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Abstract

Caffeine (1,3,7-trimethyl xanthine), an ingredient of coffee, has been investigated for its potential antioxidant activity against oxidative
damage to rat liver microsomes. Such damage was induced by three reactive oxygen species of cardinal importance in causing membrane
damage in vivo namely hydroxyl radical ('OH), peroxyl radical (ROO) and singlet oxygen ('0,). The results obtained showed that
caffeine was an effective inhibitor of lipid peroxidation, at millimolar concentrations, against all the three reactive species. The extent of
inhibition was high against peroxidation induced by 'OH, medium against 'Oz and low against ROO". In general, the antioxidant ability
of caffeine was similar to that of the established biological antioxidant glutathione and significantly higher than ascorbic acid.
Investigations into the possible mechanisms involved in the observed antioxidant effect reveal that the quenching of these reactive species
by caffeine may be one of the possible factor responsible. The rate constant of caffeine with ‘OH was 7.3 - 10° M~'s~! and with 'O, it
was 2.9 - 107 M~'s™'. Considering their potential for damage, half-life estimates and generation in biological systems, the ability of
caffeine to inhibit oxidative damage induced by these reactive species in membranes suggest one more positive attribute of caffeine,
whose daily intake as coffee may be considerable in most populations.
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1. Introduction aqueous suspensions of bacterial spores [8,9]. It was later
shown that the radioprotective effect of caffeine could be
due to its ability to scavenge potentially damaging OH
and electrons [8—10].

A number of biochemical reactions in our body gener-
ate reactive oxygen species (ROS) mainly comprising free
radicals and excited states, capable of damaging crucial
biomolecules. If they are not effectively neutralised by the
antioxidant defense system in the tissues, oxidative stress
results [11,12]). Polyunsaturated fatty acids have become a
central area of interest in the biochemistry of oxidative
stress caused by ROS [11]. These fatty acids are mainly
present in the phospholipids of biological membranes and
their unspecific oxidation by ROS known as lipid peroxi-
dation, is a radical mediated pathway and a highly damag-
ing event. It generates toxic byproducts such as 4-hydroxy-
nonanal known to be capable of altering other biomolecules
in the cell [13,14]. Among the various reactive species
which may induce this reaction in vivo, peroxyl radical
(ROO), the hydroxyl radical ('OH) and singlet oxygen

* Corresponding author. Fax: +91 22 5560534 /5560750. ('0,) are of cardinal importance [15].

Caffeine or 1,3,7-trimethyl xanthine is a component of
the widely used beverage coffee and is used as adjuvant
analgesic in combination with drugs like acetaminophen,
aspirin and ibuprofen [1,2]. Though it has been shown to
have several pharmacologically useful effects, it is largely
regarded as a sensitizer of damage or radiosensitizer by
virtue of its reported inhibition of DNA repair in certain
cell types [3]. However, several recent studies suggest that
if caffeine is present during the time of occurrence of
damage induced by radiation or other agents, it can afford
significant protection. For instance in human TK6 lym-
phoblastoid cells, 2 mM caffeine either before orup to 3 h
after trradiation almost completely prevented radiation-in-
duced apoptosis [4]. Much earlier, caffeine had been shown
to exert protective effect against oxic component of radia-
tion damage in cell culture systems (Chinese hamster
ovary cells) [5], plant systems using seeds [6,7], and in
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One of the areas which has attracted a great deal of
attention is the possible role of antioxidants in the control
of oxidative damage [16]. Caffeine is consumed by mil-
lions either as an ingredient of coffee or as an analgesic
adjuvant. Though there are reports on the free radical
scavenging ability of caffeine [10,17], there are no detailed
studies on the effect of caffeine on oxidative membrane
damage induced by ROS. The present study examines the
effect of caffeine in vitro on lipid peroxidation in rat liver
microsomes induced by the three major reactive species of
interest in biological systems, namely OH, ROO  and
l02, besides the possible mechanism(s) involved in terms
of its ability to react with these species.

2. Materials and methods
2.1. Chemicals

Ascorbic acid, caffeine, ethylene diamine tetraacetic
acid (EDTA), tetracthoxypropane, 2-thiobarbituric acid,
Tris, methylene biue, Rose Bengal and reduced glutathione
were purchased from Sigma Chemical Co., USA. Sodium
azide was from BDH, UK. Chelex-100 was from Bio-Rad
Laboratories. Deuterium oxide (99.8%) was obtained from
the Heavy Water Division of our Research Centre. Other
chemicals and reagents used in our studies were of analyti-
cal grade from reputed manufacturers. The peroxyl radical
generating compound, azobis(2-amidopropane)dihydro-
chloride (AAPH), was a gift from Prof. Lester Packer,
University of California.

2.2. Preparation of microsomes

Three-month-old female Wistar rats weighing approxi-
mately 270 + 30 g were used for the preparation of micro-
somes. After fasting overnight, rats were killed by cervical
dislocation, livers removed and homogenised in 0.25 M
sucrose containing 1 mM EDTA. After centrifugation at
10000 X g for 10 min, the supernatant obtained was recen-
trifuged to remove the remaining contaminants. This su-
pernatant was then centrifuged in a Beckman L8-80 ultra-
centrifuge at 105000 X g for 1 h to sediment microsomes.
The pellet of microsomes was washed three times with
0.05 M sodium phosphate buffer (pH 7.4), previously
treated with Chelex-100 for several hours to remove the
contaminating trace metals (buffer A) or 0.05 mM Tris-HCl
(pH 7.4) (Buffer B), resuspended in the same buffer at a
concentration of 10 mg protein/ml and distributed into
aliquots, which were first frozen in liquid nitrogen. After
so freezing, these were stored in a deep freeze maintained
at —20°C.

2.3. Exposure of microsomes to reactive oxygen species

For examining the protective effect of caffeine against
lipid peroxidation induced by "OH, microsomes were sub-

jected to y-radiation in N,O-saturated buffer A. For exam-
ining the effect on oxic radiation damage, the buffer was
saturated with oxygen. For irradiation, the microsomes
(final concentration 0.5 mg protein/ml) with or without
caffeine were placed in a sealed tube in a Gamma cell
(Chemistry Division, Bhabha Atomic research Centre, %co
source). The dose rate as determined by standard Fricke
dosimeter was found to be 540 Gy /h. Lipid peroxidation
induced by peroxyl radical initiator AAPH, was carried out
by incubating 10 mM AAPH with microsomes in Buffer B
at 37°C for 30 min with or without caffeine. The peroxida-
tive products were estimated [18]. For exposing micro-
somes to 102, this reactive species was generated in the
gas phase using surface-separated sensitizer system [19].
For this Rose Bengal was immobilized on a glass plate
using a thin layer of araldite and placed over 50 mM
sodium phosphate buffer in D,0, pD 7.4 (=pH 7.0)
(Buffer C) containing microsomes (with or without caf-
feine) maintained at 37°C at a distance of 2 mm. Oxygen
was passed through this gap and the plate was exposed to a
light source of 100 W tungsten lamp. The rate of 'O,
generation as well as the rate constant with caffeine was
calculated using the histidine destruction assay {19} and the
Stern-Volmer plot.

The system for exposing microsomes to photo-sensitiza-
tion was ingenious and physiologically more relevant. In
principle it was similar to that described earlier [20], with
minor modifications as specified below. The microsomes
(final concentration 0.5 mg protein /ml) were suspended in
buffer A or C and kept in a ‘trap’ maintained at 37°C, with
or without the sensitizer (methylene blue, 50 uM) and
continuous and constant bubbling of O,. The light source
used was a 300 W projector lamp (tungsten), sufficient to
induce significant peroxidation. The distance between light
source and the trap was 15 cm. The light intensity, as
measured by potassium ferrioxalate at 665 nm, in which
methylene blue absorbs, was 0.11 mJ/cm?/s. The dura-
tion of exposure was 5, 15, 30 and 60 min. However,
photosensitization was carried at 30 min in order to avoid
complications arising from peroxidative damage to micro-
somes when exposed to longer than 30 min exposure.
After photosensitization, the thiobarbituric acid reactive
substances (TBARS) formed were estimated as malonalde-
hyde equivalents, using tetraethoxypropane as standard
[21]. Assays of conjugated dienes and lipid hydroperoxides
were carried out by the methods of Buege and Aust [22].
Values represented in the present studies are mean + S.E.
of four experiments. Data have been analysed using Stu-
dent’s t-test. In all the figures, wherever necessary the
level of significance as compared to respective controls are
symbolized as follows: * = P < 0.05; * "= P < 0.001.

2.4. Pulse radiolysis

To study the reaction of caffeine with 'OH and ROO’
pulse radiolysis technique was employed. 7 MeV electrons
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from linear accelerator of pulse widths 50 ns were used
and the transients were detected by kinetic spectrophotom-
etry. Typical maximum doses with 50 ns pulses were 15
Gy [23]. The dosimetry was performed with air saturated
0.01 mol dm™* KSCN solution with a G € (500 nm)
value of 2.23 - 10™* M*J~! for (SCN),” transient species.
The kinetic spectrophotometric detection system covered
the wavelength range from 300 to 700 nm. Cells with
optical pathlength of 1 cm were used for these measure-
ments. For pulse radiolysis measurements the absorbed
dose was kept to a minimum to avoid decomposition of the
test compound and the samples were changed after every
pulse to minimise losses due to sample decomposition. The
reactions of caffeine with "'OH were carried out using N,O
saturated aqueous solution where e is quantitatively
converted to OH. (N,O +e,, = OH+ OH™ + N,).
Lipid radical (L') was generated on reaction of H' / 'OH
radicals with linoleic acid (LH) in N,O saturated solutions
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Fig. 1. Effect of caffeine on (A) "OH-induced; (B) ROO -induced and (C)
IOz-induced lipid peroxidation in rat liver microsomes.
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Table 1
Inhibition of lipid peroxidation induced by reactive oxygen species by
caffeine, glutathione and ascorbic acid in rat liver microsomes

Inhibitor

Percent inhibition of peroxidation induced by

OH ROO’ 0,
Against formation of TBARS
Caffeine 82.61+6.8 42.74+4.8 50.5+2.9
Glutathione 67.5+3.0 109406 *7 643+05 "
Ascorbic acid  29.7+1.7 77 72405 %+ 00"
Against formation of LOOH
Caffeine 60.5+5.0 405+£2.2 53.5+4.5
Glutathione 717452 188408 ** 352435
Ascorbic acid 215+1.1 7 0.0 ** 13.0+09 **

Values represent mean + S.E. of four experiments. Generation of reactive
species were carried out as described in Section 2 and the concentration
of antioxidants used was | mM. = P < 0.05, ** P < 0.001, as compared
to caffeine.

(2-107* M). LOO’ radical was generated in N,0/0,
saturated solutions.

3. Results

The results show that reactive oxygen species like OH,
ROO" and 'O, induced significant lipid peroxidation in rat
liver microsomes as determined by the formation of
TBARS, LOOH and conjugated dienes (Fig. 1). Increase in
the dose of radiation from 71 to 142 Gy enhanced the
formation of TBARS but not LOOH. Caffeine (1 mM)
effectively inhibited peroxidation induced by OH radicals
(Fig. 1A). The protective effect of caffeine was much
larger for TBARS than for LOOH. Caffeine was also
effective in inhibiting conjugated dienes (P < 0.001) and
to a lesser extent the TBARS (P < 0.05) (Fig. 1B). Caf-
feine effect on LOOH induced by peroxyl radical was
however not evident.

Table 1 presents data on the antioxidant abilities of
caffeine as compared to two of the standard biological
antioxidants namely glutathione and ascorbic acid, at the
concentration of 1 mM. When formation of TBARS was
used as the indicator of peroxidation, caffeine was more
effective against peroxidation induced by OH and ROO,
followed by glutathione and ascorbic acid. Glutathione was
more effective against lOz-induced peroxidation than caf-
feine and ascorbic acid did not show any inhibition. The
pattern of inhibition, however, was slightly different when
LOOH was used as the indicator of oxidative damage.
Glutathione was similar to caffeine against ‘OH-induced
damage while caffeine was more effective against peroxi-
dation induced by ROO" and 102. Ascorbic acid was the
least effective in both the cases.

Fig. 2 shows the dose-dependent effect of caffeine on
lipid peroxidation induced by ROS, as assessed by TBARS.
Fig. 2A reveals that caffeine inhibits the 'OH-induced
peroxidation significantly at or higher than 0.4 mM con-
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centration. Significant (P < 0.05) inhibition against
ROO -induced peroxidation also occurred at and above 0.4
mM (Fig. 2B). Caffeine in the range of 0.4 to 4 mM exerts
a dose-dependent inhibition of the ‘OH-mediated but not
of the ROO -mediated formation of TBARS (Fig. 2A and
B). Caffeine shows a ‘biphasic effect’” on peroxidation
induced by 'O,. Low concentrations (up to 0.4 mM)
enhanced the formation of TBARS, whereas the higher
concentrations (1 and 4 mM) inhibited peroxidation. The
‘biphasic’ effect of caffeine consistently occurred in sev-
eral repeated experiments, but the cause of the influence of
concentration is at present not clear. In this context, it is
pointed out that Kesavan and Ahmed [24] had observed
that caffeine acts as a radioprotective, radiosensitizer or
neither in the presence of oxygen depending upon its
concentration. It has been shown that caffeine competes
with oxygen for electrons at a reaction rate constant ~ 1.5
- 101 M1 s~ ' [8]. Under these circumstances more work
is necessary to elucidate the cause of ‘biphasic effect’.
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Fig. 3. Dose-dependent effect of caffeine on ' O,-induced lipid peroxida-
tion as assessed by lipid hydroperoxides.

Since lipid hydroperoxides are the specific products of
peroxidation formed solely due to the addition of 1O2 [25],
we have also examined the dose-dependence of caffeine
against the formation of LOOH. The results (Fig. 3) show
that the caffeine significantly (P < 0.001) inhibits the for-
mation of LOOH. It is noted that at 4 mM the inhibition is
dramatic. Since TBARS are formed as breakdown products
of LOOH, lower concentrations of caffeine may selectively
enhance this phase of peroxidation. Similar biphasic effect
of ascorbic acid has been shown against lipid peroxidation
[13,16].

Fig. 4 presents data on the inhibitory effect of caffeine
on the three products of peroxidation induced by ROO" as
a function of time. The inhibition was higher against the
formation of conjugated dienes and LOOH in the initial
stages, and lower at the later stages of inhibition. With the
formation of TBARS the pattern was slightly different,
higher inhibitions being associated with the later half of
the incubation period. The extent of inhibition observed at
2 h of incubation was significantly higher with TBARS
than with other two products of peroxidation. The time
course of 102-induced lipid peroxidation and its inhibition
by caffeine is shown in Fig. 5A and B. The formation of
LOOH was more gradual than that of TBARS. The pattern
of inhibition was linear with LOOH formation. The inhibi-
tion against the formation of TBARS was lower up to 30
min and then increased at a rapid rate.

v-Radiation, in the presence of oxygen, is known to
produce several other reactive species besides OH, capa-
ble of inducing peroxidation [26]. These include HO,, and
O, . Fig. 6A shows that the yield of peroxidation products
did not increase significantly in the presence of oxygen (in
comparison with data shown in Fig. 1A). Unlike the
observation in Fig. 1A, it turned out that caffeine is a poor
inhibitor of peroxidation induced by HO, and O, . Data
presented in Fig. 6B show that deuteration of the buffer
greatly enhanced peroxidation induced by <y-radiation. As
compared with peroxidation in H,O-based buffer at 70 Gy,
a much lower dose of 25 Gy could produce significantly
more peroxidation. The pattern of inhibition by caffeine,
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The rate constant for the reaction of 'OH with caffeine
was determined by formation kinetic studies by monitoring
the growth of the transient band at A, =340 nm as a
function of caffeine concentration. The first order rate
(kys) was found to increase with caffeine concentration
(0.5-3.0)-10~* M, and the bimolecular rate constant
determined from the slope of linear plot of k.,  vs.
caffeine concentration was 7.3 - 10° M~ ! s~ ! (Fig. 8). The
reaction of caffeine with lipid peroxyl radical (linoleic acid
radical) was also determined by pulse radiolysis. Their
reaction with caffeine was studied on monitoring the ab-
sorption changes in 300—700 nm region, containing linoleic
acid (1-107* M) and low concentrations of caffeine
(3.0-107% M). Under these conditions, H"/ OH radicals
would initially react with linoleic acid and the radicals
L'/LOO" generated would then react with caffeine. The
absence of any transient absorption in 300-700 nm region
suggest that either L' /LLOO’ radicals have very low reac-
tivity with caffeine or the transient species formed on
reaction of L' /LOO" with caffeine do not absorb in 300-
700 nm region. Studies with high concentration of linoleic
acid could not be carrted out due to solubility limitation.

Singlet oxygen quenching constant of caffeine was
determined by plotting concentration (0.1 to 1 mM) against
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Fig. 8. Plot for determining rate constant of caffeine with hydroxyl
radical.
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Fig. 9. Stern-Volmer plot for determining singlet oxygen quenching
constant of caffeine.

So/S as Stern-Volmer plot (Fig. 9) [27]. The rate constant
was estimated to be 2.9- 10" M~ 's™ L,

4. Discussion

Earlier studies have shown that caffeine has many
pharmacological properties. It is an adjuvant capable of
enhancing the analgesic effect of aspirin [1], ac-
etaminophen and other drugs [2]. It also has been shown to
be metabolized by the hepatic microsomal cytochrome
P-450 system and has been proposed as a metabolic probe
to study liver function in humans, particularly to determine
the levels of expression of P-450 1A2 [28]. Some of the
earlier studies dealing with subcutaneous administration of
caffeine showed that it is capable of inducing fatty liver
and certain forms of oxidative damage such as unstimu-
lated lipid peroxidation at certain doses [29]. There are also
reports of free radicals observed in roasted but not in green
coffee beans [30,31]. Instant or brewed coffee also was
reported to generate 'O, [32]. It is likely that caffeine
and /or other molecules present in coffee seeds or coffee
itself, act as ‘free radical sinks’, capturing the reactive
species generated during heating. However, our present
studies as well as of certain others [10] clearly show that
caffeine, at millimolar concentrations, is a potent antioxi-
dant capable of preventing lipid peroxidation induced in
vitro by the cardinal reactive oxygen species, OH, ROO’
and l02.

Hydroxyl radical has been shown to be generated in
various biological systems by metal-driven Fenton reaction
or by Haber-Weiss reaction [13,33]. They are most reactive
species, initiating the peroxidation of the biomembranes
[13,33]. The lipid radicals (L’), thus generated, would
initiate chain reaction in the presence of oxygen giving rise
to LOOH, which breaks down to aldehyde. Recent studies
show that peroxyl radical (ROO’) is also important in
initiating peroxidation [34]. It induces peroxidation by
participating in the chain branching step.
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Singlet oxygen is another reactive species whose ability
to induce molecular damage in biological systems has been
substantiated in recent years [23,35,36]. It is generated by
photosensitization, besides enzymatic and non-enzymatic
pathways. Recent studies also has shown that it is the
major oxidant inducing damage in Haber-Weiss reaction
involving H,0, and O, [37]. It can directly add to lipid
to form lipid hydroperoxides.

LH + 'O, » LOOH (1)

Conjugated diene (L) is the initial product of peroxida-
tion, to which oxygen is added to form lipid hydroperox-
ide. This further breaks down to form more stable aldehy-
des that react with thiobarbituric acid to form TBARS. Our
study showed that caffeine inhibited the formation of these
products to varying extents in both ROO" and 102-induced
systems as a function of time.

The reactivity of caffeine with 'OH was extremely high,
with the rate constant of 7.3 - 10° M~ s™'. This is close
to the value of 6.9 - 10° M~ ' s™' determined by competi-
tion kinetic studies [8]. The reactivity with 1O2 was about
2 orders of magnitude less (2.9 - 10’ M~ ' s~ !). This value
is an order of magnitude higher than that of glutathione
[27]. Though the reactivity of caffeine with 1O2 is consid-
erably lesser than that with 'OH, the protection afforded
will still be significant since the half life of OH in
biological systems is in nanoseconds and hence distance
travelled to effect damage is considerably less than 1O2
half- life in useconds.

The extent of inhibition by caffeine against peroxidation
induced by OH was significantly more than that induced
by 'O,. The differential abilities to quench these reactive
species may at least partly account for this. Though we
were not able to observe quenching of ROO" by caffeine,
it did show significant inhibition of peroxidation induced
by this reactive species. One possible explanation for this
is that both caffeine and oxygen may compete for L’
formed by the reaction of LOO" with LH. LOO" essen-
tially propagates the peroxidation reaction in the presence
of oxygen i.e. it enhances oxygen dependent damage.
Similar effect of caffeine on oxygen-dependent effect of
radiation has been observed [10].

Our results show that ability of caffeine to inhibit lipid
peroxidation is similar to glutathione and significantly
greater than that of ascorbic acid. The biochemical impor-
tance of vitamin C or ascorbic acid is primarily related to
its reducing potential which makes it an efficient free
radical scavenger. It has a rate constant of > 10° M "' s7!
with OH, 2-10® M~ !s™"' with water soluble ROO" and
107 M~'s™! with 'O, [12]. It can protect lipids and
membranes from oxidative damage by effective scaveng-
ing of lipid peroxidation-initiating radicals [12,38]. The
antioxidant effect of ascorbic acid, however, depends on
its concentration and presence of other antioxidants such
as a-tocopherol /glutathione, and transient metal ions like
Fe’* [16]. Glutathione is an important water-soluble an-

tioxidant present intracellularly in the millimolar concen-
tration range. It reacts directly with free radicals and can
protect cells from l02, 'OH and O, . Because glutathione
is a substrate for the hydroperoxide-reducing enzyme glu-
tathione peroxidase, its absence may lead to the accumula-
tion of lipid hydroperoxides. However, dietary glutathione
is poorly absorbed in humans. Caffeine, on the other hand,
is absorbed fairly well and metabolized [28].

Caffeine has been shown to increase ratings of alert-
ness, energy, and motivation for work, especially more so
in conditions of mental fatigue such as that noticed during
sleep deprivation [39]. Recent studies also suggest that
caffeine has increased selective attention or alertness in
fatigued subjects [40]. ‘The free radical flux theory of
sleep’ proposes that cerebral free radicals accumulate dur-
ing wakefulness and sleep functions essentially as an
antioxidant for the brain [41]. Hence the observed antioxi-
dant ability of caffeine may be, at least in part, responsible
for rejuvenating effect of coffee, especially in fatigued
subjects.

In conclusion, our present study shows that caffeine has
significant antioxidant abilities in protecting membranes
against oxidative damage induced by three of the major
reactive oxygen species of biological significance, and that
its ability to quench these species may account for the
observed antioxidant ability.
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