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Abstract

The photodynamic action of riboflavin is generally considered to involve the generation of reactive oxygen species, whose production is
enhanced when Cu(Il) is present in the reaction. In the present study we report that photoactivated riboflavin causes K* loss from fresh
human red blood cells (RBC) in a time dependent manner. Addition of Cu(II) further enhances the K* loss and also leads to significant
hemolysis. Riboflavin in a 2:1 stoichiometry with Cu(II) leads to maximum K™ loss and up to 45% hemolysis. Bathocuproine, a specific
Cu(I)-sequestering agent, when present in the reaction, inhibits the hemolysis completely. Free radical scavengers like superoxide dismutase,
potassium iodide and mannitol inhibited the hemolysis up to 55% or more. However, thiourea was the most effective scavenger showing
90% inhibition. These results suggest that K+ leakage and hemolysis of human RBC are basically free radical mediated reactions. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

In the presence of oxygen and visible light, riboflavin
has been shown to be lethal to animal and human cells in
culture and induce mutations in microorganisms [1,2]. We
have previously shown that riboflavin in the presence of
Cu(Il) and light caused breakage of calf thymus DNA,
supercoiled plasmid DNA [3] and degradation of bovine
serum albumin [4]. Evidence from our laboratory and
from other laboratories has shown that photoactivated
riboflavin via its triplet excited state reacts with molecular
oxygen and generates reactive oxygen species (ROS)
[3,5,6]. These ROS are known to damage rat red blood
cell (RBC) membrane, induce hemolysis [7], damage rat
lens [8], inactivate enzymes [9,10], increase protein cross-
linking [11,12], and destroy bilirubin [13], uric acid [14]
and amino acids [15,16].

Oxidative modification of cellular constituents, includ-
ing lipids, proteins and nucleic acids, has been implicated
in the etiology of different pathological conditions and in
ageing [17]. The damage caused by oxidative stress is ex-
pected to be exacerbated if the antioxidant enzymes them-
selves are damaged and inactivated by such events [18].
Several lines of evidence suggest that the generation of
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ROS is intimately associated with the photodynamic effect
of many drugs involved in cancer therapy [19]. While sin-
glet oxygen (O)) is believed to be the major mediator of
the reaction, oxygen species like the O5” and OH" are also
known to induce deleterious effects including lipid peroxi-
dation and membrane damage [20]. In fact, RBC have
already been used as a target for O and hydrogen per-
oxide (H,0O;) [21]. However, the results obtained have
been less than optimally clear because RBC contain the
protective enzymes superoxide dismutase, catalase and
glutathione peroxidase that are free radical scavengers.
Furthermore, both methemoglobin [22] and oxyhemoglo-
bin [23] can react with O} leading to precipitation of
hemoglobin, thereby promoting hemolysis [24]. Several
other hypotheses have been proposed to explain the mech-
anism of RBC hemolysis following oxidative stress in vivo
and in vitro [25]. Hemoglobin appears to be the main site
of damage when various oxidative drugs are used [26].
Under other oxidative conditions, the membrane appears
to be the target of injury leading to hemolysis [27].

The administration of certain drugs, commonly desig-
nated as oxidants, stimulates the generation of ROS,
which may overwhelm the cellular protective mechanism
[28]. This is particularly likely when the defences of the
RBC are already defective due to hereditary disorders [28].

The previous reports regarding the damaging effect of
photoactivated riboflavin on RBC require the presence of
serum [7]. In this paper we show that photoactivated ribo-

0304-4165/00/% — see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0304-4165(00)00126-4



226 I Ali et al. | Biochimica et Biophysica Acta 1523 (2000) 225-229

flavin alone can cause K™ loss from human RBC and for
the first time report that it leads to hemolysis if Cu(II) is
also present in the reaction.

2. Materials and methods

Riboflavin, superoxide dismutase, B-carotene and bath-
ocuproine were obtained from Sigma (St. Louis, MO,
USA). Mannitol and cupric chloride were from British
Drug Houses (BDH) (India). All other chemicals used
were of the highest purity grade available commercially.

2.1. Preparation of RBC

RBC were prepared from fresh human blood by centri-
fugation at 1500 X g for 10 min at room temperature. The
cells were washed three times with 5 vols. of isotonic NaCl
solution and suspended in the desired buffer.

2.2. Measurement of K* loss

Packed RBC were suspended in 3 ml of 10 mM Tris-
HCI, pH 7.4, containing 0.15 M NaCl, varying amounts of
riboflavin and Cu(Il) to give 0.5% hematocrit. The reac-
tion mixtures were incubated at room temperature in 800
lux of cool fluorescent light.

After centrifugation at 1500 X g for 10 min the concen-
tration of K™ was measured in the supernatant using EEL
flame photometry (Evans Electroselenium, Halsted, Essex,
UK). For reference of 100% intracellular K™, a sample of
RBC was hemolyzed in distilled water and K* concentra-
tion determined in the supernatant after centrifugation as
above.

2.3. Measurement of hemolysis

The percent hemolysis following incubation of RBC
with riboflavin and Cu(Il) was measured by reading the
absorbance of the hemolysate at 415 nm as described by
Yoshida et al. [29]. For reference, RBC were treated with
distilled water and hemolysate read at 415 nm to obtain
100% hemolysis. All the experiments were carried out in
triplicate and the mean values are reported.

Wherever specified, varying amounts of free radical
scavengers or bathocuproine were included in the reaction
mixture (see legends for details).

3. Results

It is well established that riboflavin in the presence of
UV or visible light generates ROS [5,30]. Previous reports
from this laboratory have shown that the presence of
Cu(Il) in the reaction results in the formation of more
damaging species like O} and OH’" via a modified Haber-
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Fig. 1. Effect of different riboflavin concentrations on intracellular K"
loss. Cells were incubated in 3 ml of buffer containing 10 mM Tris-HCI,
pH 7.4, 0.15 M NaCl, 25-150 uM riboflavin to give 0.5% hematocrit.
The percentage of intracellular K* loss was measured after 6 h of incu-
bation in fluorescent light (@) and in the dark (m).

Weiss reaction [6]. These ROS are known to damage mac-
romolecules like DNA [3] and proteins [4] in vitro. As
much work has already been reported on rat RBC [7]
and other systems [8,14] it is, therefore, of interest to see
the effect of these ROS on human RBC.

The incubation of human RBC in fluorescent light with
increasing concentrations of riboflavin for 6 h resulted in
the progressive loss of intracellular K* (Fig. 1). About
50% KT loss was achieved at 50 uM riboflavin. Further
increase in the riboflavin concentrations did not result in
any significant loss of intracellular K+.

Potassium-loss and hemolysis (%)
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Fig. 2. Percent of K* loss and hemolysis of RBC induced by different
concentrations of Cu(Il) in the presence of riboflavin. Cells were incu-
bated with 50 uM riboflavin and increasing concentrations of Cu(II).
Hemolysis (@) and K loss (W) were monitored after 6 h of incubation.
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The percent K* loss and hemolysis of RBC by photo-
activated riboflavin with increasing concentrations of
Cu(Il) are shown in Fig. 2. There was an initial increase
in extracellular K™ which stabilized at around 50 uM
Cu(II). The maximum K* loss was 80% in the presence
of Cu(II) which is 30% more than when RBC were incu-
bated with riboflavin alone (Fig. 1). The presence of
Cu(Il) also induced significant hemolysis. It was appreci-
able at 25 uM concentration of Cu(Il). A maximum of
45% hemolysis was, however, observed with 100 puM
Cu(II). Further increase in Cu(II) concentrations did not
lead to any significant increase in hemolysis. Metals like
Zn(II), Fe(IIT), Mg(IT) and Mn(II) when used with ribo-
flavin instead of Cu(Il) did not induce any significant he-
molysis under the same standard reaction conditions (data
not shown).

The percent Kt loss and hemolysis in presence of 50
UM riboflavin and 100 uM Cu(Il) were determined as a
function of time (Fig. 3). After 1 h of incubation about
18% of the intracellular K* was lost into the medium
without any significant hemolysis. Increasing the time of
incubation to 2 h resulted in the release of 30% cellular K™
and 10% hemolysis, and after 6 h 80% of the intracellular
K™ was lost with 45% hemolysis. In the absence of Cu(Il),
RBC did not exhibit any hemolysis even after prolonged
incubation. In light-protected control samples, loss of cel-
lular K* or hemolysis was not observed in the presence of
both riboflavin and Cu(Il) (data not shown), suggesting
that the reaction is light mediated.

In order to investigate whether Cu(I) played a role in
hemolysis, the Cu(I)-sequestering agent bathocuproine was
included in the reaction containing riboflavin and Cu(II).
Complete inhibition of hemolysis was achieved at 25 uM
bathocuproine (Fig. 4) showing a Cu(I):bathocuproine
stoichiometry of 4:1.
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Fig. 3. Effect of increasing time of incubation on the hemolysis and in-
tracellular K™ loss from human RBC. Cells were incubated with 50 pM
riboflavin and 100 uM Cu(Il) for different time intervals. [, K loss;
O, K loss (without Cu(II)); m, hemolysis; @, hemolysis (without Cu(II)).
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Fig. 4. Effect of bathocuproine on the hemolysis of RBC induced by ri-
boflavin and Cu(Il). Cells were incubated with 50 uM riboflavin, 100
uM Cu(Il) and varying concentrations (10-50 uM) of bathocuproine.
After 6 h incubation in fluorescent light, hemolysis was determined and
compared with controls lacking bathocuproine.

Several free radical scavengers were included in the re-
action to identify the major ROS participating in the RBC
hemolysis. As shown in Fig. 5, potassium iodide, a scav-
enger of triplet oxygen, gave 60% inhibition of RBC he-
molysis. Superoxide dismutase (SOD), the scavenger of
O, showed 52% inhibition, while catalase, the scavenger
of H,0,, and B-carotene, the scavenger of both O% and
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Fig. 5. Inhibition of RBC hemolysis by various free radical scavengers.
Cells were incubated with 50 uM riboflavin and 100 uM Cu(II) and 0.1
mM of either mannitol, thiourea, potassium iodide, B-carotene or 20 ug/
ml of SOD or catalase. The incubation was for 6 h in fluorescent light.
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nitric oxide (NO"), did not show any inhibition. Mannitol
and thiourea, both scavengers of OH’, showed 63% and
93% inhibition respectively, indicating OH" as the major
ROS involved in the reaction.

4. Discussion

Riboflavin or vitamin Bj; is the prosthetic group of sev-
eral proteins and enzymes which is reversibly reduced by
hydrogen atoms. When exposed to light, riboflavin ab-
sorbs energy and reacts via its triplet excited state with
other molecules such as protonated substrates or molecu-
lar oxygen generating ROS [31]. These ROS are well
known for their damaging effect on several biological mol-
ecules [3,4]. The present observations illustrate the effect of
photoactivated riboflavin on intracellular K* loss and he-
molysis of human RBC. In the presence of riboflavin and
visible light, significant loss of intracellular K is observed
(Fig. 1) which is probably due to an alteration in the
permeability of the RBC membrane. In addition, this re-
sult also shows that the photosensitized riboflavin ren-
dered the cell membrane permeable to K™, but not to
large molecules like hemoglobin as no hemolysis was ob-
served under these conditions.

Riboflavin in the presence of Cu(Il) and visible light has
been shown to cause breakage of calf thymus DNA [3]
and fragmentation of proteins [4]; therefore, the effect of
riboflavin on human RBC was also studied in the presence
of Cu(Il) (Fig. 2). The hemolysis of RBC started after a
lag of 60 min, when intracellular K* loss was already 18%
and increased progressively up to 6 h with the maximum
being 45%. However, after 6 h the maximum K* loss was
80%. No further hemolysis was observed up to 10 h of
incubation in light (data not shown).

The effect of Cu(Il) on RBC leading to hemolysis may
arise from the fact that Cu(Il) interacts with photoacti-
vated riboflavin to provide a long-lived excited species.
Direct charge transfer from excited riboflavin can then
generate the singlet and triplet oxygen [6]. Other ROS
such as OH" or hydroxide ion (OH™) are also generated
in the reaction via a modified Haber-Weiss reaction when
Cu(Il), water and molecular oxygen are present. In our
previous study [3] we found that the addition of Cu(II)
to riboflavin reaction inhibited the photodegradation of
riboflavin and in this process Cu(Il) is reduced to Cu(l).
To see if Cu(I) is also involved in RBC hemolysis reaction,
riboflavin-Cu(IT) mediated hemolysis was carried out in
the presence of bathocuproine, a known Cu(I)-sequester-
ing agent. Complete inhibition was achieved at 25 uM
bathocuproine (Fig. 4), confirming once again that
Cu(II) is reduced to Cu(I) and the latter is an essential
intermediate in the reaction.

Scavengers of various ROS were also included in the
reaction (Fig. 5). The results of this experiment strongly
suggest OH" as the major ROS involved in the RBC dam-

aging reaction. This observation is based on the fact that
thiourea substantially and p-mannitol to a lesser extent
prevented hemolysis. On the other hand, potassium iodide
gave 63% inhibition, suggesting that singlet and triplet
excited states of oxygen also play a significant role in
hemolysis. This is in agreement with our previous report
on a bacterial system [6] where we have proposed a scheme
for photodegradation of riboflavin in which the presence
of Cu(Il) generates O} and OH" from O3 via a modified
Haber-Weiss reaction.

The above findings assume significance in view of the
fact that photodynamic therapy is increasingly used with
great success for the treatment of a variety of tumors and
cancer and attempts are being made to extend its use in
the treatment of other clinical conditions [1,2]. Riboflavin
is an important constituent of our daily diet. It is found in
free and conjugated form in almost all biological tissues
and fluids. The normal serum contains up to 8§ uM loosely
bound copper. Other biological fluids may also contain
loosely bound copper in the low micromolar range
[32,33]. Gutteridge defines loosely bound copper as that
copper which is available for binding to a chelating agent
like 1,10-phenanthroline. It is possible that this loosely
bound copper can be mobilized by riboflavin. Therefore,
the risk of free radical mediated damage to tissue increases
during phototherapy of various clinical disorders. How-
ever, further studies are necessary to evaluate the role of
free radicals in cell damage, to understand their mecha-
nism of action and conditions of their formation in vivo.
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