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Abstract. – OBJECTIVE: Caffeic acid, pre-
dominantly as esters linked to quinic acid
(chlorogenic acids), is a phenolic acid present at
high levels in coffee. The aim of the study was to
investigate effects of caffeic and chlorogenic
acids on the skeletal system of female rats with
normal estrogen levels and estrogen-deficient.

MATERIALS AND METHODS: Caffeic acid (5
and 50 mg/kg p.o. daily) and chlorogenic acid
(100 mg/kg p.o. daily) were administered for 4
weeks to non-ovariectomized and bilaterally
ovariectomized mature Wistar rats, and their ef-
fects were compared with appropriate controls.
Moreover, estradiol (0.2 mg/kg p.o. daily) was ad-
ministered to ovariectomized rats. Bone turnover
markers, mass, mineralization and mechanical
properties were examined.

RESULTS: Although caffeic acid at a low dose
exerted some unfavorable effects on the skele-
tal system, at high doses, caffeic and chloro-
genic acids slightly increased mineralization in
the tibia and improved mechanical properties of
the femoral diaphysis (compact bone). Unlike
estradiol, they did not counteract the worsen-
ing of the tibial metaphysis bone strength (can-
cellous bone) and increases in osteocalcin con-
centration induced by estrogen deficiency.

CONCLUSIONS: High doses of the phenolic
acids slightly favorably affected the rat skeletal
system independently of the estrogen status.

Key Words:
Caffeic acid, Chlorogenic acid, Skeletal system, Os-

teoporosis, Rats.

Introduction

Hydroxycinnamic acids are natural phenolic
acids, commonly present in foods of plant origin
(fruits, vegetables, grains, coffee, spices, etc.)1,2.
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Some natural phenolic acids have been recently
reported to affect the skeletal system in experi-
mental conditions3-11.
A major source of hydroxycinnamic acids is

coffee; it contains mainly chlorogenic acids. The
term “chlorogenic acids” includes a family of es-
ters of trans hydroxycinnamic acids with quinic
acid. The most commonly occurring chlorogenic
acid is 5-O-caffeoylquinic acid, often called
“chlorogenic acid”12. In an example of brewed
coffee portion, approximately 86% of chloro-
genic acids were caffeoylquinic acids (3-, 4- and
5), while the rest - feruoylquinic and dicaf-
feoylquinic acids13. The chlorogenic acid con-
tents in various commercial coffees vary within
wide limits14. A 200 ml serving of coffee pro-
vides 70-350 mg of chlorogenic acids, i.e. about
35-175 mg of caffeic acid12. Regular coffee con-
sumers can easily have an intake of chlorogenic
acids in excess of 1 g per day15.
There are big differences in the amounts of hy-

droxycinnamic acids consumed by humans. Cof-
fee and related products are their most significant
and constant sources due to regular consumption
in Western countries2. Some phenolic acids are
available in dietary supplements and used in self-
medication. Extracts of green coffee beans and
extracts of whole coffee fruit are marketed as
functional ingredients or health-supporting di-
etary supplements16. For example, supplements
containing chlorogenic acid are proposed as body
weight reducing agents17. Coffee drinking is con-
sidered a potential risk factor for bone fractures;
however, the data on coffee and caffeine skeletal
effects are inconsistent12,18-25. Phenolic acids may
contribute to the coffee effects on bones.
We have previously observed that caffeic and

chlorogenic acids at a moderate dose of 10
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Raw material components Nutrient components

Vitacel (cellulose) 10.0% Energy 11.5 MJ/kg
Corn 8.0% Crude protein 201.0 g/kg
Oat 15.0% Crude fat 46.1 g/kg
Wheat 15.0% Fiber 115.0 g/kg
Fodder wheat flour 30.5% Starch 298.0 g/kg
Fish meal 6.0% Calcium 9.3 g/kg
Fodder yeast 3.0% Phosphorus 7.5 g/kg
Potato protein 5.0%
Dried whey 2.0%
Flax meal 2.0%
Ca(H2PO4)2*H2O 0.5%
Fodder chalk 2.0%
Fodder salt (NaCl) 0.2%
Mix of microelements and vitamins 0.8%

Table I. Composition of the soy-free diet with decreased content of phenolic acids.

The composition of the diet was designed in cooperation with the producer of the fodder, Wytwórnia Pasz “Morawski”,
Poland. The rats were switched from the standard laboratory diet (Labofeed B) to the experimental diet on the day before the
beginning of the phenolic acid or estradiol administration.

mg/kg p.o. counteracted some skeletal changes
caused by estrogen deficiency, but caffeic acid al-
so unfavorably affected the skeletal system9,10.
The aim of the present study was to further inves-
tigate effects of coffee phenolic acids (chloro-
genic and caffeic) on the skeletal system of ma-
ture female rats with normal estrogen levels and
estrogen-deficient.

Materials and Methods

Phenolic acids used: caffeic acid (purity ≥
98%, Sigma-Aldrich Co., St. Louis, Mo, USA);
chlorogenic acid (1,3,4,5-tetrahydroxycyclohexa-
necarboxylic acid 3-(3,4-dihydroxycinnamate),
purity ≥ 95%, Sigma-Aldrich).
Other drugs used: estradiol hemihydrate (Es-

trofem, Novo Nordisk A/S, Bagsværd, Den-
mark), ketamine – Bioketan (Vetoquinol Biowet,
Gorzów Wlkp., Poland), xylazine – Xylapan (Ve-
toquinol Biowet), tetracycline hydrochloride
(Sigma-Aldrich), calcein (Sigma-Aldrich).
The study was carried out with the permission

of the Local Ethics Commission in Katowice, on
15-17-week-old female Wistar rats obtained from
the Center of Experimental Medicine, Medical
University of Silesia in Katowice.
The animals were divided into 9 groups (n = 9-

10). Caffeic acid (5 and 50 mg/kg p.o. daily) and
chlorogenic acid (100 mg/kg p.o. daily) were ad-
ministered for 4 weeks to non-ovariectomized and
ovariectomized (estrogen-deficient) rats, and their

effects were compared with appropriate controls.
Moreover, estradiol (0.2 mg/kg p.o. daily; positive
control) was administered to ovariectomized rats.
Bilateral ovariectomy was performed under ket-

amine-xylazine anesthesia, 7-8 days before the
start of the administration of the investigated com-
pounds. Control rats were administered the vehicle
– tap water. The phenolic acids, estradiol or vehi-
cle were administered by a gastric tube (2 ml/kg).
The rats were fed a soy-free diet with decreased
content of phenolic acids ad libitum (Table I),
starting from the day before the beginning of the
administration of the investigated compounds. To
mark the calcification front, tetracycline hy-
drochloride (20 mg/kg) on the day before the start
of the treatment, and calcein (10 mg/kg) after 3
weeks, were injected intraperitoneally.
The rats were fasted for 24 h after the last drug

administration. The next day, the animals were
killed by cardiac exsanguination, in full keta-
mine-xylazine anesthesia. The femurs, tibias, and
L-4 vertebra were isolated, weighed and mea-
sured. The uterus and thymus were weighed.

Bone Mechanical Properties Studies
Mechanical properties of the femoral diaphysis,

proximal tibial metaphysis and the femoral neck
were investigated using Instron 3342 500N appara-
tus with Bluehill 2 version 2.14 software. The bones
were stored below -20°C (wrapped in gauze soaked
in 0.9%NaCl solution) and thawed before testing.
Mechanical properties of the left femoral dia-

physis and left tibial metaphysis were studied us-



Serum concentrations of osteocalcin and type I
collagen fragments released from bone during
bone resorption were studied using enzyme im-
munoassay methods (Rat-MID Osteocalcin EIA
and RatLaps EIA, respectively, Immunodiagnos-
tic Systems Ltd., Boldon, Tyne and Wear, UK).
Serum calcium, inorganic phosphorus and total
cholesterol levels were determined spectrophoto-
metrically (Pointe Scientific, Inc.).

Statistical Analysis
The results are presented as arithmetical means

± SEM. Statistical evaluation was performed us-
ing one-way ANOVA, followed by Duncan’s
post-hoc test. In case of a lack of normality
(Shapiro-Wilk’s test) or of homogeneity of vari-
ance (Levene’s test), non-parametric tests were
used: Kruskal-Wallis ANOVA and Mann-Whit-
ney U test. The results obtained in each experi-
mental group were compared with those of the
non-ovariectomized control rats, and results of
the treated ovariectomized rats were compared
with those of the ovariectomized control rats.
Moreover, two-way ANOVA performed on 6
groups (non-ovariectomized and ovariectomized
control rats, and rats treated with the higher doses
of phenolic acids) was used. The main effects
were: estrogen status (effect of ovariectomy) and
the treatment with the phenolic acids.

Results

Effects of Phenolic Acid Administration
on Body Mass Gain, Mass of
Estrogen-Dependent Organs and Serum
Levels of Estradiol and Total Cholesterol
The ovariectomized control rats had significant-

ly increased body mass gain and serum total cho-
lesterol level in comparison with the non-ovariec-
tomized control rats (Table II). Serum estradiol
strongly tended to decrease, and the mass of estro-
gen-dependent organs, uterus and thymus, was sig-
nificantly decreased and increased, respectively.
Caffeic and chlorogenic acids did not affect those
parameters, both in non-ovariectomized and
ovariectomized rats. Estradiol counteracted the
changes induced by estradiol deficiency, with the
exception of total cholesterol level.

Effects of Phenolic Acid Administration
on Bone Mass and Mineralization
Bone mass and mass of bone mineral were not

significantly affected in the estrogen-deficient

ing three-point bending tests, as previously de-
scribed25-30. The load was applied perpendicularly
to the long axis of the femur in the mid-length of
the bone (distance between the points supporting
the femur: 16 mm) or to the proximal metaphysis
of the tibia deprived of the proximal epiphysis.
The displacement rate was 0.01 mm/s. Maximum
load and displacement, energy and stress for the
maximum load were assessed. The same parame-
ters were determined for the yield point (0.05%
offset) and fracture point. Young’s modulus was
also determined.
Mechanical properties of the neck of the right

femur were investigated using a compression
test28-30. The load was applied to the head of the
femur along the long axis of the femur with a
displacement rate of 0.01 mm/s, and the maxi-
mum load was measured.

Bone Histomorphometric Studies
To prepare histological specimens, the right

femurs were used, as previously described25,29,31.
Histomorphometric measurements were made
using Lucia G 4.51 software (Laboratory Imag-
ing, Praha, Czech Republic) or OsteoMeasure
XP v1.3.0.1 (OsteoMetrics, Inc., Decatur, GA,
USA) software. In the longitudinal preparation
from the femur, the width of trabeculae in the
distal epiphysis and metaphysis were measured.
In transverse cross-sections of the femoral diaph-
ysis in the mid-length of the femur, the area of
the cortical bone and marrow cavity were deter-
mined. The periosteal and endosteal transverse
growth of the femur were also measured.

Bone Mineralization Studies
The left femur, left tibia and L-4 vertebra were

lyophilized for 9 days to determine the dehydrat-
ed bone mass, and mineralized (640oC for 48 h in
the muffle furnace) to determine the mass of bone
mineral (ash). The ratios of mass of bone mineral
to bone mass and to lyophilized bone mass were
determined as substitutes for bone mineral densi-
ty measurements. Calcium and phosphorus con-
tent in the bone mineral (dissolved in 6 M HCl
and then diluted in distilled water) was deter-
mined spectrophotometrically, using a calcium
reagent and a phosphorus reagent sets (Pointe
Scientific, Inc., Canton, MI, USA).

Biochemical Studies
Serum estradiol levels were determined by an

ELISA method (Mouse/Rat Estradiol ELISA,
Calbiotech, Inc., Spring Valley, CA, USA).
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control rats in comparison with the non-
ovariectomized controls, and the tibia and
femur were significantly longer (not shown).
The ratios of bone mineral mass to bone
mass and to bone mass after lyophilization
were decreased in the long bones, and calci-
um and phosphorus contents in the bone
mineral were not significantly affected
(Table III). Administration of caffeic and
chlorogenic acids did not affect bone mass
and bone mineral mass. A decrease in the
calcium content in the mineral of the tibia in
non-ovariectomized rats receiving the lower
dose of caffeic acid was noted in relation to
the non-ovariectomized controls. However,
at the higher dose, caffeic acid significantly
increased bone mineralization (ratio of bone
mineral mass to bone mass) in the tibia of
non-ovariectomized rats. There were signifi-
cant main effects of the high-dose phenolic
acids concerning mineralization of the tibia
(increased ratios of bone mineral mass to
bone mass and to lyophilized bone mass),
indicating effects independent of the estro-
gen status. There was also a significant in-
crease in the calcium content in the mineral
of the tibia in ovariectomized rats treated
with the high dose of caffeic acid, and a sig-
nificant phenolic acid main effect on the cal-
cium content in the mineral of the femur (in-
creasing).

Effects of Phenolic Acid Administration
on Mechanical Properties of the
Tibial Metaphysis
Estrogen deficiency strongly worsened

mechanical properties of cancellous bone of
the tibial metaphysis (Young’s modulus, the
load and stress for the maximum load and
fracture points, and the energy for the frac-
ture point, Table IV). Supplementation with
estradiol partially counteracted the changes.
Administration of the phenolic acids in high
doses did not significantly affect the mechan-
ical properties of cancellous bone. There
were only tendencies for main effects of the
high-dose acids, indicating slight increases in
the maximum load and stress (p < 0.1), for
which mainly the effects in non-ovariec-
tomized rats were responsible. However, in
non-ovariectomized rats receiving the low
dose of caffeic acid, significant decreases in
the yield point parameters (load and energy)
were noted (not shown).
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Effects of Phenolic Acid Administration
on Mechanical Properties of the Femur
Estrogen deficiency did not significantly affect

mechanical properties of compact bone of the
femoral diaphysis, and the femoral neck strength
(Table V). The treatments did not significantly
affect the mechanical parameters of the femur in
relation to appropriate controls. However, two-
way ANOVA demonstrated significant main ef-
fects concerning the values of load registered in
the yield point (not shown), the maximum load
point and the fracture point, indicating increases
in the strength of the femoral diaphysis induced
by administration of the high-dose phenolic
acids. Also the stress for the maximum load and
fracture points, and energy accumulated to the
fracture point tended to increase (p ≤ 0.1 for phe-
nolic acid main effects).

Effects of Phenolic Acid Administration
on Histomorphometric Parameters
of the Femur
In the ovariectomized control rats, the width

of trabeculae in the femoral epiphysis and
metaphysis decreased, and the periosteal and
endosteal transverse growth of the femoral dia-
physis increased in comparison with the non-
ovariectomized control rats (Table VI). Those
effects were counteracted by administration of
estradiol. There were no effects of estrogen de-
ficiency on the transverse cross-section areas
of the marrow cavity and the cortical bone (not
shown). Caffeic and chlorogenic acids did not
affect the histomorphometric parameters in
non-ovariectomized rats. However, in ovariec-
tomized rats, caffeic acid at the high dose and
chlorogenic acid counteracted the increase in
the endosteal transverse growth, and the acids
counteracted the decreases in the trabeculae
width induced by estrogen deficiency.

Effects of Phenolic Acid Administration
on Serum Biochemical Bone Turnover
Markers
In the ovariectomized control rats, serum

bone resorption marker, RatLaps, and bone
formation marker, osteocalcin, markedly in-
creased in relation to the non-ovariectomized
control rats (Table VII). The latter effect was
counteracted by estradiol administration. Ad-
ministration of the phenolic acids did not af-
fect the levels of bone turnover markers. No
effects on serum calcium and inorganic phos-
phorus levels were noted (not shown).
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Discussion

In recent years, several experimental reports
indicating beneficial effects of some phenolic
acids on the skeletal system have been pub-
lished4-11. Results of our screening studies were
inconclusive: while phenolic acids (ferulic, p-
coumaric, caffeic, and chlorogenic; 10 mg/kg
p.o. daily) counteracted some changes in the
skeletal system developing due to estrogen defi-
ciency, caffeic acid decreased bone mass9, and
worsened mechanical properties of the femur in
non-ovariectomized rats10. Moreover, caffeic acid
raised the serum estradiol level in estrogen-defi-
cient rats32.
To elucidate the effects of coffee phenolic

acids on the rat skeletal system, higher oral doses
were used in the present study: 100 mg/kg/day of
chlorogenic acid and 50 mg/kg/day of caffeic
acid, for 4 weeks, a period long enough to ob-
serve skeletal effects in rats9,10,28-31. The caffeic
acid dose of 50 mg/kg corresponded to the
amount of caffeic acid received by the rats ad-
ministered 100 mg/kg dose of chlorogenic acid.
The experiments were carried out in two mod-

els: rats with normal estrogen levels and estro-
gen-deficient (bilaterally ovariectomized) rats.
Estrogen deficiency induces the increased bone
remodeling rate, with the balance between bone
resorption and formation moved in favor of the
former35. Consistently, in the ovariectomized
control rats, serum markers of bone formation
and bone resorption were increased, and bone
mineralization and cancellous bone strength were
decreased. Mechanical properties of compact
bone were not significantly affected, consistently
with our previous studies9,29,30,36. Supplementa-
tion with estradiol counteracted the effects of es-
trogen deficiency.
Results of the present study with the use of

high doses of the phenolic acids did not confirm
the unfavorable effects on the skeletal system
from our previous studies9,10. However, after ad-
ministration of caffeic acid at the low dose (5
mg/kg p.o. daily) to non-ovariectomized rats,
some unfavorable effects were demonstrated:
worsening of mechanical properties of cancellous
bone of the tibial metaphysis in the yield point
and decrease of the calcium content in the tibia
mineral. Most of other investigated skeletal para-
meters were not affected by the low-dose caffeic
acid, and both acids at the high doses slightly im-
proved some of them. In estrogen-deficient rats,
they counteracted the changes in bone histomor-
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phometric parameters, however, the effect was
not strong enough to improve mechanical proper-
ties of the tibial metaphysis.
Phenolic acids in the body are hydrolyzed by

bacteria in the intestines or absorbed in the un-
changed form, and then metabolized in the liver.
It is still unresolved how much absorption occurs
of intact chlorogenic acids37. In blood they are
present in the form of various conjugates2,15. In
this regard, there may be some species differ-
ences between humans and rats. In human serum
considerable amounts of various chlorogenic
acids have been reported13, whereas chlorogenic
acids in the unchanged form are poorly absorbed
in rats38. It has been proposed that some effects
of chlorogenic acid can be attributed to its
metabolite: caffeic acid39,40. In fact, in this study
high doses of the phenolic acids tended to exert
similar favorable effects on the rat skeletal sys-
tem. The results were subjected to two-way
ANOVA statistical analysis, in which the main
effect of the high-dose caffeic and chlorogenic
acids combined was evaluated. Statistically sig-
nificant main effects of the phenolic acids com-
bined (and lack of interaction between main ef-
fects) indicate their potential to affect the para-
meters regardless of estrogen level.
With the above mentioned approach, we ob-

served significant main effects of the high-dose
phenolic acids concerning increases in bone min-
eralization and the femoral diaphysis strength.
There was a significant main effect concerning
increases in the width of metaphyseal trabeculae
(for which the effect in the ovariectomized rats
was responsible) and only a tendency to increase
strength of the tibial metaphysis. Taken together,
the phenolic acids at high doses favorably affect-
ed both compact and cancellous bone, indepen-
dently of the estrogen status.
It may be speculated that the differences in the

effects of caffeic acid between the present and
our previous studies may result not only from dif-
ferent doses used, but also from the different lab-
oratory diets. To avoid interference of the dietary
phenolic acids and soy phytoestrogens, rats were
fed a soy-free diet with decreased content of phe-
nolic acids during this experiment. Although stan-
dard laboratory diet should not contain meaning-
ful amounts of chlorogenic and caffeic acids,
which are present mainly in coffee and some
fruits, larger amounts of ferulic and p-coumaric
acids may be present, since they are found in ce-
real cell wall2,33. Standard rodent laboratory diet
usually contains soy, which may be responsible
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for high exposure to phytoestrogens (soy
isoflavones)34. Food matrix (i.e. presence of posi-
tive and negative effectors of absorption, like fat
or fiber) and possibility of interaction with other
dietary compounds may significantly affect the
bioavailability of phenolic compounds41. Previ-
ously, we also observed that caffeic acid de-
creased body mass gain and total cholesterol level
in ovariectomized rats, which was accompanied
by an increase in the serum estradiol level9,32.
Consistently, in the present work, administration
of estradiol decreased the body mass gain, in-
creased due to estrogen deficiency, but no effects
of the phenolic acids on the body mass gain, total
cholesterol level and estradiol level were demon-
strated. Relatively high content of soy isoflavones
in the standard diet may lead to decreases in
serum estradiol levels42, since phytoestrogens
may decrease activity of enzymes taking part in
steroidogenesis43 and affect gonadotropin secre-
tion44. It is possible that the caffeic acid effect on
the estradiol levels and body mass gain in our pre-
vious study resulted from the interaction between
them and soy isoflavones, and could not be ob-
served in the absence of the phytoestrogens.
Mechanism of action of the phenolic acids on

the skeletal system may be only speculated. They
targeted bone locations different from those of
estradiol, indicating that their effect was not es-
trogenic one. Recently, it has been reported that
dietary-induced serum phenolic acids from blue-
berries promote bone growth via p38 MAPK/β-
catenin canonical Wnt signaling11. However we
did not observe increases in bone formation. The
mechanism of action of the phenolic acids may be
connected with their antioxidant activity, charac-
teristic of polyphenolic compounds. Oxidative
stress may take part in the development of osteo-
porosis, and loss of estrogen leads to the decrease
of the defense against oxidative stress in bone,
which in turn contributes to the increased bone re-
sorption associated with estrogen deficiency35.
Phenolic acids probably act on the rat skeletal

system through different mechanisms, their effect
being a resultant of action on diverse cellular tar-
gets. That would explain differential effects of low
doses (potentially unfavorable) and high doses
(rather favorable) observed in the present study.
It should be noted that the high doses of the

phenolic acids used in our research seem to be
comparable with the intake achievable by coffee
drinkers. It has been estimated that a heavy coffee
drinker may ingest up to 2000 mg of chlorogenic
acids (and about 250-500 mg of caffeic acid) dai-
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ly, whereas a non-coffee drinker – less than 25
mg per day2. Although the high doses we used
were about 3 times bigger than those taken by
heavy coffee drinkers (assuming that human body
mass is 65-70 kg), in rat studies, due to the faster
metabolism, a conversion factor of 10 in relation
to human doses is often used.
Results of this work should be taken with

caution. High intake of chlorogenic or caffeic
acids may not exert similar effects on the skele-
tal system in humans. Although the phenolic
acids rather beneficially affected the rat skeletal
system in the present study, we have previously
demonstrated unfavorable effect of caffeic acid
on bone strength in rats fed a different labora-
tory diet10. Moreover, despite the findings of
epidemiological reports indicating that high di-
etary intake of polyphenols is associated with
decreased risk of many diseases, there is grow-
ing concern that dietary polyphenol antioxi-
dants may act as a double edge sword, eliciting
adverse effects through pro-oxidative action in
higher doses45.

Conclusions

High doses of the phenolic acids slightly fa-
vorably affected the rat skeletal system indepen-
dently of the estrogen status.
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4) TANG QY, KUKITA T, USHIJIMA Y, KUKITA A, NAGATA K,
SANDRA F, WATANABE T, TOH K, OKUMA Y, KAWASAKI S,
RASUBALA L, TERAMACHI J, MIYAMOTO I, WU Z, IIJIMA T.
Regulation of osteoclastogenesis by Simon ex-
tracts composed of caffeic acid and related com-
pounds: successful suppression of bone destruc-
tion accompanied with adjuvant-induced arthritis
in rats. Histochem Cell Biol 2006; 125: 215-225.

5) LAI YL, YAMAGUCHI M. Phytocomponent p-hydrox-
ycinnamic acid stimulates bone formation and in-
hibits bone resorption in rat femoral tissues in vit-
ro. Mol Cell Biochem 2006; 292: 45-52.

6) LAI YL, YAMAGUCHI M. Phytocomponent p-hydrox-
ycinnamic acid inhibits osteoclast-like cell forma-
tion in mouse bone marrow cultures. Int J Mol
Med 2007; 19: 123-128.

7) YAMAGUCHI M, LAI YL, UCHIYAMA S, NAKAGAWA T. Oral
administration of phytocomponent p-hydroxycin-
namic acid prevents bone loss in ovariectomized
rats. Mol Cell Biochem 2008; 311: 31-36.

8) YAMAGUCHI M, LAI YL, UCHIYAMA S, NAKAGAWA T. Phy-
tocomponent p-hydroxycinnamic acid stimulates
mineralization in osteoblastic MC3T3-E1 cells. Int
J Mol Med 2008; 22: 287-291.

9) FOLWARCZNA J, ZYCH M, BURCZYK J, TRZECIAK H, TRZECI-
AK HI. Effects of natural phenolic acids on the
skeletal system of ovariectomized rats. Planta
Med 2009; 75: 1567-1572.

10) ZYCH M, FOLWARCZNA J, PYTLIK M, ŚLIWIŃSKI L, GOŁDEN
MA, BURCZYK J, TRZECIAK HI. Administration of caffeic
acid worsened bone mechanical properties in fe-
male rats. Planta Med 2010; 76: 407-411.

11) CHEN JR, LAZARENKO OP, WU X, KANG J, BLACKBURN
ML, SHANKAR K, BADGER TM, RONIS MJ. Dietary-in-
duced serum phenolic acids promote bone
growth via p38 MAPK/β-catenin canonical Wnt
signaling. J Bone Miner Res 2010; 25: 2399-2411

12) HIGDON JV, FREI B. Coffee and health: a review of
recent human research. Crit Rev Food Sci Nutr
2006; 46: 101-123.

13) MONTEIRO M, FARAH A, PERRONE D, TRUGO LC, DO-
NANGELO C. Chlorogenic acid compounds from cof-
fee are differentially absorbed and metabolized in
humans. J Nutr 2007; 137: 2196-2201.

14) FUJIOKA K, SHIBAMOTO T. Chlorogenic acid and caf-
feine contents in various commercial brewed cof-
fees. Food Chem 2008; 106: 217-221.

15) DEL RIO D, STALMACH A, CALANI L, CROZIER A. Bioavail-
ability of coffee chlorogenic acids and green tea
flavan-3-ols. Nutrients 2010; 2: 820-833.

16) MULLEN W, NEMZER B, OU B, STALMACH A, HUNTER J,
CLIFFORD MN, COMBET E. The antioxidant and
chlorogenic acid profiles of whole coffee fruits are
influenced by the extraction procedures. J Agric
Food Chem 2011; 59: 3754-3762.

17) VINSON JA, BURNHAM BR, NAGENDRAN MV. Random-
ized, double-blind, placebo-controlled, linear
dose, crossover study to evaluate the efficacy and
safety of a green coffee bean extract in over-
weight subjects. Diabetes Metab Syndr Obes
2012; 5: 21-27.



693

Effects of caffeic and chlorogenic acids on the rat skeletal system

18) GEORGE SE, RAMALAKSHMI K, MOHAN RAO LJ. A per-
ception on health benefits of coffee. Crit Rev Food
Sci Nutr 2008; 48: 464-486.

19) WINK CS, ROSSOWSKA MJ, NAKAMOTO T. Effects of caf-
feine on bone cells and bone development in fast-
growing rats. Anat Rec 1996; 246: 30-38.

20) OHTA M, IDE K, CHEUK G, CHEUK SL, YAZDANI M,
NAKAMOTO T, THOMAS KA. A caffeine diet can alter
the mechanical properties of the bones of young
ovariectomized rats. Ann Nutr Metab 2002;
46:108-113.

21) HUANG TH, YANG RS, HSIEH SS, LIU SH. Effects of caf-
feine and exercise on the development of bone: a
densitometric and histomorphometric study in
young Wistar rats. Bone 2002; 30: 293-299.

22) OLCHOWIK G, CHADAJ-POLBERG E, TOMASZEWSKI M,
POLBERG M, TOMASZEWSKA M. The influence of caf-
feine on the biomechanical properties of bone tis-
sue during pregnancy in a population of rats. Folia
Histochem Cytobiol 2011; 49: 504-511.

23) LIU SH, CHEN C, YANG RS, YEN YP, YANG YT, TSAI C.
Caffeine enhances osteoclast differentiation from
bone marrow hematopoietic cells and reduces
bone mineral density in growing rats. J Orthop
Res 2011; 29: 954-960.

24) SAKAMOTO W, NISHIHIRA J, FUJIE K, IIZUKA T, HANDA H,
OZAKI M, YUKAWA S. Effect of coffee consumption
on bone metabolism. Bone 2001; 28: 332-336.

25) FOLWARCZNA J, PYTLIK M, ZYCH M, CEGIEŁA U, KACZ-
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