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Bergapten, a furocoumarin found inmanymedicinal plants, is used for themanagement of various conditions.*e present in vitro
study evaluated the ability of bergapten to prevent human erythrocyte hemolysis and protein denaturation. Bergapten ad-
ministered at 10, 30, and 100 μg/ml exhibited a significant concentration-dependent protection on the erythrocyte membrane
exposed to hypotonicity and heat-induced hemolysis. *e concentration at which bergapten inhibited 50% of the cells from
hemolysis (IC50) was determined on a dose-response curve, plotted as logarithmic (concentration) against percentage inhibition,
keeping the hemolysis produced within the control group at 100%. Bergapten treatment produced an IC50 value of 7.71± 0.27 μg/
ml and 4.23± 0.42 μg/ml for hypotonicity and heat-induced hemolysis, respectively. Diclofenac sodium at similar concentrations
produced an IC50 value of 12.22± 0.30 μg/ml and 9.44± 0.23 μg/ml in the hypotonicity and heat-induced hemolysis, respectively.
*e ability of bergapten to inhibit protein denaturation was studied as part of an investigation on its mechanism of action. *e
results showed a significant concentration-dependent reduction in protein denaturation. When administered at 10, 30, and
100 μg/ml, bergapten produced a concentration-dependent reduction in albumin denaturation. Bergapten inhibited protein
denaturation with IC50 values of 5.34± 0.30 μg/ml and 12.18± 0.20 μg/ml in the heat-treated egg albumin and bovine serum
albumin denaturation experiments, respectively. Diclofenac sodium (10, 30, and 100 μg/ml) exhibited a similar protection against
heat-treated egg albumin and bovine serum albumin denaturation experiments with IC50 values of 8.93± 0.17 μg/ml and
12.72± 0.11 μg/ml, respectively. Taken together, data from this study show that the pharmacological properties of bergapten may
in part be related to its membrane-stabilizing and antidenaturation properties.

1. Introduction

*e human red blood cells (RBCs), also referred to as
erythrocytes, are the most abundant (˃80%) blood cells and
vertebrates principal means of transporting oxygen from the
lungs to the body tissues via the circulatory system. *e
mammalian RBC develops in the bone marrow, anucleate
cells, and contains haemoglobin (a red iron-rich protein
which gives the blood its characteristic colour) [1, 2]. In
mature humans, RBCs are small, round, and biconcave but

very flexible as they pass through extremely small blood
vessels. *e RBC membrane is a two-dimensional (2D)
structure, comprised of a cytoskeleton and a lipid bilayer,
tethered together via band-3 proteins at the spectrin-ankyrin
binding sites and glycophorin at the actin junctional com-
plexes [3]. Defects in the cytoskeleton membrane proteins
compromise the integrity of the RBC, as seen in blood
disorders such as sickle cell disease, haemolytic anaemia,
thalassemia, spherocytosis, and elliptocytosis [4]. *e lipid
bilayer contains phospholipids, sphingolipids, cholesterol,
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and integral membrane proteins. Erythrocyte membranes
perform similar functions to those of highly specialized cells
in the body and are considered a simple cell model to study
complicated biochemical phenomena [5]. Every small
change in the architecture and composition of the eryth-
rocyte membrane can affect the functioning of membrane
protein ion and water channels which regulate the chemical
and physiological balance in the cell. High polyunsaturated
fatty acids (PUFAs) and the high cellular oxygen and hae-
moglobin (Hb) concentrations make erythrocyte mem-
branes highly susceptible to oxidative damage [6]. Oxidants
induce biophysical abnormalities in the erythrocyte mem-
brane by decreasing cytoskeletal protein content and pro-
duction of high molecular weight proteins [7, 8].

Studies have shown that agents that can stabilize the
lysosomal membrane can prevent the release of phospho-
lipase A2 from the liberation of arachidonic acid metabolites
with its harmful effects [9, 10]. Also, the erythrocyte
membrane is reported to be a structural analogue to that of
the lysosomal membrane [11]; hence, agents that stabilize
the erythrocyte membrane can be extrapolated to stabilize
the lysosomal membrane and would serve as a good anti-
inflammatory agent [12]. Activated neutrophilic lysosomal
constituents, including bactericidal enzymes and proteases,
are released upon lysosomal membrane damage. *ese ac-
tivated constituents can cause further tissue damage after
exposure to their extracellular environment [13]. As such,
the inflammatory response can be controlled or limited by
inhibiting the release of enzymatic lysosomal components by
stabilizing the lysosomal membranes [14]. Additionally,
denaturation of tissue proteins is one of the well-docu-
mented causes of inflammatory and arthritic diseases.
Protein denaturation leads to the disruption of electrostatic,
hydrogen, and disulphide bonds and the production of
autoantigens in certain arthritic diseases [15]. *e com-
pounds which prevent these changes are known to exert
potential antiarthritic activity.

Bergapten (5-methoxypsoralen), a furocoumarin found
inmedicinal plants, has become a compound of considerable
interest in current research [16, 17]. Accumulated reports
have demonstrated the potential therapeutic effects of
bergapten in various disease conditions including psoriasis
and vitiligo [18, 19], Alzheimer’s disease (AD) [20], de-
pression [21], osteoporosis [22], cancer [23], colitis [24], and
asthma [25]. Prior in vitro studies on human peripheral
blood mononuclear cells (PBMCs) showed that bergapten
could suppress the release of lipopolysaccharide- (LPS-)
stimulated proinflammatory cytokines such as tumour ne-
crosis factor-alpha (TNF-α) and interleukin 6 (IL-6) pro-
duction [26]. Furthermore, bergapten as reported by Zhou
et al. [27] repressed the LPS activation of IL-1 β, prosta-
glandin E 2, nitric oxide (NO), and cyclooxygenase-2 (COX-
2). An earlier report by Aidoo et al. [28] demonstrated that
bergapten alleviates both compound 48/80, LPS and bovine
serum albumin-mediated allergic hypersensitivity in both
IgE-independent and IgE-dependent pathways of mast cell
degranulation. Bergapten reduced cell infiltration into lung
tissue and improved histological parameters (reduced oe-
dema, congestion, and alveolar septa thickening) in vivo. *e

present study, which evaluated the ability of bergapten to
stabilize the human erythrocyte membrane and inhibit
protein denaturation, provides further insight into the mode
of anti-inflammatory action of this compound.

2. Materials and Methods

2.1. Collection and Preparation of Erythrocyte Suspension.
Fresh whole blood (3ml) was collected intravenously from
a healthy volunteer who had not taken any NSAIDs for
two weeks prior to the experiment. *e blood sample was
collected into a heparinized vacutainer to prevent coag-
ulation. Packed blood cells were obtained by washing the
collected blood sample three times with 0.9% saline and
centrifuged for 10min at 3000 revolutions/minute. A
stock solution of 10% v/v suspension of human red blood
cells (HRBCs) was prepared using isotonic phosphate
buffer (154mM NaCl) in 10mM sodium phosphate buffer
(pH 7.4).

2.2. Preparation of Phosphate Buffer Saline (PBS). A buffer
solution was prepared using 800 g NaCl, 20 g of KCl, 144 g of
Na2HPO4.2H2O, and 24 g of K2HPO4 in 8 L of distilled
water.

2.3. Preparation of Hypotonic Solution (Saline Solution, 0.9%
NaCl). *e saline solution was prepared by dissolving 9 g of
NaCl in 700ml of distilled water in a clean container. Water
was added to make a 1000ml volume to obtain 0.9% NaCl.

2.4. Drugs and Chemicals. Bergapten (5-methoxypsolaren)
was purchased from Sigma-Aldrich (St Louis, USA). Bovine
serum albumin (BSA) was purchased from PAA Labora-
tories (Marburg, Germany). Diclofenac sodium was ac-
quired from Ernest Chemist (Accra, Ghana). All the
chemicals used in this study were of analytical grade.

2.5. Membrane-Stabilizing Effect of Bergapten

2.5.1. Hypotonic Solution-Induced Hemolysis. In this assay,
the method described by Chandra et al. [29] was followed
with slight modifications. Test samples consisted of 0.5ml of
HRBC stock mixed with 4.5ml of hypotonic solution (0.9%
NaCl) containing varying concentrations of bergapten (10,
30, and 100 μg/ml). *e positive control consisted of 0.5ml
of HRBC and 4.5ml of hypotonic solution in varying
concentrations (10, 30, and 100 μg/ml) of diclofenac sodium
(standard drug). *e negative control sample consisted of
0.5ml HRBC suspension mixed with 4.5ml hypotonic so-
lution alone. *e experiment was carried out in triplicates.
*e mixture was incubated for 10min at room temperature
and then centrifuged for 10min at 3000 rpm. *e hemo-
globin content of the supernatant was measured using a
spectrophotometer (UVmini-1240, SHIMADZU) at
540 nm. *e percentage inhibition of hemolysis was cal-
culated using the formula
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% inhibition �
Absorbance(control) − Absorbance(test)

Absorbance(control)
  × 100.

(1)

2.5.2. Heat-Induced Hemolysis. *emethod which had been
previously described by Shinde et al. [30] and slightly
modified by Henneh et al. [31] was followed. *e reaction
mixture (2ml) consisted of 1.0ml of 10% HRBC and 1.0ml
of various concentrations of bergapten (10, 30, and
100 μg/ml) which was added to each tube and gently mixed.
*e positive control consisted of 1.0ml of HRBC and 1.0ml
of various concentrations of diclofenac sodium (10, 30,
100 μg/ml). *e negative control consisted of 1.0ml of 10%
erythrocyte suspension and 1.0ml of normal saline alone.
*e experiment was performed in triplicates. *e resulting
solution was heated at 56°C for 30min and cooled to room
temperature and centrifuged at 2500 rpm for 10min. *e
supernatant was collected, and the absorbance of each so-
lution was measured on a 560 nm (UVmini 1240, Shimadzu)
spectrophotometer as an indicator of the degree of hemo-
lysis. *e percentage inhibition of hemolysis was calculated
using the formula

% inhibition �
Absorbance(control) − Absorbance(test)

Absorbance(control)
  × 100.

(2)

2.6. Protein Denaturation

2.6.1. Egg Albumin Denaturation Assay. *e method of
Mizushima and Kobayashi [32] was followed with modifi-
cations by Obese et al. [33]. *e reaction mixture (5ml)
consisted of 0.2ml of fresh egg albumin, 2.8ml of buffered
phosphate saline (PBS, pH 6.4), and 2.0ml of varying
concentrations of bergapten (10, 30, and 100 μgml−1). *e
positive control consisted of 0.2ml of fresh egg albumin,
2.8ml of PBS (pH 6.4), and 2.0ml of diclofenac sodium at
varying concentrations (10, 30, and 100 μg/ml). Negative
control samples contained the same amount of egg albumin
and PBS with 2.0ml of distilled water. *e mixture was
incubated at 37 ± 2°C for 15min and then heated at 70°C
for 5min to induce denaturation. After cooling, the ab-
sorbance was read at 660 nm (UVmini 1240, Shimadzu)
using the vehicle as a blank. *e experiment was carried out
in triplicates. *e percentage inhibition of protein dena-
turation was calculated using the formula

% inhibition �
Absorbance(control) − Absorbance(test)

Absorbance(control)
  × 100.

(3)

2.6.2. Bovine Serum Albumin Denaturation Assay. A
previously described method by Leelaprakash and Dass [34]
was used for the test. *e reaction mixture consisted of
0.2ml of 1% BSA and 2.8ml of PBS (pH 6.4) added to 2.0ml
of normal saline (negative control), varying the

concentration of bergapten or diclofenac sodium (10, 30, and
100 μg/ml), respectively. *e mixture was incubated at 37°C
for 20min and heated at 51°C for 20min. *e samples were
cooled, and the absorbance was read at 660 nm using a
spectrophotometer (UVmini 1240, Shimadzu). *e experi-
ment was carried out in triplicates, and the percentage
inhibition was calculated using the formula

% inhibition �
Absorbance(control) − Absorbance(test)

Absorbance(control)
  × 100.

(4)

2.7. Statistical Analysis. Data were analysed using GraphPad
Prism for Windows Version 6.01 (GraphPad Prism Soft-
ware, San Diego, USA). Results were presented as mean
values± standard error of mean (SEM), and statistical dif-
ferences between treatment groups were compared using
one-way analysis of variance (ANOVA) followed by Dun-
nett’s post hoc test for multiple comparisons, with a 95%
confidence interval. P< 0.05 was considered statistically
significant.

3. Results

3.1. Membrane-Stabilizing Effect of Bergapten

3.1.1. Hypotonicity-Induced Human Erythrocyte Membrane.
Bergapten showed a concentration-dependent anti-inflam-
matory activity and protected the human erythrocyte
membrane exposed to the hypotonic solution. *e con-
centration at which 50% of the blood cells were inhibited
from hemolysis (IC50) was determined on a dose-response
curve, plotted as log (concentration) against percentage
inhibition, keeping the hemolysis produced within the
control group at 100%. *e IC50 value for bergapten was
found at 7.71± 0.27 μg/ml (Figure 1). Diclofenac sodium at
the stated concentrations produced an IC50 value of
12.22± 0.30 μg/ml (Figure 1).

3.1.2. Heat-Induced Human Erythrocyte Membrane.
When administered within a dose range of 10, 30, and
100 μgml−1, bergapten showed a concentration-dependent
anti-inflammatory activity and protected the erythrocyte
membrane exposed to heat. Bergapten concentration for
50% inhibition (IC50) was determined on a dose-response
curve, plotted as log (concentration) against percentage
inhibition, keeping the hemolysis produced within the
control group at 100%. *e IC50 value for bergapten was
found at 4.23± 0.42 μg/ml (Figure 2). A similar protection of
9.44± 0.23 μg/ml was produced by diclofenac administra-
tion (Figure 2).

3.2. Protein Denaturation

3.2.1. Effect of Bergapten on Egg Albumin Denaturation.
Bergapten was investigated for its anti-inflammatory activity
against heat-treated protein denaturation methods.
Administered at 10, 30, and 100 μgml−1, bergapten showed a
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concentration-dependent reduction in albumin denatur-
ation. Bergapten offered 50% inhibition (IC50) at
5.34± 0.30 μg/ml to heat-treated egg albumin (Figure 3).
Diclofenac sodium showed a similar protection to heat-
treated egg denaturation with IC50 values of 8.93± 0.17 μg/
ml (Figure 3).

3.2.2. Effect of Bergapten on the Denaturation of Bovine
Serum Albumin. *e heat-treated bovine serum albumin
denaturation method was used to investigate the anti-in-
flammatory activity of bergapten.When administered at 10, 30,
and 100μgml−1, bergapten showed a concentration-dependent
reduction in albumin denaturation. At a concentration
12.18± 0.20μg/ml, bergapten offered 50% inhibition (IC50) to
heat-treated bovine albumin (Figure 4). Treatment with
diclofenac sodium showed a similar protection to heat-treated
bovine serum albumin denaturation with IC50 values of
12.72± 0.11μg/ml (Figure 4).

4. Discussion

In the screening of test agents for potential anti-inflammatory
effect, membrane stabilization and the inhibitory effect on
protein denaturation are of great interest because the vigor of
every cell depends largely on the integrity of its membranes.

Normally, an injury to the cell membranes makes the cell
more susceptible to secondary damage through free-radi-
cal-induced lipid peroxidation [35]. Our aim was to inves-
tigate the potential stabilizing effect of bergapten on the
human erythrocyte membrane (HRBC) exposed to hypotonic
solution and heat-treated proteins as a possible mechanism of
action of the compound. *e erythrocyte membrane is well
known to be a structural analogue to the lysosomalmembrane
[11]; hence, the stability of the erythrocyte membrane could
be extrapolated to the stabilization of the lysosomal mem-
brane [12].

From the study, bergapten (5-MOP) significantly pro-
tected the human erythrocyte membrane against hypotonic
solution and heat-induced lysis. Bergapten produced IC50
values of 7.71± 0.27 g/ml for hypotonicity and
4.23± 0.42 μg/ml for heat-induced hemolysis assays. On the
other hand, diclofenac sodium had IC50 values of
12.22± 0.30 μg/ml and 9.44± 0.23 μg/ml in hypotonicity and
heat-induced hypotonicity, respectively (Figures 1 and 2).
Hypotonicity-induced hemolysis is the result of excessive
fluid accumulation within red blood cells that causes rup-
turing of its membrane, causing secondary damage through
free-radical-induced lipid peroxidation [36, 37]. Also, ex-
posure of the erythrocyte membrane to excessive heat or
hypotonic solution results in membrane lysis which is ac-
companied by oxidation of its haemoglobin [38].

%
 in

hi
bi

tio
n

%
 in

hi
bi

tio
n

40

50

60

70

80

90

1.00.5 2.0 2.50.0 1.5
Log [Bergapten] µg ml-1

40

50

60

70

0.5 1.0 1.5 2.0 2.50.0
Log [Diclofenac sodium] µg ml-1

Figure 1: Dose-response curves for bergapten and diclofenac sodium in hypotonic solution-induced hemolysis.*e negative control sample
consisted of 0.5ml HRBC suspension mixed with 4.5ml hypotonic solution alone.
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Stabilization of the erythrocyte membranes, therefore, in-
hibits the rupture and subsequent release of activated
neutrophil cytoplasmic components, including bactericidal
enzymes and proteases that can exacerbate the inflammatory
response after extracellular release [39]. Our findings suggest
that bergapten might have produced its membrane stabili-
zation property by increasing the surface area/volume ratio
of cells or via its interaction with membrane proteins [40].

In addition, bergapten showed a concentration-de-
pendent reduction in albumin denaturation when given at
10, 30, and 100 μg/ml. Bergapten reduced protein dena-
turation in heat-treated egg albumin and bovine serum
albumin with IC50 values of 5.34 ± 0.30 μg/ml and
12.18± 0.20 μg/ml, respectively. Diclofenac sodium (10, 30,
and 100 μg/ml), on the other hand, provided equivalent
protection against heat-treated albumin denaturation with
IC50 values of 8.93 ± 0.17 μg/ml and 12.72± 0.11 μg/ml,
respectively. Protein denaturation assay was used as ad-
ditional evidence for the membrane-stabilizing properties
of bergapten. Proteins are denatured when they lose their
secondary and tertiary structures through the application of
external stress or compounds such as strong acids or bases.
Many of the inflammatory disease conditions such as
rheumatoid arthritis, serum sickness, glomerulonephritis,
and systemic lupus erythematosus are normally associated
with denaturation of tissue proteins. In arthritis, for

example, the denaturation of tissue proteins leads to the
production of autoantigens [15, 16]. *erefore, any agent
that can prevent protein denaturation would be worth
considering for anti-inflammatory drug development.
Most nonsteroidal anti-inflammatory drugs (NSAIDs) are
known to possess the intrinsic ability to stabilize or prevent
heat-treated albumin denaturation at physiological pH
6.2–6.5 [41].

From our study, it can be seen that bergapten also dose-
dependently prevented heat-treated egg albumin and bovine
serum albumin denaturation, evidenced by the IC50 values
obtained which were comparable to those obtained when
diclofenac was used. Membrane proteins also control cell
water/volume content by regulating the passage of ions such
as sodium and potassium through ion channels. *e in-
hibitory effects of bergapten on heat-treated proteins could
be ascribed to the expansion and interaction with membrane
proteins, an indication of antirheumatoid properties. Several
clinical and experimental studies have shown that the
pathophysiology of diseases such as malaria [42], diabetes
[43, 44], artherosclerosis [45], sickle cell anaemia [46], and
arthritis [15, 16] among others involve erythrocyte mem-
brane instability coupled with protein denaturation. As such,
the protective effects of bergapten against erythrocyte
membrane destruction and protein denaturation could
contribute to the amelioration of such diseases.

0.5 1.0 1.5 2.0 2.50.0
Log [Bergapten] µg ml-1

%
 in

hi
bi

tio
n

%
 in

hi
bi

tio
n

60

70

80

90

100

0

20

40

60

80

100

0.5 1.0 1.5 2.0 2.50.0
Log [Diclofenac sodium] µg ml-1

Figure 4: Dose-response curves for bergapten and diclofenac sodium in the bovine serum albumin denaturation method. Normal saline
served as a negative control. Data were presented as mean± SEM.
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5. Conclusions

Taken together, data from this study show that the phar-
macological properties of bergapten may, in part, be related
to its membrane-stabilizing and antidenaturation properties.
Bergapten no doubt shows promise as a drug candidate for
managing inflammatory conditions and other pathologies
associated with erythrocyte membrane instability or protein
denaturation.
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