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Abstract: The effects of caffeic acid, a major phenolic compound of the diet, on oxidative stress and choles-
terolemia are studied in rats submitted to oxidative stress by iron overload. Male Wistar rats were fed semi-syn-
thetic diets containing regular (50 mg/kg diet) or high (2000 mg/kg) doses of iron with and without caffeic acid
(6460 mg/kg) for 4 weeks. The high doses of iron induced an increase of lipid oxidation in the liver, as measured
by thiobarbituric acid-reactive substances (TBARS), and an increase of cholesterolemia. Caffeic acid fully pre-
vented the pro-oxidant effects of high iron doses (p < 0.001). It also reduced lipid peroxidation in rats fed the
low iron dose (p < 0.05). Caffeic acid also increased vitamin E levels in plasma (2.74 pmol/L to 4.09 pmol/L
for normal diet; p < 0.001; 2.78 pmol/L to 4.94 umol/L for iron supplemented diet p < 0.001). Iron-induced hy-
percholesterolemia was inhibited by caffeic acid (1.07 g/L to 0.82 g/L; p < 0.001). These results demonstrate the
antioxidative capacity of caffeic acid, a highly bioavailable polyphenol, in an in vivo model of oxidative stress.
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Introduction

Polyphenols are common constituents of foods of plant
origin and are major antioxidants in our diet. Several hun-
dreds of different polyphenols have been identified, the
large majority being either flavonoids or phenolic acids
[1-3]. Phenolic acids have received much less attention
than flavonoids despite their abundance in the diet. They
are present in various food products such as fruit, vegeta-
bles, coffee, or cereals. Their daily intake can reach 500
mg in some persons, particularly regular coffee drinkers
[4, 5]. The main phenolic acids in the diet are hydroxy-
cinnamic acids, with caffeic acid as its main representa-
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tive. Caffeic acid is largely present as chlorogenic acid, an
ester with quinic acid. A cup of coffee contains 70 to
300 mg chlorogenic acid, equivalent to 35—-150 mg caffe-
ic acid [4].

As antioxidants, hydroxycinnamic acids may protect
cell constituents against oxidative damage and therefore
limit the risk of various degenerative diseases associated
with oxidative stress. Different polyphenols were shown
to increase the antioxidant capacity of plasma and tissues
and to reduce the susceptibility of low-density lipopro-
tein (LDL) and lipids to peroxidation, a key mechanism
in the atherosclerosis physiopathology [6]. Hydroxycin-
namic acids such as caffeic, ferulic, or p-coumaric acids
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are able to inhibit the in vitro oxidation of LDL isolated
from human plasma. Caffeic acid was the most active an-
tioxidant as compared to the other phenolic acids. [7, 8].
Caffeic acid was also shown to spare vitamin E in rat plas-
ma oxidized in vitro by aradical initiator [9]. In vivo, caf-
feic acid, when administered in the diet, participated in
the antioxidant defense system, by sparing vitamin E
[10].

In the present work, we study the antioxidant effects of
caffeic acid in iron-overloaded (IO) rats, used as a model
of oxidative stress. Iron overload is associated with sig-
nificant changes of the antioxidant status and causes lipid
metabolism disturbances by increasing plasmatic choles-
terol levels [11, 12]. Using this model, we demonstrate
that feeding caffeic acid improves some markers of ox-
idative stress and reduces hypercholesterolemia induced
by iron overload.

Materials and Methods

Chemicals: Ferrous iron, caffeic acid, ferulic acid, and
isoferulic acid were purchased from Sigma (Saint-Louis,
MO, USA).The triglycerides and cholesterol measure-
ment kits were obtained from Biotrol (Paris, France) and
Biomérieux (Charbonniere-les-Bains, France) respective-
ly.The plasmatic iron and total iron binding capacity mea-
surement kits were obtained from Biomérieux (Charbon-
nieére-les-Bains, France).

Animals, diets: Forty weaning male Wistar rats (Institut
National de la Recherche Agronomique), 3 weeks old,
weighing 64 g + 0.4 g (mean + SEM), were housed in tem-
perature-controlled rooms (22 °C), with a dark period from
20.00 h to 08.00 h and access to the semi-purified diet
from 16.00 h to 08.00 h. The rats were fed a standard se-
mi-purified diet (Table I) for one week and were then ran-
domly divided into four groups. Each group received a sin-
gle different experimental meal during the four-week in-
tervention period, as follows: (1) the standard diet (con-
trol), (2) the standard diet supplemented with 0.65% caf-
feic acid (caffeic diet), (3) the standard diet supplement-
ed with 0.2% ferrous iron (iron-supplemented diet), and
(4) the standard diet supplemented with 0.2% ferrous iron
and 0.65% caffeic acid (iron and caffeic supplemented
diet). Caffeic acid and iron concentrations were equimo-
lar in the last diet (35.8 mmol/kg). The basal vitamin E
supply was limited to one-third of the recommended val-
ue and a fat source (corn oil) that was relatively prone to
oxidation was used to increase the pro-oxidant response.
The last week of the experiment, rats were housed in meta-
bolic cages.

Table I: Compositions of experimental diets (g/kg)!

Caffeic acid
Control Caffeic acid Iron and iron

Casein 200 200 200 200
Corn oil 50 50 50 50
Saccharose 325 325 325 325
Wheat starch 325 318 315 309
Alphacel 50 50 50 50
Mineral mix? 35 35 35 35
Vitamin mix3 10 10 10 10
DL- Methionine 3 3 3 3

Choline bitartrate 2 2 2 2

Iron (FeSO47H,0) 0.25 0.25 9.9 9.9
Caffeic acid / 6.5 / 6.5

I'Sources of ingredients: casein and wheat starch (Louis
Francois,Saint-Maur, France), corn oil, DL-methionine, iron
(FeSOs, TH,0), caffeic acid (Sigma Chemical, St. Louis, MO),
vitamin AIN-76A mix and choline bitartrate (ICN Biomedicals,
Orsay, France).

2 All diets contained (per kg diet): 4 g Ca, 1.4 g Na, 3.8 gK, 5
mg Cu, and 38 mg Zn. Only iron was not balanced between
the diets.

3 Providing 33% of tocopherol recommended supply, prepared
using 1 part AIN-76A vitamin mix plus 2 parts tocopherol-free
AIN76A mix.

Animals were maintained and handled according to the
recommendations of the Institute Ethics Committee (IN-
RA), in accordance to the decree N° 87-848.

Sampling procedure: Urine (24-hour) was collected dur-
ing four days of the last week, acidified with 10M HCI (10
uL/mL) and stored at —20 °C.

For plasma sampling, rats were anesthetized with pen-
tobarbital (40 mg/kg body, intraperitoneally) in the post-
prandial period and maintained on a plate at 37 °C. Blood
was drawn from the abdominal aorta into heparinized
tubes and centrifuged (10,000 X g, 2 minutes) to obtain
plasma. Aliquots of plasma were kept at—20 °C until analy-
sis. Liver and heart were excised and approximately 3 g
of liver and the entire heart were immediately freeze-
clamped and stored at —80 °C.

Analytical methods: Plasma triglycerides and cholesterol
levels were determined using commercial kits (Biotrol,
Paris, France and Biomérieux, Charbonniére-les-Bains,
France respectively); a polyvalent control serum (33-plus,
Biotrol, Paris, France) was treated in parallel to samples
and served as control for the accuracy of results in the
triglycerides and cholesterol analyses.

Plasma iron and total iron binding capacity levels were
determined using commercial kits.

Plasma vitamin E was assayed by reversed-phase high
performance liquid chromatography (HPLC) (HPLC ap-
paratus, Kontron series 400, Kontron, Saint-Quentin en
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Yvelines, France) using a hexane extract. Briefly, o-toco-
pherol acetate (Sigma) was added to samples as internal
standard. Samples were extracted twice with hexane, af-
ter ethanol precipitation of the proteins. The extract was
evaporated to dryness under N, dissolved in ethanol-
methylene chloride (65:35, v/v) and injected into a C18
column (nucleosil; 250 mm, i.d 46 mm, 5 um particles).
Pure methanol, at a flow-rate of 2 mL/minute eluted o-to-
copherol in 5.0 minutes and tocopherol acetate in 6.3 min-
utes. The compounds were detected by ultraviolet (UV)
(292 nm), then quantified by internal and external cali-
bration using standard solutions.

For lipid peroxidation studies of heart and liver tissues,
homogenates were prepared on ice in a ratio of 1 g wet
tissue to 9 mL 150 mmol/L KCI using a Polytron homog-
enizer. Thio-barbituric acid-reactive substances (TBARS)
were measured using a spectrophotometer (Uvikon 941
plus series, Kontron Instruments, Saint Quentin en Yve-
lines), in tissue homogenates after lipid peroxidation in-
duced by FeSO, (2 umol/L)-ascorbate (50 wmol/L) for 30
minutes in a 37 °C water bath in an oxygen-free medium
using a standard of 1,1,3,3-tetracthoxypropane as previ-
ously described [13].

Analysis of urine metabolites of caffeic acid was done
by HPLC with a UV detector. Urine samples (diluted in
0.1 mol/L sodium acetate buffer, pHS5, 175 uL) were acid-
ified to pH 4.9 with 20 uL of 0.58 mol/L acetic acid and
incubated at 37 °C for 45 minutes in the presence of 1100
U B-glucuronidase and 42 U sulfatase (Helix pomatia ex-
tract, Sigma chemicals). Samples were extracted by
adding 500 pL of methanol/water/200 mM HCI (75:25)
and centrifuged for 4 minutes at 14,000 revolutions per
minute (rpm). For analysis, 30 uL of each preparation was
injected onto a 150 x 4.6 m Hypersil BDS C18-5 um col-
umn (Life Sciences International, Cergy, France). The mo-
bile phase consisted of 5% acetonitrile (phase A) and 30%
acetonitrile (phase B), each containing 0.5 % H;PO, (aq).
The UV detector was set at 320 nm.

Data analysis: Data were entered into the Instat statisti-
cal analysis program (Instat, San Diego, CA). Values are
means + SEM, the differences between values were de-
termined by one-way ANOVA coupled with Tukey’s Mul-

Table 11: Body weight, food intake, iron, and caffeic acid intake'

121

tiple Comparisons Test or by the Kruskal-Wallis test (non-
parametric ANOVA) coupled with Dunn’s Multiple Com-
parison Test. Differences with p < 0.05 were considered
significant.

Results

Body weight, food intake: Iron and caffeic acid in the di-
et did not affect food intake and body weight (Table II).

Total plasma iron and total iron binding capacity
(TIBC): A significant rise of plasma iron concentration
was observed in rats fed with the iron-supplemented diet
compared with the control group (3.73 + 0.21 vs. 1.56
0.23 umol/L respectively; p < 0.001). Cafteic acid did not
affect the plasma iron level when it was added to the nor-
mal diet (1.56 = 0.23 vs. 1.69 = 0.11 umol/L) or when it
was added in the iron diet (3.73 + 0.21 vs. 4.00 = 0.19
pmol/L) (Fig. 1A). Total iron-binding capacity was sig-
nificantly decreased in rats fed with iron-supplemented di-
et compared with the control group. Caffeic acid in the di-
ets did not significantly modify this capacity (Fig. 1B).

Lipid peroxidation: After exposure of liver homogenate
to iron/ascorbate-induced lipid peroxidation, high liver
TBARS values were found in rats fed the iron-supple-
mented diet compared with the control group (166.5 +22.2
vs. 303.7 + 22.8 nmol/g wet weight; p < 0.001) (Fig. 2).
Caffeic acid restored basal values of TBARS in the iron-
supplemented group (151.1£16.9vs. 115.5+15.9 nmol/g

Table 111: Urinary excretion of phenolic acids in rats consuming
diets supplemented with caffeic acid or caffeic acid and iron (%
ingested dose, mol/mol).

Diet
Caffeic acid Caffeic acid + Iron
Caffeic acid 13.8 +0.7 10.4 + 0.6%**
Ferulic acid 53+02 3.6 £ 0.1 %**

Values are means + SEM (n = 10).
##% p < 0.001 vs caffeic acid diet.

Caffeic acid and

Control Iron Caffeic acid Iron ANOVA
Body weight (g) 304.1 +/-5.5 295.4 +/-5.46 317.6 +/-7.93 295.6 +/-8.41 NS
Food intake (g/day) 19.2 +/-0.5 20.0 +/-0.4 19.7 +/-0.5 19.6 +/-0.5 NS
Iron intake (Lmol/day) 17.1 +/-0.5 715 +/-13 17.6 +/-0.5 701 +/-17 NS
Caffeic acid intake (Lmol/day) / / 706 +/-19 704 +/-17 NS

! Values are means +/— SEM (n = 10).
2 NS, not significant, p > 0.05.
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Figure 1: Total plasmatic iron (A) and total iron binding capac-
ity (B) in rats fed the different experimental diets.

Values are means = SEM (n = 10), *** significantly different
from control, p < 0.001.

wet weight; p < 0.001). Moreover, this phenolic acid de-
creased the TBARS concentration in caffeic diet compared
with control diet (127.2 £ 13.9 vs. 119.1 = 15.3 nmol/g
wet weight).

Heart susceptibility to lipid peroxidation was not
changed in all groups.

Plasma cholesterol and triglycerides (TG): The iron-
supplemented diet caused hypercholesterolemia com-
pared with the control and caffeic groups (1.065 + 0.078
g/L vs. 0.648 +0.062 and 0.601 + 0.081 respectively; p <
0.001). Caffeic addition restored plasma cholesterol lev-
el in iron-supplemented diet (Fig. 3).

Plasma triglycerides were similar for each group (re-
sults not shown).

Plasma vitamin E: Alpha-tocopherol concentration did
not differ in the control and iron-supplemented groups.
Iron did not influence plasma vitamin E concentration in
this study (Fig. 4).

Caffeic acid preserved vitamin E in the caffeic group
(4.09 £0.2 vs. 2.74 £ 0.25 pumol/L for control group; p <
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Figure 2: Liver (A) and heart (B) susceptibility to lipid peroxi-
dation in rats consuming experimental diets (TBARS).

Values are means = SEM (n = 10), * p < 0.05; *** p < 0.001 vs
control; £££ p < 0.001 vs 2g/kg iron.

0.05) and in caffeic acid and iron-supplemented group
(4.94 £0.45 vs. 2.78 + 0.11 umol/L for the iron-supple-
mented group; p < 0.001) (Fig. 4).

The o-tocopherol/(TG + cholesterol) ratio was not sig-
nificantly different in all groups (Fig. 5).

24h hour- caffeic and ferulic acids urinary excretion
per ingested dose: Relative urinary excretion of caffeic
acid was significantly decreased in the caffeic acid + iron
group compared to the caffeic acid group (p < 0.001). At
the same time, relative urinary excretion of ferulic acid
(O-methyl caffeic acid) was decreased in the caffeic acid
+ iron group compared to the caffeic acid group (p <
0.001). (Table III)
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Figure 3: Plasma cholesterol concentration in rats consuming
experimental diets.

Values are means + SEM (n = 10), *** p < 0.001 vs control;
£££p <0.001 vs iron.
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Figure 4: Plasma vitamin E concentration in rats consuming ex-
perimental diets.
Values are means = SEM (n = 10), * p < 0.05; *** p <0.001 vs
control and iron.
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Figure 5: Plasma vitamin E / (TG + cholesterol) ratio in rats con-
suming experimental diets.
Values are means + SEM (n = 10).

Discussion

Many different models have been used to study oxidative
stress and the effect of antioxidants to prevent oxidative
damage, in the context of disease prevention and ageing.
In the present study, oxidative stress was induced by di-
etary supplementation with iron, well known for its pro-
oxidant effects at high concentrations. Three doses were
tested in a preliminary experiment: 50 mg/kg diet
(0.005%); 500 mg/kg (0.05%), and 2 g/kg (0.2%). The last
dose was finally selected as the lowest one inducing
changes on oxidative stress biomarkers (not shown). In IO
conditions, accumulation of iron is observed in parenchy-
mal cells of a variety of tissues, particularly in the liver.
This mechanism is analogous to that seen in hereditary he-
mochromatosis [14, 15]. The modification of iron status
induced by dietary 10 was clearly indicated by a signifi-
cant increase of plasma iron and in a reduction of TIBC.
The change of iron status resulted in an increase of ox-
idative stress. Liver TBARS were increased significantly
inrats fed the iron diet as compared with the control group.
The same trend was observed for heart TBARS, although
not significantly. Accumulation of iron in the periportal
region of the liver lobules explains more a pronounced ef-
fect of 10O in this tissue [15].

Addition of caffeic acid to the diet significantly inhib-
ited lipid peroxidation in the liver in both iron-supple-
mented and normal rats. A similar trend was observed in
heart tissue. Caffeic acid also increased vitamin E con-
centration in the plasma. The sparing effect of vitamin E
by caffeic acid has been observed in an in vitro electron
paramagnetic resonance (EPR) study with LDL [16] and
in previous in vivo study where Sprague-Dawley rats were
fed a diet containing 0.2 % caffeic acid [17]. Similar re-
sults were also obtained in humans with different polyphe-
nols [18, 19].

When calculated over (TG + cholesterol) concentra-
tion, the same tendency for vitamin E levels was observed,
although the trend was not statistically significant.

Antioxidant effects of caffeic acid in our study could
either be due to a modification of iron status or to a direct
action of caffeic acid in inner tissues. Polyphenols such as
caffeic acid are known to form stable complexes with fer-
ric ions in the gut, making the iron less available for ab-
sorption [20, 21]. However, at the high level of iron sup-
plementation used in the present work, caffeic acid did not
affect iron status. Antioxidant effects of caffeic acid are
therefore most likely explained by a direct action of caf-
feic acid on inner tissues. Ten percent and 14% of the caf-
feic acid-ingested dose was recovered in urine in, respec-
tively, IO rats and normal rats, showing its good bioavail-
ability. The lower excretion in 10 rats could be explained
by its oxidative degradation catalyzed by iron in the gut
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or inner tissues. Nardini et al, using a similar protocol on
normal rats and similar doses of caffeic acid in the diet,
did not observe any effect of caffeic acid on lipid peroxi-
dation (plasma TBARS) [10]. This apparent discrepancy
could be explained by the timing of the animals’ sacrifice.
In the present work, animals were killed while in a post-
prandial state, when the tissues were exposed to caffeic
acid and its metabolites, whereas Nardini er al collected
the tissues after an overnight fast, when both iron and caf-
feic concentrations were low.

Similar antioxidant effects to those observed here for
caffeic acid in IO rats have been observed with flavonoids,
a-tocopherol, and ascorbic acid. Silybin, a flavonolignan,
administered by gastric intubation, decreased malondi-
aldehyde levels in the liver [22] and rutin, the rutinoside
of quercetin, injected intraperitoneally suppressed free
radical production in liver microsomes [23]. Alpha-toco-
pherol (200 IU/kg diet) [24, 25] and ascorbic acid (0.3 %
in the diet) [26] were also shown to prevent the iron-in-
duced lipid peroxidation in IO rats.

Iron supplementation also induced a 1.8-fold increase
of the total cholesterol concentration in plasma, in agree-
ment with previous studies [11, 12]. This increase was par-
tially prevented by caffeic acid supplementation. Howev-
er, caffeic did not affect cholesterolemia in rats non-sup-
plemented with iron as previously observed in both rats
and hamsters [17, 27]. A dependency of cholesterolemia
over antioxidant status has been reported previously. In IO
rats, the increase of plasma cholesterol level was associ-
ated with a dramatic decrease in plasma ascorbic acid [11,
28]. Hypercholesterolemia could possibly be explained by
a decrease of cholesterol 7a-hydroxylase activity, an en-
zyme involved in the catabolism of cholesterol and syn-
thesis of bile acids and which requires ascorbic acid as a
cofactor [29]. Caffeic acid could act in synergy with ascor-
bic acid through mechanisms that remain to be elucidat-
ed [16].

These antioxidant and hypocholesterolemic effects of
caffeic acid could counteract detrimental effects attributed
to some of the constituents of coffee, the major source of
caffeic acid in the diet. Caffeic acid likely explains the in-
crease of antioxidant capacity of plasma observed after
consumption of coffee [30] in spite of the presence of hy-
drogen peroxide or 1,2,4-benzenetriol oxidants [31]. Sim-
ilarly, caffeic acid could also contribute to limit the hy-
percholesteromic effects of some coffee constituents such
as the diterpene cafestol [32]. The dose of caffeic acid used
in the present work would correspond for humans to a con-
sumption of 3 g of caffeic acid per day for the same con-
centration in the rat and human diets. This amount of caf-
feic acid is three times higher than the estimated daily
polyphenol intake [1]. One cup of coffee contains up to
300 mg chlorogenic acid [4]. Three grams of caffeic acid

would therefore be equivalent to about 20 cups of coffee.
The dose used here is high. Further investigation is there-
fore still needed to study the effects of lower doses of caf-
feic acid. Dietary supplementation with phenolic acids
may result in much higher exposure level than that
achieved with the diet. It is often inferred that such a high
intake may result in pro-oxidant effects [33]. However,
this was not observed with caffeic acid in the present study.

Caffeic acid in coffee is largely present in an esterified
form, chlorogenic acid. These two compounds differ with
respect to their bioavailability. Chlorogenic acid is par-
tially hydrolyzed in the gut and its ingestion results in di-
rect exposure of inner tissues to caffeic acid. However, the
level of caffeic acid measured in plasma or urine is much
lower than that observed after direct feeding of caffeic acid
[34, 35]. Therefore, the exact role of caffeic acid in achiev-
ing antioxidant protection through coffee consumption
needs to be further explored.
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