
Introduction
Peroxidase is an important antioxidant enzyme that catalyzes 
the oxidation reactions of various organic and non-organic 
substrates using hydrogen peroxide as an electron receptor. 
In common with all heme PODs, it has a general catalytic 
cycle, with three successive reduction steps. During an initial 
step, the native enzyme is oxidized by H2O2 in by a two-
electron transfer reaction. The result is reduction of hydrogen 
peroxide and production of water. The cationic radical of 
compound I is then reduced by AH2 as the electron donor 
substrate. That AH2 adds one electron to compound I which is 
converted to compound II.1 Hydrogen peroxide is one of the 
members of reactive oxygen species (ROS), a group of reactive 
molecules or ions derived from molecular oxygen during 
the normal metabolism of the cell. Interestingly, the low or 
moderate concentrations of ROS could play a physiological 
role in response to cellular damages. On the other hand, 
the harmful effects of free radicals, such as oxidative stress, 
occur at their high concentrations. Long term contact with 
free radicals, even at a low level, can damage the important 
biological molecules and causes DNA mutation which leads to 
development of important diseases such as various cancers.2 
Despite the fact that oxygen is essential for an aerobic life, it 
can be toxic under certain conditions. This natural effect is 
known as the “oxygen paradox”.3-5

Tea, coffee and soft drinks are consumed as conventional 

beverages in a daily basis all over the world. Both drinks 
contain high amounts of chemicals known as methylxanthines, 
with the most famous members of the group being caffeine 
(1, 3, 7-trimethyl-xanthine) and theophylline (1, 3-dimethyl-
xanthine). When used in a controlled dose, these compounds 
have beneficial roles in different medical conditions.

Theophylline is clinically used for treating obstructive 
pulmonary disease and severe asthma due to its known 
anti-inflammatory and immunomodulatory effects at 
therapeutic concentrations.6 It can prevent the translocation 
of the transcription factor -ĸB in the nucleus, responsible 
for the transcription of inflammatory genes. It, therefore, 
can potentially reduce the expression of inflammatory genes 
in asthma.7,8 However, despite to its beneficial effects, high 
consumption of theophylline can cause harmful effects on the 
body.9 

The use of caffeine at a moderate level could increase the brain 
function and act as anti-depressant agent. It can be prescribed 
for treatment of Parkinson, Alzheimer’s and other disorders 
of central nervous system.10 Its anti-depressant effect and the 
positive impact on the Parkinson’s disease are related to the 
interaction with dopaminergic systems. Caffeine can disrupt 
the function of these receptors by blocking adenosine A1 and 
A2 receptors, which, thus, protects the dopaminergic neurons. 
On the other hand, main cause of depression and Parkinson’s 
disease, is the reduced to the activity of dopaminergic systems 
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and destruction of dopaminergic neurons. Blocking these 
receptors, gives the molecule an analgesic effect.11,12 Caffeine 
can also exhibit antioxidant activity through inhibition of lipid 
peroxidation, an action which opposes the function of ROS. 
However, the overuse of caffeine can be harmful, increasing 
the chance of oxidative stress and lipid peroxidation. It has 
been demonstrated that chronic administration of caffeine 
could significantly increase activities of hepatic antioxidant 
enzymes of Ehrlich ascites tumor-bearing mice.13 The aim 
of our present research was investigating the possible effect 
of two most commonly used methylxanthines, caffeine and 
theophylline, on biological activity of POD in vitro.

Materials and Methods
Materials
Arthromyces ramosus POD, caffeine, theophylline and 
4-aminoantipyrine were purchased from Sigma-Aldrich, 
phenol supplied from Merck and hydrogen peroxide 30% 
from Dr. Mojallali Chemical Industry. The potassium 
phosphate buffer was prepared freshly in the laboratory. The 
UV-Visible spectrophotometer was model 3000 Ultrospec 
from Pharmacia Company. 

Assay of Peroxidase Activity
The activity of POD was measured by the Caesar’s method with 
a slight modification.14 One microliter of enzyme solution was 
added to the reaction solution containing 340 μL phenol 0.17 
M, 1.7 μL of hydrogen peroxide 1.7 mM, 4-amino antipyrine 
2.5 mM (1, 2, 3, 5, 8, 10, 15, 20, 30, 50, 100 μM) and potassium 
phosphate buffer 0.2 M (pH 7.2). A chromogen product was 
formed as the result of POD catalyzed oxidation of 4-amino 
antipyrine in the presence of phenol and hydrogen peroxide. 
Formation of the product was then followed by recording the 
change of absorption (ΔA/min) of the mixture at 510 nm and 
25°C for 3 minutes.15 The Michaelis-Menten and Lineweaver-
Burk plots were obtained using the average value obtained 
from these data and the kinetic constants, Km and Vmax, were 
calculated accordingly. Each experimental stage was repeated 
in triplicate.

Enzyme Inhibition
In this experiment, the concentrations of phenol, hydrogen 
peroxide and 4-amino antipyrine (100 μM, saturation 
concentration) were kept constant and the inhibitor 
concentration varied from 0.2 to 2 mM for caffeine and 0.25 to 
1.5 mM for theophylline. As mention before, in this study we 
repeated the test three times. The results indicated a reduced 
activity of the enzyme in both cases. Using the average results, 
plots of inhibition and dose-response were obtained for each 
inhibitor.

Kinetic Parameters
The value of IC50 was calculated from the dose-response plot 
for each inhibitor. In order to study the type of inhibition 
and validate Km and Vmax, the enzyme activity at different 
concentrations of substrate (from 1 to 100 μM) and constant 
concentration of each inhibitor was measured. To measure 
values of kinetic constants and investigate the type of inhibition, 

i.e. partial or complete, the linear plots, Lineweaver-Burk and 
Dixon, were obtained for both inhibitors. 

Results
According to the results, different concentrations of both 
caffeine and theophylline reduced the activity of POD 
(Figure 1).

Determination of Kinetic Parameters, Km and Vmax
The values of Km and Vmax were calculated from Lineweaver-
Burk plots in the absence and presence of inhibitors (Figure 2 
and Figure 3 for caffeine and theophylline respectively). The 
kinetic parameters thus obtained are compared in Table 1. 

To determine accuracy of Km and Vmax, Hanes–Woolf 
plots were also plotted in the presence and absence of each 
inhibitor at their IC50 and Km and Vmax were extracted from 
them too. It was noticed that Km and Vmax values calculated 
by both Hanes–Woolf and Lineweaver-Burk plots exactly 
confirmed each other. The plots and kinetic constants are not 
presented here.

It is known that the Lineweaver-Burk plot is linear for both 
partial and complete inhibition and is not suitable, therefore, 
to show the type of inhibition. However, Dixon plot (1/V 
against [I]) is only linear if a complete inhibition is occurred. 
It is, thus, one of the best ways to exactly confirm partial or 
complete inhibition.15 Figure 4 and Figure 5 show the Dixon 

Figure 1. Reduction of Peroxidase Activity in the Presence of 0.1-2 mM of 
Caffeine and 0.15-1.5 mM of Theophylline at 25°C.

Figure 2. Lineweaver Burk Plots in the Absence and Presence of Inhibitors 
for Caffeine at 25°C, 0.2 mM Buffer, pH 7.2, 0.17 M Phenol, 1.7 mM 
H2O2 and 2.5 mM 4-Amino Antipyrine. The paralleled lines are indicative 
of uncompetitive mechanism.
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plots for caffeine and theophylline respectively. It was found 
that in both cases the Dixon plots were linear confirming a 
complete inhibition type by both methylxanthines.

Determination of IC50 and Ki values 
According to the plots of inhibition (Figure 1) and dose-
response (Figure 6), the value of IC50 was found to be 0.6 mM 
and 0.55 mM for caffeine and theophylline respectively.

The value of inhibitor constant, Ki was obtained from the 
secondary plots, i.e. 1/Km against [I] for both inhibitors (Figure 
7). It is worth remembering that the inhibitory constant (Ki) 
and IC50 values of a compound are related to the concentration 
required to reduce the enzyme activity by half. In other words, 
the Ki value reflects the binding affinity and the IC50 is related 
to the functional strength of the inhibitor. In the case of non-
competitive inhibitors, Ki has the same numerical value as the 
IC50, while for competitive and uncompetitive inhibition; the 
Ki is about half the IC50’s numerical value. However, the small 
amount of Ki indicates a greater binding affinity and require 
smaller amount of medication to inhibit the activity of the 
enzyme.16 As gathered in Table 2, different amounts of IC50 
and Ki for the selected inhibitors were obtained in the present 
research. 

Discussion
As stated above, low to moderate concentration of ROS play 
important roles in a number of cell processes with beneficial 
effects.17 They can act, for example, as redox messengers in 
regulation of intracellular signaling. At high concentrations, 
they can overcome the immune system and cause oxidative 
stress.18 The high reactivity of these species can damage 

important biological molecules such as proteins, DNA and 
carbohydrates leading to dangerous consequences such as 
cancer.19 The body protects the cells against the toxic effects 
of ROS by neutralizing the excess free radicals.20 POD is an 
important component of the antioxidant defense system.14,21 
Tea and coffee contain high amounts of methylxanthines 
such as caffeine and theophylline which, depending on the 
dose, could have beneficial or destructive effects on various 
parts of the body.11,12 In this study we found that caffeine and 
theophylline, have an inhibitory effect on the POD activity. The 
kinetic parameters, Km and Vmax, extracted from Lineweaver-
Burk plots (Table 1) indicated that both compounds followed 
uncompetitive mechanism of inhibition. On the other hand, 
according to IC50 and Ki values obtained from dose-response 

Figure 3. Lineweaver Burk Plots in the Absence and Presence of Inhibitors 
for Theophylline at 25°C, 0.2 mM Buffer, pH 7.2, 0.17 M Phenol, 1.7 mM 
H2O2 and 2.5 mM 4-Amino Antipyrine. Figure 4. Dixon Plots in the Absence and Presence of Inhibitors for Caffeine 

at 25°C, 0.2 mM Buffer, pH 7.2, 0.17 M Phenol, 1.7 mM H2O2 and 2.5 mM 
4-Amino Antipyrine.

Figure 5. Dixon Plots in the Absence and Presence of Inhibitors for 
Theophylline at 25°C, 0.2 mM Buffer, pH 7.2, 0.17 M Phenol, 1.7 mM 
H2O2 and 2.5 mM 4-Amino Antipyrine.
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Figure 3. Lineweaver Burk plots in the absence and presence of inhibitors for theophylline at 25◦C, 0.2 
mM buffer, pH 7.2, 0.17 M phenol, 1.7 mM H2O2 and 2.5 mM 4-amino antipyrine. 
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(Figure 6) and secondary plots (Figure 7) the values of 
IC50 and Ki for theophylline is less than caffeine (Table 2). 
The different numerical values of IC50 and Ki confirm the 
uncompetitive mechanism for the inhibition mechanism 
in both cases.16 Therefore, inhibition strength and binding 
tendency to the enzyme-substrate complex for theophylline 
is more than caffeine. Considering the chemical structures 
of the selected compounds (Table 2), it can be suggested that 
higher inhibition strength of theophylline is possibly related 
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Figure 6. The Dose-Response Plot of Peroxidase in Presence of Caffeine 
and Theophylline at 25°C. 

Figure 7. Secondary Plot of Peroxidase in the Presence of Inhibitors at 
25°C, 0.2 mM Buffer, pH 7.2, 0.17 M Phenol, 1.7 mM H2O2 and 2.5 mM 
4-Amino Antipyrine.
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Table 2. The Value of IC50 and Ki for Effect of Caffeine and Theophylline on 
Peroxidase

Inhibitor’s Name Chemical Structure IC50 (mM) Ki (mM)

Caffeine 0.60 0.081

Theophylline  0.55 0.045

to bulky groups in N1, N3 and N7 positions. Substitution 
of a bulky group in N1 and N7 positions of purine has an 
important role in the binding tendency of inhibitors to the 
enzyme. Therefore, the difference in inhibition could be the 
result the whole structure of each inhibitor. On the other hand, 
it is known that in the case of complete inhibition, Dixon 
plot is linear whereas in partial inhibition the Dixon plot is 
hyperbolic.15 Therefore, obtaining the Dixon plots could help 
to study the type of inhibition. According to our results the 
Dixon plots for both inhibitors were linear (Figures 4 and 
5). We concluded that caffeine and theophylline acted by a 
complete inhibition type. This type of result was also found by 
a group of researchers who investigated the effect of caffeine 
on antioxidant enzymes in mouse liver.22 They reported that 
caffeine has an inhibitory effect on the enzyme xanthine 
oxidase and reduces theirs activity significantly.22 In similar 
investigations on methylxanthines, activity of xanthine oxidase 
in milk, lung, heart and brain of mouse has been investigated 
in the presence of caffeine, theophylline and theobromine.23 
Their results showed that all 3 methylxanthines inhibited the 
xanthine oxidase activity with competitive mechanism. They 
also included that based on the Ki values, theophylline had 
the highest binding strength to the enzyme with theobromine 
in the second place followed by caffeine with lowest binding 
strength to the enzyme.23 The effect of methylxanthines 
including pentoxifylline, theophylline and caffeine has 
also been investigated on other enzymes such as alkaline 
phosphatase.24 According to results from that study, the tested 
methylxanthines all reduced the alkaline phosphatase activity 
by uncompetitive mechanism with theophylline having the 
highest inhibitory effect.24 The effect of caffeine on transferase 
enzymes including GGT, GPT and GOT has been reported.25 

They found that caffeine increased the activity of GOT and 
GPT but inhibited the activity of GGT competitivlye.25 Petzer 
et al have examined the effect of caffeine on the monoamine 
oxidase.26 They reported that caffeine has an inhibitory effect 
on the monoamine oxidase activity and the type of inhibition 
was determined to be competitive. 

It is a well-known fact that increasing protective 
mechanisms in neurons can significantly reduce the damage 
caused by many types of stress. It has been shown that 
caffeine increases nicotinamide mononucleotide adenylyl 
transferases (NMNATs) expression both in vitro and in 
vivo.27 As NMNATs is the essential enzyme in biosynthesis 
of nicotinamide adenine dinucleotide (NAD), the important 
cofactor in production of many molecular chaperones, its 
Overexpressing NMNATs can be suggested as a cure for some 
neurodegenerative disorders.28,29 

Conclusions
Based on the results obtained from our research and 
considering the previous investigations by others, it is 
concluded that consumption of methylxanthines such 
as caffeine and theophylline in excess doses, can disrupt 
the activity of many important enzymes including POD. 
Altered POD activity would, in turn, put human body more 
susceptible to abnormalities such as oxidative stress and 
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cancer. It is also suggested that, according to IC50 and Ki values 
for both inhibitors, theophylline has a stronger negative effect 
on POD as compared to caffeine.
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