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Abstract 

Pharmacokinetics is the process of absorption, distribution, metabolism and elimination (ADME) 

of drugs. Some drugs undergo zero-order kinetics (e.g. ethyl alcohol,) first order kinetics (e.g. 

piroxicam) and mixed order kinetics (e.g. ascorbic acid). Drugs that undergo Michaelis-Menten 

metabolism are characterized by either increased or decreased Km and Vmax. Hence literatures 

were searched with a view to translating in vitro-in vivo enzyme kinetics to 

pharmacokinetic/pharmacodynamic parameters for determination of enzyme inducing and 

inhibiting drugs inorder to achieve optimal clinical efficacy and safety. Findings have shown that 

theophylline, voriconazole, phenytoin, thiopental, fluorouracil, thyamine and thymidine are 

enzyme inducers whereas mibefradil , metronidazole isoniazid and puromicin are enzyme 

inhibitors. They are metabolized and eliminated according to Michaelis-menten principle. The 

order could be mixed but may change to zero or first order depending on drug concentrations and 

frequency of drug administration. Hence, pharmacokinetic-pharmacodynamic translation can be 

optimally achieved by incorporating newly derived Michaelis-Menten equations into 

pharmacokinetic parameters for clinical efficacy and safety of therapeutics. 

Keywords: Enzymology, drug, Michaelis-Menten equation, pharmacokinetics, toxicity. 

Introduction 

Elimination half-life, volume of distribution which is responsible for drug transport to sites of 

metabolism, maximum plasma concentration which could determine metabolism enzyme 

saturation and maximum time reached (Tmax) may be used to determine time of enzyme 

saturation, pharmacokinetic and pharmacodynamic  response of drugs (Saganuwan, 2019). Cell 

organelles involved in metabolism and their dimensions are adiposomes (20nm–I𝜇𝑚) 

amphisomes (822 ± 37nm) apicoplast (0.15 – 1.5 𝜇𝑚), antophagosome (0.15-1.5 𝜇𝑚), 
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chloroplast (2–10 𝜇𝑚), enlargesome (80–150nm), enosome (30–100nm), lysosom (0.1 – 1.2nm), 

melanosom (≃ 500nm), mitochondria (0.5–5 𝜇𝑚), nucleus (≃10 𝜇𝑚), peroxisome (500nm), 

phagosome (0.9–3 𝜇𝑚), secretory granule (820±16𝜇𝑚), secretory synaptisome (0.5–3 𝜇𝑚). 

Hence analysis of organelle is vital for description of biochemical, molecular and physiological 

processes that are involved in pathogenesis of diseases,embryogeny, tissue differentiation, aging 

and treatment of various diseases (Satori et al.,2013).Michaelis-Menten equation is used to 

estimate km and Vmax from initial rate of reaction V, at substrate concentration, Cs. However, it 

was assumed that the elimination rate of drug is VC (t) 1k + Ct where C(t) is the drug 

concentration. The meanings of K and V in this context are not known. A minor change in the 

parameter, initial parameter may cause a large change in the final estimates (Metzler and Ting, 

1981). Simple model incorporating Michaelis-Menten type elimination with one compartment 

model using intravenous bolus had been published (Wayner, 1973). Nonlinear regression 

algorithms with numerical integration have been used to generate pharmacokinetic parameters. 

Administration of 2 or more doses yields better translation (Metzler and ting, 1981)Hence 

preclinical pharmacokinetics studies remove some drugs out of discovery process (Gunaratna, 

2001). In view of this, there is need to integrate in vitro kinetics with in vivo kinetics with a view 

to optimizing pharmacokinetic/pharmacodynamics scaling with an intent to optimize clinical 

efficacy and reduce toxicity of drugs and xenobiotics. 

Methodology 

Literature search was carried out to identify application ofMichaclis-Menten equation in 

identification of drugs that obey zero-order, first order and mixed-order kinetics. Maximum 

velocity of metabolism, metabolism rate constant, quantities of substrate and factors associated 

with metabolic processes of the drugs were also determined. Data generated from modified 

Michaclis-Menten equations were translated to kinetic parameterss that were in turn guarded by 

metabolic processes of the drugs (Wagner, 1973; Goldstein, 1970; Reza, 2001; Golicnik, 2012; 

Pastino and Conolly, 2000; Zheng and Zhan, 2012). 

Integration of in Vitro-In Vivo Kinetic Equations 

Micjaelis-Menten and Related Equations  

Michaelic – Menten equation is given below 

V0= Vm x C/ Km +C…………………………………………………………………1 1𝑘𝑜 =  1V𝑚  +  [ 𝑘𝑚0.632V𝑚] 1C𝑜 …………………………………………………………….2 Percent saturation(%) =  100C𝑘𝑚+C ……………………………………...……………3 

Vo=Initial velocity of reaction; Vmax=Maximal velocity of reaction ; C=Concentration of enzyme 

substrate; Km= Metabolism constant; Ko= Initial metabolism constant  

Derived Equations for Calculation of Non-Linear Drug Kinetic Parameters 

Substitute clearance (Cl) for V in the equation 1 
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Also substitute V for DR (dose rate) and C for Css (steady-state concentration in equation (1) C𝑙 = V𝑚𝑎𝑥C𝑘𝑚+C  ………………………………………………………………………...…4 𝐷𝑅 = V𝑚𝑎𝑥Css𝑘𝑚+Css  ………………………………………………………...........................5 

Also the modified Michaelis-Menten equation for consumed substrate that is endogenously 

produced is presented as  𝑉 = V𝑚𝑎𝑥×𝑆𝑘𝑚+𝑆 +  𝑅 ……………………………………………………………………6 

Where R is the rate of endogenous substrate production  Vo − Clint = R……………………………………………………………………….7 𝐶𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 (𝐶𝑙) = 𝐷𝑅 𝐶𝑆𝑆⁄  ………………………………………………………....8 

The equation 5 and 7 are related. 

Therefore 𝐷𝑅 = 𝐶𝑙 × 𝐶𝑠𝑠 …………………………………………………………9 

Equate equation 5 and 8 𝐷𝑅 = 𝑉𝑚𝑎𝑥×𝐶𝑆𝑆𝑘𝑚+𝐶𝑆𝑆 = 𝐶𝑙 × 𝐶𝑆𝑆………………………………………………………..10 

𝐶𝑙 = 𝑉𝑚𝑎𝑥×𝐶𝑆𝑆𝑘𝑚+𝐶𝑆𝑆  ×  1𝐶𝑆𝑆 ………………………………………………………………..11 

Hence Css X Clu = Urinary excretion ………………….…………………………12 𝑘𝑜 = 𝑉𝑚𝑎𝑥 + 𝑢𝑟𝑖𝑛𝑎𝑟𝑦 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛………………………………………………..13 

At low rate of infusion when Css<< km, Ko = 𝐶𝑠𝑠(𝐶𝑙𝑢 + 𝑉𝑚𝑎𝑥/𝐾𝑚)…….........14 

Loading dose (LD) = 𝐶𝑠𝑠 × 𝑉𝑑…………………………………………………….15 

Enzyme inhibition constant (𝑘𝑖) = 0.5 × 1C50 ……………………………………16 

The total inhibitor concentration (I𝑚𝑎𝑥) is the 𝐶𝑚𝑎𝑥 in human plasma 

Therefore inhibitory potential (I𝑃) =  I𝑚𝑎𝑥  /𝑘𝑖……………………………………..17 

Equation (17) is identical with AUC ratio 

Efflux ratio (Er) for drug moving across barrier=Km/Ki or Km/IC50……………….18 

The carrier-mediated permeability (Pm)=Jmax/Km+Co………………………………19 

Clint= Clearance interval; S=Substrate; Css- Steady-state concentration of drug;Clu-Urinary 

clearance; Vd=Volume of distribution; Inhibitory concentration 50; Jmax=Maximal carrier-

mediated flux; Co=Initial donor concentration of the substance; Km=Metabolism constant 
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(Grandvuinet et al., 2012).At Css where metabolism is saturated, enzyme velocity approaches 

Vmax.(Witmer and Ritschel, 1984). 

Equations for Calculation of Drug Metabolic Rate in Cell 𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑟𝑎𝑡𝑒 (𝑀𝑅) = 𝑎𝑀3 4⁄ ………………………………………………........20 

a = constant for all mammals; M = body mass in kg; metabolic rate is expressed in moles of oxygen 

consumed /second. But cell metabolic rate  (CMR) = 𝑀𝑅𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 = 𝑎𝑀−1 4⁄ ………………………………………………...21 

However, oxygen consumption rate per cell increases as body mass decreases. (CMR) = 𝑉𝑚𝑎𝑥𝑃  ………………………………………………………………. ……….22 

(Ahluwalia, 2016); P = 2.3026 𝑏𝑢𝑡 𝑑𝑠𝑑𝑡 = −𝑉𝑚𝑎𝑥  𝑆𝑘𝑚+𝑆 =  −𝜇(𝑠)…………………………………………………………..23 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑟𝑢𝑔 (𝑉) = 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑑𝑟𝑢𝑔𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  …………………………………………... 24 

Equation xxi is referred to as specific growth function in cell growth modeling (Markov, 2013). 𝑉𝑚𝑎𝑥(𝑚𝑔/ℎ𝑟); 𝑘𝑚 (𝑚𝑔/𝐿) 

Kinetic Equations beyond Michaelis-Menten Order 

For reaction beyond Michaelis-Menten order, the following equation can be used. The equation 

describes the dependence of enzyme-catalyzed reaction on the concentration of substrate using 

catalytic constant (𝐾𝑐𝑎𝑡) and Michaelis-Menten constant (km).The 𝐾𝑐𝑎𝑡 determines the maximum 

rate of the reaction at saturating substrate concentration𝑉𝑚𝑎𝑥 . 

Therefore 𝑉𝑚𝑎𝑥 = 𝐾𝑐𝑎𝑡 × 𝐸𝑇  ………………………………………………………25 

Where 𝐸𝑇the total enzyme concentration and km isis the substrate concentration at which reaction 

is half of 𝑉𝑚𝑎𝑥  (Choi et al.,2017). Enzyme substrate(𝐸𝑆) = 𝐾𝑖𝑛𝑓𝑢𝑠𝐾𝑐𝑎𝑡  ………………………………………………….26 

𝑊ℎ𝑒𝑛 𝑆 ≪ 𝑘𝑚 𝑐𝑙𝑒𝑎𝑟𝑒𝑎𝑛 (𝐶𝑙) = 𝑉𝑚𝑎𝑥𝑘𝑚  …………………………………………….27 

For acute dosing clearance (𝐶𝑙) = 𝑉𝑚𝑎𝑥𝑘𝑚+𝑆……………………………………………28 
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Rate = 𝐶𝑙 𝑋 𝑆 = 𝑣𝑚𝑎𝑥𝑘𝑚+𝑠 𝑋𝑆………………………………………………………..…29 𝐸𝑆𝑆𝑆 = 𝐾𝑖𝑛𝑓𝑢𝑠𝑘𝑐𝑎𝑡  ………………………………………………………………………30 𝐴 = 𝑣𝑘………………………………………………………………………………31 

Where A is a lower bound for concentration, C(t) 

Upper bound for C(t) is 𝐴 = 𝑣𝑘 + 𝐵……………………………………………….32 𝐵 = Maximum concentration C(t). 

Replace KE by 
𝑉𝐾in the equation 32 in equation 33 

Hence 𝐴 = 𝐾𝐸…………………………………………………………………...33 𝐴 = 𝐾𝐸 + 𝐵……………………………………………………………………...34 

The standard kinetic parameters for intravenous administered drugs are Co (2.0), V (0.22) and K 

(0.11).Whereas KA (1.5), V (2.05) ,K (5.0), D1 (10.0), D2 (20.0) and  D3 (40.0) have been 

reported  for first order kinetics (Metzler and Ting, 1981). 

Vmax = 𝐾𝑐𝑎𝑡 × 𝐸𝑇………………………………………………………………35 𝐸𝑇 = Total enzyme concentration at which the reaction is half of  Vmax(Choi et al., 2017). 

Non-Compartmental/Non-Linear Mixed Kinetic Equations (𝐶𝑙) = 𝑉𝑑 × 𝛽………………………………………………………………...….36 (𝐶𝑙) = 𝑉𝑑𝑀𝑅𝑇……………………………………………………………………….37 𝑉𝑑 × 𝛽 = 𝑉𝑑𝑀𝑅𝑇…………………………………………………………………….38 𝑀𝑅𝑇 = 𝑉𝑑×𝛽𝑉𝑑 = 𝛽…………………………………………………………………39 𝐴𝑈𝐶 = 𝐷𝑜𝑠𝑒𝐶𝑙  ……………………………………………………………………....40 𝑀𝑅𝑇 = 𝐴𝑈𝑀𝐶𝐴𝑈𝐶  ………………………………………………………………….…41 

Equate equation  (3) )with  (41) 𝑀𝑅𝑇 = 𝐴𝑈𝑀𝐶𝐴𝑈𝐶 𝛽……………………………………………………………………..42 
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𝐶𝑙 =  𝐹(𝐷𝑜𝑠𝑒)𝐴𝑈𝐶  ………………………………………………………………………..43 

Terminal half-life (𝑇 12) = 0.632𝑋𝑉𝑑𝑃𝑐𝑙  ….......................................................................44 

Rate constant of elimination (K10) = 𝐶𝑙𝑉𝑐 …………………………………………..45 

V1 =volume of central compartiment,Vd= volume of distribution; 𝑇 12 𝛽 = elimination half-life, 𝛽 =elimination rate constant; MRT= mean residence time; 𝐴𝑈𝐶 =area under curve; 𝐴𝑈𝑀𝐶 =area under month curve. 𝑑𝑐(𝑡)𝑑𝑡 = − 𝑉𝑚𝑎𝑥 𝐶(𝑡)𝐾𝑚+𝐶(𝑡) = 𝐶𝑜 = 𝐷𝑉𝑎𝑝𝑝 ….........................................................................46 

(Tang and Xiao, 2008). 

Vss= 𝐶𝑙 × 𝑀𝑅𝑇 = 𝐷𝑜𝑠𝑒𝑖𝑣×𝐴𝑈𝑀𝐶𝐴𝑈𝐶  …………………………………………………47 

Rate of metabolism (Vo) = 𝐶𝑙𝑖𝑛𝑡 × 𝐶𝑠…………………………………………..48 

Clint = 𝑉𝑜 𝐶𝑠 = 𝑉𝑚𝑎𝑥 𝐾𝑚⁄⁄  …………………………………………………….49 

Clint =proportionality constant between rate of metabolism and the drug substrate concentration 

at the enzyme site (Cs) (Gunaratia, 2001
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Results 

Kinetic Integrated In Vitro-In Vivo Equations for Calculation of 

Pharmacokinetic/Pharmacodynamic Parameters 

Kinetic integrated equations presented above (1-49) could be used for calculation 

ofpharmacokinetic/pharmacodynamic parameters to optimize clinical efficacy and safety of 

drugs. The equations could also be used for assessment of 

toxicokinetic/toxicodynamicparameters for identification of potential hazards.Few parameters 

calculated using  equations 1, 3, 6, 7, 21 and 49 are  presented in Table 1. 

Discussion 

Non-linear Application of Michaelis-Menten Equation 

Metabolic parameters of some drugs generated from Vmax and Km using Michaelis-Menten 

modified equations presented in Table 1, agrees with the report indicating that nonlinear 

parameters, Km and Vmax obtained from steady state concentration measurements could be used 

to achieve optimal dosage regimen (Poporic et al., 2014). Simple intravenous, multi-dose bolus 

and constant injections can be described by lambert function, that fit the Michaelis-

Mentenparametersin designing dosing regimen that maintains steady state plasma concentrations 

(Tang nad Xiao, 2007). It is vital to maintain a concentration above minimum therapeutic level, 

all the times without exceeding the minimum toxic concentrations. Hence, one-compartment 

model with therapeutic window is relevant. Recently, one or two compartment models have been 

used to fit Michaelis-Menten parameters for single or multiple response data (Mu and Ludden, 

2003; Friberget al., 2005; Metzler 1971; Srinivasan and Aiken, 1984; Godfrey and Filth, 1984). 

When fitting a model to Pk data for biologics with memberane bound targets, Michaelis-Menten 

is enough to describe the data, because only an upper bound for the receptor density can be 

identified (Stem, 2017).If a metabolite is formed by Michaelis-Menten kinetics, linear plots of 

cumulative metabolite excreted in urine over time is not expected. The plasma clearance changes 

with dose of drug and it is expected to be different depending on dosage forms. Hence linear 

pharmacokinetic parameters could be evaluated using Michaelis-Menten equation (Wagner, 

19730.  

Enzyme- Drug Metabolite Relationship 

During enzyme reaction, high metabolite is formed and the enzyme suddenly becomes saturated 

as the substrate concentration is increased. This is observed for theophylline, voriconazole, 

metronidazole, isoniazid and tylosin (Table 1). When metabolite is formed, rate of urinary 

excretion is equal to rate due to glomerular filtration plus rate due to active tubular secretion 

minus rate due to tubular re-absorption (Wagner, 1973). The calculated 1.43 % enzyme 

saturation of mibefradil is corroborated by the report indicating thatmetabolites of mibefradil 

represent 50-80 % of the circulating drugs after single oral administration. The metabolites are 
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formed from cytochrome P450-mediated oxidation at saturation, dealkylation and hydrolysis of 

the ester side chain at unsaturation (Wiltshire et al., 2008). Mibefradil causes life-threatening 

interaction with beta blockers, digoxin, verapamil, and diltiazem with consequence of developing 

abnormal QT prolongation (Mullins et al., 1998; Meinertz, 2001). However a mibefradil 

metabolite is a potent blocker of L-type C2+ current in pancreatic beta cells , which is time-

dependent and poorly reversible (Wu et al., 2000).Metabolism of voriconazole via hydroxylation 

is faster than via N-oxidation which are influenced by the CYP2C19 genotype (Scholtz et al., 

2009). About 87 % enzyme saturation of voriconazole connotes high level of metabolism and 

fast elimination. The finding is corroborated by the report indicating that voriconazole is 

absorbed in 2 h after oral administration, 90 % bioavailable, with capacity-limited elimination, 

extensively distributed, 60 % plasma protein bound and independent of plasma concentration. 

The elimination half-life is 6 h and 80 % of the total dose is recovered in the urine as metabolite 

(Theuretzbacher et al., 2006).But CYP2C19 and 219 genotypes are not major determinants of 

voriconazole metabolism (Zonios et al., 2014) and 2 % is excreted unchanged in urine (Sandherr 

and Maschmeyer, 2011). However metabolism of voriconazole could be autoaccelerated and 

controlled by cimetidine (Moriyama et al., 2009). Metabolism of N-oxide voriconazole differs 

pre and post treatment (Amsden et al., 2013).   The terminal half-life is relevant to multiple 

dosing regimens as it controls degree of drug accumulation, concentration, fluctuations and time 

taken to reach equilibrium. When the process of absorption is a limiting factor, the terminal half-

life reflects the extent of absorption and not the elimination process (Flip-Flop Mechanism) 

(Totutain and Bousquet-Melon, 2004). Isoniazid is converted to acetylisoniazid, isonicotinic 

acid, isonicotinylglycine, monoacetylhydrazine and diacetylhydrazine via acetylation. Fast 

acetylators acetylate isoniazid faster than slow acetylators 5-6 times more. Acid-labile 

hydrazones are also formed (Ellard and Gammon, 1976). The formations of metabolite are via 

host activation of isoniazid and formation of isoniazid-NAD+ adduct (Mahapatra et al., 2012). 

Isonicotinic acid and isonicotinyl glycine are the only derivatives that contribute to isonicotinic 

fraction of isoniazid metabolites (Peters et al., 1965). Therefore toxic metabolites of isoniazid are 

increased in slow acetylators (Peretticet et al., 1987) and may account for about the 60 % enzyme 

saturation reported in the present study. Acetyl isoniazid and diacetyl hydrazine could be 

determined after hydrolysis to isoniazid and acetyl hydrazine respectively (Timbrell et al., 

1977).Aminonucleose of puromycin is broken down to 5’-monophosphate of the nucleoside seen 

90 min after intravenous administration of puromycin (Kmetec and Tirpack, 1970) which could 

increase plasma free amino acid (Godwin, 1967), perhaps accounting for zero percent. Phenytoin 

is metabolized to hydroxyphenytoin and phnylidantoin which has S and R isomers (Thorn et al., 

2012). When the reaction is catalyzed by CYP2C9, formation of S isomer is favoured (Argikar et 

al., 2006) as shown by low enzyme saturation, high Vmaxz and high Km.  However 20-30 % 

difference between R- and S- isomer of thiopental clearance and Vss could account for 

difference in their metabolic processes (Nguyen et al., 1996) as observed by differences in their 

reported metabolic parameters. 
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 Enzyme Inducing and Inhibiting Metabolic Disorders  

Changes in the activities of nitric oxide syntheses isoforms may lead to metabolic disorders such 

as diabetes and coronary heart disease (Litvinovaet al., 2015). Inborn errors of metabolism 

involve many metabolic enzymes that cause neurological diseases in adults (Gray et al.,2000). 

Drugs such as insulin, metformin and nebivol are useful in control of diabetes but modify various 

forms of metabolizing enzymes (Litrinovaet al.,2015). Intestinal microflora could be used in the 

treatment of fat mitochondria metabolic disorders such as obesity, hepatic and gastrointestinal 

diseases. The flora modifies microsomal enzymes in the intestine (Wang et al.,2015).However 

exercise and cardiorespiratory fitness improve factors that underlie metabolic syndrome and may 

induce mixed oxidases (Myers et al.,2019). High density lipoprotein (HDL – C) decreases with 

age and increases with exercise intensity in the conditions of metabolic disorders (Lim et 

al.,2018), signifying possible induction of metabolizing enzymes. Classical galactosemia 

ornithine transcarbamylase deficiency, phenyl ketonuria, Morbus-Nieman pick type C, long-

chain fatty acid oxidation disorders, pyruvate dehydrogenase deficiency and respiratory chain 

defects may be significantly relevant to hypoactivity of uterus (Ilsinger and Das, 2010), 

signifying enzyme inhibitors. Indices of obesity are closely related with total testosterone than 

other metabolic parameters including blood pressure (Cheng et al.,2017) suggesting that 

testerone could decrease fat metabolism. Hence altered nicotinamide adenine dinucleotide 

(NAD) metabolism could be a target for obesity, diabetes, dyslipidemia and fatty liver. 

Reduction in NAD causes metabolic disorders (Okabe et al.,2019) when they occur together is 

called multiple metabolic syndromes (Lieseet al.,1998), that may depend on multiple factors in 

children (Aganaet al.,2018). However, recent advances in the diagnosis and therapy of inherited 

metabolic disorders have improved the prognosis of the conditions (Rajappa and Kaur, 2010). 

Knowledge of mitochondrial dysfunction and oxidative stress could be used as mitochondrial 

based therapeutic strategy (Bhattiet al.,2018). Significant alterations in the anapleurotic into 

tricarboxylic acid cycle is the critical defect underlying cardiovascular autonomic neuropathy 

(Mathew et al.,2019), suggesting that inborn errors could be neurological, pediatric, obstetric, 

surgical and psychological (Martins 1999). 

Non-Linearity of Drug Kinetics Depends on Vmax and Km 

Alcohol dehydrogenase is responsible for metabolism of ethyl alcohol,𝑉𝑚axValue of 0.22 and 

Km of 0.1 have been reported for alcohol metabolism (Wagner, 1973; Goldstein, 1970)..A low 

Km observed for theophylline (2 mg/L), voriconazole (1.15 mg/ L), metronidazole (0.235 mg 

/L), isoniazid (1.669 mg/L), puromycin (0.0345 mg/ L) and tylosin (0.37 mg /L)  indicates high 

binding affinity as the reaction approaches Vmax rapidly. But high Km observed for mibefradil 

(70.2 mg /L), thiopental (20.0 mg/L), theophylline (14.2 mg /L), phenytoin (91.0 mg/L), 

thymidine (45.5 mg/L), thymine (5-methyl uracil) (82.5 mg/L) and fluorouracil (39.8 mg/L)  

indicates inefficient binding of enzyme with substrate and Vmax is reached when the substrate 

concentration is high enough to saturate the enzyme. But S/Km ratio of 0.01-1.57 in the present 

study disagrees with the reported value of 0.01-1.0. When S <<Km, the enzymatic rate is much 
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less than Kcat, because most of the active sites are unoccupied. But when S is low, the 

concentration is almost negligible, resulting to Km>> S. I𝑚𝑎𝑥  /𝑘𝑖Values of isoniazid were 

identical with the AUC ratio whereas clofazimine showed high I𝑚𝑎𝑥  /𝑘𝑖 values by four folds. 

Hence drugs metabolized by CYP3A4 should be carefully administered with clofazimine 

(Shimokawa et al., 2015). Hence nonlinearity is observed in metabolism involving Michaelis-

Menten kinetics called saturable metabolism or mixed order kinetics. Nonlinearity may be at 

different levels of absorption, distribution, metabolism and excretion (Nehvar, 2001). Both 

gastric and hepatic first-pass metabolism of ethanol contributes to bioavailability of ethanol in 

male rats (Pastino and Condly, 2000). The pharmacokinetics with absorption and elimination in 

the Laplace domain could be inverted. Right skew and maxima were seen in dimensionless 

concentration with time plot.The tendencies of individuals to show nonlinearity in theophylline 

kinetics depend partly on km and 𝑉𝑚𝑎𝑥  values of their respective metabolic pathway and serum 

theophylline concentration (Lebko, 1986). Age and weight have been identified to affect 

pharmacokinetic variability of voriconazole (Mutiet al., 2015). Chemical and antibody inhibitors 

have no or little effect on metronidazole 2- hydroxylation, making CYP2A6 responsible for 2- 

hydroxylation of metronidazole both in vitro and in vivo (Pearce et al., 2013). The general 

disposition of a drug is the same of local disposition at various sites in the body, whereas the 

local disposition is the sum of micro-disposition in the cells. Therefore, understanding of the 

disposition in vitro and in loci is indispensable in clinical situations (Yamaoka and Takakura, 

2004). Botts- Morales theory on catalytic properties of an enzyme is related to allosteric effects, 

enzymes activated by monovalent cations and cofactors – controlled protease -zymogen 

interactions (Di Ceraet al., 1996). 

Enzyme-Drug Concentration Determines the Rate of Reaction 

Subentical damped oscillations arise when Krebs cycle kinetics is obeyed. Such system could be 

considered as single compartmental pharmacokinetic model, where the drug concentration drops 

to zero over time, which is contrary to decaying exponentially with the axis as asymptote. A saw 

tooth pattern is seen in the concentration time plot for values of the frequency of oscillations and 

ratio of the rate constants of infusion and excretion. Bbimodal concentration curves cover 

frequencies of fluctuations (Sharma, 2011). Therefore, understanding of drug-metabolizing 

enzymes is a key to science of pharmacokinetics that may be used for treatment of drug abuse 

using enzymotherapy (Zheng and Zhan, 2012).Zero rate of endogenous substrate production of 

thymidine and thymine in the present study indicates that thymidine and thymine are extremely 

toxic. The finding agrees with the report indicating that thymidine modulates a number of 

enzymes in DNA synthesis or DNA apoptosis. Thymidine in combination with fluorouracil, a 

metabolite of capecitabine is very useful (Martin et al., 1990; Siethoff et al., 2004), as a 

diminished thymidine pool is the mechanism underlying chemoprevention of colon cancer via 

alpha-difluoromethylornithine (Witherspoon et al., 2013). Altered metabolism of thymidine 

could be caused by abnormal thymidine phosphorylase (Spinzzola et al., 2002). Deficiency of 

dihydropyrimidine dehydrogenase could lead to increased excretion of thymine, uracil, and 5-
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hydroxymethyl uracil. The affected persons usually become epileptic (van Gennip et al., 2020). 

Metabolism of oral 5-fluorouracil differs from that of infused form, because the former 

undergoes more diverse metabolism in the liver and gastrointestinal tract using various enzymes 

(Miura et al., 2010). The metabolites of 5-fluorouracil are dihydrofluorouracil and alpha-fluoro-

beta ureidopropionic acid (Hull et al., 1988).Dihydrofluorouracil could be detected in 5 min with 

metabolite of 23.7 micromole in 6o min and half-life of 61.1 min (Heggie et al., 1987). Therefore 

high Km (39.8 mg/L), low enzyme saturation (2.5 %), and low rate of endogenous substrate 

production (0.006/s) in the present study are suggestive of parenteral fuorouracil. Oral 110 mg of 

tylosin yielded 40 % potent metabolites such as relomycin (tylosin D), desmycosin (tylosin B), 

dihydrodesmycosin, macrosin (tylosin C) and other 10 metabolites (Kolz et al., 2005) accounting 

for 61 % enzyme saturation and high receptor-binding capacity.. Vmax and Km for linear least 

square usingEadie-Hofstee(193.9,0.0435), Hanes Wolf (216.2,0.0679), Line weaver-Bark (195.8; 

0.0484), inverseeadie-Hofstee (215.8;0.0670) and nonlinear least square (212.7; 0.064) for 

puromicin shows that linear and nonlinear kinetics could fit into Michaelis-Menten order 

(Toulias and Kitsos, 2016).However, the action of potential drugs is based on the inhibition/ 

activation of oxidoreductase as seen between superoxide dismutase and boroxine (Herendaet al., 

2018). The rate of ABC transport in NCF- 7 cells obeys Michaelis – Menten kinetics with 𝑉𝑚𝑎𝑥  

and km that show similar unimodal distributions, with different maximal cell populations. Higher  𝑉𝑚𝑎𝑥/𝑘𝑚 ratio indicates higher efficiency of transport. Therefore cell-cycle modulation of 

multidrug resistant should be taken into account when designing cytotoxic drugs (Kosh kin and 

Krylov, 2012). Signifying that accurate and efficient estimation of enzyme kinetic parameters is 

beyond Michaelis-Merten equation (Choi et al., 2017). 

Drugs that obey Michaelis-Menten Order of Kinetics Are Liver Enzymes Inducers and 

Inhibitor 

Thiopental and phenytoin are CNS depressants that activate hepatic microsomal enzymes, 

whereas puromycin inhibits the enzymes. Activation is via oxidation of radicals at carbon 5, N-

dealkylation, destruction of barbituric ring and desulfuration of thiobarbiturates (Piel et al., 

1969). Thiopental increases liver weight, biliary flow and biliary excretion of glutathione 

conjugate (Fischer et al., 1980). Phemytoin activates cytochrome P450 and 

glucuronyltransferase enzymes, hence serum levels of steroids, lamotrigine, tiagabine, vitamin 

K, cyclosporine, psycrotropic, cardiovascular and antineoplastic agents act via CYPIA2, CYP2C9, 

CYP2C19, CYP3A4 and epoxide hydroxylase. Microsomal enzymes inhibitors, such as 

metronidazole, mibefradil and isoniazid modulate expression of pegylated – glycoprotein and 

multiple drug resistance proteins 2 and 3 in the gastrointestinal tract (Perucca, 2005., Kim, 

2002; Synoid et al., 2001), with attendant consequences of higher cancer mortality, progression 

of acquired immune deficiency syndrome (AIDS), unwanted pregnancy and rejection of organ 

transplants. Time course of enzyme induction is governed by receptor up regulation and 

synthesis of new enzymes. Maximal induction of enzymes is faster with short half-life drugs 
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versus drugs with long half life. Hence the rate- limiting step is enzyme turn over (Brodie et al., 

2013) as could be seen in cases of co-administration of phenytoin with metronidazole. 

Furthermore, puromycin could be inhibited by chloramphenicol via ribosomes (Cannon, 1968). 

However enzymes induction by 3- methylcholanthrene and phenobarbital could be inhibited by 

puromycin (Conney and Gilman, 1963).Isoniazid (30 -50 micromole) inhibits activities of 

CYP2CI9 and CYP3A4 (Wen et al., 2002). Either thymine or uracil could react with 

ribonucleosides or deoxyribonucleosides. The ratio of activity between oxyriboside transfering 

enzymes and deoxyriboside transferring enzyme is 3.5 and reduced to 0.06 in hepatoma (de 

Vardier and Potter, 1960), but 5-flurouracil forms complex with thymidylate synthase, 

preventing DNA components of RAN and DNA (Zhang et al., 2008) in cancer patients. Also 5- 

flurouracil inhibits CYP4502C9 (Gumes et al., 2006).Voriconazole inhibits activities of CYP3A4 in 

microsomes of liver whereas, Metronidazole inhibits CYP2C9 responsible for metabolism of S- warfarin 

hydroxylation and constitutive androstane receptor that regulates CYP2C9 and other CYP isozomes 

(Kudo et al., 2005). Hence polymorphism may affect patients’ response to co-administration of the drugs 

being studied .The most significant enzymes are CYP2D6 and CYP3A4 (lynch and price, 2009), but 

CYP3A4 and P-glycoprotein of 0.6 and 0.8 micromole are respectively inhibited (Wandel et al., 2000). 

Adverse drug reaction of mibefradil is a reflection of CYP3A4 inhibition in liver and intestine (Veronese 

et al.,2013). Induction of hepatic cytochrome (P450) and microoxygenases suggest a mixed type 

induction by theophylline (Lissner et al., 1985). Enzymes induction by phenytoin is compensated by 

increased dose of voriconazole (Spriet et al.,2010). Inducing and metabolising drugs adversely affect 

anaesthetics (Sweeney and Bromillow, 2006). Liver enzymes cause hepatic hypertrophy  

(Marompt.,2010). 

Drug-Receptor Binding Affinity is a Function of Michaelis-Menten Kinetics  

 The transport mechanism of 𝑁𝑎+/𝑘+- ATPase obeys ping-pong mechanism whereby 𝑁𝑎+ binds 

to an allosteric non specific site leading to a 2–fold increase in ATPase activity (Montiet 

al.,2017). Michaelis-Menten kinetics is obeyed when the maximum exponent on the 

concentration of the varying reactant binds to only one enzyme reaction intermediate. But non–
Michaelis–Menten kinetics occurs when the varying reactant is both substrate and inhibitor 

(substrate inhibition) or participates in alternative productive pathways or when its 

stoichiometric coefficient is >1. Most enzymes follow Michaelis – Menten kinetics (Montiet 

al.,2017). But Phenytoin- isoniazid interaction could be managed using pharmacokinetic method 

of Michaelis – Menten order with 𝑉𝑚𝑎𝑥  in normal range and km increased by five- fold (Witmer 

and Ritschel, 1984). Clofazimine and prothionamide may cause drug-drug interaction when co-

adminsteredwith compounds metabolized by CYP 3A4and CYP2B6, respectively.Whereas 

isoniazid and rifapentine may cause drug-drug interaction with drugs metabolized by CYP3A4 

(Shimokawaet al.,2015). Enzyme efficiency is constrained by substrate concentration, genes, and 

ages, which allows systems modeling from the level of cellular chemical reactions to whole body 

physiological parameters (Rogers et al.,2016). For example, Km for carbonic anhydrase is 

26mmol/L (Robinson, 2015).𝑉𝑚𝑎𝑥  and km estimation by linear methods provides the most 
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accurate and precise results (Cho et al.,2018). Non-compartmental analysis is easier and does not 

require data modeling and provides good results as nonlinear mixed effects model for analysis of 

bioequivalence data, AUC and 𝐶𝑚𝑎𝑥 are estimated by non-compartmental analysis (Dubois et 

al.,2010). Mibefradil pharmacokinetics obeys Michaehs-Menten order of kinetics (Kosmidiset 

al.,2004), which may be well approximated by a linear model for a single drug exposure, but 

more than one dose expose nonlineal system that underestimate the uncertainty in the estimates 

(Metzler and Tang, 1981). 

The Fundamental Pharmacokinetic Parameters that could be integrated both in vitro and 

in vivo 

Clearance, volume of distribution, half-life and bioavailability are the fundamental 

pharmacokinetic parameters (Benet and Zia- Amichossaini; 1995). For albumin binding drugs, 

the effect of albumin in vivo prediction from in vitro data is very vital for hepatic transporter 

substrates (Fukuchi et al.,2017). At every high doses R – and S – thiopental exhibit a linear one –
compartment model with first order kinetics and becomes nonlinear one-compartment model 

with Michaelis-Menten kinetic order. Fraction of unborn R – thiopental used to be higher in this 

condition (Cordatiet al.,1999). Pharmacokinetics of reversible metabolism could predict 

appropriate doses of drug that is subjected to equilibrium in human body (Cho and Yoon, 2019). 

The relation between substrate concentration and dose rate reduces to a linear system 

(Gabrielson and Peletier, 2018). Kinetic constants in the Michelis- Menten from one enzymatic 

assay could be approximated using Bayesian computation (Tomaczak and WeglartThoma, 2019). 

Also pharmacokinetics of thymidine, thymine, and fluorouracil is nonlinear in dose (Covey and 

Straw, 1983). Therefore, terminal half-life is time required to divide plasma concentration (Cp) 

by two after pseudo-equilibrium has been reached. If the absorption is not a limiting factor, half-

life is a hybrid parameter controlled by plasma clearance and extent of distribution. If the 

absorption is a limiting factor, terminal half-life is a reflection of rate and extent of absorption 

not elimination (Toutain and Bousquet-Melou, 2004).Also lysine 69 is catalytic viaM. 

tuberculosis shikimate dehydrogenase and should be used in rational design of antitubercular 

drugs (Rodrigues et al.,2009).The Hill coefficient of 2.05 ± 0.1 could suggest multiple substrates 

binding site (Gilibili et al.,2017). Km (1.15 µg/ml) and Vmax (114µg/h) have been reported for 

voriconazole administered at 6 mg/kg  every 12 h for 24 h  4 mg/kg at 12 h  interval (Liu and 

Mould, 2014), suggesting that pharmacokinetics links efficacy and safety, thereby assist in 

determination of dosage regimen in clinical practice (Dunnington et al., 2018). Elimination 

process of two compartment models is by Michaelis-Merten kinetics (Bertrand and Mentre, 

2008).In one substrate-one product reversible enzyme reaction, the rapid equilibriumin one 

direction eliminates rapid equilibrium in the reverse direction. Van Slyke type kinetic constant 

appears in the rate equation independent of whether steady state, finite time or final equilibrium 

is attained. Also the reaction could proceed in one direction with fast equilibrium and in the 

opposite direction with steady-state kinetics. Hence the thermodynamic equilibrium determines 

that a higher concentration of product or substrate could be reached only with steady-state 
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kinetics (Keleti, 1986). A low Michaelis constant (Km) corresponds to a high binding capacity 

between enzymes and substrates (Daintith, 2008). 

Limitations of In Vitro-In Vivo Kinetic Translation for Optimization of 

Pharmacokinetic/Pharmacodynamic Parameters 

In vitro-in vivo kinetic translation is useful in drug research and development. However 

pharmacokinetic parameters such as ADME could be affected at various levels of drug 

disposition. For example the absorption of chlorthiazide, phenylbutazone, and naproxen is a 

saturated process that obeys Michaelis-Menten (mixed or nonlinear) kinetics.Teteracycline, 

fenclozic acid, digoxin, phenytoin and digitoxin are postulated to have a limited window of 

absorption via carrier-mediated mechanism (Wood and Thakker, 1982). There was a significant 

correlation between steady-state serum levels of phenytoin calculated from Vnax and Km values 

in epileptics. Single doses were initially administered followed by multiple doses (Popovic, 

2004). Hence phenytoin could have zero order input and mixed order kinetic ouput in one 

compartmental model system (Lam and Chiou, 1979), suggesting that level of plasma phenytoin 

is not related linearly to dose and change in enzyme activity by co-administered drug , could 

alter plasma level of phenytoin. What a serious therapeutic setback? More so Km (0.8 µmol/L) 

and Vmax (1.3 µmol/h) have been reported for phenytoin co-administered with diazepam. The 

values rose to 50.3 µmol/L and 4.4 µmol/L/h after diazepam elimination ( Roggers et al., 1977). 

So single intravenous dose, multiple dose and constant dose injection of one compartment 

models could obey mixed order (Michaelis-Menten) kinetics (Tang and Xiam, 2007), suggesting 

that nonlinearity could be observed in drug ADME, which varies from drug to drug , according 

to route of administration, dosage formulation and diseased conditions (Wagner, 1973). This 

shows that there is need to establish  a dose range with a reasonable relationship between plasma 

AUC and dosage during subchronic and chronic toxicity studies (Lin ,1994). Xanthotoxol 

inhibited CYP3A4 and CYP1A2 with IC50 of 7.43 µM and 27.82 µM respectively. Vmax (0.55 

nmol/min/mg, Km (8.46 µM) and Clint (0.06 ml/min/mg) of xanthotoxol show that the 

compound obeys monophasic Michaelis-Menten kinetics as confirmedby hepatic clearance 

(15.91 ml/min/kg) of xanthotoxol (Ma et al., 2016).The scaling of Vmax and Km gives in vivo 

metabolic clearance as proven by Vmax/Km ratio (Houston, 1994). However many drugs show 

atypical  Michaelis-Menten kinetics that are sigmoidal, biphasic, substrate inhibitory and 

heterotropic cooperation (Tracy and Hummel, 2004), making prediction of in vivo parameters 

from in vitro data sometimes not exact, and as such should not be based on a single set of data 

(Wilkinson, 1987). This is linked to pharmacokinetic/pharmacodynamics modeling that targets 

drug concentration   and effect (Tonge, 2018). In correct application of Michaelis-Menten model 

can result in underestimation of Km and Vmax, but application its application to sigmoidal 

kinetic data could result in overestimation of Km and Vmax at lower concentration of substrate 

(Tracy, 2006) with good correlation between in vitro drug release and in vivo drug absorption 

leading to optimized Cmax, Tmax and AUC (Shah and Khan, 2011).  
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Conclusion 

Many drugs undergoing pharmacokinetics either obey Michael’s Menten order (first order, zero 
order and mixed order) or order above Michaelis-Menten Kinetics. However, the concentrations 

of drugs and enzymes involved determine the order of kinetics. More so in vitro kinetics could 

be integrated with in vivo Michaelis-Menten kinetics for optimization of 

pharmacokinetic/pharmacodynamic translation to achieve clinical efficacy and safety.Mixed 

order kinetic drugs are either enzyme inducers or inhibitors. 
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