committee regu-

lations for the use of experimental animals.

Animals

The experiments were performed on female outbreed

mice weighing 18–24 g. The animals were obtained

from the breeding facility of the Russian Academy of

Medical Sciences (“Stolbovaya”, Moscow, Russia)

and housed in groups of eight to ten animals per cage.

The mice were kept under a continuous 12 h light-

dark cycle at the room temperature and were provided

with food and water ad libitum.

Experimental procedures

Pharmacokinetics of amixin was studied using labeled

2,7-bis-[2-N,N-diethylamino-[3H]-ethoxy]-fluorene-9-

one dihydrochloride (I) (JSC Interkhim, Odessa,

Ukraine). High radiochemical purity of [3H]-I (99.6%)

was inferred from radiochromatographic analysis and

specific radioactivity was 2.3 Ci/mol.

Amixin was administered intravenously in an iso-

tonic solution into caudal vein and orally at a dose of

50 mg/kg. Animals were killed by rapid decapitation

at 5, 15, 30 min, 1, 2, 4, 8 and 24 h after administra-

tion and their organs and tissues were taken for analy-

sis. Total radioactivity was determined in 0.3 ml sam-

ples of plasma and tissue homogenates (1:5) using Tri

Carb 2700 scintillation counter (Canberra Packard,

USA).

Data analysis

Calculations of total radioactivity in the body after in-

jection of [3H]-I (mean ± SEM) and regression analy-

sis were performed using Microsoft Excel. Values of

the areas under the “drug concentration–time” curves

(AUC0–t) were calculated by the trapezoidal rule.

Values of total radioactivity in tissues were compared

by Student’s t-test for unpaired data. The results were

considered to be statistically significant when p < 0.05.

Results

Amixin was rapidly distributed in the body upon both

ways of administration (Tab. 1). A rapid phase of dis-

tribution of [3H]-I has been noted that faded already

during the first hour following drug administration.

The highest total radioactivity was observed in the

liver and kidneys of mice. The lowest radioactive

counts have been found in plasma (Tab. 1). The con-

centration of [3H]-I and its radioactive metabolites in

the liver was two orders of magnitude higher than in

blood throughout the whole study period. Elimination
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of the total radioactivity was rather slow during

0.083–24 h after oral administration of [3H]-I. Varia-

tions of total radioactivity contents were observed in

some tissues during the first intervals of the experi-

ment (0.083–1 h), which were not significant as esti-

mated by Student’s t-test (Tab. 1). These variations

led to humps in the graphs of the relationships be-

tween AUC values (see below). A more detailed study

of the mechanism of these variations is necessary,

which was, however, beyond the scope of our work.

The critical observation crucial for our further analy-

sis of the amixin mass transfer between blood and or-

gans was that the ratio of rate constants approached

a steady-state value equal to the equilibrium constant.

We noted that in the case of intravenous injection

of [3H]-I, total radioactivity in plasma, kidneys, brain,

heart and skeletal muscle tissues was significantly

higher (p < 0.01) than after oral administration. Such

differences, however, have not been observed for liver

and spleen. In spleen, significant differences in con-

tents of the drug between different ways of admini-

stration were noted only during initial 15 and 30 min.

The route of administration did not affect amount of

amixin in the liver. An interesting feature of amixin

pharmacokinetics after intravenous injection was

a high level of total radioactivity in lung tissue at the

beginning of the experiment (0.083–2 h). This obser-

vation possibly indicates first-pass uptake of the drug

by lungs. Also, disproportional increase in total radio-

activity was noted in spleen tissue (Tab. 1).

Analysis of the distribution of amixin prompted us

to divide all tissues studied into three groups. The first

group consisted of organs where first-pass effects and

uptake were significant, i.e. hepatic and lung tissues.

Organs where drug concentrations were proportional

to plasma levels, and where practically steady-state

levels of total radioactivity have been observed (kid-

neys, heart and skeletal muscles, brain) belonged to

the second group. Spleen tissue represented the third

group where disproportional enhancement of total ra-

dioactivity with respect to plasma levels was detected.

Model-independent estimation of distribution

of amixin in organs and tissues of experimental

animals

Model-independent approaches to the analysis of dis-

tribution of xenobiotics are based on the most general

kinetic parameters that do not depend on the structure

of the kinetic scheme of the mass transfer of sub-

stances in the body [16].

In our previous works, the analysis of the distribu-

tion of a xenobiotic between blood and tissues was

based on the assumption that the rate of change in its

contents in an organ (d(2At)/dt) is equal to the differ-

ence between rate of its transfer from blood (compart-

ment (1) (12vt)) into this organ (compartment (2)) and

rate of the reverse process from (2) in (1) described by

rate constants (12k and 21k) [42, 43]:

d A

dt
v v

v k A

v k A

A V C

t
t t

t t

t t

t

( )2
12 21

12 12 1

21 21 2

1 1 1

= −

= ⋅
= ⋅
= t

t tA V C2 2 2=















(1)

where 1At and 2At are quantities of drug in compart-

ments (1) and (2) at time t, 1V and 2V are apparent dis-

tribution volumes in compartments (1) and (2); 1Ct

and 2Ct are concentrations of A in compartments (1)

and (2).

Model-independent approaches to the analysis of

results are based on the equation obtained by integra-

tion (from 0 to t) of Eq. (1):

2 12 1 1

0

21 2 2

0

A k V C dt k V C dtt

t

t

t

t= −∫ ∫ (2)

When t � � in the case of a single administration of

a xenobiotic, then 2At � 0. Thus, equation (2) be-

comes simplified and it is possible to define the value

of an equilibrium constant of distribution between

blood and studied tissue (Kp):

Kp
k V

k V
C dt C dtt t= =





























∞ ∞

∫ ∫
12 1

21 2

2

0

1

0

(3)

This approach is widely used when analyzing results

in accordance with the formal apparatus of physio-

logical modeling of distribution processes of drugs in

the body [16, 36]. A disadvantage of this method is

the need to estimate 1

0

C dtt

∞

∫














and 2

0

C dtt

∞

∫














values

based on results obtained in the limited time interval,

set by the experimental protocol. To calculate values
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of integrals of xenobiotic concentration C dtt

0

∞

∫













, areas

under pharmacokinetic curves (AUC) are determined

in the interval from 0 to t, by the trapezoidal rule.

If mass transfer of substances in the body indeed

follows the mechanisms described by Eq. (1), then ir-

respective of the nature of changes in xenobiotic con-

centration in blood (1), its quantity transferred into

tissue from the starting time (t = 0, 2C0 = 0) to the

time t 12

0

v dtt

t

∫














will be:

12

0

12 1 1

0

12 1 1
0v dt k V C dt k V AUCt

t

t

t

t∫ ∫= = − (4)

where 12k is the rate constant (expressed in units

of time–1) of xenobiotic translation from (1) to (2);
1AUC0–t – is the area under the concentration-time re-

lationship of the drug in blood (plasma), determined

within the interval from time 0 to t.

The quantity of the substance eliminated from (2)

(i.e. transferred back to (1) from (2)) at time t is:

21

0

21 2 2

0

21 2 2
0v dt k V C dt k V AUCt

t

t

t

t∫ ∫= = − (5)

where 21k is the rate constant of xenobiotic translation

from the compartment (2) to (1); 2AUC0–t – is the area

under the concentration-time relationship of the drug

in tissue, determined, analogously, within the interval

from time 0 to t.

Then, the quantity of the substance present in the

tissue (2) at time t (2At) is:

2At = 2Ct
2V = 12k 1V 1AUC0–t – 21k 2V 2AUC0–t (6)

Therefore:

2
0

1
0

12 1

21 2

2

21 1
0

AUC

AUC

k V

k V

C

k AUC

t

t

t

t

−

− −

= − (7)

The value of
2

21 1
0

C

k AUC

t

t−

from Eq. (7) should ap-

proach zero in the course of the experiment, because

the value of 2Ct approaches zero, as t � �, and the

value of 1AUC0–t � 1AUC0–�. Thus, with the increase

in time of the experiment, the variable 2AUC0–t /
1AUC0–t should approach (12k 1V)/(21k 2V) = Kp. This

conclusion was confirmed during the analysis of the

distribution kinetics of amixin in mice (Fig. 1).

To determine the value of (12k 1V)/(21k 2V) = Kp by

regression approach, the following transformation of

Eq. 7 could be applied:

2
0

12 1

21 2

1
0

2

21
AUC

k V

k V
AUC

C

k
t t

t
− −= − (8)

Since the variable
2

21

C

k

t can be assumed to have

a small value and its change would negligibly affect

the determination of the value of (12k 1V)/(21k 2V), it

can be defined as a constant (b) in a linear equation:

2
0

12 1

21 2

1
0AUC

k V

k V
AUC bt t− −≈ + (9)
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Fig. 1. The ratio between the areas under curves of the contents of

total radioactivity in tissue and plasma (
2

0
1

0

AUC

AUC

t

t

−

−
) after intravenous

(a) and oral (b) administration of [�H]-amixin into mice at a dose of
50 mg/kg as a function of time of the experiment



As seen from Figure 2, this assumption is quite ac-

ceptable. The corresponding values of (12k 1V)/(21k 2V)

= Kp, determined by regression approach are equal to

regression coefficients in Figure 2 and asymptotes’

values in Figure 1 (abscissa (x) – 1AUC0–t; ordinate

(y) – 2AUC0–t).

As follows from this simple integral model-

independent analysis (Figs. 1, 2, Tab. 2), amixin phar-

macokinetics is characterized by higher values of rate

constants of its distribution into organs and tissues

from blood in comparison to constants of the reverse

processes. The ratios of these values are identical at

different ways of administration of the drug (Tab. 2).

The ratio of AUC values in conditions of oral and in-

travenous administrations was � 0.6. This matched

similar values determined for plasma (0.7). The ratio

between the area under the “concentration–time” rela-

tionship of the amixin in plasma for the two routes

of administration (
po

iv

AUC

AUC

0

0

−∞

−∞

) asymptotically ap-

proached the value of absolute bioavailability (Fabs).

Determination of the irreversible binding

of amixin in the spleen of mice

Combined methods of analysis assume the presence

of intercompartmental (mass transfer) and intracom-

partmental (metabolism, binding) phenomena in the

kinetic scheme.

Irreversible binding parameters in various organs

and tissues are quintessential for the estimation of

drug safety [36]. Therefore, in the present paper, we

would like to propose a method based on the follow-

ing postulates:

1. The amount of a xenobiotic in an organ (tissue)

is defined by the difference between integers of the

rates of its transfer from blood (1) to an organ and

from an organ (2) to blood (1).

2. The rates of mass transfer between the two bio-

phases – blood (1) and an organ (2) studied are pro-

portional to xenobiotic concentrations in them [16].
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Fig. 2. Correlation between the concentration of [�H]-amixin/me-
tabolites in tissue (�AUC���) and plasma (�AUC���) as a function of
time after intravenous (a) and oral (b) administration of [�H]-amixin
into mice at a dose of 50 mg/kg

Tab. 2. Model-independent pharmacokinetic parameters of the distribution of amixin in mice after intravenous and oral administration at
a dose of 50 mg/kg

Organ

Parameters

Intravenous administration Oral administration 2
0 24

2
0 24

AUC

AUC

po

iv

( ),

( ),

−

−
�AUC����

(DPM*10�/g)*h)
K�

�AUC����

(DPM*10�/g)*h)
K�

Skeletal muscles 468.4 ± 20.34 30.3 ± 2.13 271.9 ± 18.90 26.2 ± 3.46 0.58 ± 0.10

Heart muscle 613.3 ± 25.65 38.01 ± 3.01 360.4 ± 23.46 35.3 ± 2.67 0.59 ± 0.09

Kidneys 1329.0 ± 10.35 85.7 ± 5.67 826.1 ± 69.75 80.7 ± 4.69 0.62 ± 0.21

Brain 404.4 ± 37.89 26.6 ± 1.28 275.8 ± 28.90 26.4 ± 1.89 0.68 ± 0.11



3. The rate of xenobiotic binding by an organ stud-

ied is proportional to the quantity of free (non-bound)

substance ( f ree 2Ct
2V ) :

22vt = free 2Ct
2V 22� (10)

where 2V and 22� are the volume of an organ and rate

constant (first order, dimensionality – [time]–1 of the

xenobiotic binding (Fig. 3).

To detect the very fact of irreversible amixin bind-

ing to spleen tissue and to estimate parameters of this

process, we have worked out the following method.

The ratio of the amixin concentration in spleen to

its concentration in plasma increased practically line-

arly during the time of experiment (Fig. 4). This could

be due to irreversible binding of amixin to tissues or

to the fact that the ratio of rate constants of the on-

ward and backward processes is large, while the

characteristic times (the backward values of rate con-

stants of these processes) of them significantly ex-

ceeded the experimental time of observation [47].

On the basis of the above-mentioned postulates, the

quantity of the irreversibly bound drug (bound,2Ct) at

time t is:

bound
t

t

t

free
t

C V V v dt

V AUC

,

,

2 2 22 2 22

0
22 2 2

0

= =

= ⋅

∫
−

χ

χ (11)

where free,2AUC0–t- is the area under the pharmacoki-

netic concentration-time relationship of the free (un-

bound) drug in tissue.

Therefore:

bound
t

free
tC AUC, ,2 2

0
22= − χ (11a)

The concentration of the free drug, (free,2C) cannot be

determined directly, so total contents of free and

bound drug is usually determined experimentally

( f ree,2Ct + bound,2Ct ) . However, it follows from the

Figure 3 and Eqs. (7) and (8) that:

free
t t

free
tC V AUC k V AUC

V k

, ,

( )

2 2 1
0

12 1 2
0

2 21 22
= −

+
− −

χ (12)

where 12 1 1
0

12

0

k V AUC v dtt t

t

− =∫ .

Substitution of (11a) into (12) results in:

( )free
t

bound
t t

free
t

C C V AUC k V

AUC k

, ,

,

2 2 2 1
0

12 1

2
0

21

+ = −

−
−

−
2V

( )free
t

bound
t

t

free
t

C C
AUC k V

V
AUC k

, ,

,

2 2
1

0
12 1

2

2
0

21

+ = −

−

−

−
(13)

free
t

bound
t

t
free

C C

AUC

k V

V

A

, ,

,

2 2

1
0

12 1

2

2

+









 = −

−

−
UC

AUC
kt

t

0

1
0

21−

−

⋅
(14)

( )At t AUC AUC
k V

k V

free→ ∞ →−∞ −∞
,2

0
1

0

12 1

21 22 2χ

�����������	��� 
������ ����� ��� ������� 745

Pharmacokinetics of amixin

�������� �	 
������� �� ��	

Fig. 3. The mass transfer of xenobiotic between blood (compart-
ment 1) and studied organ that takes into account irreversible bind-
ing to an organ (compartment 2)

Fig. 4. Temporal dependence of the ratio between the levels of total
radioactivity in spleen (�C�) and plasma (�C�) after intravenous and
oral administration of [�H]-amixin into mice at a dose of 50 mg/kg



Then:

free boundC C

AUC

k V

V

V

V

k
, ,2 2

1
0

12 1

2

1

2

12 2
∞ ∞

−∞

+









 = −

1

21 22

12 1

2

12 1

2

21

21 22

k

k

k V

V

k V

V

k

k

+











 =

= −
+











χ

χ

 (15)

Since at t � � value free,2C� � 0, the quantity of

bound drug can be estimated from the graph with co-

ordinates (
2

1
0

C

AUC

t

t−











 , t) (Fig. 5). At t � 0 the

curve crosses the ordinate in the point equal to
12k1V / 2V and asymptotically approaches the value
12 1

2

21

21 22

k V

V

k

k +











χ

with time. The former value

( 12k1V / 2V) can be estimated at � 300 h–1, while the

latter is within 3–8 h–1. Thus, relative efficiency of

the irreversible binding
21

21 22

k

k +











χ

is approximately

1–2%.

In other words, almost 98–99% of the drug that is

taken up by the spleen is eliminated back to plasma,

while 1–2% irreversibly binds to the tissue. Nonethe-

less, even such a seemingly ineffective process sig-

nificantly affects the kinetics of contents of [3H]-pro-

ducts in the spleen (Tab. 1, Fig. 5). This is explained

by a high rate of the on- and backward mass transfer

of amixin in the “spleen-blood” system.

No significant irreversible binding of amixin has

been observed in other organs.

The estimation of the degree of absorption

of amixin from the intestine, its presystemic

elimination and first-pass effect

To assess the absorption of amixin from the intestine,

relative hepatic excretion and, in particular, presys-

temic elimination, we have compared kinetics of its

contents in the plasma and liver upon its administra-

tion via intravenous and oral routes. As could be seen

from Table 1, the contents of the drug in the liver are

more than two orders of magnitude higher than its

contents in blood during the whole experimental pe-

riod. This may indicate a significant hepatic excre-

tion, including presystemic one, even at low values of

the rate constant of amixin excretion with bile (el,bilk).

Formal framework of the analysis

Biological availability of amixin was � 0.7. Principal

kinetic scheme of the distribution and elimination of

the drug under conditions of intravenous (a) and oral

(b) administrations is presented in Figure 6.

Since plasma (compartment 1) is reversibly con-

nected to other organs with unknown volumes, values

of distribution and on-/off- rate constants, it is de-
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Fig. 5. The ratio between concentrations of amixin and its metabo-
lites (�C�) in spleen and areas under curves of total radioactivity
(�AUC���) in plasma as a function of time after intravenous and oral
administration of [�H]-amixin into mice at a dose of 50 mg/kg

Fig. 6. The scheme of the distribution of amixin between blood and
liver during intravenous (a) and oral (b) administration into mice



picted as an open compartment of an indefinite vol-

ume. The known values are concentrations of amixin

in plasma (1Ct) at various time points (t). It is assumed

that renal excretion takes place from this compart-

ment with the rate constant el,renk. This is the only ex-

cretion route from plasma. Also, plasma is reversibly

linked with the liver (compartment 2) by mass trans-

fer of amixin that is characterized by rate constants
12k and 21k. Hepatic excretion with bile is described

by the rate constant el,bilk. Following oral administra-

tion (Fig. 6b) amixin enters hepatoportal system with

the rate constant 1� and, consequently, into the liver.

At the same time, the fraction of the drug that was not

absorbed during the passage through the intestine is

excreted with feces (rate constant 2�).

“Complete” uptake into the liver after oral admini-

stration (F1) is given by:

F1

1

1 2
=

+
χ

χ χ
(16)

Having entered into hepatoportal system, fraction

of the drug poD equal to

poD1 = poD F1 (17)

undergoes two parallel processes, namely entry into

circulatory system and presystemic elimination. The

dose of the drug entering circulation (poD2) is given by:

po po

el bil
D D

k

k k
2 1

21

21
=

+ ,
(18)

where
21

21 2
k

k k
F

el bil+
=

,
is relative efficiency of the

mass transfer from the liver (compartment 2) into

blood (compartment 1):

Fabs = F1 F2 (19)

poD2 = poD Fabs = poD F1 F2 (20)

F
D

D

AUC

AUC

k

k
abs

iv

po

po

iv el bi
= =

+
⋅

+
−∞

−∞

1
0

1
0

1

1 2

21

21

χ
χ χ , lk

(21)

Some fraction of the drug in the hepatoportal sys-

tem undergoes presystemic elimination:

po po
el bil

el bil
D D F F

k

k k
3 2 1

1

1 2 21
1= − =

+
⋅

+
( )

,

,

χ
χ χ

(22)

The utilization of the formal framework of the dif-

fusion modeling allows for calculation of the values

presented in Eqs. (15–22) on the basis of experimen-

tal data (Tab. 1) and the following considerations

[43]:

1. Upon intravenous administration the amount of

the drug transferred into the liver from blood at time t

is: 1AUC iv
0–t

12k 1V.

2. The amount of amixin transferred back to blood

from the liver is: 2AUC iv
0–t

21k 2V.

3. The amount of amixin excreted from the liver

with bile is: 2AUC iv
0–t

el,bilk 2V.

Consequently, after time t, following the admini-

stration of amixin, its concentration in the liver (2C iv
t)

would be:

( )( )2
12 1

2

1

0

21 2

0
C

k V

V
AUC k k AUCt

iv

t

iv el bil

t

iv= − +− −
,

(23)

Then the plot of the relationship 2AUC iv
0–t /

1AUC iv
0–t versus t (Fig. 7) asymptotically approaches

( )
12 1

21 2

k V

k k Vel bil+ ,
:

( )
2

0

1

0

12 1

21 2

2

21

AUC

AUC

k V

k k V

C

k

t

iv

t

iv el bil

t
iv

el

−

−

=
+

−

−
+

,

( ),bil
t
ivk AUC1 (24)
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Fig. 7. The ratio between the areas under curves of the content of
total radioactivity in liver and plasma after intravenous and oral
(�AUC���/

�AUC���) administration of amixin into mice at a dose of
50 mg/kg as a function of time of the experiment



as the value of 2Ct / 1AUC iv
0–t � 0 at t � �.

By means of the regression analysis of the experi-

mental data (Fig. 8) according to the Eq. (24) the

value ( )
12 1

21 2

k V

k k Vel bil+ ,
was found to be equal to 154.

4. Under oral administration of a dose of amixin

D, it is F1* D that actually enters hepatoportal system.

It is not a sole source from which amixin is trans-

ferred to blood: the fraction of the drug, which was

transferred back from the liver into blood, undergoes

reversible transfer to organs and tissues. Also, amixin

is excreted from blood via renal route with the rate

constant el,renk.

Therefore, concentration of amixin in plasma

(1C po
t) at time t after its oral administration can be

given by the following equation:

( )
1 1 2

0

21 2

1

0

1 12

C V AUC k V

AUC V k k

t
po

t

po

t

po el ren

i

= ⋅ −

− + +

+

−

−
,

AUC V k V AUC k
t

po

i

i n
i i i

t

po i

i

i n

0
3

1 1

0

1

3
−

=

=

−
=

=

∑ ∑⋅ −
























(25)

where the term within square brackets corresponds

to the unknown quantity of amixin that is located at

time t in organs and tissues reversibly linked to

plasma by mass transfer processes with the rate con-

stants 1ik and i1k. Those organs and tissues are not

shown in Fig. 6, consequently plasma is depicted as

being open. Therefore:

( )2

0

1

0

12 1

21 2

1

21 1

AUC

AUC

k k V

k V

C

k AUC

t
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t
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−

−

=
+

+
,

0

0
3

1 1

0

1

3

−

−
=

=

−
=

=

−

−

⋅ −∑
t
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i

t

po

i

i n
i i i

t

po i

i

i n

AUC V k V AUC k∑























−
21 1

0
k AUC

t

po
(26)

5. Both the value of 1Ct and terms of Eq. (25) and

(26) in square brackets approach zero in the course of the

experiment. Thus (Fig. 7), the value

2

0

1

0

AUC

AUC

t

po

t

po

−

−

asym-

ptotically approaches the value of
( )12 1

21 2

k k V

k V

el ren+ ,

,

that could be found (Fig. 8) from the Eq. (25) and was

equal to 294.

6. Since the excretion rate constants are usually

one or two orders of magnitude lower than the rate

constants describing the reversible mass transfer of

xenobiotics between blood and tissues, we can as-

sume that:

( )
( )12 1 2

21

12

21 2 2

12 1

21 2

2

k V

k k

k k

k V

k V

k V

AU

el bil

el ren

+

+
≈ ≈

≈

,

,

C

AUC

AUC

AUC

iv

iv

po

po

0

1

0

2

0

1

0

−∞

−∞

−∞

−∞























 (27)

where terms in brackets are asymptotes of the Fig. 8.

The value 12k / 21k � 200.

Then:

2

0

1

0

2

0

1

0

AUC

AUC

AUC

AUC

iv

iv

iv

iv

−∞

−∞

−∞
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( )
















≈

≈
+

≈ ≈

−∞

−∞

2

0

1

0
21

21 2 0

AUC

AUC

k

k k
F

po

po

el bil,
.77.

Since Fabs = F1* F 2 was � 0.7, we could assume that

F1 � 0.9, i.e. amixin is almost fully absorbed from the

intestine into the body after its oral administration.

7. Presystemic elimination of amixin is: poD3 =
poD F1(1-F2 ) � 0.21 poD.

8. It is also possible to estimate the ratio of the val-

ues of hepatic and renal clearance (el,bilk 2V / el,renk 1V):
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Fig. 8. Correlation between the concentration of [�H]-amixin/meta-
bolites in the liver (�AUC���) and plasma (�AUC���) as a function of
time after intravenous and oral administration of [�H]-amixin into mice
at a dose of 50 mg/kg
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and to predict the ratio of the amixin quantities that

are excreted with feces and urine under intravenous

[( )ur ivB
0−∞ , ( )fe ivB

0−∞ ] and oral [( )ur poB
0−∞ ,

( )fe poB
0−∞ ] administrations:

ur iv

fe iv

el bil

el ren

ivB

B

k V

k V

AUC

AUC

0

0

2

1

2

0

1

0

−∞

−∞

−∞= ⋅
,

,

−∞

= ⋅ =
iv

00032 154 0 49. .

ur po

fe po

el bil

el ren

poB

B

k V

k V

AUC

AUC

0

0

2

1

2

0

1

0

−∞

−∞

−∞= ⋅
,

,

−∞

= ⋅ =
po

00032 294 094. . .

As could be seen from these calculations, the he-

patic clearance has a very small value which is negli-

gible compared to the renal clearance, so higher effi-

ciency of the amixin excretion with feces despite a low

value of the excretion rate constant of (el,bilk) can be

explained only by high content of the drug in the or-

gan (liver) excretion (as( )fe iv el bil
t

t

B k C dt
0

0

−∞ = ∫, ).

Discussion

Our studies demonstrated that amixin was quickly ab-

sorbed into systemic circulation after oral administra-

tion. Despite a high degree of absorption of the drug

from the gastrointestinal system (90%), its absolute

biological availability after oral administration was

only about 70% possibly as a result of its presystemic

elimination from the hepatoportal system (21%).

High total radioactivity levels were noted in the liver

after both oral and intravenous administration of

[3H]-amixin. Availability of the drug to this organ ap-

proached unity. This corroborates observations from

previous studies that used intraperitoneal administra-

tion of tilorone and showed that maximum contents of

radioactive material were found in the liver through-

out 0.25–16 h after injection [15, 45]. Some studies

reported a possible role of hepatocytes in shaping bio-

logical response after administration of tilorone [13,

39]. It was also of interest to note the first-pass uptake

of amixin by lungs after intravenous administration.

Contents of amixin in the kidneys, brain, skeletal

and cardiac muscle changed proportionally to its con-

centration in plasma. These tissues, with the excep-

tion of cardiac muscle, served as peripheral depots. In

all experiments, the equilibrium constant of mass

transfer processes between blood stream and organs

was higher than unity that suggests that amixin rap-

idly and reversibly was distributed into these organs

from blood. We demonstrate that amixin accumulated

in the spleen throughout 24-h period after administra-

tion by either oral or intravenous route. This is in

agreement with previously reported data on the distri-

bution of tilorone in lymphoid organs [14, 15]. During

the first 60 min, the route of administration signifi-

cantly affected amount of amixin in the spleen that

were three- to fivefold higher in the case of intrave-

nous administration.

In the present study, we proposed a variant of the

method for determination of Kp described in our pre-

vious papers [42, 43]. Derivation of the equilibrium

constant of the mass transfer between organs and

blood, demonstrated that the use of such integral val-

ues as area under the curve of xenobiotic concentra-

tion (from 0 to t) gave an unbiased estimation of the

mass transfer in contrast to the case when xenobiotic

concentration ratios in blood and organs at various

time points are used. The suggested integral parame-

ter does not depend on the structure of the kinetic

scheme and, most importantly, can be used for analy-

sis of incomplete kinetic curves. Thus, it can be used

in the case of the xenobiotic mass transfer in condi-

tions of a poorly defined shape of the kinetic curve,

which lacks some phase (absorption, distribution or

elimination) during the interval of observation. In our

case, such examples were contents of amixin in the

brain, spleen and skeletal muscles following oral ad-

ministration. It should be noted that the suggested

analysis of the amixin distribution using total radioactivity

is applicable only to studies of drugs with insignifi-

cant biotransformation in the body. For substances

that undergo intensive metabolism, it would be neces-

sary to study pharmacokinetics of both the original

drug and its metabolites with the subsequent use of

combined models. The applicability of this formal ap-

proach has been practically validated on the example

of the distribution of amixin in mice after different

ways of its administration. On the basis of this ap-

proach, we proposed a combined model that can help

to determine parameters of irreversible binding of xe-

nobiotics in mice, the extent of the absorption from
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the intestine, relative efficacy of the hepatic excretion,

and in particular presystemic elimination of drugs.
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