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Preface to “Dietary Bioactives and Bone Health” 
Osteoporosis, low bone mass and other age-related degenerative bone diseases are common 

debilitating conditions that effect millions of individuals worldwide. There are an estimated 2 million new 
osteoporotic-related fractures each year in the USA and 9 million globally, with an estimated economic 
impact burden of over $100 billion. 

Dietary bioactives, have been previously defined by the U.S. National Institutes of Health as 
“compounds that are constituents in foods and dietary supplements, other than those needed to meet 
basic human nutritional needs, which are responsible for changes in health status.” They have promise in 
protecting against bone loss, likely related to their anti-inflammatory properties. Dietary bioactives are 
generally thought to be safe in food at normal consumption levels. Their biological activities may be 
dependent of the presence of a single compound or class of compounds for which optimal effects may be 
achieved through consumption of mixtures where the exact identity and composition are often unknown.  
Classes of related compounds are commonly found in similar types of plants; however, their ratios and 
relative concentrations can vary significantly because of environmental factors such as cultivation, soil, 
altitude, and weather conditions. Food processing may also influence the types and amounts of dietary 
bioactives present. 

Critical to the field of nutrition science will be the development of intake recommendations for 
dietary bioactives, likely to be based on chronic disease endpoints.  Several limitations relating to 
absorption, distribution, metabolism and excretion of certain dietary bioactives still exist and must be 
better understood in the scientific literature for this to occur. The purpose of this book is to effectively and 
accurately communicate modern-day research to a large group of scientific audiences ranging from 
university classrooms to industry product developers and basic researchers in the fields of nutrition and 
food science.  The search for an international assortment of expert scientists working in the field of 
bioactives and bone health who were qualified to contribute manuscripts to this book was indeed an 
exciting editorial challenge. The interdisciplinary range of content that is covered by the various 
manuscripts made this work particularly intellectually stimulating. I would like to personally thank each 
contributing author for their dedication to producing a high-quality manuscript for this book (a 
reproduction of a Special Edition of the journal Nutrients). The unique expertise of each distinguished 
scientist in their particular field makes this book both authoritative and cutting-edge.   

It is my hope that this book will strengthen our understanding of how many dietary bioactive 
compounds may influence long-term maintenance of bone health. 

Taylor C. Wallace 
Special Issue Editor 
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Germinated Pigmented Rice (Oryza Sativa L.
cv. Superhongmi) Improves Glucose and Bone
Metabolisms in Ovariectomized Rats
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Abstract: The effect of germinated Superhongmi, a reddish brown pigmented rice cultivar, on the
glucose profile and bone turnover in the postmenopausal-like model of ovariectomized rats was
determined. The ovariectomized Sprague-Dawley rats were randomly divided into three dietary
groups (n = 10): normal control diet (NC) and normal diet supplemented with non-germinated
Superhongmi (SH) or germinated Superhongmi (GSH) rice powder. After eight weeks, the SH
and GSH groups showed significantly lower body weight, glucose and insulin concentrations,
levels of bone resorption markers and higher glycogen and 17-β-estradiol contents than the
NC group. The glucose metabolism improved through modulation of adipokine production and
glucose-regulating enzyme activities. The GSH rats exhibited a greater hypoglycemic effect and lower
bone resorption than SH rats. These results demonstrate that germinated Superhongmi rice may
potentially be useful in the prevention and management of postmenopausal hyperglycemia and bone
turnover imbalance.

Keywords: pigmented rice; germination; Superhongmi; bone metabolism; glucose

1. Introduction

Germination is considered as a simple, effective, and inexpensive method of improving
the nutritional quality of rice [1]. The soaking of rice grains in water for a few days induces
slight germination which causes an increase in nutrient bioavailability and absorption [2].
During germination, biochemical changes occur including the release of free and bound materials and
the activation of dormant enzymes which break down large molecular substances, resulting in the
generation of bioactive compounds and an increase in nutrients [3]. Germinated rice has been found
to have higher amounts of bioactive compounds such as γ-oryzanol, γ-aminobutyric acid (GABA),
tocopherols, and tocotrienols than non-germinated rice [4,5]. Moreover, it has been shown to possess
strong antidiabetic, antihyperlipidemic, and antioxidative properties [1,6].

Pigmented rice cultivars with black, purple, red, or brown pericarp are known for their higher
nutritional value and greater antioxidant potential than non-pigmented cultivars [7,8]. They contain
high amounts of anthocyanins, phenolic compounds and bioactive components [9,10] and their
consumption has been associated with a reduced risk of diabetes and cardiovascular disease [11].
Investigations on various pigmented cultivars revealed that ingestion of pigmented rice could improve
the lipid and glucose profiles in mice, delay the starch and sugar absorption in rats, and suppress
postprandial blood sugar elevation in human subjects [12,13].

Menopause, the permanent cessation of menstruation, promotes metabolic syndromes and
increases the risk of diabetes, dyslipidemia, and obesity in women [14]. An elevation in the
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concentrations of glucose, insulin, cholesterol, and triglyceride has been observed in postmenopausal
women relative to premenopausal ones [14–16]. Menopause is also believed to be associated with the
pathogenesis of osteoporosis, a metabolic bone disorder characterized by enhanced bone fragility and
increased fracture risk, in elderly women [17]. The rapid decrease of the ovarian hormone estrogen after
menopause is regarded as the primary cause of these metabolic dysfunctions [14]. The surgical removal
of ovaries, known as ovariectomy, mimics the estrogen-deficient condition in postmenopausal women.
Hence, ovariectomized animal models are widely used in investigating the pathophysiological changes
associated with menopause and in developing therapeutic strategies against menopause-induced
metabolic disorders [18].

Superhongmi is a new pigmented rice cultivar with a reddish brown pericarp developed in Korea.
Recent studies have shown that germinated Superhongmi rice has a strong antioxidant capacity and
could improve the lipid metabolism in ovariectomized rats [19,20]. To further explore the therapeutic
potential of Superhongmi rice against metabolic dysfunctions, particularly those caused by menopause,
the present study investigated the effect of germinated Superhongmi rice on the glucose metabolism
and bone turnover in the postmenopausal-like model of ovariectomized rats.

2. Materials and Methods

2.1. Rice Samples and Chemicals

Whole grains of Superhongmi rice were obtained from the department of Agricultural
Science, Korea National Open University. They were grown from May to October 2014 in Dangjin,
Chungcheongnam-do, South Korea. All chemicals and standards used in this study were of
analytical grade and purchased from Merck KGaA (Darnstadt, Germany) and Sigma-Aldrich, Inc.
(Steinhein, Germany).

2.2. Rice Germination

Dehusked whole rice grains were germinated following the method of Wu et al. [21] with slight
modifications. The grains (50 g) were washed twice with distilled water to remove any dirt and
placed evenly in a tray overlaid with cotton pads and cheesecloth. Distilled water (100 mL) was
added and the whole tray was covered with a clean transparent plastic wrap with holes to allow
for ventilation and incubated at 30 ◦C in an oven. The grains were regularly checked every 12 h to
ensure there was no foul odor and fungal growth. After 72 h, the germinated rice grains, including the
emerged radicles, were dried at 50 ◦C for 2 h, ground and pulverized (200–300 μm) using a grinding
machine (HMF-3250S, Hanil Electronics, Seoul, South Korea), packed in hermetically sealed Ziploc
plastic bags, and stored at −20 ◦C until further analysis. For the non-germinated samples, 50 g rice
grains were washed, dried, ground (200–300 μm), and stored using the same method described above
for the germinated grains. Both the germinated and non-germinated rice samples were analyzed
for their bioactive compounds γ-oryzanol, GABA, phytic acid, tocols (tocopherols and tocotrienols),
and policosanol, based on previously described methods [22–26] and for their proximate compositions
using the methods of AOAC [27]. The results are shown in Table 1.

2.3. Animals and Diet

Thirty female ovariectomized Sprague-Dawley rats (10-week-old), weighing approximately
229 g each, were purchased from Central Laboratory Animal Inc. (Seoul, Korea). The animals
were individually housed in a hanging stainless steel cage in a room (25 ± 2 ◦C, 50% relative humidity)
with 12/12 h light-dark cycle and fed initially with a pelletized chow diet and distilled water ad
libitum for 1 week. They were then randomly divided into three dietary groups (n = 10): normal
control diet (NC) and NC diet supplemented with either 20% (w/w) non-germinated Superhongmi
(SH) or germinated Superhongmi (GSH) rice powder. They were fed for 8 weeks and allowed free
access to distilled water. The composition of the experimental diet (Table 2) was based on the AIN-93M
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diet [28]. At the end of the experimental period, the rats were anaesthetized with carbon dioxide by
inhalation following a 12-h fast. The blood samples were drawn from the inferior vena cava into a
heparin-coated tube and centrifuged at 1000× g for 15 min at 4 ◦C to obtain the plasma. The liver, heart,
kidney, and white adipose tissues (perirenal and inguinal) were removed, rinsed with physiological
saline, weighed, and stored at −70 ◦C until analysis. The current study protocol was approved by the
Ethics Committee of Kyungpook National University for animal studies (approval No. 2015-0087).

Table 1. Bioactive components and proximate composition of Superhongmi rice powder.

Bioactive Compound Non-Germinated Germinated

γ-Oryzanol (mg/100 g rice) 33.21 ± 2.66 51.96 ± 1.99 1,*
GABA (mg/100 g rice) 98.54 ± 3.96 1102.02 ± 11.63 *

Phytic acid (mg/100 g rice) 2.01 ± 0.09 4.02 ± 0.14 *
Tocols (μg/100 g rice) 133.69 ± 8.62 256.79 ± 6.98 *

Policosanol (mg/100 g rice) 21.69 ± 1.02 26.51 ± 1.24 *

Proximate composition (% dry basis)

Carbohydrates 76.58 ± 0.91 * 53.92 ± 0.98
Crude protein 7.11 ± 0.12 * 5.71 ± 0.41

Crude fat 2.31 ± 0.19 3.58 ± 0.17 *
Crude ash 1.34 ± 0.04 * 1.11 ± 0.02
Moisture 12.66 ± 0.32 35.68 ± 0.61 *

1 Values are means ± standard error (n = 3); * indicates significant difference (p < 0.05) between germinated and
non-germinated samples.

Table 2. Composition of experimental diets (%).

NC 1 SH GSH

Casein 14.0 12.4 12.2
Sucrose 10.0 10.0 10.0

Dextrose 15.5 15.5 15.5
Corn starch 46.6 28.7 29.1

Cellulose 5.00 5.00 5.00
Soybean oil 4.00 3.50 3.24
Mineral mix 3.50 3.50 3.50
Vitamin mix 1.00 1.00 1.00

L-Cystine 0.18 0.18 0.18
Choline bitartrate 0.25 0.25 0.25

Non-germinated rice - 20.0 -
Germinated rice - - 20.0

Total 100 100 100
Kcal 380 380 380

1 NC, normal control diet (AIN-93M); SH, normal diet + non-germinated Superhongmi rice powder;
GSH, normal diet + germinated Superhongmi rice powder.

2.4. Determination of Glucose Profile and Plasma Adipokine Levels

The levels of blood glucose and plasma insulin were determined using Accu-Chek Active Blood
Glucose Test Strips (Roche Diagnostics, Berlin, Germany) and enzyme-linked immunosorbent assay
(ELISA) kits (TMB Mouse Insulin ELISA kit, Shibayagi Co., Gunma, Japan), respectively. The hepatic
glycogen level was determined using the anthrone-H2SO4 method with glucose as standard [29].
The homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated using
the equation described by Vogeser et al. [30]. The following plasma adipokines were analyzed
using commercial assay kits: adiponectin (Shibayagi Co., Gunma, Japan), leptin (Cayman Chemical,
Ann Arbor, MI, USA), resistin (B-Bridge International Inc., Santa Clara, CA, USA), and tumor necrosis
factor (TNF)-α (Abcam, Cambridge, MA, USA).
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2.5. Determination of Hepatic Glucose-Regulating Enzymes Activities

The liver tissue was homogenized in a buffer solution containing triethanolamine, EDTA,
and dithiothreitol and centrifuged at 1000× g at 4 ◦C for 15 min [31]. The pellet was removed
and the supernatant was centrifuged at 10,000× g at 4 ◦C for 15 min. The resulting precipitate
served as the mitochondrial fraction and the supernatant was further centrifuged at 105,000× g
at 4 ◦C for 1 h. The resulting precipitate and supernatant served as the microsome and cytosol
fractions, respectively. The protein content was measured using the Bradford protein assay [32].
The phosphoenolpyruvate carboxykinase (PEPCK) activity was determined based on the method of
Bentle and Lardy [33]. The absorbance of the assay mixture was measured at 340 nm. The glucokinase
(GK) activity was measured following the method described by Davidson and Arion [34]. The reaction
mixture was incubated at 37 ◦C for 10 min and the change in absorbance at 340 nm was recorded.
The glucose-6-phosphatase (G6pase) activity was determined using the method of Alegre et al. [35].
The reaction mixture was incubated at 37 ◦C for 4 min and the change in absorbance at 340 nm was
recorded. The enzyme activities were expressed as μmol/min/mg protein.

2.6. Measurement of Bone Metabolism Biochemical Markers

The levels of calcium and alkaline phosphatase (ALP) were measured using Ca and ALP assay
kits (Cobas, Indianopolis, IN, USA), respectively. The levels of 17-β-estradiol, intact parathyroid
hormone (PTH), osteocalcin, N-terminal telopeptide of type 1 collagen (NTx-1) and C-terminal
telopeptide of type 1 collagen (CTx-1) were analyzed using commercial assay kits (MyBiosource
Inc., San Diego, CA, USA).

2.7. Statistical Analysis

All data are presented as the mean ± standard error (SE). The data were evaluated by
one-way ANOVA using a Statistical Package for Social Sciences software program version 19.0
(SPSS Inc., Chicago, IL, USA) and the differences between the means were assessed using Tukey’s test.
An independent t-test was used to assess the difference between the germinated and non-germinated
rice samples. Statistical significance was considered at p < 0.05.

3. Results

3.1. Body and Organ Weights

The final body weight markedly decreased in both SH (389 g) and GSH (374 g) groups relative to
that of the control group (403 g) (Table 3). The feed intake and feed efficiency ratio were lowest in the
GSH group and highest in the NC group. The white adipose tissue weight was lowest in GSH rats
(8.56 g), followed by the SH group (9.04 g), then the NC group (10.26 g). The weights of liver and heart
were significantly lower in the SH and GSH groups compared to that of the NC group.

3.2. Glucose Profile

As shown in Table 4, the final blood glucose level was lowest in the GSH group (5.04 nmol/L),
followed by the SH group (5.61 nmol/L), then the NC group (6.98 nmol/L). The plasma insulin level
was also lowest in the GSH group (3.39 mU/L) and highest in the NC group (4.93 mU/L). Accordingly,
the HOMA-IR index was highest in the NC group (1.49), followed by the SH group (0.97), then the
GSH group (0.78). Both the SH and GSH groups showed significantly higher hepatic glycogen level
(149–153 mg/g) than the NC group (94.7 mg/g).
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Table 3. Body weight gain and weights of organs and adipose tissue in ovariectomized rats fed with
germinated Superhongmi rice powder.

Parameter NC SH GSH

Initial weight (g) 229.24 ± 1.25 228.32 ± 1.18 228.14 ± 0.79
Final weight (g) 402.65 ± 5.33 c 388.69 ± 4.92 b 374.25 ± 5.41 a

Weight gain (g) 174.68 ± 5.63 c 160.24 ± 4.72 b 148.32 ± 3.30 a

Feed intake (g/week) 181.58 ± 4.32 c 162.25 ± 3.20 b 149.44 ± 3.41 a

Feed efficiency ratio 0.16 ± 0.00 c 0.14 ± 0.00 b 0.12 ± 0.00 a

White adipose tissue weight (g) 10.26 ± 0.19 c 9.04 ± 0.19 b 8.56 ± 0.12 a

Organ weight (g)
Liver 2.88 ± 0.01 c 2.57 ± 0.02 b 2.50 ± 0.01 a

Heart 0.26± 0.01 b 0.23 ± 0.01 a 0.22 ± 0.01 a

Kidney 0.40 ± 0.01 0.39 ± 0.02 0.39 ± 0.04
a−c Values are means ± SE (n = 10). Means in the same row not sharing a common superscript are significantly
different at p < 0.05. NC, normal control diet (AIN-93M); SH, normal diet + non-germinated Superhongmi;
GSH, normal diet + germinated Superhongmi rice.

Table 4. Glucose profile, adipokine level, and glucose-regulating enzyme activity in ovariectomized
rats fed with germinated Superhongmi rice powder.

Parameter NC SH GSH

Initial blood glucose (mmol/L) 4.98 ± 0.02 5.01 ± 0.02 5.08 ± 0.02
Final blood glucose (mmol/L) 6.98 ± 0.05 c 5.61 ± 0.03 b 5.04 ± 0.03 a

Plasma insulin (mU/L) 4.93 ± 0.03 c 3.91 ± 0.05 b 3.39 ± 0.01 a

Hepatic glycogen (mg/g liver) 94.68 ± 2.26 a 149.25 ± 2.78 b 152.88 ± 3.07 b

HOMA-IR index 1.49 ± 0.00 c 0.97 ± 0.02 b 0.78 ± 0.00 a

Plasma adipokine
Adiponectin (ng/mL) 0.26 ± 0.03 a 0.48 ± 0.03 b 0.71 ± 0.06 c

Leptin (ng/mL) 3.76 ± 0.27 3.32 ± 0.33 3.36 ± 0.26
Resistin (ng/mL) 32.55 ± 0.12 c 22.88 ± 1.43 b 18.25 ± 1.05 a

TNF-α (μg/mL) 9.58 ± 0.81 c 7.25 ± 0.58 b 4.51 ± 0.12 a

Hepatic glucose-regulating enzymes (μmol/min/mg protein)

PEPCK 3.74 ± 0.87 c 2.98 ± 0.52 b 1.18 ± 0.41 a

GK 1.62 ± 0.13 a 2.89 ± 0.19 b 2.98 ± 0.22 b

G6pase 76.95 ± 1.32 c 68.33 ± 1.47 b 47.58 ± 1.51 a

GK/G6pase ratio 0.02 ± 0.00 a 0.04 ± 0.00 b 0.06 ± 0.00 c

a−c Values are means ± SE (n = 10). Means in the same row not sharing a common superscript are significantly
different at p < 0.05. NC, normal control diet (AIN-93M); SH, normal diet + non-germinated Superhongmi rice;
GSH, normal diet + germinated Superhongmi rice; HOMA-IR, homeostasis model of insulin resistance = (fasting
insulin × fasting glucose)/22.5; TNF, tumor necrosis factor; PEPCK, phosphoenolpyruvate carboxynase;
GK, glucokinase; G6pase, glucose-6-phosphatase.

3.3. Plasma Adipokine Level

The adiponectin level was highest in the GSH group (0.71 ng/mL) and lowest in the NC group
(0.26 ng/mL) (Table 4). On the other hand, the levels of resistin and TNF-α were lowest in the GSH
group and highest in the NC group. No significant difference was found in the leptin level among the
animal groups.

3.4. Hepatic Glucose-Regulating Enzymes Activities

The hepatic PEPCK and G6pase activities were lowest in GSH rats and highest in the NC group
(Table 4). Both the SH and GSH rats exhibited significantly higher GK activity (2.89–2.98 μmol/min/mg
protein) than the control ones (1.62 μmol/min/mg protein). The GK to G6pase ratio was highest in the
GSH group (0.06), followed by the SH group (0.04), then the NC group (0.02).
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3.5. Biochemical Markers of Bone Metabolism

The GSH group showed significantly higher levels of 17-β-estradiol (0.87 ng/mL) and lower
levels of intact PTH (18.05 pg/mL), NTx-1 (121.44 nmol/L), and CTx-1 (13.29 nmol/L) than the NC
and SH groups (Table 5). No significant difference was found in the calcium and osteocalcin contents
among the groups. The ALP level, on the other hand, was below 0.50 μg/L in all groups.

Table 5. Biochemical markers of bone metabolism in ovariectomized rats fed with germinated
Superhongmi rice powder.

NC SH GSH

17-β-estradiol (ng/mL) 0.47 ± 0.03 a 0.52 ± 0.02 a 0.87 ± 0.05 b

Intact PTH (pg/mL) 22.58 ± 0.63 b 21.22 ± 1.02 b 18.05 ± 0.57 a

Calcium (mg/dL) 9.65 ± 0.53 10.68 ± 0.43 10.58 ± 0.58
Osteocalcin (ng/mL) 13.55 ± 1.23 13.16 ± 0.73 12.57 ± 0.54

Alkaline phosphatase (μg/L) <0.50 ± 0.00 <0.50 ± 0.00 <0.50 ± 0.00
NTx-1 (nmol/L) 181.58 ± 2.37 c 145.25 ± 1.23 b 121.44 ± 3.45 a

CTx-1 (nmol/mL) 23.71 ± 0.85 c 18.69 ± 0.65 b 13.29 ± 1.58 a

a−c Values are means ± SE (n = 10). Means in the same row not sharing a common superscript are significantly
different at p < 0.05. NC, normal control diet (AIN-93M); SH, normal diet + non-germinated Superhongmi rice;
GSH, normal diet + germinated Superhongmi rice; PTH, parathyroid hormone; NTx-1, N-terminal telopeptide
of type 1 collagen; CTx-1, C-terminal telopeptide of type 1 collagen.

4. Discussion

Ovarian hormone deficiency resulting from menopause or ovariectomy increases the risk of
diabetes, obesity, dyslipidemia, and osteoporosis [14,17,36]. The present study analyzed the effect
of germinated Superhongmi rice, a reddish-brown pigmented cultivar, on the glucose and bone
metabolisms in the postmenopausal-like model of ovariectomized rats. Results showed that diet
supplementation of germinated and non-germinated Superhongmi rice powder significantly decreased
the body weight gain, amount of body fat, blood glucose level, and plasma insulin concentrations and
increased the hepatic glycogen level in ovariectomized rats. Both the SH and GSH animal groups also
exhibited a markedly lower HOMA-IR index—an indicator of insulin resistance—than the control
group, suggesting an increase in the insulin sensitivity in these animals. Studies in the past have also
shown that pigmented rice could lower the body weight gain and improve the glucose metabolism in
both laboratory animals and human subjects [12,13]. Between the two Superhongmi rice-fed groups,
the GSH rats exhibited a greater body weight-lowering effect and hypoglycemic activity than the
SH group. Germinated rice, especially pigmented cultivar, contains substantially higher amounts
of bioactive compounds than non-germinated rice [4,5,19]. In the present study, γ-oryzanol, GABA,
phytic acid, tocols, and policosanol were significantly higher in a germinated rice sample than that
of the non-germinated one. γ-oryzanol, GABA, and phytic acid have hypolipidemic, hypoglycemic,
and anti-obesity effects [4,7,37–39]. The tocols and policosanol possess antioxidative and antidiabetic
property [4,40,41]. Hence, the strong hypoglycemic activity observed in GSH rats relative to the
SH group is probably due to the increased amounts of bioactives in the germinated Superhongmi
rice. This increase in the bioactive content is caused by the breaking down of the cell wall during
germination, releasing the free and bound materials, and the activation of dormant enzymes associated
with the synthesis of bioactive compounds [3].

The metabolism of glucose is influenced by adipokines and glucose-regulating enzymes.
The ovariectomized rats fed with germinated Superhongmi rice powder showed the lowest resistin and
TNF-α levels and highest adiponectin concentration. They also exhibited the lowest PEPCK and G6pase
activities and highest GK activity and GK/G6pase ratio. The adipokines resistin and TNF-α regulate
the lipid and glucose metabolisms and their elevated levels have been associated with the progression
of obesity and diabetes [42–44]. The adiponectin, on the other hand, induces insulin-sensitizing effects
and its enhanced expression has been shown to improve insulin sensitivity and glucose tolerance
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while its deficiency could induce insulin resistance [42]. An elevated level of adiponectin has also been
reported to protect postmenopausal women against the development of diabetes [45]. The PEPCK,
GK, and G6pase are major enzymes associated with glucose metabolism, wherein PEPCK and G6pase
are involved in the regulation of gluconeogenesis and hepatic glucose output and an increase in their
activities could result in an increased production of glucose [46,47]. The GK enzyme, on the other hand,
is involved in glucose homeostasis and its enhanced activity has been associated with an increased
glycogen level and reduced blood glucose content [48]. The GK/G6pase ratio, which reflects the
balance between glucose uptake and output, was highest in GSH rats, indicating an enhanced glucose
metabolism in these animals. Thus, the increase in adiponectin level and GK activity and the reduction
in resistin and TNF-α concentrations and PEPCK and G6pase activities are possibly responsible for the
improved glucose profile found in the rice-fed ovariectomized rats, particularly the GSH group.

Menopause and ovariectomy cause metabolic dysfunctions due to the rapid decrease of the
estrogen hormone [14]. In the present study, the GSH rats showed significantly higher amount
of 17-β-estradiol—the most potent form of estrogen—than the control group, suggesting that the
germinated Superhongmi rice was able to inhibit the ovariectomy-induced reduction of estrogen level
in these animals. Estrogen plays a central role in the regulation of bone metabolism, and administration
of 17-β-estradiol has been reported to decrease the rate of bone turnover and prevent bone loss
in postmenopausal women [49–51]. The ovariectomized rats fed with germinated Superhongmi
rice also exhibited relatively low levels of intact PTH, NTx-1, and CTx-1, which are biochemical
markers of bone resorption, indicating a reduced bone turnover in the GSH group. Increased bone
resorption and imbalanced bone turnover are considered the main cause of the rapid rate of bone
loss and enhanced risk of bone fracture in postmenopausal women [51,52]. Rice cultivars with
colored pericarp, such as Superhongmi, are rich in antioxidant compounds such as anthocyanins,
tocols, γ-oryzanol, and phytic acid [53] and germination could further increase the amount of these
antioxidant compounds. Germinated Superhongmi rice has been previously reported to contain
a substantial amount of antioxidant compounds and to have a strong antioxidant capacity [19]. Past
investigations revealed that dietary antioxidants could prevent bone loss in postmenopausal women
and ovariectomized animals and may be useful in the prevention and treatment of osteoporosis [54,55].
Since oxidative stress plays a central role in the pathogenesis of osteoporosis [56,57], the antioxidant
compounds present in germinated Superhongmi rice may have been partly responsible for the
improved bone metabolism observed in GSH rats.

5. Conclusions

The pigmented rice Superhongmi significantly reduced the body weight gain, glucose level,
insulin concentration, and bone turnover in the postmenopausal-like model of ovariectomized
rats through a mechanism involving the regulation of adipokine production and modulation of
glucose-regulating enzyme activities. Germination for 72 h further enhanced the hypoglycemic effect
and bone metabolism-improving action of this pigmented rice cultivar which may have been due
to the increased amounts of various bioactive compounds such as GABA, γ-oryzanol, and tocols.
Germinated Superhongmi rice may be beneficial as a functional food with therapeutic potential against
menopause-induced hyperglycemia and bone turnover imbalance.
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Abstract: Chronic joint inflammatory disorders such as osteoarthritis and rheumatoid arthritis
have in common an upsurge of inflammation, and oxidative stress, resulting in progressive
histological alterations and disabling symptoms. Currently used conventional medication (ranging
from pain-killers to biological agents) is potent, but frequently associated with serious, even
life-threatening side effects. Used for millennia in traditional herbalism, medicinal plants are a
promising alternative, with lower rate of adverse events and efficiency frequently comparable with
that of conventional drugs. Nevertheless, their mechanism of action is in many cases elusive and/or
uncertain. Even though many of them have been proven effective in studies done in vitro or on
animal models, there is a scarcity of human clinical evidence. The purpose of this review is to
summarize the available scientific information on the following joint-friendly medicinal plants, which
have been tested in human studies: Arnica montana, Boswellia spp., Curcuma spp., Equisetum arvense,
Harpagophytum procumbens, Salix spp., Sesamum indicum, Symphytum officinalis, Zingiber officinalis,
Panax notoginseng, and Whitania somnifera.

Keywords: osteoarthritis; rheumatoid arthritis; medicinal plants; herbs

1. Introduction

Chronic joint inflammatory disorders such as osteoarthritis and rheumatoid arthritis have in
common an upsurge of inflammation, and oxidative stress, resulting in progressive histological
alterations and disabling symptoms.

Osteoarthritis, one of the most common musculoskeletal disorders, affecting approximately 15%
of the population [1], is characterized by irreversible destruction of articular cartilage and bone erosion,
induced by pro-inflammatory cytokines, e.g., interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor
necrosis factor α (TNF-α). These mediators increased the collagenase or matrix metaloproteinase
(MMP) synthesis and the degradation of collagen type II, and decreased the synthesis of collagenase
inhibitors, collagen and proteoglycans [2]. Degradation of collagen type II by collagenase-1 and
collagenase-3 (also called MMP-13) represents one of the biochemical hallmarks of osteoarthritis [3].

Nutrients 2017, 9, 70 11 www.mdpi.com/journal/nutrients

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 70

Factors that increase the risk of OA are advanced age, sex, overweight, increased body mass
index (BMI), genetics, ethnicity, diet, trauma, certain physical or occupational activities that imply
biomechanical stress (e.g., pressure, load-bearing) across the joints [4–6]. Monitoring the OA evolution
and therapy involves pain and physical function assessment for shorter studies, as well as joint
imaging for longer studies (1 year or more). Pain is evaluated with visual analog scales (VAS), while
the functional impairment with Western Ontario and McMaster Universities OA Index (WOMAC) [7].
Other useful assessment tools of functional impairment are Lequesne Functional Severity Index [8]
and Karnofski Performance Scale Index [9].

Rheumatoid arthritis (RA) is a chronic progressive systemic autoimmune disease affecting 1% of
the population and generating disability and increased risk for cardiovascular disease, lymphoma,
and death [10], typically associated with high levels of oxidative stress and inflammatory mediators.
RA is currently treated with a wide variety of medicines ranging from steroidal/nonsteroidal
anti-inflammatory drugs (NSAID and pain killers), to potent biological agents targeting specific
immune and inflammatory pathways, such as TNF-alpha (TNF-α) inhibitors and interleukin-1 receptor
antagonists [11]. Among nonsteroidal anti-inflammatory drugs, acetaminophen is most frequently
used in very high doses (4000 mg/day). Concerning the pain killers, tramadol is highly recommended,
but also other opioids (e.g., morphine) [12]. Etanercept, infliximab and rituximab represent few
examples of TNF-α inhibitors used for the treatment of severe RA [13,14]. Anakinra (an IL-1 receptor
antagonist) [15] and methotrexat are other therapeutic choices for RA [16].

The biologic therapies have proven to be highly successful and effective in the majority of RA
cases, including the severe ones.

Unfortunately, the use of standard drugs in arthropathies is accompanied by numerous
and frequently serious side effects [17]: gastrointestinal ulcerations, hemorrhagic events, and
nephrotoxicity induced by NSAID [18]; infusion hypersensitivity reactions, and auto-immune
responses (e.g., lupus-like syndrome) triggered by TNFα inhibitors [19]; increased risk of severe
infection, affecting mainly the respiratory tract, caused by biological drugs (anakinra, rituximab,
or abatacept) [20]; fatal cytopenia induced by methotrexate [21]; etc.

Hence the renewed interest in medicines of botanical origin, which lack severe adverse effects
and have a millennia-proven efficacy [22]. These remedies may be have a beneficial effect not only on
the symptoms but also on the course of the disease [23].

The purpose of this review is to summarize the available scientific information obtained from
medical databases and literature on medicinal plants that have been reported to have anti-arthritic
activity in vitro, in animal models and also in human clinical studies.

A literature search was performed using the following phrases “medicinal plants or herb and
osteoarthritis or arthritis or rheumatoid arthritis”, “specific herb Latin name or specific herb English name
and osteoarthritis or arthritis or rheumatoid arthritis” (e.g., Curcuma longa or turmeric and osteoarthritis
or arthritis or rheumatoid arthritis), in PubMed database. Only medicinal plants studied in human
clinical studies were selected, and presented in alphabetical order of their Latin names. For all the plants
included in the paper, we have analyzed in vitro studies, animal studies, and human clinical studies
using herbal extracts, and potentially active phytochemicals. The corresponding papers were retrieved
and evaluated in terms of the relevance for the present paper topic. Supplementary information was
also obtained by a manual search in various books, including books of traditional medicine.

Several herbal extracts presented in the present paper (see Table 1) showed benefits in terms of
pain and physical mobility, with low risk of side effects in arthritic subjects. These results warranting
further investigation.
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2. Anti-Arthritic Medicinal Plants

2.1. Arnica montana, family (fam.) Asteraceae

Traditional knowledge. This plant has been used for centuries in traditional herbalism as a remedy
for trauma-, strain- and/or inflammation-related conditions of the locomotor system [24], and is one
of the natural remedies most often used for rheumatologic conditions [25].

Animal studies. An orally administered Arnica extract was shown (on the collagen induced arthritis
rat model) to alleviate both the histological and radiological changes in the affected joints, in parallel
with a decrease in NO, TNF-α, IL-1β, IL-6, and IL-12 concentrations, anti-type II collagen antibodies
level, and an improvement of the oxidative status (higher antioxidant levels and milder peroxidative
injury) [24].

Human clinical studies. In an open multicenter trial, a gel prepared form Arnica montana fresh
plant was tested in knee OA and proven to alleviate symptoms, improve functionality, and to be
well tolerated. Rare adverse events were reported. Allergy might be a concern, as is fitting for a
true Asteraceae herb [26]. A double-blind study on 204 patients comparing Arnica montana with
ibuprofen in topical applications for hand OA found no difference in terms of efficiency and side effects
(less frequent for Arnica) [27], a result corroborated by another study [28]. The equipotency of Arnica
with NSAID in the local treatment of hand OA was acknowledged also by a Cochrane review [29].

Active phytochemicals. The anti-arthritic efficiency is attributed by some authors to a synergism of
phenolic and flavonoid compounds, the dominant active principles, detected in a methanol extract,
which was found efficient on a collagen-induced arthritis (CIA) rat model [24].

2.2. Boswellia spp., fam. Burseraceae

Traditional knowledge. Used for centuries in Ayurveda medicine (where it is called sallaki)
Boswellia serrata (BS) yields a gum resin, known as frankincense, efficacious in the treatment of
inflammatory disorders [30], particularly arthritis. Nowadays, many anti-arthritic combinations
contain BS.

In vitro studies. A BS preparation enriched in active principles was able to hinder cartilage
breakdown by metalloproteinase-3 (MMP-3) and to block Intercellular Adhesion Molecule 1 (ICAM-1)
and thereby the inflammatory reaction [31]. In another study, a B. frereana preparation decreased the
synthesis/ activation of several inflammation-related mediators and enzymes (MMP-9 and MMP-13,
cycloxygenase-2, nitric oxide, prostaglandin E2), thus thwarting collagen and cartilage dissolution [32].

A poly-herbal formulation containing Zingiber officinale root, Tinospora cordifolia stem, Phyllanthus
emblica fruit and oleoresin of BS has been shown to halt cartilage degradation in the knee (decreased
release of glycosaminoglycans and aggrecan) associated with anti-inflammatory activity (as assessed
by lower levels of nitric oxide) [33].

Another combination including three herbs (Uncaria tomentosa, Boswellia spp., and Lepidium
meyenii) and an amino acid (L-leucine) has been shown to hamper inflammation and protect the
articular cartilage. Tested on OA chondrocytes, it blocked the IL-1β-triggered activation of NF-κB
and consequently abrogated the activity of inflammation-related enzymes (iNOS, MMP-9 and
MMP-13), leading to a decreased rate of NO production and of cartilage matrix deterioration
(less glycosaminoglycans-GAGs-released); simultaneously, enhanced production of structural proteins
(including aggrecan and type II collagen) was detected [23].

Animal studies. Using the rat model of collagen induced arthritis, an extract of BS was
able to suppress pro-inflammatory mediators and to improve the antioxidant status, as reflected
by lactoperoxidase, myeloperoxidase, catalase, superoxide dismutase (SOD), glutathione (GSH),
nitric oxide (NO) [22]. A mixture of Withania somnifera, BS, Zingiber officinale and Curcuma longa was
tested on a rat model of adjuvant induced arthritis and proven to relieve inflammation and arthritis,
and also to diminish the production of TNF-α and NO [34].
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Human clinical studies. A Cochrane systematic review concluded that preparations from BS “show
trends of benefits” (when used for the treatment of OA) coupled with a low burden of side effects, citing
two high-quality and two moderate-quality studies demonstrating superiority compared to placebo
in reducing pain and increasing functionality, and a moderate-quality study indicating a favorable
adverse events profile [35]. Indeed, a couple of double-blind, randomized, placebo-controlled studies
done on patients with knee OA demonstrated that phytopreparations from BS gum resin are able to
reduce pain and increase functionality after only a few days (a week or so at most) with no serious
adverse effects [31,36]. A phytosomal Boswellia preparation has been shown to be beneficial in the
treatment of knee OA when added to the standard management of this condition (ameliorating
the functional status (higher Karnofski Scale Index) and the symptoms (lower WOMAC (Western
Ontario and McMaster Universities questionnaire) Score) [37]). It also hasten functional recovery and
diminished pain and objective physical and humoral signs of inflammations in persons with arthritis
of the hand induced by work-related overstraining [38]. A combination of Curcuma longa and BS was
proven to be safe and efficient in patients with osteoarthritis, alleviating symptoms and objective signs,
even better than celecoxib (a selective COX-2 inhibitor) and being practically devoid of side effects [39].
However other studies failed to confirm the efficiency of BS in the treatment of active RA [40].

Active phytochemicals. The role of bioactive principles is revendicated by the boswellic
acids [41,42], a family of pentacyclic triterpenes, among which the main contenders were, initially,
11-keto-β-boswellic acid and acetyl-11-keto-β-boswellic acid. Oral or local administration of boswellic
acids in a bovine serum albumin-induced arthritis model ameliorated the electrophoretic pattern
of the synovial fluid proteins and decreased the infiltration of leucocytes into the knee joint [43].
These compounds were considered until recently to inhibit leukotriene synthesis by suppressing
lipoxygenase-5 (LOX-5) in vitro and in animal models [30,44]. Other mechanisms were also invoked
such as suppression of NF-κB activation, reduction of the production of pro-inflammatory cytokines
(TNF-α, IL-1, IL-2, IL-4, IL-6 and IFN-γ), and reduced cleavage of C3 into the active components
C3a and C3b, hampering the activation of the classic path of the complement [45]. These were
showed in various in vivo experiments, with various arthritic or non-arthritic inflammation models
(e.g., hypersensitivity reaction in mice) [46]. More recently, concerns were raised regarding both
the action intensity of 11-keto-β-boswellic acid and acetyl-11-keto-β-boswellic acid, and their
bioavailability, the latter being too poor to provide concentrations high enough for bioactivity [47].
Nonetheless, another member of the family was proposed as active principle, namely β-boswellic
acid, able to reach much higher levels in plasma, enough to efficiently exert its inhibitory action on
microsomal prostaglandin E synthase-1 and on the serine protease cathepsin G, which might be the
substrate of the inflammation-suppressing aptitude of BS preparations [17].

2.3. Curcuma spp., fam. Zingiberaceae

Traditional knowledge. Several members of the Curcuma genus are used in traditional medicine,
most important being Curcuma longa (CL), turmeric. Its rhizome has a centuries-long use as a dietary
spice as well as an Ayurveda herb prized for its anti-inflammatory properties, hence its utility in
arthritic conditions including RA [48].

Animal studies. In an animal arthritis model a preparation from CL lacking essential oil strongly
suppressed joint inflammation and periarticular damage in correlation with decreased activation of
NF-κB and of the ensuing cascade of events (involving mediators of inflammation and injury such as
chemokines, cyclooxygenase 2, and receptor activator of nuclear factor kappa-B ligand (RANKL)) [49].
The ability to prevent the destructive changes in joints and periarticular bone seems to be comparable
to that of betamethasone [50,51]. Liposomal encapsulation may help overcome the poor bioavailability
problem generated by the low water-solubility [52]. The osteoclast-osteoblast balance is tipped in
favor of bone building, while halting the OA progression [52]. In a rat-model of experimentally
induced arthritis, a combination of ginger and turmeric rhizomes was superior to indomethacin
(a potent NSAID) regarding the ability to alleviate both joint histopathological changes, and the
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extra-articular manifestations, including systemic inflammation (leukocytosis, thrombocytosis, and
hyperglobulinemia), malnutrition (decreased body weight gain, and hypoalbuminemia), and iron
deficiency anemia, with no prejudice to kidney function and reduced risk of cardiovascular disease
(favorable lipid and oxidative profile) [53].

Human clinical studies. A mixture of Curcuma longa and Boswellia serrata has been shown to be
more efficient than a standard dose of celecoxib (a selective COX-2 inhibitor) in the treatment of
osteoarthritis, improving both objectively and subjectively the condition of the patients, with no
toxicity detectable by clinical examination and laboratory tests (hemogram, liver and renal function
tests) [39]. Curcuma domestica extracts have been shown to be useful in knee osteoarthritis, reducing
the pain and preserving functionality with an efficiency equivalent to ibuprofen, but with fewer
gastrointestinal side effects [54]. A recent meta-analysis found relevant scientific evidence for the
efficacy of turmeric as a therapeutic option in arthritis, but concluded that more studies are necessary
in order to definitively pin it down [55].

Active phytochemicals. The active ingredient is diferuloylmethane, a yellow phenolic pigment
commonly known as curcumin, which has a multifaceted beneficial action in various fields of pathology
(diabetes, cancer, inflammation, oxidative stress) due to its ability to favorably influence a variety of
signaling pathways and mediators [56]. In a rat model of arthritis, it has been shown to ameliorate
the joint inflammation (evaluated by the neutrophil infiltrate density), in the first six hours after
the arthritis-inducing event (zymosan infiltration) being even more effective than a low dose of
prednisone [57].

The reduction of the systemic oxidative stress as reflected by enhanced serum SOD activity,
increased GSH level, and decreased malondialdehyde level was considered part of the mechanism
of action [58]. The blockage of glial activation resulting in decreased synthesis and secretion of
inflammatory mediators in the spinal cord, corroborated by similar results in studies on cultures of
astrocytes and microglia can be responsible for arthritic pain reduction [59].

β-Elemene, found in Curcuma Wenyujin, an herb used in Traditional Chinese Medicine for
the treatment of rheumatoid arthritis, may be another phytochemical active in arthropathies.
This compound antiproliferative activity (useful in neoplastic diseases) may explain the suppressive
effect on accumulation of fibroblast-like synoviocytes. One in vitro study showed that the underlying
mechanism may be represented by the apoptosis induction via increased production of reactive oxygen
species and activation of p38 mitogen-activated protein kinase (MAPK) [60].

2.4. Equisetum arvense, fam. Equisetaceae

Traditional knowledge. Equisetum arvense, also known as horsetail, has a long history of use in
European ethnomedicine as an anti-inflammatory remedy [61].

Animal studies. An animal model of arthritis induced through an antigen challenge was used
to prove the downregulating effects of Equisetum giganteum on lymphocyte proliferation. B and T
lymphocytes are both affected by the immunomodulatory action of this plant, which is nevertheless
free of cytotoxicity [62].

Human clinical studies. The beneficial effect of horsetail in RA was substantiated by a study that
pointed out the decrease in TNF-α as one of the contributing mechanisms [63].

Active phytochemicals. Kynurenic acid was proposed as a putative mediator of the anti-inflammatory
and antalgic effect of several herbs beneficial in RA, horsetail among them [64]. The anti-inflammatory
potential of kynurenic acid was showed until now only in non-arthritic animal models (e.g., acute
experimental colitis in rat) [65]. Kynurenic acid is also an endogenous oxidative metabolite of
tryptophan, with glutamate-receptor antagonist activity, which may explain partially its analgesic
properties. One in vitro study showed that kynurenic acid is able to inhibit the proliferation of
synoviocytes [66]. Its level was significantly lower in human subjects with RA than that in those with
OA [67], fact which suggests the beneficial potential of kynurenic acid supplementation in RA patients.
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2.5. Harpagophytum procumbens, fam. Pedaliaceae

Traditional knowledge. Harpagophytum procumbens (HP), also known as devil's claw, a medicinal
plant native to Africa, is a “celebrity” among anti-osteoarthritis natural remedies, being approved by
German Commission E for the treatment of degenerative diseases of the musculoskeletal system [68].

In vitro studies. HP extracts showed chondroprotective activity, several mechanisms being
potentially responsible for this: decreased synthesis of inflammatory mediators (e.g., TNF-α, and
interleukin-1β), and inhibition of matrix metalloproteinases and elastase [69].

Animal studies. A dried aqueous extract of HP has been shown to have a significant dose-dependent
analgesic and anti-inflammatory activity in rats at 5 and 10 mg/kg. Nevertheless, carrageenan-induced
paw edema was not affected by the isolated harpagoside constituent. This signifies that harpagoside
may not have an anti-inflammatory effect, at least in the dosage used in this study [70,71]. This
suggests that other HP constituents may be responsible for the anti-inflammatory effect.

Human clinical studies. Several human clinical studies showed that various HP tuber extracts
(equivalent to 50–60 mg harpagoside daily, administered for a variable period between 8 and 16 weeks,
depending on the study) significantly improved the clinical picture of subjects with knee and hip
osteoarthritis in terms of pain, movement limitation, and joint crepitus [72–74]. The severity of pain
and other symptoms was assessed by the WOMAC questionnaire, VAS, Lequesne Index, physician
exam and/or pain-relieving medication dose.

Active phytochemicals. The major phytochemicals responsible for the anti-osteoarthritis effect are
the iridoid glycosides (harpagoside, harpagide, and procumbide), which are found in a higher amount
in tubers and root. Although, it is worthy to mention that the whole-plant extracts seem to have a
better therapeutic effect than those obtained from isolated parts [75]. Harpagoside inhibited in vitro
the synthesis of various pro-inflammatory mediators via suppression of iNOS and COX-2 expression
through inhibition of NF-κB activation [76], but showed no anti-inflammatory activity in one animal
model of inflammation (carrageenan-induced paw edema) [70]. The scientists suggested that other
phytochemicals than harpagoside may be contributors to the anti-inflammatory effect of HP [70,77].

2.6. Panax notoginseng, fam. Araliaceae

Traditional knowledge. Panax notoginseng (PN), known as sanqi in Chinese, has a long history of
clinical use for the treatment of traumatic injuries, swellings and pains [78].

In vitro studies. An n-butanol extract of PN inhibited the synthesis of pro-inflammatory mediators
(TNF-alpha, IL-1, inducible NOS, and MMP-13) in vitro [79].

Animal studies. PN in combination with other two herbs (Rehmannia glutinosa and Eleutherococcus
senticosus), had a suppressive effect on collagen-induced arthritis in mice, through inhibition of
TNF-alpha, IL-1, iNOS, and MMP-13 synthesis [80].

Human clinical studies. The same combination of PN with Rehmannia glutinosa and Eleutherococcus
senticosus, administered as capsules, 4 capsules of 400 mg daily for six weeks (containing ginsenoside
Rb1, 19.49 ± 3.89 mg/g, stachyose 0.87 ± 0.17 mg/g and eleutheroside E 0.07 ± 0.014 mg/g) improved
the physical function and pain according to the Korean version of WOMAC questionnaire in 57 patients
with knee OA, and was considered effective for symptomatic relief [2].

Active phytochemicals. Saponins are considered the main osteo-active phytochemicals from PN. PN
saponins promoted the autograft tendon healing in bone tunnel [81], and amplified the effect of routine
therapy (diclofenac sodium, Leflunomide and prednisone) in terms of joint swelling, tenderness,
and pain index, as well as time of morning stiffness, VAS and immunological parameters, in patients
with RA [82].

2.7. Salix spp., fam. Salicaceae

Traditional knowledge. Various species from the genus Salix, or willow, were already in common
use for pain relief in antiquity [83,84], being first mentioned in the Ebers papyrus (about 1550 BC) [85],
and afterwards by all the great masters of medicine in antiquity, middle ages, and modern times [86].
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In vitro studies. The inflammation-suppressing effect of willow bark extract (WBE) relies,
at least partially, on its ability to antagonize the activated monocytes, by blocking the activity of
pro-inflammatory cytokines (TNFα), enzymes (COX-2), and mediators (NF-κB) [87].

Animal studies. The mechanism of the anti-inflammatory action of WBE was examined on two
animal models of arthritis, an acute and a chronic one. WBE decreased the inflammatory infiltrate and
exudate and blocked the cytokine surge with a potency at least equivalent to that of acetylsalicylic acid
(ASA), was better than ASA in reducing leukotrienes levels and in inhibiting COX-2, and as good as
ASA in decreasing prostaglandins levels. WBE influenced favorably the oxidative stress increasing
GSH and decreasing malondialdehyde levels more efficiently than ASA or celecoxib (a selective
COX-2 inhibitor). Despite being more potent than ASA, on a molar basis, the salicin amount in
WBE is much less than the salicylate content of ASA, suggesting that active principles other than
salicin might play a role in the anti-inflammatory and antioxidative action of WBE, the polyphenols
being among the candidates, at least regarding the protection against free radicals [88]. The ability to
mitigate pro-inflammatory cytokines and oxidative stress was corroborated by still another study on
the collagen induced arthritis animal model [89].

Human clinical studies. The first clinical trial of aspirin, albeit uncontrolled and non-randomized,
was conducted in the 18th century by the English Reverend Edward Stone—the good fellow, struck by
the quinine-like bitterness of aspirin, surmised an antifebrile activity and, indeed, was able to cure fever
in 50 patients [86]. A two-week, double-blind, randomized, placebo-controlled trial demonstrated the
ability of willow bark extract (in a dose equivalent to 240 mg salicin/day) to control the symptoms of
patients with OA, especially to reduce pain, although with rather subdued efficiency [90]. The same
dose of willow bark extract was used in two other six-week, randomized, controlled, double-blind
trials in patients with OA and RA, respectively, the herbal preparation being compared with a potent
NSAID (diclofenac) and with placebo. The two trials yielded sobering results, as in neither was willow
bark extract significantly better than placebo in pain relief [91]. In a six-week, open, multicentric
observational study with reference treatment, WBE was evaluated as better as conventional therapy by
physicians and patients alike, in terms of both therapeutic efficiency and side effects, when used for
hip and knee degenerative disease [92].

A systematic review concluded that there is moderate evidence for the efficiency of WBE in low
back pain, but insufficient data for OA and RA, suggesting that higher doses should be tested [84].

In a longer (six months) observational study on 436 patients with OA and back pain,
WBE significantly decreased pain and was well tolerated [93].

Active phytochemicals. Although traditionally salicin was considered as the active principle,
there are opinions that this substance cannot explain the whole range of effects of WBE, and
that other phytochemicals might be involved, such as polyphenols and flavonoids, which showed
inhibitory activity on COX-2 and decreased synthesis of pro-inflammatory mediators in vitro, in human
monocytes and differentiated macrophages [87,88,94–96].

2.8. Sesamum indicum, fam. Pedaliaceae

Traditional knowledge. Sesame oil (SO) extracted from Sesamum indicum (SI) has been used in
various Asian traditional medicines to alleviate pain in inflammatory conditions of the joints, teeth,
skin, etc. [97].

Animal studies. SO was tested in a rat model of adjuvant (Freund’s adjuvant)-induced arthritis
and was able to dampen the biochemical consequences of oxidative stress: lower plasmatic levels of
thiobarbituric acid reactive substances and reduced gamma-glutamyltransferase activity in the joints
and spleen [98]. In a rat model of acute gout-like arthritis, SO strongly hindered the inflammatory
reaction, thinning the inflammatory infiltrate, lowering the levels of inflammatory mediators (TNF-α,
IL-1β, IL-6), impeding the activity of nuclear factor-κB (NF-κB) (at least in the mast cells) and
complement system activation [97]. In another rat model of OA, SO alleviated joint pain by inhibiting
oxidative aggression (decline in the peroxidation of lipids and in the production of superoxide anion
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and peroxynitrite, and a surge in glutathione and glutathione peroxidase levels) in the muscles
associated with nuclear factor erythroid-2-related factor [1]. SO is active in experimentally induced
arthritis through its minor constituents (devoid of these minor constituents it is inactive), decreasing
not only the clinically visible joint inflammation, but also its serum markers (oxidative stress related
molecules, RA markers, inflammatory eicosanoids and cytokines) and the activity of hydrolytic
enzymes; additionally, bone loss was also diminished [99].

Human clinical studies. In a study on patients with knee OA, oral administration of sesame together
with standard therapy produced better outcomes in terms of objective and subjective manifestations
compared to standard therapy alone [100]. In a placebo controlled trial on patients with knee OA,
sesame seed administration was associated with a statistically significant drop in serum levels of
malondialdehyde and of high-sensitivity C-reactive protein (hs-CRP) after two months of treatment.
and significantly lowered levels of IL-6 after treatment [101].

Active phytochemicals. The ability of SI to protect from the dire consequences of inflammation and
oxidative stress (aging, cancer, cardiovascular disease, to name only a few) seems to be due to the
lignans. It contains sesamin and its hydroxylated counterpart, sesamolin. Similar biological activity
has a phenolic compound, sesamol (3,4-methylene-dioxy-phenol) which results from the degradation
of sesamolin [102]. Sesamol has been proven to mitigate joint inflammation, cartilage degradation, and
periarticular bone resorbtion in adjuvant-induced arthritis animal model. This action was paralleled by
a drop in the level of pro-inflammatory cytokines and in the activity of tissue-destructive enzymes [103].
In addition, a restoration of the oxidant homeostasis reflected in decreased oxidative stress markers
and a boost in the activity of protective enzymes were noticed [103]. The hydroperoxides-scavenging
capacity of sesamol makes it able to arrest the oxidation state of iron and consequently the conversion of
inactive LOX (Fe2+) to active LOX (Fe3+), which leads to the inhibition of this inflammation-promoting
enzyme [102].

In a study done on porcine cartilage explant exposed to the pro-inflammatory action of TNF-α
and oncostatin M (as an animal RA model), sesamin has been proven to preclude the cytokine-induced
cartilage degeneration by slowing down the degradation of constitutive glycosaminoglycans and
collagen [104].

2.9. Symphytum officinalis, fam. Boraginaceae

Traditional knowledge. Symphytum officinalis, also known as comfrey, is a medicinal plant
traditionally used in Europe for the treatment of inflammatory disorders [105,106].

In vitro studies. An extract of comfrey significantly inhibited the respiratory burst of polymorphonuclear
leukocytes, suggesting an anti-inflammatory potential [107].

Animal studies. Comfrey extracts showed anti-inflammatory activity, by inhibiting carrageenan-induced
rat paw oedema [108,109].

Human clinical studies. A study on people aged 50–80 with OA of the knee proved that
topically applied comfrey preparation decreased pain, although was unable to decrease the burden of
inflammatory molecules or the rate of cartilage breakdown, the only noticeable adverse effect being
local rash [110].

Similar results yielded another study on a similar population of years-long sufferers from OA of
the knee: a comfrey-containing ointment improved the quality of life by decreasing pain and increasing
knee-mobility [111].

Active phytochemicals. Phenolic acids (e.g., rosmarinic acid), glycopeptides and amino acids
are considered to be, at least in part, responsible for the anti-inflammatory potential of comfrey
root extracts, in various vitro models [108,112]. Rosmarinic acid inhibited prostaglandin synthesis,
and carrageenan- and gelatine-induced erythrocyte aggregation [113].
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2.10. Zingiber officinalis, fam. Zingiberaceae

Traditional knowledge. Zingiber officinalis (ZO), also known as ginger, is a common spice used in
Asian cuisine, and a traditional remedy for joint diseases in ethnomedicine [48].

In vitro studies. ZO is thought to have anti-inflammatory effects, possibly by inhibiting COX-1,
COX-2 and LOX [114–116]. Nevertheless, the squeezed ginger extract paradoxically increased the
synthesis of pro-inflammatory cytokines (TNF-α, IL-6, and monocyte chemotactic protein-1) in RAW
264 cell culture [117].

Animal studies. The oral administration of the squeezed ginger extract had a dual effect on
TNF-α synthesis in mice, in peritoneal cells: ZO extract initially augmented it, but after repeated
administrations decreased it [117]. In addition, it augmented the serum corticosterone level, and this
may contribute to the anti-inflammatory effect of ZO.

Human clinical studies. A recent study found that ZO powder supplementation (1 g/day) for
three months can reduce the serum level of nitric oxide and high-sensitivity reactive protein hs-CRP
in patients with knee OA. The inflammatory markers started to decrease after three weeks of
treatment [118]. Several other studies showed clinical improvement in OA patients with ZO extract,
as evaluated by the pain score with VAS, reduction in intake of rescue medication, having mostly
mild gastrointestinal adverse events, and similar or even better efficacy and satisfaction score than the
standard treatment prescribed by the orthopedic specialist [119–121].

Another study found that the oral daily administration of one ZO preparation (340 mg EV.EXT 35
Zingiber officinalis extract) and glucosamine (1000 mg) for four weeks, in 21 patients with confirmed
knee and hip OA, significantly reduced the arthritic pain on standing and moving, according to
VAS scale evaluation. Moreover, this treatment had a similar efficacy as diclofenac (100 mg/day)
plus glucosamine (1000 mg/day), but a higher safety, due to the decrease of gastrointestinal pain
and increase of gastroprotective prostaglandin (PGE1, PGE2, and PGF2α) levels in the stomach
mucosa [122]. However, one cross-over study (a wash-out period of one week followed by three
treatment periods of three weeks duration each) found no significant difference between placebo and
ginger extract in OA patients [123].

Active phytochemicals. Pungent constituents of ZO were thought to contribute to the anti-inflammatory
activity of this medicinal plant. For instance, 1-dehydro-[10]-gingerdione inhibited κB kinase β activity
required for NF-κB activation and suppressed NF-κB-regulated expression of inflammatory genes in
lipopolysaccharide S-activated macrophage [124]. 6-Dehydrogingerdione attenuated iNOS, COX-2,
IL-1β, IL-6, and TNF-α gene expression in vitro, in RAW 264.7 macrophages. [114]. Other compounds
from ZO (10-gingerol, 8-shogaol and 10-shogaol) showed the capacity to decrease COX-2 activity
in vitro [115].

2.11. Whitania somnifera, fam. Solanaceae

Withania somnifera (WS), also known as ashwagandha, is a potent anti-osteoarthritic and
anti-inflammatory plant used in Ayurveda [125].

In vitro. One study showed that the WS extract inhibited liposaccharyde S induced synthesis
of pro-inflammatory cytokines (TNF-alpha, IL-1beta and IL-12) in peripheral and synovial fluid
mononuclear cells from rheumatoid arthritis subjects in vitro, but had no effect on IL-6 synthesis [126].
The WS extract also showed inhibitory effects on collagenase activity against the degradation of the
bovine Achilles tendon type I collagen, that may be useful in joint disease treatment [127].

Animal studies. WS root powder had protective effect on bone collagen in experimental induced
arthritis model in rats [128].

Human clinical studies. A randomized, double blind placebo controlled study showed that the
aqueous extract of WS produced significant reduction of scores for pain, stiffness and disability in
human subjects with knee joint pain [129].

Active phytochemicals. Withaferin A, belonging to the steroid class of phytochemicals, is thought to
be one of contributor compounds to the beneficial effects of WS in OA subjects [126]. Whitaferin A
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reverted to near normal levels the increase in paw volume, lysosomal enzymes, lipid peroxidation,
and TNFα in an monosodium urate crystal-induced arthritis in mice [130]. Withaferin A supressess
NF-κB activation by targeting a crucial cysteine 179 in IκB kinase β, and by inhibition of the NF-κB
Essential Modulator/ IκB kinase β association complex formation, according to molecular docking
and molecular dynamics simulations studies [131,132].

Table 1. Medicinal plants with therapeutic potential in ostheoarthritis and rheumatoid arthritis
(Legend: AM, animal model; CAT, catalase; COX, cyclooxygenase; GPx, glutathione peroxidase; GSH,
glutathione; GST, glutathione-S-transferase; HS, human study; IL, interleukine; iNOS, inducible
nitric oxide synthase; LOX, lipooxygenase; PGE1-S, prostaglandin E2 synthase; ROS, reactive
oxygen species; SOD, superoxide dismutase; MAPK, mitogen-activated protein kinase; MCP-1,
monocyte chemoattractant protein-1; MIP-1α, monocyte inflammatory protein-1; MMP, matrix
metaloproteinase; NO, nitric oxide; TNF, tumoral necrosis factor; (−), decreased synthesis/decreased
activation/inhibition of various mediators, enzymes, transcription factors, and processes; (+), increased
synthesis/increased activation of various mediators, enzymes, transcription factors, and processes).
Note: References in the table correspond only to the mechanism of action.

Plant Active Phytochemicals Mechanism of Action References

Arnica montana phenols, flavonoids
(−) NO, TNF-α, IL-1β, IL-6, IL-12,
anti-type II collagen antibodies, (+)
antioxidants (AM)

[24]

Boswelia spp. boswelic acids

(−) PGE1-S, cathepsin G, LOX-5, MMP-9,
MMP-13, COX-2, NO, PGE1, TNF-α, IL-1,
IL-2, IL-4, IL-6, IFN-γ (in vitro, AM)

[17,30,31,41]

(−) leukocyte infiltration in knee (AM) [43]

Curcuma spp. curcuminoids
(+) SOD, GSH, (−) MDA (HS) [58]

(−) neutrophil infiltrate in knee, (AM),
(−) IL-1β, TNFα, MCP-1, and MIP-1α
(in vitro, AM)

[57,59]

β-elemene (+) p38 MAPK (in vitro) [60]

Equisetum arvense kynurenic acid (−) synoviocyte proliferation (in vitro) [64,66]

Harpagophytum
procumbens iridoid glycosides (−) iNOS and COX-2 (in vitro) [76]

Panax notoginseng saponins (−) TNF-alpha, IL-1, iNOS,
MMP-13 (AM) [79,80]

Salix spp. salicin, polyphenols,
flavonoids (−) TNFα, COX-2, IL-1, IL-6 (in vitro) [87,95]

Sesamum indicum sesamin, sesamol,
sesamolin

(−) thiobarbituric acid reactive
substances, LOX (in vitro), TNF-α, IL-1β,
IL-6, hyaluronidase, MMP-13, MMP-3,
MMP-9, exoglycosidases, cathepsin D,
phosphatases, COX-2, PGE2, ROS, H2O2,
MDA (AM), IL-6 (HS)

[1,97,98,101–103]

(+) GSH, GPx (AM)

Symphitum officinalis rosmarinic acids,
glycopeptides, amino acids (−) PG (in vitro) [108,112,113]

Zingiber officinalis gingerdione derivatives,
10-gingerol, 8,10-shogaol

(−) COX-1, COX-2, LOX, iNOS, TNF-α,
IL-1β, IL-6, MCP-1, κB kinase β (in vitro,
AM), NO (HS) [114,115,117,118,124]

(+) cortisone (AM)

Whitania somnifera whitaferin A (−)TNF-alpha, IL-1β, IL-12, collagenase
(in vitro), NF kB (docking studies) [126,127,131,132]

3. Concluding Remarks

Several medicinal plant extracts showed trends of clinical and biochemical benefits with low risk of
side effects in arthritic patients that warrant further investigation, including imagistic and histological
evaluation. The search for effective herbal supplements as a complementary therapy of degenerative
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arthropathies is a complex issue and implies a long process, in the end of which the conclusions are
difficult to be drawn, due to the differences in terms of study design and protocols [133]. The available
studies did not evaluate the effect of plant extracts on disease progression, or whether it halts the
aggravation of arthropathies. For this purpose, studies of longer duration should be performed.

Almost no studies confirmed in humans the biological mechanisms of herbal extracts found
in vitro or in animal studies, the majority of the available ones being focused only on the evaluation of
the symptomatic relief induced by the herbal treatment.

Despite their advantages, herbal treatments raise several concerns, such as drug–herbal
interactions, low bioavailability, lack of standardization, insufficient regulatory guidelines at national
and international levels, and therefore possibility of adulteration [134–137].

More evidence of medicinal plant efficacy, safety and mechanisms of action are needed before
herbal treatment can gain a place in therapeutic guidelines of OA and RA.
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Abstract: Both tocotrienol and statins are suppressors of the mevalonate pathway. Supplementation of
tocotrienol among statin users could potentially protect them against osteoporosis. This study aimed
to compare the effects of tocotrienol and lovastatin co-supplementation with individual treatments
on bone dynamic histomorphometric indices and bone morphogenetic protein-2 (BMP-2) gene
expression in ovariectomized rats. Forty-eight female Sprague-Dawley rats were randomized equally
into six groups. The baseline was sacrificed upon receipt. All other groups were ovariectomized,
except for the sham group. The ovariectomized groups were administered orally daily with
(1) lovastatin 11 mg/kg/day alone; (2) tocotrienol derived from annatto bean (annatto tocotrienol)
60 mg/kg/day alone; (3) lovastatin 11 mg/kg/day, and annatto tocotrienol 60 mg/kg/day. The sham
and ovariectomized control groups were treated with equal volume of vehicle. After eight weeks of
treatment, the rats were sacrificed. Their bones were harvested for bone dynamic histomorphometry
and BMP-2 gene expression. Rats supplemented with annatto tocotrienol and lovastatin concurrently
demonstrated significantly lower single-labeled surface, but increased double-labeled surface,
mineralizing surface, mineral apposition rate and bone formation rate compared to individual
treatments (p < 0.05). There was a parallel increase in BMP-2 gene expression in the rats receiving
combined treatment (p < 0.05). The combination of annatto tocotrienol and lovastatin exerted either
additively or synergistically on selected bone parameters. In conclusion, tocotrienol can augment the
bone formation and mineralization in rats receiving low-dose statins. Supplementation of tocotrienol
in statin users can potentially protect them from osteoporosis.

Keywords: calcium; mineralization; menopause; mevalonate; osteopenia; osteoporosis; vitamin E

1. Introduction

Hypercholesterolemia is a prevalent condition among middle-aged and elderly populations
worldwide [1–3]. Statins are the most commonly prescribed medication for the treatment of this
condition to prevent cardiovascular disease [4]. The middle-aged and elderly populations are also
susceptible to osteoporosis. It is a condition characterized by degeneration of bone mass and
deterioration of skeletal microarchitecture, leading to decreased bone strength and increased risk
of fracture [5]. Post-menopausal women are particularly susceptible to osteoporosis because rapid
bone loss occurs after the cessation of ovarian estrogen production [6].
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Meta-analyses have concluded that statins could increase bone mineral density of its users and
protect them from osteoporosis [7–9]. This pleiotropic effect of statins on bone is mediated through the
suppression of the mevalonate pathway, which plays an integral part in both cholesterol synthesis and
bone metabolism. The inhibition of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) and
the subsequent reduction in isoprenoid synthesis tilt the bone remodeling process in favor of formation
over resorption [10]. However, most animal studies indicated that statins at doses higher than the
clinical hypocholesterolemia regimen are required to exploit its bone-protective potential [11,12].
High-dose statins are often accompanied by adverse side-effects, such as myopathy, rhabdomyolysis,
increased circulating transaminase level and risk of diabetes mellitus [13]. Thus, it is not a safe
osteoporosis treatment option.

Tocotrienol, a member of vitamin E family in addition to tocopherol, has been shown to exhibit
bone protective action in various animal bone loss models [14–16]. Homologues of tocotrienol,
namely alpha-, beta-, gamma-, and delta-tocotrienol, are available in mixtures derived from plant
sources [17,18]. Oil derived from palm kernel, annatto seed and rice bran is rich in tocotrienol [19–21].
The skeletal protective actions of palm tocotrienol mixtures in post-menopausal animal model
have been studied extensively [22–25]. Recent evidence also suggested that annatto tocotrienol
supplementation at 60 mg/kg/day for eight weeks could prevent post-menopausal bone loss in rats by
preserving the integrity of trabecular structure, increasing the number of osteoblast (bone forming cells),
decreasing the number of osteoclast (bone resorbing cells) and maintaining bone biomechanical
strength [26,27]. Annatto tocotrienol at 60 mg/kg/day also exerted strong skeletal anabolic effects
in rats with testosterone deficiency by increasing the expression of bone formation genes coding
for alkaline phosphatase (ALPL), beta-catenin (CTNNB1), collagen type I alpha 1 (COL1A1) and
osteopontin (SPP1) [28]. A study by Deng et al. suggested that the bone protective activity of tocotrienol
was mediated by the mevalonate pathway [29].

Taking all evidence into consideration, tocotrienol can potentially enhance the bone protective
effects of statins among its users. Two previous reports indicated that concurrent supplementation
of lovastatin at normal hypocholesterolemic dosage (11 mg/kg/day) and annatto tocotrienol at
60 mg/kg/day body weight prevented the degeneration of trabecular structure and bone strength
in ovariectomized rats [26,27]. Lovastatin, alone, failed to do the same within the same treatment
period [26,27]. However, the effects of lovastatin and annatto tocotrienol co-supplementation on bone
formation and mineralization activity, as indicated by dynamic histomorphometric parameters, in
ovariectomized rats have not been explored. The dynamic histomorphometry utilizes fluorescent
labeling agents to visualize mineral deposition and formation activity in bone [30]. There is also no
literature on the effects of the combined treatment on BMP-2, an integral bone formation signal that
bridges mevalonate pathway and osteoblastic differentiation [31].

This study is a continuation of our previous studies [26,27] and aimed to compare the effects
of lovastatin, annatto tocotrienol and the combination of both agents on bone dynamic parameters
and skeletal BMP-2 mRNA expression in ovariectomized rats. We hypothesized that the combined
treatment would result in better bone mineralization and formation in rats compared to individual
treatments. This would be brought about by an increased skeletal BMP-2 expression. This study
will complement our earlier attempts and establish tocotrienol as a bone protective agent for
post-menopausal women at risk of both osteoporosis and hypercholesterolemia.

2. Materials and Methods

2.1. Preparation of Annatto Tocotrienol and Lovastatin

Annatto tocotrienol containing 90% delta-tocotrienol and 10% gamma-tocotrienol was a gift from
American River Nutrition (Hadley, MA, USA). This mixture was chosen because previous studies
showed that tocotrienol mixture with less alpha-tocopherol was more effective in suppressing the
activity of HMGCR [32]. In addition, gamma- and delta-tocotrienol were shown to be more effective
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compared to other isomers in lowering cholesterol level [33]. It was diluted 10 times in olive oil
(Bartolini Emilio, Arrone Terni, Italy). Mevacor tablets (Merck, NJ, USA) containing 40 mg lovastatin
was grounded and suspended in 0.5% carboxymethycellulose (Sigma-Aldrich, St. Louis, MO, USA).

2.2. Animal Treatment

The study protocol was reviewed and approved by Universiti Kebangsaan Malaysia Animal
Ethics Committee. A total of 48 three-month-old Sprague-Dawley female rats weighing 200–250 g were
obtained from the Laboratory Animal Resource Unit, Universiti Kebangsaan Malaysia (Kuala Lumpur,
Malaysia). They were housed in the animal laboratory of the Department of Pharmacology, Universiti
Kebangsaan Malaysia Medical Centre (Kuala Lumpur, Malaysia) under standard conditions (27 ◦C;
ambient humidity; natural dark light cycle; standard rat chow, and tap water ad libitum). After
one week of acclimatization, they were randomly divided into six groups: baseline (BL), sham
(SH), ovariectomized control (OVX), ovariectomized and treated with lovastatin (OVX+LOV),
ovariectomized and treated with annatto tocotrienol (OVX+AnTT), ovariectomized and treated with
lovastatin and annatto tocotrienol (OVX+LOV+AnTT). The BL group was sacrificed upon receipt.
All groups except the SH underwent bilateral ovariectomy. The SH group was subjected to similar
surgical stress but the ovaries were not removed. Treatment was initiated one week after ovariectomy
to allow the rats to recuperate. The OVX+LOV and OVX+LOV+AnTT group received daily oral
administration of lovastation (11 mg/kg/day) while the other groups received equal volume of 0.5%
carboxymethylcellulose as vehicle. Annatto tocotrienol at 60 mg/kg body weight was administered
daily orally to the OVX+AnTT and OVX+LOV+AnTT group while the other groups was given equal
volume of olive oil as vehicle. All treatments regimens were administered using an 18 gauge oral
gavage needle with round end when the animals were restrained. The rats were sacrificed after eight
weeks of treatment by anesthetic overdose. Left and right femoral and tibial bones were harvested
for analysis.

2.3. Preparation of Bone Sample

The rats were administered calcein (Sigma-Aldrich, St. Louis, MO, USA) at 20 mg/kg body
weight nine days and two days prior to euthanasia. Calcein is a fluorescent chromophore, which binds
specifically to the skeleton, allowing direct visualization of mineralization. The left femurs was
harvested, sectioned into halves sagittally, and fixed using alcohol. Next, the undecalcified bone was
infiltrated and embedded using methyl methacrylate resin (Osteo-bed bone embedding kit, Polyscience,
Warrington, PA, USA). The resin block was sectioned at thickness of 8 μm using a microtome (Leica,
Wetzlar, Germany).

2.4. Assessment of Dynamic Histomorphometric Indices

The unstained slides were observed using a fluorescence microscope (Nikon Eclipse 80i,
Tokyo, Japan). The secondary spongiosa in the metaphyseal region located 3–7 mm from the lowest
point of growth plate and 1 mm from the cortical wall was sampled. The calcein-labeled surface
of trabecular bone was measured manually using a Weibel grid with the aid of an image analyzer
(MediaCybernetics Image Pro-Plus, Rockville, MD, USA). The dynamic histomorphometric parameters
measured included single- (sLS/BS) and double-labeled surface (dLS/BS), mineralizing surface
(MS/BS; extent of bone surface actively mineralizing), mineral apposition rate (MAR; distance between
two labels in a double-labelled surface divided by the time between two calcein injections) and bone
formation rate (BFR; the product of MAR multiplied by the fraction of labelled bone surface).

2.5. Determination of Bone Morphogenetics Protein-2 (BMP-2) Expression in Bone

Approximately 40 g of bone tissue sampled from proximal tibial metaphyseal region
was homogenized and RNA was extracted using RNeasy Lipid Tissue Mini Kit (QIAGEN,
Venlo, The Netherlands). Concentration and purity of RNA was determined using the Nanodrop
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2000 device (Thermo Fisher Scientific, Waltham, MA, USA). The real-time PCR reaction mixture
was prepared using iScript One-Step RT-PCR reagent with SYBR Green (Bio-Rad, Hercules, CA,
USA). GADPH was used as the internal control. The forward and reverse sequence of primers for
GAPDH and BMP-2 are shown in Table 1. Real-time PCR and data analysis were performed using iQ5
Real Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The cycling conditions were as the
following: cDNA synthesis for 10 min at 50 ◦C; reverse transcription inactivation for 5 min at 95 ◦C;
PCR amplification for 45 cycles with 10 s at 95 ◦C and 30 s at 60 ◦C. Melt curve analysis was performed
as the following: 1 min at 95 ◦C, 1 minute at 55 ◦C and 80 cycles of 10 s at 55–95 ◦C. Expression of
BMP-2 will be normalized to GADPH and 2 − ΔCt values will be calculated.

Table 1. Primers for GADPH and BMP-2.

Gene Accession Number Primer Sequence Base Pairs

GAPDH NM 017008
F: 5′-GTGGACCTCATGGCCTACAT-3′

129R: 5′-TGTGAGGGAGATGCTCAGTG-3′

BMP-2 NM 017178
F: 5′-TGAACACAGCTGGTCTCAGG-3′

120R: 5′-TTAAGACGCTTCCGCTGTTT-3′

2.6. Statistical Analysis

Statistical analysis was performed using Statistical Package for Social Sciences version 20.0
(IBM, Armonk, NY, USA). Normality of the data was assessed using Shapiro-Wilks test. All data were
normally distributed. Comparison of mean among the study groups were performed using one-way
analysis of variance (ANOVA) with suitable post-hoc test. Additionally, the data were analyzed using
factorial ANOVA considering the effects of lovastatin and annatto tocotrienol separately and together
on each parameter. Statistical significance was defined as p < 0.05. The data were presented as mean ±
standard error of mean.

3. Results

From the fluorescent micrographs, trabecular bone of the ovariectomized rats treated with annatto
tocotrienol alone or lovastatin and annatto tocotrienol together showed more calcein double-labelled
surface compared to untreated rats and rats treated with lovastatin alone (Figure 1). Quantification
using a Weibel grid revealed that the sLS/BS was significantly higher (p < 0.001), but dLS/BS (p < 0.001),
MS/BS (p = 0.006), MAR (p < 0.001), BFR (p < 0.001) were significant lower in the OVX group compared
to the SH group. These parameters were not significantly different in OVX+LOV group compared to
OVX group (p > 0.05). In contrast, OVX+AnTT and OVX+LOV+AnTT group possessed significantly
lower sLS/BS, but higher dLS dLS/BS, MS/BS, MAR, and BFR compared to the OVX group (p < 0.001
for all comparisons). The sLS/BS (p = 0.935), MS/BS (p = 0.127), MAR (p = 0.458), and BFR (p = 0.175)
between ovariectomized rats receiving combined treatment of annatto tocotrienol and lovastatin
and those receiving annatto tocotrienol alone were not significantly different. Only the dLS/BS was
significantly different between the two groups (p = 0.002) (Figure 2A–E).

The relative expression of BMP-2 mRNA was significantly lower in the OVX group compared to
the SH group (p < 0.001). Treatment with lovastatin did not elevate the expression of BMP-2 mRNA
significantly compared to the OVX group (p = 0.409). Annatto alone (p < 0.001) or in combination
with lovastatin (p < 0.001) significantly increased the expression of BMP-2 mRNA compared to the
OVX group. The increase was significantly higher in the OVX+LOV+AnTT group compared to the
OVX+AnTT group (p = 0.006) (Figure 3).

The data were analyzed again using factorial ANOVA to determine the individual and combined
effects of lovastatin and annatto tocotrienol on each parameter. The main effect of lovastatin was
significant for dLS/BS (p < 0.001), MAR (p = 0.006), BFR (p = 0.003), and BMP-2 (p < 0.001). The main
effect of annatto tocotrienol was significant for all parameters studied (p for all parameters < 0.001).
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Significant interaction (lovastatin × annatto tocotrienol) was observed for dLS/BS (p < 0.001) and BFR
(p = 0.037). These results indicated that the effects of annatto tocotrienol and lovastatin on MAR and
BMP-2 could be additive, and on dLS/BS and BFR could be synergistic.

(A) Baseline (BL) (B) Sham (SH)

(C) Ovariectomized control (OVX)
(D) Ovariectomized and fed with lovastatin
(OVX+LOV)

(E) Ovariectomized and fed with annatto
tocotrienol (OVX+AnTT)

(F) Ovariectomized and fed with lovastatin
plus annatto tocotrienol (OVX+LOV+AnTT)

Figure 1. Micrograph of calcein-labeled trabecular bone. Rats treated with annatto tocotrienol alone
or in combination with statin showed more calcein double-labeled surface. The white arrows show
double-labeled surface.
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Figure 2. Bone dynamic histomorphometric parameters among the study group. Legend: Letters
indicates significant difference between the marked group and ‘a’ BL; ‘b’ SH; ‘c’ OVX+LOV’;
‘d’ OVX+AnTT or ‘e’ OVX+LOV+AnTT. Abbreviation: BL = baseline; SH = sham-operated;
OVX = ovariectomized; OVX+LOV = ovariectomized and supplemented with lovastatin (11 mg/day);
OVX+AnTT = ovariectomized and supplemented with annatto tocotrienol (60 mg/kg/day);
OVX+LOVAnTT = ovariectomized and supplemented with lovastatin (11 mg/day) and annatto
tocotrienol (60 mg/kg/day).
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Figure 3. Gene expression of BMP-2 among the study groups. Legend: Letters indicates significant
difference between the marked group and ‘a’ BL; ‘b’ SH; ‘c’ OVX+LOV’; ‘d’ OVX+AnTT or ‘e’
OVX+LOV+AnTT. Abbreviation: BL = baseline; SH = sham-operated; OVX = ovariectomized;
OVX+LOV = ovariectomized and supplemented with lovastatin (11 mg/day); OVX+AnTT =
ovariectomized and supplemented with annatto tocotrienol (60 mg/kg/day); OVX+LOVAnTT
= ovariectomized and supplemented with lovastatin (11 mg/day) and annatto tocotrienol
(60 mg/kg/day).

4. Discussion

The current study showed that co-supplementation of lovastatin and annatto tocotrienol was
superior to lovastatin or tocotrienol alone in improving bone formation and mineralization activity in
rats with estrogen deficiency, indicated by lower sLS/BS, but higher dLS/BS, MS/BS, MAR, and BFR
compared to the untreated group. Annatto tocotrienol at 60 mg/kg body weight was able to improve
bone dynamic histomorphometry of the ovariectomized rats. The combined treatment was more
efficacious than annatto tocotrienol alone in increasing dLS/BS and BMP-2 expression. Lovastatin at
the usual hypocholesterolemic dose in rats failed to augment the bone dynamic histomorphometry
in ovariectomized rats within eight weeks. The skeletal anabolic effects of the aforementioned
treatment regimens corresponded well to the increase in skeletal expression of BMP-2 of the rats
(OVX+LOV+AnTT > OVX+AnTT = SH > OVX+LOV = OVX). The effects of annatto tocotrienol and
lovastatin could be additive for MAR and BMP-2, and synergistic for dLS/BS and BFR.

Considering the higher metabolic rate of rats, 10 mg/kg/day of statins to rats was equivalent
to 70 mg/day in humans [34]. The dose of lovastatin administrated to rats in this study was
11 mg/kg/day, which was equivalent to 77 mg/day to human. Oral administration of lovastatin
as low as 10 mg/kg was shown to reduce the serum cholesterol level in ovariectomized rats [35].
The lovastatin dose used in this study does not exceed the recommended statin dose for high-intensity
hypocholesterolemic effects in humans (80 mg/day) [36]. Monteiro et al. showed that oral
supplementation of very-high-dose simvastatin (20 mg/kg/day, equivalent to 140 mg/day in humans)
improved the bone microstructure of ovariectomized rats in 14 days [37]. Similar effects were not
observed with a lower dose within the same treatment period [37]. Thus, it is reasonable that lovastatin
at the dose used in the current study produced no effects on bone dynamic histormorphometric
parameters in ovariectomized rats. Similarly, a study showed that simvastatin at 10 mg/kg/day for
five weeks did not exert bone anabolic effects in normal female rats [38]. Our previous studies also
showed that lovastatin at 11 mg/kg did not improve bone microstructure and mechanical strength in
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ovariectomized rats [26,27]. Another study showed that simvastatin at 10 mg/kg/day could not reverse
established osteoporosis in ovariectomized rats [39]. The lack of improvement in bone formation and
mineralization in rats supplemented by statins at hypocholesterolemic dose, as illustrated in this study,
provided an explanation for the aforementioned studies. Deposition of statins in skeletal tissue after
oral administration of statins is very low [35], thus a lower dosage and short treatment period prevents
statins from achieving their bone protective potential.

Tocotrienol has been shown to promote bone mineralization and formation process in various
animal studies [23,28,40,41]. Despite the difference in composition of tocotrienol homologues, bone
dynamic histomorphometric changes caused by palm tocotrienol in ovariectomized rats were
comparable with alterations induced by annatto tocotrienol observed in this study [23,40]. They were
marked by a reduction in sLS/BS, and an increment in dLS/BS, MS/BS, MAR, and BFR in the
supplemented ovariectomized rats compared to the untreated group [23,40]. The improvement in bone
dynamic histomorphometry caused by palm tocotrienol was greater than estrogen treated group in a
study by Aktifanus et al. [40]. In orchidectomized rats, annatto tocotrienol at 60 mg/kg/day for eight
weeks caused a decrease in sLS/BS and an increase in dLS/BS, but the changes in MS/BS, MAR and
BFR were not significant [28]. This might indicate that annatto tocotrienol works better in a female
bone loss model. The rise in bone formation and mineralization caused by annatto tocotrienol could be
explained by increased osteoblastic activity, marked by increased circulating bone formation markers
and increased gene expression of osteoblastic differentiation markers [26,28,42]. It also corresponded
to the previous findings that osteoblast number, osteoid surface, osteoid volume were inflated in
ovariectomized rats supplemented with annatto or palm tocotrienol [22,26,42]. The dose of tocotrienol
used in this study (60 mg/kg/day) is well below the toxic dose detected in previous animal studies [43].

The combination of tocotrienol and lovastatin was found to increase the dLS/BS and BMP-2
expression better than individual treatments. In addition, there were potential additive effects
(MAR and BMP-2) and synergistic effects (dLS/BS and BFR) between annatto tocotrienol and
lovastatin. This indicates that statin users could experience bone protection without increasing the
dose of medication beyond the current recommendation. Previous studies have demonstrated that
the combined treatment of tocotrienol and lovastatin enhanced the bone microstructure, increased
osteoblast number and osteoid production, and decreased osteoclast number and bone erosion in
ovariectomized rats better than both agents alone [26,27]. The rats treated with both agents concurrently
also had significantly higher bone biomechanical strength compared to rats receiving single treatment
of either agent [27]. Both tocotrienol and lovastatin are suppressors of the mevalonate pathway
important for isoprenoid synthesis by inhibiting the rate-determining HMGCR enzyme via modulation
of sterol regulatory element-binding proteins (SREBPs) [10,44]. These isoprenoids are materials for
cholesterol synthesis or prenylation with GTPases to produce prenylated proteins, which act as
negative regulators for bone formation [10,44]. Gamma- and delta-tocotrienol, the constituents of
annatto tocotrienol mixture, modulate HMGCR in slightly different ways. Delta-tocotrienol enhances
the ubiquitination of HMGCR and inhibits SREBP processing [45]. Gamma-tocotrienol is more selective
in HMGCR degradation than blocking SREBPs [45]. Structurally, tocotrienols with their long carbon
chain with double bonds are similar to farnesyl, a compound preceding geranyl-pyrophosphate that
will enter isoprenoid synthesis [46]. The presence of tocotrienol stimulates the farnesol production
instead of farnesyl, thus reducing the input for isoprenoid synthesis pathway [46]. On the other hand,
statins are competitive inhibitor of HMGCR because they are structurally similar with HMGCo-A, the
substrate for HMGCR [47]. The benefits of tocotrienol and statins co-treatment extend beyond bone
health, and have been proven in anticancer studies [48,49].

Bone morphogenetic protein-2 plays an important role in the differentiation of osteoblasts.
Through Smad signaling pathway, BMP-2 activates runt-related factor-2 (RUNX2), the master
transcription factor for osteoblastic gene expression [50]. It can also activate osterix, an essential
transcription factor for the differentiation of osteoblasts directly via distal-less homeobox 5 or indirectly
via RUNX2 [50]. The expression of BMP-2 is influenced by the mevalonate pathway. Simvastatin
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treatment was shown to increase the expression of BMP-2 in preosteoblasts, decrease post-translation
modification of Ras, regulate intracellular protein associated to Ras, and subsequently increase
osteoblast differentiation [51]. Results of the current study showed that hypocholesterolemic dose
of lovastatin could not upregulate the expression of BMP-2 in bone probably due to poor deposition
of the compound in the skeleton. On the other hand, tocotrienol alone or in combination with
lovastatin increased the expression of skeletal BMP-2. The extent of improvement was greater in
the latter compared with the former, partly due to the additive effect of both agents. Previous
studies have established that tocotrienol was able to preserve BMP-2, RUNX2, and OSX expression
in nicotine-treated osteoporotic rats [52]. Tocotrienol was also shown to increase gene expression
of osteoblast markers, such as ALPL, COL1A1, SPP1, and CTNNB1 in orchidectomized rats [28].
The current study showed that these changes could be a result of BMP-2 up-regulation since they are
all downstream genes of BMP-2 signaling.

Several limitations should be considered in this study. Only gene expression of BMP-2 was
determined. Its expression level was not validated by protein expression assay. Tocotrienol has
similar cholesterol-lowering effects as statins [53,54]. However, this study did not investigate
whether concurrent treatment with tocotrienol would potentiate the hypocholesterolemic effects
of statins. Despite strong evidence from previous studies, we could not validate the involvement
of the mevalonate pathway in the bone protective action of both agents directly. This is because
we did not quantify the inhibition of HMGCR and level of prenylated proteins in the bone.
In spite of these limitations, this study successfully showed that tocotrienol could aggrandize the
bone protective actions of low-dose statins by increasing bone mineralization and formation. This
could protect middle-aged and elderly populations already taking statins for hypercholesteremia
against osteoporosis.

5. Conclusions

Tocotrienol alone or in combination with low-dose lovastatin can augment bone formation and
mineralization in a rat model of bone loss due to estrogen deficiency. The enhanced protection can be
contributed by the additive or synergistic effects between lovastatin and annatto tocotrienol on bone.
The bone protective action of both regimens is mediated by an increased skeletal BMP-2 expression.
This provides a justification to conduct a clinical trial supplementing tocotrienol in statins users to
protect them against osteoporosis.
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Abstract: Genistein has a preventive role against bone mass loss during menopause. However,
experimental data in animal models of osteoporosis suggest an anti-osteoporotic potential for this
isoflavone. We performed a post-hoc analysis of a previously published trial investigating the effects
of genistein in postmenopausal women with low bone mineral density. The parent study was a
randomized, double-blind, placebo-controlled trial involving postmenopausal women with a femoral
neck (FN) density <0.795 g/cm2. A cohort of the enrolled women was, in fact, identified at the baseline
as osteoporotic (n = 121) on the basis of their T-score and analyzed thereafter for the 24 months’
treatment with either 1000 mg of calcium and 800 IU vitamin D3 (placebo; n = 59); or calcium, vitamin
D3, and Genistein aglycone (54 mg/day; genistein; n = 62). According to the femoral neck T-scores,
31.3% of the genistein and 30.9% of the placebo recipients were osteoporotic at baseline. In the placebo
and genistein groups, the 10-year hip fracture probability risk assessed by Fracture Risk Assessment
tool (FRAX) was 4.1 ± 1.9 (SD) and 4.2 ± 2.1 (SD), respectively. Mean bone mineral density (BMD) at
the femoral neck increased from 0.62 g/cm2 at baseline to 0.68 g/cm2 at 1 year and 0.70 g/cm2 at
2 years in genistein recipients, and decreased from 0.61 g/cm2 at baseline to 0.60 g/cm2 at 1 year
and 0.57 g/cm2 at 2 years in placebo recipients. At the end of the study only 18 postmenopausal
women had osteoporosis in the genistein group with a prevalence of 12%, whereas in the placebo
group the number of postmenopausal women with osteoporosis was unchanged, after 24 months.
This post-hoc analysis is a proof-of concept study suggesting that genistein may be useful not only in
postmenopausal osteopenia but also in osteoporosis. However, this proof-of concept study needs
to be confirmed by a large, well designed, and appropriately focused randomized clinical trial in a
population at high risk of fractures.

Keywords: bone mineral density; genistein; postemenopausal osteoporosis
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1. Introduction

Estrogen deficiency is a major cause of osteoporosis worldwide. Hormone Replacement Therapy
(HRT) increases the bone mineral density (BMD) and decreases the fracture risk, but the adverse effects
limit its use in a large cohort of subjects [1–3]. In the last few years, many researchers have focused
their attention on natural alternatives to HRT, such as phytoestrogen. Epidemiological data indicate
that women consuming high amounts of phytoestrogens, in the form of soy-derived dietary products,
have less menopausal symptoms than those on Western diets, and consequently, it was assumed that
bone mineral density may be favorably influenced by phytoestrogens [4,5]. A major phytoestrogen is
genistein, which prevents bone mass loss and improves quality of life without the harmful estrogenic
activity on reproductive tissues, or genotoxic effects in postmenopausal women, at least at the dose of
54 mg/day [6–12]. We have studied the effects of pure genistein (in its aglycone form) on BMD and
bone metabolism in a large cohort of postmenopausal women [6], showing that a long-term intake of
genistein produced a positive effect on bone metabolism with no clinically significant adverse effects
on the breast and uterus [7–9]. Overall, these results agree with previous intervention trials in which
>40 mg/day of genistein equivalents yielded the most positive effects on bone mineral density and
bone markers when compared to other trials with lower amounts of genistein [13–16]. Animal studies
suggest that genistein has an antiosteoporotic activity, improving bone morphology parameters in
osteoporotic ovarictomized mice [17] and preventing bone fragility in rats with glucocorticoid-induced
osteoporosis [18]. To date, no data are available on osteoporotic subjects, however a re-analysis of
the 389 postmenopausal women enrolled in our previous trial, evaluating the efficacy of genistein
in osteopenic women, revealed that a significant number was actually osteoporotic, according to the
T-score. The aim of this study was to perform a post-hoc analysis to evaluate the efficacy of genistein
aglycone on bone mineral density in women with osteoporosis.

2. Materials and Methods

2.1. Design Overview, Setting, Participants

A post-hoc analysis was carried out using data from the main multicenter randomized controlled
trial “Effects of the phytoestrogen genistein on bone metabolism in osteopenic postmenopausal
women”. The study subjects and methods are described in detail elsewhere [6–8]. The protocol is
consistent with the principles of the Declaration of Helsinki, was approved by the Ethics Committee of
Palermo University (RODA-12254) and the participants gave their written informed consent. The trial
included 389 postmenopausal women, randomly assigned to receive the isoflavone genistein (n = 198),
or placebo (n = 191). Placebo and genistein (54 mg/day) tablets were identical in appearance and
taste. The purity of genistein was >98%. All patients were co-prescribed with 1000 mg calcium
carbonate and 800 IU vitamin D3, in two tablets. The bone mineral density was assumed as the
primary outcome. The femoral neck (FN), lumbar spine (LN), and total hip (TH) bone mineral density,
were measured by Dual-Energy X-ray Absorptiometry (DXA; Hologic QDR 4500 W, Technologic
Srl, Turin, Italy) at baseline and after 12 and 24 months of treatment as previously published [6–8].
In addition, the ten-year fracture probability was assessed with the Fracture Risk Assessment (FRAX)
tool, as a secondary outcome.

2.2. Study Population

This primary analysis included all postmenopausal women with osteoporosis at the femoral neck.
A cohort of the enrolled postmenopausal women was identified at the baseline as osteoporotic (n = 121)
on the basis of their T-score on the femoral neck and were analyzed thereafter for the 24 months’
treatment with either placebo (n = 59) or genistein (n = 62). Data from postmenopausal women with
osteopenia are also shown to assess whether these patients had similar beneficial effects on BMD and
incidence of adverse events.
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2.3. Assessment of Fracture Risk

The ten-year fracture probability was assessed with the FRAX tool (version 2.0; University of
Sheffield, South Yorkshire, England) in osteoporotic and osteopenic patients. FRAX is a computer-based
algorithm [19] that provides models for the assessment of fracture probability in men and women.
In this analysis, FN BMD was included since fracture risk prediction is enhanced with the input
of BMD.

The probability of fracture is calculated in women according to age, body mass index,
and dichotomized risk variables that comprise: a prior fragility fracture, parental history of hip
fracture, current tobacco smoking, ever long-term use of oral glucocorticoids, rheumatoid arthritis,
other causes of secondary osteoporosis, and alcohol consumption of three or more units daily [20].

2.4. Statistical Analysis

Descriptive statistical analyses were performed to evaluate basal demographic and clinical
characteristics. All results were expressed as mean with standard deviation (SD) for continuous
variables, and absolute and percentage frequencies for categorical variables. All variables were
evaluated at basal time and after 12 and 24 months of treatment and absolute values were evaluated in
both genistein and placebo patients to verify differences between the groups. The primary efficacy
data on BMD were analyzed as already described [6–8]. The significance of differences in mean values
between placebo and genistein groups at year 1 and 2 was assessed by two-way analysis of variance
(2-way ANOVA). A p value of 0.05 or less was considered statistically significant and 95% confidence
intervals were calculated wherever possible. Statistical analysis was performed by using SAS software,
version 9.1 (SAS Institute, Inc., Cary, NC, USA).

3. Results

Of the 389 postmenopausal women who were enrolled in the main study, 121 (31.1%) were
osteoporotic and were included in this analysis. The baseline characteristics of the osteoporotic and
osteopenic women are shown in Table 1. The number of osteoporotic women was similar in both
groups: 59 (30.9%) in the placebo group and 62 (31.3%) in the genistein group.

Table 1. Baseline characteristics of postmenopausal women with osteoporosis and osteopenia in
both groups.

Variable
Osteoporotic Osteopenic

Placebo (59) Genistein (62) Placebo (132) Genistein (136)

Mean age (SD), year 54.3 (2.4) 54.5 (2.9) 54.6 (2.7) 54.8 (2.2)
Mean body mass index (SD), Kg/m2 25.2 (3.0) 25.5 (2.8) 25.4 (3.9) 24.8 (3.7)
Mean time since menopause (SD), m 69.4 (44.7) 68.3 (39.2) 69.1 (35.9) 66.4 (38.3)

Mean BMD Femoral neck (SD), g/cm2 0.61 (0.07) 0.62 (0.05) 0.79 (0.04) 0.78 (0.05)
Mean BMD Lumbar Spine (SD), g/cm2 0.81 (0.10) 0.82 (0.08) 0.85 (0.10 0.85 (0.08)

Mean BMD Total hip (SD), g/cm2 0.72 (0.08) 0.73 (0.06) 0.93 (0.04) 0.92 (0.05)
B-ALP (μg/L) 10.8 (1.79) 10.0 (2.21) 10.0 (1.87) 10.6 (2.09)

D-Pyr (pmol/μmol of urinary creatinine) 22.0 (6.92) 22.7 (7.86) 20.6 (5.19) 21.2 (3.97)

FRAX index

Major fractures (SD) 6.5 (2.8) 6.6 (2.4) 3.3 (0.5) 3.4 (0.5)
Femur fractures (SD) 4.1 (1.9) 4.2 (2.1) 0.7 (0.1) 0.7 (0.1)

BMD: Mean bone mineral density.

Mean bone mineral density (BMD) at the femoral neck increased from 0.62 g/cm2 ± 0.05 (SD)
at baseline to 0.68 g/cm2 ± 0.06 (SD) at 1 year and to 0.70 g/cm2 ± 0.07 (SD) at 2 years in the
genistein recipients. Conversely, in the placebo group, BMD decreased from 0.61 g/cm2 ± 0.07 (SD)
at baseline to 0.60 g/cm2 ± 0.06 (SD) at 1 year and to 0.57 g/cm2 ± 0.07 (SD) at 2 years. Over time
the BMD significantly improved in the genistein group compared to the placebo group (p = 0.0046).
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Moreover, a significant time effect (p = 0.0068) and treatment-time interaction (p = 0.0073) were also
observed. Similar trends, on bone mineral density at the femoral neck, were observed in osteopenic
patients when considering treatment (p = 0.0130) and treatment-time interaction (p = 0.0241), while no
significance was found for the time effect (p = 0.4929) (Figure 1). In genistein-treated osteoporotic
patients, a significant increase of BMD at the lumbar spine (from 0.82 ± 0.08 at baseline to 0.85 ± 0.09
at 1 year and to 0.88 ± 0.08 at 2 years) and total hip (from 0.73 ± 0.06 at baseline to 0.80 ± 0.07 at 1 year
and to 0.82 ± 0.08 at 2 years) was observed.

Figure 1. Femoral Neck Bone mineral density changes in absolute values over time in placebo and
genistein group. (left) Femoral neck Bone Mineral Density changes in osteoporotic postmenopausal
women groups; (right) Femoral neck Bone Mineral Density changes in osteopenic postmenopausal
women groups. 2-way ANOVA: Over time, genistein vs. placebo: * Treatment p = 0.0046; # Treatment
p = 0.0130; * Time p = 0.0068; # Time p = 0.4929; * Interaction p = 0.0073; # Interaction p = 0.0241.

Treatment also affected the bone turnover rate. Indeed, in genistein-treated osteoporotic women,
B-ALP increased from 10.0 ± 2.2 at baseline to 13.8 ± 2.3 after 1 year and to 14.6 ± 2.2 at 2 years,
while no differences were observed in the placebo group (basal: 10.8 ± 1.8; 1 year 10.3 ± 1.6; 2 year
10.4 ± 1.6).

Over time a significant treatment effect (p < 0.01), time effect (p < 0.01), and treatment-time
interaction (p < 0.01) were observed using the 2-way ANOVA. Similar results were observed in
osteopenic women. D-Pyr excretion in osteoporotic patients was affected only by time (p = 0.002).

According to the World Health Organization (WHO) classification criteria, at baseline, the number
of postmenopausal women with osteoporosis was 62 in the genistein group and 59 in the placebo
group. At the end of the study only 18 (29%) genistein-treated subjects were osteoporotic, while no
changes were observed in the placebo group.

Gastrointestinal side effects were the most common reason for dropout, possibly because of
the presence of calcium. There were no significant changes in routine biochemistry, liver function,
or hematology results. The daily administration of 54 mg of genistein did not cause any significant
change in the endometrial thickness.

4. Discussion

In a cohort of postmenopausal osteoporotic subjects, we confirmed the protective effects of
genistein treatment on bone loss, as previously observed in osteopenic women. Postmenopausal
osteoporosis significantly increases the risk of fractures and requires adequate prevention and
appropriate medical treatment [21]. Since the lack of estrogen is the main etiopathogenetic element
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of postmenopausal bone loss, as a result, estrogen replacement therapy represents an established
treatment for the prevention of osteoporosis [22]. However, the possibility of side-effects related to the
estrogenic treatment requires therapeutic alternatives [23].

We previously showed that a daily administration of genistein aglycone produced a net gain in
bone mass after 2 years of therapy in postmenopausal women with low bone mineral density and low
fracture risk [6,7]. Although BMD and the bone markers previously assessed in our clinical trial are
considered good surrogates of bone strength and bone quality, they may not correlate perfectly with a
reduction in fracture risk. Fracture risk can be assessed more accurately by considering more variables
than BMD alone, by using the FRAX tool. In this post-hoc analysis, our population had a medium-high
fracture risk according to the FRAX scores; in fact, at baseline a 10-year fracture probability at the femur
was 4.1 (1.9) in the placebo group and 4.2 (2.1) in the genistein group. This post-hoc comparison was
made between the two treatment groups, showing for the first time that genistein aglycone (54 mg/day)
plus calcium and vitamin D3 compared to only calcium and vitamin D3 supplementation significantly
reduced the rate of osteoporosis, increasing BMD in postmenopausal women with medium-high
10-year fracture risk at the femur site. This analysis shows novel and additional findings distinct from
those previously published [6–8]. More specifically, it appears that genistein has possible implications
for the reduction of fracture risk in postmenopausal women with osteoporosis.

We believe that these data are particularly intriguing: in fact, this surrogate result on fractures
overcomes one of the main limitations of our previous study, which was the lack of data on this major
outcome. Additionally, the possibility to include, through the FRAX calculation, different risk factors
in every patient enrolled in our clinical trial represents a strong advantage in terms of analysis for
therapeutic efficacy.

Women enrolled in the parent trial were osteopenic rather than osteoporotic and this might
represent a limitation for the current analysis; nevertheless, our study [6] remains, to date, the largest
double-blind, placebo-controlled trial on genistein aglycone in the literature. To fill this gap,
additional trials involving osteoporotic women are needed to further confirm the present results.

5. Conclusions

In conclusion, genistein plus calcium and vitamin D3 treatment demonstrated similar effects in
terms of BMD increase at the femur versus placebo over 2 years in the subgroup of patients with
osteoporosis. Collectively, these data confirm the positive and unique role of genistein aglycone,
suggesting that it may be the most active isoflavone for treating postmenopausal bone loss, with a
time-dependent effect, and suggesting that a long-term intake of genistein produces ongoing effects on
bone health. This post-hoc analysis represents a proof-of concept study: it points out that genistein
may counteract osteoporosis in postmenopausal women. However, this proof-of concept study needs
to be confirmed by a large, well designed, and appropriately focused randomized clinical trial in a
population at high risk of fractures. Currently, a clinical trial is investigating the effects of genistein
on the fracture rate in glucocorticoid-induced osteoporosis and the final results are expected to be
released in late 2018. These results will definitely clarify whether genistein may be useful not only in
osteopenia but also in osteoporosis.
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Abstract: Hesperidin (HSP) and naringin (NAR), flavanones rich in citrus fruits, support skeletal
integrity in adult and aging rodent models. This study determined whether maternal consumption
of HSP and NAR favorably programs bone development, resulting in higher bone mineral density
(BMD) and greater structure and biomechanical strength (i.e., peak load) in female offspring. Female
CD-1 mice were fed a control diet or a HSP + NAR diet five weeks before pregnancy and throughout
pregnancy and lactation. At weaning, female offspring were fed a control diet until six months
of age. The structure and BMD of the proximal tibia were measured longitudinally using in vivo
micro-computed tomography at 2, 4, and 6 months of age. The trabecular bone structure at two and
four months and the trabecular BMD at four months were compromised at the proximal tibia in
mice exposed to HSP and NAR compared to the control diet (p < 0.001). At six months of age, these
differences in trabecular structure and BMD at the proximal tibia had disappeared. At 6 months
of age, the tibia midpoint peak load, BMD, structure, and the peak load of lumbar vertebrae and
femurs were similar (p > 0.05) between the HSP + NAR and control groups. In conclusion, maternal
consumption of HSP and NAR does not enhance bone development in female CD-1 offspring.

Keywords: bone development; flavanones; hesperidin; mice; naringin; structure

1. Introduction

Bioactives, naturally present in foods, may provide a dietary strategy to support healthy bone
development. In a developing mouse model, exposure to soy isoflavones during early postnatal life,
but not maternal exposure, sets a trajectory for higher bone mineral density (BMD), improved bone
structure, and greater bone strength in female offspring at adulthood [1–4]. Other bioactives such as
citrus flavanones (i.e., hesperidin (HSP) and naringin (NAR)) have been shown to exert bone-sparing
effects in adult and aging rodents [5–11], but whether maternal consumption of citrus flavanones
during pregnancy and lactation changes the trajectory of bone development of offspring, resulting
in stronger, healthier bones at adulthood has not been investigated. Given that the metabolites of
citrus flavanones (i.e., hesperetin and naringenin) can be transferred to human offspring via mother’s
milk [12], it is of interest to examine whether maternal exposure to HSP and NAR programs the bone
tissue in adult female mouse offspring.

HSP (hesperetin-7-rutinoside) and NAR (naringenin-7-neohesperidoside) are flavanone glycosides
found in high amounts in citrus fruits. HSP is found in particularly rich amounts in oranges while
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NAR is present at high levels in grapefruits [13–15]. When consumed by humans and rodents,
HSP and NAR are hydrolyzed into the aglycones, hesperetin and naringenin, and metabolized
mainly into glucuronide forms by intestinal and liver conjugation [9,13,14,16,17]. The conjugated and
aglycone metabolites circulate the body and modulate bone cell activity; in rat primary osteoblasts,
hesperetin and hesperitin-7-O-glucuronide, at levels that are physiologically achievable through
dietary consumption, increased osteoblast differentiation [18,19], and increased the mRNA expression
of bone morphogenic proteins (BMPs) [18,19], runt-related transcription factor 2 (Runx2) [19], and
osterix [18,19] that promote osteoblast differentiation. In murine MC3T3-E1 osteoblast cells [20] and
rat [10] and human [21] bone mesenchymal stem cells, NAR increased osteoblast differentiation and
proliferation and increased the expression of BMP-2 [20], osteopontin [21], and osteocalcin [10]. No data
exists on the ability for HSP, NAR, or their metabolites to epigenetically regulate the transcriptions
of genes involved in bone development. However, that HSP and NAR stimulate signaling pathways
implicated in stimulating bone formation provides biological plausibility for HSP and NAR to support
bone development and skeletal integrity.

The majority of our knowledge on the positive effects of HSP and NAR on bone is derived from
rodent models of bone loss (i.e., ovariectomy, orchidectomy) [5–8,10,11] and aging (i.e., senescence) [9].
While intake of HSP and NAR is reported to benefit bone health in male and female rodents, most
research has been performed in females. These studies demonstrate that dietary HSP and NAR
protect against the loss of bone mineral and the deterioration of bone structure and strength during
ovariectomy [6–8,10,11]. However, one study [7] in younger (3 months old) intact female rats
reported gains in femoral BMD, which agrees with other work demonstrating that HSP supports
bone cell function via modulating signaling proteins and bone cell differentiation to increase bone
formation [18]. However, no studies have assessed whether maternal consumption of HSP and NAR
affects bone development in growing and adult offspring. Given that treatment with HSP, NAR, or their
combination stimulates bone formation [10,18], supports bone mineral accrual [7], and protects against
bone loss in ovariectomized [6–8,10,11] female rodents, we hypothesized that maternal consumption of
HSP and NAR before and during pregnancy and throughout lactation would set a trajectory for better
bone health in female offspring. Thus, the objective of the present study was to determine whether
maternal consumption of HSP and NAR results in higher BMD, improved bone structure, and greater
bone strength in female CD-1 offspring at adulthood.

2. Materials and Methods

2.1. Animals and Diets

The experimental protocol (AUP 14-04-01, 2014) was approved by the Animal Care Committee at
Brock University, St. Catharines, ON, Canada. Five-week-old female (n = 17) and 8-week-old male
(n = 8) CD-1 mice were purchased from Charles River Canada (St. Constant, QC, Canada) and housed
with 4–5 mice per cage at 22 ◦C–24 ◦C, 50% humidity with a 12:12-h light:dark cycle. Female mice
were randomized to the American Institute of Nutrition-93 (AIN-93G) control diet (CON, n = 9) for
growth, pregnancy and lactation [22] or the CON diet supplemented with 0.5% HSP + 0.25% NAR
(HSP + NAR, n = 8). These doses reflect a moderate (400 mL) to high (1 L) daily intake of orange or
grapefruit juices in humans [14,17] and represent doses that have been shown to exert protection
to bone health in adult and aging rodents [5–9]. The AIN-93G diet used in the present study was
modified to contain alcohol-extracted casein (TD. 06706, Harlan Teklad, Mississauga, ON, Canada)
to remove vitamins that are naturally-occurring in casein and that may influence bone development.
HSP (H5254, Sigma Aldrich, Oakville, ON, Canada) and NAR (N1376, Sigma Aldrich, Oakville, ON,
Canada) were added to the CON diet at the expense of cornstarch. All mice had free access to food and
water throughout the study, and food intake was measured twice per week using an electronic scale.
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2.2. Study Design

At 10 weeks of age, mice were mated harem-style by housing 2–3 females with one male.
Mating pairs were maintained on the female’s respective diets, and, once identified as pregnant,
female mice were housed individually and remained on their respective diets during the remainder of
pregnancy and throughout lactation. Offspring were weighed at post-natal day (PND) 9, PND 16, and
PND 21 using an electronic scale. At weaning, female offspring were housed with five mice per cage
and switched to the CON diet for the remainder of the study duration. Food intake was measured
twice per week and body weights measured weekly to monitor growth.

2.3. In Vivo Analysis of Structure of Tibias by μCT

At 2, 4, and 6 months of age, mouse offspring were anesthetized using 2%–5% isoflurane dissolved
in 100% oxygen, and the right tibias were scanned in vivo using micro-computed tomography scanning
(μCT) (Skyscan 1176, Bruker microCT, Kontich, Belgium) and host software (1176 version 1.1, Skyscan
1176, Bruker microCT, Kontich, Belgium), as previously described [23]. Scanning of the right proximal
tibia was performed using an isotropic voxel size of 9 μm3, 1 mm aluminum filter, 40 kV tube voltage,
300 μA amperage, a rotation step of 0.8◦, 3350 ms integration time, and over 180◦ with no frame
averaging. Each scan lasted 16 min 23 s and resulted in 460 mGy exposure per scan to the scanned
tibias (TN-502RD-H, Best Medical Canada, Ottawa, ON, Canada). This dose of radiation does not affect
tibial bone structure when tibias are repeatedly exposed at 2, 4, and 6 months of age [23]. At 6 months
of age, animals were euthanized within five days after receiving their last scan by exsanguination
under anesthesia (5% isoflurane dissolved in 100% oxygen), followed by cervical dislocation. Tibias,
femurs, and lumbar vertebrae (LV 1–6) were excised, cleaned of soft tissue, and then wrapped in saline
soaked gauze and stored at −80 ◦C for future analyses.

2.4. Ex Vivo Analysis of Structure of Femurs and Lumbar Vertebrae by μCT

Right femurs and the second lumber vertebra (LV2) were scanned ex vivo using μCT scanning
(Skyscan 1176, Bruker microCT, Kontich, Belgium). These sites were scanned ex vivo to minimize the
level of radiation exposure to each mouse. The bones were wrapped in parafilm to retain moisture
during scanning and placed axially in a foam holder. The foam holder containing the bones was then
secured to a mouse bed for ex vivo scanning using a 9 μm3 isotropic voxel size, 0.25 mm aluminum
filter, voltage of 45 kVp, tube current of 545 μA, 850 ms exposure time, and 0.2◦ rotation step. Scans
were performed over 180◦ without using frame averaging.

2.5. Reconstruction of In Vivo and Ex Vivo Images Obtained Using μCT

Graphics Processing Unit (GPU)-acceleration (GPUReconServer, Skyscan, Bruker microCT,
Kontich, Belgium) and NRecon Reconstruction 64-bit software (Skyscan, Bruker microCT, Kontich,
Belgium) were used to reconstruct scanned images. Except for variable misalignment compensations,
all scanned samples within each skeletal site received the same corrections to smoothing, ring artifacts,
beam hardening, and defect pixel masking. Reconstructed images were then reoriented (DataViewer
software, version 1.5.0, Skyscan, Bruker microCT, Kontich, Belgium), and the transaxial images
were saved.

2.6. Regions of Interest (ROI) and Segmentation of In Vivo and Ex Vivo Images Obtained Using μCT

ROIs were selected from transaxial images and saved as new datasets using CTAnalyzer software
(Skyscan Bruker microCT, Kontich, Belgium). At the proximal tibia, the ROI consisted of the trabecular
and cortical bone and began 0.967 mm (110 slices) away from the metaphyseal side of the growth plate
and extended 0.510 mm (58 transaxial slices) towards the ankle [23]. At the femur neck, an ROI of
the trabecular region was manually drawn to a few pixels away from the endocortical boundary and
consisted of 1.680 mm (191 slices), starting at the distal edge of the femur head and extending towards
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the diaphysis of the femur. At the distal femur, the ROI of the trabecular region was manually drawn
a few pixels away from the endocortical boundary and consisted of 0.879 mm (100 slices), starting
0.616 (70 slices) proximal to the metaphyseal edge of the growth plate and extending toward the femur
neck. Another ROI was manually drawn around the midpoint region of the femur, rich in cortical
bone, and consisted of 0.879 mm (100 slices) spanning above and below the femur midpoint. At the
LV2, ROIs of the trabecular and cortical regions of the vertebral bodies were manually and consisted of
115 transverse slices (1.011 mm), spanning above and below the midpoint of LV2.

Task lists were generated and applied (CTAnalyzer software, Skyscan Bruker microCT, Kontich,
Belgium) to the saved datasets to segment bone from the background and to analyze trabecular
or cortical bone structure at each skeletal site. At the proximal tibia, an automated task list was
generated [23] to segment the trabecular bone from the cortical bone. Trabecular and cortical bone
were then segmented as previously described [23]. At the femur neck, femur midpoint, distal femur,
and LV, task lists were generated to segment the trabecular and cortical bones from the background.
Local thresholding was used to segment the trabecular bone from the background (femur neck: lower
threshold = 74, upper threshold = 255, radius = 6, constant = 0; distal femur: lower threshold = 71, upper
threshold = 255, radius = 6, constant = 0; LV: lower threshold = 80, upper threshold = 255, radius = 7,
constant = 0) and global thresholding (femur: lower threshold = 124, upper threshold = 255; LV2:
lower threshold = 122, upper threshold = 255) for segmenting the cortical bone from the background at
the femur midpoint and LV2 [24].

The trabecular bone outcome measures determined at the proximal tibia, femur neck, distal femur,
and LV included bone volume (BV, mm3), total volume (TV, mm3), bone volume fraction (BV/TV, %),
trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, mm-1), trabecular separation (Tb.Sp, mm),
degree of anisotropy (DA, no unit), and connectivity density (Conn.D, 1/mm3). Cortical bone outcome
measures at the tibia, femur midpoint and LV included total cross-sectional area inside the periosteal
envelope (Tt.Ar, mm2), cortical bone area (Ct.Ar, mm2), cortical area fraction (Ct.Ar/Tt.Ar, %), average
cortical thickness (Ct.Th, mm), periosteal perimeter (Ps.Pm, mm), endocortical perimeter (Ec.Pm, mm),
marrow area (Ma.Ar, mm2), and eccentricity (no unit).

2.7. Bone Mineral Density (BMD) and Peak Load of Tibias, Femurs and LV1-3

To determine the trabecular BMD and cortical tissue mineral density (TMD) at the proximal tibia
that were scanned in vivo at 2, 4, and 6 months of age, calibration phantoms consisting of 0.25 and
0.75 g/cm3 calcium hydroxyapatite were scanned and reconstructed using the exact same parameters
as all in vivo scans. BMD was then calibrated against the attenuation coefficient, and the trabecular
BMD and cortical TMD at the proximal tibia were then measured against the attenuation coefficient [25].
Since measurement of BMD using μCT scanning is often not possible in excised samples due to the
introduction of air bubbles from storage [25], BMD of the right femurs and LV1-3 was measured by dual
energy X-ray absorptiometry (DXA) (Orthometrix, White Plains, NY, USA) and a specialized software
program (Host Software version 3.9.4; Scanner Software version 1.2.0, Orthometrix, White Plains, NY,
USA). Calibration of the DXA was performed daily using a calibration phantom. Femurs and LV1-3
were scanned using a resolution of 0.01 mm × 0.01 mm and at a speed of 2 mm/s. To determine
bone strength at skeletal sites rich in cortical bone, the peak load at the midpoint of the right tibia
and right femur was determined by 3-point bending using a Materials Testing System (Model 4442,
Instron Corp., Norwood, MA, USA) and specialized software (Bluehill 2, Instron Corp., Norwood,
MA, USA) [26]. The peak load at skeletal sites rich in trabecular bone was determined by compression
testing at the femur neck and LV2 [26].

2.8. Statistical Analyses

All statistical analyses were performed using SPSS Statistics (version 22, IBM, Armonk, NY, USA).
The effects of diet, age, and their interaction on food intake, body weight, and in vivo trabecular and
cortical bone structure were determined using a repeated measures analysis of variance (ANOVA)
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(general linear model). Comparisons on all bone outcome measures between CON and HSP + NAR
groups within each time point were assessed by unpaired two-tailed t-tests. A repeated measures
ANOVA (general linear model) with a Bonferroni post-hoc test was used to determine longitudinal
changes within the trabecular and cortical bone structural outcomes within each group. The primary
outcome included BV/TV at the proximal tibia, with a total of seven mice per treatment group required
to achieve a power of 0.8 and an alpha of 0.5. Missing values that resulted from mouse leg movement
during the scan or due to computer error were replaced with the series mean. This occurred a total of
four times (once in the CON group at 2 months of age, twice in the CON group at 4 months of age,
and once in the HSP + NAR group at 4 months of age). Results are expressed as mean ± standard
error of the mean (SEM) and the significance level was set at p < 0.05.

3. Results

3.1. Food Intake and Body Weight

Litter sizes (CON = 14 ± 2 pups/L, HSP + NAR= 13 ± 2 pups/L) were similar between the CON
and HSP + NAR groups (p > 0.05). In addition, no differences (p > 0.05) in litter weight at PND9
(CON = 83 ± 10 g, HSP + NAR = 82 ± 6 g), PND16 (CON = 118 ± 10 g, HSP + NAR = 118 ± 5 g),
or at weaning (PND21, CON = 162 ± 17 g, HSP + NAR = 160 ± 13 g) were observed between the
groups. These results demonstrate that maternal consumption of HSP + NAR does not affect the
growth patterns of female CD-1 offspring during suckling.

After weaning, an effect of time was observed for the mean daily food intake (p < 0.01) (Figure 1A)
and weekly body weight (p < 0.001) (Figure 1B), which was expected because the mice were growing.
There was no diet or time x diet effect on daily food intake or body weight throughout the study
(p > 0.05). At the end of the study, the final body weights in 6-month-old offspring did not differ
between CON and HSP + NAR groups. Thus, the food intake or growth characteristics of female
offspring from weaning until six months of age were not affected by maternal and suckling exposure
to HSP + NAR.

Figure 1. Mean daily food intake (A) and body weight (B) of female mice whose mothers were fed a
control diet (CON) or a diet consisting of a combination of 0.5% hesperidin (HSP) and 0.25% naringin
(NAR) before and during pregnancy and lactation, n = 8–9 per group. Mean ± standard error of the
mean (SEM).
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3.2. In Vivo Measurements of Trabecular and Cortical Bone Mineral Density (BMD) and Bone Structure at the
Proximal Tibia

At the proximal tibia, a significant effect of diet (p < 0.05) was observed for several trabecular
structural outcomes, whereby HSP + NAR resulted in lower BV, BV/TV, Tb.N, and Conn.D and higher
Tb.Sp compared to CON at both 2 and 4 months of age (Table 1, Figure 2). A significant interaction
between diet and time (p < 0.05) was observed for BMD and Tb.Sp, whereby HSP + NAR resulted in
lower BMD at 4 months of age and higher Tb.Sp at 2 and 4 months of age compared to the CON group.
No effects of diet on the trabecular bone structure at the proximal tibia was observed at 6 months of age.
Thus, maternal consumption of HSP + NAR during pregnancy and lactation compromises trabecular
BMD and bone structure at the proximal tibia in developing female CD-1 offspring; however, this
effect does not persist into adulthood. In addition to an effect of diet, an effect of time (p < 0.001) was
observed, whereby offspring from both the CON and HSP + NAR groups experienced a decrease
in TV, BV, BV/TV, Tb.N, and Conn.D and an increase in Tb.Th and Tb.Sp from 2 to 4 months of age
(Table 1, Figure 2). Similar to these changes, trabecular BMD from HSP + NAR exposure decreased
from 2 to 4 months of age, while BMD decreased in the CON group after 4 months of age (p < 0.001).
Diminutions in BV, BV/TV, Tb.N, and Conn.D within the CON group persisted to 6 months of age,
resulting in trabecular bone structural outcomes that were significantly lower compared to both the
2- and 4-month time points (p < 0.05). In the HSP + NAR group, changes in trabecular BMD and
bone structure were maintained from 4 to 6 months of age. Thus, female CD-1 offspring achieve
peak trabecular BMD and bone structure before 4 months of age, a finding that agrees with previous
work [23].

With regards to the cortical bone structure at the proximal tibia, Ct.Ar was significantly lower
(p < 0.05) in the HSP + NAR group compared to the CON group at 4 months of age (Table 1, Figure 2).
In addition, a time x diet effect was observed (p < 0.05) for Ps.Pm at the proximal tibia, whereby
HSP + NAR resulted in lower Ps.Pm at 2 months of age compared to CON (p < 0.05). However, this
effect was not apparent at 4 and 6 months of age. No effects (p > 0.05) from HSP + NAR exposure on
cortical TMD were observed. Thus, maternal exposure during pregnancy and lactation to a combined
0.5% HSP and 0.25% NAR diet delays some characteristics of cortical bone development in female CD-1
offspring. In addition to an effect of diet on cortical bone structure, an effect of time (p < 0.001) was
observed, whereby augments to the cortical bone TMD and structure, including Ct.Ar, Ct.Ar/Tt.Ar, and
Ct.Th, were observed from 2 to 6 months of age in the CON and HSP + NAR groups (Table 1, Figure 2).
In addition, diminution of Tt.Ar, Ec.Pm, and Ma.Ar were observed in both groups. These findings
agree with our previous work showing that cortical bone structure reaches its peak at a later time point
compared to trabecular bone in female CD-1 mice [23].

Figure 2. Representative grayscale transaxial images of right proximal tibias of female CD-1 mouse
offspring at 2, 4, and 6 months of age.

53

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 250

T
a

b
le

1
.

Bo
ne

m
in

er
al

de
ns

it
y

(B
M

D
)a

nd
st

ru
ct

ur
e

at
th

e
pr

ox
im

al
ti

bi
a

at
2,

4,
an

d
6

m
on

th
s

of
ag

e
in

fe
m

al
e

C
D

-1
m

ic
e

w
ho

se
m

ot
he

rs
w

er
e

ex
po

se
d

to
co

nt
ro

l
(C

O
N

)o
r

0.
5%

he
sp

er
id

in
(H

SP
)a

nd
0.

25
%

na
ri

ng
in

(N
A

R
)d

ie
ts

th
ro

ug
h

pr
eg

na
nc

y
an

d
la

ct
at

io
n.

O
u

tc
o

m
e
s

C
O

N
H

S
P

+
N

A
R

p
V

a
lu

e
A

g
e

(M
o

n
th

s)

2
4

6
2

4
6

T
im

e
D

ie
t

T
im

e
×

D
ie

t

T
ra

b
e
cu

la
r

S
tr

u
ct

u
re

BM
D

(g
/c

m
3 )

0.
21

2
±

0.
00

7
a

0.
19

8
±

0.
00

3
a

0.
15

4
±

0.
00

6
b

0.
19

0
±

0.
01

0
a

0.
16

2
±

0.
00

8
†,

b
0.

14
2
±

0.
00

8
b

<0
.0

01
0.

00
7

0.
01

5
TV

(m
m

3 )
1.

18
5
±

0.
06

4
a

0.
93

6
±

0.
04

5
b

0.
89

8
±

0.
04

6
b

1.
02

2
±

0.
06

5
a

0.
85

3
±

0.
05

2
b

0.
83

1
±

0.
05

8
b

<0
.0

01
0.

18
4

0.
15

1
BV

(m
m

3 )
0.

09
7
±

0.
01

0
a

0.
05

0
±

0.
00

6
b

0.
02

5
±

0.
00

4
c

0.
06

1
±

0.
00

9
†,

a
0.

02
9
±

0.
00

5
†,

b
0.

01
7
±

0.
00

4
b

<0
.0

01
0.

01
3

0.
09

9
BV

/T
V

(%
)

8.
17

7
±

0.
64

5
a

5.
28

2
±

0.
46

4
b

2.
76

4
±

0.
29

8
c

5.
78

2
±

0.
69

8
†,

a
3.

26
0
±

0.
43

4
†,

b
2.

01
8
±

0.
52

6
b

<0
.0

01
0.

01
1

0.
16

1
Tb

.T
h

(m
m

)
0.

05
9
±

0.
00

1
b

0.
07

0
±

0.
00

1
a

0.
07

3
±

0.
00

1
a

0.
05

9
±

0.
00

1
b

0.
06

8
±

0.
00

2
a

0.
06

9
±

0.
00

2
a

<0
.0

01
0.

24
3

0.
40

6
Tb

.N
(1

/m
m

)
1.

38
6
±

0.
10

5
a

0.
75

1
±

0.
05

8
b

0.
37

9
±

0.
42

c
0.

97
6
±

0.
10

4
†,

a
0.

47
9
±

0.
06

3
†,

b
0.

28
4
±

0.
07

1
b

<0
.0

01
0.

00
9

0.
09

4
Tb

.S
p

(m
m

)
0.

29
7
±

0.
01

0
c

0.
38

6
±

0.
00

3
b

0.
42

9
±

0.
00

6
a

0.
35

0
±

0.
01

5
†,

b
0.

43
0
±

0.
00

8
†,

a
0.

44
5
±

0.
00

6
a

<0
.0

01
0.

00
2

0.
00

4
D

A
(n

o
un

it
)

2.
33

4
±

0.
09

5
a

1.
97

0
±

0.
07

2
b

2.
15

0
±

0.
11

6
a,

b
2.

56
2
±

0.
08

7
2.

21
2
±

0.
12

6
2.

96
2
±

0.
40

1
<0

.0
01

0.
03

0
0.

30
5

C
on

n.
D

(1
/m

m
3 )

46
.6
±

4.
7

a
20

.0
±

2.
1

b
7.

9
±

1.
8

c
30

.1
±

2.
1

†,
a

11
.3
±

3.
1

†,
b

8.
5
±

2.
3

b
<0

.0
01

0.
00

4
0.

05
1

C
o

rt
ic

a
l

S
tr

u
ct

u
re

T
M

D
(g

/c
m

3 )
0.

80
2
±

0.
00

7
c

0.
94

1
±

0.
11

2
b

0.
99

6
±

0.
01

0
a

0.
81

0
±

0.
00

7
c

0.
93

2
±

0.
00

4
b

0.
99

5
±

0.
00

7
a

<0
.0

01
0.

96
9

0.
29

8
C

t.A
r

(m
m

2 )
1.

29
5
±

0.
04

1
b

1.
39

6
±

0.
02

5
a,

b
1.

45
6
±

0.
02

1
a

1.
23

0
±

0.
03

5
b

1.
29

9
±

0.
03

7
†,

a
1.

36
7
±

0.
04

9
a

<0
.0

01
0.

06
1

0.
79

8
Tt

.A
r

(m
m

2 )
3.

95
1
±

0.
12

7
a

3.
49

3
±

0.
10

4
b

3.
51

7
±

0.
10

7
b

3.
54

4
±

0.
15

8
a

3.
23

6
±

0.
13

7
b

3.
28

4
±

0.
15

9
b

<0
.0

01
0.

11
9

0.
08

5
C

t.A
r/

Tt
.A

r
(%

)
33

.1
±

1.
6

b
40

.2
±

1.
1

a
41

.6
±

1.
1

a
35

.0
±

1.
0

b
40

.4
±

0.
9

a
41

.9
±

1.
2

a
<0

.0
01

0.
63

4
0.

38
4

C
t.T

h
(m

m
)

0.
11

0
±

0.
00

5
c

0.
16

4
±

0.
00

5
b

0.
18

7
±

0.
00

4
a

0.
12

0
±

0.
00

4
c

0.
16

7
±

0.
00

5
b

0.
18

5
±

0.
00

3
a

<0
.0

01
0.

49
2

0.
13

9
Ps

.P
m

(m
m

)
8.

23
1
±

0.
12

3
a

7.
85

1
±

0.
10

4
b

7.
93

9
±

0.
09

7
b

7.
78

0
±

0.
16

9
†

7.
60

9
±

0.
15

9
7.

73
1
±

0.
17

9
<0

.0
01

0.
13

5
0.

04
6

Ec
.P

m
(m

m
)

6.
53

5
±

0.
17

8
a

5.
80

4
±

0.
15

3
b

5.
72

4
±

0.
15

4
b

6.
00

5
±

0.
19

3
a

5.
45

7
±

0.
18

4
b

5.
44

0
±

0.
21

4
b

<0
.0

01
0.

13
4

0.
23

1
M

a.
A

r
(m

m
2 )

2.
65

6
±

0.
13

9
a

2.
09

7
±

0.
09

7
b

2.
06

1
±

0.
09

9
b

2.
31

4
±

0.
13

1
a

1.
93

7
±

0.
10

6
b

1.
91

7
±

0.
12

5
b

<0
.0

01
0.

19
6

0.
11

6
Ec

c
(n

o
un

it
)

0.
45

9
±

0.
03

2
a,

b
0.

37
0
±

0.
02

6
b

0.
42

6
±

0.
02

1
a

0.
45

9
±

0.
02

8
0.

45
8
±

0.
03

4
0.

50
2
±

0.
03

4
0.

04
1

0.
05

4
0.

45
2

†
d

en
ot

es
si

gn
ifi

ca
nt

ly
d

if
fe

re
nt

(p
<

0.
05

)c
om

p
ar

ed
to

C
O

N
w

it
hi

n
th

e
sa

m
e

m
on

th
.D

if
fe

re
nt

le
tt

er
s

in
a

ro
w

d
en

ot
e

st
at

is
ti

ca
ls

ig
ni

fi
ca

nc
e

(p
<

0.
05

)w
it

hi
n

a
gr

ou
p

ov
er

ti
m

e
by

re
pe

at
ed

m
ea

su
re

s
an

al
ys

is
of

va
ri

an
ce

(A
N

O
VA

).
D

at
a

ar
e

ex
pr

es
se

d
as

m
ea

n
±

st
an

da
rd

er
ro

r
of

th
e

m
ea

n
(S

EM
),

n
=

8–
9/

gr
ou

p.
BV

=
bo

ne
vo

lu
m

e,
BV

/T
V

=
bo

ne
vo

lu
m

e
fr

ac
tio

n,
C

on
n.

D
=

co
nn

ec
ti

vi
ty

de
ns

it
y,

C
t.A

r
=

co
rt

ic
al

bo
ne

ar
ea

,C
t.A

r/
T

t.A
r

=
co

rt
ic

al
ar

ea
fr

ac
ti

on
,C

t.T
h

=
co

rt
ic

al
th

ic
kn

es
s,

D
A

=
de

gr
ee

of
an

is
ot

ro
py

,E
cc

=
m

ea
n

ec
ce

nt
ri

ci
ty

,E
c.

Pm
=

en
d

oc
or

ti
ca

lp
er

im
et

er
,M

a.
A

r
=

m
ar

ro
w

ar
ea

,P
s.

P
m

=
p

er
io

st
ea

lp
er

im
et

er
,T

b.
T

h
=

tr
ab

ec
u

la
r

th
ic

kn
es

s,
T

b.
N

=
tr

ab
ec

u
la

r
nu

m
be

r,
T

b.
Sp

=
tr

ab
ec

u
la

r
se

p
ar

at
io

n,
T

M
D

=
ti

ss
u

e
m

in
er

al
de

ns
it

y,
Tt

.A
r

=
to

ta
lc

ro
ss

se
ct

io
na

la
re

a
in

si
de

th
e

pe
ri

os
te

al
en

ve
lo

pe
,a

nd
TV

=
to

ta
lv

ol
um

e.

54

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 250

3.3. Ex Vivo Measurements of Trabecular and Cortical Bone Structure

At the femur neck, there were no significant differences between the CON and HSP + NAR groups
for BV/TV, Tb.Th, Tb.N, and Tb.Sp (Table 2, Figure 3A). Other trabecular parameters including BV,
TV, Conn.D, and DA did not differ between groups. In addition, no differences in trabecular bone
properties (p > 0.05) were observed at the distal metaphyseal region of the femur (Table 2). At the
femur midpoint, there were no differences in cortical bone properties including Ct.Ar and Ct.Th
(Table 2, Figure 3A), as well as Tt.Ar, Ct.Ar/Tt.Ar, Ps.Pm, Ec.Pm, Ma.Ar, or Ecc between the CON and
HSP + NAR groups.

Table 2. Ex vivo bone mineral density (BMD), structure and peak load of the femur in 6-month-old
female mice whose mothers were exposed to control (CON) or 0.5% hesperidin (HSP) + 0.25% naringin
(NAR) diets through pregnancy and lactation.

CON HSP + NAR p Value

Femur BMD (g/cm2) 0.092 ± 0.002 0.090 ± 0.003 0.427

Femur Neck Trabecular Structure
BV/TV (%) 15.6 ± 0.7 15.0 ± 0.9 0.621
Tb.Th (mm) 0.098 ± 0.002 0.099 ± 0.002 0.835

Tb.N (1/mm) 1.591 ± 0.083 1.523 ± 0.102 0.610
Tb.Sp (mm) 0.426 ± 0.014 0.440 ± 0.013 0.462

Femur Midpoint Cortical
Structure

Ct.Ar (mm2) 1.312 ± 0.034 1.181 ± 0.076 0.101
Ct.Th (mm) 0.264 ± 0.009 0.252 ± 0.010 0.422

Distal Femur Trabecular Structure
BV/TV (%) 11.0 ± 0.9 10.8 ± 2.8 0.932
Tb.Th (mm) 0.081 ± 0.002 0.078 ± 0.005 0.520

Tb.N (1/mm) 1.361 ± 0.105 1.294 ± 0.292 0.813
Tb.Sp (mm) 0.463 ± 0.031 0.544 ± 0.069 0.324

Femur Neck Peak Load (N) 23.5 ± 1.2 24.3 ± 1.8 0.697

Midpoint Peak Load (N) 25.5 ± 1.1 25.4 ± 2.4 0.602

There were no significant differences in femur outcomes between CON and HSP + NAR groups. Data are
expressed as mean ± standard error of the mean (SEM), n = 5–9/group. BV/TV = bone volume fraction,
Ct.Ar = cortical bone area, Ct.Th = cortical thickness, Tb.Th = trabecular thickness, Tb.N = trabecular number,
Tb.Sp = trabecular separation.

Figure 3. Representative images of the right femur (A) and the second lumbar vertebra (LV2) (B) of
6-month-old female mice whose mothers were exposed to control (CON) or 0.5% hesperidin (HSP)
and 0.25% naringin (NAR) diets through pregnancy and lactation. Coronal sections consisting of the
ventral half of the femur are depicted in (A); Transverse sections consisting of 1.011 mm of the vertebral
body midsection are depicted in (B).
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At LV2, there were no significant differences between CON and HSP + NAR with regards to
BV/TV, Tb.Th, Tb.N, Tb.Sp (Table 3, Figure 3B), or other trabecular parameters. Similar to the trabecular
bone, the cortical bone structural properties at LV2, including Ct.Ar and Ct.Th, were similar (p < 0.05)
between the CON and HSP + NAR groups (Table 3). No other differences in cortical bone structure
were observed between the groups. Collectively, these data indicate that maternal exposure to HSP
and NAR does not result in long-term consequences to the trabecular or cortical bone structure at
multiple skeletal sites in female CD-1 offspring.

Table 3. Ex vivo bone mineral density (BMD), structure and peak load of the lumbar vertebra (LV)
in 6-month-old female CD-1 mice whose mothers were exposed to control (CON) or 0.5% hesperidin
(HSP) + 0.25% naringin (NAR) diets through pregnancy and lactation.

CON HSP + NAR p Value

LV1-3 BMD (g/cm2) 0.075 ± 0.002 0.078 ± 0.004 0.490

LV2 Trabecular
Structure

BV/TV (%) 25.1 ± 1.6 22.5 ± 2.3 0.360
Tb.Th (mm) 0.081 ± 0.001 0.087 ± 0.005 0.304

Tb.N (1/mm) 3.106 ± 0.179 2.619 ± 0.228 0.110
Tb.Sp (mm) 0.296 ± 0.012 0.315 ± 0.017 0.359

LV2 Cortical Structure

Ct.Ar (mm2) 0.525 ± 0.013 0.523 ± 0.032 0.957
Ct.Th (mm) 0.083 ± 0.002 0.085 ± 0.005 0.706

LV2 Peak Load (N) 32.2 ± 2.7 35.8 ± 6.3 0.544

There were no significant differences in bone structure or strength between CON and HSP + NAR groups. Data
are expressed as mean ± standard error of the mean (SEM), n = 5–9/group. BV/TV = bone volume fraction,
Ct.Ar = cortical bone area, Ct.Th = cortical thickness, Tb.Th = trabecular thickness, Tb.N = trabecular number,
Tb.Sp = trabecular separation.

3.4. Ex Vivo Measurement of Bone Mineral Density (BMD) and Peak Load

No significant differences (p > 0.05) in BMD at the whole femur (Table 2) or LV1-3 (Table 3) were
observed between the CON and HSP + NAR groups at six months of age. The peak load at the tibia
midpoint (CON = 18.1 ± 1.3 N, HSP + NAR= 18.1 ± 1.2) and at the femur midpoint, femur neck,
and LV2 did not differ (p > 0.05) between the CON and HSP + NAR groups (Tables 2 and 3).

4. Discussion

Our data demonstrates that maternal consumption of HSP and NAR compromises trabecular
structure at the proximal tibia in female CD-1 offspring at two and four months of age and trabecular
BMD at four months of age; however, these differences do not persist to six months of age. At the
femur and LV, the trabecular and cortical BMD and structure were not affected by dietary HSP and
NAR. Moreover, the peak load was not altered by dietary HSP and NAR at the three skeletal sites
measured (i.e. tibia midpoint, femur midpoint, and LV2). Thus, maternal consumption of HSP and
NAR during pregnancy and lactation exerts transient effects on trabecular BMD and bone structure in
female CD-1 offspring post-weaning, but these effects do not result in long-term detriments to skeletal
integrity and strength at adulthood.

A novel aspect of this study included the timing of exposure to HSP and NAR. Previous
studies have not investigated the effect of maternal exposure to these citrus flavanones on offspring.
Thus, findings from the present study suggest that there is a critical period before and/or during
pregnancy and/or lactation that transiently compromises the trabecular bone structure in female
offspring. Determining which of these period(s) are critical for the effects of HSP and/or NAR on
skeletal development is an area of future research interest. In addition, our findings suggest that
HSP + NAR exerts differential effects on bone tissue that is dependent on the timing of exposure,
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as others have demonstrated that HSP, NAR, or their aglycones support bone health in mouse and
rat models of adulthood, aging, or surgically- or senescent-induced bone loss [5–11]. For example, in
3-month-old female rats, a daily intake of 0.5% HSP increased femoral BMD by six months of age [7].
In ovariectomized mouse [8,11] and rat [6,7,10] models of postmenopausal bone loss, HSP, NAR or
their combination protected against the deterioration of BMD, bone structure, and biomechanical
strength. The protective effects of HSP and NAR on the trabecular bone have also been observed in
orchidectomized mice [5] and senescent rats [9]. Collectively, these studies demonstrate that HSP,
NAR, or their combination support the accrual and maintenance of BMD, bone structure, and strength
in both adult and aging rodents at doses [5–9] similar to those used in the present study.

The mechanism of action is currently unknown. Studies have not investigated the effects of
HSP, NAR, or their metabolites on their potential to regulate the transcription of genes involved
in bone development through epigenetic mechanisms. The action of HSP and NAR on bone cell
function is largely positive and attributed to their aglycone or glucuronide forms acting to increase
the mRNA expression of BMP-2, BMP-4, Runx2, and osterix, which are involved in driving osteoblast
differentiation and facilitating bone formation [18–20]. HSP and NAR may also decrease osteoclast
activity and bone resorption [9,11]. While some literature has indicated HSP and NAR metabolites as
exhibiting estrogenic properties [11,27], others have demonstrated that they do not activate estrogen
receptor-alpha- (ER-alpha) or ER-beta-mediated transcription of genes [11] and that their binding
affinities to estrogen receptors are low [28]. Thus, the estrogenic or anti-estrogenic potential of HSP
and NAR is uncertain. Moreover, whether HSP and/or NAR metabolites can cross the placenta or
be transferred to the offspring via the mother’s milk in CD-1 mice is an area of future investigation.
It is possible that maternal exposure to HSP and/or NAR modulates circulating levels of calciotropic
hormones in the mother to result in alterations to calcium availability to the fetus in utero or to
offspring during suckling; however, this remains to be determined. Further investigation is necessary
to determine the mechanisms whereby HSP + NAR compromises trabecular bone structure at the
proximal tibia in two- and four-month-old female offspring. Moreover, further investigation is
warranted to determine whether the skeletal tissue of male offspring also responds to maternal
exposure to HSP + NAR.

Among the strengths of the present study is the comprehensive assessment that was performed
on BMD, structure, and strength at multiple skeletal sites. That HSP + NAR exposure did not induce
effects at 6 months of age on bone mineral, structure, and biomechanical strength at the tibias, femurs,
and LV demonstrates consistency among all skeletal sites examined and provides strong evidence that
HSP + NAR does not have long-lasting effects on skeletal integrity in female CD-1 offspring when
mothers are exposed before and during pregnancy and throughout lactation. Another strength is that
that changes in tibial BMD and bone structure were evaluated within the same mice throughout the
course of the study. This longitudinal evaluation of BMD and bone structure within the same mice
resulted in a statistically powerful design and reduced the number of animals required to conduct the
present study. A limitation of the present study is the uncertainty of whether the compromised bone
structure with HSP + NAR treatment at two and four months of age is due to the combined action
of HSP and NAR or if one of these flavanones is responsible for these observed effects. As we are
the first to examine the efficacy HSP and NAR in a programming model of bone development, we
chose to provide HSP and NAR in combination at levels that have established effects in aging rodent
models [8,9,11] as a proof of efficacy. Moreover, identifying whether the critical period is preconception,
and/or during pregnancy, and/or lactation remains unknown.

5. Conclusions

In conclusion, maternal consumption of HSP + NAR exerts transient effects on trabecular bone
development at the proximal tibia in female CD-1 offspring. That BMD, structure, and strength at
the tibia, femur, and LV were similar between the CON and HSP + NAR groups at six months of age
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suggests that maternal consumption of HSP + NAR does not favorably program bone health in female
CD-1 offspring.
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Abstract: The 2015–2020 Dietary Guidelines for Americans advocate for increasing fruit intake and
replacing energy-dense foods with those that are nutrient-dense. Nutrition across the lifespan is
pivotal for the healthy development and maintenance of bone. The National Osteoporosis Foundation
estimates that over half of Americans age 50+ have either osteoporosis or low bone mass. Dried plums,
also commonly referred to as prunes, have a unique nutrient and dietary bioactive profile and are
suggested to exert beneficial effects on bone. To further elucidate and summarize the potential
mechanisms and effects of dried plums on bone health, a comprehensive review of the scientific
literature was conducted. The PubMed database was searched through 24 January 2017 for all cell,
animal, population and clinical studies that examined the effects of dried plums and/or extracts
of the former on markers of bone health. Twenty-four studies were included in the review and
summarized in table form. The beneficial effects of dried plums on bone health may be in part due
to the variety of phenolics present in the fruit. Animal and cell studies suggest that dried plums
and/or their extracts enhance bone formation and inhibit bone resorption through their actions
on cell signaling pathways that influence osteoblast and osteoclast differentiation. These studies
are consistent with clinical studies that show that dried plums may exert beneficial effects on bone
mineral density (BMD). Long-term prospective cohort studies using fractures and BMD as primary
endpoints are needed to confirm the effects of smaller clinical, animal and mechanistic studies.
Clinical and prospective cohort studies in men are also needed, since they represent roughly 29% of
fractures, and likewise, diverse race and ethnic groups. No adverse effects were noted among any
of the studies included in this comprehensive review. While the data are not completely consistent,
this review suggests that postmenopausal women may safely consume dried plums as part of their
fruit intake recommendations given their potential to have protective effects on bone loss.

Keywords: dried plum; prune; bone

1. Introduction

The 2015–2020 Dietary Guidelines for Americans (DGA) advocate for healthy eating patterns that
include a variety of fruits. This includes all fresh, frozen, canned and dried fruits and fruit juices [1].
The recommended intake of fruit in the Healthy US-Style Eating Pattern at the 2000-kcal level is two
cup-equivalents of fruit per day. Increasing the amount and variety of fruits Americans consume
is a strategy that helps individuals meet a wide range of nutrient requirements. However, per the
2015–2020 DGA, average intake of fruit is well below recommendations for almost all age-sex groups,
except in children ages 1–8 years [1]. Average intake of fruit is lowest among girls ages 14–18 years
and in women age 51+ years [1], two critical time points in bone development and maintenance.

Osteoporosis is a rising public health concern, given the aging population and suboptimal
dietary intakes of dairy, fruits, vegetables and whole grains, which provide a variety of essential
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nutrients that influence bone accretion and maintenance across the lifespan. The National Osteoporosis
Foundation estimates that 10.3% of Americans over the age of 50 years have osteoporosis (t-score ≤ 2.5),
and 43.9% have low bone mass (also commonly referred to as osteopenia; t-score ≤ 1.0), a risk factor
for osteoporosis [2]. The risk of fractures increases with age among individuals age 50+, and differs
by sex, race and ethnicity [2,3]. Although many factors contribute to this debilitating event, the most
significant causes are reduction in bone mass, structural deterioration and increased frequency of falls.
It 2005, it was estimated that the over two million incident osteoporotic fractures occurring annually in
the U.S. had an economic burden of $16.9 billion, which is anticipated grow to three million fractures at
a cost of $25.3 billion by 2025 [4]. Men account for 29% of these fractures and 25% of the cost burden [4].
Optimization of lifestyle factors known to influence bone mass and strength is an important strategy
aimed at reducing the risk of fractures later in life.

Plums are a type of drupe fruit that belong to the subgenus Prunus (family Rosaceae). They differ
from other subgenera of drupe fruits (cherries, peaches, etc.) since the shoots have a terminal
bud and unclustered single side buds, flowers combine in groups of one to five on short stems,
the fruit has a crease running down one side and a smooth seed. There are over 40 species of plums
currently documented, although two species, the European plum (Prunus domestica) and Japanese plum
(Prunus salicina and hybrids) are of commercial significance globally [5]. The origin of European plum
is thought to have been near the Caspian Sea, while Japanese plums originated in China, but derived
their name from the country where they were cultivated. European plums were introduced in the
U.S. by pilgrims in the 17th century, while Japanese plums were introduced to the U.S. in the late
19th century. China, Serbia and Romania are the world’s leading producers of plums. Worldwide,
greater than 11.2 million metric tons of plums were harvested in 2014 per the Food and Agriculture
Organization (FAO) of the United Nations [6]. While all prunes originate from fresh plums, not all
plum varieties are considered prunes. Commercialized prunes, also commonly known as dried plums,
are the dehydrated version of the cultivar Prunus domestica L. cv d’Agen. This specific variety has a
naturally-occurring sugar content that enables it to be dried while still containing the pit, without
being fermented. The State of California produces ~99% of the plums in the U.S. and ~40% of the
world’s dried plums [7].

Dried plums are widely known for their laxative effect, which is commonly attributed to
their dietary fiber content [8], but is also likely influenced by the significant amounts of phenolics
(e.g., chlorogenic acid) and sorbitol present in the fruit. Dried plums are not only a source of
dietary fiber, but also a good source of potassium and vitamin K (Table 1). One serving or ~4 dried
plums is 92 kilocalories and provides 2.4 g of dietary fiber, 280 mg of potassium and 22.8 μg of
vitamin K. Dried plums also contain several dietary bioactives, including phenolic compounds,
such as 3-caffeoylquinic acid, 4-caffeoylquinic acid, 5-caffeoylquinic acid, 3-p-coumarolylquinic acid,
caffeic acid, p-coumaric acid and quercetin-3-O-rutinoside [9], whose benefits may extend beyond the
basic nutrition requirements of humans. There is an emerging body of evidence from laboratory, animal
and human studies that suggests that dried plums may exert an effect on bone health. Hooshmand and
others found that two servings (100 g) of dried plums per day slowed the rate of bone turnover and
helped to improve bone mineral density (BMD) in a clinical study of 160 randomized postmenopausal
women (100 completed the study) not receiving hormone replacement therapy [10]. A more recent
clinical study by the same group confirmed the bone protective effects in postmenopausal women
receiving one serving of dried plums per day [11]. However, a comprehensive review of dried plums
and bone health is not currently present in the peer-reviewed scientific literature.

61

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 401

Table 1. Nutritional profile of dried plums per 100 g.

Nutrient Unit DV Plums, Dried (Prunes) (09291) a

Macronutrients
Water g ND 30.92

Energy Kcal 2000 240
Protein g 50 2.18

Fat g 78 0.38
Carbohydrate g 275 63.88

Fiber g 28 7.1
Minerals
Calcium mg 1300 43

Iron mg 18 0.93
Magnesium mg 400 41
Phosphorus mg 1000 69
Potassium mg 4700 732

Sodium mg 2300 2.0
Zinc mg 15 0.44

Copper mg 2 0.281
Manganese mg 2 0.299
Selenium μg 70 0.3
Vitamins

Vitamin C mg 60 0.6
Thiamin mg 1.5 0.51

Riboflavin mg 1.7 0.186
Niacin mg 20 1.882

Pantothenic acid mg 10 0.422
Vitamin B6 mg 2 0.205

Folate μg 400 4.0
Choline mg 550 10.1

Vitamin B12 μg 6 0.0
Vitamin A IU 5000 781
Vitamin D μg 20 0.0
Vitamin E mg 30 0.43
Vitamin K μg 80 59.5

a Nutrient Database Number (NDB No.) in the USDA Food Composition Databases. DV = daily value;
ND = not defined by FDA.

2. Methods

2.1. Literature Search

A comprehensive literature search was conducted as of 24 January 2017 using the PubMed
database. The search methodology is outlined in Table 2. A systematic literature search was not
conducted for lack of clinical and observational evidence and since the focus was to evaluate potential
mechanisms from various types of data.

Included in the review were cell, animal, population and clinical studies in the English language
that assessed the effects of dried plums or extracts of the former on markers of bone health. All articles
were screened by title/abstract and, in some cases, full-text. A complete manual search of reference
lists of original studies was also conducted. Excluded studies (n = 26) were those of any kind that
did not assess dried plum (prune) or plum intake on one or more markers or clinical endpoints of
bone health.
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Table 2. Search strategy.

Search No. Search Results Search Type

1 bone and bones (MeSH Terms) 536,127 Advanced
2 bone AND (fracture* OR density OR resorption OR development) 340,163 Advanced
3 osteoporosis 73,977 Advanced
4 osteoblasts 36,771 Advanced
5 osteoclasts 19,477 Advanced
6 #1 OR #2 OR #3 OR #4 OR #5 762,438 Advanced
7 Prune(TIAB) OR plum(TIAB) OR dried plum(tiab) 2460 Advanced
8 #6 AND #7 50

MeSH = medical subject heading; TIAB = title/abstract.

2.2. Data Extraction

Quantitative and qualitative data information from each study, including author and year of
study, geographic study location, study design, product information, intervention, population, markers
measured, duration and results, were extracted (Tables 3–5).
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3. Results

The literature search of the PubMed database yielded 50 articles [10–61]. After title/abstract
review, 22 articles were screened in full-text and included in this comprehensive review [10–29,31,32].
Two additional studies [30,33] were included after examination of the reference lists of the 22 studies
identified in the literature search. Data and results from each of the 24 included studies are listed in
Tables 3–5.

Four clinical trials were identified in this comprehensive review [10–14]. Most the studies retrieved
for full-text review were animal studies involving either rats or mice (16 total) [15–30], although three
(cell) studies were also identified [31–33]. No observational studies were identified in the PubMed
literature search or after examination of the reference lists of included studies.

4. Discussion

Dried plums are being increasingly recognized for their role in bone health. This comprehensive
review supports that consumption of dried plums is safe and may be a bone healthy option
for postmenopausal women wishing to satisfy daily requirement for fruit as outlined by the
2015–2020 DGA. It is important to note that dried plums contain a higher amount of vitamin K
as compared to other commonly-consumed fruits, which may influence bone health by helping to
improve calcium balance.

The quality of clinical studies included in this comprehensive review was acceptable, noting that
none utilized a sample size based on a priori power calculation, nor were the treatment allocations
able to be concealed from the participants and/or investigators. All four clinical studies identified
were derived from the same laboratory group [10–14], meriting the need for replication by additional
investigators. Clinical studies included in this review had several limitations, such as a short duration
of 3–12 months, which is a narrow window to see significant changes in BMD. All four clinical
studies were un-blinded, and only the Hooshmand et al. 2016 [11] had an inactive placebo group.
The Hooshmand et al. 2011 [10] and Hooshmand et al. 2014 [13] manuscripts used dried apples as the
control group and represent the same study population with additional biomarkers being measured for
the latter publication post hoc (BMD data are presented twice). Participants in this study also received
500 mg of calcium and 400 IU of vitamin D during the intervention [10,13], even though administration
of these supplements was equal across both arms. Simonavice et al., 2014 [14], assessed the effects
of dried plums and resistance training vs. resistance training alone on blood markers of bone and
inflammation in female breast cancer survivors. While this study found null effects, these results are
likely not generalizable to healthy postmenopausal women experiencing normal hormone-related bone
loss. Resistance training has been shown to have a larger effect on preventing bone loss as compared to
most dietary interventions and could have masked the much smaller the effects, if present, exerted by
dried plums. The Hooshmand et al., 2016 [11], found that dried plum consumption at 50–100 g/day for
a period of six months prevented loss of total body BMD, but not spine, hip or ulna BMD, likely due to
its shorter duration.

Consistent improvements in BMD at several sites were noted in animal studies designed to
model conditions at or before peak bone mass, pregnancy, post-menopause, osteopenia and/or
osteoporosis. Rat models of ovarian hormone deficiency have been used for over 25 years to simulate
postmenopausal bone loss in humans. Ovarian hormone deficient rats and postmenopausal women
have many similar characteristics when it comes to bone loss. These characteristics include increased
rates of bone turnover with resorption exceeding formation, an initial rapid phase of bone loss
followed by a slower phase due to the ovariectomy, greater loss of trabecular vs. cortical bone,
decreased intestinal absorption of calcium and a similar response to drug (e.g., bisphosphonate
therapy) and lifestyle interventions (e.g., physical activity) [41]. Indeed, animal studies show that dried
plums and/or their polyphenol-rich extracts can beneficially affect both BMD and bone biomarkers.
The animal and cell studies presented in this comprehensive review are consistent with and supportive
of the theory that a diet high in phenolics and/or flavonoids may enhance bone formation and
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inhibit bone resorption through their actions on cell signaling pathways that influence osteoblast and
osteoclast differentiation [62]. Total body BMD and BMD at specific sites, as well as several blood
biomarkers, including AP, BAP, BSAP, OPG, RANKL and TRAP-5b, have been shown to be consistently
and beneficially impacted across both clinical and animal studies. Animal studies also collectively
support that dried plums may beneficially influence bone area and micro-architecture.

Several bone turnover markers seemed to be improved among clinical studies; however, there
was a lack of consistency among many of the markers across and between both clinical and
animal studies. For instance, Arjmandi et al., 2002 [12], found significant increases in bone alkaline
phosphatase (BAP), but the latter larger study Hooshmand et al., 2011 [10], reported a decrease in
BAP. Noting the abundance of bone turnover markers measured in both research and the clinical
setting, the International Osteoporosis Foundation (IOF) and International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) Bone Markers Working group recently reviewed the
scientific literature to determine the clinical potential of bone turnover markers, which includes the
prediction of fracture risk and monitoring treatments for osteoporosis [63]. The IOF/IFCC working
group identified one bone resorption marker (s-CTX, serum C-terminal telopeptide of type I collagen)
and one bone formation marker (s-PINP, serum procollagen type 1 N propeptide) to be used as
reference markers and measured by standardized assays in observational and intervention studies [63].
While only one animal study assessed the effects of dried plums on CTX [27] and two on PINP [27,28],
collectively, the animal studies included in this review showed beneficial effects of dried plums
and/or their polyphenol-rich extracts on most, but not all, markers of bone turnover. Nevertheless,
bone turnover markers are likely too premature in their standardization and clinical utility to accurately
predict small changes in bone, as expected in dietary interventions. Differences in study design,
dose and duration may also contribute to the inconsistencies in the bone turnover markers measured
across and between rodent and cell studies.

Future Research

Identification of the active components, particularly individual phenolics, and their potential
modes of action are necessary to fully understand the overall effect of dried plums on bone health
across the lifespan. While existing data indicate that consumption of dried plums may be beneficial
in postmenopausal women with ongoing bone loss, future clinical and prospective cohort studies in
premenopausal women, men and adolescents prior to peak bone mass accrual are necessary to confirm
their effects across the population and to make generalizable dietary guidance statements.

Recent epidemiological studies show that phenolic compounds may have a stronger association
with bone than general fruit and vegetable consumption [62]. Even though BMD is a validated
biomarker of bone health, fractures represent the most significant clinical endpoint of bone health
across the lifespan. Prospective cohort studies designed to assess potential associations of dried plum
intake on both fracture risk and changes in BMD across the population and various subpopulations
are greatly needed to confirm the findings of studies included in this comprehensive review.

5. Conclusions

Dried plums are an easy means to help individuals meet their daily recommendations for fruit
intake. The beneficial effects of dried plums on bone health may be in part due to the unique variety of
phenolics and nutrients present in the fruit. Animal and cell studies suggest that dried plums and/or
their extracts enhance bone formation and inhibit bone resorption through their actions on cell signaling
pathways that influence osteoblast and osteoclast differentiation; however, results on specific markers
are not consistent across and between studies. Animal studies are somewhat consistent with small
clinical interventions that show dried plums may exert beneficial effects on total body and site-specific
BMD. Long-term prospective cohort studies using fractures and BMD as primary endpoints are needed
to confirm the effects of smaller clinical, animal and mechanistic studies. No adverse effects were noted
among any of the studies included in this comprehensive review. While the data are not completely

75

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 401

consistent, this review suggests that postmenopausal women may safely consume dried plums as part
of their fruit intake recommendations given their potential to have protective effects on bone loss.
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Abstract: Osteoclasts are large, multinucleated cells that are responsible for the breakdown or resorption
of bone during bone remodelling. Studies have shown that certain fatty acids (FAs) can increase bone
formation, reduce bone loss, and influence total bone mass. Palmitoleic acid (PLA) is a 16-carbon,
monounsaturated FA that has shown anti-inflammatory properties similar to other FAs. The effects
of PLA in bone remain unexplored. Here we investigated the effects of PLA on receptor activator of
nuclear factor kappa B (NF-κB) ligand (RANKL)-induced osteoclast formation and bone resorption in
RAW264.7 murine macrophages. PLA decreased the number of large, multinucleated tartrate resistant
acid phosphatase (TRAP) positive osteoclasts and furthermore, suppressed the osteolytic capability
of these osteoclasts. This was accompanied by a decrease in expression of resorption markers (Trap,
matrix metalloproteinase 9 (Mmp9), cathepsin K (Ctsk)). PLA further decreased the expression of genes
involved in the formation and function of osteoclasts. Additionally, PLA inhibited NF-κB activity
and the activation of mitogen activated protein kinases (MAPK), c-Jun N-terminal kinase (JNK) and
extracellular signal–regulated kinase (ERK). Moreover, PLA induced apoptosis in mature osteoclasts.
This study reveals that PLA inhibits RANKL-induced osteoclast formation in RAW264.7 murine
macrophages through suppression of NF-κB and MAPK signalling pathways. This may indicate that
PLA has potential as a therapeutic for bone diseases characterized by excessive osteoclast formation.

Keywords: palmitoleic acid; osteoclasts; bone resorption; fatty acid

1. Introduction

Bone resorption and formation are tightly coupled in healthy individuals in a process known
as bone remodelling [1]. However, when there is an imbalance between formation and resorption,
many bone pathologies may arise such as osteoporosis, osteopetrosis, and rheumatoid arthritis [2].
There are three main bone cell types involved in bone remodelling namely; osteocytes; osteoblasts, and
osteoclasts. Osteocytes remain embedded within the mineralized matrix of bone and are thought to
translate mechanical loading into biochemical signals that affect bone remodelling [3]. Osteoblasts are
responsible for the synthesis and mineralization of bone as well as modulating the differentiation of
osteoclasts [4]. Osteoclasts are large, multinucleated cells that are responsible for the resorption of bone.
They are formed by the fusion of mononuclear hematopoietic cells of the monocyte-macrophage lineage
in the presence of differentiation factors, macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor kappa B (NF-κB) ligand (RANKL), both produced by osteoblasts [5,6].
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Osteoclasts resorb bone by developing a microenvironment in which the mineral part of the bone
is dissolved and the organic part is degraded [7]. The osteoclast forms a sealing zone and creates
a tight seal with the matrix of the bone. This sealing zone encircles the ruffled border responsible for
increasing the surface area for resorption [7]. Binding of RANKL to the receptor activator of nuclear
factor kappa B (RANK) on osteoclast precursors will trigger the NF-κB pathway and the mitogen
activated kinase (MAPK) pathways, c-Jun N-terminal kinase (JNK), extracellular signal–regulated
kinase (ERK), and p-38. Activation of these pathways will promote the expression of nuclear factor
activator T-cells, cytoplasmic 1 (NFATc1) through Fos proto-oncogene (cFos). NFATc1 is known
as the master regulator of osteoclast formation and function. NFATc1 will increase expression of
dendritic cell-specific transmembrane protein (DC-STAMP), which plays an important role in osteoclast
formation through cell-to-cell fusion; the release of collagenolytic enzymes (matrix metalloproteinase 9
(MMP-9), cathepsin K (CTSK), and tartrate resistant acid phosphatase (TRAP)); and the acidification of
the resorption lacuna through carbonic anhydrase 2 (CAR2). Long-chain polyunsaturated fatty acids
(LCPUFAs) such as alpha-linolenic acid (ALA), docosahexaenoic acid (DHA), and eicosapentaenoic
acid (EPA) have been studied for their protective effects on bone health [8]. Studies have shown that
these fatty acids (FAs) can increase bone formation, reduce bone loss, and influence total bone mass [9].
EPA and DHA have further been shown to decrease osteoclast formation and activity [8,10–12], possibly
explaining their bone protective effects. Similar anti-osteoclastogenic effects have been reported in vitro
with the use of oleic acid (OA), an anti-inflammatory monounsaturated fatty acid (MUFA) [13].

Palmitoleic acid (PLA) is an omega-7, 16-carbon, MUFA obtained from dietary sources, such
as macadamia oil, and can be synthesized endogenously by adipocytes [14,15]. PLA is formed by
the dehydrogenation of palmitic acid—a saturated 16-carbon fatty acid. PLA has been shown to
have anti-inflammatory properties similar to other fatty acids such as DHA, EPA, and OA [14].
Several studies on PLA have revealed a wide array of effects on health [15–18]. Results from
these studies have shown that PLA downregulates and inhibits lipogenesis, therefore controlling fat
production in bovine adipocytes; increases low-density lipoprotein-cholesterol and lowers high-density
lipoprotein-cholesterol, but also reduces total cholesterol levels in hypercholesterolemic men; increases
basal glucose uptake in skeletal muscles of rats by increasing the number of glucose transporter
(GLUT) 1 and GLUT4 transporters in the plasma membrane, hence controlling insulin resistance;
and reduces the accumulation of hepatic lipids in mice with Type 2 diabetes [15–18]. Further studies
have found that PLA increases insulin sensitivity and is a strong predictor of insulin sensitivity in
humans [19]. However, the effects of PLA on insulin sensitivity have proven controversial, as other
studies have revealed contradictory results [20,21]. These conflicting studies underlie the need for
further research into the effects of PLA on health. Despite its anti-inflammatory properties and other
health benefits, the effects of PLA on bone are largely unexplained. In this study, we investigated the
effects of PLA on RANKL-induced osteoclast formation in RAW264.7 murine macrophages. To the
best of our knowledge, no previous studies have been conducted on the effects of PLA in osteoclasts.

2. Materials and Methods

2.1. Reagents and Materials

Dulbecco’s Modified Eagle’s medium (DMEM) was purchased from GIBCO (Invitrogen Corp,
Carlsbad, CA, USA) and heat inactivated fetal bovine serum (FBS) was bought from Amersham
(Little Chalfont, UK). Palmitoleic acid (PLA) was acquired from Cayman Chemical Company
(Ann Arbor, MI, USA). RANKL was obtained from Research and Diagnostic Systems (R&D Systems,
Minneapolis, MN, USA) while TRI Reagent, Trypan blue, and all other chemicals of research grade
were obtained from Sigma-Aldrich Inc. (St. Louis, MO, USA). The Alamar blue reagent, 4–12%
NuPAGE Novex Bis-Tris polyacrylamide gels, cell extraction buffer, iBlot Gel Transfer Device and
the iBlot Western Detection Chromogenic Kit were all supplied by Life Technologies (Carlsbad, CA,
USA). M-MuLV reverse transcriptase was purchased from New England Biolabs (Ipswich, MA,
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USA). Roche FastStart Essential DNA Green Master was acquired from Roche (Basel, Switzerland).
The bicinchoninic acid (BCA) protein assay kit was purchased from Thermo Scientific (Rockford,
IL, USA) and the rabbit polyclonal antibodies against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), JNK, pJNK, ERK, and pERK were supplied by Abcam (Cambridge, MA, USA).

2.2. Fatty Acid Preparation

PLA was prepared at a stock concentration of 100 mM in ethanol, aliquoted, and stored at −80 ◦C
in the dark until required. The stock solution was then freshly diluted to the required working
concentrations of 20, 40, 60, 80, and 100 μM in complete culture medium [8]. The highest concentration
of ethanol did not exceed 0.1% during the experiments, and this was used for the vehicle control.

2.3. Cell Culture

RAW264.7 murine macrophages (#TIB-71) were purchased from American Type Culture Collection
(ATCC, Rockville, MD, USA) and were cultured in a flask with DMEM supplemented with 10% FBS and
1% antibiotic solution containing fungizone (0.25 μg/mL), streptomycin (100 μg/mL), and penicillin
(100 μg/mL). The cells were incubated at 37 ◦C and humidified at 5% CO2.

2.4. Alamar Blue Assay for Cell Viability

RAW264.7 murine macrophages were plated in a sterile 96-well plate at a density of 5 × 103 cells
per well. After 24 h for attachment, the cells were exposed to PLA (20–100 μM) or vehicle (0.1% ethanol)
for a further 48 h. At the end of the culture period, cells were assessed for cell viability using an
Alamar Blue assay as per the manufacturer’s instructions (Life Technologies). Absorbance values were
measured using an Epoch Micro-plate spectrophotometer (BioTek, Winooski, VT, USA) at a wavelength
of 570 nm and using 600 nm as the reference [22]. Results are expressed as percentage of control.

2.5. Osteoclast Formation and TRAP Activity Assay

RAW264.7 murine macrophages were seeded into a sterile 96-well plate at a density of 5 × 103 cells
per well in complete culture medium with increasing concentrations of PLA (20–100 μM) or vehicle
(0.1% ethanol) in combination with 15 ng/mL of RANKL for 5 days. The cell culture media and
compounds were replaced on day 3. At the end of the culture period, TRAP activity was measured
in conditioned media while the cells were stained for the presence of TRAP. Assessment of TRAP
activity was done as previously described [8] and was quantified by optical absorbance at 405 nm
using an Epoch Micro-plate Spectrophotometer (BioTek). The results are expressed as percentage of
the control. TRAP staining of the cells was performed as previously described [8]. TRAP-positive
(pink) multinucleated cells that contained more than three nuclei were regarded as osteoclasts and
were counted [22]. Photographs were taken of these cells with a Discovery V20 StereoMicroscope
using an AxioCam MRc5 camera (Carl Zeiss, Oberkochen, Germany).

2.6. Actin Ring Formation

RAW264.7 murine macrophages were seeded into a sterile 96-well plate at a density of 5 × 103 cells
per well in complete culture medium with increasing concentrations of PLA (20–100 μM) or vehicle
(0.1% ethanol) in combination with 15 ng/mL of RANKL for 5 days. The cell culture media and
compounds were replaced on day 3. At the end of the culture period, the cells were fixed with 3.7%
formaldehyde solution in PBS for 10 min and then permeabilized with 0.1% Triton X-100 for 10 min.
The cells were then stained with Alexa fluor 568 phalloidin (Life Technologies) for 40 min, followed by
35 μg mL−1 Hoechst 33342 solution for 10 min to stain the nuclei. Photomicrographs were then taken
using a Zeiss inverted Axiovert CFL40 microscope equipped with a Zeiss Axiovert MRm monochrome
camera (Carl Zeiss, Oberkochen, Germany). The following filters were used: Hoechst (Excitation:
352 nm, Emission: 455 nm); Phalloidin (Excitation: 502 nm. Emission: 525 nm).
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2.7. Bone Resorption Assay

RAW264.7 murine macrophages were seeded into a sterile 24-well osteoassay plate (Corning Inc.,
Corning, NY, USA) at a density of 1 × 104 cells per well, in the presence of RANKL (30 ng/mL) and
varying concentrations of PLA (40–100 μM) or vehicle (0.1% ethanol) for 5 days [23]. At the end of
the culture period, a modified von Kossa stain was performed and photomicrographs of the resorbed
areas were taken as previously described [23]. Resorption was quantified using ImageJ software [24].

2.8. Polymerase Chain Reaction (PCR)

RAW264.7 murine macrophages were seeded into a sterile 24-well plate at a density of
1.5 × 104 cells per well and were exposed to PLA (100 μM) or vehicle (0.1% ethanol) in combination
with RANKL (15 ng/mL) for 5 days. TRI reagent was used to extract the total cellular RNA and 1 μg
of this RNA was reverse transcribed into cDNA using M-MuLV reverse transcriptase. Roche FastStart
Essential DNA Green Master was used for the quantitative real time PCR (qT-PCR). Gene expression
was analysed using the 2−ΔΔCT method after results were normalized to Gapdh [23]. The primers used
in this study were synthesized by Inqaba Biotec (Pretoria, South Africa) and are shown in Table 1.

Table 1. Primers that were used in this study.

Gene Forward Primer Sequence (5′–3′) Reverse Primer Sequence (5′–3′)

Gapdh GATGACATCAAGAAGGTGGTGAAGC ATACCAGGAAATGAGCTTGACAAAG
Mmp9 GTCATCCAGTTTGGTGTCGCG AGGGGAAGACGCACAGCTC
Ctsk CTGGAGGGCCAACTCAAGA CCTCTGCATTTAGCTGCCTT
Trap CAGCTGTCCTGGCTCAA GTAGGCAGTGACCCCGT
cFos CCCATCGCAGACCAGAGC ATCTTGCAGGCAGGTCGGT

Dcstamp ATGACTTGCAACCTAAGGGCAAAG GTCTGGTTCCAAGAAACAAGGTCAT
Nfatc1 GTGGAGAAGCAGAGCAC ACGCTGGTACTGGCTTC
Car2 GAGTTTGATGACTCTCAGGACAA CATATTTGGTGTTCCAGTGAACCA

Gapdh: glyceraldehyde 3-phosphate dehydrogenase; Mmp9: matrix metalloproteinase 9; Ctsk: cathepsin K; Trap:
tartrate resistant acid phosphatase; cFos: Fos proto-oncogene; Dcstamp: dendritic cell-specific transmembrane
protein; Nfatc1: cytoplasmic 1; Car2: carbonic anhydrase 2.

2.9. Western Blotting

RAW264.7 murine macrophages were seeded in a sterile six-well plate at a density of 1 × 106 cells
per well and incubated at 37 ◦C for 24 h. Thereafter, the cells were pre-exposed to PLA (100 μM) or the
vehicle (0.1% ethanol) for 4 h. Thereafter, cells were exposed to RANKL (15 ng/mL) in combination
with PLA (100 μM) or vehicle (0.1% ethanol) for 30 min. The cells were then lysed in ice-cold
radioimmunoprecipitation assay (RIPA) buffer that was already supplemented with protease and
phosphatase inhibitors. A bicinchoninic acid (BCA) protein assay kit was used to quantify the purified
proteins and equal amounts of protein were resolved on a 12% polyacrylamide gel. Proteins were
then electrotransferred onto nitrocellulose membranes with Tris glycine transfer buffer containing
192 mM glycine, 25 mM Tris, and 20% methanol and then probed with specific rabbit antibodies at 4 ◦C
overnight. This was followed by incubation with Immun-Star goat anti-rabbit-horseradish peroxidase
conjugate secondary antibody (Bio-Rad, Hercules, CA, USA) and a ChemiDoc MP (Bio-Rad) was then
used to obtain digital images of the blots.

2.10. NF-κB/SEAP Assay

RAW264.7 macrophages were stably transfected with pNiFty2-SEAP (Invivogen, San Diego, CA,
USA), an NF-κB-inducible reporter plasmid containing 5× NF-κB repeated transcription factor binding
sites as well as a reporter gene—secreted embryonic alkaline phosphatase (SEAP), with GeneCellin
transfection reagent [25]. Transfected RAW264.7 murine macrophages were seeded into a sterile
96-well plate at a density of 5 × 103 cells per well in serum-free selection medium supplemented
with Zeocin. The cells were exposed to PLA (20–100 μM) or vehicle (0.1% ethanol) in combination
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with RANKL (30 ng/mL) and incubated for 48 h at 37 ◦C and 5% CO2. After the culture period,
the supernatant was transferred to a separate 96-well plate and heated to 65 ◦C for 10 min to inhibit
endogenous alkaline phosphatase. SEAP assay was conducted as per the manufacturer’s instructions.

2.11. Mature Osteoclasts

RAW264.7 murine macrophages were seeded into two sterile 96-well plates at a density of
5 × 103 cells per well for 5 days in the presence of RANKL (15 ng/mL) to allow differentiation.
The medium was changed on day 3. On day 5, varying concentrations of PLA (20–100 μM) were added
to both plates and incubated for 24 h and 48 h, respectively.

2.11.1. LDH Assay

Necrosis causes permeabilisation of cell plasma membranes, which allows for cellular components
such as lactate dehydrogenase (LDH) to leak out of these damaged cells [26]. After the culture period,
LDH release was determined as previously mentioned [27]. Readings were taken on a spectrophotometer
at an optical absorbance of 490–520 nm.

2.11.2. Hoechst Staining

After the culture period, the cells were washed with PBS and stained with Hoechst in the dark for
5 min. Photomicrographs were taken using a Zeiss inverted Axiovert CFL40 microscope equipped
with a Zeiss Axiovert MRm monochrome camera using the following filters: Hoechst (Excitation:
352 nm, Emission: 455 nm) (Carl Zeiss, Oberkochen, Germany).

2.11.3. Statistical Analysis

Three independent experiments were performed in 6-fold, unless otherwise stated, and exposed
cells were compared to the vehicle control. Results are displayed as the mean ± the standard deviations.
Statistical analysis was done by one-way analysis of variance (ANOVA) followed by a Bonferroni post
hoc test using GraphPad Prism software. All p-values ≤ 0.05 were considered significant.

3. Results

3.1. The Effect of PLA on Cell Viability

RAW264.7 murine macrophages were exposed to a concentration gradient of 20–100 μM of PLA
for 48 h. These concentrations were not found to be cytotoxic to the cells and were used for further
testing (Figure 1).

Figure 1. Effect of palmitoleic acid (PLA) on cell viability. Cells were exposed to varying concentrations
of PLA (20–100 μM) for 48 h and an Alamar Blue assay was performed to test cell viability. Results are
shown as percentage of control and expressed as mean ± standard deviation.
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3.2. PLA Inhibits Osteoclast Formation

RAW264.7 murine macrophages were differentiated with RANKL for 5 days in the presence of
varying concentrations of PLA. TRAP activity levels (Figure 2A) and number of osteoclasts counted
(Figure 2B) were significantly reduced at all concentrations tested. TRAP stain images (Figure 2C)
show large, well developed osteoclasts in the RANKL only cells, whereas the size and number of
mature osteoclasts reduce with an increase in PLA concentration. The highest reduction was shown at
100 μM, therefore for the PLA concentration of 100 μM only a few multinucleated cells were present.
This concentration was used for further experiments.

Figure 2. Effect of PLA on tartrate resistant acid phosphatase (TRAP) activity and osteoclastogenesis.
RAW264.7 murine macrophages were differentiated into osteoclasts in the presence of receptor
activator of NF-κB ligand (RANKL) (15 ng/mL) and PLA (20–100 μM) for five days. (A) TRAP
activity was determined as described in the methods. Results are shown as percentage of control
and expressed as mean ± standard deviation; (B) Number of TRAP positive osteoclasts counted at
different concentrations; (C) Effect of varying concentrations of PLA on osteoclast formation. TRAP
positive (pink) osteoclasts are shown by yellow arrows. (Scale bar = 500 μm); (D) RAW264.7 murine
macrophages were seeded onto glass coverslips with or without of PLA (100 μM) in combination
with RANKL (15 ng/mL). Cells were stained for actin (red) and nuclei (blue) using Alexa fluor 568
phalloidin and Hoechst, respectively. (Scale bar = 100 μm). ** p < 0.01; *** p < 0.001; **** p < 0.0001
compared to control.

85

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 441

3.3. The Effect of PLA on RAW264.7 Murine Macrophage Morphology

Actin rings were detected by fluorescent microscopy in order to visualize the structure of the
actin rings in mature osteoclasts after treatment with PLA. Large multinucleated cells with clear actin
rings are seen in wells exposed to RANKL only. PLA reduced the size and number of the osteoclasts
with actin rings (Figure 2D). Furthermore, the actin rings that formed are smaller and incomplete after
exposure to PLA.

3.4. PLA Suppresses Bone Resorption

RAW264.7 murine macrophages were seeded onto a 24-well osteoassay plate coated with a layer
of bone mimetic substrate. The cells were exposed to RANKL alone or in combination with PLA for
5 days. A decrease in bone resorption was observed with an increase in PLA concentration (Figure 3A).
ImageJ software was used to quantify the percentage of bone resorption (Figure 4B). Decreases in bone
resorption were shown to be statistically significant.

Figure 3. Effect of PLA on bone resorption. RAW264.7 macrophages were seeded onto bone mimetic
plates in the presence of RANKL (15 ng/mL) and PLA (40–100 μM) for five days (A) Effect of PLA on
bone resorption in RAW264.7 murine macrophages. The white areas are where the osteoclasts have
resorbed the bone mimetic plate. (Scale bar = 500 μm); (B) Resorbed areas were quantified using ImageJ
software and expressed as mean ± standard deviation. Results are shown as percentage of control.
(**** p < 0.0001) compared to control.
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3.5. PLA Suppresses the Expression of Osteoclast-Specific Gene Expression

The binding of RANKL to the RANK receptor induces the expression of downstream signalling
molecules that play a major role in the formation of osteoclasts as well as the bone resorbing
function of mature osteoclasts. PLA (100 μM) treatment significantly reduced the expression of
all osteoclast-specific genes tested in this study (Figure 4).

Figure 4. Effect of PLA on osteoclast specific gene expression. RAW264.7 murine macrophages were
seeded at 1.5 × 104 cells per well in the presence or absence of PLA (100 μM) in combination with
RANKL (15 ng/mL) for five days. RNA was isolated and reverse transcribed into cDNA and relative
expression of osteoclast specific genes was determined by quantitative-PCR. Results are expressed
relative to the RANKL treated control. (* p < 0.05; ** p < 0.01; *** p < 0.001).
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3.6. PLA Inhibits RANKL-Induced Activation of NF-κB and MAPK Pathways

Activation of both the NF-κB and MAPK pathways is integral in the formation and function
of osteoclasts. To elucidate the effects of PLA on RANKL-induced NF-κB activation, RAW264.7
macrophages were stably transfected with NF-κB-SEAP reporter plasmid. Cells were treated with PLA
(20–100 μM) in combination with RANKL (35 ng/mL) for 24 h. PLA at 80 and 100 μM significantly
reduced RANKL-induced NF-κB activation after 24 h (Figure 5A).

Figure 5. (A) RAW264.7 murine macrophages were transfected with nuclear factor kappa B
(NF-κB)-SEAP reporter plasmid and exposed to RANKL (35 ng/mL) with or with PLA (20–100 μM)
in serum-free selection media for 24 h. Secreted embryonic alkaline phosphatase (SEAP) reporter
assay was performed as per the manufacturer’s instructions. Results are expressed as percent of
positive control. (** p < 0.01; *** p < 0.001); (B). RAW264.7 cells were seeded at 1 × 106 cells per well.
Cells were exposed to RANKL (15 ng/mL) and PLA (100 μM) for 30 min. Thereafter cell lysates were
prepared and western blot was performed to determine the activation of mitogen activated protein
kinase (MAPK) proteins (ERK and JNK). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a loading control; (C) Densitometry analysis of bands was conducted using ImageJ software.
Results are expressed as mean ± standard deviation; n = 3 per group (** p < 0.01 vs. 0 min RANKL)
(a p < 0.001 vs. 30 min RANKL).

Western blotting was conducted to test the effects of PLA on the activation of the MAPKs:
JNK and ERK. After pre-exposing cells to PLA (100 μM) or vehicle for 4 h, cells were treated with
RANKL (15 ng/mL) for 30 min. Vehicle control cells showed an increase in the phosphorylated
form of the MAPK proteins, indicating activation of these proteins (Figure 5B). PLA suppressed the
phosphorylation of both ERK and JNK, indicating inhibition of these pathways (Figure 5C).
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3.7. Induction of Apoptosis by PLA in Mature Osteoclasts

To elucidate the action of PLA on mature osteoclasts, RAW264.7 murine macrophages were
differentiated in sterile 96-well plates. LDH release for necrosis and Hoechst staining for apoptosis
was performed after 24 h and 48 h exposure to PLA. There was no significant increase in LDH release
after 24 h or 48 h (Figure 6A). An increase in nuclear condensation and fragmentation was detected in
the PLA exposed cells compared to the control (Figure 6B,C).

Figure 6. RAW 264.7 murine macrophages were matured in 96-well plates for 5 days followed by
exposure to PLA (100 μM) for 24 h or 48 h. (A) Lactate dehydrogenase (LDH) results obtained 24 h and
48 h after treatment with PLA. Results are shown as percentage of positive control; (B) Hoechst
staining performed on mature osteoclasts to visualize nuclear condensation and fragmentation.
Scale bar = 100 μm; (C) Number of cells with nuclear fragmentation were counted. Results are
expressed relative to the control. (** p < 0.01).
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4. Discussion

Fatty acids (FAs) are key dietary nutrients crucial for health and well-being. FAs are commonly found
in nuts, oils, seafood, and various other widely consumed food sources. Several studies have focused on
the importance of unsaturated FAs in bone metabolism [8,10,11,28–31]. Chronic inflammatory diseases
are known to increase the risk of bone fractures, as pro-inflammatory cytokines amplify the formation
of osteoclasts [32]. Therefore, targeting osteoclast formation with anti-inflammatory compounds has
been used as a strategy to combat bone diseases characterized by excessive osteoclast activity. For this
reason, the effects of ω-3 long-chain polyunsaturated FAs (LCPUFAs) in particular have been studied in
osteoclasts, as they are known to exert anti-inflammatory effects. Palmitoleic acid (PLA), an omega-7,
16-carbon monounsaturated FA (MUFA) is also known to possess anti-inflammatory effects [18];
however, the role of PLA on bone health remains unexplored. This study sought to investigate
the effects of PLA on differentiating and mature osteoclasts in RAW264.7 murine macrophages to
determine if PLA exerts any anti-osteoclastogenic potential.

In this study, the RAW264.7 murine macrophage model was used for osteoclastogenesis.
RAW264.7 macrophages fuse and differentiate into mature resorbing osteoclasts in the presence
of RANKL and are therefore suitable for studying in vitro effects on RANKL-induced osteoclast
formation and activity [33]. Our findings show that PLA inhibited RANKL-induced osteoclastogenesis
in RAW264.7 murine macrophages. Inhibition of osteoclast formation was accompanied by changes in
morphology. During osteoclast differentiation, cytoskeletal rearrangement leads to the formation of
actin rings. These actin rings play a crucial role in maintaining the cell structure, which is important
for resorption to occur [34]. In this study, we found that actin ring formation was decreased by PLA.
This was accompanied by a significant reduction in the osteolytic ability of osteoclasts derived from
RAW264.7 macrophages. The decrease in actin ring formation and resorption was most likely due to
inhibition of osteoclast formation by PLA. However, PLA was shown to downregulate genes that play
a role in the fusion of osteoclast precursors (Dcstamp, dendritic cell-specific transmembrane protein)
and in the resorptive process (Ctsk, Mmp9, Trap, Car2). This was most likely due to the reduction in cFos
and Nfatc1, which are crucial for the expression of osteoclast specific characteristics [35]. NFATc1 is
known as the master regulator of osteoclast formation and function and its activation is a key point in
the RANKL signalling cascade.

RANKL-induced activation of cFos and Nfatc1 is downstream of the activation of the NF-κB and
MAPK pathways [36]. NF-κB deficient mice have been shown to have no osteoclasts and develop
severe osteopetrosis [37]. The MAPKs, p-38 [38], JNK1 [39], and ERK have all been shown to be
activated when RANK is stimulated and are critical to osteoclast formation [36]. Therefore, targeting
NF-κB and MAPK may lead to decreases in osteoclastogenesis and bone loss. Rahman et al. have
shown that the ω-3 LCPUFAs, docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA) can
inhibit osteoclast formation through inhibition of NF-κB nuclear translocation and p-38 expression in
RAW264.7 murine macrophages [12]. More recent studies on DHA have shown inhibition of JNK, ERK,
and p-38 activation as well as NF-κB activity in mouse bone marrow macrophages [11]. Similar to
results on ω-3 LCPUFAs, we found that PLA inhibited NF-κB activity as well as the activation of
the MAPKs, JNK and ERK. Supplementation with high doses of EPA and DHA has been shown to
decrease bone loss associated with breast cancer [40]. Furthermore, diets rich in ω-3 LCPUFA have
been associated with increased bone mineral density and peak bone mass [30]. Our results suggest
that PLA may possess bone protective effects similar to ω-3 LCPUFAs.

Additionally, we found that, not only did PLA affect osteoclast formation, it further induced
apoptosis in mature osteoclasts. Nuclear condensation and fragmentation are key markers of
apoptosis [41]. We report that PLA induced both nuclear condensation and fragmentation in matured
osteoclasts indicating apoptosis. Quantification of cells with nuclear fragmentation revealed that
exposure to PLA significantly increased the number of apoptotic cells. This result is again similar
to results reported on bone marrow macrophages exposed to DHA [11]. When cells are necrotic,
their plasma membranes become permeabilized and allow cellular components to leak out [27].
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Lactate dehydrogenase (LDH), a soluble cytoplasmic enzyme, is one such component known to
leak out of these damaged cells [26]. We found that PLA did not significantly increase LDH release,
indicating that the cells were not necrotic. These results indicate that PLA induced programmed cell
death in mature osteoclasts.

5. Conclusions

This study reveals the potential anti-osteoclastogenic properties of PLA for the first time.
Our findings show that treatment with PLA inhibits RANKL-induced formation of osteoclasts and
interfered with the expression of osteoclast-specific genes in vitro. PLA inhibited the activation of the
NF-κB and MAPK pathways, offering a possible mechanism of action for its anti-osteoclastogenic
effects. PLA further stimulated apoptosis in mature osteoclasts. Therefore, this study provides evidence
that PLA may be developed as a nutraceutical for the treatment of diseases characterized by excessive
osteoclast formation.
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Abstract: The present randomized controlled study aimed to investigate the in vivo distribution of
constituents or metabolites of the standardized maritime pine bark extract Pycnogenol®. Thirty-three
patients with severe osteoarthritis scheduled for a knee arthroplasty were randomized to receive
either 200 mg per day Pycnogenol® (P+) or no treatment (Co) over three weeks before surgery.
Serum, blood cells, and synovial fluid samples were analyzed using liquid chromatography
coupled to tandem mass spectrometry with electrospray ionization (LC-ESI/MS/MS). Considerable
interindividual differences were observed indicating pronounced variability of the polyphenol
pharmacokinetics. Notably, the highest polyphenol concentrations were not detected in serum.
Catechin and taxifolin primarily resided within the blood cells while the microbial catechin metabolite
δ-(3,4-dihydroxy-phenyl)-γ-valerolactone, ferulic, and caffeic acid were mainly present in synovial
fluid samples. Taxifolin was detected in serum and synovial fluid exclusively in the P+ group.
Likewise, no ferulic acid was found in serum samples of the Co group. Calculating ratios of analyte
distribution in individual patients revealed a simultaneous presence of some polyphenols in serum,
blood cells, and/or synovial fluid only in the P+ group. This is the first evidence that polyphenols
distribute into the synovial fluid of patients with osteoarthritis which supports rationalizing the
results of clinical efficacy studies.

Keywords: pine bark extract; LC-ESI/MS/MS; randomized controlled study; osteoarthritis;
human; polyphenols

1. Introduction

Dietary polyphenols have been associated with numerous beneficial effects on human health.
Studies investigating the absorption of polyphenols from the gastrointestinal tract revealed that blood
concentrations of individual polyphenols are often very low [1]. Moreover, polyphenolic compounds
are often subjected to an extensive metabolism [2]. Some metabolites generated by gut microbial
metabolism obviously contribute to health effects [3].

One of those bioactive metabolites is δ-(3,4-dihydroxy-phenyl)-γ-valerolactone (M1) which is formed
by the human intestinal flora from the procyanidins’ catechin units [2]. It has been detected in
urine and plasma samples after intake of Pycnogenol® [4,5]. The dietary supplement Pycnogenol®

is a standardized extract of the French maritime pine, which conforms to the monograph
“Maritime pine extract” in the United States Pharmacopeia (USP). It contains 65%–75% oligomeric
procyanidins and polyphenolic monomers, phenolic, or cinnamic acids and their glycosides [6].
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In numerous clinical studies Pycnogenol® demonstrated effects in different chronic diseases of,
for example, inflammatory or cardiovascular origin [6,7].

Another chronic disease with high pharmacoeconomic burden and significant impact on the
patients’ quality of life is osteoarthritis (OA). OA is a chronic degenerative joint disease which is
characterized by progressive cartilage destruction and it is the leading cause of pain and disability [8].
Treatment of OA includes pharmacological and non-pharmacological interventions and aims at pain
relief and improvement of function. Severe OA might also require surgical interventions such as
knee or hip arthroplasty [9]. Dietary factors or supplements have been discussed as options in the
management or prevention of OA [10].

In clinical studies OA symptoms such as pain and joint stiffness have been shown to improve upon
intake of Pycnogenol® [11,12]. While this clinical observation is consistent with a previously shown
inhibition of nuclear factor κB (NF-κB) activation and inhibition of various matrix metalloproteinases
by constituents or metabolites of this pine bark extract [13,14], it is not clear yet whether bioactive
polyphenols would actually be present at the site of disease (e.g., in the joints affected by OA). After an
oral intake of multiple doses of Pycnogenol® concentrations in the nanomolar range of catechin,
taxifolin, caffeic acid, ferulic acid, and of a bioactive metabolite M1 have been detected in human
plasma [5]. Moreover, an uptake of M1 into erythrocytes, monocytes, and endothelial cells has been
observed in vitro [15,16]. The purpose of the current study was to investigate the in vivo distribution
of constituents or metabolites of Pycnogenol® in serum, blood cells, and synovial fluid of patients with
severe OA scheduled for a knee replacement surgery.

2. Materials and Methods

2.1. Clinical Study Design

The present study was a randomized controlled clinical trial involving patients with severe
osteoarthritis (OA) according to the Western Ontario and McMaster Universities Arthritis Index
(WOMAC) score, who were scheduled for an elective knee replacement surgery (Kellgren-Lawrence
grade III–IV). Patients were not eligible if they regularly took non-steroidal anti-inflammatory drugs
(NSAIDs) or glucocorticoids perorally within the past four weeks, if they currently received a therapy
with anti-coagulants, or if they tested positive for the human immunodeficiency virus (HIV), hepatitis
B or C, or if they had a previous or current infection of the affected knee joint. As rescue medication
acetaminophen (paracetamol), tramadol, or a combination of tilidine and naloxone was allowed.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the local Ethics Committee of the Medical Faculty of the University Würzburg (Project
identification code 248/11).

A total of 33 OA patients were recruited for the study and gave informed written consent before
they participated in the study. The chosen number of patients was based on a previous pharmacokinetic
study with healthy volunteers receiving the pine bark extract [5]. Patients were randomized into two
groups using a computer-generated randomization list which was not accessible to the physicians
and nurses who were involved in the patient care and management. Study participants (n = 16) were
assigned to the treatment group receiving 200 mg of the French maritime pine bark extract Pycnogenol®

(Horphag Research Ltd., Geneva, Switzerland) per day (twice daily two capsules with each 50 mg)
over three weeks prior to the planned surgery. The control group was comprised of 17 patients who
did not receive Pycnogenol®. All patients were asked to comply with a polyphenol-free nutrition,
especially two days before each blood sampling. For this purpose, they were provided with nutritional
check-lists specifying food/beverages they should avoid and for recording what they ingested within
the last two days before blood sampling. Adherence to the study medication was estimated based on
the number of returned Pycnogenol® capsules upon hospitalization for the knee replacement surgery.

Blood samples from each study participant were collected (BD Vacutainer® SST II Advance;
Becton Dickinson GmbH, Heidelberg, Germany) before oral intake of Pycnogenol® (V1, basal value);

95

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 443

during the intake, approximately 1–2 days before the surgery (V2); and during or shortly before knee
surgery (V3), about 12 h after the last dose of Pycnogenol®. Immediately after blood sampling the
serum and cellular fraction were separated under sterile conditions. On the day of the surgery residual
knee cartilage and synovial fluid were also collected. All samples were shock-frozen immediately and
stored at −80 ◦C. The outcome measure was the concentration of pine bark extract-derived polyphenols
in serum, blood cells, and synovial fluid as determined by liquid chromatography coupled to tandem
mass spectrometry with electrospray ionization (LC-ESI/MS/MS).

All medical procedures including enrollment of participants, surgery, patient care,
and sample collection took place at the orthopedic center (Orthopädie und Orthopädische
Klinik König-Ludwig-Haus, Universität Würzburg) between September 2012 and September 2014.
The generation of the random allocation sequence, assignment of participants to the intervention
or control group, and analysis of all patient samples took place at the Institut für Pharmazie und
Lebensmittelchemie. Since the study primarily focused on pharmacokinetic/bioanalytical aspects,
specifically on the analysis of polyphenols in various human specimen, an early registration was
overlooked and the study was registered retroactively.

2.2. Chemicals, Reagents, and Special Materials

Analytical standards of (+)-catechin, taxifolin, ferulic acid, caffeic acid, and the internal
standard (IS) 3,4-dihydroxyhydrocinnamic acid (hydrocaffeic acid) were all obtained from
Sigma-Aldrich (Taufkirchen, Germany). The metabolite M1 (δ-(3.4-dihydroxy-phenyl)-γ-valerolactone)
was synthesized by M. Rappold as part of his diploma thesis. Methanol (MeOH, LC-MS analyzed)
from J.T.Baker Mallinckrodt and water (HiPerSolv CHROMANORM® for LC-MS) were obtained from
VWR (Darmstadt, Germany). Ammonium formate (AF) and formic acid (FA) were purchased from
Sigma-Aldrich. An enzymatic mixture of β-glucuronidase/sulfatase (β-Gln/Sulfa) from Helix pomatia
(Type HP-2; Sigma-Aldrich) was used for enzymatic hydrolysis. Ethyl acetate, tert-butyl methyl ether
(MTBE), and phosphate buffered saline (PBS, pH 7.4) were obtained from Sigma-Aldrich.

2.3. Standard Solutions

Stock solutions (1 mg/mL) of each standard substance ((+)-catechin, taxifolin, ferulic acid,
caffeic acid, and M1) and of the internal standard (IS; hydrocaffeic acid) were prepared in 100%
methanol and stored at −80 ◦C. They were diluted with methanol to yield working standards which
were aliquoted and stored at −20 ◦C.

2.4. Human Specimen for Calibration Curves

Packed cells and serum were obtained from a blood bank (Bayerisches Rotes Kreuz (BRK),
München, Germany) and handled as previously described [17,18]. Synovial fluid was collected from
patients with intra-articular fluid accumulation who needed punctuation of the effusion for medical
reasons. Synovial fluid samples were pooled to obtain a single batch for preparation of calibration
standards for quantification of the clinical study samples.

2.5. Liquid Chromatography (LC)

Details of the LC method have been reported before [18,19]. Briefly, for the LC analysis an Agilent
1260 system was used. The chromatographic separation was carried out using a Pursuit PFP-C18
column (4.6 × 150 mm, particle size 3 μm) at 20 ◦C (all from Agilent Technologies, Santa Clara,
CA, USA). The mobile phase consisted of 5 mM ammonium formate with 0.065% (v/v) formic acid
(pH = 3.2; A) and methanol with 0.1% formic acid (B). The flow rate was set to 0.6 mL/min and the
sample injection volume was 5 μL. The gradient elution was conducted starting at 60% B (0 min) to
95% B (2.50 min) and maintained to 95% B to 5.50 min followed by re-equilibration at 60% B. The total
run time was 10.00 min with a post time of 3 min.
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2.6. Mass Spectrometry (MS/MS)

Details of the MS/MS method using a G 6460 TripleQuad LC/MS with turbo electrospray
ionization (ESI; Agilent Technologies, Santa Clara, CA, USA) have been previously reported [17,18].
The optimized MS/MS transitions and mass spectrometric parameters of the compounds to be
quantified in human blood cell and serum samples were recently reported [18,19]; optimized
parameters of additionally determined M1 metabolites in blood cells are listed in Table S1 in the
electronic supplementary material. Optimized MS/MS transitions and mass spectrometric parameters
of the compounds to be quantified in human synovial fluid samples are listed in Table S2.

2.7. Preparation of Human Serum Samples

Serum samples (1.5 mL) were prepared by liquid-liquid extraction with prior enzymatic incubation
containing β-Gln/Sulfa to hydrolyze conjugated analytes [5], as previously described [18,19].
Additionally, 1.5 mL of serum was analyzed without prior enzymatic hydrolysis to calculate the
degree of conjugation with sulfate and glucuronic acid.

2.8. Preparation of Human Blood Cell Samples

Human blood cell samples were prepared as previously detailed [18]. Therefore, 2.0 mL blood
cells of each study volunteer were processed with prior enzymatic hydrolysis to determine the total
concentration of the analytes.

2.9. Preparation of Human Synovial Fluid Samples

Synovial fluid samples were prepared with a newly developed and optimized liquid-liquid
extraction method. Therefore, 40 μL 4% o-phosphoric acid was added to 1.0 mL human synovial fluid
(pH 5.0). Afterwards, the samples were incubated with an enzyme mixture containing β-Gln/Sulfa
(1500 U β-Gln and 2 U Sulfatase per mL synovial fluid) for 45 min at 37 ◦C on a horizontal shaker
(100 rpm) to hydrolyze conjugated analytes [5]. Then, 60 μL 4% o-phosphoric acid (pH 3.2), 25 μL
IS (24.85 ng/mL), and 3.0 mL extraction solvent containing ethyl acetate and tert-butyl methyl ether
(1:1; v/v) were added, vortexed for 1 min (Multi-Vortex, VWR, Darmstadt, Germany), and centrifuged
for 5 min at 3300× g (4 ◦C). Thereafter, 2.0 mL of the upper organic layer was evaporated to dryness
under nitrogen. The residue was reconstituted in 75 μL of 100% MeOH and centrifuged at 18,000× g
for 15 min at 4 ◦C before LC-MS/MS analysis.

A full validation was performed for the quantification of the analytes in human synovial fluid
with the optimized liquid-liquid extraction method and prior enzymatic hydrolysis. The validation
included the selectivity, linearity, lower limit of quantification (LLOQ), accuracy and precision
(intra- and interday), recovery, process efficiency, matrix effects (quantitative), carry over, cross talk,
and post-preparative stability. Also, the freeze- and thaw-, short-term-, and long-term stability of the
analytes in human serum were investigated.

2.10. Quantification of the Samples of the Study Participants

For each patient, specimen human pooled matrix-matched calibration standards with an internal
standard (structural) were used for quantification of the study samples. In case of a basal presence of
an analyte in the blank matrix, the calibration curve was shifted along the y axis by the response of the
zero-sample (containing the IS) [20].

2.11. Statistical Analysis

Data were analyzed using descriptive statistics. Typically, mean and standard deviation (SD) were
calculated. For comparison of the study participants’ basic demographic characteristics a Student’s
t-test was used to compare the patients of the treatment and control group.
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3. Results

3.1. Patients and Protocol Adherence

A total of 33 patients were enrolled into the study and randomized to receive either Pycnogenol®

(n = 16) or no treatment (n = 17). One patient of the control group decided against the scheduled
knee replacement surgery and was excluded. During the surgical procedure, there was a failure to
collect blood, synovial fluid, and cartilage samples for one patient in both the control group and the
Pycnogenol® group. These patients were excluded from the analysis (Figure 1). Thus, 30 patients
(66.7% female) underwent analysis after receiving Pycnogenol® (“P+”; 9 females, 6 males) or no
treatment as the control group (“Co”; 11 females, 4 males). There was no statistically significant
difference between the groups in any of the basic demographic characteristics (Student’s t-test, p > 0.05),
the mean age (± standard deviation SD) was 64.3 ± 8.2 years, height 1.69 ± 0.10 m, body weight
87.33 ± 15.66 kg (BMI 30.74 ± 5.29 kg/m2).

Figure 1. CONSORT (Consolidated Standards of Reporting Trials; www.consort-statement.org)
2010 Flow diagram of the study.

All study participants were requested to avoid polyphenol-rich food/beverages (e.g., coffee, green
tea, wine, chocolate, some fruits and vegetables) within the last two days before the blood samplings.
Analysis of the nutrition protocols revealed that the nutritional advice was not followed well and
dietary violations were admitted before collecting 42% of the blood samples. Thus, concentrations of
common polyphenols such as catechin or caffeic acid from other sources than Pycnogenol® were to be
expected in the blood samples.

In contrast, the adherence to the study medication was excellent based on the pill count-back
on returned medication containers. In the Pycnogenol® group the average adherence was 99.4%
(range 96%–100%) for all but one study participant who apparently took only 76% of the capsules.
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No treatment-associated adverse effects were reported except for one patient of the Pycnogenol® group
who experienced flatulence.

3.2. Method for Analysis of Polyphenols in Human Synovial Fluid Samples

To the best of our knowledge, this is the first study describing the detection and quantification of
polyphenols in human synovial fluid. Since concentrations in synovial fluid samples were possibly
lower than in blood and based on the fact that a previous pharmacokinetic study revealed plasma
concentrations of polyphenolic compounds in the nanomolar range after intake of Pycnogenol® [5],
a highly sensitive method was required. In the course of method development, the main focus was the
optimal detection and quantification of the metabolite M1.

Analogous to previously developed methods for analysis of Pycnogenol® polyphenols in
serum and blood cells [18,19], various sample preparation techniques were compared and a
liquid-liquid extraction method was chosen. For the analytes of highest interests, the lower limits
of quantification (LLOQs) in synovial fluid were 0.080 ng/mL for taxifolin and 0.117 ng/mL for M1
(Table 1 and Table S9). The method was slightly less sensitive for ferulic acid (LLOQ of 1.53 ng/mL),
catechin (2.14 ng/mL), and caffeic acid (3.07 ng/mL).

Table 1. Lower limits of quantification (LLOQs) of polyphenolic analytes of highest interest. Data for
serum and blood cells was derived from previous work [18,19].

Analyte LLOQ Synovial Fluid (ng/mL) LLOQ Serum (ng/mL) LLOQ Blood Cells (ng/mL)

Catechin 2.14 5.86 28.90
M1 0.12 0.16 0.12

Taxifolin 0.08 0.06 0.12
Caffeic Acid 3.07 8.22 48.40
Ferulic Acid 1.53 2.74 0.97

In the supplementary materials, details about the recovery, matrix effects, and process efficiency
(Tables S10 and S11), as well as the internal standard normalized matrix factor (Table S12) in pooled and
individual lots of synovial fluid are documented. The method was validated based on current EMA
(European Medicines Agency) and FDA (US Food and Drug Administration) guidelines and complied
with the requirements for selectivity, linearity (Table S3), precision and accuracy (Tables S6 and S7),
robustness (Table S6), carry-over, cross-talk, and post-preparative stability (Tables S9 and S10).

Representative chromatograms of all three specimens of an individual study participant after
multiple dosing of 200 mg/day Pycnogenol® over the course of three weeks (P+, V3) revealed total
concentrations of 23.17 ng/mL catechin, 3.70 ng/mL ferulic acid, 0.19 ng/mL taxifolin, 0.16 ng/mL
M1 in serum, 74.31 ng/mL catechin, 1.93 ng/mL ferulic acid, and 0.57 ng/mL taxifolin in blood cells,
and 3.19 ng/mL ferulic acid, 0.18 ng/mL taxifolin, and 0.17 ng/mL M1 in synovial fluid (Figure 2).
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Figure 2. Example chromatograms for quantification in the three different sample matrices of one
individual study participant after multiple dosing of 200 mg/day Pycnogenol® over the course of three
weeks (P+, V3). (A) Serum; (B) Blood cells; (C) Synovial fluid.

3.3. Pycnogenol® Constituents and Metabolites in Serum Samples

In the basal serum samples (V1) the mean total concentrations (free and conjugated) of all study
participants were 27.07 ± 16.39 ng/mL catechin (mean and standard deviation), 1.80 ± 2.63 ng/mL for
M1, 0.07 ng/mL (n = 1) for taxifolin, 6.40 ± 2.58 ng/mL for ferulic acid, and 18.58 ± 6.32 ng/mL
for caffeic acid. For example, catechin was detectable in 29 out of 30 V1 samples, and in
24 samples the concentrations were above 10 ng/mL. Thereby, catechin was primarily present as
glucuronide-/sulfate-conjugate. When only the free concentrations were regarded, catechin was
detectable in 20 out of 30 V1 samples, and in 11 samples the concentrations were above 10 ng/mL.
There were no apparent differences in the basal concentrations between the participants assigned to
the P+ or Co group. Even when disregarding those patients who admitted a violation of the dietary
restrictions there were still considerable basal concentrations present in serum.

The analysis of serum samples obtained after three weeks (V3) of Pycnogenol® intake revealed
the highest concentrations for catechin, followed by caffeic acid, ferulic acid, M1, and taxifolin (Table 2,
panel A). Although there was a tendency of higher concentrations of catechin in the P+ compared
to the control group, the serum concentrations of M1 and caffeic acid in the control group exceeded
those in the P+ group (Table 2, panel A). When patients who admitted intake of, for example, coffee,
green tea, or chocolate were excluded from the analysis the trend of higher catechin levels as well as
clearly higher concentrations of M1 in the P+ group became obvious and caffeic acid was not even
detectable in the control group (Table 2, panel B).
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The degree of analyte conjugation with sulfate and glucuronic acid in serum was determined for
all samples (V1 and V3) and ranged from 54.29% ± 26.77% for catechin (n = 51) to 98.34% ± 4.40% for
M1 (n = 30; Table 3).

Table 3. Mean and standard deviation (SD) of the conjugation degree in serum samples (both P+ and
Co group; V1, V2, and V3 blood samples; in total n = 90 samples). Results were compared with former
investigations [5].

Analytes
Conjugation Degree (%)

Current Study Former Investigation

Mean ± SD Sample Size Mean ± SD Sample Size

Catechin 54.29 26.77 n = 51 56.50 27.90 n = 5
M1 98.34 4.40 n = 30 100 *

Taxifolin 96.75 7.23 n = 11 100 *
Ferulic Acid 90.32 16.58 n = 24 100 *
Caffeic Acid 80.95 17.95 n = 10 69.40 11.80 n = 3

* A conjugation degree of 100% was assumed because no free concentrations were detectable.

3.4. Pycnogenol® Constituents and Metabolites in Blood Cell Samples

As seen with the serum samples before, basal total concentrations of the analytes with the exception
of caffeic acid were detectable at V1, with no differences between the participants assigned to the P+
or Co group. Mean concentrations of 61.38 ± 40.25 ng/mL catechin (mean ± SD), 1.68 ± 0.55 ng/mL
ferulic acid, 0.40 ± 0.18 ng/mL taxifolin, and 0.19 ± 0.08 ng/mL M1 were determined.

The analysis of blood cell samples obtained after three weeks (V3) of intake of Pycnogenol®

revealed the highest concentrations for catechin, followed by ferulic acid, M1, and taxifolin (Table 2,
panel A). No caffeic acid was detectable in any of the samples. There were no clear differences in the
concentrations determined in the P+ or Co group. When patients who admitted non-adherence to the
dietary restrictions were excluded from the analysis there was a slight trend towards higher catechin,
taxifolin, and ferulic acid levels in the P+ group compared to the control group (Table 2, panel B).

In the V3 samples of the P+ group, the open-chained ester form of M1 (M1-COOH; n = 5;
Figure S1A) was identified as well as the glutathione conjugate of M1 (M1-GSH; n = 1; Figure S1B).
In the V3 samples of the Co group, only the M1-COOH was detected in one patient sample.

3.5. Pycnogenol® Constituents and Metabolites in Synovial Fluid Samples

In the present study, synovial fluid samples were obtained at the time of knee surgery. The analysis
revealed the highest concentrations for caffeic acid, followed by ferulic acid, catechin, M1, and taxifolin
(Table 2, panel A). With the exception of taxifolin, there were no vast differences in the concentrations
of the other polyphenols.

3.6. Distribution of Pycnogenol® Constituents and Metabolites between Specimen

To exclude the chance that individual trends in distribution of the analytes were overlooked if
only group mean concentrations were considered, the individual ratios of the analyte concentrations
in the different specimen of single patients were calculated and summarized (Figure 3).
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(A)

(B)

(C)

Figure 3. Summarized individual ratios of the analyte concentrations in different specimens of single
study participants. Columns of the intervention (P+; dark gray) and control (Co; light grey) group
represent the mean and standard deviation of the individual calculated ratios. (A) Ratio cells/serum.
(B) Ratio serum/synovial fluid. (C) Ratio cells/synovial fluid.

The mean and standard deviations of the individual concentration ratios of the analytes in blood
cells and serum (total concentrations, V3) showed that ferulic acid (0.56 ± 0.06; n = 4), M1 (0.64 ± 0.54;
n = 5), and taxifolin (4.11 ± 3.21; n = 5) were detected in both matrices exclusively in the P+ group
(Figure 3, panel A). With ratios above 1.0, taxifolin and catechin were clearly more present in blood cells
compared to serum. In the patient group receiving 200 mg/day Pycnogenol®, the catechin distribution
into blood cells (1.65 ± 0.69; n = 11) was less pronounced than in the control group (3.14 ± 2.65; n = 7).

The individual concentration ratios of analytes in serum and synovial fluid revealed that in
both patient groups catechin was primarily distributed into serum compared to the synovial fluid

103

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 443

(P+: 11.51 ± 6.04; n = 4 and Co: 15.27; n = 1; Figure 3, panel B). Caffeic acid (1.60; n = 1), taxifolin
(1.33 ± 0.38; n = 2), and ferulic acid (0.89 ± 0.32; n = 4) were present in both matrices only after intake
of Pycnogenol® and not in the control group. Ferulic acid preferentially resided in the synovial fluid,
while taxifolin and caffeic acid showed the opposite tendency. The metabolite M1 was detected both
in the P+ (1.01 ± 0.37; n = 3) and Co group (1.14; n = 1) and it appeared to be almost in equilibrium
between serum and synovial fluid.

The individual analyte distribution between blood cells and synovial fluid revealed a strong
tendency of catechin for localization within blood cells compared to the synovial fluid (Figure 3,
panel C). This was observed in both groups of the study participants (P+: 21.11 ± 13.70; n = 2 and
Co: 20.15; n = 1). Taxifolin (2.48 ± 0.90; n = 2), M1 (0.27 ± 0.27; n = 2), and ferulic acid (0.45 ± 0.15;
n = 5)) were present in both matrices exclusively in the P+ group. With a distribution ratio higher
than 1.0, taxifolin was more present in blood cells compared to synovial fluid, while M1 and ferulic
acid preferentially resided in the synovial fluid.

4. Discussion

In the present study, the in vivo distribution of constituents and metabolites of the maritime pine
extract Pycnogenol® between human serum, blood cells, and synovial fluid was investigated for the
first time. A newly developed and validated highly sensitive LC-ESI/MS/MS method allowed for
the detection and quantification of various polyphenolic compounds in synovial fluid and thereby
facilitated the proof that polyphenols are actually distributed into joints.

Analysis of samples obtained before the start of the intervention (V1) revealed that catechin and
other polyphenols were ubiquitously present in human serum samples at measurable basal levels.
Similar observations have been reported by others [21]. Based on the fact that the most controlled
condition (lifestyle/diet, timely intake of Pycnogenol® capsules) the patients were subjected to was
after their hospitalization (V3) when they were under observation of a study nurse, data analysis
focused on V3 samples comparing the intervention (P+) with the control group (Co).

As already observed in an earlier pharmacokinetic study [5], not all polyphenols were discovered
in biofluid samples of all participants, which reflected the high interindividual variability of absorption,
distribution, metabolism, and/or elimination of plant constituents. The fact that the time between
the last intake of Pycnogenol® and the collection of the specimen slightly varied around 12 h might
have also contributed to the variability of measured compound concentrations. Although the mean
polyphenol concentrations in serum, blood cells, and synovial fluid were similar in the P+ and Co
group, due to non-adherence to the dietary restrictions, distinctive observations were made in the
P+ group.

In serum samples, taxifolin and ferulic acid were only detectable in the P+, not in the Co group.
In a previous pharmacokinetic study with healthy volunteers, taxifolin was not detectable under steady
state conditions, which was most probably due to the less sensitive analytical method [5]. This is
consistent with the very low concentrations of taxifolin found in the present study. Ferulic acid has
been suggested to be a marker of consumption of maritime pine bark extract. In healthy volunteers
adhering to a low polyphenol diet, both free and conjugated ferulic acid were determined in urine
samples [22].

The conjugation degree of the investigated polyphenols in serum was high and ranged from
54.29% ± 26.77% for catechin to 98.34% ± 4.40% for M1. This is consistent with the data determined in
a former investigation [5]. However, as observed before and reported by others [22], the interindividual
variability of the conjugation degree of the analytes was high. Even in the individual person the degree
of conjugation cannot be regarded as a constant since it apparently also depends on the current analyte
concentration in the specimen [23].

Blood cells and erythrocytes represent a significant pharmacological compartment for distribution
of xenobiotics [24,25]. Individual polyphenols have been shown to accumulate in human blood cells,
macrophage-derived foam, or endothelial cells [15,16,25,26]. Notably, only low concentrations of
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M1 were found in the cellular fraction of the blood samples. This apparently contradicts previous
results showing an enhanced cellular uptake of M1, possibly via the GLUT-1 transporter, into human
erythrocytes [16]. However, M1 is subsequently subjected to an extensive intracellular metabolism [17]
which would explain the low remaining intracellular levels of M1 under steady state conditions.
Consequently, the blood cells samples of the present study were also screened for the presence of any
of the previously detected cellular M1 metabolites [17]. Indeed, in the P+ group, the open-chained
ester form of M1 (M1-COOH) and the glutathione conjugate of M1 (M1-GSH) were identified, though
not quantified. In the Co group, only M1-COOH was detected.

Sampling of synovial fluid is typically practiced for diagnostic reasons (e.g., for detection of
a septic arthritis). In research, there is great interest in osteoarthritis biomarkers such as cytokines
that might assist diagnosis or prognosis [27]. In contrast, drug concentrations are rarely reported for
synovial fluid samples. To the best of our knowledge, this is the first study investigating polyphenol
concentrations in human synovial fluid samples of patients with osteoarthritis. Similar to the results of
serum analysis, mean polyphenol concentrations were similar in the P+ and Co groups, but taxifolin
was only detectable in the P+ group. Thus, it might be a marker of Pycnogenol® consumption.

Comparing mean concentrations of the constituents and metabolites in serum, blood cells,
and synovial fluid revealed that the individual compounds did not distribute equally between
the specimen. Notably, the highest concentrations of the polyphenols were not detected in serum.
Catechin and taxifolin primarily resided within the blood cells, while M1, ferulic, and caffeic acid
were mainly present in synovial fluid samples. Generally, data on distribution of polyphenols in
humans is scarce. Although numerous investigations focus on absorption, metabolism, and elimination
of polyphenols [1,28], only a few studies investigate the distribution, for example, into human
tissues [29,30]. Distribution into or accumulation in certain body compartments might help with
understanding the effects of polyphenols despite the typically low plasma/serum concentrations that
are usually observed [1,29].

Although there were some trends towards higher analyte concentrations in the specimen of the
patients who received Pycnogenol® in the present study, the mean concentrations were similar for
both groups and were subject to high interindividual variability. It was possible that individual trends
in distribution of the analytes could have been overlooked if only group mean concentrations were
considered. Therefore, the individual ratios of the analyte concentrations in the different specimens
of single patients were calculated and summarized. Since ratios higher than 1 indicate that the
analyte is primarily distributed into, for example, blood cells compared to serum, it can be concluded
that higher concentrations of taxifolin and catechin were present in blood cells while ferulic acid
and M1 preferentially resided in serum. This observation confirms the differential distribution of
polyphenolic compounds between serum, blood cells, and synovial fluid that was already seen when
mean concentrations were examined. On an individual level, a simultaneous presence of ferulic acid,
M1, and taxifolin in blood cells and serum or cells and synovial fluid was only observed after intake of
the pine bark extract. Also, ferulic acid, taxifolin, and caffeic acid were only detected in both serum
and synovial fluid in the P+ group.

The fact that the control group received no placebo capsules to conceal the allocation to the
intervention group could be seen as a potential study limitation. However, the primary interest
was the bioanalysis of polyphenols in different specimens, and it is highly unlikely that any of the
analyte concentrations were deliberately influenced by the patients’ knowledge of group allocation.
All analytical procedures were fully validated and left no room for subjective data interpretation.
A study limitation was the small group size. Since not all polyphenols were present in the biofluid
samples of all patients due to interindividual pharmacokinetic differences and also as a result of the
non-adherence of the participants to the dietary restrictions, a statistical differentiation between the
groups was not feasible. However, the results of the present study provide a basis for sample size
calculations in future studies. Those studies would then be sufficiently powered for statistical analysis
and could reliably uncover significant differences between treatment and control groups. The fact
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that the study participants of the present study did not follow the dietary suggestions improves the
generalizability of the results since they mirror real life conditions under which foods or beverages
rich in polyphenols are occasionally or regularly consumed.

5. Conclusion

The results of this study provide the first evidence that polyphenols distribute into the synovial
fluid of patients with osteoarthritis, which supports rationalizing the results of clinical efficacy studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/5/443/s1,
Figure S1: Example chromatograms for identification of intracellular metabolites of M1 in blood cells of study
participants after multiple dosing of 200 mg/day Pycnogenol® over the course of three weeks (P+, V3), Table S1:
Additional optimized transitions and parameters in dynamic multiple reaction monitoring (DMRM) mode for
identification of compounds in human blood cells, Table S2: Optimized transitions and parameters in dynamic
multiple reaction monitoring (DMRM) employing negative ESI ionization mode for LC-MS/MS analysis of
prepared synovial fluid samples, Table S3: Calibration range, calibration function and correlation coefficients of
the five analytes extracted from human pooled synovial fluid, Table S4: Intraday accuracy and precision of the
analytes in human pooled synovial fluid, Table S5: Interday accuracy and precision of the analytes in human
pooled synovial fluid, Table S6: Robustness of the developed method at two concentrations with human pooled
synovial fluid which was intentionally contaminated with 1% human whole blood, Table S7: Post-preparative
stability: autosampler stability of the analytes after 6 h and 12 h at room temperature after previous LC/MS/MS
analysis, Table S8: Post-preparative stability: stability of the analytes after one freeze-thaw cycle, Table S9: Lower
limit of quantification (LLOQ) and related accuracy of the five analytes extracted from human pooled synovial
fluid, Table S10: Recovery, matrix effects and process efficiency of the five analytes extracted from human pooled
synovial fluid at three concentrations, Table S11: Recovery, matrix effects and process efficiency of the five analytes
extracted from three lots of synovial fluid at two concentrations, Table S12: Internal standard (hydrocaffeic acid)
normalized matrix factor at human pooled synovial fluid in three concentrations and in three lots of synovial
fluid at two concentrations.
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Abstract: Osteoporosis is an age-related chronic disease characterized by a loss of bone mass and
quality, and is associated with an increased risk of fragility fractures. Postmenopausal women are
at the greatest risk of developing osteoporosis due to the cessation in ovarian hormone production,
which causes accelerated bone loss. As the demographic shifts to a more aged population, a growing
number of postmenopausal women will be afflicted with osteoporosis. Certain lifestyle factors,
including nutrition and exercise, are known to reduce the risk of developing osteoporosis and
therefore play an important role in bone health. In terms of nutrition, accumulating evidence suggests
that dried plum (Prunus domestica L.) is potentially an efficacious intervention for preventing and
reversing bone mass and structural loss in an ovariectomized rat model of osteoporosis, as well as
in osteopenic postmenopausal women. Here, we provide evidence supporting the efficacy of dried
plum in preventing and reversing bone loss associated with ovarian hormone deficiency in rodent
models and in humans. We end with the results of a recent follow-up study demonstrating that
postmenopausal women who previously consumed 100 g dried plum per day during our one-year
clinical trial conducted five years earlier retained bone mineral density to a greater extent than those
receiving a comparative control. Additionally, we highlight the possible mechanisms of action by
which bioactive compounds in dried plum exert bone-protective effects. Overall, the findings of our
studies and others strongly suggest that dried plum in its whole form is a promising and efficacious
functional food therapy for preventing bone loss in postmenopausal women, with the potential for
long-lasting bone-protective effects.

Keywords: bioactive compounds; functional foods; menopause; nutrition; polyphenols;
(poly)phenols; prune; osteopenia; osteoporosis
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1. Introduction

The postmenopausal period typically occupies one-third of a woman’s life [1], and it is
estimated that by the year 2020, more than 46 million women in the United States (U.S.) will be
postmenopausal [2]. Menopause is associated with the development of numerous chronic diseases [3],
due to an abrupt cessation of ovarian hormone production, namely estrogen. Osteoporosis is a
chronic and debilitating age-related skeletal disease characterized by the loss of bone mass and a
deterioration of the microstructural properties of bone, resulting in an increased propensity for fragility
fractures [4]. Osteoporosis is responsible for more than 1.5 million fractures per year in the U.S., with
most occurring in postmenopausal women [5]. Osteoporosis and its related bone fractures are a major
public health concern as they are associated with increased morbidity and mortality, a poor quality
of life, and a large economic burden [6,7]. Approximately 44 million men and women over the age
of 50 have osteoporosis or low bone mass in the U.S. [3]. Diminished estrogen levels associated with
menopause result in an initial phase of rapid bone loss, followed by a period of a slower deterioration
of the skeleton [8]. This rapid phase of bone loss occurs within the first five to 10 years following the
cessation of menses or the surgical removal of the ovaries [9]. As the demographic shifts to a more
aged population, the prevalence and incidence of osteoporosis are likely to continue to increase, with
affected individuals being at a greater risk of falls, fragility fractures, and therefore morbidity and
mortality [3]. As such, therapeutic strategies that can delay, slow down, or prevent bone loss in aging
individuals, and particularly in postmenopausal women, are critically needed.

Hormone replacement therapy is a logical therapeutic strategy for postmenopausal women since
age-related chronic disease development typically begins after the cessation of ovarian hormone
production. However, evidence from the Women’s Health Initiative indicates that the risks associated
with hormone replacement therapy outweigh its benefits, making the exploration of alternative
therapies necessary [10]. Although the Food and Drug Administration has approved several
anti-resorptive pharmacological agents such as bisphosphonates and denosumab, as well as the
bone-forming pharmacological agent teriparatide, these drugs are associated with adverse side effects,
are costly, and often have low compliance [11]. Therefore, it is imperative that safe and cost-effective
therapeutic strategies, aside from medications, that can delay, slow down, or prevent bone loss in
postmenopausal women be identified, investigated for efficacy, and disseminated for public use.

It is well-known that certain lifestyle factors, including diet and nutrition, play an important
role in bone health. In fact, research has demonstrated that certain foods (i.e., functional foods) and
their bioactive compounds, including nutrient and non-nutrient compounds, have bone-protective
effects [12]. Of the functional foods investigated for their bone-protective properties, the most
efficacious have typically been in the form of fruits and vegetables. The findings from our
studies [13–15] and others [16,17] suggest that dried plum (Prunus domestica L.) is the most effective in
preventing and reversing bone loss among the fruits and vegetables investigated. This has also been
demonstrated by Mühlbauer et al. [18,19], who examined the effects of 60 fruits and vegetables on
bone. Their findings indicated that onion and dried plum had the most potent bone-protective effects.
Though the consumption of fruits and vegetables for general health and well-being is encouraged,
in terms of bone health, not all fruits and vegetables offer the same benefits. For instance, while certain
fruits such as dried plum and to some extent blueberries exert bone-protective effects [20], in our
observations [14], the same may not be true for other fruits such as raisins and dates. We are using
a conditional term for the effectiveness of blueberry on bone, because our findings [20], as well as
those of Zhang et al. [21,22], are preliminary at this point and await confirmation in human studies.
The reasons for these discrepancies in the efficacy among fruits and vegetables remain unknown.

Due to the bioactive compound content and composition of dried plum, as well as promising
preclinical and clinical research findings, dried plum has been and continues to be investigated as a
potential functional food with respect to bone health. Numerous studies in cells, rodent models of
postmenopausal osteoporosis, and postmenopausal women have demonstrated its efficacy and have
identified possible mechanisms of action. Studies have aimed to identify specific bioactive compounds
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in dried plum responsible for its bone-protective properties. The present review provides an overview
of dried plum, including its nutritional and bioactive compound composition, and provides evidence
from preclinical and clinical studies supporting the efficacy of dried plum in preventing and reversing
bone loss in postmenopausal women, as well as evidence to support possible mechanisms of action,
and bioactive compounds in dried plum responsible for its efficacy. Additionally, gaps in the research
and promising new areas of investigation are discussed.

A literature search was performed using the PubMed database and Google Scholar. The following
keywords, alone and in combination, were used: bone, dried plum, menopause, osteopenia,
osteoporosis, ovariectomy, ovariectomized, plum, postmenopausal, and prune. Preclinical studies
using rodent models of postmenopausal osteoporosis and clinical trials with postmenopausal women
were included in this review.

2. Dried Plum: A Promising Functional Food for Bone Health

The U.S., primarily California, is a major producer of dried plum, with approximately 99% of the
U.S. and 40% of the world supply grown in California. Dried plum was previously referred to as prunes
until a formal name change was requested and approved by the Food and Drug Administration in
2001 [23]. It is most commonly known for its effects on gastrointestinal motility and research has been
and continues to be conducted with respect to gastrointestinal health to support these observations.
In addition, dried plum has been investigated for its antimicrobial, cancer-preventive, cardiometabolic,
neurological, and bone-protective effects [24,25].

To date, the most notable research has been in the area of bone metabolism and health. The unique
ability of dried plum to promote bone health is likely related to its bioactive compound composition.
Dried plum is rich in nutrient bioactive compounds including dietary fiber, vitamin K, boron, copper,
magnesium, manganese, among others, many of which are known to positively influence bone [23–25].
It is also rich in non-nutrient bioactive compounds including (poly)phenols such as chlorogenic acids
(e.g., chlorogenic acid, neochlorogenic acid, cryptochlorogenic acid) and proanthocyanidins [24,25].
Dried plum has been ranked as having one of the highest oxygen radical absorbance capacities
among the commonly consumed fruits and vegetables. It has been suggested that this is likely to
be primarily due to its (poly)phenolic compound composition and content, as dried plum is low
in ascorbic acid, carotenoids, and vitamin E [23]. In addition, previous research has demonstrated
that phenolic compounds, including those found in dried plum, exert bone-protective effects and
profoundly affect bone metabolism [25]. For instance, rutin, a flavonoid commonly found in plums
and various berries, has been reported to inhibit ovariectomy-induced bone loss in a rat model of
osteoporosis [26]. Nonetheless, the question still remains as to which bioactive component(s) of dried
plum are responsible for its bone-protective effects. The answer may simply be that the whole fruit is
more efficacious than its isolated components due to the additive and/or synergistic effects of these
components within the food matrix.

3. Dried Plum and Bone Health: Rodent Models of Postmenopausal Osteoporosis

Previous studies investigating the role of dried plum on bone health in rodent models of
postmenopausal osteoporosis are summarized in Table 1. Our laboratory [27] was the first to report
the bone-protective effects of dried plum both in general, and specifically in an established rat model
of postmenopausal osteoporosis [28]. We showed that ovariectomy led to significant declines in the
bone mineral density (BMD) of the 4th lumbar vertebrae and femurs, as well as a decrease in the tibial
trabecular bone area compared to sham-operated (Sham) rats. However, ovariectomized (Ovx) rats
that received 25% of the diet as dried plum for 45 days did not lose bone, while those receiving 5% of
the diet as dried plum lost bone similarly to Ovx rats not receiving dried plum (Figure 1). Despite this,
we also found that dried plum dose-dependently increased circulating insulin-like growth factor-I
(IGF-I) levels, while having no effect on tartrate-resistant acid phosphatase-5b (TRAP-5b) levels. At that
time, TRAP-5b was considered to be a biomarker of bone resorption. Therefore, these results suggested
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that dried plum prevented bone loss, in part, by increasing the rate of bone formation, but not through
inhibiting bone resorption.

Figure 1. (A) Effects of ovariectomy and dried plum on bone density of right femur; (B) Effects of
ovariectomy and dried plum on bone density of 4th lumbar spine. Bars represent mean ± standard
error of the mean. Bars that do not share the same letters are significantly (p < 0.05) different from each
other. BMD, bone mineral density; HD, high dose (25%) dried plum; LD, low dose (5%) dried plum;
Ovx, ovariectomized; Sham, sham-operated.

We next asked the question: could the addition of dried plum to the diet restore bone mass after
bone loss has occurred? Toward this end, our laboratory [27] used an Ovx rat model of postmenopausal
osteoporosis to evaluate the ability of dried plum at different doses to reverse bone loss. In this study,
90-day-old female Sprague-Dawley rats were divided into six groups: Sham control, Ovx control,
Ovx + 17β-estradiol (E2), Ovx + 5% of the diet as dried plum, Ovx + 15% of the diet as dried plum,
and Ovx + 25% of the diet as dried plum for 60 days. Interestingly, the consumption of all doses of
dried plum (5%, 15%, and 25%) effectively restored femoral and tibial BMD to the same extent as E2,
while only the group receiving 25% dried plum showed the restoration of 4th lumbar BMD (Figure 2).
At the time in which this study was conducted, the loss of bone volume accompanied by the loss of
trabecular connectivity was generally believed to be an irreversible process [29]. To our knowledge,
our study was the first to demonstrate that an agent of any kind could reverse the loss of trabecular
microstructures including the bone volume/total volume, connectivity density, trabecular number,
trabecular separation, and structure model index (Figure 3).

Figure 2. (A) Effects of ovariectomy, dried plum, and estrogen on bone density of right femur;
(B) Effects ovariectomy, dried plum, and estrogen on bone density of 4th lumbar spine. Bars represent
mean ± standard error of the mean. Bars that do not share the same letters are significantly (p < 0.05)
different from each other. BMD, bone mineral density; E2, 17β-estradiol, LD, low dose (5%) dried
plum; high dose (25%) dried plum; MD, medium dose (15%) dried plum; Ovx, ovariectomized;
Sham, sham-operated.
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Figure 3. Representative images of proximal tibia demonstrating the effect of ovariectomy, dried plum,
and estrogen on trabecular bone structure. E2, 17β-estradiol; LD, high dose (25%) dried plum; low dose
(5%) dried plum; MD, medium dose (15%) dried plum, Ovx, ovariectomized; Sham, sham-operated.

We next sought to evaluate the efficacy of several potentially bone-protective functional foods
and bioactive compounds (i.e., dried plum, figs, dates, raisins, blueberries, dried plum (poly)phenols,
fructooligosaccharides (FOS), and β-hydroxy-β-methylbutyrate, alone and in combination, on the
bone mass and quality in Ovx rats after bone loss had already occurred [14]. Our findings revealed
that the group receiving 5% FOS + 7.5% dried plum in their diet had the greatest reversal of
BMD loss in the right femur and 4th lumbar spine, 4th lumbar spine calcium loss, and trabecular
separation. Interestingly, none of the treatments altered the serum or urinary markers of bone turnover.
The findings of this study suggest that the addition of prebiotic FOS to dried plum improves its efficacy
in restoring bone mass and quality after bone loss has occurred. Although the mechanisms remain
unknown, FOS has been demonstrated to increase the absorption of minerals, including calcium and
magnesium, in the colon [30]. Additionally, considering that FOS is a prebiotic, it is likely that the
combination of FOS and dried plum worked through gut microbiota-related mechanisms including an
increase in mineral absorption. Importantly, the dose of dried plum (i.e., 7.5% of the diet) that was
efficacious in combination with FOS was lower than what was previously found to be effective. This
suggests that the addition of FOS to dried plum may improve the efficacy of dried plum and should be
further investigated. These findings will be particularly important if they can be translated to humans,
as it could be a novel strategy for reducing the amount of dried plum an individual would need to
consume on a daily basis to achieve the same outcomes.

In addition to demonstrating the bone-protective effects of dried plum alone and in combination
with FOS, we have also demonstrated in numerous studies that soy is a potentially efficacious
functional food for promoting bone health [31–35]. We therefore sought to determine the efficacy of
a soy-based diet in combination with 7.5% dried plum, 5% FOS, or 7.5% dried plum + 5% FOS on
reversing bone loss in a rat model of postmenopausal osteoporosis. We found that the combination
of a soy-based diet with dried plum, FOS, or both, significantly improved the whole body BMD and
femoral BMD, while the combination of all components (i.e., soy, dried plum, and FOS) had the most
pronounced effect on lumbar BMD [15]. All interventions were noted to improve the biomechanical
properties of bone, as demonstrated by the increased ultimate load. The serum biomarker results
suggest that these improvements may have been due, in part, to their ability to enhance bone formation
and reduce bone resorption, as shown by increases in blood alkaline phosphatase (ALP) and decreased
urinary deoxypyridinoline (Dpd).
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Other investigators have also demonstrated the bone-protective effects of dried plum in rodent
models postmenopausal osteoporosis. Rendina et al. [16] showed that feeding 25% of the diet as dried
plum for four weeks to female Ovx C57BL/6J mice prevented the loss of BMD and bone mineral content
(BMC) of the spine, and trabecular microarchitectural properties of the vertebrae and proximal tibiae,
resulting in greater bone strength and stiffness in the vertebrae. Additionally, feeding dried plum in
the diet at 15% and 25% doses restored myeloid and lymphoid levels to that of the sham-operated mice
and suppressed ex vivo concanavalin A stimulated lymphocyte tumor necrosis factor-α production
in splenocytes.

In another study, Rendina et al. [36] reported the results of a study comparing the bone-protective
effects of dried plum with other fruits (i.e., dried apple, apricot, grape, and mango) in Ovx C57BL/6
mice over an eight-week period. They demonstrated that dried plum had superior anabolic effects
on the trabecular bone microarchitectural properties of the vertebrae, was able to prevent tibial bone
loss, and restored the trabecular biomechanical properties of the spine when compared with the
other fruits. In addition, dried plum was more efficacious than the other fruits in enhancing plasma
glutathione peroxidase activity, downregulating osteoclast differentiation, upregulating osteoblast
activity, and suppressing Ovx-induced apoptosis.

Smith et al. [37] reported the findings of a study out of the same laboratory in which they
compared the effects of six weeks of dried plum supplementation to treatment with parathyroid
hormone (PTH). Treatment with dried plum at doses of 15% and 25% in the diet restored the whole
body and femoral BMD to that of the Sham group and improved the trabecular bone volume and
cortical thickness. Systemic blood biomarkers of bone metabolism (i.e., N-terminal procollagen type 1
and Dpd) were reduced, indicating a reduction in bone turnover. Dynamic bone histomorphometric
analysis of the tibial metaphysis revealed that dried plum restored the Ovx-induced increase in the
cancellous bone formation rate and mineralizing surface to that of the Sham group. Dried plum also
upregulated the gene expression of bone morphogenetic protein 2, a regulator of osteogenesis, and IGF-I
while downregulating the nuclear factor T cell activator 1, a transcription factor involved in the regulation
of osteoclast differentiation. Compared with that of the effects of PTH on bone, dried plum reduced
the rate of bone turnover, rather than increasing the rate of bone formation.

In summary, our data and others strongly suggest that dried plum is an efficacious functional
food for preventing and reversing the loss of bone mass and structural properties in a rat model
of postmenopausal osteoporosis. We have also shown that dried plum dose-dependently increases
systemic and local indices of bone formation, e.g., serum and mRNA levels of ALP. These findings
suggest that dried plum prevents and reverses bone loss, primarily through enhanced bone formation.
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4. Dried Plum and Bone Health: Clinical Trials in Postmenopausal Women

Previously conducted clinical trials investigating the role of dried plum on bone health in
postmenopausal women are summarized in Table 2. To our knowledge, our laboratory was the
first to evaluate the bone-protective properties of dried plum in humans. Initially, we reported the
findings of a three-month clinical trial evaluating the efficacy of dried plum versus dried apple
(comparative control) on the biomarkers of bone formation in postmenopausal women [41]. Here, we
showed that the consumption of 100 g/day dried plum significantly increased the serum markers of
bone formation, namely total ALP, bone-specific ALP (BALP), and IGF-1 by 12, 6, and 17%, respectively.
The increase in BALP is important as studies have shown that clinically relevant doses of bone-forming
agents such as sodium fluoride, growth hormone, and PTH take several months to moderately increase
the serum levels of BALP [42]. Interestingly, the serum and urinary biomarkers of bone resorption
were not affected by either intervention. These observations further support our hypothesis that dried
plum prevents and reverses bone loss through enhanced bone formation.

To evaluate whether a longer treatment period would lead to an improvement in bone mass,
we conducted a one-year clinical trial comparing the effects of the daily consumption of 100 g dried
plum to 75 g dried apple (comparative control) on BMD and the biomarkers of bone turnover
in 100 osteopenic postmenopausal women. We found that dried plum consumption significantly
improved the BMD of the ulna and lumbar spine compared with the dried apple control (Figure 4) [13].
Additionally, dried plum consumption led to significantly decreased serum TRAP-5b and BALP levels.
Osteocalcin and C-reactive protein levels were significantly lower in the dried plum group than in
the apple group. Although the findings of our initial three-month clinical trial indicated that BALP
levels increased following dried plum consumption, this was not observed in our one-year clinical
trial. We cannot offer a definitive reason for this discrepancy. However, variation is inherent in bone
biomarkers due to intra- and inter-individual variability, analytical reasons, and sample stability.
For these reasons, BMD remains the gold-standard for evaluating bone health [43].

Figure 4. Change from baseline (ratio) in bone mineral density (BMD) from baseline to one-year
following daily consumption of 100 g dried plum or 75 g dried apple. Bars represent mean ± standard
error of the mean. * Denotes significant (p < 0.05) difference between groups.

We later investigated the potential mechanisms of action by which dried plum exerted these effects.
We showed that compared to the baseline, dried plum increased receptor activator of nuclear factor
kappa-B ligand levels by +1.99% versus +18.33% in the control group, increased the osteoprotegerin
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levels by +4.87% versus −2.15% in the control group, and decreased serum sclerostin levels by −1.12%
in the dried plum group versus +3.78% in the control group [44]. While these percent changes
did not reach statistical significance, they are clearly promising preliminary findings. Collectively,
these findings suggest that dried plum prevents bone loss in postmenopausal women through the
suppression of bone turnover.

Next, we [45] reported the findings of a six-month clinical trial evaluating the effects of resistance
training with and without dried plum at a dose of 90 g in postmenopausal breast cancer survivors.
While both groups were found to increase upper and lower body strength, no improvements were
observed in the body composition or BMD. Interestingly, both groups displayed improvements in the
blood biomarkers of bone turnover, with no added effect of dried plum observed.

Our successive six-month clinical trial evaluated the efficacy of two doses of dried plum
(50 g versus 100 g) in preventing bone loss in older postmenopausal women [46]. Our findings
confirmed dried plums’ ability to prevent the loss of total body BMD and indicated that a lower
dose of dried plum (i.e., 50 g) may be as effective as 100 g of dried plum. This study also demonstrated
a reduction in serum TRAP-5b in both dried plum groups.

Most recently, we evaluated whether or not individuals who received the dried plum intervention
in our previous one-year clinical trial conducted five years prior were able to retain BMD to a greater
extent than those who received the dried apple intervention. Of the 100 women who completed
the initial clinical trial, 20 came back for a follow-up visit. All participants, irrespective of group
assignment, reported that they did not regularly consume dried plums. We found that individuals that
received the dried plum intervention (n = 8) in our previous one-year clinical trial retained BMD of the
ulna and lumbar spine to a greater extent than those who received the dried apple intervention (n = 12)
(unpublished data, Figure 5). Although these findings are preliminary, they suggest that women in
the dried plum group retained bone density in the lumbar spine and ulna to a greater extent than
those in the dried apple group over the course of five years, even in the absence of regular dried
plum consumption. These findings should be interpreted with caution as the influence of other factors
including diet, physical activity, and medications have not been evaluated. Nonetheless, these findings
are promising and further research is needed to evaluate the extent to which bone density is retained
following the cessation of an intervention with dried plum.

Figure 5. Bone mineral density (BMD) of the (A) ulna and (B) lumbar spine five years following
one-year intervention study with daily consumption of 100 g dried plum or 75 g dried apple.
Bars represent mean ± standard error of the mean. * Values were significantly (p < 0.05) different
between groups.

119

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 496

T
a

b
le

2
.

C
lin

ic
al

tr
ia

ls
in

ve
st

ig
at

in
g

th
e

ro
le

of
dr

ie
d

pl
um

on
bo

ne
he

al
th

in
po

st
m

en
op

au
sa

lw
om

en
.

R
e
fe

re
n

ce
D

e
si

g
n

P
o

p
u

la
ti

o
n

N
u

m
b

e
r

In
te

rv
e
n

ti
o

n
D

u
ra

ti
o

n
P

ri
m

a
ry

O
u

tc
o

m
e
s

P
ri

m
a
ry

F
in

d
in

g
s

A
rj

m
an

di
et

al
.,

20
02

[4
1]

R
C

T
Po

st
m

en
op

au
sa

lw
om

en
58

10
0

g/
da

y
dr

ie
d

pl
um

or
75

g/
da

y
dr

ie
d

ap
pl

e
(c

om
pa

ra
ti

ve
co

nt
ro

l)
3

m
on

th
s

Se
ru

m
IG

F-
1,

IG
FB

P-
3,

A
P,

TR
A

P,
BS

A
P,

ca
lc

iu
m

,p
ho

sp
ho

ru
s,

an
d

m
ag

ne
si

um
,u

ri
na

ry
D

pd
,H

P,
an

d
cr

ea
ti

ni
ne

↑I
G

F-
1,

A
P,

an
d

BS
A

P
co

m
pa

re
d

to
ba

se
lin

e
in

dr
ie

d
pl

um
gr

ou
p

H
oo

sh
m

an
d

et
al

.,
20

11
[1

3]
R

C
T

Po
st

m
en

op
au

sa
lw

om
en

w
it

h
os

te
op

en
ia

16
0

10
0

g/
da

y
dr

ie
d

pl
um

or
75

g/
da

y
dr

ie
d

ap
pl

e
(c

om
pa

ra
ti

ve
co

nt
ro

l)
12

m
on

th
s

W
ho

le
bo

dy
,l

um
ba

r
sp

in
e,

hi
p,

an
d

fo
re

ar
m

BM
D

;s
er

um
BA

LP
,

os
te

oc
al

ci
n,

T
R

A
P-

5b
,a

nd
C

R
P

↑u
ln

a
an

d
lu

m
ba

r
sp

in
e

BM
D

in
dr

ie
d

pl
um

gr
ou

p
co

m
pa

re
d

to
dr

ie
d

ap
pl

e
(p

<
0.

05
),
↓B

A
LP

in
dr

ie
d

pl
um

gr
ou

p
co

m
pa

re
d

to
ba

se
lin

e

H
oo

sh
m

an
d

et
al

.,
20

14
[4

4]
R

C
T

Po
st

m
en

op
au

sa
lw

om
en

w
it

h
os

te
op

en
ia

16
0

10
0

g/
da

y
dr

ie
d

pl
um

or
75

g/
da

y
dr

ie
d

ap
pl

e
(c

om
pa

ra
ti

ve
co

nt
ro

l)
12

m
on

th
s

Se
ru

m
D

pd
,R

A
N

K
L,

O
PG

,
an

d
sc

le
ro

st
in

N
on

-s
ig

ni
fic

an
t ↑

in
R

A
N

K
L,

R
A

N
K

L/
O

PG
ra

ti
o,

an
d

sc
le

ro
st

in
,a

nd
↓i

n
O

PG
co

m
pa

re
d

to
ba

se
lin

e
in

dr
ie

d
ap

pl
e

gr
ou

p,
no

n-
si

gn
ifi

ca
nt

↑i
n

O
PG

an
d

R
A

N
K

L
an

d
↓i

n
sc

le
ro

st
in

in
dr

ie
d

pl
um

gr
ou

p
co

m
pa

re
d

to
ba

se
lin

e

Si
m

on
av

ic
e

et
al

.,
20

14
[4

5]
N

on
-r

an
do

m
iz

ed
in

te
rv

en
ti

on
tr

ia
l

Po
st

m
en

op
au

sa
lb

re
as

t
ca

nc
er

su
rv

iv
or

s
23

R
es

is
ta

nc
e

ex
er

ci
se

w
ith

/w
ith

ou
t9

0
g/

da
y

dr
ie

d
pl

um
6

m
on

th
s

W
ho

le
bo

dy
,l

um
ba

r
sp

in
e,

fe
m

ur
,a

nd
fo

re
ar

m
BM

D
;s

er
um

BA
P,

T
R

A
P-

5b
,a

nd
C

R
P

N
o

si
gn

ifi
ca

nt
ef

fe
ct

s

H
oo

sh
m

an
d

et
al

.,
20

16
[4

6]
R

C
T

O
ld

er
po

st
m

en
op

au
sa

l
w

om
en

48
0,

50
,o

r
10

0
g/

da
y

dr
ie

d
pl

um
6

m
on

th
s

W
ho

le
bo

dy
,l

um
ba

r
sp

in
e,

hi
p,

an
d

fo
re

ar
m

BM
D

;s
er

um
hs

-C
R

P,
IG

F-
1,

BA
P,

T
R

A
P-

5b
,

BA
P/

T
R

A
P-

5b
ra

ti
o,

sc
le

ro
st

in
,

25
-O

H
vi

ta
m

in
D

,R
A

N
K

L,
O

PG
,

ca
lc

iu
m

,a
nd

ph
os

ph
or

us

↑w
ho

le
bo

dy
BM

D
in

bo
th

dr
ie

d
pl

um
gr

ou
ps

co
m

pa
re

d
to

co
nt

ro
l,
↓T

R
A

P-
5b

at
3

an
d

6
m

on
th

s
in

dr
ie

d
pl

um
gr

ou
ps

co
m

pa
re

d
to

co
nt

ro
l,
↑

BA
P/

T
R

A
P-

5b
ra

ti
o

at
6

m
on

th
s

in
bo

th
dr

ie
d

pl
um

gr
ou

ps
co

m
pa

re
d

to
ba

se
lin

e

B
M

D
,b

on
e

m
in

er
al

d
en

si
ty

;B
SA

P,
bo

ne
-s

p
ec

ifi
c

al
ka

lin
e

p
ho

sp
ha

ta
se

;C
R

P,
C

-r
ea

ct
iv

e
p

ro
te

in
;D

p
d

,d
eo

xy
p

yr
id

in
ol

in
e;

H
P,

he
lic

al
p

ep
ti

d
e;

hs
-C

R
P,

hi
gh

-s
en

si
ti

vi
ty

C
R

P
;I

G
F-

1,
in

su
lin

-l
ik

e
gr

ow
th

fa
ct

or
-1

,I
G

FB
P-

3,
in

su
lin

-l
ik

e
gr

ow
th

fa
ct

or
bi

nd
in

g
pr

ot
ei

n-
3;

O
PG

,o
st

eo
pr

ot
eg

er
in

;R
A

N
K

L,
re

ce
pt

or
ac

tiv
at

or
of

nu
cl

ea
r

fa
ct

or
ka

pp
a-

B
lig

an
d;

R
C

T,
ra

nd
om

iz
ed

co
nt

ro
lle

d
tr

ia
l;

TR
A

P,
ta

rt
ra

te
-r

es
is

ta
nt

ac
id

ph
os

ph
at

as
e.

120

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 496

5. Bioactive Compounds and Possible Mechanisms of Action

Dried plum is known to contain several bioactive compounds including dietary fiber,
vitamins (e.g., vitamin K), minerals (e.g., boron, copper), and (poly)phenolic compounds such
as chlorogenic acids (i.e., chlorogenic acid, neochlorogenic acid, and cryptochlorogenic acid) and
proanthocyanidins [24,25]. The exact nutrients and/or components contributing to the bone-protective
effects of dried plum are unknown. However, many of these compounds are known to exert
bone-protective effects and therefore likely work additively and/or synergistically.

Among the compounds found in dried plum is boron, which is a trace element critical for bone
health as a deficiency or excess in consumption of boron can be harmful to bone. Dried plum contains
a higher amount of boron than most fruits. In fact, the content of boron in 47.7 g dried plum (~5 dried
plums) is about 1.1 mg [23]. The average daily intake of boron is about 1–2 mg/day, depending on
sex and age, among other factors [47]. Boron has been shown to stimulate bone growth and bone
metabolism [48], and play an important role in preserving BMD, bone microarchitecture, and bone
strength [49–51]. A study by Chapin et al. [52] showed that rats fed diets containing 20 or more mg
boron/100 g diet had a significantly improved vertebral strength. These authors also demonstrated
that rats fed a boric acid diet of 200 ppm or more for nine weeks not only had a significant increase
in the boron content of their bone, but retained their bone boron content three-fold greater than
the controls 32 weeks after exposure to the diet ended. This suggests that boron has the ability to
accumulate in bone, and though the half-life of boron in bone is uncertain, it may be similar to that of
calcium, where the half-life is significantly longer than in tissue. This action of boron may play a role
in the maintenance of bone density over long periods of time, even without regular consumption.

Another mineral abundant in dried plum important for bone health is potassium [53,54].
One hundred grams of dried plum contains 732 mg. Tucker et al. [55] investigated both the
cross-sectional and longitudinal relationships between potassium and BMD using a Framingham
Heart Study database and concluded that potassium contributes to the maintenance of BMD in men
and women. Additionally, higher intakes of potassium have been shown to reduce bone resorption,
particularly in the face of high protein intake [56].

Dried plum is also a good source of copper. A 47.7 g serving of dried plum provides 0.13 mg,
which is 31.2% of the dietary reference intake. Copper is a cofactor for lysyl oxidase, which is
involved in the cross-linking of collagen and elastin [24,57]. In an in vivo study by Yee et al. [57],
Ovx Sprague-Dawley rats placed on a copper deficient diet had more severe osteopenia than the
copper adequate diet. Copper may in part contribute to the beneficial properties of dried plum on
bone, giving an additive effect.

Dried plum is rich in vitamin K and a 47.7 g serving of dried plum provides 348 mg vitamin K,
or 15.6% of the dietary reference intake [53]. Vitamin K is important for bone health as it promotes a
calcium balance [58]. Additionally, it is a cofactor for the γ-carboxylation of osteocalcin, a bone matrix
protein secreted by osteoblasts that promotes normal bone mineralization by regulating the growth of
hydroxyapatite crystals [58]. A study by Braam et al. [59] demonstrated that supplementation with
vitamin K at the level of 1 mg daily for three years attenuated the loss of BMD in the lumbar spine.

Among the (poly)phenols found in dried plum, chlorogenic acids (e.g., neochlorogenic acid,
cryptochlorigenic acid, and chlorogenic acid) are the most abundant. In fact, 100 g of dried
plum is estimated to contain between 108 and 153 mg chlorogenic acids. Previous research has
demonstrated that chlorogenic acids are bone-protective. For instance, Zhou et al. [60] demonstrated
that supplementing Ovx rats with chlorogenic acid led to improved BMD and microarchitecture,
and an increased proliferation of osteoblast precursors and osteoblast differentiation, as well as
increases in bone formation biomarkers. Despite this, Léotoing et al. [40] demonstrated that the
bone-protective effects of dried plum is not dependent on the content of chlorogenic acids. As the
authors pointed out, it is important to consider that dried plum contains other (poly)phenols such
as quercetin, rutin, proanthocyanidins, among others, as well as dietary fiber in the form of soluble
and insoluble fiber including pectin, fructans, hemicelluloses, and cellulose [23,40], which may be
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responsible for the effects of dried plum on bone. (Poly)phenols and their metabolites are known
to not only act as antioxidants themselves [53,61,62], but to also activate endogenous antioxidant
and inhibit inflammatory signaling pathways [63,64]. Considering that bone loss has been linked to
oxygen-derived free radicals in the bone microenvironment, an imbalance in antioxidant defenses,
and oxidative stress [65,66], as well as a pro-inflammatory state [67], it is possible that other dried
plum (poly)phenols and their metabolites work through this mechanism. In fact, we and others have
demonstrated the antioxidant and anti-inflammatory properties of dried plum [68,69]. Dried plum
has a high oxygen radical absorbance capacity (ORAC) compared with many commonly consumed
fruits and vegetables [70]. More recently, Kayano et al. [61], have isolated several ortho-diphenolic
and mono hydroxyl phenolic compounds with ORAC values as high as 4.68 units of Trolox equivalent
per mg of dried plum. Therefore, the beneficial effects of dried plum on bone may be partly mediated
through its antioxidant properties.

Importantly, dried plum is rich in soluble and insoluble fibers, including pectin, fructans,
hemicelluloses, and cellulose [23,40], which are known to increase mineral absorption
(e.g., calcium) [71]. For instance, fibers are fermented by colonic bacteria, resulting in the production
of short-chain fatty acids (SCFA). SCFAs enhance calcium absorption through reductions in the pH
of the intestinal lumen and increasing the solubility of calcium, thereby facilitating passive diffusion
through exchanges of luminal calcium with cellular hydrogen, and increasing the permeability of gut
epithelial cells and paracellular transport [40,71,72]. Dietary fiber, including prebiotic dietary fibers,
as well as (poly)phenolic compounds, have been shown to alter the microbial composition in the
gut [71,73,74]. As such, it is possible that chronic dried plum consumption induces changes in the
gut microbiome, thereby increasing SCFA production. It is also possible that these changes in the gut
microbiome promote bone health through other mechanisms including those involving the immune
system. However, this has yet to be investigated and is therefore speculative.

Lastly, previous research has shown that dried plum rich in chlorogenic acid increases bone
calcium retention in an Ovx rodent model of postmenopausal osteoporosis [39]. Although changes in
biomarkers of bone turnover were not noted, the observation that bone calcium retention was greater
is consistent with the notion that dried plum reduces bone turnover. This is an interesting finding that
warrants further investigation.

6. Conclusions

The bone-protective effects of dried plum in postmenopausal women have been supported by
several animal studies and confirmed in randomized controlled trials. The exact mechanisms by
which dried plum exerts these effects remains unknown. Additionally, it is unclear as to which
bioactive compound(s) in dried plum is/are responsible for its bone-protective properties. Considering
that many of the bioactive compounds present in dried plum have been shown to modulate bone
metabolism, it is likely that there are additive and/or synergistic effects among these compounds.
In addition to preventing bone loss in postmenopausal women, our recent findings suggest that the
bone-protective effects of dried plum may be long-lasting, thereby contributing to the maintenance of
bone density after regular consumption has ceased.

The findings of our previously conducted clinical trials indicate that dried plum is most efficacious
in preventing bone loss in the ulna and lumbar spine. Although the reason for this is not currently
known, both vertebra and ulna contain more trabecular bone than other sites (e.g., femur). In fact,
vertebra and ulna contain more than 60% and up to 50% trabecular bone, respectively. Bone turnover
is known to be greater in trabecular bone than cortical bone [75,76]. The body of literature suggests
that dried plum slows the rate of bone turnover. As such, it is likely that dried plum has a more
pronounced effect of reducing bone loss at these sites through reductions in trabecular bone turnover.

An important point to consider with any nutritional intervention, including functional foods, is
caloric intake. The addition of dried plum to the diet contributes approximately 120 kcal and 240 kcal
for 50 g and 100 g doses, respectively [23]. In our previous clinical trials, study participants were
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advised to maintain their usual diet and physical activity patterns throughout the duration of the study.
We did not observe significant changes in nutritional intake, including calories, nor in body weight.
Considering that self-reported dietary intake and physical activity are known to have limitations,
including measurement error, it is therefore unknown as to whether our study participants made
alterations in their diets or physical activity to maintain their body weight. Dried plum is high in
dietary fiber which alters the transit time and may increase satiety, thereby reducing the overall caloric
intake. Logically, one would assume that the addition of dried plum to the diet would displace other
calories. However, this is speculative and needs future confirmation.

Future research should aim not only to better understand the mechanisms by which dried plum
consumption contributes to bone health, including the involvement of the gut microbiome, but also to
elucidate the long-term maintenance of such effects, including their role in fracture prevention. With
respect to feasibility, we have observed good study participant treatment compliance and retention
with long-term dried plum consumption at doses of 50 g (six months) and 100 g (one year). Study
participants were generally willing to commit to the regular consumption of dried plum in order to
improve their bone health and avoid taking osteoporosis medications. Our study participants were
educated on ways to incorporate dried plum into their diets (e.g., in their meals) in an effort to promote
compliance. Nonetheless, there are challenges with any long-term dietary intervention. For this
reason, it is important that future studies aim to establish the lowest dose of dried plum or alternative
dosing methods (e.g., intermittent dosing regimens) that provide the same efficacy as 100 g/day.
Additionally, the combination of other foods and/or bioactive compounds that show promise for
bone health, such as FOS, with dried plum should be further investigated, as this may enhance its
efficacy. Finally, many of the previously conducted clinical trials evaluating the bone-protective effects
of dried plum had small sample sizes, which may have contributed to null findings. Therefore, future
large-scale clinical trials are needed to further establish the bone-protective effects of dried plum in
postmenopausal women.
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Abstract: The importance of vegetable and fruit intakes for the prevention of fracture in older women
is not well understood. Few studies have explored vegetable and fruit intakes separately, or the
associations of specific types of vegetables and fruits with fracture hospitalisations. The objective
of this study was to examine the associations of vegetable and fruit intakes, separately, and specific
types of vegetables and fruits with fracture-related hospitalisations in a prospective cohort of women
aged ≥70 years. Vegetable and fruit intakes were assessed at baseline (1998) in 1468 women using
a food frequency questionnaire. The incidence of fracture-related hospitalisations over 14.5 years
of follow-up was determined using the Hospital Morbidity Data Collection, linked via the Western
Australian Data Linkage System. Fractures were identified in 415 (28.3%) women, of which 158
(10.8%) were hip fractures. Higher intakes of vegetables, but not fruits, were associated with lower
fracture incidence. In multivariable-adjusted models for vegetable types, cruciferous and allium
vegetables were inversely associated with all fractures, with a hazard ratio (HR) (95% confidence
interval) of 0.72 (0.54, 0.95) and 0.66 (0.49, 0.88), respectively, for the highest vs. lowest quartiles.
Increasing vegetable intake, with an emphasis on cruciferous and allium vegetables, may prevent
fractures in older postmenopausal women.

Keywords: vegetables; fruit; cruciferous; allium; fracture; bone; postmenopausal women

Nutrients 2017, 9, 511 128 www.mdpi.com/journal/nutrients

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 511

1. Introduction

Dietary patterns rich in vegetables and fruits may provide benefits to bone health [1–5]. A number
of studies have explored the relationships of defined dietary patterns with fracture risk. Although
the results of these studies are inconsistent [1,4–7], they do suggest that certain components of these
diets may contribute to lower fracture risk [8–10]. A major contribution may be the high intake of
vegetables and fruits which are a key attribute of all healthy dietary patterns. This concept is supported
by the results of prospective studies in a variety of populations finding that higher vegetable and
fruit intakes are associated with lower risk of fracture [2,3,9,11]. However, there is little data on the
effects of specific vegetable or fruit types on fracture outcomes. It is possible that some vegetables and
fruits may be more protective than others due to specific nutrients and bioactive compounds such
as phytochemicals.

In this study, we explored the associations of vegetable and fruit intakes, separately, with 14.5 years
fracture-related hospitalisations in a prospective cohort of postmenopausal women aged ≥70 years.
We then examined the associations of specific types of vegetables and fruits with fracture outcomes.

2. Materials and Methods

2.1. Study Population

The population included women in the Perth Longitudinal Study of Aging in Women (PLSAW).
The women were originally recruited to a 5-year, double-blind, randomised controlled trial of daily
calcium supplementation to prevent fracture, the Calcium Intake Fracture Outcome Study (CAIFOS).
The women were included on the basis of an expected survival beyond 5 years and not receiving any
medication (including hormone replacement therapy) known to affect bone metabolism. This trial has
been previously described [12]. The women (n = 1500) were recruited from the Western Australian
general population of women aged ≥70 years by mail using the electoral roll, which is a requirement
of Australian citizenship. At the completion of the 5-year trial, women were invited to participate
in two follow-up observational studies. Total follow-up was 14.5 years. A total of 1485 women
completed a food frequency questionnaire at baseline in 1998. Participants (n = 17/1485, 1.1%) with
implausible energy intakes (<2100 kJ (500 kcal) or >14,700 kJ (3500 kcal)) were not included in the
analysis. The current study then included 1468 women. All participants provided written informed
consent. Ethics approval was granted by the Human Ethics Committee of the University of Western
Australia. Both studies were retrospectively registered on the Australian New Zealand Clinical Trials
Registry (CAIFOS trial registration number #ACTRN12615000750583 and PLSAW trial registration
number #ACTRN12617000640303), and complied with the Declaration of Helsinki. Human ethics
approval for the use of linked data was provided by the Human Research Ethics Committee of the
Western Australian Department of Health (project number #2009/24).

2.2. Dietary Assessment

Dietary intake was assessed at baseline (1998), 5 years (2003), and 7 years (2005) using
a self-administered, semiquantitative food frequency questionnaire developed and validated by the
Cancer Council of Victoria [13–15]. The women were supported when completing the questionnaire
by a research assistant. Food models and food charts as well as measuring cups and measuring
spoons were provided to ensure the accuracy of reported food consumption. The Cancer Council of
Victoria calculated energy (kJ/day) and nutrient intakes by using the NUTTAB95 food composition
database [16] and other sources where necessary. Intakes of individual food items were calculated in
g/day. This included 24 vegetables and 11 fruits. The diet assessment analysis also provided estimates
of protein, calcium, and alcohol intakes.
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2.2.1. Vegetable and Fruit Intake

Vegetable and fruit intake were calculated in serves per day. This was based on the 2013 Australian
Dietary Guidelines of 1 serve of vegetables equivalent to 75 g and 1 serve of fruit equivalent to 150 g [17].
Serves per day were calculated as continuous variables and then categorised as discrete variables
(vegetables: <2 serves, 2 to <3 serves, ≥3 serves; fruit: <1 serve, 1 to <2 serves, ≥2 serves). Estimations
of vegetable intake did not include ‘Potatoes, roasted or fried, including hot chips’ as hot chips are not
recommended as part of a healthy diet [17]. ‘Potatoes cooked without fat’ were included. Estimations
of fruit intake did not include ‘Tinned or frozen fruit (any kind)’ or ‘Fruit juice’ as foods and drinks
containing added sugars are not recommended as part of a healthy diet [17].

2.2.2. Vegetable and Fruit Type

Vegetables were grouped into five types. These vegetable types were based on the 2013 Australian
Dietary Guidelines [17] and modified slightly to include cruciferous vegetables (cabbage, brussel
sprouts, cauliflower, and broccoli); allium vegetables (onion, leek, and garlic); yellow/orange/red
vegetables (tomato, capsicum, beetroot, carrot, and pumpkin); leafy green vegetables (lettuce and other
salad greens, celery, silverbeet, and spinach); and legumes (peas, greens beans, bean sprouts and alfalfa
sprouts, baked beans, soy beans, soy bean curd, and tofu, and other beans). For fruit, classification of
type included: apples and pears (pome fruit); oranges and other citrus (citrus); bananas; and other
fruits (melon, pineapple, strawberries, apricots, peaches, mango and avocado). Intakes of vegetable
and fruit types were calculated in g/day as continuous variables. Intakes of vegetable types were also
categorised as discrete variables into quartiles of intake.

2.2.3. Nutrient-Rich Foods Index

Overall diet quality was assessed using the Nutrient-Rich Foods Index by calculating nutrient
density scores [18]. This index was adapted using the Nutrient Reference Values (NRVs) for Australia
and New Zealand based on adult females aged >70 years [19]. The calculation of the Nutrient-Rich
Foods Index in this cohort of older women has been described previously [20].

2.3. Fracture Outcome Assessment

Fracture-related hospitalisations were retrieved from linked data via the Western Australian Data
Linkage System (Department of Health Western Australia, East Perth, Australia) for each participant
from their baseline visit until 14.5 years after their baseline visit. Fracture-related hospitalisations
were identified from the Hospital Morbidity Data Collection which provides a complete record of
participants’ primary diagnosis at hospital discharge using coded data from all hospitals in Western
Australia. Fracture-related hospitalisations were defined using the International Statistical Classification
of Diseases and Related Health Problems, 10th Revision [21]. Codes used for identification included
S02-S92, M80, T02, T08, T10, T12, and T14.2. Fractures of the face (S02.2–S02.6), fingers (S62.5–S62.7),
and toes (S92.4–S92.5), and fractures caused by motor vehicle injuries were excluded (external cause of
injury codes V00–V99).

2.4. Baseline Characteristic Assessment

Questionnaires completed at baseline were used to assess values for potential confounding
variables including age, physical activity, and smoking history. Participants were asked about
participation in sport, recreation, and/or regular physical activities undertaken in the three months
prior to their baseline visit [22,23]. The level of activity, expressed in kilojoules per day, was then
calculated using a validated method applying the type of activity, time engaged in the activity, and the
participant’s body weight [24,25]. Smoking history was coded as non-smoker or ex-smoker/current
smoker if they had consumed >1 cigarette per day for more than 3 months at any time in their
life. Body weight was measured using digital scales to the nearest 0.1 kg and height was assessed
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using a wall-mounted stadiometer to the nearest 0.1 cm, both whilst participants were wearing
light clothes and without socks and shoes. Body mass index (BMI) (kg/m2) was then calculated.
Treatment (placebo or calcium) over the 5 years of the CAIFOS trial was included as a covariate.
Current medication use at baseline was used to assess prevalent diabetes mellitus. Medications were
verified by participants’ general practitioner where possible and were coded (T89001–T90009) using
the International Classification of Primary Care-Plus (ICPC-Plus) method which allows aggregation
of different terms for similar pathologic entities as defined by the ICD-10 coding system [26].
Socioeconomic status (SES) was calculated using the Socioeconomic Indexes for Areas developed by the
Australian Bureau of Statistics which ranked residential postcodes according to relative socio-economic
advantage and disadvantage [27]. Participants were then coded into six groups from the top 10% most
highly disadvantaged to the top 10% least disadvantaged [27]. Prevalent fractures were determined by
self-reported fractures that had occurred after the age of 50 and prior to the participants’ baseline visit.
Self-reported fractures were defined as a fracture due to a minimal trauma fall from less than 1 m that
did not include fractures of the face, skull, and phalanges.

2.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics for Windows, version 21.0 (IBM Corp.,
Armonk, NY, USA) and SAS software, version 9.4 (SAS Institute Inc., Cary, NC, USA). Statistical
significance was set at a 2-sided Type 1 error rate of p < 0.05 for all tests. Descriptive statistics
of normally distributed continuous variables were expressed as mean ± standard deviation (SD).
Non-normally distributed continuous variables (physical activity, alcohol intake, allium vegetable
intake, and all fruit types) were expressed as median and interquartile range. Categorical variables
were expressed as number and proportion (%). Baseline characteristics were tested for differences
across categories using one-way analysis of variance (ANOVA) for normally distributed continuous
variables, the Kruskal-Wallis test for non-normally distributed variables, and the Chi-squared test for
categorical variables.

The primary outcome of the study was first hospitalisation for fracture, with further analysis of
hip fracture which accounted for more than one-third of all events. Complete follow-up was available
for all participants that remained in Western Australia, which was likely to be almost all participants
given their age. The follow-up time period for each participant commenced from their baseline visit
date until the first fracture-related hospitalisation or loss to follow-up due to death or 174 months
of complete follow-up. Cox proportional hazards modelling was used to assess the associations of
vegetable and fruit intake variables with fracture outcomes. Two models of adjustment were used:
age-adjusted and multivariable-adjusted. The multivariable-adjusted models included age, BMI,
treatment code, prevalent diabetes mellitus, SES, physical activity, smoking history, and intakes of
energy, protein, calcium, and alcohol. Associations were explored using continuous variables and then
as discrete variables. We also tested for evidence of linear trends across categories of discrete variables
using the median value for each category as continuous variables in separate Cox proportional hazards
models. Cox proportional hazards assumptions were tested using log-log plots, which were shown
to be parallel indicating that proportional hazards assumptions were not violated. For the primary
analysis, we treated deaths as censored. This cause-specific approach meant that the hazard ratios
could be interpreted as the risk of fracture for any time during follow-up assuming that the participant
stayed alive for that duration of time. The calculated risk of fracture, therefore, assumed that the risk
of fracture would have remained the same during the remainder of the follow-up period in those that
died. This model was chosen as we have previously demonstrated that fruit intakes are associated with
mortality risk in this cohort [28]. Based on the given data with 16,458 years of follow up and fracture
event rates of 28.3% and 10.8%, respectively, for “all fractures” and “hip fractures”, the study had
80% power to detect a hazard ratio of 0.79 for all fractures and a hazard ratio of 0.69 for hip fractures,
assuming a two-tailed type 1 error rate of alpha = 0.05.
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Sensitivity Analyses

The relationships between cruciferous, allium, and total vegetables were investigated using
Spearman Rank Order Correlation (rho). To examine whether the independent associations of
cruciferous and allium vegetables were not due to collinearity with each other, a forward stepwise
Cox proportional hazards model with all multivariable-adjusted variables as well as cruciferous
(per 10 g/day) and allium (per 5 g/day) vegetables was analysed for all fractures. To examine
whether the associations of cruciferous and allium vegetables were independent of total vegetable
intake (per serve, 75 g/day), a forward stepwise Cox proportional hazards model with all
multivariable-adjusted variables as well as intakes of cruciferous (per 10 g/day) and allium
(per 5 g/day) vegetables, and total vegetable intake (per serve) was tested for all fractures. Intakes
of cruciferous, allium, and total vegetables at baseline (1998), 5 years (2003), and 7 years (2005) were
tested for differences using one-way repeated measures ANOVA. To account for change in cruciferous,
allium, and total vegetable intakes, the average of the three time points (baseline, 5 years, and 7 years)
for each vegetable variable were used in the multivariable-adjusted Cox proportional hazards model
for all fractures. Since vegetable intake may be considered a surrogate marker of a healthier diet,
we adjusted for diet quality using the Nutrient-Rich Foods Index in the multivariable-adjusted Cox
proportional hazards model for all fractures. This was separately completed for cruciferous, allium,
and total vegetable intakes. Lastly, since previous fractures can increase the risk of subsequent
fracture [29], an interaction term between total vegetable intake and prevalent fracture was tested
in the multivariable-adjusted Cox proportional hazards model. This was completed to evaluate if
prevalent fracture had an impact on the relationship between total vegetable intake and all fractures.
This test was repeated for intakes of cruciferous vegetables as well as intakes of allium vegetables.
Lastly, as women may have commenced calcium or calcium plus vitamin D supplementation after
the completion of the CAIFOS, we assessed whether the proportion of women who re-enrolled in the
5-year extension study (2003–2008) and commenced these supplements were different across vegetable
serve categories. Furthermore, we analysed differences amongst women who commenced taking
bisphosphonates from 1998–2003. It should be noted that data on calcium, calcium plus vitamin D,
and bisphosphonate use were only available for n = 1007/1456 (69%) participants.

3. Results

3.1. Baseline Characteristics

Baseline characteristics of participants are presented according to all participants and categories of
vegetable (Table 1) and fruit (Table 2) intakes. The mean age of participants at baseline was 75.2 years
(SD 2.7 years). Significant differences were observed across vegetable intake categories for energy,
protein, and calcium intakes (p < 0.001) (Table 1). Significant differences were observed across fruit
intake categories for energy, protein, calcium, and alcohol intakes, physical activity, and smoking
status (p < 0.01) (Table 2).

Mean (SD) intake for vegetables was 196.4 (79.1) g/day and 2.6 (1.0) serves per day, and for fruit
it was 245.1 (128.6) g/day and 1.6 (0.9) serves per day. Mean (SD) intake (from highest to lowest)
of vegetable types were: yellow/orange/red vegetables 51.8 (27.5) g/day; cruciferous vegetables
32.1 (21.9) g/day; legume vegetables 27.5 (18.7) g/day; and leafy green vegetables 18.6 (12.0) g/day.
Median (interquartile range (IQR)) intake for allium vegetables was 6.2 (2.9–10.7) g/day. Median (IQR)
intake (from highest to lowest) for fruit types were: apple and pears 54.4 (22.2–103.6) g/day; other
fruits 49.5 (22.0–95.4) g/day; bananas 44.5 (18.5–72.6) g/day; and orange and other citrus fruits 35.5
(5.6–85.9) g/day.

3.2. Fracture-Related Hospitalisation

Over 14.5 years (16,458 person-years) of follow-up, 415/1468 (28.3%) participants were
hospitalised with a fracture, of which 158/1468 (10.8%) were hip fractures.
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Table 2. Baseline characteristics according to fruit intake categories 1.

Fruit Serve Intake 2

<1 Serves/Day 1 to <2 Serves/Day ≥2 Serves/Day p Value 3

Number 417 560 491
Age, years 74.9 ± 2.7 75.2 ± 2.7 75.3 ± 2.7 0.140
BMI 4, kg/m2 26.9 ± 4.6 27.3 ± 4.7 27.4 ± 4.9 0.257
Treatment (calcium) 5 210 (50.4) 279 (49.9) 266 (54.2) 0.335
Prevalent fracture 5 109 (26.2) 154 (27.5) 134 (27.3) 0.894
Prevalent diabetes mellitus 19 (4.6) 32 (5.7) 39 (7.9) 0.092
Physical activity 4, kJ/day 399.2 (0.0–806.6) 451.7 (70.6–811.6) 532.7 (210.2–928.8) 0.002
Smoked ever 6 178 (42.9) 175 (31.5) 193 (39.5) 0.001

Socioeconomic status 7

Top 10% most highly disadvantaged 18 (4.4) 24 (4.3) 21 (4.3) 0.998
Highly disadvantaged 54 (13.1) 65 (11.7) 55 (11.3) -
Moderate-highly disadvantaged 70 (16.9) 90 (16.2) 77 (15.8) -
Low-moderately disadvantaged 63 (15.3) 82 (14.7) 77 (15.8) -
Low disadvantaged 85 (20.6) 123 (22.1) 101 (20.7) -
Top 10% least disadvantaged 123 (29.8) 172 (30.9) 156 (32.0) -

Dietary intakes

Energy, kJ/day 6829.9 ± 1948.7 6812.5 ± 2003.7 7649.7 ± 2158.5 <0.001
Protein, g/day 75.5 ± 24.9 76.2 ± 24.7 86.6 ± 28.5 <0.001
Calcium, mg/day 854.9 ± 306.2 952.1 ± 338.8 1037.2 ± 362.5 <0.001
Alcohol, g/day 2.6 (0.3–11.9) 1.8 (0.4–9.3) 1.2 (0.1–7.9) 0.008

1 Data presented as mean ± SD, median [interquartile range] or number (n) and (%); 2 Fruit serves were calculated
based on the 2013 Australian Dietary Guidelines of a fruit serve equal to 150 g/day; 3 p values are a comparison
between groups using ANOVA, Kruskal-Wallis test, and Chi-square test where appropriate; 4 n = 1466; 5 n = 1467;
6 n = 1460; 7 n = 1456.

3.2.1. Vegetable Intake

Vegetable intake (per serve) was inversely associated with all fractures and hip fractures in
age-adjusted and multivariable-adjusted models (p < 0.05) (Table 3). Compared with low intakes
of vegetables (<2 serves/day), intakes of ≥3 serves/day were associated with a 27% lower hazard
for all fractures (multivariable-adjusted ptrend = 0.023) and a 39% lower hazard for hip fractures
(multivariable-adjusted ptrend = 0.037) (Table 3).

The associations between intakes of vegetable types and fracture-related hospitalisations in
multivariable-adjusted models are presented in Table 4. Intakes of cruciferous and allium vegetables
were inversely associated with all fractures (p < 0.05) (Table 4). The highest quartiles of cruciferous
(multivariable-adjusted ptrend = 0.030) and allium (multivariable-adjusted ptrend = 0.003) vegetables
in comparison to the lowest quartiles were associated with a 28% and 34%, respectively, lower
hazard for all fractures. After additional adjustment for total vegetable intake, the hazard for all
fractures was reduced and became non-significant for the highest quartile of cruciferous vegetables
(multivariable-adjusted hazard ratio (HR): 0.80, 95% confidence interval (CI) 0.58, 1.10, ptrend = 0.160)
compared to the lowest quartile. Allium vegetables, however, remained statistically significant
(multivariable-adjusted HR: 0.70, 95% CI 0.52, 0.95, ptrend = 0.019).

For hip fractures, the association of allium vegetables was borderline significant (p = 0.050), but
did not reach significance for cruciferous vegetables (p = 0.157). Intakes of yellow/orange/red, leafy
green, and legumes were not associated with all fractures (p > 0.05 for all) or hip fractures (p > 0.05
for all) (Table 4).

3.2.2. Fruit Intake

Fruit intake (per serve) was not associated with all fractures (p > 0.05) and hip fractures (p > 0.05)
(Table 5). The associations between intakes of fruit types and fracture-related hospitalisations in
multivariable-adjusted models are presented in Table 6. All fruit types were not associated with all
fractures (p > 0.05 for all) and hip fractures (p > 0.05 for all).
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3.3. Sensitivity Analyses

There was a weak positive correlation between intakes of cruciferous and allium vegetables
(Spearman’s rho = 0.11, p < 0.001) and a moderate positive correlation between intakes of allium
and total vegetables (Spearman’s rho = 0.43, p < 0.001) and between intakes of cruciferous and total
vegetables (Spearman’s rho = 0.52, p < 0.001). In a forward stepwise Cox proportional hazards model,
which included all multivariable-adjusted variables and both cruciferous and allium vegetable intakes
separately, age (per year increase, HR: 1.10, 95% CI: 1.06, 1.14, p < 0.001), BMI (per kg/m2 increase,
HR: 0.98, 95% CI: 0.95, 1.00, p = 0.034), cruciferous vegetables (per 20 g/day increase, HR: 0.89, 95%
CI: 0.81, 0.98, p = 0.019), and allium vegetables (per 10 g/day increase, HR: 0.82, 95% CI: 0.70, 0.97,
p = 0.018) were associated with all fractures. In a forward stepwise Cox proportional hazards model,
which included all multivariable-adjusted variables and total vegetable intakes as well as intakes of
cruciferous and allium vegetables, age (per year increase, HR: 1.10, 95% CI: 1.06, 1.14, p < 0.001), BMI
(per kg/m2 increase, HR: 0.98, 95% CI: 0.95, 1.00, p = 0.036), and total vegetable intake (per 75 g/day
increase, HR: 0.87, 95% CI: 0.79, 0.96, p = 0.007) were associated with all fractures.

Intakes of cruciferous, allium, and total vegetables were compared at baseline (1998), 5 years
(2003), and 7 years (2005) in 986 participants. The mean (SD) at each time point for intakes of cruciferous,
allium, and total vegetables are presented in Table S1. One-way repeated measures ANOVA were
conducted for intakes of cruciferous, allium, and total vegetables and results confirmed a significant
effect for time (Wilks’ Lambda p < 0.001 for all). Intake of cruciferous vegetables was 2.5 g/day (7.8%)
lower at 7 years compared to intake at baseline. Intake of allium vegetables was 1.5 g/day (18.5%)
lower at 5 years and 2.2 g/day (27.2%) lower at 7 years compared to intake at baseline. Total vegetable
intake was 22.3 g/day (11%) lower at 5 years and 31.5 g/day (16%) lower at 7 years compared to intake
at baseline. To account for this change, the average across baseline, 5 years, and 7 years was calculated
individually for cruciferous, allium, and total vegetable intakes. The average values for cruciferous,
allium, and total vegetable intakes were then entered separately into multivariable-adjusted Cox
proportional hazards models for all fractures. This did not substantively alter the hazard ratios
observed for baseline values and fracture-related hospitalisations (Table S2).

Adjustment for the Nutrient-Rich Foods Index in multivariable-adjusted models attenuated the
associations of all fractures with intakes of total vegetables and cruciferous vegetables (p > 0.05 for
both), but not allium vegetables (p = 0.027). No effect modification by prevalent fracture was observed
for intakes of total vegetables (pinteraction = 0.617), cruciferous vegetables (pinteraction = 0.989), or allium
vegetables (pinteraction = 0.482). Lastly, there were no differences in calcium (n = 12), calcium plus
vitamin D (n = 393), or bisphosphonate (n = 80) use across vegetables serve categories amongst the
n = 1007 women with available data (p > 0.05 for all).

Table 6. Multivariable-adjusted hazard ratios for fracture-related hospitalisation by fruit type.

All Participants p Value

All fractures

Apples and pears 0.99 (0.96, 1.02) 0.698
Oranges and other citrus fruits 1.01 (0.97, 1.04) 0.710
Bananas 1.02 (0.97, 1.07) 0.386
Other fruits 0.98 (0.95, 1.02) 0.378

Hip fractures

Apples and pears 0.99 (0.94, 1.04) 0.604
Oranges and other citrus fruits 0.99 (0.94, 1.05) 0.828
Bananas 0.97 (0.89, 1.05) 0.432
Other fruits 0.97 (0.91, 1.03) 0.279

Multivariable-adjusted hazard ratios (95% CI) for fracture-related hospitalisation by fruit type (per 20 g/day)
analysed using Cox proportional hazard models, adjusted for age, BMI, treatment code, prevalent diabetes mellitus,
socioeconomic status, physical activity, smoking history, and energy, protein, calcium, and alcohol intake.
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4. Discussion

In this prospective cohort study of older women, we identified vegetable intakes, but not fruit
intakes, to be associated with a lower hazard of all fractures and hip fractures. We also identified
cruciferous and allium vegetable intakes to be individually associated with a lower hazard of all
fractures, but not hip fractures. This may be due to the relatively low prevalence of hip fractures in this
study and, therefore, the insufficient power to detect an association. The study was only powered to
detect relatively large reductions in risk between food intake categories of around 20% for all fractures
and 30% for hip fractures. The associations were independent of dietary and lifestyle factors known to
be related to fracture risk.

Habitual intakes of vegetables and fruits, combined, have been associated with lower risk of
fracture outcomes [2,5,6,30]. In particular, vegetable and fruit intakes have also been individually
associated with lower risk of fracture outcomes [2,5,30]. A meta-analysis has identified vegetables,
but not fruits, to be associated with reduced risk of hip fracture [31]. Our study is consistent with this
meta-analysis, having demonstrated vegetable intake, but not fruit intake, to be associated with lower
risk of fracture outcomes.

There are two main explanations why higher vegetable intakes could contribute to a lower risk
of fracture. These include effects on bone mineral density and risk of falling. A number of studies
have explored the link between vegetable and fruit intake and bone mineral density with inconsistent
results. Some observational studies have found associations of vegetable and fruit intakes with bone
mineral density [2,3,5,8,30,32,33], whilst others have not observed an association [34]. In addition,
results of randomised controlled trials have not found consistent effects on biomarkers of bone
turnover [35–37]. Evidence on the relationship of vegetable and fruit intakes with risk of falling are
scant. Therefore, although there is strong evidence supporting beneficial effects of vegetables on
fracture risk, the pathways and mechanisms responsible remain unclear.

To our knowledge, this is one of the first studies to investigate the associations of different types
of vegetables and fruits with fracture outcomes in a population of older postmenopausal women.
We demonstrated both cruciferous and allium vegetable intakes to be inversely associated with fracture
risk, both of which were independent of each other. Cruciferous and allium vegetables contain an
abundance of specific nutrients and phytochemicals that may benefit bone biology and subsequent
fracture outcomes. For example, intakes of vitamin K (rich in cruciferous vegetables) have been shown
to be inversely associated with hip fractures [38]. However, other studies have shown conflicting
results [39]. Intakes of allium vegetables, in particular onions, have been shown to be associated with
increased bone density in perimenopausal and postmenopausal women [40].

One mechanism through which phytochemicals may benefit bone biology is by the reductions in
oxidative stress. Oxidative stress has been demonstrated to inhibit in vitro osteoblastic differentiation [41],
and in human studies, relationships between excessive reactive oxygen species and bone loss have been
observed [42,43]. Particular phytochemicals of interest found in both cruciferous and allium vegetables
are organosulfur compounds. Sulforaphane, an organosulfur compound found abundantly in
cruciferous vegetables, has been shown to inhibit in vitro human osteoclast differentiation [44], possibly
due to the activation of nuclear factor-erythroid 2-related factor 2 (Nrf2) [45]. Nrf2 is a redox-sensitive
transcription factor that regulates the expression of antioxidant proteins protecting against oxidative
stress. In addition, sulforaphane has been shown to epigenetically stimulate osteoblast activity and
reduce osteoclast bone resorption [46]. Park et al. [47] have also shown the alliin-containing vegetable,
allium hookeri, to have in vitro and in vivo anabolic effects on bone formation. Allium hookeri is
a widely consumed allium vegetable in Southeast Asia and is a rich source of alliin, an organosulfur
compound that is also found abundantly in other allium vegetables such as garlic.

Strengths to this current study include the prospective design and population-based setting with
ascertainment of verified fracture-related hospitalisations with almost no loss to follow-up. Participants
of this study were representative of older women of the Australian population. The average vegetable
serves of the women in this study were 2.6 serves which is the same for older Australian women aged
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≥75 years [48]. In addition, there was also relatively detailed information on a number of known
confounders including alcohol intake and socioeconomic status. Dietary information was collected
at different time points and was collected using a validated and reproducible method of assessment.
Limitations, however, need to be acknowledged. Participants of this study may have commenced
taking calcium supplements or medications known to affect bone metabolism after the completion
of the CAIFOS. However, we have demonstrated the proportion of participants that commenced
taking calcium or calcium plus vitamin D supplements at the completion of the CAIFOS were similar
across vegetable serve categories. In addition, medications known to affect bone metabolism are most
likely prescribed after an osteoporotic fracture. Therefore, it is unlikely this would have influenced
the interpretation of our findings. In addition, the dietary information, including habitual intakes
of vegetables and fruits, were self-reported which may lead to misclassification of these variables.
In addition, even though we adjusted for potential confounders such as dietary and lifestyle factors
known to be associated with fracture risk, higher vegetable intakes may be a marker of a healthier
lifestyle not completely captured by the lifestyle variables that we included as potential confounders in
the multivariable-adjusted analyses. For example, participants consuming ≥3 serves/day of vegetable
intake versus participants consuming <2 serves/day reported a 30% higher energy intake despite
similar BMI. This suggests that they were more physically active. Even though the relationships of
cruciferous, allium, and total vegetable intakes with fracture-related hospitalisations persisted after
adjustment for energy intake and physical activity, the reported physical activity is relatively imprecise
in comparison with these lifestyle factors. Although physical activity has been associated with
geometric indices of bone strength in this cohort [49], reported physical activity using questionnaires
are somewhat unreliable with the likelihood of under adjustment. We attempted to further address
the possibility of higher vegetable intakes being a marker of a healthier lifestyle by adjusting for
diet quality. This did attenuate the relationship for total and cruciferous vegetables, but not allium
vegetables. The attenuation of the relationship for total and cruciferous vegetables and fracture-related
hospitalisations indicates other constituents of a healthy diet at least partially explain the observed
associations. It should also be noted that moderate correlations did exist between cruciferous and
allium vegetables and total vegetable intakes. In addition, the inverse association between intakes of
cruciferous vegetables and fracture-related hospitalisations was attenuated when adjusting for total
vegetable intake. It is, therefore, possible that some of the effects seen for cruciferous vegetables may
be due to their contribution to the overall increase in vegetable intake. Lastly, the observational nature
of this study cannot establish a causal relationship, and the results of this study cannot be applied to
younger cohorts and cohorts of older men.

5. Conclusions

The findings of this prospective cohort study indicate that habitual intakes of vegetables, but not
fruits, are associated with a lower hazard of hospitalisations relating to fracture. These results are
consistent with a recent meta-analysis of earlier studies [31]. We also found that intakes of cruciferous
and allium vegetables were independently associated with lower hazard of all fractures, but not hip
fractures. Increasing vegetable intake with a focus on consuming cruciferous and allium vegetables
may reduce the risk of fracture in older postmenopausal women.

Supplementary Materials: The following is available online at www.mdpi.com/2072-6643/9/5/511/s1: Table S1:
Descriptive statistics for intakes of cruciferous, allium, and total vegetables at baseline, 5 years (2003), and 7 years
(2005), Table S2: Multivariable-adjusted hazard ratios for fracture-related hospitalisation for mean intakes of
cruciferous, allium, and total vegetables across baseline, 5 years, and 7 years.
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Abstract: The hypothesis that the consumption of Aronia melanocarpa berries (chokeberries) extract,
recently reported by us to improve bone metabolism in female rats at low-level and moderate
chronic exposure to cadmium (1 and 5 mg Cd/kg diet for up to 24 months), may increase the bone
resistance to fracture was investigated. Biomechanical properties of the neck (bending test with
vertical head loading) and diaphysis (three-point bending test) of the femur of rats administered 0.1%
aqueous chokeberry extract (65.74% of polyphenols) or/and Cd in the diet (1 and 5 mg Cd/kg) for
3, 10, 17, and 24 months were evaluated. Moreover, procollagen I was assayed in the bone tissue.
The low-level and moderate exposure to Cd decreased the procollagen I concentration in the bone
tissue and weakened the biomechanical properties of the femoral neck and diaphysis. Chokeberry
extract administration under the exposure to Cd improved the bone collagen biosynthesis and femur
biomechanical properties. The results allow for the conclusion that the consumption of chokeberry
products under exposure to Cd may improve the bone biomechanical properties and protect from
fracture. This study provides support for Aronia melanocarpa berries being a promising natural agent
for skeletal protection under low-level and moderate chronic exposure to Cd.

Keywords: Aronia melanocarpa berries; bone biomechanical properties; cadmium; chokeberries;
female rats; polyphenols; procollagen; protection

1. Introduction

The growing occurrence of osteoporosis with bone fracture in inhabitants of industrialized
countries, which has generated an increasing amount of attention in recent years, has been focused
on environmental risk factors for bone damage [1–3] and numerous efforts have been undertaken to
find effective ways of protecting bone [4–6]. Among the factors that may be useful in this protection, a
subject of special interest is dietary products that are rich in biologically active substances, characterized
by a well-defined beneficial impact on bone metabolism, including polyphenolic compounds that
occur in green tea and some fruit and vegetables [4–7].

More numerous epidemiological data provide evidence that important environmental risk factors
for the increasing incidence of osteoporosis are toxic heavy metals, including cadmium (Cd) [1–3,8–10].
Due to the wide distribution of this metal in the environment and food pollution, as well as its
presence in tobacco smoke, the whole population is exposed to this metal during their lifetime [8–12].
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Bone damage is one of the main unfavourable health effects of long-term exposure to this xenobiotic
in both human [1,8–12] and experimental animals [13–19]. We have reported, for a rat model with
environmental human exposure to Cd, that this metal disturbs bone metabolism and weakens the
biomechanical properties of long bones and lumbar spine vertebral bodies, which may even result in
femoral neck and vertebral fractures [13–18]. In recent years, numerous epidemiological data have
shown that even low-level lifetime exposure to this heavy metal may decrease the bone mineral
density (BMD) and contribute to osteoporosis with an increased risk of bone fracture in the general
population [1,8–10]. Moreover, the forecasts indicate that the exposure of the general population to this
xenobiotic will increase in the future decades [11]. Thus, it seems very important to recognize effective
ways of preventing these health effects due to exposure to Cd, including its impact on the skeleton.

The attention of researchers regarding effective agents that may play a role in protecting against
the effects of Cd action has been focused on natural products, including those rich in polyphenolic
compounds [20–22]. Due to the multidirectional favourable action of polyphenols (antioxidative,
anti-inflammatory, anticoagulative, antiatherogenic, antidiabetic, antibacterial, and anticancer),
products abundant in these compounds are recommended to be used as functional food in the case of
cardiovascular diseases, diabetes, neurodegenerative disorders, urinary tract infection, non-alcoholic
fatty liver disease, and chemotherapy [20,22,23]. Moreover, polyphenols are also known for their
beneficial impact on the skeleton [4,6,7,24].

Available data, including our own findings, show that some plant products rich in polyphenolic
compounds, including the berries of Aronia melanocarpa (chokeberries; [Michx.] Elliott, Rosaceae),
possess the potential to protect from various unfavourable effects that result from the exposure to
Cd [21,22,25–27]. Recently, using a rat model of lifetime low-level and moderate female exposure to
Cd (1 and 5 mg Cd/kg diet), we have revealed that the consumption of an extract from the berries of
A. melanocarpa (AE) protected against these heavy metal-induced disturbances in the bone turnover
and bone mineral status (findings are summarized as Tables S1 and S2) [26,27]. Because the mineral
status of the bone tissue determines its biomechanical properties and susceptibility to fracture [28],
taking into account our recent findings [25–27], we have hypothesized that the consumption of AE
under Cd exposure may also improve the bone biomechanical properties and, in this way, decrease
the bone susceptibility to fracture. The aim of the present study was to investigate this hypothesis.
For this purpose, the impact of AE administration under chronic low-level and moderate exposure to
Cd on the biomechanical properties of the femoral neck and femoral diaphysis was estimated for the
animals in which we have revealed the protective impact of the extract against the body burden of
Cd and disorders in the bone tissue metabolism [25–27]. Moreover, because the bone biomechanical
properties are determined not only by the bone mineral status, but also by the bone matrix composed
mainly of collagen [29,30], the concentration of procollagen I (PC I) in the bone tissue, as a marker of
collagen biosynthesis, was assayed.

2. Materials and Methods

2.1. Animals

One hundred and ninety-two young (aged three to four week) female Wistar rats [Crl: WI (Han)]
purchased from the certified Laboratory Animal House (Brwinów, Poland) were used. The animals
were housed in controlled conventional conditions (temperature 22 ± 2 ◦C, relative humidity 50 ± 10%,
12-h light/dark cycle) and had free access to drinking water and feed (Labofeed B diet through the
first three months and then a Labofeed H diet; Label Food ‘Morawski’, Kcynia, Poland) [25,26].

2.2. Cd Diets

The diets containing 1 and 5 mg Cd/kg were prepared by the addition, at the stage of production,
of appropriate amounts of CdCl2 × H2O (POCh, Gliwice, Poland) into the ingredients of the standard
feed (Labofeed B and Labofeed H diets). The mean Cd concentration determined by us (by atomic
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absorption spectrometry method) in the diets reached 1.09 ± 0.11 mg/kg and 4.92 ± 0.78 mg/kg
(mean ± SE), respectively, whereas its mean concentration in the standard Labofeed diets was
0.0584 ± 0.0046 mg/kg.

2.3. A. melanocarpa Extract

Powdered aronia extract was received from Adamed Consumer Healthcare (Tuszyn, Poland).
According to the producer, the extract contained 65.74% of polyphenols (including 18.65% of anthocyanins).
Although the polyphenols content in the powdered A. melanocarpa extract was certified and is widely
reported [22,23,31,32], the phytochemical profile of the extract was evaluated and the concentrations
of total polyphenols, phenolic acids (including chlorogenic acid), flavonoids, proanthocyanidins,
and anthocyanins (including cyanidin 3-O-β-galactoside, cyanidin 3-O-α-arabinoside, and cyanidin
3-O-β-glucoside) were quantified by us [26] (Table S3). According to the producer’s declaration and
literature data [22,31], the extract also contained other components such as pectins, sugar, sugar alcohols
(sorbitol, parasorboside), triterpenes, carotenoids, and phytosterols, as well as minerals and vitamins.

2.4. Study Design

The study was approved by the Local Ethics Committee for Animal Experiments in Bialystok
(Poland) and was performed following the ethical principles, institutional guidelines, and international
Guide for the Use of Animals in Biomedical Research.

The rats were allowed to adjust to the experimental facility for five days before the study was
started and were randomly divided into six groups, each containing 32 animals. One group received
0.1% aqueous solution of aronia extract alone as the only drinking fluid (AE group), two groups were
intoxicated with Cd alone via the diets containing 1 and 5 mg Cd/kg (Cd1 group and Cd5 group), and
the next two groups received the AE during the whole course of the exposure to Cd (Cd1 + AE group
and Cd5 + AE group) for 3, 10, 17, and 24 months. The Cd1 group and Cd5 group, unlike the Cd1 + AE
group and Cd5 + AE group, did not receive the AE. The last group, maintained on redistilled water
(containing < 0.05 μg Cd/L and not completely deprived of bioelements necessary for the bone health)
and standard Labofeed diet, served as a control.

The daily intake of Cd throughout the 24-month exposure to the 1 and 5 mg Cd/kg diets,
irrespective of whether this xenobiotic was administered alone or in conjunction with the AE, reached
37.50–84.88 μg/kg b.w. and 196.69–404.76 μg/kg b.w., respectively. Cd intake in the control group
and AE group was negligible compared to its intake in the Cd1, Cd1 + AE, Cd5, and Cd5 + AE groups
(Table S4) [25,26].

The 0.1% AE was prepared daily by dissolving 1 g of the powdered aronia extract in 1 L of redistilled
water. The total polyphenols concentration in the 0.1% aqueous AE reached 0.612 ± 0.003 mg/mL
(mean ± SE) and was stable for 24 h after this solution preparation, while the Cd concentration was
<0.05 μg/L [26]. The daily intake of polyphenolic compounds during the whole experiment, irrespective
of the manner of their administration, reached 41.5–104.6 mg/kg b.w. and did not differ, regardless of
whether the AE was administered alone or under the treatment with Cd (Table S5) [26].

At the end of the 3rd, 10th, 17th, and 24th month of the experiment, eight rats of each group
(except for seven animals in the AE group, and the groups treated with 1 and 5 mg Cd/kg diet alone
after 24 months), after overnight starvation, were subjected to anaesthesia with Morbital (pentobarbital
sodium and pentobarbital 5:1, 30 mg/kg b.w., i.p.). The whole blood was taken by cardiac puncture
with and without anticoagulant (heparin), and various organs and tissues, including the right femur
used in the present study, were dissected.

The femur was immediately cleaned of all adherent soft tissues and weighed with an
automatic balance (OHAUS, Switzerland, accuracy to 0.0001 g). Moreover, the bone length and
the anterior–posterior (A–P) and medial–lateral (M–L) diameters at the midpoint of the diaphysis were
measured with an electronic calliper (±0.02 mm). All the measurements were performed by the same
investigator. The precision of these measurements (determined by three measurements of three bones),
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expressed as a coefficient of variation (CV) for the femur length and diameter, was <0.45% and 0.5%,
respectively. The femur of each rat was stored in physiological saline (0.9% sodium chloride) at −20 ◦C
until biomechanical testing was performed. After biomechanical testing, the bone slices collected from
the distal epiphysis and diaphysis of the femur were subjected to a PC I measurement.

The experimental model has been described in detail in our previous reports [25–27].

2.5. Bone Biomechanical Testing

The femur was subjected to the mechanical study performed using a testing machine (Zwick 2.5;
Zwick GmbH & Co. KG, Ulm, Germany) equipped with a load cell (range of forces up to 2.5 N) and a
computer for data acquisition and storage (TestXpert II V3.31 software; Zwick GmbH & Co. KG, Ulm,
Germany). A three-point bending test (Section 2.5.1) was performed to estimate the biomechanical
properties of the femoral diaphysis (Figure 1A) [15]. Next, the proximal end of the broken femur
was used for the measurement of the biomechanical properties of the femoral neck in a bending test
(Section 2.5.1; Figure 1B) [15]. All of the tests were performed by the same operator. According to the
producer, the measurement error of the method is 0.12% of the value recorded.

 
(A) (B)

Figure 1. Representation of the biomechanical testing of the femur (the photos originate from our private
collection). (A) Three-point bending test of the femoral diaphysis; (B) Fracture test of the femoral neck.

The load-deformation curves were recorded during the testing (Sections 2.5.1 and 2.5.2). The yield
load and fracture load were determined from the load-deformation curve and computer readings.
The yield load is defined as the force causing the first bone damage visible in the load-deformation
curve (the force at which the load-deformation curve broke from linearity), whereas the fracture
load is the force causing bone fracture. These two forces (yield load and fracture load) describe the
bone strength. The yield load (yield strength) reflects the maximum load-bearing capacity under
elastic conditions, whereas the fracture load (fracture strength) is the force necessary to cause the
bone fracture. Moreover, the bone stiffness was automatically calculated from the linear portion of
the load-deformation curve as the ratio of the yield load and the bone deformation at the yield point.
The area under the load-deformation curve, reflecting the total energy absorbed by the bone during
the test, was measured as work to the bone fracture.

2.5.1. Three Point Bending Test of the Femoral Diaphysis

The femur placed horizontally on two rounded supporting bars, located at a distance of 18 mm,
was loaded at the midpoint of the diaphysis in the A–P plane by lowering the third bar (stainless steel
pin) at a rate of 2 mm/min, until the bone fracture (Figure 1A).
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After finishing the three-point bending test, the vertical (A–P orientation) and horizontal (M–L)
internal and external heights at the point of diaphysis fracture were measured. Based on the internal
and external heights, geometric properties such as the wall thickness (WT), cross-sectional properties
of the M–L axis like cross-sectional area (CSA), and cross-sectional moment of inertia (CSMI) at the
point of diaphysis fracture were calculated [15].

The yield load, fracture load, and stiffness describe the “structural” properties of the femur as a
whole anatomical unit. To better estimate the biomechanical properties of the femur, the “material”
(intrinsic; independent of the tissue size) properties of the bone tissue at the femoral diaphysis were
also evaluated. For this purpose, the structural properties of the femoral diaphysis, such as the yield
load, fracture load, and stiffness, were normalized for their “geometric” properties, giving the yield
stress, fracture stress, and elastic modulus (Young modulus of elasticity), respectively [15]. The yield
stress and fracture stress reflect the strength of the bone tissue at the femoral diaphysis, and the
values of these parameters were automatically calculated based on the recorded forces and the vertical
and horizontal internal and external heights at the point of diaphysis fracture in the three-point
bending test [15].

2.5.2. Fracture Test of the Femoral Neck

The proximal end of the broken femur was used for the measurement of the biomechanical
properties of the femoral neck (Figure 1B) [15]. The proximal part of the femur was immobilized with
special equipment of the Zwick 2.5 testing machine. Next, the bone head was vertically loaded at a
displacement rate of 6 mm/min, until the neck fracture [15].

2.6. Determination of PC I

After the femur biomechanical testing, slices of the bone tissue collected from the femoral distal
epiphysis (trabecular bone region) and diaphysis (cortical bone region) were separated, with the
aim of determining the PC I concentration. The bone tissue was crumbled and washed in ice-cold
physiological saline (0.9% sodium chloride), to eliminate the remove-available bone marrow. Next,
known weight bone slices were homogenized in cold potassium phosphate buffer (50 mM, pH = 7.4)
at 4 ◦C using a high-performance homogenizer (Ultra-Turrax T25; IKA®, Staufen, Germany) equipped
with a stainless-steel dispersing element (S25N-8G; IKA®) to receive an appearing homogenous liquid.
The prepared 10% homogenates were centrifuged (MPW-350R centrifugator, Medical Instruments,
Warsaw, Poland) at 700× g for 20 min at 4 ◦C, and the aliquots were separated.

The concentration of PC I in the aliquots of the bone tissue was determined with the use of an
Enzyme-linked Immunosorbent Assay Kit by Uscn Life Science Inc. (Wuhan, China). The precision of
the measurement, expressed as the intra- and inter-assay CV, was <4.8% and 5.2%, respectively.

In order to adjust the bone tissue PC I for the protein concentration, the total protein was assayed
in the bone aliquots with the use of a BioMaxima kit (Lublin, Poland).

2.7. Statistical Analysis

A one-way analysis of variance (Anova) was used to determine if there were statistically significant
(p < 0.05) differences among the six experimental groups and then the Duncan’s multiple range post
hoc test was conducted for comparisons between individual groups and to determine which two
means differed statistically significantly (p < 0.05). To discern whether the possible beneficial impact of
the AE resulted from an independent action of the extract ingredients and/or their interaction with Cd,
a two-way analysis of variance (Anova/Manova, test F) was performed. F values having p < 0.05 were
considered statistically significant. With the aim of investigating the dependence between the impact of
the AE consumption on the biomechanical properties and mineral status of the femur, Spearman rank
correlation analysis between the variables describing the bone vulnerability to fracture in the females
receiving the extract under the exposure to Cd and previously determined in these animals BMD of
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the femur [26], was conducted. Correlations were considered statistically significant at p < 0.05. All of
the statistical calculations were performed using the Statistica package (StatSoft, Tulsa, OK, USA).

3. Results

3.1. Effect of AE on the Femur Weight in Rats Exposed to Cd

The mean absolute and relative weight of the femur in the control rats ranged from 0.6098 ± 0.014 g
and 0.2006 ± 0.005 g/100 g b.w., respectively, after three months, up to 0.7703 ± 0.013 g and
0.1306 ± 0.002 g/100 g b.w., respectively, after 24 months of the experiment. The administration
of the AE and Cd alone and together had no impact on the absolute and relative femur weight (Table S6).

3.2. Effect of AE on the Geometric Properties of the Femur in Rats Exposed to Cd

The femur length in the control rats ranged from 31.30 ± 0.42 mm after three months to
32.69 ± 0.29 mm after 24 months. The mid-diaphyseal femoral geometric properties such as the
M–L and A–P within these animals reached 4.130 ± 0.057 mm and 2.791 ± 0.066 mm, respectively,
after three months, and 4.618 ± 0.078 mm and 3.370 ± 0.170 mm, respectively, after 24 months.
The administration of the AE and/or Cd for up to 24 months had no impact on the femur length and
diameter at the mid-diaphysis (Table S7).

The administration of AE during the whole experiment had no impact on the geometric properties
of the femoral diaphysis at the point of its fracture in the three-point bending test (WT, CSA, and
CSMI; Table 1). The WT and CSA at the point of diaphysis fracture in the three-point bending test
were lower in the animals exposed to the 1 and 5 mg Cd/kg diet for three months (by 14.6% and 15.6%,
and 17.7% and 13.2%, respectively), whereas the CSMI was unaffected (Table 1). However, after the
longer treatment with Cd, the WT and CSA at the point of diaphysis fracture did not differ compared
to the control group, except for the increase (by 12.9%) in the CSA in the Cd1 group (Table 1).

Table 1. Effect of the extract from the berries of Aronia melanocarpa (AE) on the geometric properties of the
femur at the point of diaphysis fracture in the three-point bending test in rats exposed to cadmium (Cd).

Group
Experiment Duration

3 Months 10 Months 17 Months 24 Months

WT (mm)

Control 0.718 ± 0.047 0.691 ± 0.010 0.786 ± 0.036 0.799 ± 0.018
AE 0.636 ± 0.021 0.693 ± 0.017 0.860 ± 0.034 0.798 ± 0.019
Cd1 0.613 ± 0.019 * 0.678 ± 0.018 0.848 ± 0.021 0.899 ± 0.038

Cd1 + AE 0.636 ± 0.032 * 0.744 ± 0.023 † 0.756 ± 0.158 0.826 ± 0.051
Cd5 0.591 ± 0.020 ** 0.721 ± 0.020 0.753 ± 0.023 0.819 ± 0.043

Cd5 + AE 0.633 ± 0.015 0.651 ± 0.020 †,‡‡ 0.821 ± 0.054 0.869 ± 0.028

CSA (mm2)

Control 7.610 ± 0.386 7.650 ± 0.083 9.114 ± 0.428 9.571 ± 0.247
AE 6.937 ± 0.365 7.642 ± 0.299 10.011 ± 0.478 9.082 ± 0.214
Cd1 6.419 ± 0.274 * 7.871 ± 0.235 9.788 ± 0.246 10.810 ± 0.275 *

Cd1 + AE 6.902 ± 0.335 8.362 ± 0.440 8.999 ± 0.250 9.926 ± 0.407
Cd5 6.602 ± 0.221 * 8.122 ± 0.286 8.485 ± 0.449 9.616 ± 0.457 ‡

Cd5 + AE 6.775 ± 0.278 7.277 ± 0.396 ‡ 9.178 ± 0.584 10.039 ± 0.433

CSMI

Control 3.681 ± 0.208 4.342 ± 0.274 6.338 ± 0.382 8.615 ± 1.682
AE 4.080 ± 0.414 4.980 ± 0.472 7.660 ± 0.612 7.442 ± 0.175
Cd1 3.606 ± 0.168 4.882 ± 0.200 6.963 ± 0.609 9.850 ± 0.524

Cd1 + AE 3.778 ± 0.205 5.201 ± 0.381 7.061 ± 0.442 9.271 ± 0.200
Cd5 4.395 ± 0.390 4.793 ± 0.188 5.239 ± 0.516 ‡ 8.943 ± 0.726

Cd5 + AE 3.721 ± 0.185 4.772 ± 0.356 5.801 ± 0.613 7.762 ± 0.670

Data are represented as mean ± SE for eight rats (except for seven animals in the AE, Cd1, and Cd5 groups after
24 months). Statistically significant differences (Anova, Duncan’s multiple range test) compared to the control group
(* p < 0.05, ** p < 0.01), respective group receiving Cd alone († p < 0.05), and respective group receiving 1 mg Cd/kg
diet alone or with the AE (‡ p < 0.05, ‡‡ p < 0.01) are marked. WT, cortical width; CSA, cross-sectional area; CSMI,
cross-sectional moment of inertia.
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3.3. Effect of AE on the Biomechanical Properties of the Femoral Neck in Rats Exposed to Cd

The administration of the AE alone for three months increased the yield and fracture strength of
the femoral neck (Figure 2), as well as the work to the neck fracture (Figure 3), but had no impact on its
stiffness (Figure 3). After a longer administration of the extract, all evaluated biomechanical properties
of the femoral neck were unchanged compared to the control, except for an increase in the work to the
neck fracture after 17 months (Figures 2 and 3).
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Figure 2. Effect of an extract from the berries of Aronia melanocarpa (AE) on the yield and fracture
strength of the femoral neck in rats exposed to cadmium (Cd). The rats received 0.1% aqueous AE
or not (“+” and “−”, respectively) and Cd in diet at the concentration of 0, 1, and 5 mg/kg. Data are
represented as mean ± SE for eight rats, except for seven animals in the AE group, and the groups
treated with the 1 and 5 mg Cd/kg diet alone after 24 months. Statistically significant differences
(Anova, Duncan’s multiple range test): * p < 0.05, ** p < 0.01 vs. control group; † p < 0.05, ††† p < 0.001
vs. respective group receiving Cd alone; ‡ p < 0.05 vs. respective group receiving the 1 mg Cd/kg diet.
Numerical values in bars indicate percentage change compared to the control group (↓, decrease; ↑,
increase) or the respective group receiving Cd alone (↗, increase).
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Figure 3. Effect of an extract from the berries of Aronia melanocarpa (AE) on the femoral neck stiffness
and work to its fracture in rats exposed to cadmium (Cd). The rats received 0.1% aqueous AE or
not (“+” and “−”, respectively) and Cd in diet at the concentration of 0, 1, and 5 mg/kg. Data are
represented as mean ± SE for eight rats, except for seven animals in the AE group, and the groups
treated with the 1 and 5 mg Cd/kg diet alone after 24 months. Statistically significant differences
(Anova, Duncan’s multiple range test): ** p < 0.01 vs. control group; † p < 0.05 vs. respective group
receiving Cd alone; ‡ p < 0.05 vs. respective group receiving the 1 mg Cd/kg diet. Numerical values in
bars indicate percentage change or a factor of change compared to the control group (↑, increase) or the
respective group receiving Cd alone (↗, increase).

The exposure to the 1 mg Cd/kg diet for 3, 10, and 17 months had no impact on the biomechanical
properties of the femoral neck; however, after 24 months, the yield strength was decreased (Figures 2
and 3). In the animals treated with the 5 mg Cd/kg diet, the only change in the evaluated biomechanical
parameters was a decrease in the yield strength after three and 24 months (Figures 2 and 3).

In the animals receiving the AE under the exposure to the 1 mg Cd/kg diet for 17 months,
the work to the neck fracture was higher compared to the control group and the group treated with
Cd alone (Figure 3). Moreover, the AE completely prevented the 24-month exposure to Cd-induced
decrease in the yield strength (Figure 2). The Anova/Manova analysis revealed that the beneficial
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impact of the AE consumption under the low treatment with Cd on the yield strength of the femoral
neck was an effect of the independent action of this extract’s ingredients (F = 4.309, p < 0.05) and their
interaction with this heavy metal (F = 5.166, p < 0.05). The AE administration to the animals treated
with 5 mg Cd/kg diet completely prevented the three- and 24-month exposure-induced decrease in
the yield strength of the femoral neck (Figure 2), and this effect resulted from the independent action
of the extract (F = 10.574, p < 0.001) after three months and from its interaction with Cd (F = 17.184,
p < 0.001) after 24 months. Moreover, the yield strength and fracture strength of the femoral neck in
the Cd5 + AE group after 24 months were higher than in the control group (Figure 2). The extract
administration under the 10-month exposure to the 5 mg Cd/kg diet increased the work to the neck
fracture compared to the control group and the Cd5 group (Figure 3), as a result of its independent
action (F = 4.362, p < 0.05).

3.4. Effect of AE on the Biomechanical Properties of the Femoral Diaphysis in Rats Exposed to Cd

The administration of the AE alone had no impact on the “structural” biomechanical properties
(yield strength, fracture strength, stiffness, and work to fracture) of the femoral diaphysis, apart from
an increase in the fracture strength after 24 months and a decrease in the stiffness after 10 months,
as well as a decrease in the work to fracture after 10 months and its increase after 17 and 24 months
(Figures 4 and 5). The only “material” biomechanical property influenced by the consumption of the
AE alone was a decrease in the Young modulus of elasticity after 10 months (Figure 6).

The exposure to Cd affected both the “structural” and “material” biomechanical properties of the
femoral diaphysis (Figures 4–6). In the rats treated with 1 mg Cd/kg diet, the yield strength, yield
stress, and stiffness were decreased after 17 and 24 months (Figures 4–6). Moreover, after 17 months,
the fracture strength and fracture stress were decreased, while after 24 months, the work to the
diaphysis fracture was increased (Figures 4–6). At the higher exposure to Cd, the yield strength was
decreased after 17 and 24 months and the fracture strength and stiffness decreased after 17 months,
whereas the work to fracture was increased after 10 and 24 months (Figures 4 and 5). Moreover,
the treatment with the 5 mg Cd/kg diet increased the fracture stress after 17 months and decreased the
yield stress after 24 months (Figure 6).

The administration of the AE during the exposure to the 1 mg Cd/kg diet completely prevented
this heavy metal-induced decrease in the femoral diaphysis yield strength (Figure 4), stiffness (Figure 5),
yield stress, and fracture stress (Figure 6). Moreover, the stiffness and fracture strength in the Cd1 + AE
group after 24 months were increased compared to the control group and Cd1 group (Figures 4 and 5).
The Anova/Manova analysis revealed that the impact of the AE consumption under the low-level
exposure to Cd on the fracture strength of the femoral diaphysis was an effect of the independent action
of this extract’s ingredients (F = 8.206, p < 0.01) and their interaction with this toxic metal (F = 8.361,
p < 0.01). Apart from that, the administration of the AE under the 10-month treatment with the 1 mg
Cd/kg diet resulted in a decrease in the stiffness of the femoral diaphysis and work to its fracture, and
this impact was caused by the interactive action of the extract’s ingredients and Cd (F = 6.194, p < 0.05
and F = 7.507, p < 0.05, respectively). The administration of the AE under the 17-month exposure to the
1 mg Cd/kg diet increased the work to the femoral diaphysis fracture compared to the control group
and the Cd1 group, whereas the extract consumption for 24 months had no impact on the Cd-increased
value of this parameter. The consumption of the AE under the higher Cd treatment entirely prevented
this heavy metal-caused decrease in the yield strength and fracture strength (Figure 4). The beneficial
impact on the yield strength resulted from the independent action of the AE after 17 months (F = 6.643,
p < 0.05) and its interaction with Cd after 24 months (F = 11.43, p < 0.01). The 24-month administration
of the extract increased the femoral diaphysis fracture strength (Figure 4) and its stiffness compared to
the control group and Cd5 group (Figure 5), and the diaphysis fracture stress compared to the control
group (Figure 6). According to the results of the Anova/Manova analysis, the favourable impact of
the AE administration for 24 months on the fracture strength was an effect of its independent action
(F = 9.720, p < 0.01), whereas the influence on the femoral diaphysis stiffness and yield stress of the

151

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 543

bone tissue at the femoral diaphysis resulted from the AE–Cd interaction (F = 5.977, p < 0.05 and
F = 6.883, p < 0.05, respectively). Moreover, this extract administration under the 10-month exposure
to the 5 mg Cd/kg diet resulted in a decrease in the work to the diaphysis fracture compared to
the control group and Cd5 group, increased the value of this biomechanical parameter compared to
the control group after 17 months, and completely prevented its increase after 24 months (Figure 5).
The Anova/Manova analysis revealed that the impact of the AE administration on the work to the
diaphysis fracture after 10 months was an effect of both its independent (F = 14.03, p < 0.01) and
interactive action with Cd (F = 53.20, p < 0.001), whereas after 17 months, this was only a result of the
AE–Cd interaction (F = 18.75, p < 0.01). Apart from that, the 10-month consumption of the AE under
the exposure to the 5 mg Cd/kg diet decreased the stiffness of the femoral diaphysis (Figure 5) as a
result of the interaction with Cd (F = 8.219, p < 0.01).
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Figure 4. Effect of an extract from the berries of Aronia melanocarpa (AE) on the yield and fracture
strength of the femoral diaphysis in rats exposed to cadmium (Cd). The rats received 0.1% aqueous AE
or not (“+” and “−”, respectively) and Cd in diet at the concentration of 0, 1, and 5 mg/kg. Data are
represented as mean ± SE for eight rats, except for seven animals in the AE group, and the groups
treated with the 1 and 5 mg Cd/kg diet alone after 24 months. Statistically significant differences
(Anova, Duncan’s multiple range test): * p < 0.05, *** p < 0.001 vs. control group; † p < 0.05, †† p < 0.01 vs.
respective group receiving Cd alone. Numerical values in bars indicate percentage change compared
to the control group (↑, increase; ↓, decrease) or the respective group receiving Cd alone (↗, increase).
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Figure 5. Effect of a polyphenol-rich extract from the berries of Aronia melanocarpa (AE) on the femoral
diaphysis stiffness and work to its fracture in rats exposed to cadmium (Cd). The rats received 0.1%
aqueous AE or not (“+” and “−”, respectively) and Cd in diet at the concentration of 0, 1, and 5 mg/kg.
Data are represented as mean ± SE for eight rats, except for seven animals in the AE group, and
the groups treated with the 1 and 5 mg Cd/kg diet alone after 24 months. Statistically significant
differences (Anova, Duncan’s multiple range test): * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group;
† p < 0.05, †† p < 0.01, ††† p < 0.001 vs. respective group receiving Cd alone; ‡ p < 0.05, ‡‡‡ p < 0.001 vs.
respective group receiving the 1 mg Cd/kg diet. Numerical values in bars or above the bars indicate
percentage change compared to the control group (↑, increase; ↓, decrease) or the respective group
receiving Cd alone (↗, increase; ↘, decrease).
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Figure 6. Effect of a polyphenol-rich extract from the berries of Aronia melanocarpa (AE) on the “material”
biomechanical properties of the femoral diaphysis in rats exposed to cadmium (Cd). The rats received
0.1% aqueous AE or not (“+” and “−”, respectively) and Cd in diet at the concentration of 0, 1, and
5 mg/kg. Data are represented as mean ± SE for eight rats, except for seven animals in the AE group,
and the groups treated with the 1 and 5 mg Cd/kg diet alone after 24 months. Statistically significant
differences (Anova, Duncan’s multiple range test): * p < 0.05, ** p < 0.01 vs. control group; ‡ p < 0.05,
‡‡ p < 0.01, ‡‡‡ p < 0.001 vs. respective group receiving the 1 mg Cd/kg diet. Numerical values in bars
indicate percentage change compared to the control group (↑, increase; ↓, decrease).

3.5. Effect of AE on PC I Concentration in the Bone Tissue in Rats Exposed to Cd

The administration of the AE alone for up to 24 months had no impact on the PC I concentration
in the bone tissue at the distal epiphysis and diaphysis of the femur (Figure 7).

The exposure to the 1 mg Cd/kg diet for 10, 17, and 24 months resulted in a decrease in the bone
tissue concentration of PC I, except for a lack of change in this parameter concentration at the distal
femoral diaphysis after 24 months (Figure 7). At the higher exposure to Cd, the concentration of PC I
in the bone tissue at the femoral epiphysis was decreased through the whole experiment, while the
value of this parameter in the bone tissue at the femoral diaphysis was decreased after the 10th month
(Figure 7).
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Figure 7. Effect of a polyphenol-rich extract from the berries of Aronia melanocarpa (AE) on procollagen
I concentration in the bone tissue of rats exposed to cadmium (Cd). The rats received 0.1% aqueous AE
or not (“+” and “−”, respectively) and Cd in diet at the concentration of 0, 1, and 5 mg/kg. Data are
represented as mean ± SE for eight rats, except for seven animals in the AE group, and the groups
treated with the 1 and 5 mg Cd/kg diet alone after 24 months. Statistically significant differences
(Anova, Duncan’s multiple range test): * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control group; † p < 0.05,
†† p < 0.01 vs. respective group receiving Cd alone; ‡‡ p < 0.01 vs. respective group receiving the
1 mg Cd/kg diet. Numerical values in bars or above the bars indicate percentage change or a factor
of change compared to the control group (↓, decrease) or the respective group receiving Cd alone
(↗, increase).

The administration of the AE to the animals fed with the diets containing 1 and 5 mg Cd/kg
completely prevented the above-described decrease in the concentration of PC I in the bone tissue at
the distal femoral epiphysis, except for a partial protection after 17 months of the exposure to the 1 mg
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Cd/kg diet (Figure 7). The effect of the AE on the PC I concentration in the bone tissue at the distal
femoral epiphysis in the rats exposed to the 1 mg Cd/kg diet was caused by an independent action of
the extract (F = 4.621, p < 0.05) after 10 months, whereas the impact after 24 months resulted from the
interaction of ingredients of the AE with Cd (F = 10.13, p < 0.01). Moreover, the tendency of the AE and
Cd to interactively impact the PC I concentration after 10 months (F = 3.832, p = 0.06) and the extract
alone after 17 months (F = 3.680, p = 0.06) was noted. The AE consumption under the three-month
treatment with the 1 mg Cd/kg diet decreased the PC I concentration in the bone tissue at the distal
femoral epiphysis (Figure 7) as a result of an independent impact of the extract (F = 4.246, p < 0.05).

The PC I concentration in the bone tissue at the distal femoral epiphysis of the rats exposed to
the 1 mg Cd/kg diet for 10–24 months was, on average, 29–32% lower than in the control group,
whereas in the animals receiving the AE during the 10- and 24-month exposure to the 1 mg Cd/kg
diet, the concentration of this biomarker of collagen biosynthesis did not differ when compared to the
control group (and was higher by 47% and 38%, respectively, than in the Cd1 group). After 17 months,
the value of this parameter was 21% lower than in the control animals (and was 16% higher than in
the Cd1 group; Figure 7). The exposure to the 5 mg Cd/kg diet for 3–24 months decreased the PC I
concentration in the bone tissue at the femoral epiphysis by an average of 18–41% compared to the
control group, whereas in the animals receiving the AE under the exposure to Cd, the value of this
parameter was within the range of the control group and was an average of 18–59% higher compared
to the Cd5 group (Figure 7).

The administration of the AE under the 10-month exposure to the 1 and 5 mg Cd/kg diet had
no impact on the PC I concentration at the femoral diaphysis; however, in the case of the 17-month
co-administration, partial, but clearly evident, protection, resulting from the AE ingredients–Cd
interaction (F = 6.771, p < 0.05 and F = 4.513, p < 0.05, respectively), was noted (Figure 7). The extract
consumption for 24 months completely prevented the exposure to the 5 mg Cd/kg diet-induced
decrease in PC I concentration at the femoral diaphysis (Figure 7) as a result of the AE–Cd interaction
(F = 9.926, p < 0.01). Moreover, the three-month administration of the AE to the rats fed with the 5 mg
Cd/kg diet increased the PC I concentration at the femoral diaphysis compared to the Cd5 group
(Figure 7) and the effect resulted from an independent action of the extract’s ingredients (F = 5.603,
p < 0.05).

The exposure to the 1 mg Cd/kg diet for 10 and 17 months decreased the concentration of PC I in
the bone tissue at the femoral diaphysis by 41% and 68%, respectively. In the animals receiving the AE
during the 17-month exposure to the 1 mg Cd/kg diet, the concentration of PC I in the bone tissue at
the femoral diaphysis was two-fold higher compared to the Cd1 group, but it remained lower (by 34%)
than in the control group (Figure 7). In the case of the higher level of Cd exposure (5 mg Cd/kg diet),
the PC I concentration in the bone tissue at the femoral diaphysis after 17 and 24 months was 78% and
54% lower, respectively, compared to the control group, whereas in the case of the co-administration of
Cd and the AE, the concentration was 2.2-fold and 72% higher, respectively, than in the Cd5 group.
Moreover, after 17 months, the concentration of PC I remained 51% lower than in the control group,
while after 24 months, it did not differ compared to the proper values of the control animals.

3.6. Dependence Between the Femur BMD and Its Biomechanical Properties in Rats Exposed to Cd

In the animals receiving the AE under the exposure to Cd, positive correlations were noted
between the femur BMD and the yield strength (r = 0.525, p < 0.001), fracture strength (r = 0.499,
p < 0.001), stiffness (r = 0.459, p < 0.001), and work to the femoral diaphysis fracture (r = 0.445,
p < 0.001). Moreover, the femur BMD negatively correlated (r = −0.246, p < 0.05) with the Young
modulus of elasticity of the bone tissue at the femoral diaphysis. A positive correlation was also noted
between the femur BMD and the stiffness of the femoral neck (r = 0.260, p < 0.05).

156

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 543

4. Discussion

The present study is the first that investigated and revealed the protective impact of AE
consumption under low-level and moderate chronic exposure to Cd on the bone biomechanical
properties and collagen biosynthesis in the bone tissue. Although this study was focused mainly on the
possibility of the protective influence of the AE on the femur biomechanical properties under chronic
exposure to Cd, it has also provided important data on the effect of low-level chronic exposure to Cd
on bone vulnerability to fracture.

The study not only confirmed the previously reported results by us [15–18] relating to the
unfavourable impact of low exposure to this heavy metal on the bone biomechanical properties,
but it also provided evidence that the biomechanical properties of the femur may be weakened at
a lower exposure than was previously shown and a very low Cd concentration in the blood and
urine (0.185–0.324 μg/L and 0.107–0.285 μg/g creatinine, respectively; such concentrations were
reached after 17–24 months of the exposure to the 1 mg Cd/kg diet [25]), comparable to the metal
concentrations commonly noted in the general population. Weakening of the bone biomechanical
properties at such a low Cd concentration in the blood and urine has been reported in the present
paper for the first time. The impact of Cd on the biomechanical properties of the femoral neck and
diaphysis evaluated in the current study was relatively subtle, but clearly evident taking into account
the fact that the unfavourable effect occurred at low-level exposure, resulting in a blood and urinary
Cd concentration comparable to this metal’s concentration noted in the general population. The effect
of Cd on the femur biomechanical properties in the female rats was less serious than that previously
reported by us [15–18], but the investigated levels of exposure were also lower. The decrease in the
yield and fracture strength of the femoral diaphysis after 17 months and in the yield strength of the
femoral neck after 24 months provide evidence of decreased bone resistance to fracture, resulting in an
enhancement in the risk of fracture due to long-term low-level exposure to this heavy metal. However,
it should be clearly underlined that the changes in the biomechanical properties of the femur observed
in the present study show that long-term, even very low-level, intoxication with this toxic metal has an
unfavourable impact on the skeleton. At both levels of exposure, the impact of Cd on the strength of
the femur was clearly evident after only 17 months of intoxication. As was reported in detail in our
previous papers, the weakening of the biomechanical properties of the femur due to the treatment with
Cd results from the unfavourable impact of this heavy metal on the mineral status and organic matrix
(formed mainly by collagen) of the bone [15–18,33,34]. The proper amount and structure of collagen
fibers play an important role in bone formation and strength [29,30,35]. The results of the present study
show that the low exposure to Cd (1 mg Cd/kg diet) inhibited collagen biosynthesis in the bone tissue
after 10 months. Because the impact of Cd on the “structural” and “material” biomechanical properties
of the femoral diaphysis and the femoral neck susceptibility to fracture was previously reported by
us [15–18,33], and the mechanisms leading to an increase in the bone susceptibility to fracture are
known and reported, they are not discussed in the present paper. However, the very important finding
of the present study regarding the impact of Cd on the femur susceptibility to fracture reveals that
this heavy metal may weaken the biomechanical properties of the femoral neck and diaphysis at an
exposure lower than has been revealed until now [16,18].

The biomechanical tests performed conclusively revealed that the consumption of the chokeberry
extract under long-term low and moderate exposure to Cd improved the femur resistance to fracture.
The protective impact of the AE may be explained by the recently reported results by us relating to the
beneficial influence of the extract on bone turnover, reflected in an improvement in the femur BMD
(Tables S1 and S2) [26] and revealed in the present study’s protection from the Cd-induced inhibition
of collagen biosynthesis. The possible mechanism of the extract’s impact on the bone mineral status
has been previously reported by us [26] and it consists of an inhibition of Cd-induced bone resorption
and the stimulation of the processes of bone formation. It was also revealed by us that the mechanism
of osteoprotective action of the AE extract is mediated by its antioxidative properties, as well as the
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improvement of the oxidative/antioxidative balance in the bone tissue and protection from oxidative
stress and oxidative damage to macromolecules in the bone tissue [27].

The results of the Anova/Manova analysis allow us to recognize that the beneficial impact of the
AE administration on the biomechanical properties of the femur resulted from both an independent
action of the ingredients of the extract and their interaction with Cd, resulting in a lower body burden of
this metal and its lower accumulation in the bone tissue [25–27]. As a result of the AE ingredients–Cd
interaction, the direct and indirect damaging impact of this toxic metal on the skeleton has been
weakened. The independent impact of the AE ingredients on the skeleton may be explained mainly
by the action of polyphenolic compounds, being the most abundant active components of the aronia
berries. Polyphenolic compounds are widely known from their osteoprotective impact related with the
improvement of BMD, but the data mainly refers to green tea polyphenols [7,24,36]. In the available
literature, apart from our recent reports [25–27], there is no data on the impact of the consumption of
aronia berries and their products on bone metabolism and bone strength properties. However, our
findings in the animals administered the AE alone for 3, 10, 17, and 24 months provide clear evidence
for an independent influence of the extract’s ingredients on the skeleton, including the impact on the
bone turnover, bone mineral status, oxidative/antioxidative status of the bone tissue, and the bone
biomechanical properties [22–24]. It seems possible that the main cause of the beneficial impact of the
AE under exposure to Cd on the femur biomechanical properties is this extract-caused improvement
of the bone mineral status [26]. The positive correlations noted in the current study between the femur
BMD and biomechanical properties of the femoral diaphysis (yield and fracture strength, stiffness,
work to fracture) in the animals administered with the AE under exposure to Cd confirm the validity
of this reasoning. The bone mineral status is one of the main determinants of the bone vulnerability to
fracture [28]. Thus, the improvement in the bone mineral status is also related to the improvement in
the bone strength properties. Owing to the lack of any literature data on the impact of A. melanocarpa
on the bone biomechanical properties and the bone susceptibility to fracture, a wider discussion of the
results is impossible.

We are aware not only of the achievements, but also of the limitations, of our designed studies
on the possible protective impact of AE on the skeleton. At this stage of our investigation, we
are unable to explain the exact mechanisms of the beneficial impact of AE on the bone, including
the bone susceptibility to fractures, nonetheless our experiment provided unquestionable evidence
for this protection. Moreover, because our study was conducted on a female rat model of lifetime
environmental exposure, the findings refer to the female skeleton and further study involving an
evaluation of AE on the male skeleton is warranted.

5. Conclusions

In summary, the present study provides the first evidence that the consumption of AE under
chronic exposure to Cd improves the biomechanical properties of the femur, increasing its resistance to
fracture at the neck and diaphysis. Fracture is the most serious consequence of the damaging impact
of any factor on bone, thus revealing the fact that chokeberry extract enhances the femur resistance
to fracture under exposure to Cd is a very important and practically useful finding of our study.
This finding, together with our previous results on the bone impact of AE in the experimental model
of the lifetime women exposure to Cd [25–27], provide strong evidence, allowing us to recognize that
the consumption of aronia berries and their products under chronic exposure to this heavy metal
seems to be a promising natural strategy for preventing skeletal damage. However, the possible use of
the A. melanocarpa berries as a prophylactic of bone diseases in humans needs further investigation.
It seems necessary to analyse the relationship between the consumption of the aronia berries and the
bone status in subjects chronically exposed to Cd, including both males and females.
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Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/6/543/s1,
Table S1: Effect of a polyphenol-rich extract from the berries of Aronia melanocarpa (AE) on bone turnover in rats
exposed to cadmium (Cd), Table S2: Effect of a polyphenol-rich extract from the berries of Aronia melanocarpa (AE)
on the femur bone mineral density (BMD) in rats exposed to cadmium (Cd), Table S3: Polyphenolic compounds
concentration in the extract from the berries of Aronia melanocarpa, Table S4: Cadmium (Cd) intake in particular
experimental groups, Table S5: The intake of polyphenolic compounds from the extract from Aronia melanocarpa
berries (AE) in particular experimental groups, Table S6: Effect of the extract from the berries of Aronia melanocarpa
(AE) on the absolute and relative femur weight of cadmium (Cd)-exposed rats, Table S7: Effect of the extract from
the berries of Aronia melanocarpa (AE) on the femur length and diameter at the mid-diaphysis in rats exposed to
cadmium (Cd).
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Abstract: Anabolic anti-osteoporotic agents are desirable for treatment and prevention of osteoporosis
and fragility fractures. Osthole is a coumarin derivative extracted from the medicinal herbs
Cnidium monnieri (L.) Cusson and Angelica pubescens Maxim.f. Osthole has been reported with
osteogenic and anti-osteoporotic properties, whereas the underlying mechanism of its benefit still
remains unclear. The objective of the present study was to investigate the osteopromotive action of
osthole on mouse osteoblastic MC3T3-E1 cells and on mouse femoral fracture repair, and to explore
the interaction between osthole-induced osteopromotive effect and cyclic adenosine monophosphate
(cAMP) elevating effect. Osthole treatment promoted osteogenesis in osteoblasts by enhancing
alkaline phosphatase (ALP) activity and mineralization. Oral gavage of osthole enhanced fracture
repair and increased bone strength. Mechanistic study showed osthole triggered the cAMP/CREB
pathway through the elevation of the intracellular cAMP level and activation of the phosphorylation
of the cAMP response element-binding protein (CREB). Blockage of cAMP/CREB downstream signals
with protein kinase A (PKA) inhibitor KT5720 partially suppressed osthole-mediated osteogenesis by
inhibiting the elevation of transcription factor, osterix. In conclusion, osthole shows osteopromotive
effect on osteoblasts in vitro and in vivo. Osthole-mediated osteogenesis is related to activation of
the cAMP/CREB signaling pathway and downstream osterix expression.

Keywords: osthole; osteoblast; osteogenesis; bone regeneration; fracture repair; cAMP/
CREB signaling

1. Introduction

Osteoporosis is a systemic skeletal disease characterized by impairment of bone mineral density,
strength, and microstructure, leading to an increased risk of fragility fracture that can cause substantial
morbidity and mortality [1]. It has become a major public health problem worldwide along with the
aging of the population [2]. Osteoporotic fracture treatment has particular difficulties with high rates
of implant fixation failure and increased non-union risk caused by delayed bone formation [3–5].
Apart from novel technology for enhancement of bone healing [6–8], healthy dietary strategies
are important modifiable factors for both prevention of osteoporosis and improvement of bone
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healing [9–11]. It is widely accepted that adequate intake of minerals, proteins, and antioxidants
enriched foods benefit bone health [12]. Moreover, numerous bioactive phytochemicals found in
functional and medicinal food are suggested to have anti-osteoporotic properties [13–16].

Osthole, a naturally-derived coumarin, is the major bioactive component found in the medicinal
herbs Cnidium monnieri (L.) Cusson and Angelica pubescens Maxim. f., which are commonly used
as ingredients in functional foods and herbal medicine formulae [17,18]. Osthole was reported to
exert anti-osteoporotic effects in ovariectomy-induced bone loss [19,20]. Moreover, osthole showed
in vivo osteoanabolic action by promoting new bone formation in calvaria and endochondral
ossification in mice fracture healing [20,21]. Current therapeutic agents of osteoporosis are mainly
antiresorptive drugs that inhibit bone resorptive function of osteoclasts, including bisphosphonates,
calcitonin, and estrogen analogues. Their efficacy on growth and recovery of bone mass is
regarded to be limited [22,23]. On the other hand, bioactive agents that induce osteoblastic bone
formation and facilitate fracture repair are suggested more effective and desirable for osteoporosis
therapy [24]. Therefore, osthole is a promising potential anabolic agent for osteoporosis and fragility
fracture treatment.

The mechanism of the anti-osteoporotic effect of osthole was mainly studied with cell culture
models. Previous studies suggested osthole induced osteoblastic differentiation through the bone
morphogenetic proteins (BMP)-dependent pathways, which were likely triggered by β-catenin
signaling [20,25,26]. More detailed molecular studies are required to enrich the knowledge and
to clarify the mechanism of the osteogenic and anti-osteoporotic properties before potential clinical
application. On the other hand, multiple studies have demonstrated that cAMP/CREB signaling is the
dominant mechanism for the anabolic action of parathyroid hormone (PTH) on bone formation [27–29].
In osteoblastic cells and bone tissues, PTH binds to PTH receptors and produces cyclic adenosine
monophosphate (cAMP) from adenosine triphosphate (ATP). It leads to the activation of protein
kinase A (PKA) and phosphorylation of the cAMP response element-binding protein (CREB) [27,30].
Activated CREB binds to the cAMP response element (CRE) and triggers the cascade expression of
osteogenic-related genes [31,32]. Osthole was reported to elevate cAMP levels in adrenocortical cancer
cells, trachea, and corpus cavernosum tissues [33–35]. Although none reported the cAMP-elevating
action of osthole in bone cells or osseous tissues, it was highly probable that osthole treatment would
increase cellular cAMP levels in osteoblast cultures and regenerating bone. This might be an alternative
possible mechanism of the osteopromotive effect of osthole.

Considering the prospects of osthole as an anabolic anti-osteoporotic agent, the objectives
of the present study were to investigate the osteopromotive action of osthole in osteoblasts
and bone regeneration during fracture repair. We hypothesized that osthole treatment enhanced
osteogenesis in osteoblasts and thereby improved fracture repair by increasing bone strength via
cAMP-mediated signaling.

2. Materials and Methods

2.1. Chemicals and Cell Culture

Osthole (≥95% high performance liquid chromatography, HPLC grade), PKA inhibitor KT5720,
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich Corporation (St. Louis, MO,
USA). Recombinant mouse noggin was purchased from R and D Systems, Inc. (Minneapolis, MN,
USA). Vehicle control cells were supplied with solvent DMSO (<0.1%). Cell cultures were pre-treated
alone with noggin (100 ng/mL) or KT5720 (4 μM) for 1 h and then co-treated with osthole for pathway
blockage. All other reagents were obtained from Sigma-Aldrich unless otherwise indicated.

Mouse preosteoblast cell MC3T3-E1 subclone 14 (ATCC CRL-2594) was purchased from the
American Type Culture Collection (Manassas, VA, USA). Cells were routinely maintained in complete
growth medium containing alpha minimum essential medium (α-MEM) (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and
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1% penicillin-streptomycin-neomycin antibiotic mixture (Thermo Fisher Scientific), incubated at 37 ◦C
in a humidified 5% CO2 atmosphere. Cells were differentiated in osteogenic medium supplied with
0.25 mM L-ascorbic acid (L-AA) and 10 mM β-glycerolphosphate (β-GP) in growth medium once
reaching 90% confluency. Both growth and differentiation media were renewed every 2 days.

2.2. Mouse Femoral Osteotomy

C57BL/6 mice were obtained from the Laboratory Animal Services Center of the Chinese
University of Hong Kong. The animal study was approved by the Animal Experimentation Ethics
Committee (Ref. No. 13/010/GRF). All mice were first acclimatized and housed at the research animal
laboratory during the experimental period. Open osteotomy at the femur shaft was performed on
12-week-old male C57BL/6 mice. Briefly, mice (weight around 25 to 30 g) were anaesthetized generally
with intraperitoneal injection of ketamine (67 mg/kg) and xylazine (13 mg/kg). After shaving and
sterilization of the right leg, a lateral incision was made and a 25-gauge needle was inserted retrograde
into the intramedullary canal from knee articular surface for internal fixation. Diaphysis of the femur
was exposed and an air-driven oscillating saw (Synthes Holding AG, Zuchwil, Switzerland) was used
to create a transverse midshaft fracture under irrigation with sterile 0.9% saline solution. Absorbable
sutures were used to close the intramuscular septum and skin incision. Osthole reagent was freshly
prepared by dissolution with 0.5% (v/v) Tween 80 in distilled water. Mice were administrated with
20 mg/kg osthole (dosage derived from previous report [19]) in the osthole treatment group (Ost)
and vehicle solvent in the control group (Ctl) through daily oral gavage from post-operative day 7
until euthanasia.

2.3. Cell Viability/Proliferation Assay

Cells were seeded at a density of 1 × 104 per well into a 96-well plate. After 24 h pre-incubation,
they were exposed to osthole at concentrations of 0, 10, 20, 50, 100, 200, and 500 μM for 24, 48, and 72 h.
At the end of the treatment, cells were washed with phosphate-buffered saline (PBS) and incubated
with 0.5 mg/mL 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) in medium for
an additional 3 h. After incubation, 100 μL DMSO was added each well to dissolve the formazan
crystals and the optical density at 570 nm (OD570) was measured with a microplate reader (BioTek,
Winooski, VT, USA). Cell viability was expressed as the percentage of the control by comparing the
viability in the treatment groups to that of the vehicle control group.

2.4. Alkaline Phosphatase (ALP) Enzyme-Cytochemistry and ALP Activity Assay

Cells (4 × 104 per well) were seeded into a 24-well plate and allowed to incubate for 48 h in
growth medium, and then exposed to 0–100 μM of osthole in osteogenic medium or growth medium
for 12 days. After treatment, cells were washed with PBS and fixed with 70% ethanol. Cells were
then equilibrated with ALP buffer (50 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.1%
Tween 20) for 10 min, and incubated with ALP staining solution (5 μL 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) and 10 μL nitro blue tetrazolium (NBT) (Promega, Fitchburg, WI, USA) in 1 mL
of ALP buffer) in dark at 37 ◦C. Intensity of ALP staining was assessed by both macroscopic and
microscopic observations.

Differentiated and control cells in a 24-well plate were washed with PBS and lysed with 150 μL ice
cold lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2 mM MgCl2, and 0.5% Triton X-100). ALP
activities of cell lysate were measured with an ALP-AMP kit (BioSystems Reagents and Instruments,
Quezon City, Philippines). Briefly, 50 μL cell lysate was transferred to a 96-well plate, and 150 μL of
freshly-prepared substrate working reagent was aliquoted to each well. OD405 of the mixture was
measured every minute with a microplate reader for 20 min at room temperature. The curve was
plotted using absorbance against time, and ΔOD405/min obtained was used to calculate enzyme
activity. ALP activity was normalized by protein concentration which was measured with a BCA
Protein Assay Kit (Thermo Fisher Scientific) at OD562.
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2.5. Calcium Nodule Staining and Quantification

Differentiated and control cells in the 24-well plate were washed with PBS and fixed with ethanol.
Cells were stained with 1% alizarin red S (ARS) (pH 4.1) at 37 ◦C for 30 min. Calcium nodules
were visualized by staining with ARS to form an ARS-calcium complex in a chelation process. After
washing and removal of free dyes, mineral deposition in the cell culture was assessed and compared
by macroscopic and microscopic observation. Quantification of calcium deposits was conducted using
an in vitro osteogenesis assay kit (Merck Millipore, Darmstadt, Germany). Briefly, 400 μL of 10% acetic
acid was added to each well to extract dyes. Cells and acetic acid were transferred to microcentrifuge
tubes and heated to 85 ◦C for 10 min. Centrifuged supernatant was collected and neutralized with
10% ammonium hydroxide. Samples were then aliquoted to a 96-well plate and measured at OD405

along with standards. The linear curve was plotted with ARS concentration against the absorbance of
standards, and the ARS concentrations of samples were calculated.

2.6. RNA Extraction and Real-Time RT-PCR

Cells (2 × 105 per well) were seeded into six-well plates and allowed to incubate for 48 h.
Cells were exposed to 0–50 μM osthole with or without inhibitors for 12 h or 6 days. Total RNA
was extracted from cells with TRIzol reagent (Ambion, Foster City, CA, USA). One microgram
of RNA was reverse-transcribed into cDNA using oligo (dT) primers and reverse transcriptase
(Promega). Quantitative real-time PCR was performed using a QuantiFast SYBR Green PCR Kit
(Qiagen, Hilden, Germany), in a total volume of 20 μL containing 1 μL of reverse-transcription
product in the presence of a ribonuclease inhibitor (Takara, Kyoto, Japan) and 0.5 μM of sense and
antisense primers of target genes, as below (Tech Dragon Limited, Hong Kong, China). BMP-2
forward: 5′-GCTCCACAAACGAGAAAAGC-3′, reverse: 5′-AGCAAGGGGAAAAGGACACT-3′;
FGF-2 forward: 5′-ACACGTCAAACTACAACTCCA-3′, reverse: 5′-TCAGCTCTTAGCAGACA
TTGG-3′; IGF-1 forward: 5′-GGACCAGAGACCCTTTGCGGGG-3′, reverse: 5′-GGCTGCTTTTGTA
GGCTTCAGTGG-3′; runt-related transcription factor 2 (Runx2) forward: 5′-AAGTGCGGTGCAAAC
TTTCT-3′, reverse 5′-TCTCGGTGGCTGGTAGTGA-3′; Osterix (Osx) forward: 5′-ACTGGCTAGGTG
GTGGT CAG-3′, reverse: 5′-GGTAGGGAGCTGGGTTAAGG-3′; ALP forward: 5′-AACCCAGACA
CAAGCATTCC-3′, reverse: 5′-GAGAGCGAAGGGTCAGTCAG-3; osteocalcin (OCN) forward: 5′-CC
GGGAGCAGTGTGAGCTTA-3′, reverse: 5′-TAGATGCGTTTGTAGGCGGTC-3; collagen type I
(Col-1) forward: 5′-AGAGCATGACCGATGGATTC-3′, reverse: 5′-CCTTCTTGAGGTTGCCAGTC-3′;
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward: 5′-ACCCAGAAGACTGTGGAT
GG-3′, reverse: 5′-CACATTGGGGGTAGGAACAC-3′. PCR conditions consisted of a 10 min hot start
at 95 ◦C followed by 45 cycles of 15 s at 95 ◦C and 30 s at 60 ◦C. The expression levels of the mRNAs
were normalized by GADPH levels and compared to the vehicle control.

2.7. Western Blot

Cells were seeded in six-well plates and exposed to 0–50 μM of osthole with or without
KT5720 for 6 h. After treatment, cells were lysed in Pierce RIPA lysis buffer (Thermo Fisher
Scientific) supplemented with Pierce protease and phosphatase inhibitor mini-tablets (Thermo Fisher
Scientific). Equal 30 μg amounts of proteins from the lysate were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto Immun-Blot
PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA). The membrane was blocked with
3% BSA in PBS supplemented with 0.05% Tween-20, followed by overnight incubation at 4 ◦C with
a diluted solution of primary antibody purchased from Cell Signaling (Danvers, MA, USA) against
phospho-CREB (p-CREB), CREB, or α-tubulin (loading control). This was followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz Biotechnology, Dallas, TX,
USA) for 1 h at room temperature. The blots were assessed by their enhanced chemiluminescence (ECL)
signal using the Pierce ECL Western blotting substrate (Thermo Fisher Scientific). Developed images
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were captured with Gel Doc molecular imager and ChemiDoc system and analyzed with Image Lab
3.0 software (Bio-Rad).

2.8. cAMP Assay

Intracellular cAMP concentration was quantified with cyclic AMP EIA kit (Cayman Chemical,
Ann Arbor, MI, USA) based on the competition between labeled cAMP and non-labeled free cAMP in
samples. Briefly, cells were incubated in complete growth medium containing 0–100 μM osthole for
2 h. After drug exposure, cells were lysed in 0.1 M HCl for 20 min with agitation, and the supernatants
were collected by centrifuge. 50 μL of samples and standards were added into a 96-well plate followed
by incubation with cAMP acetylcholine esterase tracer and cAMP EIA antiserum for 18 h at 4 ◦C.
Each sample was developed with addition of Ellman’s reagent and the plate was read at OD410 by
microplate reader. cAMP concentration was calculated according to the cAMP standard plots and
compared to the vehicle control after being normalized with total protein levels.

2.9. Histomorphometry and Immunohistochemistry

Femur specimens were harvested at day 14, and fixed and decalcified with calcium chelating
solution (0.5 M EDTA/NaOH, pH 7.5) for two weeks. Decalcified bones were then dehydrated
and embedded in paraffin wax using a Leica EG Embedding Center (Leica Microsystem, Wetzlar,
Germany). Paraffin blocks were sectioned into 5 μm slices and mounted on glass slides. The sections
were deparaffinized and stained with safranin O, fast green, and hematoxylin. The histomorphometry
analysis was adapted from our previous study [7]. The bone and cartilage area was measured
by a blinded observer using Zen 2012 (Zeiss, Oberkochen, Germany). For immunohistochemistry,
deparaffinized sections were rehydrated in PBS and treated with 3% hydrogen perioxide in methanol
to quench endogenous peroxidases. Antigen retrieval was performed by incubation in 95 ◦C 10 mM
citrate buffer at pH 6.0 for 10 min. After nonspecific binding blocked with UltraVision protein block
(Thermo Fisher Scientific), sections was incubated overnight at 4 ◦C with diluted solution of primary
antibodies against Osx and p-CREB (Abcam, Cambridge, UK) and the solution without antibody as
a negative control. The sections were then incubated with secondary antibody for 30 min at room
temperature. A colorimetric signal was developed with a Liquid DAB+ Substrate Chromogen System
(Dako, CA, USA), counter-stained with hemotoxylin, and subjected to blind evaluation.

2.10. Bone Biomechanical Test

The strength of the fractured and contralateral femur midshaft was measured by a three-point
bending test using a mechanical testing machine (Biomomentum Inc., Laval, QC, Canada) [36]. Briefly,
the surrounding soft tissue of femur was removed and then kept moisture with PBS-soaked gauze
before testing. The span distance between the two end supports was fixed at 7.35 mm, load was
applied on the bone femur midshaft with a displacement rate of 5 mm/min, and the ultimate load for
each sample was measured.

2.11. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 5.0 (GraphPad Software,
San Diego, CA, USA) and Excel (Microsoft, San Francisco, CA, USA). Mean and standard deviation
values (mean ± SD) were calculated for all statistically analyzed parameters. The differences between
groups were analyzed using analysis of variance (ANOVA) followed by Turkey’s post-hoc test or
unpaired Student’s t-tests. The p-value less than 0.05 were considered statistically significant.
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3. Results

3.1. Osthole Promoted Osteogenesis in Osteoblasts

MTT results demonstrated that osthole inhibited the proliferation of MC3T3-E1 cells in a time-
and concentration-dependent manner from 0 to 500 μM (Figure 1). Osthole did not lead to significant
inhibition on cell proliferation at concentrations less than 100 μM. Thus, 100 μM or below of osthole
would be applied on the osteoblastic differentiation in the following experiments. Osteoblastic
differentiation was assessed with two measurements: ALP activity and calcium nodule formation.
The ALP enzyme cyotochemistry showed that the ALP-positive cell colony number increased with
osthole concentration (Figure 2A). ALP activity was also significantly increased by osthole in the range
of 0–100 μM in a dose-dependent manner (Figure 2B). In ARS staining of calcium nodule formation,
the number and area of stained nodules increased dramatically in osthole-treated cells at concentrations
of 50 and 100 μM (Figure 2C) compared with the control and low concentration of osthole. Quantitative
analysis of ARS concentration was consistent with the qualitative results (Figure 2D).

Figure 1. Effect of osthole on proliferation of MC3T3-E1 cells. Cells were treated with 0–500 μM of
osthole for 24, 48, and 72 h. The viability was monitored with MTT assay. n = 6, One-way ANOVA
followed by Tukey’s test and compared to the vehicle control, ** p < 0.01, *** p < 0.001.

Figure 2. Osthole promoted osteogenic differentiation in osteoblasts. MC3T3-E1 cells were treated with
0–100 μM osthole in growth or osteogenic medium for 12 (A,B) or 24 days (C,D). (A) Representative
macroscopic and microscopic photos of ALP staining cells (n = 4); (B) ALP activities were measured by
ALP-AMP kit (n = 6); (C) Representative photos of ARS staining cells (n = 4); (D) cell mineralization
was quantified by extraction of ARS dye (n = 4). One-way ANOVA was followed by Tukey’s test and
compared to the vehicle control, ** p < 0.01, *** p < 0.001. Bar = 500 μm.
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3.2. Osthole Promoted Bone Regeneration and Bone Strength

To determine the effect of osthole administration on bone regeneration process in vivo, mice
were treated with osthole and vehicle solvent during the fracture repair period. The bone volume of
healing fractured callus at day 14 was measured by histomorphometric analysis, and strength of the
fractured and contralateral bones was measured at day 28 by a three-point bending test. As shown in
Figure 3A, the longitudinal section of calluses in the Ost group contained more bony tissue area and
less cartilaginous tissue area than those in Ctl group. Histomorphometric analysis also confirmed the
bony callus area in the Ctl group was significantly smaller than Ost group (19.95 ± 3.30 vs. 32.98 ± 4.60);
while the cartilaginous callus area was much larger (20.02 ± 2.30 vs. 8.50 ± 2.77), indicating faster
growth of bone in the treatment group. Additionally, the maximum load of healing fractured femurs
in Ost group (13.96 N) were significantly higher than that in the Ctl group (10.23 N). The maximum
load of the contralateral femur in the Ost group was also slightly higher than the Ctl group by 10.76%,
but without significant difference (Figure 3B).

Figure 3. Osthole enhanced bone growth and bone strength during fracture repair. Post-operated
fractured and contralateral bones were harvested at day 14 and day 28. (A) Callus sections at day 14
were stained with safranin O (cartilage)/fast green and hematoxylin (n = 4). Osthole treatment reduced
cartilaginous tissue area, but increased bone tissue area; (B) the maximum load of femur samples at
day 28 was determined by three-point bending (n = 8). An unpaired Student t-test was compared
between control and osthole group, ** p < 0.01, *** p < 0.001. Bar = 500 μm.

3.3. Osthole Induced Osteogenesis via the BMP-Dependent Signaling Pathway

Expression of osteogenic-related genes was measured in osthole-treated MC3T3-cells to
explore the mechanism of the osteopromotive action. The mRNA levels of growth factors
(BMP-2, FGF-2 and IGF-1) were measured at 12 h while transcription factors (Runx2 and Osx) and
osteogenic maker genes (ALP, OCN and Col-1) were measured at 6 days. Results showed that
BMP-2 expression was upregulated in a dose-dependent manner under 0–50 μM of osthole exposure.
In contrast, mRNA levels of FGF-2 and IGF-1 did not change significantly (Figure 4A). Both
transcription factor genes were upregulated dose-dependently by osthole (Figure 4B). Osthole also
significantly activated downstream ALP, OCN, and Col-1, whereas the effect on Col-1 was relatively
weak (Figure 4C). To examine the role of BMP signaling in osthole-induced osteogenesis, BMP
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antagonist noggin was applied to block the BMP-dependent pathway. Osteogenic marker ALP activity,
calcium deposits, and osteogenic-related genes were quantified with or without noggin. Application
of noggin completely inhibited osthole-induced ALP activation, without a notable change of ALP in
vehicle control (Figure 4D). The expression level of osteogenic-related genes Runx2, ALP, and OCN
evoked by osthole were also significantly downregulated by co-treatment with noggin (Figure 4E).

Figure 4. Osthole activated the BMP-2-dependent signaling pathway and BMP antagonist noggin
completely inhibited osthole-mediated osteogenesis. MC3T3-E1 cells were treated with 0–50 μM
osthole in osteogenic medium in the presence or absence of 100 ng/mL noggin for 12 h (A), 6 days
(B,C,E), or 12 days (D). ALP activity was measured by an ALP-AMP kit; gene expression levels were
detected by real-time RT-PCR. (A) n = 5, (B–E) n = 4; one-way ANOVA, followed by Tukey’s test, was
compared to the vehicle control; unpaired Student t-test was compared between noggin ±, * p < 0.05,
** p < 0.01, *** p < 0.001.

3.4. Osthole Activated cAMP/CREB Signaling Pathway

To testify whether osthole triggered the cAMP/CREB pathway or not, the effect of osthole
on cellular cAMP concentration and CREB phosphorylation were evaluated in MC3T3-E1 cells.
Quantification of cAMP demonstrated that osthole significantly elevated the intracellular cAMP
level dose-dependently from 0 to 100 μM (Figure 5A). In addition, osthole exposure activated
phosphorylation of CREB significantly, but not in the total amount of CREB (Figure 5B).
Both results suggested that osthole treatment activated cAMP/CREB signaling in osteoblasts.
Immunohistochemistry of phosphorylated CREB (p-CREB) was compared between osthole-treated
fractured femurs and control. The p-CREB was only found in nuclei. The percentage of p-CREB
positive cells was calculated by the average value of six random views in the bony callus. After
treatment with osthole, the percentage of p-CREB-positive nuclei in newly-formed bone significantly
increased and the signal intensity in the nuclei was also notably enhanced (Figure 5C).
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Figure 5. Osthole activated cAMP/CREB pathway. (A) MC3T3-E1 cells were incubated with 0–100 μM
osthole in growth medium for 2 h, and cellular cAMP levels were quantified with cAMP EIA kit (n = 3);
(B) Cells were treated with 0, 20, or 50 μM osthole in osteogenic medium in the presence or absence of
4 μM KT5720 for 6 h. Proteins were separated by 10% SDS-PAGE and assessed with Western blotting,
and the intensity of the bands was quantified (n = 5); (C) Callus sections at day 14 were blotted with
p-CREB antibody and counterstained with hematoxylin. The p-CREB-positive nuclei percentage was
counted (n = 4). One-way ANOVA, followed by Tukey’s test, was compared to the vehicle control; an
unpaired Student t-test was compared between KT5720 ± groups, * p < 0.05, ** p < 0.01. Bar = 50 μm.

3.5. Osthole Enhanced Osteogenesis through Osterix Activiated by cAMP/CREB Signaling

The effects of osthole-activated cAMP/CREB signaling activity was determined by the application
of PKA inhibitor KT5720 during osteoblast differentiation. Co-treatment of KT5720 with osthole
completely blocked the activation of p-CREB in osthole-mediated cAMP/PKA signaling (Figure 5B).
PKA inhibitor markedly suppressed both ALP activation and mineralization mediated by osthole;
whereas these two osteogenic markers were still significantly higher than the vehicle control
after complete blockage of osthole-induced PKA signaling (Figure 6A,B). Additionally, KT5720
exposure alone did not change the viability or differentiation status of cells. All results suggested
that PKA blockage only partially suppressed the osteogenic differentiation activated by osthole.
Osteogenic-related gene expressions were measured in the presence or absence of KT5720. Consistent to
the results of ALP activity and calcium deposit, ALP and OCN gene expression were evidently
downregulated by PKA inhibitor, but they were still higher than control levels by 0.47 and 1.59 folds,
respectively (Figure 6C). Expression level of Osx was markedly reduced by PKA inhibition, but BMP-2
and Runx2 levels remained almost unchanged (Figure 6C). Likewise, KT5720 had no significant
influence on expression levels of osteogenic-related genes when applied alone. On the other hand,
expression of Osx in healing fractured bone was assessed by IHC. The expression of Osx in the Ost
group was observably higher than that of the Ctl group in osteogenic cells surrounding newly-formed
bone tissue (Figure 6D).

170

Bo
ok
s

M
DP
I



Nutrients 2017, 9, 588

Figure 6. PKA inhibitor partially suppressed osthole-evoked osteogenesis and Osx expression.
MC3T3-E1 cells were treated with 0 or 50 μM osthole in osteogenic medium in the presence or
absence of 4 μM KT5720 or 100 ng/mL noggin for 12 days (A), 24 days (B) 12 h or 6 days (C). (A) ALP
activity was measured by ALP-AMP kit (n = 5), (B) calcium nodules were stained with ARS, and
cell mineralization was quantified by extraction of ARS dye (n = 3); (C) gene expression levels were
detected by real-time RT-PCR (n = 4); (D) callus sections at day 14 were blotted with osterix antibody
and counterstained with hematoxylin (n = 4). One-way ANOVA was followed by Tukey’s test compared
to the vehicle control; unpaired Student t-test compared between KT5720 ± or noggin ± group, * p <
0.05, ** p < 0.01, *** p < 0.001. Bar = 50 μm.

4. Discussion

Mouse calvarial preosteoblast MC3T3-E1 with a similar cellular response to primary calvarial
osteoblasts was used in this study. Previous studies reported that osthole stimulated growth of
osteoblast-like UMR106 cells and primary rat osteoblasts [37,38]. However, others found that
osthole only stimulated osteoblastic differentiation at the same doses but not cell proliferation [20,25].
Our results showed that 0–50 μM osthole exhibited little effect on cell proliferation at all time points,
whereas 100 μM showed slightly inhibited cell growth at 48 h without notable cell death morphology.
This was reasonable since temporal arrest in the G1 phase of the cell cycle was regarded as a prerequisite
for cell differentiation, and osthole exposure mediated osteogenic differentiation in osteoblasts [39,40].
Additionally, results showed that the mitogenic growth factor FGF-2 level only slightly increased
without significant difference and the IGF-1 level remained almost unchanged after osthole treatment.
FGF-2 and IGF-1 were both regarded as mitogens of osteoblastic cell proliferation [41,42], which might
explain why there was not any promotive effect of osthole on the proliferation of this cell line.

Increasing in ALP activity and calcium nodule formation in osthole-treated cells suggested
that it promoted osteogenic differentiation, which was consistent with previous findings in other
osteoblastic-like cells. We also found that osthole treatment not only mediated osteogenesis in
osteoblasts in vitro, but also enhanced the ossification process in vivo, which resulted in faster bone
regeneration during bone repair. Time point day 14 was located in the reparative phase of fracture
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repair when the bone grew inside the callus and replaced cartilage until bony fusion. At post-operation
day 28, the remodeling phase took place when fractured bone was restored to its original shape and
strength after the completed fusion of bony callus [21]. Osthole administration resulted in faster bone
formation during repair, which led to stronger bone at the end point after bony fusion. This finding
echoed with the osteoanabolic effect found in mouse calvaria [20]. Moreover, worth mentioning
was that the average bone strength in contralateral intact femur was also increased. This result was
consistent with findings of previous studies [19] suggesting osthole exhibited an anti-osteoporotic
property by raising the bone mineral density and bone strength. Stronger healing bone in the Ost
group should be an achievement resulting from both a faster bone regeneration rate and a higher bone
mineral density [21]. Since the bone formation rate in heathy bone was much slower than in repairing
bone, the strength difference between Ost and Ctl groups in contralateral bone was much smaller.

Previous studies suggested that osthole stimulated osteogenesis in osteoblasts through
BMP-dependent pathway [20,25]. Our results confirmed the effect of osthole on BMP-2 expression.
Expression of BMPs triggers osteogenic signaling cascades driving the whole process of differentiation.
Both key transcription factors of osteogenesis, Osx, and Runx2, were evoked by osthole and so did three
downstream osteogenic marker genes ALP, OCN, and Col-1. Moreover, the influence of BMP pathway
in osthole-mediated osteogenesis was examined by the measurement of ALP activity, mineralization,
and marker genes in the presence of BMP antagonist noggin. The osteopromotive effect of osthole
was abolished by blockage of the BMP pathway, which indicated osthole-mediated osteogenesis was
completely BMP-dependent.

On the other hand, osthole was suggested to elevate the cAMP level by inhibition of cAMP
phosphodiesterases (PDEs), which hydrolyzes cAMP into AMP in various types of tissues. This was
the first time cAMP elevation action of osthole was confirmed in osteoblastic cell culture, suggesting
the action should be non-tissue-specific. Osthole also induced phosphorylation/activation of CREB,
downstream target of cAMP/PKA signaling It indicated that osthole triggered the cAMP/PKA/CREB
pathway, similar to PTH and some other cAMP activators that promote osteogenesis [29,43].
The effect of osthole on phosphorylation of CREB was also found in neural cells [44], which
further revealed cAMP/CREB activation by osthole was not tissue-specific and might contribute
to its multiple bioactivities. PKA inhibitor KT5720 could completely block the cAMP-mediated
phosphorylation of CREB induced by osthole; meanwhile, the inhibitor only partially suppressed
osthole-mediated osteogenesis. In addition, ALP activity, mineralization, and the osteogenic gene
level treated with KT5720 were still significantly higher than that of vehicle controls, which
suggested that osthole-induced osteogenesis was only partially mediated by the cAMP/CREB
pathway. This finding supported previous suggestions that osthole-induced cell differentiation
operated by both Smad-dependent and -independent pathways [25]. cAMP/CREB activators, such
as PTH and db-cAMP, were found to directly stimulate growth factors (especially BMP-2) and their
downstream target genes in mesenchymal stem cells [43]. However, our results showed only a slight
reduction of BMP-2 expression without significant difference after PKA blockage, which indicated
that osthole-activated cAMP/CREB signaling might promote BMP-dependent osteogenesis signaling
through other downstream elements rather than only evoking BMP expression in this cell line.

Furthermore, we also found that osthole-activated cAMP/CREB signaling targeted transcription
factor Osx rather than Runx2. Although the interaction between Runx2 and Osx remains
controversial, both transcription factors have been found indispensable in both in vitro and in vivo
osteogenesis/ossification process [45–47]. Previous studies found deficiencies of either Osx or Runx2
genes leading to a complete absence of bone formation at the embryonic stage, but the phenotype
of Osx null mice were different from Runx2 null mice at birth [47]. Others reported that Osx and
Runx2 regulated distinct gene groups [48]. Both suggested that Osx and Runx2 were critical, but with
distinct functions in bone formation progress. Osteogenesis in osteoblasts was mediated through
the BMP-dependent pathway while the key transcription factor Osx was further upregulated via
cAMP/CREB signaling. Meanwhile, single activation of Osx by cAMP signaling was not sufficient
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for osteogenic cascade in osteoblasts, probably because it lacked some key elements induced by other
transcription factors, such as Runx2. This might be the reason why the blockage of the BMP pathway
completely stopped osteogenic differentiation, while inhibition of cAMP/CREB could only partially
suppress ALP activity, cell mineralization and osteogenic gene expression. In the mouse bone repair
model, we also found that osthole treatment promoted the expression of p-CREB and Osx in osteoblastic
cells showing newly-formed woven bone. This indicated that osthole also activated the cAMP/CREB
pathway in osteoblasts in vivo. Faster bone formation during repair process might also relate to
activation of CREB and Osx in bone forming cells. Thus, apart from the BMP-dependent pathway,
osthole also enhanced osteogenesis through cAMP/CREB signaling by upregulating transcriptional
factor Osx in osteoblasts.

Several limitations in this study need to be addressed. PKA-specific inhibitor KT5720 was applied
for investigation of the influence of osthole-evoked cAMP elevation on osteogenesis. In spite of the
wide usage of KT5720 for the inhibition of the cAMP/PKA/CREB pathway, it would be preferable to
use RNA interference to specifically knock down the target pathway. Osthole-induced upregulation
of p-CREB and Osx in healing bone were insufficient to prove the related mechanism applied in vivo
as well. However, these results supported future study of this promising pathway in animal models.
Selectively blocking this pathway should be applied to explore the osteoanabolic effect of osthole
in vivo.

5. Conclusions

In summary, this study had demonstrated that osthole promoted osteogenic differentiation in
osteoblasts by the BMP-dependent pathway, which was enhanced by cAMP/CREB signaling targeting
the transcription factor osterix. Osthole treatment upregulated osterix expression and promoted bone
regeneration during mice femoral fracture repairing. The findings of the study contribute to the
knowledge of the mechanism involved in osteopromotive and anti-osteoporotic effects of osthole.
It provides biological evidence for diet supplementary of osthole and osthole-contained functional
food or medicine for prevention and therapy of osteoporosis and osteoporotic fracture.
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Abstract: Age-related bone loss is a major factor in osteoporosis and osteoporotic fractures among
the elderly. Because bone homeostasis involves a balance between bone formation and resorption,
multiple mechanisms may induce age-dependent changes in bone. Oxidative stress is one such
factor that contributes to the pathology of aging-associated osteoporosis (AAO). Advanced oxidation
protein products (AOPP) are a biomarker of oxidant-mediated protein damage, and can also act to
increase the production of reactive oxygen species (ROS), thereby perpetuating oxidative damage.
AOPP is a relatively novel marker of oxidative stress, and its role in bone aging has not been fully
elucidated. Furthermore, it has been theorized that dietary antioxidants may decrease AOPP levels,
thereby reducing AAO risk, but a limited number of studies have been specifically targeted at
addressing this hypothesis. Therefore, the objective of this review is to examine the findings of
existing research on the role of AOPP in age-related bone loss, and the potential use of dietary
antioxidants to mitigate the effects of AAOP on age-related bone loss. Cross-sectional studies have
delivered mixed results, showing that AOPP levels are inconsistently associated with bone loss and
aging. However, in vitro studies have documented multiple mechanisms by which AOPP may lead
to bone loss, including upregulation of the JNK/p38 MAPK signaling pathways as well as increasing
expression of sclerostin and of receptor activator of NFκB ligand (RANKL). Studies also indicate
that antioxidants—especially berry anthocyanins—may be an effective dietary agent to prevent
aging-associated bone deterioration by inhibiting the formation of AOPP and ROS. However, the
understanding of these pathways in AAO has largely been based on in vitro studies, and should
be examined in further animal and human studies in order to inform recommendations regarding
dietary anthocyanin use for the prevention of AAO.

Keywords: AOPP; bone; aging; osteoporosis; antioxidants; berry anthocyanins

1. Introduction

Age-related bone loss is a primary contributor to osteoporosis and osteoporotic fractures in
the elderly. Osteoporosis is considered a major public health threat for an estimated 44 million
Americans, or 55% of the population aged 50 years and older [2]. Numerous studies employing various
methods have dealt with the pathophysiology of postmenopausal osteoporosis [3], but aging-associated
osteoporosis (AAO) has not been as well studied [4]. AAO is thought to be a type of low-turnover
osteoporosis resulting from aging-associated calcium deficiency and an imbalance between bone
resorption and formation [5].

Oxidative stress plays a central role in human aging and accelerates the aging process [6,7].
Bone density is maintained by two phases of bone remodeling: bone resorption by osteoclasts and
bone formation by osteoblasts [8]. Emerging evidence indicates that the increased production of
reactive oxygen species (ROS) in bone cells may activate bone resorption, resulting in a gradual
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decline in bone mass and density with aging [7]. Studies have shown that oxidative stress results in
reduced bone formation, increased osteoblast and osteocyte apoptosis, and decreased bone mineral
density (BMD) in aged mice [9]. Reduced BMD is one of the defining characteristics of osteoporosis,
and correlates with bone strength and fracture risk [2]. Induced oxidative stress in young mice
and rats has also been shown to reduce osteoblastogenesis and to increase osteoclast number and
activity [10,11]. Loss of sex steroids potentiates the effects of aging by weakening defense mechanisms
against oxidative stress [10]. Previous studies have clearly demonstrated that the bone turnover pattern
remains relatively steady in advanced aging [12]. Based on this pattern, there is a reduction in bone
formation as a result of a decreased recruitment of osteoblasts and an elevation of bone resorption that
might result from enhanced activity of osteoclasts, which is the primary underlying mechanism of
AAO [12].

Advanced oxidation protein products (AOPP) arise from the reaction between plasma proteins
and chlorinated oxidants (e.g., hypochlorous acid, HOCl) by the H2O2-myeloperoxidase (MPO)
system, and are di-tyrosine-containing cross-linking protein products considered to be novel markers
of oxidant-mediated protein damage [13–15]. AOPP are mainly carried by albumin in the circulation,
and oxidized albumin is rapidly cleared mainly through the uptake by the liver and spleen [16].
Like advanced glycation end products (AGEs), AOPP signal via the receptor for AGE (RAGE) in
endothelial cells and induce endothelial dysfunction [17]. Increased plasma levels of AOPP have been
found in many diseases, such as diabetes, uremia, obesity, coronary artery disease, and inflammatory
bowel diseases. Evidence indicates that AOPP increase with age, and that AOPP can trigger cytosolic
superoxide generation via the activation of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX), which is a major source of ROS [18] (Figure 1). Therefore, AOPP may serve not only as
markers of oxidant-mediated protein damage, but also as potential inducers of oxidative stress [15].

Figure 1. Potential mechanism of anthocyanins in lowering aging-associated osteoporosis (AAO) risk
through inhibiting nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX)-mediated
advanced oxidation protein products (AOPP) formation. GPx: glutathione peroxidase; RAGE: receptor
for advanced glycation end products; SOD: superoxide dismutase.

Due to the public health relevance of AAO and the emerging evidence demonstrating the role of
oxidative stress in bone aging, it is of great importance to characterize the ways in which AOPP may
affect bone health and homeostasis. It has also been hypothesized that due to their antioxidant capacity,
anthocyanins found in plants such as berries may prevent or reduce bone resorption and deterioration.
Therefore, the purpose of this review is to examine the current state of knowledge regarding the role of
AOPP in age-related bone loss and to assess the potential for the use of berry anthocyanins to reduce
the formation of AOPP and improve bone-related outcomes in aging.

Articles included in this review were identified using PubMed and Web of Science. To examine
the role of AOPP in bone loss, databases were searched for “AOPP bone loss”. Other keywords added
to this search were osteoporosis, osteoblasts, and osteoclasts. To find studies investigating the effects
of anthocyanins on bone loss, databases were searched for “berry anthocyanin bone loss”, and the
following terms were added to expand the search: AOPP, antioxidant, osteoporosis. All articles for
this review were published by May 2017. Publications identified by these methods were then limited
to those describing cross-sectional analyses of AOPP and bone health in humans and animals, in vitro
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studies of cells treated with AOPP, and clinical trials or observational studies seeking to examine the
effects of dietary antioxidants on AOPP and bone outcomes.

2. Aging-Associated Osteoporosis

Osteoporosis is a skeletal disease characterized by the deterioration of bone mass and
microarchitecture, leading to increased fragility and predisposition to bone fractures [2]. While
postmenopausal osteoporosis is related to estrogen deficiency and affects trabecular bone,
aging-associated osteoporosis (AAO) primarily affects cortical bone and has many contributing factors
including genetics, nutrition, physical activity, and physiological changes to bone [5]. Because bone
loss appears to begin near age 40 and accelerates after age 60, age-related bone loss affects a growing
number of men and women as the global population of older individuals increases [19].

One well-established physiological effect of bone aging is decreased bone mineral content, which
is associated with increased brittleness and decreased fracture resistance [20]. Aging is also associated
with morphological changes to bone such as thinning of the cortical walls and the overall slimming of
the bones, as well as changes to proteins in bone, including collagen [20]. Increased bone resorption
in aging may also contribute to reduced bone mineral density (BMD), and can be exacerbated by
reductions in bone formation related to reduced osteoblastogenesis and increased adipogenesis in the
bone marrow, which affects matrix formation and mineralization [21]. The etiology of osteoporosis is
multifactorial and influenced by both genetic and environmental factors. Of particular interest to this
review is the effect of oxidative stress.

3. AOPP as a Marker of Oxidative Stress in Bone

Studies indicate that oxidative stress may enhance bone resorption and disturb the coupling
of bone resorption to bone formation, contributing to AAO [19,22]. Oxidative stress increases with
age, as ROS production rises and the activities of antioxidant enzymes such as superoxide dismutase
(SOD) and glutathione peroxidase simultaneously decrease [19,23]. The oxidative stress resulting
from this imbalance can stimulate apoptosis of osteoblasts and osteocytes [24,25], and may reduce
osteoblastogenesis [26] while also increasing the formation and activation of osteoclasts [10].

AOPP is a novel marker of oxidative stress that may be particularly important in the context of
bones, both as a biological driver and a biomarker of bone degradation. Several cross-sectional studies
have examined the relationship between bone status and AOPP in both humans and animals (Table 1).
Zhang et al. demonstrated that among male Wistar rats, AOPP levels in both plasma and femurs
increased with age, while SOD activity decreased [19]. AOPP was also associated with decreases
in BMD, bone volume, trabecular thickness, and the rate of bone formation. Similarly, a 2015 study
showed that plasma AOPP was associated with reduced BMD and increased markers of bone turnover
among postmenopausal women [27]. Importantly, this study did not adjust for potential cofounding
factors such as age, body mass index, diet, or smoking. Recent studies by a group in Italy linked lipid
hydroperoxides—one marker of oxidative stress—to reduced BMD in postmenopausal women, but
did not find significant relationships between AOPP and BMD [28]. Differences between these studies
could reflect differences in study populations as well as the progression of bone disease or oxidative
damage. The currently available cross-sectional study data provide weak evidence to support the
link between AOPP and bone health. Given these mixed findings and important limitations to each
study, alternative study designs that illuminate potential mechanisms of AOPP in bone are essential
for understanding the relationship between AOPP and osteoporosis.
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Table 1. Cross-sectional studies of AOPP and bone status in humans and animals.

Study Population Observations Limitations

Zhang (2011) [19]
Young, adult, and old
(n = 26 each) male
Wistar rats

AOPP in plasma and
femur increased with
aging and were
negatively associated
with femur BMD

Sample size; potentially limited
translatability to humans

Wu (2015) [27]

60 postmenopausal
women with
osteoporosis, 60
without osteoporosis

AOPP was associated
with reduced BMD and
increased bone
turnover markers

Sample size; no adjustment for
factors such as BMI, diet, or
smoking; BMD assessed only at
lumbar spine

Cervellati (2013) [28]
98 pre- and 93
post-menopausal
women

No significant
association between
AOPP and bone status

Potential for residual
confounding; AOPP assessed
only in serum

Cervellati (2014) [22] 167 postmenopausal
women

No significant
association between
AOPP and bone status

Potential for residual
confounding; AOPP assessed
only in serum

AOPP: advanced oxidation protein products; BMD: bone mineral density; BMI: body mass index.

Few interventional trials in animals have investigated the actions of AOPP on bone. One study
showed that AOPP administration accelerated bone deterioration in aged male rats and that the
AOPP-induced changes in bone turnover markers, trabecular BMD, and microstructural parameters
could be completely prevented by the oral administration of the NOX inhibitor apocynin, suggesting
that AOPP induced bone deterioration via the activation of NAPDH oxidase [4]. Another study
showed that administration of the radical scavenger antioxidant melatonin reduced AOPP levels and
other markers of oxidative stress in streptozotocin-induced diabetic male rats, leading to beneficial
effects on bone healing in a short-term study [29]. Although not specific to osteoporosis, this suggests
that AOPP may inhibit bone formation.

4. Mechanisms of Action of AOPP in Bone

Several in vitro studies that have challenged cells with AOPP have helped to clarify the
mechanisms by which AOPP may impact bone (Table 2). A recent study using an osteocyte-like
cell line (MLO-Y4) demonstrated that when cultured with AOPP-modified mouse serum albumin
(AOPP-MSA), AOPP increased ROS generation and activated the c-Jun N-terminal kinase (JNK) and
p38 mitogen-activated protein kinase (p38 MAPK) signaling pathways in a ROS-dependent manner,
leading to apoptosis of these cells [30]. Upregulation of the JNK/p38 MAPK signaling pathways by
AOPP also increased the expression of the protein sclerostin [30], which inhibits osteoblast function
and bone formation by antagonizing the Wnt signaling pathway [31]. Through the JNK/p38 MAPK
pathway, AOPP also upregulated the expression of receptor activator of NFκB ligand (RANKL) [30],
which can upregulate osteoclastogenesis upon binding to its receptor [32].

A study using rat mesenchymal stem cells (MSC, which give rise to osteoblasts and osteocytes)
demonstrated that exposure to AOPP-modified bovine serum albumin (AOPP-BSA) inhibited MSC
proliferation, reduced alkaline phosphatase (ALP) activity, decreased collagen I mRNA levels, and
inhibited bone nodule formation [33]. AOPP also increased ROS generation and upregulated the
expression of RAGE [33]. In rat osteoblast-like cells, AOPP-modified rat serum albumin (AOPP-RSA)
induced many of the same effects and provided evidence that AOPP may inhibit the proliferation of
osteoblast-like cells through the ROS-dependent NFκB pathway [34].
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Table 2. In vitro studies of the effect of AOPP on bone cells.

Study Cell Type Treatments Outcome

Yu (2016) [30] Osteocytic MLO-Y4 cells
Cultured with AOPP-MSA (25, 50,
100, or 200 μg/mL for 24 h or
200 μg/mL for 3, 6, 12, or 24 h)

AOPP triggered apoptosis and
upregulated expression of sclerostin
and RANKL in a JNK/p38
MAPK-dependent manner

Sun (2013) [33] Rat MSC
Cultured with AOPP-BSA (50, 100,
200, or 400 μg/mL for 3 days or
200 μg/mL for 24, 48, or 72 h)

AOPP inhibited proliferation, reduced
ALP activity and ALP and collagen I
mRNA, increased ROS generation,
upregulated RAGE expression

Zhong (2009) [34] Rat osteoblast-like cells
Cultured with AOPP-RSA (50, 100,
or 200 μg/mL for 24 h or
100 μg/mL for 24, 48, or 72 h)

AOPP inhibited proliferation, reduced
ALP activity, downregulated
expression of osteocalcin, induced
ROS generation and NFκB
phosphorylation

AOPP: advanced oxidation protein products; MLO-Y4: murine osteocyte-like cell line Y4; AOPP-MSA:
AOPP-modified mouse serum albumin; RANKL: receptor activator of NFκB (nuclear factor κB) ligand; JNK: c-Jun
N-terminal kinase; p38 MAPK: p38 mitogen-activated protein kinase; MSC: mesenchymal stem cells; AOPP-BSA:
AOPP-modified bovine serum albumin; ALP: alkaline phosphatase; ROS: reactive oxygen species; RAGE: receptor
for advanced glycation end products; AOPP-RSA: AOPP-modified rat serum albumin.

Taken together, these in vitro studies indicate that AOPP may act through the NFκB, JNK, and
p38 MAPK signaling pathways to inhibit bone formation while promoting resorption. Previous reports
have shown that the binding of RANKL to RANK causes recruitment of TNF receptor-associated
factor 6 (TRAF6), which in turn activates NFκB, JNK, and MAPK, which induce nuclear factor of
activated T cells (NFAT)c1, a key transcription factor for osteoclastogenesis [35,36]. Therefore, AOPP
may disturb the balance between bone formation and resorption by upregulating osteoclastogenesis
through these pathways.

Furthermore, it has also been documented that AGE-RAGE interaction induces the generation
of ROS through the NOX pathway, resulting in the apoptosis of osteoblasts/MSC [37] and in the
inhibition of the proliferation and differentiation of osteoblasts/MSC [38]. RAGE overexpression by
lentiviral transfection has been shown to inhibit osteoblast proliferation through the suppression of the
Wnt, phosphoinositide 3-kinase (PI3K), and extracellular signal-related kinase (ERK) pathways [38].
It has also been reported that RAGE plays a critical role in osteoclast maturation and activation [39],
and RAGE expression in osteoclasts is age-dependent [40]. Studies using RAGE knockout mice have
also shown that bone mass and bone biomechanical strength are increased with a decreased number
of osteoclasts compared with wild-type mice [41]. Therefore, based on observations from the current
literature, AOPP may inhibit osteoblastic activity and differentiation through the AOPP-RAGE-ROS
pathway via the activation of NOX, which may be an important mechanism involved in the
development of AAO.

5. Antioxidant Intake and Bone Health: Potential Benefits of Berry Anthocyanins

Because of the potential role of AOPP in aging-associated bone turnover, it is plausible that
increased consumption of dietary antioxidants could reduce the formation of AOPP by inhibiting the
NOX pathway, thereby lowering AAO risk. Two studies that support this hypothesis showed that
murine osteoblastic MC3T3-E1 cells cultured with 2-deoxy-D-ribose (dRib) to induce oxidative damage
could be rescued from dRib toxicity by the addition of the flavonoid antioxidants hesperetin [41]
and myricetin [42], and that these antioxidant treatments markedly reduced AOPP along with other
markers of oxidation. Melatonin is a well-studied antioxidant [43], and has also been shown to protect
against H2O2-induced apoptosis of MSC [44]. The positive effects of dietary antioxidants on BMD and
bone status have also been demonstrated in multiple cross-sectional investigations [45–47]. However,
due to the inherent limitations of cross-sectional studies, this hypothesis should be further investigated
using cohort studies or interventional trials.
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Recently, considerable attention has been directed to the potential favorable effects of berries in
enhancing bone health due to the antioxidant properties of anthocyanins in berries. Several studies
indicate that blackcurrant anthocyanins exhibit a range of health benefits, including antioxidant [48,49]
and anti-inflammatory effects [50,51], which could potentially improve bone remodeling. Several
studies have utilized ovariectomized (OVX) animals to mimic the estrogen deficiency of menopause,
and have found that supplementation with blueberry or blackcurrant attenuated the OVX-induced
bone loss (Table 3) [52–54].

Table 3. Animal studies of the impact of berry antioxidants on ovariectomy-induced bone loss.

Study Population Treatments Duration Outcome

Li
(2014) [52]

Female Sprague
Dawley rats
(total n = 30)

Randomized to sham operation,
OVX control, and OVX
blueberry treatment (10% w/w
freeze-dried blueberry powder)

12 weeks

Blueberry inhibited bone
resorption, bone loss, and
the reduction of bone
strength of OVX rats

Zheng
(2016) [53]

Female C57BL/6J
mice (total n = 54)

Randomized to sham operation
or OVX, then further divided
into control diet or diet
containing 1%
blackcurrant extract

4, 8, or 12
weeks

Blackcurrant attenuated
OVX-induced bone loss as
measured by BMD and
trabecular volume;
blackcurrant reduced bone
resorption activity

Devareddy
(2008) [54]

Female Sprague
Dawley rats
(n = 30)

Randomized to sham operation,
OVX control, and OVX
blueberry treatment
(5% w/w dried
blueberry powder)

100 days

Blueberry prevented
OVX-induced loss of
whole-body BMD; blueberry
treatment group had lower
serum osteocalcin

OVX: ovariectomized; BMD: bone mineral density.

However, evidence of bone-protective effects of berries outside of an estrogen-deficient model is
still limited. In recent in vitro experiments using murine bone marrow macrophages, anthocyanins
from blackcurrant, blackberry, and blueberry suppressed NOX (NOX1 and NOX2) mRNA expression
by over 60% [51]. This reduction consequently downregulated nuclear factor (erythroid-derived 2)-like
2 (Nrf2) mRNA expression, suggesting that the NOX pathway was the major source of ROS production
and that berry anthocyanins effectively inhibited the NOX pathway, thus reducing ROS production
(Figure 1). In cultured RAW 264.7 macrophages, anthocyanins from blackcurrant, blueberry, and
blackberry significantly inhibited lipopolysaccharide-induced inflammation as indicated by lower
mRNA levels of TNFα and interleukin-1β, and lowered nuclear p65 levels, indicating decreased NFκB
activity [51]. TNFα plays a central role in inflammation-mediated bone loss by augmenting osteoblastic
RANKL-induced osteoclastogenesis and directly stimulates osteoclast formation [55,56]. These results
indicate that berry anthocyanins may be an effective dietary agent in preventing aging-associated bone
deterioration directly by inhibiting NOX-mediated AOPP formation and indirectly by reducing bone
resorption through lowering ROS formation.

6. Conclusions

Oxidative stress contributes to the universal phenomenon of bone aging, and is a key factor
in the development of AAO. AOPP is a biomarker of oxidative damage to protein and has been
associated with lower BMD in both humans and animals in some observational studies. While not all
observational studies confirmed the role of AOPP in AAO, the association between AOPP and bone
loss is supported by several mechanistic studies elucidating the signaling pathways by which AOPP
may reduce bone formation and/or increase bone resorption. Relatively little work has specifically
examined how dietary antioxidants may impede bone aging through the reduction of AOPP. Studies
that have addressed this hypothesis indicate that antioxidant consumption may be an effective method
of inhibiting AOPP formation and lowering ROS formation in bone. Importantly, these findings are
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largely based on in vitro studies and should be expanded in future research examining how long-term
consumption of dietary antioxidants reduces AOPP formation and mitigates aging-associated bone
loss in older adulthood. This type of research may serve as a basis for future human clinical studies,
which may ultimately lead to the development of dietary recommendations and strategies for the
prevention of AAO.
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