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Abstract

In the present investigation, a deterministic mathematical model of the pharmacokinetics of Metformin was developed
using the first principle of chemical engineering (mass balance). The mathematical model developed with precision, can
predict the concentration time history of the drug interest in stomach, liver, intestine, and the peripheral areas. According
to this model, after administration, the drug is dissolved in the stomach following first order kinetics. The intestinal
absorption of Metformin is majorly mediated by plasma membrane monoamine transporter. In liver Metformin takes part
in various metabolic pathways which subsequently aid the adsorption of the drug in different cellular systems. No
intermediate metabolites of Metformin have been identified till now. The major route for elimination of Metformin is
through tubular secretion, in an unchanged form in the urine. The outcome of the predicted data closely matches the
experimental finding, extracted after a meticulous scrutiny of the accessible literature, and results of clinical trials. The
model is highly realistic and pragmatic in its practice.
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1. Introduction

Pharmacokinetics is the study of the course of a drug in its metabolised form in different body fluids and
tissues, followed by establishing mathematical relationships, required for developing the necessary models for
processes such as absorption, distribution, metabolism and excretion of the drug. The pharmacokinetic
processes determine the drug concentration in various organs of the body [1]. The pharmacokinetic analysis of
the drug aids in deciding the correct dosage of the drug to be prescribed and hence, is widely put to use in the
field of drug designing and molecular modelling for the development of efficient therapeutic drugs. Much
work is being done on developing the mathematical model to understand the metabolism of the drug, with the
purpose of making realistic clinical predictions [2-5].

Metformin (dimethylbiguanide) is widely used in the treatment of Type II diabetes mellitus or non-insulin-
dependent diabetes mellitus (NIDDM). Diabetes mellitus is a metabolic disorder characterized particularly by
elevated glucose concentration in the blood. This occurs mostly due to insulin resistance or deficiency of
insulin, causing high blood glucose level. The development of this chronic disease is a confluence of genetic
factors and lifestyle choices. Metformin has been widely used as a blood glucose controlling agent in Type II
diabetes mellitus since 1957 [6, 7].

In the present investigation, a deterministic mathematical model of pharmacokinetics of Metformin is
developed using the first principle of chemical engineering (mass balance). The mathematical model is
potential to predict the concentration time history of the drug interest in different organs, such as, stomach,
liver, intestine, tissue and the kidney. In the initial investigations of the available literature, it is found that
Metformin stimulates and controls a wide range of metabolic reactions in various parts of the body, primarily
the liver, gastrointestinal tract, blood and tissues. Hence the pharmacokinetic study of Metformin was carried
out framed on the compartment model. This is the first attempt to the best of our knowledge to develop the
mathematical model of pharmacokinetics of Metformin. The developed mathematical model is highly realistic
and the simulated results have been justified with the already published results extracted from accessible
literature and results of clinical trials.

2. Mathematical Modelling

The mathematical modelling of pharmacokinetics of Metformin has been developed taking into account the
following assumptions:

e Drug flow rate is unidirectional from oral cavity to excretory system.

o In the stomach dissolution of Metformin by gastro-intestinal juices follows the 1** order kinetics.

® Metformin acts as the substrate for the Organic Cation Transporter (OCTN2) in the intestine, and the
mechanism  follows Michaelis-Menten reaction kinetics. Formation of Metformin from
Metformin~OCTN?2 is instantaneous.

Metformin facilitates phosphorylation of 5’-AMP activated protein kinase (AMPK) mediated by its
binding to the SLC22A1/SLC22A3 in the hepatic cells. This mechanism also follows Michaelis-Menten
reaction kinetics. Formation of Metformin from Metformin~SLC22A1/ Metformin~SLC22A3 is
instantaneous.

Accumulation of Metformin and associated biochemical reactions in the brain are considered negligible.

Kidney is the only system responsible for excretion.

The schematic diagram of the proposed process is described in Fig 1.
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Fig. 1. Schematic diagram of pharmacokinetics of Metformin

Different mass balance equations of the proposed process are described below.
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Since, no literature data of kinetic parameters are available of the proposed process, some adjustable
parameters have been considered for simulation purposes. The values, and magnitudes of the kinetic
parameters are described in table 1. In the present investigation three different initial concentrations of
Metformin, such as 0.3 g.L"', 0.4 gL', and 0.5 gL' have been considered for simulation purposes. The
validity of the model has been checked by some already published research findings. The model equations 1-6
have been solved using 4™ order Runge-Kutta method with the aid of MATLAB 7.0 using the stated initial

conditions.

Table 1. List of parameters used in model.

Parameter Value Parameter Value

Linear blood flow rate from stomach to intestine (a), Dissolution rate of Metformin in stomach

h' 0.1 k), h" 1.0
Michaelis-Menten constant of eq. 3
(K ) ,gL!

Linear blood flow rate from intestine to liver (b), h” 0.25 "3 4
Michaelis-Menten constant of eq. 4
(K ) ,gL!

Linear blood flow rate from liver to tissue (c), h™' 0.5 "s 4.5
Reaction rate constant in intestine

: (Vmax ) ,gL'h!

Linear blood flow rate from tissue to kidney (d), h” 1.0 3 1.0
Reaction rate constant in liver (Vmax5 ) N

Linear blood filtration rate in kidney (e), h™! 0.1 gL'h! 0.75

3. Results and Discussion

The above mentioned deterministic mathematical model has been developed to elucidate the
pharmacokinetics of Metformin. Metformin is a multi-dose drug administered either orally or intravenously. It
is generally prescribed twice a day; therefore it follows the flip-flop kinetics. However, the amount of drug
given to a patient must never exceed 3 g.day’. In the present mathematical model, it is considered that the
drug is administrated by orally. In Fig 2 time history concentration of Metformin in stomach for different
initial doses are represented. According to this model, after administration, Metformin is dissolved in the
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stomach following first order kinetics. It is observed that the concentration of Metformin for initial
concentration 0.5 g.L"! reaches zero within an hour, showing agreement with available clinical data [8]. The
drug is poorly absorbed in the stomach; however, it is known to induce a duodenum-gastric reflux which
passes onto the duodenum about 20% of the amount of drug that has been absorbed in the stomach [9].
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Fig. 2. Time history concentration of solid Metformin in stomach for different initial concentrations of Metformin. (inset: Time history
concentration of soluble Metformin in stomach for different initial concentrations of Metformin.)

In Fig. 3, time history concentration of Metformin~OCTN2 in intestine for different initial doses are
represented. The concentration of the drug in the intestine increases with time and reaches 80% of the given
initial concentration of the drug, which is in coherence with the available scientific data. The jejunum, and
ileum are responsible for about 10.8% and 8.8% of the absorption of Metformin respectively [9]. Similar type
of time history concentration of Metformin has been plotted for evening time (data not shown).

e 02
=

2 0a1s
33
==

= 0l
g 008

0

200pm.  400pm 600 pm

F00am.  1000am 1200pm

600 a1

Tune penod

Fig. 3. Time history concentration of Metformin~OCTN2 in intestine for different initial concentration of Metformin.
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In Fig. 4, time history concentration of Metformin~SLC22A1/ Metformin~SLC22A3 in liver for different
initial doses are represented.
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Fig. 4. Time history concentration Metformin~SLC22A1/ Metformin~SLC22A3 in liver for different initial concentration of Metformin
(Morning time). (inset: Time history concentration Metformin~SLC22A1/ Metformin~SLC22A3 in liver for different initial
concentration of Metformin (Evening time))

Fig. 4 also shows an increasing trend for concentration of the drug with time in the liver. The drug flows to
the liver where it activates AMP-activated protein kinase (AMPK), a liver enzyme which plays a significant
role in insulin signaling. The relative decrease in the slope of the graph implies a slower rate of absorption of
the drug suggesting an enzymatic reaction involved which activates AMPK (AMP-activated protein kinase) in
hepatocytes and hence helps inhibit production of glucose and also increase insulin sensitivity [10]. Similar
type of time history concentration of Metformin for evening time has been manifested in the same figure.
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Fig. 5. Time history concentration of Metformin in tissue for different initial concentration of Metformin (Morning time). (inset: Time
history concentration of Metformin in tissue for different initial concentration of Metformin (Evening time))
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In Fig. 5 concentration of Metformin in tissue is plotted with time parameter. The concentration peaks after
a time interval of approximately 2 hours following the administration of the drug. This information conforms
to the data as obtained in clinical trials suggesting that maximum plasma concentration (C,.y) is reached in
roughly 2 hours for all subjects. It may be further concluded that the plasma protein binding of metformin is
negligible, as revealed by its very high apparent volume of distribution (300—1000 L after a single dose). In the
course of clinical trials of Metformin, even at maximum doses it was observed that the Metformin plasma
levels did not exceed 5 meg.mL'[11]. Similar type of time history concentration of Metformin for evening
time has been manifested in the same figure.
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Fig. 6. Time history concentration of Metformin in kidney for different initial concentration of Metformin.

In Fig 6 concentration of Metformin in kidney has been plotted with time parameter, showing
accumulation of the drug in the kidney. Research shows that Metformin is not metabolized, since no distinct
intermediates are known to be formed. Poor absorption of the drug may be deduced from available clinical
data suggesting that nearly 70% of the administered dose is excreted in the urine unchanged in form. It is
cleared from the body by tubular secretion. The half-life of elimination is also observed to be roughly 6.5
hours which is confirmed by the corresponding data obtained from the referred scientific literature.[12]
According to the data obtained at clinical trials, the renal clearance of Metformin is estimated to be 510 +/-
120 mL.min™", suggesting that Metformin is eliminated by glomerular filtration and tubular secretion [13].
Similar type of time history concentration of Metformin has been plotted for evening time (data not shown).

Although the concentrations of Metformin in different organs are indirect parameter depends on the
selected direct parameters, such as, initial concentration of Metformin, linear blood flow rate and intracellular
enzymatic reactions. From the above findings it may be concluded that the above mentioned mathematical
model can adequately describe the time history concentration of Metformin in every organ. The successful
prediction of this indirect parameter depends on the proper selection of the direct parameters, and the
processes of key interest, which is the unique property of the proposed mathematical model. The
mathematical model may be used as a unique tool in the field of pharmaceutical technology.
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