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Effects of Chlorogenic Acid and Bovine Serum Albumin on the
Oxidative Stability of Low Density Lipoproteins in Vitro
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The ability of chlorogenic acid to inhibit oxidation of human low-density lipoprotein (LDL) was studied

by in vitro copper-induced LDL oxidation. The effect of chlorogenic acid on the lag time before LDL

oxidation increased in a dose dependent manner by up to 176% of the control value when added at

concentrations of 0.25-1.0 μM. Dose dependent increases in lag time of LDL oxidation were also

observed, but at much higher concentrations, when chlorogenic acid was incubated with LDL (up to

29.7% increase in lag phase for 10 μM chlorogenic acid) or plasma (up to 16.6% increase in lag

phase for 200 μM chlorogenic acid) prior to isolation of LDL, and this indicated that chlorogenic acid

was able to bind, at least weakly, to LDL. Bovine serum albumin (BSA) increased the oxidative

stability of LDL in the presence of chlorogenic acid. Fluorescence spectroscopy showed that

chlorogenic acid binds to BSA with a binding constant of 3.88 � 104 M-1. BSA increased the

antioxidant effect of chlorogenic acid, and this was attributed to copper ions binding to BSA, thereby

reducing the amount of copper available for inducing lipid peroxidation.
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INTRODUCTION

Oxidized low-density lipoprotein (LDL) has been recognized
as a risk factor for cardiovascular disease (CVD) due to its role in
the development of atherosclerosis (1). Oxidation processes
promote a change in LDL particle structure, and oxidized LDL
is taken up by the scavenger receptors of macrophages instead of
the normal LDL receptors (1). This pathway is not downregu-
lated and therefore causes an accumulation of cholesterol derived
from LDL particles which eventually leads to the formation of
cytosolic droplets and ultimately foam cells (2). Oxidized LDL
particles also trigger the expression of adhesion molecules,
growth factors and cytokines, which are important in the pro-
gression of atherosclerosis (3).

In vivomeasurement of LDL oxidation is difficult and has led
to the development of a variety of in vitromodels in order to assess
the susceptibility of LDL to oxidation. One of the most widely
used techniquesmeasures the resistance ofLDLparticles toCu2þ-
induced oxidation. During the lag phase, the lipid peroxidation
process is limited due to LDL-associated natural antioxidants
such as vitamin E. After all LDL-associated antioxidants have
been oxidized, there is a rapid development of conjugated dienes
due to lipid peroxidation during the propagation phase (4).

Dietary antioxidants have been shown to inhibit oxidative
modification of LDL. A number of in vitro studies have demon-
strated that both water-soluble (e.g., vitamin C) and lipid-soluble
(e.g., vitamin E) antioxidants, as well as a variety of phenolic
compounds (e.g., catechin, quercetin and myricetin), can inhibit
copper-induced LDL oxidation (5-7). One such phenolic com-

pound is chlorogenic acid, which is present in coffee and in the
leaves and fruits of many plants. Chlorogenic acid is also referred
to as 5-O-caffeoylquinic acid and is an ester of caffeic acid and
quinic acid.

Studies investigating the effect of coffee consumption on oxida-
tive susceptibility ofLDLandon serum lipid levels in humans have
shown that some constituents of coffee, including chlorogenic acid
and caffeic acid, could help protect against oxidative modification
ofLDL. Significant decreases in susceptibility ofLDL tooxidation
have been observed upon consumption of coffee. It was unclear
which compounds were responsible for this increase in LDL
stability, but the phenolic components of coffee were identified
as the probable cause (8). It is known that chlorogenic acid is partly
hydrolyzed to caffeic acid in the stomach, but a study found that
chlorogenic acid was readily absorbed by humans, resulting in
maximum plasma concentrations of 5.9 ( 4.2 μM (9).

Human serum albumin (HSA) is the most abundant protein in
human blood plasma, and it shares 76% sequence homologywith
bovine serumalbumin (BSA) (10). It has been suggested that BSA
inhibits copper-induced LDL oxidation by binding copper ions
(5), and it also binds a number of phenolic compoundswhichmay
affect their ability to act as antioxidants (11,12). Plasma levels of
HSA are in the region of 0.6mM, so it is clear thatHSA is present
at relatively high concentrations in plasma compared to phenolic
acids such as chlorogenic acid (9).

In this study, the antioxidant properties of one of the major
phenolic components in coffee, chlorogenic acid, were investigated
by its effect on LDL oxidation. Since albumin is the most abundant
protein inbloodplasma,weattempted to simulate in vivo conditions,
by investigating the simultaneous effects of BSA and chlorogenic
acidon theoxidativemodificationofLDL. Inorder tohelp elucidate
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mechanisms of action, the interactions of BSA and chlorogenic acid
were also investigated by fluorescence spectroscopy.

MATERIALS AND METHODS

Reagents and Apparatus. Chlorogenic acid (g95%), BSA (g96%),
copper sulfate (g99%), phosphate buffered saline (PBS) and all other
reagents were purchased from Sigma-Aldrich Co. Ltd. (Gillingham,
Dorset, U.K.). Vivaspin 6 centrifugal concentrators were obtained from
Fisher Scientific UK Ltd. (Loughborough, U.K.) and PD-10 desalting
columns were obtained from GE Healthcare UK Ltd. (Little Chalfont,
Buckinghamshire, U.K.). Ultracentrifugation was carried out with a
Beckman Coulter Optima L-90K ultracentrifuge with a 65.2 near vertical
rotor (Beckman Coulter UK Ltd., High Wycombe, U.K.). Absorbance
measurements for the Lowry Assay were carried out with a Tecan plate-
reader (Tecan Ltd., Weymouth, Dorset, U.K.) connected to a computer
running Magellan 5 software. Absorbance measurements for LDL oxida-
tion experiments were performed using a Perkin-Elmer Lambda Bio
20 UV/vis spectrophotometer (PerkinElmer UK Ltd., Seer Green,
U.K.). Fluorescence was measured with a Varian Cary Eclipse Fluores-
cence Spectrophotometer (Varian Ltd., Oxford, U.K.).

Isolation and Preparation of LDL. LDL was isolated from human
plasma by ultracentrifugation using the method of Leigh-Firbank et
al. (13). LDLwas resuspended in PBS to give a final protein concentration
of 100 μg/mL. LDL was stored at -80 �C in a nitrogen atmosphere.

This LDL isolation process was repeated for experiments inwhichLDL
suspensions were preincubated with chlorogenic acid (0-10 μM) or
aliquots of plasma were preincubated with chlorogenic acid (0-200 μM).

Determination ofProteinContent of LDL.AmodifiedLowry assay
was used to determine the protein content of LDL (14). Several protein
standards of different concentrations (0, 25, 50, 75, 100, 150, 200, and
250 μg/mL) were prepared by diluting a 400 μg/mL BSA stock solution.
LDL samples were diluted 1:25 with distilled water. Triplicate aliquots
(40μL) of protein standards andLDL samplewere transferred to a 96-well
microplate. Lowry A solution (40 μL; 0.94 M Na2CO3, 0.5 M NaOH,
7.09 mMKNaC4H4O6 3 4H2O and CuSO4 3 5H2O) was added to each well.
After 10 min, Lowry N solution (160 μL; 1 mL of Folin and Ciocalteu
phenol reagent in 14 mL of distilled water) was added to each well and
mixed immediately before incubating the wells in a 55 �C water bath for
5min.Absorbancewas thenmeasuredat 650nmusing aTecanplatereader.

Measurement of LDL Oxidation. LDL oxidation was measured by
monitoring the formation of conjugated dienes, which are breakdown
products of lipid peroxidation. LDL in PBS dispersion was diluted to a
concentration of 50 μg of protein/mL. In addition to a control containing
only LDL and PBS, 6 different samples were prepared with a range of
concentrations of chlorogenic acid (CGA) (0.25-1 μM CGA) and BSA
(0% or 4%, 0.6 mM, 4 � 104 μg/mL). After incubating for 1 h at 37 �C,
CuSO4 (0.1 mM) was added to the dispersions to yield a total CuSO4

concentration of 5 μM.Absorbance measurements at 234 nmwere started
immediately after addition of CuSO4, and recorded every 2 min for 3 h.

In a separate experiment, samples of LDL were incubated with higher
concentrations of chlorogenic acid (1.0-10.0 μM CGA and 0% or 4%
BSA) at 37 �C for 1 h. Excess free chlorogenic acid was then removed with
a PD-10 desalting column. CuSO4 was then added to the samples, and the
absorbance was measured. Additional LDL oxidation experiments were
performed on LDL incubated with BSA, as well as on LDL isolated from
plasma preincubated with different concentrations of chlorogenic acid (50,
100, and 200 μM).

The lag timewas calculated by determining the intercept of the tangents
to the lag and propagation phases.

Fluorescence Quenching. Fluorescence quenching measurements
were carried out in triplicate for solutions containing 0.3 μM BSA and
varying concentrations of chlorogenic acid (0, 1, 5, 10, 15, 20 μM) in PBS at
37 �C. The excitation wavelength was set at 282 nm and emission spectra
were recorded from 290 to 500 nm with excitation and emission slit widths
of 10 nm.Fluorescence intensity datawas evaluated as described inprevious
studies (15, 16). The data was fitted to the Stern-Volmer equation (eq 1)

F0

F
¼ 1þ kqτ0½Q� ¼ 1þKSV½Q� ð1Þ

where F0 is the fluorescence intensity before addition of chlorogenic acid
andF is the fluorescence intensity after additionof chlorogenic acid, τ0 is the

lifetime of the fluorophore in the absence of chlorogenic acid (for BSA
τ0 = 5 ns (15)), [Q] is the concentration of chlorogenic acid and KSV is the
Stern-Volmer quenching constant. A linear Stern-Volmer plot indicates
that the fluorophores in the protein are all equally accessible by the quencher,
and that quenching occurs via either a static or dynamic mechanism.
However when the effect of quenching is large, the Stern-Volmer plot has
an upward curvature at large quencher concentrations. This deviation from
the linear Stern-Volmer plot is often attributed to the quencher acting by
both mechanisms (dynamic and static) simultaneously or in some cases can
be attributed to the presence of a so-called sphere of action. The sphere of
action model describes a sphere of volume around a fluorophore in which a
quencher will act upon the fluorophore.

The binding constant, KA, for the BSA-chlorogenic acid complex was
calculated from eq 2 (17):

F0

F0 -F
¼ 1þ 1

KA

1

½Q� ð2Þ

Statistics. Triplicate measurements were carried out for all experi-
ments, and statistical analysiswas carried outwith theOriginPro Software
(OriginLab Corporation, Northampton, MA). Analysis of variance
(ANOVA) followed by a Tukey post-hoc test was used to compare
LDL oxidation lag phase times. Results with P e 0.05 were regarded as
statistically significant.

RESULTS

LDL Oxidation. Oxidation of LDL was induced by the addi-
tion ofCu2þ. The lag times corresponding to the induction period
for LDL oxidation are summarized in Table 1. An increase in

Table 1. LDL Oxidation Lag Time for Samples Incubated with Various
Concentrations of Chlorogenic Acid and Bovine Serum Albumin under
Different Experimental Conditions: (a) Incubation with LDL without Removal
of Chlorogenic Acid Prior to Oxidation; (b) Incubation of LDL with Chlorogenic
Acid Removed Prior to Oxidation; (c) Plasma Incubated with Chlorogenic Acid
Prior to Isolation of LDL and Oxidation; (d) LDL with BSAa

(a) Without Removal of Chlorogenic Acid

sample lag period (min)

control 41.77( 1.94 a

0.25 μM CGA 56.43( 2.67 b

0.50 μM CGA 71.26 ( 2.35 c

1.00 μM CGA 115.27( 3.61 d

0.25 μM CGA þ 4% BSA 54.83( 2.53 b

0.50 μM CGA þ 4% BSA 80.28( 2.65 e

1.00 μM CGA þ 4% BSA 143.47 ( 7.03 f

(b) With Removal of Chlorogenic Acid

control 37.72( 2.29 a

1.00 μM CGA 42.61( 1.75 b

5.00 μM CGA 47.46( 0.93 c

10.00 μM CGA 48.91( 1.14 c

1.00 μM CGA þ 4% BSA 47.57( 1.57 c

5.00 μM CGA þ 4% BSA 52.90( 1.30 d

10.00 μM CGA þ 4% BSA 64.02( 0.74 e

(c) Plasma Incubated with Chlorogenic Acid

control 52.93( 1.29 a

50.0 μM CGA 54.99( 0.66 b

100.0 μM CGA 57.53 ( 0.80 c

200.0 μM CGA 61.74( 1.21 d

(d) LDL with BSA

control 26.88( 3.77 a

4% BSA 27.44( 3.60 a

a Values were calculated by determining the intercept of the tangents to the lag
phase and propagation phase. All values are mean( SEM. Values obtained under
the same experimental conditions with different letters are significantly different
(P < 0.05).
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chlorogenic acid concentration significantly increased the lag
time. This concentration dependent effect was achieved when
LDL was incubated with lower concentrations of chlorogenic
acid (0.25, 0.5, 1.0 μM) and oxidation was performed without
removal of free chlorogenic acid. A concentration dependent
increase in lag time was also observed when LDL was incubated
with higher concentrations of chlorogenic acid (1.0, 5.0, 10.0 μM)
after which free chlorogenic acid was removed from the samples
before oxidation, although the magnitude of the increase was
modest with only a 29.7% increase for 10 μM chlorogenic acid.
The latter case did not show a significant increase in lag time for a
chlorogenic acid concentration above 5 μM when BSA was not
present. Lag times were longer when free chlorogenic acid was
present during oxidation compared to when free chlorogenic acid
was removed prior to oxidation, indicating that free chlorogenic
acid plays an important role in inhibiting LDL oxidation. A
modest increase in lag time before LDL oxidation was also seen
when LDL was isolated from blood plasma that was preincu-
bated with chlorogenic acid, but higher concentrations (50-
200 μM) were required, and the effect only reached 16.6%
increase in lag time for 200 μM chlorogenic acid .

The addition of 4% BSA (0.6 mM) to the samples without
removal of free chlorogenic acid, as well as to the samples with
removal of free chlorogenic acid, also prolonged the lag time
before LDL oxidation. However, this effect was only significant
at higher chlorogenic acid concentrations (g0.5 μM), as shown in
Table 1.

Fluorescence Quenching. The interaction of BSA with chloro-
genic acid was studied by fluorescence spectroscopy. The fluor-
escence spectra were recorded for 0.3 μM BSA with varying
concentrations of chlorogenic acid (0-20 μM). A decrease in
fluorescence intensity was observed with an increase in chloro-
genic acid concentration indicating an interaction of chlorogenic
acid with BSA. From the fluorescence spectra a plot was
constructed showing the effect of chlorogenic acid concentration
on BSA fluorescence (Figure 1). An almost linear reduction in
fluorescence was observed up to 15 μM chlorogenic acid, and
BSA fluorescence was close to zero by 20 μM, indicating a strong
interaction of chlorogenic acidwithBSA.The Stern-Volmer plot
for fluorescence quenching of BSA by chlorogenic acid is shown
in Figure 2. The upward curvature indicates that chlorogenic acid

quenches BSA either by static and dynamic mechanisms simulta-
neously or by the sphere of action model. The binding constant,
KA, can be calculated to be 3.88� 104 M -1 from the gradient of
the plot of F0/(F0 - F) against the reciprocal of the chlorogenic
acid concentration (Figure 3). This compares with the value of
4.37 � 104 M -1 for the binding constant of the chlorogenic
acid-human serum albumin complex (17).

DISCUSSION

This study showed that chlorogenic acid increased the resis-
tance of LDL to oxidative modification. It also showed that BSA
is capable of enhancing the effect of chlorogenic acid indecreasing
the susceptibility of LDL to Cu2þ-induced oxidation.

In vitro Cu2þ-catalyzed LDL oxidation showed that chloro-
genic acid exerted its antioxidant effects in a concentration
dependent manner (Table 1). The fact that chlorogenic acid had
a modest antioxidant effect even when a desalting cartridge,
which gave a good separation between phenolic acids and
proteins, was used to remove free chlorogenic acid indicates that
chlorogenic acid bound to LDL particles, as has been observed
for other phenolic compounds (7, 18) Bound chlorogenic acid
contributed to the inhibitory effect toward LDL oxidation, either
by a direct effect, by release of free chlorogenic acid from a weak
complex with LDL, or by inhibiting the binding of copper to the
LDL particles. However, the effect of free chlorogenic acid was
greater than that of chlorogenic acid added prior to isolation of
LDL (Table 1) where much higher concentrations were needed,
and the antioxidant effect was smaller. The concentration of
chlorogenic acid bound to LDL was probably small.

The results obtained are consistent with previous studies which
also reported a decreased susceptibility of LDL toward oxidation
in the presence of chlorogenic acid (19, 20). The activity of
chlorogenic acid as a potent antioxidant is due to various
structural features, including the presence of ortho-hydroxyl
groups attached to the aromatic ring.

The mechanisms by which chlorogenic acid inhibits Cu2þ-
catalyzed LDL oxidation have not been completely elucidated,
although a number of mechanisms have been proposed which
include free radical scavenging, transient chelation of Cu2þ ions,
and steric blockage of Cu2þ binding sites on LDL (21-24). One

Figure 1. Fluorescence quenching of BSA (0.3 μM) shown as extinction
of BSA fluorescence (F/F0� 100) against chlorogenic acid concentration.
The fluorescence emission intensity was recorded at λex = 282 nm, and the
λem maximum occurred at 344 nm.

Figure 2. Stern-Volmer plot describing quenching of BSA (0.3μM) in the
presence of chlorogenic acid at different concentrations (0, 1, 5, 10, 15,
20μM). Equation: y=0.11525ex/3.12381. The fluorescence emission intensity
was recorded at λex = 282 nm, and the λem maximum occurred at 344 nm.



Article J. Agric. Food Chem., Vol. 58, No. 9, 2010 5831

mechanism suggests chlorogenic acid scavenges free radicals
thereby enabling it to inhibit the lipid peroxidation process by
reducing alkoxyl or peroxyl radicals to alkoxides or hydroper-
oxides (21). The chelation ofCu2þ ions by compounds containing
ortho-dihydroxyl groupswas demonstrated byNardini et al. who
proposed the formation of a Cu2þ-caffeic acid complex, thereby
restricting the ability of Cu2þ to promote lipid peroxidation (22).
The structural similarity of caffeic acid and chlorogenic acid
would suggest that chlorogenic acid acts by the samemechanism,
as confirmed in a separate study (23). Roland et al. proposed a
mechanism by which Cu2þ binding to LDL particles is inhib-
ited (24). Their data showed thatLDLpossesses 38 different Cu2þ

binding sites. At the same time phenolic compounds, including
myricetin, quercetin and catechin, were shown to significantly
inhibit Cu2þ binding to LDL, thereby limiting the ability of Cu2þ

to induce oxidation. It is likely that chlorogenic acid acts by the
same mechanism, but this has yet to be confirmed.

The possibility of chlorogenic acid being oxidized to quinones,
which react with amine side chains of lysine residues in the LDL
particle, needs to be considered, since the oxidation potential of
chlorogenic acid is low atþ0.23V (25). However, the chlorogenic
acid concentration was <1 μM, with relatively high concentra-
tions of lysine in LDL (8.2 mol %) (26). Since chlorogenic acid
has strong antioxidant activity when added to the LDL suspen-
sion prior to oxidation, it can be deduced that reaction of
chlorogenic acid by oxidation and covalent binding to LDL is
slow compared to the time scale of the experiment. Cu(II) will
remain as the main copper ion in these experiments since it is
present at 5 μM, compared to concentrations of chlorogenic acid,
which are not expected to be higher than 1 μM in any of the
experiments, since free chlorogenic acid is removed if added prior
to isolation of LDL.

Increased transient chelation of Cu2þ ions, increased radical
scavenging and blockage of more copper binding sites to LDL by
chlorogenic acid may explain the increased lag times for LDL
oxidation experiments in the presence of free chlorogenic acid
(Table 1a) compared to experiments with removal of free chloro-
genic acid before oxidation (Table 1b).

One of the main aims of this study was to determine the
simultaneous effect of BSA and chlorogenic acid on LDL oxida-
tion. This aim increases the nutritional relevance of the in vitro
experiment, since HSA, the human homologue of BSA, is the
most abundant protein in blood plasma. Results summarized in
Table 1 clearly show that, in the presence of higher (g0.5 μM)
concentrations of chlorogenic acid, BSA (4%, 0.6 mM) has a

significant protective effect against LDL oxidation. Also, the
finding that, even at low (0.25 μM) concentrations of chlorogenic
acid, BSA did not reduce the lag time shows that BSA does not
prevent the antioxidant effects of chlorogenic acid, despite the
fact that chlorogenic acid is capable of binding to BSA, as shown
by fluorescence spectroscopy. ThemechanismbywhichBSAmay
exert its inhibitory effect toward LDL oxidation is by binding to
Cu2þ ions as described in previous studies (27-29). However,
whenLDLwas incubatedwith 4%BSAwithout chlorogenic acid
no significant protective effect toward LDL oxidation was
observed (Table 1d). This shows that BSA is not an effective
radical scavenger, and it is consistent with previous findings
which suggested that the effect of BSA is dependent on the
concentration of BSA relative to that of copper (5). According
to these findings, 4%BSA (0.6mM) is not sufficient on its own to
inhibit LDL oxidation induced by 5 μMCu2þ ions, although this
yields a BSA to copper molar concentration ratio of 125:1, and
the binding constant for copper binding toBSAhas been reported
as 2.78 � 10-2 (29). However, when 4% BSA and g0.5 μM
chlorogenic acid are both present, LDL oxidation is inhibited due
to the combined effects of BSA binding Cu2þ, and the free radical
scavenging actions of chlorogenic acid, which lead to increased
lag times for samples containing BSA and chlorogenic acid
compared to samples containing just chlorogenic acid. This
indicates the important role of proteins in reducing free copper
concentrations, which allows phenolic antioxidants to be active
antioxidants even at low concentrations in vivo. Other proteins in
plasma such as ceruloplasmin and lactoferrin, the copper- and
iron-carrying proteins, respectively, play a major role in main-
taining very low concentrations of unbound copper and iron ions
in the circulation.However, ceruloplasmin has still been shown to
catalyze LDL oxidation (30, 31).

In a further attempt to simulate in vivo conditions, plasma was
preincubated for 1 h with different concentrations of chlorogenic
acid (0-200 μM), after which LDL was isolated. Results showed
a significant increase in resistance of LDL to oxidation with
increasing concentrations of chlorogenic acid (Table 1c). This
confirms that chlorogenic acid is able to bind to LDL in vitro and
exert its antioxidant effects. The importance of this was estab-
lished in a previous study which showed that antioxidant effects
of compounds varied considerably when comparing ex vivo and
in vitro results (32). This variation was attributed to the different
protein binding affinities of phenolic compounds, which resulted
in different binding affinities to LDL particles. Phenolic com-
pounds with strong binding affinities to proteins showed the

Figure 3. Double reciprocal curve of protein fluorescence quenching in the presence of chlorogenic acid (concentration Q). The data fits the equation
y = 25.794x - 0.952. R2 = 0.996.
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largest correlation between antioxidant effects in ex vivo and
in vitro experiments. It was therefore hypothesized that not only
the antioxidant activity of compounds was important but also
their ability to bind to LDL particles.

The binding of chlorogenic acid to BSA was confirmed by
fluorescence quenching experiments, and this suggests that
chlorogenic acid can also bind to tryptophan residues of LDL
particles. The ability of chlorogenic acid to bind to LDL particles
could in part play a role in the antioxidant mechanism of
chlorogenic acid. Giessauf et al. showed that Cu2þ-induced
oxidation of tryptophan residues on apolipoprotein B played
an important role in the initiation of LDL oxidation (33). Results
from fluorescent quenching experiments suggest that binding of
chlorogenic acid to tryptophan residues of apolipoprotein B may
block Cu2þ access to tryptophan residues in LDL, thereby
inhibiting LDL oxidation. The binding of chlorogenic acid to
human serumalbumin is importantwhen considering antioxidant
actions of chlorogenic acid in vivo.

In conclusion, chlorogenic acid is a potent antioxidant that is
capable of inhibiting LDL oxidation by a variety of mechanisms.
BSA is capable of enhancing the effects of chlorogenic acid by
simultaneously chelating copper ions. Binding of chlorogenic acid
to BSA did not impair the antioxidant activity of chlorogenic
acid, which was enhanced by the presence of BSA. The results
suggest that the antioxidant effects of chlorogenic acid in vivo (in
the presenceof serumalbumin)maybe stronger than itsmeasured
antioxidant effects in vitro.

Supporting Information Available: Fluorescence spectra for

BSA. This material is available free of charge via the Internet at

http://pubs.acs.org.
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