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Retinoic acid-induced osteoporosis (RBM) is one of the most common causes of secondary osteoporosis. This study tested the anti-osteoporetic
effect of quercetin in RBM-induced bone loss model (RBM). After 14-day supplementation of 13cRA to induce RBM, rats were administered with quer-
cetin (100 mg/kg) or alendronate (40 mg/kg). We analysed changes in body and uterine weight of animals, femoral geometric characteristics, calcium
and phosphorus content, bone weight index, bone hystology, bone mineral density (BMD), markers of bone turnover, lipid peroxidation, glutathione
levels and SOD, CAT activity of liver, kidney spleen, and ovary as well as biochemical and haematological variables.

In comparison to the control RBM rats, the treatment with quercetin increased bone weight index, BMD, osteocalcin level, femoral geometric
characteristics, calcium and phosphorus content in the 13cRA-induced bone loss model. Histological results showed its protective action through pro-
motion of bone formation. According to the results, quercetin could be an effective substitution for alendronate in 13cRA-induced osteoporosis. Good
therapeutic potential of quercetin on rat skeletal system is based partly on its antioxidant capacity and estrogenic activity.

INTRODUCTION

Osteoporosis is a metabolic disease characterized by loss
of bone density and deterioration of bone microarchitecture,
resulting in increased risk for bone fractures. Ageing, estrogen
deficiency and oxidative stress are the contributing factors
resulting into osteoporotic bone. In addition, certain medica-
tions increase the rate of bone loss [Pitts & Kearns, 2011].

It is estimated that osteoporosis affects at least 200 mil-
lion women worldwide [Johnell & Kanis, 2006]. A recent
World Health Organization report shows that osteoporosis
is a global health problem as well as cardiovascular disease,
cancer, and diabetes [Walker-Bone, 2012].

Treatment for osteoporosis is divided into primary
and pharmacological by antiresorptive and osteoanabolic
drugs. The primary treatment means to change bad habits
(drinking, smoking), elimination of risk factors, adequate in-
take of vitamin D and calcium, healthy diet and regular physi-
cal activity. Recently, more attention is paid to diet rich in fla-
vonoids, known as the phytoestrogens, which can stimulate
osteoblastic bone formation and inhibit bone resorption [Liu
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et al,, 2015; Or3oli€ et al., 2014; Yang et al., 2016; Zhao et al.,
2016].

Length and complexity of the ovariectomized model has
led to the development of new osteoporotic models such as
glucocorticoids or retinoic acid models [Bitto et al., 2009;
Fahmy & Soliman, 2009; Hozayen et al, 2016; Liu et al,
2015; Or3oli¢ et al., 2014; Peng et al., 2005; Yang et al., 2016;
Zhao et al., 2016]. So, application of high doses of vitamin A
(retinoic acid) in a period of 1-3 weeks causes the decrease
of bone mass and histomorphometrical structural changes
that correspond to osteoporosis [Fahmy & Soliman, 2009;
Nowak et al., 2016]. Proposed mechanisms for the occur-
rence of osteoporotic-like changes induced by retinoic acid
are a decrease in estrogen level, increase in osteoclasts num-
bers and activities, enhanced bone resorption and depression
of endochondral ossification that resulted from epiphyseal
plate cartilage lesion as well as oxidative stress [Fahmy & So-
liman, 2009; Henning et al., 2015; Hozayen et al., 2016].

Quercetin is a naturally occurring flavonoid and poten-
tially has beneficial effects on disease prevention including
osteoporosis. It has been reported that quercetin inhibits bone
loss in rat model of diabetic osteopenia and exerts protec-
tive effects against p-cell damage in diabetes [Coskun et al.,
2005; Or3oli¢ et al., 2011]. Quercetin is a powerful natural
antioxidant and can protect many types of tissue or organs
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against oxidative damage, including liver, kidney and pancre-
atic gland [KnezeviC et al., 2011; Or3oli€ et al., 2011, 2016;
Or3oli¢ & Car, 2014]. Furthermore, quercetin has beneficial
effects on bone cells and tissues and it is capable of inhibiting
bone loss in ovariectomized mice [Tsuji ef al., 2009] and reti-
noic acid-induced bone loss [Or3oli¢ et al., 2014].

However, little is known about the mechanisms of tissue-
-selective effects of quercetin, alendronate or retinoic acid on
ovary. The aim of this study is to provide a better insight into
the role of quercetin as an antioxidant and estrogen-like com-
ponent, more specifically to demonstrate its efficacy in inhib-
iting drug-induced reactive radicals, consequent inflamma-
tion, estrogen deficiency and bone loss.

In this way, clinical practice will be given another option
of osteoporosis treatment, which would probably be more ac-
cessible to a price and with far fewer side effects. In addition,
quercetin could be a good substitute for alendronate, which
induces a strong inflammatory effect and increases the risk
of developing cancer in post-menopausal women [Chiang
et al., 2012] and of atypical femoral fractures as defined
by the American Society for Bone and Mineral Research (AS-
BMR) after long-term bisphosphonate therapy.

MATERIAL AND METHODS

Animals

Present study was approved by the ethical committee (Fac-
ulty of Science, University of Zagreb, Croatia). Three month-
-old female rats from highly fertile Y59 strain [http://www.
informatics.jax.org/external/festing/rat/docs/Y59.shtml],
weighing 200 to 250 g, obtained from the Department of Ani-
mal Physiology, Faculty of Science, University of Zagreb, were
used in this study. The animals were kept in individual cages
during the experiment and at 12 hours of light per day. They

were fed a standard laboratory diet (4 RF 21, Mucedola, Set-
timo Milanese, Italy) and tap water ad libitum. Maintenance
and care of all experimental animals were carried out accord-
ing to the guidelines in force in Republic of Croatia (Law on
the Welfare of Animals, NN135/06 and NN37/13) and in ac-
cordance with EU Directive 2010/63/EU for animal experi-
ments (reference: OJEU 2010) and carried out in compliance
with the Guide for the Care and Use of Laboratory Animals,
DHHS Publ. # (NIH) 86-123.

Reagents

Isotretinoin (13cRA; 13 cis-Retinoic acid) (Roaccutane®,
Hoffmann-La Roche Ltd, Basel, Switzerland) was used for in-
duction of osteoporosis in rats at a dose of 80 mg/kg. Alendro-
nate (Alendor®70, Pliva, Croatia) was used as a positive con-
trol by intragastric application (ig) during 14 consecutive days
at a dose of 40 mg/kg [Or3oli¢ et al., 2014; Wei et al., 2007].

Quercetin

Quercetin (Quercetin dihydrate 98%, Aldrich Ch. Co. Inc.
Milwauke WI, USA), was used in the study. Before use, quer-
cetin was dissolved in ethanol and further dilutions were made
in water. The final concentration of ethanol was less than or
equal to 0.5% (v/v). Ethanol (0.5%) was used in the control
group. Quercetin was given to rats by intragastric application
(ig) during 14 consecutive days at a dose of 100 mg/kg body
weight [Or3oli¢ e al., 2014].
Experimental design - retinoic acid-induced rat
osteoporosis and treatment

A total of 60 Y59 female rats were used in the study. Three
groups of rats (RBM, RBM +Quercetin, RBM +Alendronate)
were administered ig with retinoic acid suspension (80 mg/kg
BW) once daily for 1-14 experimental days (Figure 1). Groups

l

Day 15-28
" . ~ ] v
3 . A
13cRA- induced rat osteoporosis model (n=30) 13cRA-induced osteoporosis
model groups (RBM): Healty rats groups:

1. RBM (physiol.solution)
2. Quercetin (100 mg/kg)
3. Alendronate (40 mg/kg)

1. Control (physiol. solution)
2. Quercetin (100 mg/kg)
3. Alendronate (40 mg/kg)

Evaluation:

Body and uterine weight, femoral geometric characteristics,
calcium and phosphorus content, bone weight index, bone
hystology, bone mineral density (BMD), markers of bone
turnover, lipid peroxidation, glutathione levels and SOD, CAT
activity of liver, kidney spleen, and ovary, biochemical and
haematological variables.

FIGURE 1. Experimental design. Three groups of rats (RBM, RBM+Quercetin, RBM +Alendronate) were administered ig with retinoic acid suspen-
sion (80 mg/kg BW) once daily for 1-14 experimental days. Groups Control, Quercetin and Alendronate were treated ig with physiological solution dur-
ing 1-14 days. Groups Quercetin and RBM +Quercetin were administered ig with quercetin (100 mg/kg BW) once daily during 15-28 days of the study.
Groups Alendronate and RBM +Alendronate were administered ig alendronate (40 mg/kg BW) once daily during 15-28 days of the study. Number
of rats per group: 7-10. Abbreviations: 13cRA - 13 cis-Retinoic acid; BW - body weight; RBM - 13cRA-induced bone loss model.
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Control, Quercetin and Alendronate were treated ig with
a physiological solution with 0.5% ethanol during 1-14 days.
Groups Quercetin and RBM +Quercetin were administered ig
with quercetin (100 mg/kg BW) once daily during 15-28 days
of the study [Or3oli¢ et al., 2014]. Groups Alendronate
and RBM+Alendronate were administered ig alendronate
(40 mg/kg BW) once daily during 15-28 days of the study
[Or3oli¢ et al., 2014; Wei et al., 2007]. Healthy animals prior
to the experiment were fed with standard rodent food and oc-
casionally caught and moved to another cage to have the same
stress and conditions as the animals in the experiment. For
the last 14 days, the control group of healthy animals received
ig physiological solution while the remaining 2 groups received
ig quercetin or alendronate.

Allrats were fed and caged under consistent conditions dur-
ing the study. The dosing was adjusted according to the status
of the rat weight on a daily basis. At 4 weeks after treatments,
the rats were anesthetized using a mixture of ketamine (Nar-
ketan®10, Vetoquinol AG, Belp Bern, Switzerland) at a dose
of 80 mg/kg with xylazine (Xylapana® Vetoquinol Biowet Sp.,
Gorzow, R. Poland) at a dose of 10 mg/kg and exsanguina-
tions was performed from axillary blood vessels for haemato-
logical and biochemical analyses. The blood was immediately
placed on ice prior to isolation of the serum by centrifuga-
tion. The right and left femur were then harvested, carefully
cleaned of soft tissue, weighed, and measured lengthwise us-
ing callipers. The right femurs were weighed for the analysis
of bone weight index (g/100 g body weight) and for calcium
(Ca) and phosphorus (P) analysis. The left femur was used
for histological analysis and bone mineral density (BMD).
The uterus of each rat was dissected and weighed. Liver, kid-
ney, spleen and ovary tissues were used to determine oxida-
tive and anti-oxidative status by measuring lipid peroxidation,
glutathione levels, and SOD and CAT activity.

Monitoring changes in weight of animals

The animals are weighed on digital scales: i) at the begin-
ning of the experiment; ii) during administration of retinoic acid
and causing osteoporosis, iii) during the treatment of osteopo-
rotic animals with quercetin or alendronate, and iv) at the end
of the experiment. From these data, the mean change in body
weight was calculated. The maximum percentage of animal
weight loss, was calculated for individual animals as:

Percentage change in weight =
= Final weight — Initial weight x 100/Final weight

Uterine weight
The relative uterine weight was expressed in g/100 g
and was calculated as:

Relative uterine weight (g/100 g) =
= Total uterine weight x 100/Final body weight

Bone harvesting and measurements

Immediately after sacrificing, the right hind leg of the rat
was dissected. After removal of the flesh from the femur, they
were then soaked in saline to prevent dehydration for sub-
sequent measurement of bone wet weight, length, and bone

diameters (physical dimensions). The femur wet weight was
determined, to the nearest 0.01 mg, on an electrical balance
(AA-160, Denver Instrument Company, U.S.A.) immediately
after the bone harvesting. Means of the right and left femurs
were used for the analysis of bone weight index (g/100 g body
weight). The femur length was then measured, to the nearest
0.01 mm, with a digital sliding calliper (A.S.M., Germany),
from the top of the femur head to the distal point of the fe-
mur. In addition to femur length, the proximal epiphyseal di-
ameters of the femur were measured in medio-lateral and an-
terior-posterior directions by digital calliper. The bones were
then used for calcium (Ca) and phosphorus (P) analysis.

Calcium (Ca) and phosphorus (P) analysis

For the calcium (Ca) and phosphorus (P) analysis, dis-
sected right femurs were rinsed with deionized water, dried
at 105°C and then dry-ashed overnight in a muffle furnace
at 450°C (Gallenkamp, England). The ash residues were dis-
solved in concentrated nitric acid (HNO,, 65%, p.a. purity),
heated and filled up after cooling to 10 mL with deionized
water as described in OrSoli¢ ez al. [2014].

Determination of Ca was performed by aspirating diluted
sample solution into the air-acetylene flame of SpectrAA-300
(Varian, Australia) and using lanthanum as a matrix modi-
fier. At least two replicate determinations were made for each
sample. Results are expressed as mg Ca/g of wet tissue weight.

Phosphorus was determined by modified spectropho-
tometric method [Or3oli€ e al., 2014]. The analyte was re-
duced and deproteinized by trichloroacetic acid containing
ferrous ion and thiourea and phosphate content was esti-
mated by adding a molybdate solution. Formed phosphomo-
lybdate is immediately reduced in situ by the ferrous ion to
produce a blue color that is stable within 2 h. The absorbance
of the unknown samples and standard was measured spec-
trophotometrically at 660 nm (Cary 50; Varian, Australia).
The results are expressed as mg P/g of wet tissue weight.

Accuracy of the methods was evaluated using Animal
bone reference material (HS, International Atomic Energy
Agency, Austria). The results of our analysis were within
+10% of the reference values, i.e. 214.02=1.81 ug/g for Ca,
reference value 212 ug/g wet weight and 102.29+0.31 ug/g
for P, reference value 102 ug/g wet weight.

Measurement of bone mineral density (BMD)

The right femurs after quarrying were stored in test tubes
in a freezer to determine bone mineral density (BMD).

The area of proximal and distal parts of the left neck of fe-
mur (thigh bone metaphysis) were subjected to measurement
to obtain the values of bone area (cm?-area) and bone mineral
content (BMC, g). Data on bone mineral density (BMD) were
calculated from the relationship of these parameters (g/cm?).

The method used to measure these parameters (area,
BMC, BMD) was dual energy X-ray densitometric absorp-
tiometry Hologic on apparatus QDR® 4000 (Hologic Inc.,
Zaventem, Belgium) with appropriate software for small ani-
mals (1.0. high resolution). All BMD measurements were per-
formed by the same technician. During the analysis of these
parameters, the manufacturer’s instructions were followed
in order to assess long-term reproducibility of the measured
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values. The coefficient of variation (QC) for BMD and femo-
ral bone amounted to 1.15% or 1.1% (0.61%).

Serum markers of bone turnover

The serum levels of bone turnover markers, including
osteocalcin (OC), and B-CrossLaps (B-CTx), were deter-
mined. Serum osteocalcin, a marker of bone formation, was
measured using an N-MID Osteocalcin kit (Cobas-Roche,
Switzerland), while serum B-CTx, a marker of bone resorp-
tion, was measured by a B-CrossLaps kit (Cobas-Roche,
Switzerland). Serum osteocalcin and B-CTx were measured
by electrochemiluminescence “ECLIA* method by Elecsys
2010 immunoassay analyzers (Hitachi High-Technologies
Corporation, Tokyo, Japan) according to the manufacturers’
instructions.

Histological analysis

Aftertherats were sacrificed, the left femurs were removed,
cleared from attached muscle tissue and fixed in 10% neutral
buffered formalin. The bone specimens were then washed
thoroughly in tap water for 30 min and then placed in decal-
cifying fluid RDO (Apex Engineering Products; Plainfield,
IL) for 24 h. After decalcification, each of the bones was
cut at the mid shaft of its diaphysis and then rinsed thor-
oughly in slowly running tap water, dehydrated in a graded
alcohol series (70%, 80%, 96%, and 100%) and after chlo-
roform treatment embedded in paraplast. Deparaplasted
6-7 wm thick cross sections of the femur distal diaphysis
were stained with hematoxylin and eosin (HE) following
a standard protocol. Stained sections taken from compa-
rable areas were examined under a light microscope (Nikon
Eclipse E600) at 40, 100 and 200x magnification. Photomi-
crographs were taken by digital camera (Nikon DMX1200)
and Imaging Software Lucia G 4.80 (Laboratory Imaging
Ltd., Prague, Czechoslovakia).

Analysis of hematological and biochemical parameters

Blood was withdrawn from the axillary plexus of blood
vessels of experimental animals and placed in heparinized
glass vacutainer with the addition of KKEDTA (Becton Dick-
inson, Plymouth, United Kingdom) and kept at the tempera-
ture from 4°C for 2-4 h to determine the hematological pa-
rameters.

For the evaluation of hematological parameters, 1 mL
of blood was taken into a test tube with a vacuum with the ad-
dition of anticoagulants K;EDTA. For the assessment of bio-
chemical parameters, blood samples were collected into tubes
without anticoagulant, the clotting of blood serum was used
for the analysis of biochemical parameters. The coagulate
of blood was centrifuged at 3000 rpm for 10 min and then
serum was collected into 1.5 mL polypropylene tubes (Ep-
pendorf AG, Hamburg, Germany) and stored at -20°C until
determination of biochemical parameters.

From the hematological parameters there were deter-
mined: number of erythrocytes (E), the average cellular vol-
ume of erythrocytes (MCV), hemoglobin (Hgb), hematocrit
(Hcet), mean cell hemoglobin (MCH), mean cell hemo-
globin concentration (MCHC), total leukocyte count (L),
and the total number of platelets (PIt). From the standard

biochemical parameters there were determined aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), urea, creatinine, blood glucose
levels (glucose), lactate dehydrogenase (LDH), and total
protein.

Blood samples were analyzed with standard labora-
tory methods. Hematologic parameters, were analyzed us-
ing a Cell-Dyn ® 3700 blood cell counter (Abbott, USA),
and a Becmann Coulter AU 680 biochemical apparatus
(USA).

Tissue preparations for
of antioxidant enzyme activities

Portions of liver, kidney, spleen and ovary samples
of 100 mg were homogenized in 1 mL of 50 mmol/L
phosphate buffer (pH 7.0) by a SONOPLUS Bandelin
HD2070 ultrasonic homogenizer (Bandelin, Germany) using
an MS73 probe (Bandelin, Germany) with a power of 10%.
Homogenates were centrifuged by a Micro 200R centrifuge
(Hettich, Germany) for 15 min at a speed of 10,000 rpm at
+4°C. The supernatant was used for measurements of glu-
tathione and lipid peroxidation levels, superoxide dismutase
(SOD) and catalase (CAT) activity. All methods were de-
scribed before [Orsoli¢ ef al., 2016]. All parameters were nor-
malized in relation to exact protein content.

quantitative  analysis

Measurement of lipid peroxidation

Lipid peroxidation was determined by measuring the con-
centration of malondialdehyde (MDA) that reacts with
thiobarbituric acid and produces chromogen that is mea-
sured spectrophotometrically at 532 nm and 600 nm with
Libro S22 spectrophotometer (Biochrom, UK) as described
in Or3oli¢ e al. [2016].

Total glutathione assay

The glutathione level was determined by 5-5’-dithiobis
[2-nitrobenzoic acid] (DTNB, Ellman’s Reagent) and mea-
sured on the spectrophotometer at 412 nm as described be-
fore [Orsoli¢ et al., 2016].

Measurement of total superoxide dismutase (SOD)
activity

SOD activity was calculated from the percentage of in-
hibition of the reaction of xanthine oxidation by xanthine
oxidase (optimized reaction ratio AA/ min~0.025), which
generates a superoxide anion as a substrate for SOD present
in the samples. The percentage of inhibition was calculated
using a calibration curve of different dilutions of SOD en-
zyme values as detailed in the paper by Or3olic ef al. [2016].

Measurement of catalase (CAT) activity

In this method, catalase activity was determined by de-
crease in H,O, absorbance at 240 nm. The reaction mix-
ture contained 10 mmol H,O,, in phosphate buffer (pH
7.0), and requisite volume of the sample in a total volume
of 1 mL. Catalase activity was measured by the extinction co-
efficient of H,O, (¢ = 39.4 mM' cm™); the specific activity
was calculated and was expressed as U/mg protein.



N. Orsolic et al.

153

TABLE 1. Effects of quercetin or alendronate on the changes in body
weight and bone weight index in non-osteoporotic rats and rats with reti-
noic acid-induced bone loss.

Changes in body weight (%) Bone weight

Treatment? index®
Me_;ffs?ﬁh) mﬁ;ﬁi%a%i@ (Mean=SEM)
Control 28040400 5940570  0.395+0.052*
RBM 1400670 3.40+0.330  0.359+0.023*
Quercetin 3.67+0.580 6.81+0.270 0.4030.063*
Alendronate 30840480  7.19£0.600  0.4300.041*
RBM + 14040670 539+0.580  0.393=0.021*
Quercetin
Mt o CL40£0670 3930800  0.400=0.021"

2 Three groups of rats (RBM, RBM+Quercetin, RBM+Alendronate)
were administered ig with retinoic acid suspension (80 mg/kg BW) once
daily for 1-14 experimental days. Groups Control, Quercetin and Alen-
dronate were treated ig with physiological solution during 1-14 days.
Groups Quercetin and RBM+Quercetin were administered ig with quer-
cetin (100 mg/kg BW) once daily during 15-28 days of the study. Groups
Alendronate and RBM +Alendronate were administered ig alendronate
(40 mg/kg BW) once daily during 15-28 days of the study.

The 1-14 days BW change (%) was calculated as a percentage change
in body weight during 1-14 days in relation to the initial BW, and the 15-
-28 days BW change was calculated as a percentage of the BW change
after treating three groups with retinoic acid.

"Bone weight index was calculated as: Bone weight index (g/100) = Right
femur weight x100/Final body weight.

Number of rats per group: 7-10. Data were analyzed by Kruskal-Wal-
lis ANOVA test. *Statistically significantly different compared to RBM
(*P<0.05). *Statistically significantly different compared to control
(*P<0.05).

Abbreviations: 13cRA - 13 cis-Retinoic acid; RBM - 13cRA-induced
bone loss model.

Statistical analyses

The experiments were performed in duplicate. The re-
sults were expressed as mean = SEM of the representative
experiment from two independent experiments. All data
were analyzed by Kruskal-Wallis ANOVA. Further analysis
of the differences between the groups was made with multiple
comparisons of mean ranks for all groups. Statistical analyses
were performed using STATISTICA 12 software (StatSoft,
Tulsa, OK, USA). The data were considered significant at
P<0.05.

RESULTS

Changes in the body weight

The initial body weights of the rats were similar between
groups. Table 1 shows the mean change in body weight
of both control and experimental groups after two weeks
of 13cRA treatments and treatment of osteoporotic animals
with quercetin or alendronate (four weeks). Intragastric ad-
ministration of retinoic acid to rats caused a slight reduction
(by 1.4%) in body weight after 2 weeks. After a slight initial
decline, the increase in body weight was observed in all groups
of a minimum 3.4 to 7.19%. No significant difference in body
weight was found among each group.

0.32
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FIGURE 2. Effects of quercetin or alendronate on the changes in uter-
ine weight index in non-osteoporotic rats and rats with retinoic acid-
-induced bone loss. Three groups of rats (RBM, RBM+Quercetin,
RBM +Alendronate) were administered ig with retinoic acid suspension
(80 mg/kg BW) once daily for 1-14 experimental days. Groups Control,
Quercetin and Alendronate were treated ig with physiological solution dur-
ing 1-14 days. Groups Quercetin and RBM +Quercetin were administered
ig with quercetin (100 mg/kg BW) once daily during 15-28 days of the study.
Groups Alendronate and RBM +Alendronate were administered ig alen-
dronate (40 mg/kg BW) once daily during 15-28 days of the study. Number
of rats per group: 7-10. A statistically significant difference exists between:
RBM vs RBM+QU (P<0.05). Abbreviations: 13cRA — 13 cis-Retinoic
acid; BW - body weight; RBM - 13cRA-induced bone loss model.

Changes in the uterine weight

As shown in Figure 2, the uterine weight of RBM rats de-
creased from that of the control but not statistical significant.
The uterine weight in the osteoporotic animals treated with QU
increased significantly (P<0.05) in relation to the RBM group.

In healthy animals, quercetin or alendronate treatment
did not cause a significant change in uterine weight (data not
shown).

Physical parameters of bone and contents of calcium
and phosphorus

Femur weight and bone weight index did not differ sig-
nificantly in any of the groups treated with test components
and healthy control, except in RBM group (P<0.05) (Ta-
ble 1 and 2). The bone length and both diameters (anterior-
-posterior and medial-lateral) of femur in RBM group were
lower than in the control group but the difference was not sta-
tistically significant (Table 2). The total contents of Ca and P
in the femur of 13cRA treated group decreased (P<0.05,
P<0.05) compared to the control group or other experimental
groups (Table 3). There were no statistically significant differ-
ences in Ca, P, bone weight, bone weight index, bone length
and diameter between the control and osteoporotic groups
treated with quercetin, alendronate or healthy animals treated
with quercetin or alendronate (Tables 1, 2 and 3).

Bone mineral density (BMD) of femur and serum levels
of bone turnover markers

The values of BMC and BMD in the proximal and dis-
tal part of the femoral neck were lower in RBM group than
in the control group. Quercetin and alendronate caused a sig-
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TABLE 2. Effects of quercetin or alendronate on the body weight, bone weight, the length and the diameter of the femur bone in non-osteoporotic rats

and rats with retinoic acid-induced bone loss.

Measured parameter (Mean=SEM)

Treatment®
m_ (g m, - (mg) m, - (mg) Length of femur (cm) R, mea (Mm) R oy (M)

Control 186+6.28 733+43.2% 793+61.9* 3.18+0.030 3.50=0.100 3.00=0.004
RBM 180+9.34 647+23.5¢ 642+23.9¢ 3.00=0.010 3.46=0.150 3.22x0.180
Quercetin 180£5.52 721+78.1* 704+48.2* 3.16+0.020 3.75+0.100 3.06+0.060
Alendronate 176+7.50 750+42.5* 734+39.8* 3.27+0.020 3.58=0.170 3.08+0.080
RBM + Quercetin 177+4.77 692+27.9* 677+15.4* 3.19+0.020 3.60+0.060 2.85+0.060
RBM +Alendronate 177+14.0 71224.1* 682+17.8* 3.28+0.080 3.45+0.180 3.27+0.270

aTreatments details: see Table 1. Number of rats per group: 7-10. Data were analysed by Kruskal-Wallis ANOVA test. * Statistically significantly differ-
ent compared to RBM (*P<0.05). * Statistically significantly different compared to control (*P<0.05).

Abbreviations: 13¢RA - 13 cis-Retinoic acid; RBM - 13cRA-induced bone loss model; m_ —mean of rat body weight; m

of the right and left femurs; R and R

lat/med post/ant

TABLE 3. Effects of quercetin or alendronate on the levels of calcium
(Ca) and phosphorus (P) in non-osteoporotic rats and rats with retinoic
acid-induced bone loss.

mg Ca /g of wet mg P/g of wet right
Treatment® right femurs weight femurs weight

(Mean+SEM) (Mean+SEM)
Control 135+3.59* 57.3+1.25%
RBM 121+3.30* 49.3+2.15¢
Quercetin 143+6.28* 59.3+2.02*
Alendronate 134+5.94* 54.7+4.98*
RBM + Quercetin 139+5.04* 57.4+1.21*
RBM+ Alendronate 136£5.17* 61.0=£2.30%

aTreatments details: see Table 1. Number of rats per group: 7-10. Results
are expressed as mg calcium (Ca) and phosphorus (P) per gram of wet
right femurs weight. Data were analysed by Kruskal-Wallis ANOVA test. *
Statistically significantly different compared to RBM (*P<0.05). * Statis-
tically significantly different compared to control (*P<0.05).

Abbreviations: 13cRA — 13 cis-Retinoic acid; RBM - 13cRA-induced
bone loss model.

nificant increase in BMC and BMD values in the proximal
(P<0.05, P<0.05) part and alendronate in the distal (P<0.05)
part of the femoral neck (Figure 3A) in relation to RBM. Ap-
plication of quercetin or alendronate did not lead to changes
in the value of BMD in proximal and distal region in healthy
rats compared to controls (data not shown).

Serum B-CTx concentration was significantly increased
in the RBM group (P<0.05) when compared with healthy
control (Figure 3B). Interestingly, serum osteocalcin (OC)
concentration was also reduced by RBM while treatment
of osteoporetic mice with QU significantly (P<0.05) in-
creased OC when compared with RBM.

Histological changes in bone
Histological analysis of the distal femur diaphysis revealed
that in control rats its cortex consisted primarily of circumferen-

femur-1 and mrcmur—Q —mean

—the proximal epiphyseal diameters of the femur in medio-lateral and anterior-posterior directions.

tial lamellar bone, which contained only cellular lamellae and os-
teocytes inside round or oval lacunae (Figure 4A, C, D). Haver-
sian canals have been observed in the middle part of the bone
tissue (Figure 4C, D) particularly at the anterior side of the sec-
tion. Few small marrow-filled intracortical cavities were also seen
(Figure 4A, B) as well as remnants of woven bone (Fig 4D). Peri-
osteum and endosteum were smooth with no irregularities.

Compared with the control group, diaphyseal cortex of rats
treated with 13cRA showed thinning accompanied with marked
porosity caused by formation of multiple cavities of different
sizes (Figure 4E) while endosteal surface appeared irregular
with many notches (Figure 4G). At the cortical surface, cavi-
ties were bounded with osteoid or newly formed bone, while
luminal surface was lined with osteoblasts and osteoclasts
(Figure. 4F). Osteoclasts were also observed housed in the ir-
regularly eroded endosteal surface (Figure 4G).

Diaphyseal cortex of osteoporotic rats treated with alen-
dronate showed signs of improvement of bone structure
(Figure 4H). The thickness of cortical bone increased, os-
teoporotic cavities were reduced in their number and size
but endosteal surface still showed an irregularity at many
places (Figure 4H). Osteoporotic rats treated with querce-
tin showed marked improvement of the structure of femoral
cortical bone, which showed thickness nearly similar to that
of the control group although a few small intracortical cavi-
ties were still present (Figure 41). Moreover, endosteal surface
became smooth with few slight irregularities.

Changes in biochemical and hematological parameters

Treatment with retinoic acid resulted in a significant in-
crease in ALP and serum total protein (P<0.05; P<0.05)
compared to control (Table 4).

The oral administration of quercetin or alendronate via a ga-
vage needle to osteoporotic rats caused a significant decrease
in ALP and LDH levels (P<0.05; P<0.05) in relation to RBM.

Results indicated that RBM and other test compounds
caused a significant increase in total leukocyte count (P<0.05)
in relation to control while QU and alendronate caused a de-
crease in the platelet count (P<0.05) in healthy animals com-
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FIGURE 3. Effects of quercetin or alendronate on the bone mineral density (A) and serum markers of bone turnover (B) in non-osteoporotic rats
and rats with retinoic acid-induced bone loss. Three groups of rats (RBM, RBM +Quercetin, RBM +Alendronate) were administered ig with retinoic
acid suspension (80 mg/kg BW) once daily for 1-14 experimental days. Groups Control, Quercetin and Alendronate were treated ig with physiological
solution during 1-14 days. Groups Quercetin and RBM +Quercetin were administered ig with quercetin (100 mg/kg BW) once daily during 15-28 days
of the study. Groups Alendronate and RBM +Alendronate were administered ig alendronate (40 mg/kg BW) once daily during 15-28 days of the study.
Number of rats per group: 7-10. (A) A statistically significant difference exists between: Prox, RBM vs RBM+QU (P<0.05), RBM vs RBM+AL
(P<0.05); Dist, RBM vs RBM+AL (P<0.05). (B) A statistically significant difference exists between: p-CTx, Control vs RBM (P<0.05); OC, RBM vs
RBM+QU (P<0.05). Abbreviations: 13cRA — 13 cis-Retinoic acid; BW - body weight; RBM - 13cRA-induced bone loss model; BMC - bone mineral
content; BMD - bone mineral density; OC — osteocalcin; B-CTx — B-CrossLaps.
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FIGURE 4. Cross sections of the distal femur diaphysis cortical bone of female rats stained with HE. (A-D) Control group. (A) Cortical bone showing
normal architecture of the bone tissue. (B-D) Higher magnification of section (a) showing cortex with inner and outer circumferential bone tissue (C, D)
containing cellular lamellae and osteoclasts inside round or more oval lacunae. Haversian canals (Hc) are seen in the middle part of the bone tissue (C, D)
with slightly higher density at the anterior side of the section (B). Few small intracortical cavities (A, B) are also seen as well as remnants of woven bone
(D). (E-G) Retinoic acid-treated group (osteoporotic group). (E) Formation of multiple large intracortical cavities and thinning of the cortex. (F) Higher
magnification of the highlighted area of section (e) showing intracortical cavities bounded with newly formed bone and osteoclasts lining the luminal sur-
face of the cavities. (G) Irregular endosteum with notches containing osteoclasts. (H) Osteoporotic rats treated with alendronate. Marked improvement
of the structure of the cortical bone with thickness similar to that of control group although few intracortical cavities are still present. (I) Osteoporotic rats
treated with quercetin. Marked improvement of the structure of cortical bone which showed a few small intracortical cavities and thickness nearly similar
to that of control group. Abbreviations: 13cRA - 13 cis-Retinoic acid; BW — body weight; RBM - 13cRA-induced bone loss model.
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TABLE 4. Effects of quercetin or alendronate on serum biochemical parameters in non-osteoporotic rats and rats with retinoic acid-induced bone loss.

Biochemical values (Mean=SEM)

freament ALP (U/L) AST (U/L) ALT (U/L) LDH (U/L) TP (g/L) GLU (mmol/L) | Urea (mmol/L)
Control 168+3.91* 89.0£8.15 46.4x4.76 611+21.2 53.0+0.670* 6.46x0.130 6.26x0.410
RBM 206x7.97 89.7+5.54 43.2+1.90 572+11.3 56.0x0.570* 7.29+0.370 5.65+0.320
Quercetin 105+2.07* 83.7x5.13 46.6x2.10 522+35.0 52.8x1.14 6.65+0.340 5.61+0.140
Alendronate 90.1=4.14* 82.3x3.12 49.5+£2.03 595+64.1 55.4+0.490 6.20+0.240 6.20+0.200
RBM + Quercetin 140+6.96™ 71.7x2.60 38.0=2.08 422+34.0" 53.3+0.330 7.95+0.520 5.66x0.170
RBM +Alendronate 1031417 87.7x4.33 42.0=1.52 402£71.0% 51.7x£2.33 6.23+0.540 6.76x0.210

aTreatments details: see Table 1. Number of rats per group: 7-10. Data were analysed by Kruskal-Wallis ANOVA test. * Statistically significantly differ-
ent compared to RBM (*P<0.05). * Statistically significantly different compared to control (*P<0.05).

Abbreviations: 13cRA — 13 cis-Retinoic acid; RBM - 13cRA-induced bone loss model; AST — aspartate aminotransferase; ALT — alanine aminotrans-
ferase; ALP — alkaline phosphatase; LDH - lactate dehydrogenase; TP - total protein; GLU — glucose.

TABLE 5. Effects of quercetin or alendronate on haematological parameters in non-osteoporotic rats and rats with retinoic acid-induced bone loss.

Haematological values (Mean=SEM)

Treatment®

LA0/L) | E(0%L) | Hgb (@L) Het MCV (L) | MCH (pg) | MCHC (g/L) | PIt(10°/L)
Control 27020500 72940230 1454649  0.440+0.010  60.120.780  20.0£0450  333x465  729+38.6
RBM 388204600  6.88+0.120  132+2.07  0.400+0.005  568+141 1920120 329230 722226
Quercetin 56220200 7.48+0.160  134+126  0.430+0.004  58.1+0.620  17.8£0280 307210  460+17.9%
Alendronate  5.12+0240% 6.92+0240  130+1.76 042020004  61.5+1.67  189+0.050 307+0.860  475+24.7%
IéEI;/rIthm 450£03400  691+0.190  130=321  0390+0.010  57.7x0200  189+0.140 3274348  666+14.1%
RBM 470204300 65740200 128378 038040007  58.9=0710  193+0.130  328+346 7494163
+Alendronate

aTreatments details: see Table 1. Number of rats per group: 7-10. Data were analysed by Kruskal-Wallis ANOVA test. * Statistically significantly differ-
ent compared to RBM (*P<0.05). * Statistically significantly different compared to control (*?<0.05).

Abbreviations: 13cRA - 13 cis-Retinoic acid; RBM - 13cRA-induced bone loss model; L - leukocytes; E — erythrocytes; Hgb — hemoglobin; HCT -
hematocrit; MCV- average volume of red blood cells; MCH - the average amount of hemoglobin in red blood cells; MCHC - mean concentration

of hemoglobin in red blood cells; Plt — platelets.

pared to control (Table 5). Treatment of osteoporotic rats with
quercetin caused a significant (P<0.05) decrease in platelet
count in relation to healthy control, or animals treated with
13cRA.

Oxidative and antioxidative activity in liver, kidney
and ovary

Results of oxidative stress and antioxidative enzyme activ-
ity in osteoporotic rats after treatment with QU or alendro-
nate are depicted in Table 6.

Table 6 clearly shows that the 13cRA (RBM model) in all
organs, except spleen, caused a significant increase in the lev-
el of MDA (P<0.05) and reduced GSH level (P<0.05). There
was no statistically significant difference between the MDA
and GSH values in the kidney, liver and ovaries in the osteo-
porotic animals treated with quercetin compared to healthy
controls. Treatment of rats with alendronate increased
the level of MDA in all organs, showing increased toxicity
accompanied by a compensatory increase in GSH and CAT
activity.

In healthy animals, quercetin or alendronate treatment did
not cause a significant change in MDA, GSH, SOD or CAT
activity in liver, kidney, and ovary compared to control (data
not shown).

DISCUSSION

According to our data and the data of other authors [Fah-
my & Soliman, 2009; Or3oli¢ et al., 2014; Wei et al., 2007],
the main effects of 13cRA that contribute to bone loss are:
a) increased oxidative stress (OS) and the formation of reac-
tive radicals, decreased activity of osteoblasts and increased
activity of osteoclast; b) osteoblasts apoptosis; ¢) decreased
levels of estrogen and appearance of inflammatory cytokines,
d) reduced activity of vitamin D receptor, decreased absorp-
tion of Ca?* in the intestine, increased excretion of calcium
through the kidneys; and d) the effects on parathyroid hor-
mone.

Based on the facts mentioned above this model of osteo-
porosis caused by 13cRA is the ideal model for studying anti-
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TABLE 6. Effects of quercetin or alendronate on MDA and GSH contents and SOD and CAT activity in ovary, kidney, spleen and liver in non-osteo-

porotic rats and rats with retinoic acid-induced bone loss.

MDA level (Mean=SEM) (nmol/mg protein)

Treatment?
Ovary Kidney Spleen Liver
Control 12.1+1.62* 4.10£0.595* 16.2+1.05 10.2+0.559*
RBM 35.8+3.45¢ 11.5+1.26* 17.6+1.56 14.1%0.625¢
RBM+ Quercetin 12.2+3.93 5.10+1.00 12.9+2.06 9.90+1.26
RBM +Alendronate 43.9£9.77° 9.80=1.38 23.6x2.15 18.1+1.33
Total GSH level (Mean=SEM) (ug/mg protein)
Control 0.960+0.154 8.45+0.114 14.8+2.25 8.90+0.407
RBM 0.200+0.016* 3.60+0.322¢ 8.40+0.375 5.90+0.374
RBM+ Quercetin 1.01+0.146* 6.30+0.631 5.80+0.132¢ 7.00+1.34
RBM +Alendronate 0.370+0.195 10.6=0.607* 12.7+1.27 5.10+1.20
SOD activity (Mean+=SEM) (U/mg protein)
Control 15.5+1.81 4.10+0.478 5.37+0.521 3.70+0.686
RBM 7.43+0.687 3.90+0.522 422+1.14 1.70+0.131*
RBM+ Quercetin 3.13+0.713¢ 4.60+0.581 3.38+1.32 1.89+0.372
RBM +Alendronate 2.46+0.428° 7.74=1.75 5.28+1.37 1.76+0.206
CAT activity (Mean+=SEM) (U/mg protein)
Control 0.900+0.061 22.0+1.58 4.20+0.280 5.00+0.418
RBM 11.6+1.73 8.90+0.727 2.80+0.400 4.70+0.611
RBM+ Quercetin 19.8+0.868* 55.9+5.67* 2.90=1.16 3.40+0.325
RBM +Alendronate 20.9+2.10° 66.4+4.21* 7.00+0.563* 4.10+0.860

2 Three groups of rats (RBM, RBM +Quercetin, RBM +Alendronate) were administered ig with retinoic acid suspension (80 mg/kg BW) once daily for
1-14 experimental days. Group Control was treated ig with physiological solution during 1-14 days. Group RBM +Quercetin was administered ig with
quercetin (100 mg/kg BW) once daily during 15-28 days of the study. Group RBM+Alendronate was administered ig alendronate (40 mg/kg BW) once

daily during 15-28 days of the study.

Number of rats per group: 7-10. Data were analysed by Kruskal-Wallis ANOVA test. * Statistically significantly different compared to RBM (*P<0.05).

*Statistically significantly different compared to control (*P<0.05).

Abbreviations: 13cRA - 13 cis-Retinoic acid; RBM — 13cRA-induced bone loss model; MDA - malondialdehyde; GSH - glutathione; SOD - superox-

ide dismutase; CAT - catalase.

oxidative, anti-inflammatory, phytoestrogenic, and regenera-
tive capacity of flavonoid quercetin on 13cRA-induced bone
loss model.

Osteoporosis in this model is similar to human in many
ways, such as symptoms, histomorphology and ossis re-
sponse to estrogenic [Peng et al., 2005]. Thus, 13cRA is an
ideal agent to induce acute osteoporosis model. An increas-
ing amount of clinical evidence suggests a role for the di-
etary polyphenols and nutritional supplements in the treat-
ment of postmenopausal bone loss [Coxam, 2008]. In order
to clarify this issue, we investigated the therapeutic effects
of quercetin compared with alendronate in an experimen-
tal animal model of RBM. Effect of quercetin on bone me-
tabolism was assessed by monitoring several parameters
such as the changes in mass of experimental animals, uter-
ine weight, femur weight, length and the diameter of the fe-
mur, BMD, markers of osteoporosis, and histopathological

analysis. In addition, we also analyzed the content of calcium
and phosphorus after carbonization of bone and biochemical
and hematological variables with special reference to changes
in serum ALP. The analysis was carried out in two steps.

In the first step of our experiment we have revaluated
the osteoporotic potential of 13cRA and we have attempted to
assess the effectiveness of the flavonoid quercetin in reversing
bone loss. Retinoic acid successfully induced osteoporotic-
like changes; these changes are confirmed by reduced values
of BMD in the proximal and distal part of the femoral neck
(Figure 3), geometrical and physical parameters of bone, con-
tent of Ca and P in bones as well as in bone turnover markers
(Tables 1, 2 and 3).

Our results of histological analysis of femoral corti-
cal bone revealed that 13cRA exerted pathological changes
characterized by the presence of multiple osteoporotic cavi-
ties of different sizes and thinning of the bone cortex which



N. Orsolic et al.

159

is consistent with the significant decrease in femur bone
mineral density and both calcium and phosphorous content
(Figure 4). As we also noticed increase in osteoclast num-
ber on the luminal surface of cavities and irregularly eroded
endosteal surface, this bone loss may be due to increased os-
teoclastic activity and consequently increase in bone resorp-
tion. Receptors for 13cRA are found on both bone cells os-
teoblasts and osteoclasts, which indicate that they are direct
targets of 13cRA [Rohde et al., 1999]. Previous in vitro stud-
ies have reported that 13cRA stimulates osteoclast formation
and suppresses osteoblast activity [Togari et al., 1991], but
recently [Peng et al., 2005] showed that bone resorption ex-
ceeded bone formation due to the promotion effect of 13cRA
on osteoclasts instead of osteoblasts inhibition. This was
supported by the phenomena that 13cRA-treated group
showed as active proliferation of osteoblasts as the control
and a marked increase in osteoclast number and activity. Our
results from the qualitative histological analysis also showed
that 13cRA stimulates both bone cells. We found that resorp-
tion cavities were bounded with osteoid or newly formed bone
showing that bone formation followed bone resorption. This
also showed that 13cRA has a more pronounced effect on
osteoclasts, which results in an unbalance between bone re-
sorption and formation, and leads to a bone loss (Figure 3).
The increase in osteoclasts is associated with oxidative stress
which was confirmed by many authors [Fahmy & Soliman,
2009; Or3oli¢ et al., 2014; Togari et al., 1991; Walker-Bone,
2012]. Our results demonstrate that 13cRA induces increased
oxidative stress by increasing the levels of MDA and reducing
the levels of glutathione and antioxidant enzymes in the liver
and kidney and ovary (Table 6).

Some authors have shown that high doses of 13cRA
cause osteoporosis, reduce BMD and increase bone fragil-
ity [Kneissel et al.,2005]. Our results also proved increased
bone turnover rate as indicated by the higher serum ALP level
in the RBM group compared to the control group. Apart from
ALP, the treatment with RBM resulted in a significant increase
in ALT, and serum total protein (TP) and leukocyte count com-
pared to control. These results revealed a low level of toxicity
of 13cRA on bone and liver cells. These results are in agreement
with findings reported by other authors [Fahmy & Soliman,
2009; Mukherjee et al., 2004; Wei et al., 2007], who demon-
strated that bone remodeling in rats is accelerated after ovariec-
tomy-induced model of osteoporosis. These results are consis-
tent with the data from Hotchkiss e al.[2006] who showed that
retinoids in large doses cause an increase of periosteal resorp-
tion in relation to periosteal extension or disposal of minerals,
which ultimately leads to the reduction in the diameter of bone
mineral loss. This decrease may be due to the antagonizing
effect of 13cRA on vitamin D as suggested by Johansson &
Melhus [2001] who proved the effectiveness of retinoic models
for osteoporosis by applying 13cRA at a dose of 80 mg/kg for
2 weeks that caused osteoporotic changes.

Our result suggests that quercetin may have protective
effects against 13cRA-induced bone resorption. The use
of quercetin in treatment of osteoporosis showed improve-
ment of femoral cortical bone histology, BMD, bone weight,
length and diameters as well as Ca and P (Figure 3, Tables 1,
2 and 3). These results suggest that 13cRA-induced increase

in bone resorption could be blocked by quercetin as an in-
hibitor of osteoclast activity (Figure 3A, B). Furthermore,
treatment of osteoporetic rats with QU significantly increased
osteocalcin (OC) concentrations when compared with RBM.

This assumption is consistent with the results of Wattel
et al. [2004] and Woo et al. [2004] who investigated the ef-
fects of quercetin on osteoclast differentiation, which is a cru-
cial determination step of in vivo bone resorption, and found
that quercetin suppresses bone resorption by inhibiting both,
the differentiation and activation of osteoclasts. It can also
directly induce apoptosis of mature osteoclasts [Wattel et al.,
2004].

Quercetin-treated RBM rats were superior to the un-
treated rats in the levels of Ca and P (P<0.05, P<0.05). Ca
and P are widely accepted phenotype markers of the bone
formation. In addition, treatments of osteoporotic animals
with quercetin resulted in an increase in body mass by 5.32%
after four weeks. Antiosteoporotic activity of flavonoids, in-
cluding QU, is based on osteoblast stimulation mediated
by estrogen receptors and inhibition of osteoclast as well as
antioxidative and anti-inflammatory activity [Prouillet ez al.,
2004; Wattel et al., 2004; Xu et al. 2012]. Others studies
show that dietary quercetin as well as other flavonoids can
inhibit bone loss in ovariectomized mice [Tsuji ef al., 2009]
and in rat model of diabetic osteopenia [Liang et al., 2011],
confirming the beneficial effect of quercetin on bone tissue
in bone disorders. In addition, quercetin consumption may
improve calcium absorption in small intestine and enhance
VDR (Vitamin D receptor) activity that regulates the expres-
sion of genes involved in calcium homeostasis. Activation
of VDR is thought to be a promising drug target for osteopo-
rosis [Inoue ef al., 2010]. According to our data, it is evident
that quercetin beneficial effect on bone is achieved through
its antioxidant and anti-inflammatory abilities; quercetin suc-
cessfully inhibited 13cRA-induced OS (Figure 5).

Our study indicates that a decreased glutathione level
and an increased MDA level in RBM group is related to in-
creased ROS production and that supplementation with quer-
cetin significantly reduced oxidative stress parameters in os-
teoporotic groups. In addition, recent evidences implicate
reactive oxygen species (ROS) in estrogen deficiency-induced
bone loss [Sheweita & Khoshhal, 2007] and enhanced osteo-
clastic and depressed osteoblastic activity in primary osteopo-
rosis in post-menopausal women. Retinoic acid was found to
decrease estrogen level in blood [Muthusami ez al., 2005]. In-
deed, 13cRA in our experiment resulted in a decrease in uter-
ine weight (Figure 2) and GSH level in ovary while the level
of MDA in ovary was increased. Since both QU and AL in-
crease uterine weight, it is suggested that these agents influ-
ence the actions of estrogen or its receptor. QU induced bet-
ter estrogenic effect; uterine weight was higher compared to
the control group. In addition, QU reduces the level of MDA
in the ovaries and thus directly increases estrogen activity. In-
deed, estrogen has been shown to have antioxidant properties
[Fahmy & Soliman, 2009; Prouillet ez al., 2004].

These results suggest that a daily supplementation with
quercetin may be important in reducing oxidative damage
of 13cRA and other drugs which leads to extensive bone loss
and skeletal fragility, characteristic of osteoporosis. In addi-
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tion, we propose that the antioxidant properties of quercetin
may prevent the free-radical-induced bone loss associated
with estrogen deficiency.

In addition, there was no significant increase in the value
of liver enzymes after administration of quercetin. Results
also revealed more pronounced increase in leukocyte values
after administration of quercetin, which is in conformance
with the data from the literature [Or3oli¢ ef al., 2010, 2011]
based on immunomodulatory effect of quercetin. From these
results we can clearly conclude that quercetin had no signifi-
cant toxic effects on experimental animals.

These results are similar to findings of Mackinnon et al.
[2011] who investigated the effectiveness of lycopene, a fat-
-soluble antioxidant, on oxidative stress parameters in humans.
Results of their study showed a decrease in oxidized proteins
and lipid peroxidation at 4 weeks of treatment with lycopene.

Many authors demonstrated that diet supplemented with
antioxidants like vitamins C, E and flavonoids could prevent
bone loss in osteoporosis [Bitto et al., 2009; Coxam, 2008;
Iwaniec ef al., 2013; Or3oli¢ et al., 2014; Wei et al., 2007]. On
the other hand, deficiency in vitamins E and D may cause
a decrease in cartilage cells and osteocytes, as well as thinning
of the cortex and trabecular in mice [Iwaniec ef al., 2013].

In turn, treatments of osteoporotic animals with alendro-
nate resulted in an increase in body mass by 3.94% and signif-
icant improvement in calcium and phosphorus levels in bone
histology and BMD after four weeks (Table 2, Figure 3).

Alendronate is a bisphosphonate drug used for the treat-
ment of postmenopausal and other forms of osteoporosis
and diseases characterized by bone loss, as many studies
using a variety of experimental systems demonstrated that
bisphosphonates are able to inhibit osteoclast-mediated bone
resorption in various animal models [Chavassieux et al.,
1997; Huuskonen et al. 2001]. Long-term treatment of human
and nonhuman primates with alendronate has been shown to
increase cortical thickness, an index of increased osteoblast
number or activity [Chavassieux et al., 1997], raising the pos-
sibility that it may not only inhibit bone resorption, but may
also have a positive effect on bone formation [Manolagas,
2009]. Huuskonen et al. [2001] examined the effect of alen-
dronate (18 ug/kg) on rat femur bone following orchidectomy-
-induced osteoporosis and found that alendronate increased
the ultimate bending force of the femoral diaphysis, histologi-
cally it reduced the trabecular bone turnover but was not able
to maintain the bone mineral density of the proximal femur at
the pre-orchidectomy level. Bitto e al. [2009] also showed that
alendronate succeeded in treating glucocorticoid-induced os-
teoporosis in rats as it increased bone breaking strength, bone
mineral density and ameliorated histological damage of both
cortical and trabecular bone matrix in femur head, while more
detailed histological and histochemical study of Ali [2006]
revealed markedly reduced osteoporotic cavities, highly de-
generated osteoclasts, an increase in the collagenous fibers
in the periosteum and in bone matrix and positive ALP im-
mune reaction surrounding most of bone cells.

Our results as well showed significant improvement
in bone histology in alendronate-treated 13cRA-induced os-
teoporotic rats as we found fewer and smaller intracortical
cavities (Figure 4). Despite the positive effects of alendronate

on bone after 13cRA-induced osteoporosis, ALP activity,
BMD, Ca and P levels, alendronate has increased the level
of MDA in the kidney, suggesting increased oxidative stress
that can cause kidney damage during its longer adminis-
tration (Table 6). Increased levels of MDA, GSH and anti-
oxidant enzymes in the group treated with alendronate may
be indirect compensatory mechanism designed to protect
the kidneys from ROS-mediated insult.

The obtained data are in compliance with the data of oth-
er authors, who suggest that bisphosphonates often cause re-
nal insufficiency and gastrointestinal adverse effects [Conwell
& Chang, 2012; Perazella & Markowitz, 2008]. The toxic ef-
fect of bisphosphonates was demonstrated on kidney; acute
tubular necrosis and focal segmental glomerulosclerosis were
observed as a result of oxidative stress and mononuclear leu-
kocyte accumulation and matrix production and degradation,
respectively.

In the second step, we analyzed the effect of quercetin or
alendronate in healthy rats. Obtained data suggest possibili-
ties of quercetin use in the prevention of osteoporosis. Admin-
istration of quercetin in healthy animals resulted in a higher
— though statistically insignificant — content of calcium
and phosphorus than in the control group. After alendronate
application, calcium and phosphorus contents were similar
to these in the control group. Glutathione level in the kidney
was increased in healthy rats treated with quercetin when
compared to the control, while alendronate did not cause
a significant change in liver in relation to control but it de-
creased GSH level in kidney. Perazella & Markowitz [2008]
showed similar results in their research, where they confirmed
that alendronate-induced oxidative gastric damage, leading to
a reduced GSH level in rats.

CONCLUSIONS

To summarize our findings, quercetin effectively improved
bone structure and prevented bone loss in osteoporosis ani-
mal model. The beneficial effects of quercetin on bone his-
tology, BMD, osteocalcin, bone weight, Ca and P level may
be due to its antioxidant and estrogenic property. Quercetin —
as a strong antioxidant — can reduce the toxic effects of 13cRA
on bone loss and sustain bone homeostasis in rats better than
alendronate.

All those findings indicate the beneficial effect of quercetin
on osteoporosis caused by 13cRA in rats, and raise the pos-
sibility of developing quercetin as a potential drug or an ingre-
dient in diet for controlling drug-induced osteoporosis.
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