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New Insights into Nutrients for Bone Health and Disease

Qian Zhang 1,2

1 Department of Nutrition and Health, China Agricultural University, Beijing 100193, China;
qianzhang@cau.edu.cn

2 Food Laboratory of Zhongyuan, Luohe 462300, China

Bone health includes the health of bone minerals, mass, geometry, and microstructure.
Keeping bone healthy protects from osteoporosis, fragile bones, and bone fractures with
aging. In addition to age, other factors that affect bone health are sex, ethnicity, family
history, hormone, physical activity, muscle strength, and nutrition [1]. Although bone loss
happens more in middle-aged and older women, it can affect young people too. Nutritional
disorders and defective dietary components can influence bone health in multiple ways. For
example, micronutrients and macronutrients can benefit and hurt bone health depending
on exposure, and dietary alcohol is a risk factor for osteoporosis. Although there has
been progress in nutritional targets in bone health, many conclusions remain controversial
or undiscovered. This Special Issue is focused on uncovering the underlying molecular
mechanisms of all kinds of nutritional factors to bone health in patients or animal models.
The published paper studied various interesting aspects of nutrition, such as calcium (Ca),
vitamin D, vitamin K, and polyphenols, and explored their effect in samples with diversity.

Calcium is the most studied and most crucial nutrition factor in bone homeostasis.
According to Mayoclinic [2], the recommended calcium intake for adult men under 70 and
adult women under 50 is 1000 mg per day and 1200 mg for older persons. Bone is the biggest
organ in the human body containing about 60–70% inorganic mineral, which is mainly
composed of hydroxyapatite Ca10(PO4)6(OH)2, and 30–40% organic constituents, which is
primarily composed of type I collagen [3]. Therefore, calcium is the most abundant mineral
element in bone. Hormones such as parathyroid hormone (PTH), fibroblast growth factor
23 (FGF23), calcitonin, sclerostin, and osteocalcin help to maintain the dynamic balance
of calcium between bone and serum. Some studies do not support the positive effect
of adequate on bone health in aged people, perhaps because of the decreased osteoblast
number, weak absorption, or other reasons [4]. Much work needs to be conducted to clarify
the calcium intake range with the people’s age, gender, and lifestyle.

It is well known that vitamin D deficiency is a risk factor for osteoporosis. Vitamin D
canbe synthesized by the skin after sunshine exposure, and also absorbed via the intestine.
Vitamin D is metabolized in the liver to 25[OH]D and then transported to the kidney to
develop into its active form, 1,25(OH)2D3 [calcitriol], which helps with calcium absorption
by enhancing the intestinal transcellular calcium transport process [5]. 1,25(OH)2D3 induces
the biosynthesis of the epithelial calcium channel, transient receptor potential vanilloid
type 6, and the calcium-binding protein calbindin-D9k [6]. Although it is well recognized
that vitamin D helps build bones, the amounts still need investigation. In 2019, a clinical
trial published in JAMA found that compared with moderate vitamin D intake, 10 or more
times higher vitamin D intake did not result in more bone mineral density or bone strength
in healthy adults. The toxicity or harm of the higher dose of vitamin D needs further
research [7]. Vitamin K is a cofactor for the gamma-carboxylation of osteocalcin, which
attract calcium to promote mineralization and bone formation [8].

Some studies have shown that a particular fruit and vegetable intake volume low-
ers the risk of bone fracture [9], which might be partially because of their polyphenols.
Due to the antioxidative effect, polyphenols protect the oxidative damage caused by the
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accumulated reactive oxygen species (ROS) in bone marrow, thereby decreasing the risk
of osteoporosis. In addition, polyphenols also downregulate inflammatory cytokine, in-
cluding the osteoclast differentiation factors like RANKL and TNFa, resulting in reduced
osteoclast activities and less bone absorption [10]. Polyphenols were divided into four
groups: flavonoids, phenolic acids, polyphenolic amides, and others. Each group contains
numerous polyphenols and many new polyphenols associated with bone health need to
be discovered.

In this Special Issue, research articles highlight novel findings to contribute insight
into the dietary nutrients affecting bone health at the molecular and biomedical levels,
advancing knowledge in scientific studies and clinical practice.
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Abstract: Women’s elite sports have experienced an exponential increase in the last decade, as has
beach handball (BH). The high demands of this sport mean that athletes need to be in superior
physical condition, so nutrition and body composition are determining factors in their sporting
performance. For this reason, the aim of this study was to analyze, compare and correlate the
most relevant variables of food intake (quantitative), body composition (focus on the bone mass
characteristics) and sprint performance in female professional BH players. Thirty-three women
from the National Spanish Team participated in this study. Dietary assessment, anthropometric
measurements and sprint tests were performed. In general, the players had a low carbohydrate intake
and adequate protein intake, with no significant differences depending on the category and playing
position. For senior players, positive correlations were found between protein intake and bone mass
(r = 0.584, p = 0.022), polyunsaturated fatty acid intake and muscle mass (r = 0.387, p = 0.026) and
finally between fat mass and animal protein intake (r = 0.569, p = 0.027). Body composition was
similar in both categories; however, goalkeepers had the highest fat (22.6 ± 3.86%, 16.2 ± 4.84 kg)
component (vs. wings: 17.4 ± 3.53%, p = 0.031/vs. specialists: 11.1 ± 1.91 kg, p = 0.034), and
senior players had higher muscle mass (kilograms). It is worth noting the finding that players
with a greater trochanter height had significantly lower sprint times (p = 0.014 and p = 0.048 for
5 and 10 m, respectively). Certain bone characteristics, such as iliospinale height, biacromial and
bimalleolar diameters, mesosternal perimeter and biceps skinfold, differ depending on the position.
In addition, the greater speed of the senior players may be due to the greater specialization, number
of training sessions performed and specific bone characteristics, such as trochanter height. In this
regard, the data provided in this study will assist with establishing criteria for the selection of talent
for this sporting discipline.

Keywords: body composition; team sports; bone; somatotype

1. Introduction

Beach handball is characterized by motor characteristics such as accelerations, sprints
or jumps, as well as rapid changes of direction and a high number of physical collisions [1,2].

Nutrients 2023, 15, 138. https://doi.org/10.3390/nu15010138 https://www.mdpi.com/journal/nutrients3
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The nutritional requirements of beach handball players, as seen in other team sports [3], will
be variable throughout the season, affecting the intake of macronutrients, micronutrients
and total energy. Currently, carbohydrate recommendations are between 5 and 12 g/kg
body weight for moderate- to high-intensity exercise (duration of 1–4 h) [4], decreasing
to 3–5 g/kg body weight for low-intensity exercise of up to one hour in duration [4]. Re-
garding proteins, with the objective of helping with muscle protein synthesis and recovery,
recommendations of 1.2–2 g/kg body weight are established. As for micronutrients, female
athletes have higher requirements, highlighting the importance of B vitamins [5], iron,
calcium and vitamin D in athletes with a low caloric intake. The estimation of energy
requirements in female beach handball players is a considerable challenge, as require-
ments may increase or decrease depending on age, general level of daily activity, training
conditions and body composition [6].

In this sense, in the field of sport, the assessment of body composition is fundamental
because it is one of the factors that can determine athletic potential and the probability of
success in a particular sport, in combination with technical/tactical, physical, functional
and psychosocial factors [7,8]. Body composition involves the analysis of the human body
based on the fragmentation of total body mass. For beach handball, body fat should be
monitored, as adequate fat levels allow players to move more efficiently during training and
matches. Lean mass—in particular, muscle mass—should also be controlled, as inadequate
training loads (excessive or insufficient) can lead to changes in physique which could affect
performance factors such as speed, strength, power and injury risk [9,10].

In terms of bone mass, an article was recently published in which reference was made
to the bone quality of these players [11]. It was observed that, after assessment of bone
quality using a heel ultrasound densitometer, the broadband ultrasound attenuation (BUA)
and speed of sound (SOS) values of female beach handball players were higher than those of
both long- and short-distance runners [12–14], gymnasts [13] and powerlifters [15]. It seems,
therefore, that the practice of this sport in the sand, as well as the repeated impacts after
jumps, turns and sprints, favors the development and bone quality of the growing skeleton.

Bone is a highly dynamic tissue that adapts to changes in systemic signals, includ-
ing hormones, as well as to mechanical stresses induced by physical activity [16]. Fatty
acid intake is associated with increased bone mineral density, even reducing the risk of
fracture [17]. In the case of female athletes, in order to maintain bone health, there are situa-
tions that may be relevant; including low energy availability, low carbohydrate availability,
protein intake, vitamin D and dermal losses of calcium and sodium [18].

This highlights the critical role that properly planned and personalized nutrition plays
in the bone health of female athletes and the necessity of a nutritional assessment of each
athlete. This permits the determination of whether the required amounts of key nutrients
are being consumed to support both bone health and optimal athletic performance. In
fact, some morphological factors related to bone mass, such as leg length, have been
found to regulate stride length, thus contributing to sprint performance [19]. Although
previous studies described the anthropometric profile of beach handball [11,20,21] and
handball players [22–27], none provided a complete and detailed description of all the bone
diameters, lengths and body heights that are included in the complete ISAK (International
Society for Advancement in Kinanthropometry) profile [28]. This is of particular interest to
respond to different performance results, detect sporting talent and establish the athletic
characteristics of athletes.

The main objective of this study was to describe and compare the dietary intake,
anthropometrics, body composition, somatotypes and proportionality profiles of female
professional beach handball players, according to age category (junior vs. senior) and
playing position. Additional objectives were to correlate the different anthropometric
variables with the results of the 5, 10 and 15 m sprints and provide data that can be useful
in detecting sports talent.

The hypothesis proposed is that senior players consume higher-quality diets since
they are more aware of the importance of nutrition due to the length of time they have been
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practicing sports. It is also expected that protein consumption will be related to muscle mass,
and high consumption of saturated fats to fat mass. In terms of body composition, senior
female players will present a larger muscular compartment. Considering playing position,
it is expected that goalkeepers will have the highest fat compartment. Speed results are
expected to correlate with anthropometric characteristics rather than age category.

2. Materials and Methods

2.1. Study Design

A descriptive cross-sectional study was carried out to determine the body composition
(fat mass, muscle mass, bone mass and residual mass, somatotype, body height and length,
proportionality and speed) of female professional beach handball players. Due to their
trajectory on the field, the players of the present research represent the world elite. The
Declaration of Helsinki guidelines (revised in Fortaleza, Brazil, in October 2013) and the
recommendations of Good Clinical Practice (Document 111/3976/88 of July 1990) were
considered in carrying out the research. The ethics committee of the University of Alicante
(Spain) (UA-2019-04-09) approved the study protocol.

2.2. Participants

A total of 33 players on the Spanish Beach Handball National Team participated in
the research: 18 juniors and 15 seniors. These two national teams were champions and
runners-up of the last IHF Women’s U18 Beach Handball World Championship (second
edition) and the IHF Women’s Beach Handball World Championship (ninth edition) held in
Greece in 2022; thus, they could be considered world top players. Considering the playing
position, the sample was divided into 6 goalkeepers, 10 wings, 8 specialists, 6 pivots and
3 defenders. The exclusion criteria for this study included chronic disease, any injury
that prevented the players from performing the established tests or not having completed
the informed consent form. The players did not receive any economic compensation
for their participation in the study. In the case of underage players, the parents or legal
representatives were the ones who signed the consent form. The anonymity of the players
was preserved throughout the research.

2.3. Data Collection
2.3.1. Dietary Records

For quantitative determination of players’ diets, they were asked to make a dietary
record of four consecutive days (three during the week and one on the weekend) in the
week prior to the intervention. The method of food weighing was chosen, since it is the
method that offers the most information on quantity and frequency, and the record was
accompanied by pictures of their meals. The players weighed what they ate and recorded
all the foods they consumed during the established period, as well as the ingredients of
the recipes or dishes consumed. They also had to indicate whether the food was raw or
cooked [29–31]. The use of weighed food diaries has been suggested as the gold standard
for assessing dietary intake in athletes [5].

2.3.2. Anthropometric Measures

For the anthropometric evaluation, the guidelines established by the International So-
ciety for the Advancement of Kinanthropometry (ISAK) were followed [32]. Measurements
were performed by an ISAK-accredited level 2 anthropometrist, considering within-subject
technical measurement error (5% for skinfolds and 1% for circumferences, lengths and
heights). All measurements were performed in the same location and under the same
conditions (room temperature, 22 ± 1 ◦C). The 42 measurements included in the complete
profile were obtained. Body mass or weight (kg) was measured by using a calibrated
scale, Tanita, BC545N (Tokyo, Japan), with an accuracy of 100 g. For height (cm), a mobile
anthropometer, Seca 213 (SECA Deutschland, Hamburg, Germany), with a precision of
1 mm, was used, keeping the heads of the female players in the Frankfort plane position.
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The 40 × 50 × 30 cm anthropometric bench was also used to measure sitting height. The
distance between the points of the middle finger of the right and left hand was expressed
in centimeters, and the wingspan was measured with an anthropometer that was placed
on the wall and parallel to the floor.

The circumferences (head, arm (relaxed), arm (flexed and tensed), forearm (maximum),
wrist (distal styloids), chest (mesosternal), waist, hip, thigh (1 cm gluteal), mid-thigh and
calf) were measured with an inextensible metal tape measure. A Harpenden skinfold
calliper (England; accuracy, 1 mm) was used for collection of the eight skinfolds (sub-
scapular, tricipital, bicipital, iliac crest, supraspinal, abdominal, anterior thigh and medial
leg). For small diameters (humerus, femur, wrist (bistyloid) and bimalleolar), a 22 cm
pachymeter was used, and for large diameters (biacromial, bi-ilocristal, transverse chest
and anterior–posterior chest depth), lengths and heights (acromiale–radiale, radiale–stylion,
midstylion–dactylion, iliospinale height, trochanterion height, trochanterion–tibiale laterale,
tibiale-lateral height, tibiale laterale–sphyrion tibiale and foot length), a 60 cm anthropometer
and a Holtain segmometer (Holtain, Crymych, UK) were required. All the anthropometric
instruments and equipment used were homologated and previously calibrated.

Different formulas were used to calculate body composition: the Rocha [33] equation
for bone mass and the Lee et al. (2000) [34] equation for muscle mass. Fat mass was
calculated by using the Carter [35], Faulkner [36] and Withers + Siri formulas [37]. All
variables were calculated in both percentages and kilograms. Residual mass was calculated
from the difference between the total body weight and the sum of the bone, muscle
and fat masses.

2.3.3. Somatotype and Proportionality

The mean somatotype of each group of players (junior and senior) and of each playing
position was calculated by following the method of Heath and Carter (1967) and classified
according to the somatotype categories of Carter and Heath (1990). The phantom stratum
was used for proportionality analysis [33].

Each variable was adjusted for phantom size, using the z-score. The z-values have a
mean of 0, so a z-value of 0.0 indicates that the given variable is proportionally equal to the
phantom; a z-value greater than 0.0 means that the subject is proportionally larger than the
phantom for that variable; and, conversely, a z-value less than 0 shows that the subject is
proportionally smaller than the phantom for the variable [33].

2.3.4. Sprints

The players performed sprints of 5, 10 and 15 m, starting from a ready position behind
the starting line [38]. The sprint time was recorded by using two photocells (Witty Gate,
Microgate, Mahopac, NY, USA) located at the starting line and at 5, 10 and 15 m, depending
on the test to be recorded. All tests were performed on a sand surface, and the players
were barefoot. The assessment started 15 min after the specific warm-up, based on Sánchez-
Malia et al. [39]. The subjects first performed articular mobility exercises, and then they
ran two 10 m races on a beach handball court, with the court measurements and sand
characteristics according to the regulations of the International Federation. A standardized
10 min warm-up protocol was performed, consisting of different types of movement and
five 10 m accelerations at a progressive intensity, with the last one at maximum speed. The
rest period between warm-up repetitions was 1 min.

2.4. Statistical Analyses

Jamovi statistical software (version 1.6.15, The JAMOVI Project, Sydney, Australia) was
used for data analysis. Descriptive calculations were performed for all variables included
(mean and standard deviation), both overall and by age category and playing position.
The Shapiro–Wilk test was used to test the normality of the distribution of descriptive
variables. To evaluate the homogeneity of the data, the Levene test was used. To test
for differences in basic measurements, body composition, somatotype, proportionality,
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anthropometric characteristics and sprints, both by category and by playing position, an
analysis of variance (ANOVA), with a Bonferroni correction and a Tukey test, was applied.
Statistical significance was set at p < 0.05. In addition, the effect size was calculated by
using partial eta-squared (η2p), considering <0.25, 0.26–0.63 and >0.63 as small, medium
and large effect sizes, respectively [40]. Partial omega squared (ω2) was also calculated
in the case of the analyses by playing position, since the sample size of each group was
smaller [41] (0.01–0.05, small effect; 0.06–0.13, moderate effect; and >0.14, large effect). An
Excel template was used to obtain the z-phantom scores, which were represented as a
graphic. The t-test was used to compare the differences in dietary intake between junior
and senior players. Cohen’s d was used as a measure of the effect size (ES), considering
small (d = 0.2), moderate (d = 0.6), large (d = 1.2), very large (d = 2.0) and extremely
large (d = 4.0). Pearson’s correlation coefficient (r) was used to indicate how closely the
variables were associated with each other. The relationship (or the correlation) between
the variables was denoted by the letter “r” and quantified with a number, which varied
between −1 and +1. A 0 means that there is no correlation, whereas a 1 means a complete
or perfect correlation. The sign of the r shows the direction of the correlation. A negative
r means that the variables are inversely related. The strength of the correlation increased
both from 0 to +1 and from 0 to −1 [38].

3. Results

A total of 33 players (18 juniors and 15 seniors) of the Spanish Beach Handball National
Team participated in the present study. Following quantitative evaluation of the players’
diets, as shown in Table 1, no significant differences were found between junior and senior
players. Therefore, diet was not a confounding factor when analyzing the rest of the
variables studied. However, if the results are compared with the dietary reference intakes
(DRIs) for the Spanish population [42], the female players in the present study had lower
intakes of most micronutrients than they should. When considering macronutrients [43],
it seems that, in general, female players have a low carbohydrate (CH) intake compared
to the recommendations, 5–7 g/kg/day. The same is true for proteins; it is estimated that
sportswomen should consume between 1.6 and 1.8 g/kg/day, and the average coincided
with these values. After the same analysis was performed by playing position, only one
tendency (p = 0.052) was observed for the % CH variable; however, following the post hoc
analyses, no significant differences were observed.

Regarding basic anthropometric measurements, the mean age was 16.7 ± 0.50 for the
junior players and 24.8 ± 4.71 for the senior players. The descriptive data (mean ± standard
deviation) and the ANOVA to test for differences between the basic measurements (wingspan,
height, sitting height, weight and BMI), depending on the category, are shown in Table 2.
There were no significant differences in any of the variables.

If these variables are analyzed according to playing position (goalkeepers, wings,
specialists, pivots, and defenders), significant differences are observed in both wingspan
and height (Table 3). There was a tendency (p = 0.053) for pivots to have a greater variable
wingspan than wings. The same occurred for the height variable; however, in this case, the
difference was significant (p = 0.014).

Tables 4 and 5 show the following body composition variables: sum (∑) of six skinfolds
(mm), ∑ of eight skinfolds (mm), fat mass with the Carter, Faulkner and Withers + Siri
equations, both in percentage and kilograms, muscle mass (Lee et al. 2000 Equation), bone
mass (Rocha’s Equation) and residual mass. Table 4, which shows the total statistics and
those by age category, presents a significant difference (p = 0.013) in the variable kilograms
of muscle mass, with the senior group reporting higher values (24.7 ± 1.83 kg) than the
junior group (22.9 ± 1.96 kg).

Consideration of the playing positions changes the results. As shown in Table 5, there
were significant differences in the variable fat mass (both in % and in kilograms) calculated
with the Faulkner formula (p = 0.018 and p = 0.025, % and kilograms, respectively) and in
the variable kilograms of bone mass (p = 0.049). Following the post hoc analyses, fat mass
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was observed to differ between goalkeepers and wings (p = 0.031) and between goalkeepers
and specialists (p = 0.034), with fat mass being higher in goalkeepers in both cases.

Table 1. Quantitative analysis of the players’ diets.

Junior
(n = 18)

Senior
(n = 15)

t-Test

Mean SD Mean SD p MD ES

Energy (kcal) 1684.85 355.219 1701.39 307.361 0.888 −165.433 −0.0495

Energy (kcal/kg/day) 31.81 6.694 32.11 5.794 0.890 −0.308 −0.0488

Carbohydrates (g/kg/day) 3.33 0.894 3.29 0.797 0.877 0.047 0.0548

Protein (g/kg/day) 1.69 0.358 1.81 0.389 0.346 −0.124 −0.3343

Sodium (mg) 1975.23 703.609 1922.95 700.834 0.833 522.867 0.0744

Cholesterol (mg) 289.03 97.276 362.31 116.765 0.058 −732.733 −0.6879

Carbohydrate (g) 176.24 47.665 173.87 41.358 0.881 23.711 0.0528

Protein (g) 89.12 19.469 95.79 20.898 0.350 −66.767 −0.3317

Lipids (g) 69.45 18.803 68.98 13.875 0.937 0.470 0.0280

Fiber (g) 20.33 8.448 20.18 5.809 0.953 0.153 0.0208

Potassium (mg) 2714.18 913.604 2846.20 668.261 0.645 −1.320.167 −0.1626

Calcium (mg) 595.26 268.639 613.64 222.063 0.834 −183.789 −0.0739

Magnesium (mg) 277.12 104.975 279.42 80.273 0.945 −22.978 −0.0243

Phosphorus (mg) 1120.11 278.005 1221.46 292.407 0.316 −1.013.544 −0.3561

Iron (mg) 13.56 5.164 13.01 4.246 0.744 0.549 0.1150

Selenium (mg) 71.34 26.352 83.03 27.562 0.223 −116.944 −0.4347

Zinc (mg) 8.28 2.363 10.68 4.429 0.056 −23.967 −0.6941

Vitamin B12 (μg) 4.69 2.422 5.65 2.326 0.258 −0.959 −0.4031

Folate (μg) 242.19 82.022 263.42 74.447 0.446 −212.256 −0.2697

Vitamin D (μg) 3.73 6.019 4.35 5.174 0.756 −0.619 −0.1095

Carbohydrates (%) 41.74 7.007 40.77 4.977 0.656 0.971 0.1573

Protein (%) 21.34 3.012 22.49 2.482 0.247 −11.489 −0.4125

Lipids (%) 36.99 6.115 36.60 4.813 0.843 0.389 0.0699

kcal = kilocalories; kg = kilograms; mg = milligrams; g = grams; μg = micrograms; % = percentage; SD = standard
deviation; MD = mean differences; ES = effect size.

Table 2. Descriptive data and differences in basic measures according to category.

Total
(n = 33)

Junior
(n = 18)

Senior
(n = 15)

ANOVA

Mean SD Mean SD Mean SD F p η2p ω2

Wingspan (cm) 171 5.94 170 6.23 172 5.52 1.14 0.295 0.035 0.004

Height (cm) 168 5.15 167 4.90 169 5.31 1.73 0.198 0.053 0.022

Sitting height (cm) 88.2 2.53 88.3 2.76 88.1 2.31 0.07 0.787 0.002 −0.029

Weight (kg) 63.6 7.54 62.4 7.29 64.9 7.87 0.85 0.361 0.027 −0.004

BMI (kg/m2) 22.6 2.47 22.5 2.28 22.8 2.75 0.08 0.767 0.003 −0.028

n = number per group; SD = standard deviation; cm = centimeters; kg = kilograms; m = meters; BMI = body mass
index; η2p = partial eta-squared; ω2 = omega squared.
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Table 3. Descriptive data and differences in basic measures according to playing position.

Goalkeepers
(n = 6)

Wings
(n = 10)

Specialists
(n = 8)

Pivots
(n = 6)

Defenders
(n = 3)

ANOVA

Mean SD Mean SD Mean SD Mean SD Mean SD F p η2p ω2

Wingspan (cm) 174 6.15 168 * 3.41 168 4.92 175 * 5.58 175 7.18 3.93 0.012 0.359 0.262

Height (cm) 169 3.72 164 * 3.58 166 4.89 172 * 3.96 172 6.60 4.46 0.006 0.389 0.295

Sitting height (cm) 88.7 2.57 87.2 2.92 87.6 2.51 89.1 0.971 90.5 2.14 1.55 0.216 0.181 0.062

Weight (kg) 70.8 9.30 60.2 8.07 61.2 4.12 64.4 4.38 64.8 7.12 2.55 0.062 0.267 0.158

BMI (kg/m2) 24.9 3.60 22.2 2.50 22.3 1.45 21.8 1.72 21.8 1.31 1.85 0.148 0.209 0.093

n = number per group; SD = standard deviation; cm = centimeters; kg = kilograms; m = meters; BMI = body mass
index; η2p = partial eta-squared; ω2 = omega squared; * = significant differences p < 0.05.

Table 4. Skinfolds and body composition by age category.

Total
(n = 33)

Junior
(n = 18)

Senior
(n = 15)

ANOVA

Mean SD Mean SD Mean SD F p η2p

∑ 8 Skinfolds (mm) 84.5 25.6 87.5 26.2 80.8 25.3 0.557 0.461 0.018

∑ 6 Skinfolds (mm) 106 30.4 109 31.9 103 29.1 0.346 0.561 0.011

FM Carter (%) 16.7 3.96 17.1 4.05 16.1 3.92 0.557 0.461 0.018

FM Faulkner (%) 18.3 3.64 18.6 3.66 18.0 3.71 0.175 0.679 0.006

FM Faulkner (kg) 11.9 3.75 11.8 3.67 11.9 3.96 0.012 0.911 0.000

FM Withers + Siri (%) 20.4 4.91 21.6 4.70 18.9 4.92 2.540 0.121 0.076

FM Withers + Siri (kg) 13.2 4.70 13.8 4.66 12.6 4.84 0.490 0.489 0.016

MM Lee 2000 (kg) 23.7 2.07 22.9 * 1.96 24.7 * 1.83 6.920 0.013 0.182

MM Lee 2000 (%) 37.6 3.92 36.9 2.72 38.4 4.97 1.280 0.266 0.040

Bone Mass (kg) 9.42 0.796 9.32 0.897 9.55 0.661 0.714 0.404 0.023

Bone Mass (%) 14.9 1.26 15.0 1.19 14.9 1.37 0.096 0.759 0.003

Residual Mass (kg) 17.1 2.37 16.4 1.36 18.0 3.02 4.060 0.053 0.116

Residual Mass (%) 27.0 2.56 26.4 2.09 27.7 2.96 1.960 0.172 0.059

n = number per group; SD = standard deviation; mm = millimeters; kg = kilograms; % = percentage; FM = fat mass;
∑ = summatory; MM = muscle mass; η2p = partial eta-squared; ω2 = omega squared; * = significant differences
p < 0.05.

For bone mass, following post hoc analysis, significant differences were observed be-
tween wings and pivots (p = 0.010) and between specialists and pivots (p = 0.021). The pivots
had the highest bone mass (10.0 ± 0.627 kg), followed by the specialists (9.10 ± 0.653 kg)
and the wings (9.03 ± 0.793 kg).

Following the correlation of these variables with dietary intakes (Table 1), in senior
female players, positive correlations were observed between fat mass and animal-protein
intake, both in % (r = 0.569; p = 0.027 and r = 0.552; p = 0.033 with the Faulkner and Withers
formulas, respectively) and in kilograms (r = 0.590; p = 0.021 and r = 0.577; p = 0.024).
Muscle mass (kg) was also positively correlated with grams of polyunsaturated fatty acids
ingested (r = 0.636; p = 0.011). Bone mass (kg) was positively related with total grams of
protein ingested (r = 0.593; p = 0.020), grams of protein/kg body weight and day (r = 0.584;
p = 0.022) and monounsaturated fatty acids (r = 0.531; p = 0.042). No relevant correlations
were found for junior players.

Regarding somatotype, Figure 1 shows the mean somatotypes of the players by age
category and playing position. There were no significant differences between the values
obtained from junior and senior players in any of the three components: endomorphy
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(3.57 ± 1.12 vs. 3.16 ± 1.14, junior and senior, respectively), mesomorphy (2.48 ± 0.90 vs.
2.78 ± 0.951) and ectomorphy (2.66 ± 1.04 vs. 2.74 ± 1.17).

Table 5. Skinfolds and body composition according to playing position.

Goalkeepers
(n = 6)

Wings
(n = 10)

Specialists
(n = 8)

Pivots
(n = 6)

Defenders
(n = 3)

ANOVA

Mean SD Mean SD Mean SD Mean SD Mean SD F p η2p ω2

∑ 8 Skinfolds (mm) 111 25.1 80.2 29.1 81.0 14.0 78.7 25.4 67.0 7.19 2.50 0.065 0.263 0.154

∑ 6 Skinfolds (mm) 137 28.1 101 34.9 104 18.9 98.3 29.9 86.3 9.26 2.36 0.078 0.252 0.142

FM Carter (%) 20.7 3.88 16.0 4.50 16.1 2.16 15.8 3.93 14.0 1.11 2.50 0.065 0.263 0.154

FM Faulkner (%) 22.6 3.86 17.4 3.53 18.0 2.56 17.3 2.93 15.9 1.51 3.58 0.018 0.338 0.238

FM Faulkner (kg) 16.2 4.84 10.7 3.77 11.1 1.91 11.2 2.34 10.4 2.04 3.27 0.025 0.319 0.216

FM Withers + Siri (%) 24.6 5.87 19.6 5.95 20.1 2.91 19.3 3.81 17.6 1.83 1.59 0.204 0.185 0.067

FM Withers + Siri (kg) 17.8 6.44 12.2 5.42 12.4 2.26 12.5 2.79 11.4 2.11 1.93 0.133 0.216 0.101

MM Lee 2000 (kg) 24.7 2.84 23.3 2.06 22.4 1.09 24.1 1.85 25.6 0.653 2.14 0.102 0.234 0.121

MM Lee 2000 (%) 35.0 2.60 39.3 5.78 36.7 1.24 37.5 2.20 39.8 3.98 1.59 0.206 0.185 0.066

Bone Mass (kg) 9.71 0.806 9.03 0.793 9.10 0.653 10.0 0.627 9.79 0.599 2.72 0.049 0.280 0.173

Bone Mass (%) 13.8 1.29 15.1 1.23 14.9 1.16 15.6 1.06 15.2 1.23 1.91 0.137 0.214 0.099

Residual Mass (kg) 18.6 1.44 15.6 2.53 17.2 1.62 17.7 1.48 17.9 4.51 2.14 0.102 0.234 0.121

Residual Mass (%) 26.6 3.04 25.9 2.86 28.2 1.65 27.6 1.72 27.4 3.81 1.04 0.406 0.129 0.004

n = number per group; SD = standard deviation; mm = millimeters; kg = kilograms; % = percentage; FM = fat
mass; ∑ = summatory; MM = muscle mass; η2p = partial eta-squared; ω2 = omega squared.

Figure 1. Somatotype distribution in elite female beach handball players.

10



Nutrients 2023, 15, 138

Regarding playing position, a significant difference was observed in the endomorphic
component (p = 0.047). However, in the post hoc analysis with a Bonferroni correction,
no significant differences were observed between any group. Following the analysis
of this variable without correction, significant differences were observed between the
position’s goalkeepers and wings (p = 0.014), goalkeepers and pivots (p = 0.013), and
goalkeepers and defenders (p = 0.010), with endomorphy values decreasing in the following
order: goalkeepers (4.55 ± 1.21) > wings (3.17 ± 1.14) > pivots (2.98 ± 0.88) > defenders
(2.56 ± 0.75).

The anthropometric dimensions and proportionality profile (of the 21 measurements
that correspond to the restricted ISAK profile) of all the players and separated by age
category are shown in Figure 2. After the analysis, no significant differences were observed
in any of the variables.

Figure 2. Proportionality with respect to the mannequin of the variables included in the ISAK
restricted profile. SKF = skinfolds; P = perimeters.
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In addition to skinfolds and perimeters, lengths, heights and large bone diameters
were also collected. By age category, significant differences (p = 0.015) were only observed
in the case of tibiale-laterale height, which was greater in senior players (46.3 ± 1.91) than
in juniors (44.4 + 2.38). The descriptive data and differences for each of these variables,
depending on the playing position, are shown in Table 6. Significant differences were
observed in the variables iliospinale height (p = 0.032), biacromial diameter (p = 0.021),
bimalleolar diameter (p = 0.025), mesosternal perimeter (p = 0.035) and hip perimeter
(p = 0.014). Following the post hoc analyses, in the case of the iliospinale height, the
female defenders had higher values than the female wings (p = 0.042). For biacromial and
bimalleolar diameters, mesosternal perimeter and biceps skinfold, no significant differences
were found after the post hoc analysis. Hip circumference was significantly higher in
specialist players than in defenders (p = 0.023), and abdominal fold was significantly higher
in goalkeepers than in wings (p = 0.040) and defenders (p = 0.016).

Table 6. Lengths, heights, diameters, perimeters and skinfolds depending on the playing position.

Goalkeepers
(n = 6)

Wings
(n = 10)

Specialists
(n = 8)

Pivots
(n = 6)

Defenders
(n = 3)

ANOVA

Mean SD Mean SD Mean SD Mean SD Mean SD F df2 p

L Acromiale–Radiale 32.5 1.91 30.9 1.12 31.9 0.975 33.1 1.12 33.1 1.82 3.526 9.18 0.053

L Radiale–Stylion 25.2 1.84 24.1 0.693 24.1 1.03 24.9 1.54 24.8 1.37 0.859 8.80 0.524

L Stylion Medio-Dactylion 19.5 0.632 19.1 0.717 19.0 0.824 19.8 0.771 19.6 0.100 2.113 12.95 0.137

H Iliospinale 95.0 3.08 91.2 1.73 92.0 3.45 98.0 4.05 95.1 4.86 4.380 8.67 0.032

H Trochanterion 90.8 5.08 89.7 4.91 88.0 5.27 92.4 4.76 88.7 2.53 0.733 11.28 0.588

H Trochanterion–Tibiale
Laterale 43.3 1.59 42.3 1.54 42.0 1.79 44.9 2.74 42.7 1.44 1.372 9.89 0.312

H Tibiale Laterale 46.1 1.49 44.1 1.60 44.3 2.22 47.2 2.37 46.0 4.10 2.512 9.12 0.115

L Foot 25.8 0.912 24.9 0.810 25.1 0.811 26.1 1.27 25.9 0.971 1.695 9.47 0.231

L Tibialis Mediale–Sphyrion
Tibiale 39.7 1.64 37.2 1.45 37.1 1.39 39.5 2.61 40.0 2.93 3.275 9.05 0.064

D Biacromial 37.7 1.97 36.1 0.867 36.1 1.59 34.8 4.26 39.5 1.18 5.012 9.08 0.021

D Antero-Posterior Abdomen 20.3 1.96 17.6 1.56 17.4 1.34 17.4 1.57 18.1 2.45 2.175 9.26 0.151

D Bi-Iliocristal 29.1 1.79 26.4 2.07 27.1 1.02 29.4 3.70 27.5 0.819 2.157 10.79 0.143

D Transverse Thoracic 31.8 3.72 28.6 1.05 28.4 0.952 28.4 1.10 29.4 0.961 1.436 9.73 0.294

D Antero-Posterior Thorax 16.9 1.91 15.4 1.62 15.7 1.43 15.4 1.14 15.5 0.737 0.694 11.36 0.611

D Humerus 6.23 0.294 6.11 0.256 6.24 0.200 6.40 0.261 6.30 0.200 1.063 9.97 0.424

D Bistyloid 4.93 0.242 4.91 0.185 4.86 0.226 5.08 0.147 5.03 0.057 1.877 12.75 0.176

D Femur 9.17 0.513 8.76 0.610 8.79 0.181 8.97 0.333 8.73 0.115 1.208 11.75 0.359

D Bimalleolar 6.83 0.339 6.50 0.226 6.66 0.213 6.88 0.240 7.07 0.208 4.518 9.82 0.025

P. Head 56.5 3.57 55.0 2.16 54.9 0.888 54.8 1.07 54.1 1.42 0.479 9.47 0.751

P. Neck 33.0 1.97 31.3 1.91 31.7 1.63 32.2 1.00 32.2 0.462 0.762 12.88 0.568

P. Relaxed Arm 29.3 3.06 27.1 2.29 26.7 1.94 27.3 1.82 27.7 0.153 1.030 12.49 0.430

P. Arm Flex Contra 30.2 2.82 27.9 1.69 27.1 2.10 27.8 2.28 28.8 1.02 1.385 11.00 0.301

P. Forearm 24.5 1.66 23.4 1.31 23.7 0.793 23.7 1.24 24.3 0.987 0.667 9.71 0.630

P. Wrist 14.8 0.625 15.4 3.08 14.4 0.431 14.8 0.210 14.7 0.200 1.510 11.43 0.263

P. Mesoternal 93.5 5.39 86.6 3.61 88.5 4.27 87.0 2.65 90.0 0.751 3.583 13.16 0.035

P. Waist 76.4 6.64 69.1 5.40 70.7 4.36 70.3 1.87 71.5 4.45 1.165 9.47 0.385
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Table 6. Cont.

Goalkeepers
(n = 6)

Wings
(n = 10)

Specialists
(n = 8)

Pivots
(n = 6)

Defenders
(n = 3)

ANOVA

Mean SD Mean SD Mean SD Mean SD Mean SD F df2 p

P. Hip 103 6.11 95.2 6.72 95.0 2.94 97.1 2.90 99.9 1.22 4.821 12.71 0.014

P. Thigh 1 cm 61.0 5.43 55.7 3.40 59.9 15.3 54.9 2.45 57.6 1.66 1.938 11.66 0.170

P. Mid-Thigh 54.4 4.77 49.9 3.77 49.3 2.18 50.3 3.48 51.5 0.551 2.438 13.03 0.099

P. Leg 36.7 2.97 35.7 3.42 33.9 1.86 35.6 2.36 36.1 0.586 2.176 13.08 0.129

P. Ankle 21.7 1.97 21.1 1.06 20.9 1.15 21.3 0.819 21.1 0.603 0.213 10.93 0.925

SKF Triceps 18.3 5.52 13.3 4.84 13.5 1.51 13.0 3.57 10.8 2.39 1.733 9.30 0.224

SKF Subscapular 14.5 4.73 9.43 3.85 10.0 3.54 8.63 1.78 8.33 2.45 1.857 10.14 0.194

SKF Biceps 8.98 3.36 6.44 3.97 6.14 1.80 6.91 1.56 4.58 0.749 3.634 12.62 0.035

SKF Iliac Crest 19.4 5.10 15.1 5.94 17.1 5.20 13.8 5.01 13.1 2.91 1.500 11.16 0.268

SKF Supraspinal 12.3 3.51 7.93 3.72 8.99 2.88 8.08 3.47 6.83 2.25 1.926 10.50 0.179

SKF Abdominal 23.9 5.79 13.9 5.39 15.0 4.80 14.2 6.15 11.8 1.72 4.930 12.53 0.013

SKF Thigh 27.2 3.35 22.6 7.81 21.2 3.78 21.0 8.03 19.0 3.66 3.227 10.24 0.059

SKF Leg 14.5 4.68 13.0 6.45 12.3 2.87 13.8 5.09 10.3 2.25 0.896 10.94 0.499

SD = standard deviation; L = length; H = height; D= diameter; P = circumference; SKF = Skinfold; df2 = degrees of
freedom 2Regarding sprint speed.

Figures 3 and 4 show the results by age category and playing position, respectively.
As can be seen in the figure, there were significant differences for the 5 m (p = 0.018),
10 m (0 = 0.020) and 15 m (p = 0.022) sprint, with the senior players being faster than the
juniors in all cases. No significant differences were observed according to playing position
(Figure 4). The results of a Pearson p-correlation analysis between the sprints and the
different anthropometric variables showed significant positive correlations between the
different tests of sprints and weight (r = 0.521; p = 0.002 and r = 0.576; p < 0.001 for 10 m and
15 m, respectively), transverse chest diameter (r = 0.390; p = 0.025 and r = 0.442; p = 0.010),
neck perimeter (r = 0.390; p = 0.025 and (r = 0.420; p = 0.015), relaxed arm perimeter
(r = 0.402; p = 0.020 and r = 0.427; p = 0.013), mesosternal perimeter (r = 0.452 and 0.455;
p = 0.008 in both cases), waist (r = 0.445; p = 0.010 and r = 0.487; p = 0.004), hip (r = 0.586
and r = 0.582; p < 0.001 in both cases) and thigh (r = 0.463; p = 0.007 and r = 0.452; p = 0.008).

The same occurred for the antero-posterior chest diameter (r = 0.426; p = 0.013, r = 0.510;
p = 0.002 and r = 0.473; p = 0.005 for 5, 10 and 15 m, respectively), ∑ of six and eight
skinfolds (mm), and % of fat mass (kg), with all the formulas used, in the case of 5 m
p < 0.005 and for 10 and 15 m p < 0.001. It should be noted that there were also negative
correlations between 5 m and 10 m sprints with trochanterion height (r = −0.423; p = 0.014
and r = −0.347; p = 0.048, respectively); therefore, those female players with a greater
trochanterion height were faster. A similar pattern occurred with respect to % muscle mass
and % bone mass. Significant negative correlations were observed with the 5 m sprint
(r = −0.403 and r = −0.428 for muscle mass and bone mass, respectively; p = 0.013 in both
cases), 10 m (r = –0.555; p < 0.001 and r = –0.529; p = 0.002) and 15 m (r = −0.586; p < 0.001
and r = −0.537; p = 0.001); therefore, the players with more muscle mass and more bone
mass had faster results in the speed tests.
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Figure 3. Sprint speed according to age category (junior vs. senior). * = significant differences p < 0.05.

Figure 4. Sprint speed depending on playing position.

4. Discussion

The objectives of this research were to describe and compare the dietary, anthropometric,
body composition, somatotype and proportionality profiles of professional female beach
handball players according to age category (junior and senior) and playing position. Different
anthropometric variables were also correlated with speed results (5, 10 and 15 m sprints).

Previous research has evaluated anthropometric characteristics, somatotype and body
composition in beach handball players [9]; however, this study is the first to analyze the
dietary intake of female players and to show the complete anthropometric profile of beach
handball players as a function of playing position. These data were necessary, as this
information could be of great help, together with fitness measurements, to determine
physical preparation for competition and to monitor the effects of training and dietary
interventions on body composition status and vice versa. However, in reference to the
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junior category, the players may be at different stages of development, and this should be
taken into account to facilitate an effective transition of performance between the different
categories (junior to senior) on the pathway to talent [44]. However, our analysis of the
results indicated that the differences between categories (junior through senior) are not so
great; therefore, these junior players may be close to the level of development of an elite
senior female player.

One of the main findings following the quantitative dietary assessment was that
carbohydrate intake was below the recommendations for players performing moderate
training of approximately one hour per day (5–7 g/kg body weight) [4]: 3.33 ± 0.89 g/kg
body weight in the case of juniors and 3.29 ± 0.797 in seniors.

However, protein intake was indeed in line with current recommendations (1.2–2 g/kg
body weight) [4], being 1.69 ± 0.36 and 1.69 ± 0.36 in juniors and seniors, respectively.
Mean energy intake was 1684.85 ± 355.21 in juniors and 1701.39 ± 307.36 in seniors,
lower than the 1870.46 ± 576.24 previously estimated in female soccer players [45] and
2073.13 and 2512.19 kilocalories observed in other team sports (soccer, tennis, basketball,
football, golf, lacrosse, baseball and hockey) [46,47].

Considering that the mean intake of calcium and iron is 1000 mg/day and 18 mg/day,
respectively, in both cases, the intake was lower: 595.26 ± 268.64 and 13.56 ± 5.16 mg/day
in juniors and 613.64 ± 222.06 and 13.01 ± 4.24 mg/day in seniors, respectively. The vita-
min D intake of the female players was 3.73 ± 6.02 and 4.35 ± 5.17 μg in juniors and seniors,
complying with the current recommendations for vitamin D intake in female athletes, i.e.,
5 μg [43]. The sodium intake of the players in the present investigation was slightly higher
than the recommendations [43]. Considering the climatic conditions in which handball
training sessions are held, this was to be expected, since 90% of the players reported
consuming sports drinks before, during and after training. There is no concrete recom-
mendation for sodium intake in female athletes, as there is some degree of interindividual
variability, depending on sweat rates and individual sweat sodium concentrations [48].

In addition, in female athletes, menstruation, together with high-intensity training,
can affect the status of other micronutrients, such as zinc and vitamin B12 [3]. The intakes
of the players in the present investigation complied with both zinc (8 mg/day) and vitamin
B12 (2 μg/day) recommendations, being 8.28 ± 2.36 and 4.69 ± 2.42 μg, respectively, in
juniors and 10.68 ± 4.43 mg and 5.65 ± 2.33 μg, respectively, in seniors.

As for basic anthropometric measurements, the elite junior handball players showed
a mean height of 167 ± 4.90 cm and a mean weight of 62.4 ± 7.29 kg, while in the senior
players, these were 169 ± 5.31 cm and 64.9 ± 7.87 kg. As observed in male players [49],
it seems that these differences are caused by the different age groups of players being in
different stages of the maturation process. If these results are compared to those of the
32 senior players (25.3 ± 4.8 years) who were competing in the 2017 European Champi-
onship [1], both weight and height are slightly lower; 168 ± 3.86 cm and 60.78 ± 3.87 kg. In
a study by Pueo et al. [9], both height 169.1 ± 5.1 and weight 62.9 ± 5.3 were more similar
in the case of female players (24.1 ± 4.7 years).

Regarding these variables by playing position, an adequate comparison cannot be
performed, since in the previous literature, players were grouped according to three play-
ing positions [9]: goalkeepers (mesomorphic endomorph), wing-specialists (mesomorph-
endomorph) and pivot-defenders (balanced ectomorph), with the latter two being cate-
gorized as the same position, despite their differences in specific training characteristics.
However, similarly, the players in the present study had a balanced endomorphic anthro-
pometric profile.

With the results obtained by playing position, it is possible to confirm the conclusion
reached in a previous systematic review in female indoor handball players [10] that the
weight and height values of wings are lower than those of other positions (Table 2). It seems
that the reason for this finding is that wings need faster and lighter bodies, as they must be
able to make rapid changes in speed and direction to cover as much of the field as possible.
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In the body-composition variables, significant differences (p = 0.013) were only observed
in the variable muscle mass (kg), which was greater in the senior group (24.7 ± 1.83 kg) with
respect to the junior group (22.9 ± 1.96 kg). However, after dividing the sample by playing
position, significant differences were observed in fat mass calculated with the Faulkner
formula, both in percentage (p = 0.018) and in kilograms (p = 0.025). Goalkeepers had
significantly higher % fat mass (22.6 ± 3.86%) than wings (17.4 ± 3.53%) and greater fat
mass (16.2 ± 4.84 kg) than specialists (11.1 ± 1.91 kg). This could be due to the goalkeepers’
own role in the team, as they move less than the other players and therefore have a lower
energy expenditure. Differences were also observed in bone mass (p = 0.049); however,
following the post hoc analysis with a Bonferroni correction, no significant differences were
observed between positions.

When the results of the present research were compared with those previously men-
tioned, it was affirmed that the players in the present research showed slightly higher
fat mass, 18.9 ± 4.92%, compared to 15.4 ± 3.7% [9], calculated in both cases with the
Withers + Siri formula. Following a correlation analysis of body composition variables
with dietary intake, for senior female players, the consumption of animal protein was
positively correlated with fat mass. The current evidence suggests that higher intakes of
animal protein, i.e., in the quantities recommended for athletes, are unlikely to be adverse
to bone health, assuming that the amount of calcium ingested is adequate [50]. However, it
seems to have a negative effect on the accumulation of the fat-mass component, probably
because the quality of the products chosen is inadequate, resulting in an increase in the
intake of saturated fats [51]. In addition, correlations were found between bone mass (kg)
and protein intake. This confirms previous findings [50], which suggested that protein may
have an indirect effect on bone not only through its support of muscle mass and function
but also through increasing circulating levels of insulin-like growth factor-1 (IGF-1), which
has an anabolic effect on bone.

When compared with those of female indoor handball players [10], the sum of six
skinfolds (tricipital + subscapular + supraspinal + abdominal + thigh + leg) was slightly
higher in female indoor players (93.81 mm vs. 84.5 mm). However, muscle mass was also
greater in the case of the players on the national handball team [45], being 26.2 ± 2.6 kg,
compared with 23.7 ± 2.07 kg in the players of the present investigation.

The female beach handball players in the present investigation showed a balanced en-
domorphic somatotype (endomorphy was dominant, while mesomorphy and ectomorphy
were similar, not differing by more than 0.5), in both junior (3.6–2.5–2.7; endomorphy–mes-
omorphy–ectomorphy, respectively) and senior (3.2–2.8–2.7) players. These results do not
coincide with those obtained by Pueo et al. [9], where the players presented an average
mesomorphic–endomorphic somatotype (3.5–3.3–2.6). Although the endomorphy and
ectomorphy components coincided, the mesomorphy of the players in the present study
was slightly lower. However, the results are more similar to the results for indoor handball
players (3.1–2.5–2.6) in a study by Marijana Cavala et al. [52]. This makes sense, since many
of the players who play beach handball in the summer season are also indoor handball
players during the winter.

Nevertheless, this is not always the situation, as Ferragut et al. [45] observed, after
analyzing the players of the Spanish national handball team, that the top elite women
(26.4 ± 4.5 years) presented a slightly higher mesomorphic component than those reported
previously (3.8–4.2–2.3). Regarding the playing position, although in the present research
post hoc analyses with a Bonferroni correction did not show significant differences, the
endomorphic component was higher in goalkeepers with respect to the rest of the positions:
4.55 ± 1.21 (goalkeepers), 3.17 ± 1.14 (wings), 3.40 ± 0.87 (specialists), 2.98 ± 0.88 (pivots)
and 2.56 ± 0.75 (defenders).

Regarding proportionality, the profiles of both groups (junior vs. senior) were similar,
with no significant differences in any of the variables. Because this is the first research
showing a proportionality analysis in female beach handball players, it is not possible
to compare our results with those of previous studies. The same is true for the variables
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large bone diameter, length and height. It is important to highlight the negative correlation
between trochanterion height (vertical distance from the trochanterion mark to the ground)
and the results of the 5 and 10 m sprints; a greater leg length was related to greater running
speed. The same was true for muscle mass and bone mass; players with more muscle and
bone mass were the fastest.

If these sprint results are compared with those of handball players from previous
research [53], the players in the present study are faster (1.11 ± 0.07 and 2.01 ± 0.11 vs.
1.25 ± 0.06 and 2.19 ± 0.05 for 5 and 10 m, respectively). The same occurs in a comparison
with beach handball players [54]; 1.17 ± 0.06 and 2.04 ± 0.08 s, for 5 and 10 m, respectively.

As in all research, reference should be made to the strengths and limitations presented.
This is the first study to show the results of lengths, heights and proportionality of female
beach handball players, contributing a complete data set to the literature. This provides
useful data for recruiting and selecting players with an optimal anthropometric profile to
improve performance and, consequently, team results. However, it is important to empha-
size that, when comparing the results by playing position, caution should be exercised,
since the groups did not have the same number of participants. It would be of great interest,
in addition to obtaining the complete anthropometric profile, to use the gold-standard
instrument DXA for the measurement of body composition. Although a quantitative
analysis of the players’ intake was carried out, it would be necessary to carry out a qual-
itative analysis over a longer period, at least 7 days. In addition, the size of the sample
and subsamples must be considered, so these data should be interpreted with caution.
However, it should be recalled that beach handball is not considered a mass sport, despite
its exponential growth in the last decade, especially in the women’s category, as is the case
in other sports. However, in order to conduct this study, we had the opportunity to analyze
the players of the Spanish Beach Handball National Team, i.e., world-class players, since in
the last IHF Women’s Beach Handball World Championship—ninth edition—and in the
IHF Women’s Youth Beach Handball World Championship (U18)—second edition—held
in Greece in 2022, Spain won the silver medal and the gold medal, respectively. Therefore,
the authors understand that the sample has a very exclusive value due to the difficulty
accessing this type of population. Along these lines and for future research, players of
different nationalities and a larger sample should be considered. Finally, it should be noted
that this is a cross-sectional study, so it is not possible to establish causal relationships.

Practical Implications

The present results can be used by coaches and fitness trainers in the creation of a
high-performance plan for beach handball, as well as in the design of a talent discovery
program. In this way, training can be specifically oriented to each type of female player, a
fundamental aspect of elite performance.

5. Conclusions

Anthropometric characteristics, body composition and somatotype are important in
team sports, including beach handball. In this study, the results are presented according
to age category (junior vs. senior) and the six playing positions (goalkeepers, wingers,
specialists, pivots and defenders). The intake of protein and some micronutrients, such
as sodium, vitamin D, zinc and vitamin B12, were adequate in beach handball players.
However, the intake of carbohydrates, calcium and iron did not meet the recommendations.
In the basic measures, there were no significant differences between junior vs. senior
players; however, there were significant differences in terms of playing position for the
height variable, which was significantly higher in pivots than in wings. Body composition
was similar in both groups; however, it should be noted that female goalkeepers had the
highest fat component. Regarding somatotype, in both categories, the somatotype was
balanced endomorph. An important finding of this research was the correlation between
trochanter height and faster results for sprint speed. These data enrich the literature
published so far, offering a reference for female beach handball players.
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Abstract: Vitamin D status is essential for preventing bone disease. Young Korean women have
the highest vitamin D deficiency prevalence compared with other demographic groups. This
study aimed to establish the optimal vitamin D intake level for maintaining an adequate serum
25-hydroxyvitamin D (25[OH]D) level by season in young Korean women (mean age: 23.1 years).
Each participant (wintertime, n = 101; summertime, n = 117) completed a lifestyle survey, dietary
record, bone mineral density, and biochemical tests. Seasonal factors impacting 25(OH)D were iden-
tified, vitamin D intake for sufficient 25(OH)D levels was calculated, and the relationship between
25(OH)D and intact parathyroid hormone (iPTH) was analyzed. During summertime, 25(OH)D levels
were higher than in wintertime (17.9 vs. 15.0 ng/mL). A 1 μg/1000 kcal increase in vitamin D intake
increased 25(OH)D levels by 0.170 ng/mL in wintertime and 0.149 ng/mL in summertime. iPTH
levels reached a theoretical plateau corresponding to an 18.4 ng/mL 25(OH)D level. The vitamin D
intake threshold for maintaining 25(OH)D levels at ≥20 and ≥18.4 ng/mL was ≥10.97 μg/day. For a
sufficient level of 25(OH)D in young Korean women, increasing summertime UV irradiation time and
increasing vitamin D supplements and vitamin D-containing foods throughout the year is beneficial.

Keywords: vitamin D; bone disease; young Korean women

1. Introduction

Serum 25-hydroxyvitamin D (25[OH]D) levels are known to reduce the incidence
of osteoporosis [1,2]. Osteoporosis is a major cause of poor quality of life in old age and
fracture morbidity and mortality rates are very high [3]. Adequate dietary intake of calcium
and vitamin D reduces the risk of fractures in older age [4] and high serum 25(OH)D levels
decrease the risk of hip fractures [1]; thus, vitamin D supplementation has been reported
to reduce the risk of falls [5]. As such, the nutritional status of vitamin D is important for
prevention of bone diseases. However, vitamin D status among individuals is known to be
poor worldwide [6], and the nutritional status of vitamin D among Koreans is critical [7].

Bone mineral density (BMD) increases during growth, particularly from puberty until
the age of 25–35 years, when growth is complete [8]. At this time, peak bone mass is
reached and subsequently, aging begins and bone mass is lost [9]. The degree of maximum
bone mass and the rate of bone loss are affected by the interaction of genetic, hormonal,
environmental, and nutritional factors [10]. In particular, the incidence of fractures and
osteoporosis is very high in older women as their bone density decreases rapidly after
menopause [11]. As women with higher peak bone mass may have a lower risk of fractures
or osteoporosis after menopause [8], bone health in young women is important in relation
to quality of life in old age.

Vitamin D also plays a critical role in women’s lives during pregnancy. Several studies
have shown that vitamin D deficiency is a risk factor for pregnancy- and lactation-related
osteoporosis, which can lead to increased musculoskeletal pain, decreased muscle strength,
and often severe hip or back pain during pregnancy, which can lead to a decreased quality of
life [12,13]. Furthermore, adequate vitamin D nutritional status during pregnancy improves
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gestational anemia and is an indicator of fetal nutrition [14]. Consequently, the vitamin D
nutritional status of women in their twenties, who are preparing for pregnancy, is crucial.

On the other hand, when the vitamin D level in the blood is insufficient, calcium
absorption is reduced. Decreased calcium levels induce parathyroid hormone (PTH)
secretion to increase active vitamin D production, thereby increasing calcium absorption.
As a result, it promotes bone turnover and causes bone loss. This phenomenon is called
secondary hyperparathyroidism and vitamin D deficiency is considered to be the basic
mechanism in the pathogenesis of osteoporotic fractures [15]. Many studies have been
conducted based on this hypothesis to find the serum 25(OH)D level at which the PTH
level is not increased [16–18].

The blood vitamin D level depends on both the amount of vitamin D synthesized
under the skin through sunlight and on the intake of vitamin D from food or supplements.
As vitamin D synthesis in the skin decreases during the seasons Which offer is less sun-
light irradiation, vitamin D intake becomes important for maintenance of blood vitamin D
concentration [19–21]. The Dietary Reference Intakes for Koreans 2020 (2020 KDRIs) sets
the adequate intake of vitamin D for adults aged 19 to 64 years as 10 μg/day [22]. How-
ever, studies that have confirmed the relationship between bone health and vitamin D
nutritional status in Korean subjects mainly focused on postmenopausal women and the
elderly [23–25], which lacks the evidence criteria for setting adequate vitamin D intake
levels for young adults. In 2009, 2009–2011, and 2013–2014 studies using the Korea National
Health and Nutrition Examination Survey (KNHANES), it was reported that the vitamin D
nutritional status of young Korean women had the highest deficiency prevalence compared
with other age groups and men [7,19,26]. Blood tests for vitamin D have not been conducted
in KNHANES since 2014; therefore, so studies to follow-up on the vitamin D status of
young Korean women is urgently required.

Therefore, the purpose of this study was to identify the serum 25(OH)D levels required
to maintain serum PTH levels and prevent bone loss. In addition, a dietary intake survey
for the four seasons, a BMD, and blood and urine tests twice a year were analyzed to infer
an optimal vitamin D intake for maintenance of an appropriate serum vitamin D level.

2. Materials and Methods

2.1. Study Participants

This study was conducted on women aged 19–29 years living in Daejeon in Korea.
Participants were recruited using online community and offline campus bulletin boards.
The selection criteria for participants in this study were those whose body mass index (BMI)
was in the normal range (18 ≤ BMI < 23) and those who consumed regular meals at least
twice a day. Patients with chronic, bone, and hormone-related diseases or other health
disorders were excluded. Continued drug use, pregnancy, lactation, and mental illness
were also exclusion criteria. The study was conducted from September 2020 to August 2021.
Informed consent was obtained from all participants who were involved, prior to the start
of the study.

The summertime (June–November) attendees were defined as individuals who un-
derwent the biochemical test and completed both dietary intake surveys in autumn and
summer; while the wintertime (December–May) attendees were defined as those who
underwent the biochemical test and completed both dietary intake surveys in winter and
spring. Participants who matched the selection criteria were screened and 140 individuals
were recruited for each summertime and wintertime group; however, 24 and 37 partic-
ipants dropped out from the summertime and wintertime group, respectively. Seventy
individuals participated in both summertime and wintertime. Among the 118 summertime
and 103 wintertime participants, 1 summertime and 2 wintertime participants with a daily
vitamin D intake of ≥100 μg were excluded. Finally, a total of 218 young Korean women
(117 summertime and 101 wintertime) were included. This study was performed in ac-
cordance with the Declaration of Helsinki and was approved by the Institutional Review
Board of Chungnam National University (202005-BR-047-01).
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2.2. General and Lifestyle Characteristics

The questionnaire on general and lifestyle characteristics was conducted by the self-
reporting method once each in wintertime and summertime. The general questions in-
cluded age and occupation (students, workers, other). Lifestyle characteristics, including
ultraviolet (UV) exposure time, smoking status (no: not smoking for over 6 months), alcohol
consumption (no: not drinking alcohol for over 6 months), physical activity, number of
ways to avoid UV exposure, and vitamin D supplementation, were evaluated. For the UV
exposure time, the total time spent in outdoor activities on one day during the week and
one day on the weekend was self-recorded. Of these, the outdoor activity time from 10 a.m.
to 3 p.m., the time when UV rays are strongest, was calculated in minutes (min), and the
average value of UV exposure time for 2 days was used for analysis. Participants were
asked to give multiple responses to ways in which they avoid UV exposure, such as sun-
screen, cosmetics with UV-blocking effects, hats, facial masks, parasol, and other methods.
Physical activity was investigated via the International Physical Activity Questionnaire
short form Korean version [27]. Physical activity was classified into three categories by
calculated metabolic equivalents of task (MET): low (<600 MET × min per week), mod-
erate (600–3000 MET × min) and high (>3000 MET × min) physical activity. Vitamin D
supplements consumed by participants were investigated, including supplement name,
vitamin D content per dose, dose size, and daily intake frequency. The intake of vitamin D
supplements per day was calculated as follows:

vitamin D content per serving × daily intake frequency

2.3. Dietary Assessment

For the dietary assessment, participants submitted their dietary records for 3 days,
including 2 weekdays and 1 weekend day for each season (Spring: March–May; Summer:
June–August; Autumn: September–November; Winter: December–February). Before start
of the study, the participants were provided with a video guide on reporting dietary records,
and all menu items, ingredients, and amounts consumed by them were recorded in a self-
reported form. A ruler of the same length was provided to each participant, which was
to be placed on the table while eating and a picture was to be taken. so that they could
put it on the table while eating and take a picture. A trained investigator received all the
photos, compared them with the participant’s self-reported record, confirmed the intake,
and analyzed them. Food intake was analyzed using CAN-Pro 5.0 (web version) developed
by the Korean Nutrition Society [28]. The vitamin D content of food was analyzed using
the vitamin D database (DB) 2.0, published in 2022 [19]. When entering the dietary records
of the participants, the food DB of CAN-Pro was used as a basis. However, if a food was
not listed on the CAN-pro, the food DB entry was altered to be entered as closely as feasible
to the meal composition of the participants, or a new food DB entry was established and
utilized for analysis.

2.4. Anthropometry, Bone Turnover Markers (BMTs), and BMD

Anthropometry and biochemical tests were performed on request at the examination
center located in Daejeon. Anthropometry was measured using an automatic height mea-
suring device (X-SCAN PLUS II, Jawon Medical Co., Ltd., Seoul, Republic of Korea). For
the blood tests, 10 mL of venous blood was collected from the brachial vein on an empty
stomach in the morning using a vacutainer serum separating tube (SST, BD Vacutainer,
Netherlands). Blood was centrifuged at 3000 rpm for 10 min to separate serum and was
stored in a −75 ◦C cryogenic freezer until analysis. An automated direct competitive
chemiluminescent immunoassay (CLIA, ADVIA Centaur Vitamin D Total, Siemens, Wash-
ington DC, WA, USA) was used to determine the serum 25(OH)D level, which detects
both 25-hydroxyvitamin D2 and D3. This method has been standardized for liquid chro-
matography with tandem mass spectrometry [29]. In this study, with reference to the
value reported by the American Institute of Medicine and the Endocrine Society of the
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United States, serum 25(OH)D < 20 ng/mL was defined as deficiency [30,31]. Intact PTH
(iPTH) was analyzed by electrochemiluminescence immunoassay (ECLIEA, Elecsyes PTH,
Roche, Indianapolis, IN, USA). The reference value of iPTH for women is 15–65 pg/mL.
Serum calcium was analyzed by colorimetric method with o-cresolphthalein complexone
(oCPC, Clinimate CA, Sekisui Medical Co., Ltd., Tokyo, Japan). The reference value of
serum calcium for women is 8.7–10.3 mg/dL. Bone alkaline phosphatase (BAP) was ana-
lyzed by chemiluminescence immunoassay (CLIA, Access Ostase Bone Specific Alkaline
Phosphatase, Beckman Coulter Diagnostics, Brea, CA, USA). The reference value of BAP
for premenopausal women is ≤14.0 μg/L. Urine was collected for N-Telopeptide type I
collagen (NTX) analysis at 10 mL each, stored in a conical tube at 4 ◦C, and measured by
the CLIA method (VITROS Immunodiagnostic Products NTX Reagent Pack; Ortho-Clinical
Diagnostics, Bridgend, Wales, UK). This value is presented in nanomoles of bone collagen
equivalents per liter per millimole of creatinine per liter (nM BCE/mM Cr). The reference
value of NTX for premenopausal women is 17–94 nM BCE/mM Cr. The posterior anterior
lumbar spine (vertebrae L1–L4) was examined using a dual-energy X-ray absorptiometry
instrument (ARIA BHR-1-76, GE Healthcare Korea Co., Ltd., Seongnam, Republic of Korea)
to measure areal BMD (g/cm2).

2.5. Statistical Analysis

The results of the study were obtained from the analysis of winter or summertime
survey attendees and the total participants who were combined with summertime and
wintertime study attendees. For general and lifestyle characteristics, seasonal nutrient
intake was calculated by mean ± standard error of mean for continuous variables and
proportions were calculated for categorical variables. The scatter plot and mean were
calculated for the results of seasonal serum and urine analysis (serum 25[OH]D, iPTH,
BAP, Calcium, urine NTX, and BMD). To verify the difference between wintertime and
summertime results, the Student’s t-test for independent samples was used. The seasonal
influencing factors of serum 25(OH)D levels were verified using a stepwise method of
multiple linear regression analysis. As independent variables, age, BMI, 10 a.m. to 3 p.m.
outdoor time (UV exposure time), occupation, smoking, alcohol consumption, number
of ways to avoid UV exposure, physical activity, and vitamin D intake (per 1000 kcal)
were used. A stepwise regression was performed, and a p value > 0.10 was used for
variable removal.

The relationship between 25(OH)D and iPTH was analyzed using an exponential
decay model for total participants. Serum 25(OH)D levels required to achieve plateau iPTH
concentrations were calculated using the following method [32,33]:

iPTH = a + b × exp (c × 25[OH]D)

The receiver operating characteristic (ROC) analysis and Youden’s index calculation
were used to calculate the optimal vitamin D consumption to maintain serum 25(OH)D
sufficiency for the whole population. Area under the ROC curve (AUC) and p-values were
provided. Pearson’s correlation coefficient was used to examine the relationship between
serum 25(OH)D levels, BMTs (iPTH, NTX, BAP, and calcium), and BMD.

SPSS software, version 27.0 (IBM Corp., Armonk, NY, USA), was used for statistical
analysis and MedCalc® Statistical Software, version 20.111 (MedCalc Software Ltd., Ostend,
Belgium), was used to compare the AUCs. Exponential decay was analyzed through Graph-
Pad Prism 9, Version 9.4.0 (GraphPad Software, Inc., San Diego, CA, USA). A p-value < 0.05
was considered statistically significant and all tests were two-sided.

3. Results

3.1. The Status of Participants

Table 1 presents the general and lifestyle characteristics of all the participants. The
average age of participants was 23.1 ± 0.16 years and there was no significant difference
between wintertime and summertime attendees. There was no significant difference in
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height, weight, and BMI between the two groups, and the UV exposure time between
10 a.m. and 3 p.m. was 19.5 min in summertime and 14.5 min in wintertime (p = 0.052).
There was no significant difference in the distribution between the two groups in occupation,
smoking status, alcohol consumption status, number of ways to avoid UV exposure, and
physical activity level, however, a greater number of people took vitamin D supplements
in the summertime group (p < 0.05). The proportion of participants with a serum 25(OH)D
level of less than 20 ng/mL was 82.2% (83 attendees) in wintertime and 65.8% (77 attendees)
in summertime.

Table 1. General and lifestyle characteristics of the participants.

Wintertime
Attendees

Summertime
Attendees

Total
Participants p-Value

(n = 101) (n = 117) (n = 218)

Age (years) 23.2 ± 0.25 23.02 ± 0.22 23.1 ± 0.16 0.527

Height (cm) 162.0 ± 0.56 162.3 ± 0.51 162.1 ± 0.34 0.753

Weight (kg) 56.2 ± 0.96 56.2 ± 0.85 56.2 ± 0.63 0.921

BMI (kg/m2) 21.5 ± 0.28 21.5 ± 0.25 21.5 ± 0.18 0.853

UV exposure time (min) 14.5 ± 1.82 19.5 ± 1.77 17.2 ± 1.28 0.052

Occupation
Student 70 (69.3) 84 (71.8) 154 (70.6)

0.921Worker 19 (18.8) 20 (17.1) 39 (17.9)
Other 12 (11.9) 13 (11.1) 25 (11.5)

Smoking status Yes 7 (6.9) 9 (7.7) 16 (7.3)
0.830No 94 (93.1) 108 (92.3) 202 (92.7)

Alcohol consumption Yes 76 (75.2) 88 (75.2) 164 (75.2)
0.995No 25 (24.8) 29 (24.8) 54 (24.8)

Number of ways to
avoid UV exposure

Never 11 (10.8) 6 (5.1) 17 (7.8)

0.414
1 24 (23.8) 29 (24.8) 53 (24.3)
2 33 (32.7) 37 (31.6) 70 (32.1)
≥3 33 (32.7) 45 (38.5) 78 (35.8)

Physical activity
Low 40 (39.6) 57 (48.7) 97 (44.5)

0.401Moderate 41 (40.6) 40 (34.2) 81 (37.2)
High 20 (19.8) 20 (17.1) 40 (18.3)

Taking vitamin D
supplements

Yes 19 (18.8) 36 (30.8) 55 (25.2)
0.043No 82 (81.2) 81 (69.2) 163 (74.8)

Prevalence of
25(OH)D deficiency

Deficiency
(<20 ng/mL) 83 (82.2) 77 (65.8) 160 (73.4)

0.006
Sufficiency

(≥20 ng/mL) 18 (17.8) 40 (34.2) 58 (26.6)

Mean ± SEM or N(%); UV; Ultraviolet; UV exposure time: UV rays were strongest between 10 a.m. and 3 p.m.;
Students: college students or higher; worker: full-time worker; other: unemployed or part-time workers; Physical
activity: Low, <600 metabolic equivalents of task [MET] × min per week; moderate, 600–3000 MET × min per
week; High, >3000 MET × min.

3.2. Serum Levels of 25(OH)D, Calcium, BMTs, and BMD

Figure 1 shows the results of the bone biomarkers of study participants and the differ-
ence between the two seasons. The mean serum 25(OH)D level was significantly higher
(p < 0.01) in summertime (17.9 ± 0.61 ng/mL) than in wintertime (15.0 ± 0.64 ng/mL).
iPTH levels was significantly higher in wintertime (43.9 ± 1.40 pg/mL) than in summer-
time (33.78 ± 0.84 pg/mL, p < 0.001). NTX levels were significantly higher (p < 0.001) in
wintertime (41.0 ± 1.51 nM BCE/mM Cr) than in summertime (30.18 ± 1.16 nM BCE/mM
Cr). However, BAP (10.52 ± 0.32 μg/L for wintertime, 10.68 ± 0.37 μg/L for summertime),
serum calcium (9.02 ± 0.02 mg/dL for wintertime, 9.05 ± 0.02 mg/dL for summertime),
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and BMD (1.18 ± 0.11 g/cm2 for wintertime, 1.17 ± 0.01 g/cm2 for summertime) did not
differ significantly between the two seasons.

Figure 1. Scatter plots of bone turnover markers and bone mineral density. Solid line: mean value,
dotted line on the 25(OH)D graph: 20 ng/mL; iPTH, intact parathyroid hormone; NTX, type I collagen
cross-linked N-telopeptide; BMD, bone mineral density; *** p < 0.001, ** p < 0.01, ns: not significant.

3.3. Seasonal Nutrient Intake

There were no significant differences in total energy intake, calcium intake, vitamin D
intake from foods, and vitamin D intake through supplements by season (Table 2). In
this study, dietary intake of vitamin D was determined according to a previous research
which showed that the contribution of food groups from fish and shellfish, eggs, meat
and meat products, milk and dairy products, mushrooms, and grains and grain products
to vitamin D intake in Koreans is 99% [19]. In both seasons, dietary intake of vitamin D
from fish and shellfish was the highest (contribution to vitamin D intake was 64.9% in
wintertime and 54.4% in summertime); however, there was no significant difference in
vitamin D intake from all major food groups between the two seasons groups.

3.4. Multiple Linear Regression of Factors Affecting Serum 25(OH)D Level by Season

As a result of multiple linear regression analysis of factors affecting serum 25(OH)D
levels in the 218 total participants, the influencing factors of vitamin D intake including
supplements per 1000 kcal, ways to avoid UV exposure, and UV exposure time were
chosen as variables (Table 3). Serum 25(OH)D levels increased by 0.170 ng/mL for ev-
ery 1 μg/1000 kcal increase in vitamin D intake (p < 0.001). The serum 25(OH)D levels
decreased by 1.577 ng/mL for each increase in the participants’ number of ways to avoid
UV exposure (p < 0.001), whereas the serum 25(OH)D levels increased by 0.056 ng/mL
for every 1 min increase in UV exposure time (p < 0.05). In wintertime, vitamin D intake
was the only factor affecting serum 25(OH)D level and in summertime, vitamin D intake,
number of ways to avoid UV exposure, and UV exposure time were analyzed as influencing
factors. When vitamin D intake was increased by 1 μg/1000 kcal, serum 25(OH)D levels
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increased by 0.170 ng/mL and 0.147 ng/mL in wintertime and summertime, respectively
(p < 0.05). When the number of ways to avoid UV exposure in summertime increased, the
serum 25(OH)D level decreased by 2.559 ng/mL (p < 0.001) and when the UV exposure
time was increased by 1 min, the serum 25(OH)D level increased by 0.059 ng/mL (p < 0.05).

Table 2. Energy, calcium, and vitamin D intake in wintertime and summertime.

Wintertime Attendees Summertime Attendees Total Participants p-Value

Dietary intake of nutrients (n = 218)
Energy (kcal/day) 1390.5 ± 37.0 1458.8 ± 36.9 1427 ± 26.2 0.195
Calcium (mg/day) 533.8 ± 23.0 572.46 ± 21.4 554.55 ± 15.7 0.220

Vitamin D (μg/day) 3.19 ± 0.36 3.09 ± 0.29 3.14 ± 0.22 0.827
Dietary intake of vitamin D rich food groups and contribution (μg/day, % §)

Fish and shellfish 2.07 ± 0.35 (64.9) 1.68 ± 0.28 (54.4) 1.86 ± 0.22 (59.2) 0.393
Eggs 0.64 ± 0.06 (20.1) 0.73 ± 0.04 (23.6) 0.69 ± 0.04 (22.0) 0.248

Meat and meat products 0.24 ± 0.01 (7.5) 0.33 ± 0.06 (10.7) 0.29 ± 0.04 (9.2) 0.196
Milk and dairy products 0.12 ± 0.03 (3.8) 0.11 ± 0.02 (3.6) 0.12 ± 0.02 (3.8) 0.913

Mushrooms 0.08 ± 0.01 (2.5) 0.10 ± 0.01 (3.2) 0.09 ± 0.01 (2.9) 0.321
Grain and grain products 0.04 ± 0.02 (1.3) 0.06 ± 0.02 (1.9) 0.05 ± 0.02 (1.6) 0.602

Total vitamin D intake (μg/day)
With supplements † (n = 55) 24.7 ± 3.22 19.2 ± 2.70 21.1 ± 2.10 0.218

Without supplements ‡ (n = 163) 3.32 ± 0.41 3.17 ± 0.36 3.25 ± 0.27 0.789
Overall (n = 218) 7.34 ± 1.07 8.10 ± 1.10 7.75 ± 0.77 0.998

Mean ± SEM; § Percentage of total dietary vitamin D intake contributions; † Taking vitamin D supplements:
participants taking vitamin D supplements (wintertime, n = 19; summertime, n = 36); ‡ Not taking vitamin D
supplements: participants not taking vitamin D supplements (wintertime, n = 82; summertime, n = 81).

Table 3. Regression coefficients for the association between serum 25(OH)D levels and variables by season.

Season Variable Regression Coefficient 95% CI p Value

Total participants

Vitamin D intake (with
supplement, μg/1000 kcal) 0.170 0.078, 0.263 <0.001

Way to avoid UV exposure −1.577 −2.453, −0.702 <0.001
UV exposure time (min) 0.056 0.012, 0.101 0.013

Wintertime attendees Vitamin D intake (with
supplement, μg/1000 kcal) 0.170 0.030,0.310 0.018

Summertime attendees

Way to avoid UV exposure −2.559 −3.758, −1.360 <0.001
Vitamin D intake (with

supplement, μg/1000 kcal) 0.147 0.028, 0.266 0.016

UV exposure time (min) 0.059 0.003, 0.115 0.039

UV exposure time: UV rays were strongest between 10 a.m. and 3 p.m.

3.5. Exponential Decay for Optimal Serum 25(OH)D to Suppress PTH Elevation

As a result of calculating the changes in 25(OH)D and iPTH using an exponential
decay function, iPTH increased when the 25(OH)D concentration decreased to 18.44 ng/mL
or less (Figure 2). Our resulting equation was as follows:

iPTH = 32.77 + 51.86 × exp (−0.1580 × 25[OH]D)

3.6. ROC Analysis for Optimal Vitamin D Intake at Serum 25(OH)D ≥20 and ≥18.44 ng/mL

The ROC analysis was performed to determine the threshold of vitamin D intake
to maintain serum 25(OH)D levels above 20 ng/mL (Figure 3). In this case, the optimal
vitamin D intake criterion was 10.97 μg/day (AUC = 0.621, p < 0.01). Additionally, the
threshold for vitamin D intake based on the serum 25(OH)D level of 18.44 ng/mL analyzed
in this study was 10.97 μg/day (AUC = 0.642, p < 0.001).
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Figure 2. Nonlinear regression between serum 25(OH)D and intact PTH levels in total participants.
Serum 25(OH)D levels required to achieve plateau iPTH concentrations were calculated using
the following equation: iPTH = a + b × exp (c × 25[OH]D). iPTH increased when the 25(OH)D
concentration decreased to 18.44 ng/mL or less.

Figure 3. ROC analysis for assessing vitamin D intake at serum 25(OH)D levels ≥ 20 ng/mL (A) and
≥18.44 ng/mL (B). The vitamin D deficiency cutoff value, as per the American Institute of Medicine
and the Endocrine Society of the United States, is 20 ng/mL (A) and the appropriate serum 25(OH)D
level obtained from the total participants of this study was 18.44 ng/mL (B).

3.7. Correlation between Variables

Serum 25(OH)D levels in both, total participants and the wintertime attendee cohort
correlated negatively with iPTH (p < 0.001), but positively with serum calcium levels in
summertime (p < 0.05, Table 4). In all cases, NTX and BAP were positively correlated
(p < 0.001) and serum calcium levels in total participants and wintertime attendees were
negatively correlated with iPTH (p < 0.05). However, serum 25(OH)D levels and all BMTs
were not associated with BMD.
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Table 4. Correlation between serum 25(OH)D levels and bone turnover marker levels.

Season Variables iPTH NTX BAP Serum Calcium BMD (L1-4)

Total participants

25(OH)D −0.302 *** −0.095 −0.070 0.092 −0.045
iPTH 0.132 −0.056 −0.134 * 0.053
NTX 0.480 *** 0.025 −0.087
BAP 0.037 −0.133

Serum calcium −0.010

Wintertime attendees

25(OH)D −0.335 *** −0.072 −0.109 −0.037 0.011
iPTH −0.058 −0.074 −0.202 * 0.068
NTX 0.589 *** −0.063 −0.151
BAP −0.083 −0.187

Serum calcium 0.013

Summertime attendees

25(OH)D −0.134 0.036 −0.056 0.183 * −0.086
iPTH 0.052 −0.033 −0.018 0.015
NTX 0.490 *** 0.169 −0.053
BAP 0.116 −0.094

Serum calcium −0.029

Pearson’s correlation coefficient. iPTH, intact parathyroid hormone; NTX, type I collagen cross-linked
N-telopeptide; BMD, bone mineral density; L1–4, lumbar spine 1–4; *** p < 0.001, * p < 0.05.

4. Discussion

Worldwide, vitamin D deficiency is a serious concern for all ages. Poor nutritional
status of vitamin D in young women is a risk factor for post-menopausal fractures and
osteoporosis [34]. Based on KNHANES, the serum 25(OH)D levels was found to be the
lowest in women aged 19 to 29 years among all age groups; values were at 4.71 ng/mL in
2009 [26], 13.73 ng/mL in 2009–2011 [7], and 13.85 ng/mL in 2013–2014 [19]. In addition,
their intake of vitamin D was 2.48 μg in 2009 [26], 2.77 μg in 2009–2011 [7], and 2.48 μg
in 2013–2014 [19], which accounted for only 25% of the 2020 KDRIs vitamin D adequate
intake value of 10 μg. Even though vitamin D deficiency is a national problem, blood
vitamin D has not been measured in KNHANES since 2014. Therefore, this study was
carried out to investigate the factors influencing vitamin D nutritional status in young
Korean women aged 19–29 years in a metropolitan area, and to determine the vitamin D
intake level required to maintain an optimal level of serum 25(OH)D.

The main contributing factor to blood vitamin D levels is the vitamin D synthesis
under the skin caused by UV irradiation. In this study, the time spent outdoors during the
daytime from 10 a.m. to 3 p.m. was found to be about 17.2 ± 1.28 min in young Korean
women. The serum 25(OH)D level increased by 0.056 ng/mL when the UV exposure time
was increased by 1 min in this study. A study conducted by Asakura et al. [20] in Japan
showed that increasing UV exposure time in summer by 10 min increased serum 25(OH)D3
level by 0.47 ng/mL. Another study conducted by Goswami et al. [35] on Indian men in
the summertime (August to September) found that serum 25(OH)D level increased by
2.03 ng/mL per hour of sun exposure, showing similar results to this study.

In addition, serum 25(OH)D levels decreased by 1.57 ng/mL as the number of ways to
avoid UV exposure increased. However, none of the variables associated with UV exposure
in wintertime had a statistically significant effect on serum vitamin D levels. Under the
skin, 7-dihydrocholesterol is synthesized effectively on exposure to UVB radiation in the
290–315 nm wavelength range. Korea lies between 33◦ and 38◦ north latitude and winter
UVB radiation is only a quarter of summer levels [36]. Park et al. [37], who conducted a
study on the UV exposure time required for vitamin D synthesis in Koreans, stated that
the threshold exposure time for vitamin D synthesis in summer was less than 30 min, but
more than 100 min in winter. It was also reported that sufficient vitamin D synthesis was
impossible with UV exposure alone in winter. In particular, in the northern hemisphere,
winter temperatures are low; therefore, people wear long sleeves and pants. As a result,
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skin is less exposed to UV radiation during outdoor activities, which also contributes to
vitamin D deficiency.

Aside from UV exposure time, daily vitamin D intake, including supplement intake,
was discovered to be an influential variable in this study. In total participants, it was found
that the vitamin D intake increased by 1 μg/1000 kcal with serum vitamin D level increase
of 0.170 ng/mL These effects of vitamin D intake were also shown in wintertime study. In
a study conducted on the Japanese population, the effect of vitamin D intake on serum
vitamin D level was reported to be higher than that observed in our study; an increase in
vitamin D intake of 1 μg/1000 kcal increased serum 25(OH)D3 by 0.88 ng/mL in summer
and 1.7 ng/mL in winter [20]. However, in a study that confirmed the serum 25(OH)D level
as a result of vitamin D supplementation, when vitamin D was additionally consumed
at 1000 IU/day (25 μg/day), serum 25(OH)D increased by 12 nmol/L (4.81 ng/mL) [38].
Another meta-analysis of the relationship between vitamin D-fortified foods and serum
25(OH)D levels revealed that intake of 100 IU/day (2.5 μg/day) dietary vitamin D could
increase serum 25(OH)D by 2 nmol/L (0.80 ng/mL) [39]. Researchers report the effects of
vitamin D intake on blood vitamin D levels slightly differently. In the latter two studies,
the effects of vitamin D intake on serum vitamin D (0.19 ng/mL and 0.32 ng/mL of serum
25(OH)D per μg of vitamin D intake, respectively) were similar to or slightly higher than
the results of this study. Previous research on Koreans has shown that vitamin D intake
has a positive effect on serum 25(OH)D levels [7,26]. A study conducted on Koreans that
confirmed a positive correlation between vitamin D intake and serum 25(OH)D level during
low UV irradiation, pointed out the importance of vitamin D intake in winter [19]. In this
study, the effect of vitamin D intake on serum 25(OH)D levels was greater in wintertime,
thereby, supporting the results of previous studies.

In the KNHANES, serum vitamin D levels were measured only between 2008–2014.
The average serum 25(OH)D concentration of Korean women aged 19–29 years in the
2013–2014 KNHANES was 13.85 ng/mL [19], which was lower than the 16.54 ng/mL
for the total participants in this study. Expert groups, such as the American Institute of
Medicine and the Endocrine Society of the United States, recommend maintaining serum
25(OH)D levels at 20 ng/mL [30,31]; however, research about young women in Korea
has been limited. In this study, the serum 25(OH)D level, which showed a sharp increase
in blood iPTH, was 18.44 ng/mL or less. This was similar to or slightly higher than the
46.9 nmol/L (18.79 ng/mL) [16] for Croatian women and the 44 nmol/L (17.63 ng/mL) [17]
for African American women. As renal function declines with age, higher 25(OH)D levels
are required in old age to prevent serum PTH elevation [17,40]. Therefore, it is considered
desirable to maintain the serum vitamin D levels of young Korean women slightly above
the results of this study.

In order to maintain the optimal serum 25(OH)D level of 18.44 ng/mL based on the
iPTH level in this study, at least 10.97 μg/day of vitamin D should be ingested. This was
the same even based on the vitamin D deficiency threshold of 20 ng/mL suggested by
the American Institute of Medicine [30] and the Endocrine Society of the USA [31]. The
ROC curve showed that the 18.44 ng/mL serum 25(OH)D level was closer to the upper
left and had a greater AUC; hence, it was a stronger predictor of vitamin D intake than
the 20 ng/mL serum 25(OH)D level. The optimal intake level for summertime attendees
was found to be 10.97 μg/day, but no significant results were obtained for wintertime
attendees (data not shown). As most participants’ serum 25(OH)D levels were very low
in the wintertime, the ROC analysis had little meaning. In a study conducted on young
Japanese women, it was found that the optimal vitamin D intake for maintaining a serum
25(OH)D level of 20 ng/mL was 11.6 μg/day, which was slightly higher than the level
found in this study [41]. The survey period of this Japanese study was December-January
and data from summer with higher UV irradiation were not included. As Japan is located
in the southern part of the Northern Hemisphere than of Korea, the vitamin D requirement
may have been lower if data from the summer survey were included. According to the 2020
KDRIs, the adequate intake of vitamin D for young adult women was set at 10 μg/day. As
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results (10.97 μg/day) for the optimal vitamin D intake of young Korean women derived
from our study depended on the summer survey data, it is thought that adequate annual
intake of vitamin D should be higher, considering vitamin D intake in winter when sunlight
is scarce.

In order to reduce the risk of age-related BMD loss, it is crucial to begin consumption
of sufficient calcium and vitamin D at a young age [42,43]. Although the average intake of
vitamin D in total participants of our study was only 3.14 μg/day, the average vitamin D
intake from food and supplements was 21.1 μg/day for the 55 participants, which was more
than 2-folds higher than the 2020 KDRIs of vitamin D (10 μg/day). A previous study that
analyzed the KNHANES found that vitamin D intake in Korean women aged 19–29 years
was 2.48 μg/day, which was lower than the vitamin D intake of the participants of this
study [19]. The daily calcium intake of the subjects in this study was 554.6 mg, which
was higher than the calcium intake of 439.14 mg/day in Korean women aged 19–29 years,
according to the 2020 KNHANES [42], but far below the 2020 KDRIs (700 mg/day) [22].
In a study on 2011 KNHANES, the average lumbar BMD of 19–29-year-old women was
0.97 ± 0.01 g/cm2, which was slightly higher than that of the subjects in this study [44]. In
a study on the effect of combined calcium and vitamin D supplementation on BMD, it was
reported that the increase in BMD was significantly higher than that of the control group
when calcium and vitamin D were supplemented together in healthy young women aged
16–36 years [45]. In a study on 2009 KNHANES, the effect of vitamin D intake on BMD
was better in the low calcium intake group [23]. The subjects in the previous study were
Korean women over the age of 50. Several other studies have also shown that vitamin D
intake becomes more crucial in groups with low calcium intake [46,47]. Given that young
Korean women consume more dairy products than older women, their calcium intake can
be increased easily, but not dietary vitamin D intake [48]. Vitamin D fortification in food is
not yet mandatory in Korea; therefore, it must be implemented soon.

Higher NTX and iPTH concentrations in young Korean women in wintertime than in
summertime suggest that bone remodeling occurs more in wintertime. Previous studies
have reported that BTMs increase in winter when vitamin D nutritional status is poor [49,50].
As this study included young females in whom bone remodeling is continuously observed,
the relationship with BMD may not have been observed. In this study, there was no
statistically significant correlation between BTMs and BMD as in some previous studies on
young adult women [51,52]. BTMs provide a measure of overall bone turnover, while BMD
measures specific areas of the skeletal system. Elevated BTMs are associated with increased
bone turnover, which cause deteriorated bone quality and increased risk of fracture [53].
BTMs are negatively correlated with BMD, which is known to increase with age [54,55].

This study is the first to determine the optimal serum 25(OH)D level for women in
their twenties in Korea and the optimal vitamin D intake level in Korea. This study had
the additional strength of identifying seasonal factors that influence serum 25(OH)D levels.
However, there were some limitations to this study. First of all, as this study was conducted
on a relatively small number of women living in a major Korean city, there may have
been a problem with the representativeness of the sample. Approximately 70% of the
study participants were college students, came from various provinces of Korea, and had a
slightly higher economic level than that the average of young women in Korea. Secondly,
due to the COVID-19 pandemic, a reduction in time spent outdoors may have affected
the serum 25(OH)D level in the study participants. Therefore, the situation might have
differed slightly from that at the time of a normal life pattern. Thirdly, because BMD was
only measured at the lumbar spine, correlations with BMD measured at other locations
could not be confirmed. However, one study showed that bone density in different regions
are correlated with each other, and the correlation is greater with younger age [56].

5. Conclusions

It was confirmed that the serum 25(OH)D levels for the prevention of bone loss is
18.44 ng/mL or higher and vitamin D intake should be higher than 10.97 μg/day to prevent
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vitamin D deficiency in young Korean women. It seems reasonable to use the current level
of 25(OH)D > 20 ng/mL as the KDRI for vitamin D as a target for bone health in young
Korean women. However, as the current intake of vitamin D in young Korean women
was very low, the intake of vitamin D must be increased by at least three times the current
levels. To do this, the Korean government should implement a mandatory fortification for
vitamin D in food, which should be argued prior to vitamin D supplementation to improve
Korea’s national nutrition status. In countries with vitamin D food fortification policies,
vitamin D fortification is approximately 22–200 IU per serving of food [57]. Based on this
standard, if Korea sets the vitamin D fortification standard to 5 μg/serving or less in foods
such as grains, dairy products, and fruit juice, even making allowance for supplement
intake or duplicate intake of food, in is unlikely that the standard upper limit of 100 μg/day
vitamin D intake for adults aged 19 years or older would be exceeded.
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Abstract: The relationship between calcium intake and bone strength in older Asian individuals,
including Japanese, is controversial; therefore, we herein investigated this relationship in older
Japanese populations. We performed a cross-sectional analysis of 314 participants older than 65 years
who voluntarily participated in a medical examination and responded to questionnaires. The osteo-
sono assessment index (OSI) measured at the right calcaneus using a quantitative ultrasonic device
was used as an indicator of bone strength. The daily dietary intake of calcium was assessed using a
brief-type self-administered diet history questionnaire. A two-way analysis of covariance revealed a
significant interaction between sex and calcium intake on the OSI (p < 0.01). A multiple regression
analysis showed a positive correlation between calcium intake and the OSI in males (p < 0.01), but
not females (p = 0.27). In females, grip strength divided by body weight positively correlated with the
OSI (p = 0.04). The present results suggest that a higher calcium intake contributes to bone strength
in older Japanese males. Although a higher grip strength may contribute to bone strength in females,
the potential of estrogen as a confounding factor needs to be considered.

Keywords: calcium intake; bone strength; grip strength; older people; cross-sectional study

1. Introduction

Health care providers and the general population consider a sufficient calcium intake
to be an essential factor for maintaining or improving bone strength. The Food and Nutri-
tion Board at the National Academies of Sciences, Engineering, and Medicine recommends
a calcium intake of 1200 mg/day to promote bone maintenance and a neutral calcium
balance in individuals aged 70 years and older [1].

However, not all studies support the beneficial effects of an adequate dietary calcium
intake on bone. A systematic review that included longitudinal cohorts concluded that a
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positive relationship was not demonstrated between calcium intake and changes in bone
mineral density (BMD) in women aged 60 years and older [2]. Furthermore, a meta-analysis
of randomized controlled trials revealed that an increased calcium intake from dietary
sources or by taking calcium supplements achieved only small non-progressive increases in
BMD in participants aged 50 years or older [3]. Moreover, a longitudinal cohort composed
of community-based, multiethnic women across the menopause transition recently reported
that the consumption of dairy products did not contribute to the preservation of BMD or
prevention of fractures [4]. Therefore, the benefits of calcium intake for maintaining BMD
appear to be unestablished.

Serum 25-hydroxyvitamin D (25(OH)D) concentrations influence the absorption ef-
ficiency of calcium in the intestines [5,6]. Previous studies demonstrated that calcium
absorption varied with age [7,8] and race [9]. Therefore, the effects of calcium consumption
on BMD may differ according to race, age, and the vitamin D status. However, the majority
of studies in reviews [2,3] recruited Caucasians and Blacks. Moreover, the age range of
participants in each study was broad and did not focus on the elderly. To the best of our
knowledge, only a few studies have investigated the relationships between dietary calcium
intake and bone strength parameters in an older community-based Asian population [10–12],
and the relationships observed were neither significant nor consistently linear.

Therefore, we herein examined a general Japanese population aged 65 years and older
in which calcium absorption is considered to be reduced due to aging. Since our cohort
resides in a rural area in Japan, high ethnic homogeneity was expected due to the lack of
immigrants from other countries in the region. The aim of this cross-sectional analysis was
to investigate the relationship between dietary calcium intake and bone strength in an older
Japanese population according to sex.

2. Methods

2.1. Study Design and Participants

We utilized cross-sectional data collected between 2011 and 2015 in the Shika study.
We have conducted a longitudinal community-based observational study since 2011 among
the residents of Shika town, which is located on the Noto peninsula in Ishikawa prefecture,
Japan. The population of Shika town is almost 20,000, and more than 40% are older than
65 years. In the Shika study, self-administrated questionnaires were distributed to all adults
older than 40 years in the four model districts by trained interviewers. The interviewers
were instructed on the outline of the Shika study and how to fill in the questionnaires before
their distribution. Moreover, an invitation letter for comprehensive medical examinations
was distributed to the residents in the four districts. Participants voluntarily underwent a
medical examination.

In the present study, we included participants older than 65 years who responded to
the questionnaires and underwent the medical examination (n = 620). Participants with
missing data on variables used in the analysis were excluded. To avoid a treatment bias,
participants who received treatments for osteoporosis were omitted. Data collected from
314 participants who completed the medical examination and replied to the questionnaires
were available for analysis in the present study.

The present study was approved by the Medical Ethics Committee of Kanazawa
University (approval number 1491). All participants provided written informed consent
for inclusion before participation. The present study was conducted in accordance with the
Declaration of Helsinki.

2.2. Assessment of Nutrient Intake

A brief-type self-administered diet history questionnaire (BDHQ) was used to assess
the daily dietary intakes of protein, lipids, carbohydrates, vitamin D, calcium, and total
energy. Participants were asked about the consumption frequency of 58 food and beverage
items during the previous month in BDHQ. These items are mainly from the food list
used in the National Health and Nutrition Survey of Japan and are commonly consumed
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in Japan. The validity of BDHQ and a satisfactory ranking ability for many nutrients in
Japanese individuals were previously demonstrated [13,14]. We omitted participants who
reported a total energy intake of less than 600 kcal/day (half of the energy intake required
for the lowest physical activity category) or more than 4000 kcal/day (1.5-fold the energy
intake required for the moderate physical activity category) from the analysis because of
under-/overestimations of nutrient intake. Nutrient data were adjusted for daily energy
intake using the density method. The participants were divided into two groups according
to the median calcium intake calculated in males and females, respectively.

2.3. Measurement of Bone Strength

A previous study reported a strong correlation between the osteo-sono assessment
index (OSI) measured at the calcaneus and BMD measured by dual-energy X-ray absorp-
tiometry (DXA) at the radius [15]. To calculate the OSI, the speed of sound (SOS) and
the transmission index (TI) were measured at the right calcaneus using a quantitative
ultrasonic device (AOS-100NW-B, Hitachi Aloka Medical, Tokyo, Japan). The SOS reflects
the ultrasound velocity that penetrated the calcaneus. The higher SOS indicates a higher
bone density. The TI indicates the frequency-dependent attenuation of the ultrasound. The
greater bone mass shows a higher TI [16]. The OSI was given by the following formula [17]:

OSI = TI × SOS2 (1)

In the present study, the participants were assigned into two groups according to the
median of the OSI calculated for each sex.

2.4. Assessment of Other Variables

Age, height, weight, blood pressure, grip strength, and calf circumference were as-
sessed in the medical examination. We calculated body mass index (BMI) as weight in
kilograms divided by the square of height in meters. Calf circumference and grip strength
were divided by body weight (GS/BW) to adjust for the influence of body size. Fasting
plasma glucose (FPG), serum cystatin C, serum calcium, serum 25(OH)D concentrations,
and intact parathyroid hormone (PTH) were measured using blood samples taken in the
medical examination. Blood samples were drawn from the forearm vein in the morning
after fasting for 12 h. Serum 25(OH)D concentrations were measured using a radioim-
munoassay (25-hydroxyvitamin D 125I RIA Kit, DiaSorin Inc., Stillwater, MN, USA). Intact
PTH was measured by an electro-chemiluminescence immunoassay (SRL, Inc., Tokyo,
Japan). Estimated glomerular filtration rates (eGFR) based on cystatin C were calculated
using the following equations modified for the Japanese population [18]:

eGFR for males: [104 × (serum cystatin C)−1.019 × 0.996age] − 8

eGFR for females: [104 × (serum cystatin C)−1.019 × 0.996age × 0.929] − 8

Drinking habits and the smoking status were assessed using a self-administered
questionnaire. To assess drinking habits, participants were asked “How much alcohol do
you drink per day?”. Based on their answer, participants were divided into the following
four groups: non-drinker, less than 20 g/day, 20 to 40 g/day, and more than 40 g/day.
Participants were assigned to non-smoker, ex-smoker, and current smoker groups according
to their answer on their smoking status.

2.5. Statistical Analysis

Continuous variables were summarized as means and standard deviations (SD), and
categorical variables as numbers (n) and percentages (%). The mean levels of continuous
variables and categorical variables were compared between the low- and high-OSI groups
using the Student’s t-test or chi-square test. A two-way analysis of covariance (ANCOVA)
was used to examine the interaction between sex and calcium intake levels on the OSI
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with adjustments for age, BMI, GS/BW, eGFR, drinking habits, the smoking status, intact
PTH, and the serum 25(OH)D concentrations. The relationship between the serum calcium
concentrations and intact PTH was assessed using a multiple regression analysis with
adjustments for age, BMI, drinking habits, and the smoking status. A multiple regres-
sion analysis was performed to examine the relationship between calcium intake and the
OSI according to sex with adjustments for the following independent factors: age, BMI,
GS/BW, eGFR, drinking habits, the smoking status, intact PTH, and the serum 25(OH)D
concentrations.

All statistical analyses were performed using the Japanese version of IBM SPSS Statis-
tics version 27.0 (IBM Japan, Tokyo, Japan). A two-sided p-value < 0.05 was considered to
be significant.

3. Results

3.1. Participant Characteristics

Table 1 shows participant characteristics. Among 314 participants, 157 were males
and 157 were females. The mean ages of male and female participants were 71.7 ± 5.8 and
72.1 ± 6.2 years, respectively. The OSI was significantly higher in males than in females
(p < 0.01), whereas calcium intake was significantly higher in females (p < 0.01). Males had
significantly higher 25(OH)D concentrations than females (p < 0.01), while intact PTH was
lower in males than in females (p = 0.01).

Table 1. Participant characteristics.

Total (n = 314) Male (n = 157) Female (n = 157)

Mean (n) SD (%) Mean (n) SD (%) Mean (n) SD (%) p-Value

Age (y) 71.9 6.0 71.7 5.8 72.1 6.2 0.49
Height (cm) 155.2 14.8 162.5 13.1 147.9 12.8 <0.01
Weight (kg) 57.6 10.0 63.5 9.2 51.8 6.7 <0.01

BMI (kg/m2) 23.4 2.9 23.7 3.1 23.2 2.6 0.10

Systolic blood pressure (mmHg) 143 19 143 18 142 19 0.92
Diastolic blood pressure (mmHg) 78 11 78 11 77 11 0.28
Fasting plasma glucose (mg/dL) 99.3 19.3 103.0 22.3 95.6 15.1 <0.01

Serum calcium concentrations (mg/dL) 9.31 0.32 9.29 0.31 9.33 0.33 0.20
Serum 25(OH)D concentrations (ng/mL) 25.8 7.8 28.0 7.8 23.6 7.2 <0.01

Intact PTH (pg/mL) 47.8 18.2 45.1 17.0 50.5 19.0 0.01
CC/BW (cm/kg) 0.58 0.07 0.54 0.05 0.63 0.05 <0.01
GS/BW (kgf/kg) 0.51 0.11 0.58 0.10 0.44 0.08 <0.01

eGFR (mL/min/1.73 m2) 71.6 14.8 71.4 15.2 71.8 14.5 0.80
Osteo-sono assessment index 2.54 0.36 2.75 0.34 2.34 0.23 <0.01

Total energy intake (kcal/day) 1899 625 2083 627 1715 567 <0.01
Protein intake (g/1000 kcal) 15.6 3.5 14.9 3.2 16.3 3.6 <0.01

Fat intake (g/1000 kcal) 24.0 6.1 22.4 5.8 25.6 5.9 <0.01
Carbohydrate intake (g/1000 kcal) 55.2 8.5 54.3 8.3 56.2 8.5 0.04
Vitamin D intake (μg/1000 kcal) 9.4 5.9 8.8 5.6 10.0 6.1 0.09
Calcium intake (mg/1000 kcal) 321 119 297 113 346 119 <0.01

Smoking status (n, %) <0.01
Non-smoker 168 54 27 17 141 90
Ex-smoker 107 34 98 62 9 6

Current smoker 39 12 32 20 7 4

Drinking habit (n, %) <0.01
Non-drinker 180 57 49 31 131 83

Less than 20 mg/day 70 22 47 30 23 15
20–40 mg/day 61 19 58 37 3 2

More than 40 mg/day 3 1 3 2 0 0

Note: p-values were from the Student’s t-test for continuous variables and the chi-square test for categorical
variables. p-values < 0.05 are highlighted in bold. Abbreviations: BMI, body mass index; GS, grip strength; CC,
calf circumference; BW, body weight; eGFR, estimated glomerular filtration rates; 25(OH)D, 25-hydroxyvitamin D;
PTH, parathyroid hormone; SD, standard deviation.
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3.2. Comparison of Characteristics between Low- and High-OSI Groups according to Sex

The results of comparisons between the low- and high-OSI groups are shown in Table 2.
In males, the high-OSI group was significantly younger than the low-OSI group (p < 0.01).
The high-OSI group had a significantly higher body weight (p < 0.01) and BMI (p < 0.01)
than those in the low-OSI group, whereas CC/BW was significantly lower (p < 0.01).

Table 2. Comparison of characteristics between low- and high OSI groups according to sex.

Male Female

Low-OSI (n = 79) High-OSI (n = 78) Low-OSI (n = 76) High-OSI (n = 81)

Mean (n) SD (%) Mean (n) SD (%) p-Value Mean (n) SD (%) Mean (n) SD (%) p-Value

Age (y) 73.2 6.3 70.1 4.7 <0.01 73.2 6.9 71.1 5.3 0.04
Height (cm) 161.0 17.4 164.1 6.0 0.14 148.2 5.6 147.6 17.0 0.77
Weight (kg) 60.4 8.8 66.5 8.7 <0.01 49.9 6.1 53.5 6.8 <0.01

BMI (kg/m2) 22.7 2.9 24.7 2.9 <0.01 22.7 2.6 23.6 2.5 0.04
Systolic blood pressure

(mmHg) 144 18 142 18 0.50 143 21 142 17 0.64

Diastolic blood pressure
(mmHg) 78 12 79 11 0.58 77 13 76 10 0.64

Fasting plasma glucose
(mg/dL) 101.9 15.6 104.0 27.5 0.56 93.3 10.5 97.7 18.1 0.06

Serum calcium
concentrations (mg/dL) 9.28 0.33 9.29 0.30 0.78 9.31 0.34 9.36 0.33 0.36

Serum 25(OH)D
concentrations (ng/mL) 27.2 7.2 28.7 8.4 0.23 24.4 8.3 22.9 5.9 0.20

Intact PTH (pg/mL) 46.4 18.5 43.8 15.2 0.34 51.7 20.5 49.4 17.4 0.44
CC/BW (cm/kg) 0.55 0.05 0.53 0.05 <0.01 0.64 0.05 0.61 0.05 <0.01
GS/BW (kgf/kg) 0.58 0.10 0.58 0.10 0.87 0.43 0.08 0.45 0.08 0.09

eGFR (mL/min/1.73 m2) 70.5 16.3 72.2 14.0 0.48 71.6 15.7 71.9 13.5 0.89
Osteo-sono

assessment index 2.49 0.16 3.01 0.27 <0.01 2.15 0.10 2.51 0.18 <0.01

Total energy intake
(kcal/day) 2016 590 2151 660 0.18 1745 598 1687 538 0.52

Protein intake
(g/1000 kcal) 14.8 2.9 15.1 3.6 0.58 16.2 3.6 16.4 3.7 0.78

Fat intake (g/1000 kcal) 22.4 6.0 22.5 5.6 0.85 25.5 6.5 25.6 5.3 0.88
Carbohydrate intake

(g/1000 kcal) 55.5 8.2 53 8.4 0.06 56.6 9.4 55.9 7.7 0.62

Vitamin D intake
(μg/1000 kcal) 8.5 4.6 9.2 6.5 0.39 9.8 5.8 10.1 6.4 0.75

Calcium intake
(mg/1000 kcal) 285 104 309 122 0.18 354 121 340 118 0.47

Smoking status (n, %) 0.83 0.52
Non-smoker 15 19 12 15 69 91 72 89
Ex-smoker 48 61 50 64 5 7 4 5

Current smoker 16 20 16 21 2 3 5 6

Drinking habit (n, %) 0.27 0.63
Non-drinker 29 37 20 26 62 82 69 85

Less than 20 mg/day 25 32 22 28 13 17 10 12
20–40 mg/day 24 30 34 44 1 1 2 2

More than 40 mg/day 1 1 2 3 0 0 0 0

Note: p-values were from the Student’s t-test for continuous variables and the chi-square test for categorical
variables. p-values < 0.05 are highlighted in bold. Abbreviations: BMI, body mass index; GS, grip strength; CC,
calf circumference; BW, body weight; eGFR, estimated glomerular filtration rates; 25(OH)D, 25-hydroxyvitamin D;
PTH, parathyroid hormone; SD, standard deviation.

In females, age (p = 0.02) and CC/BW (p < 0.01) were significantly lower in the high-
OSI group than in the low-OSI group. The high-OSI group showed a significantly higher
body weight (p < 0.01) and BMI (p = 0.02) than those in the low-OSI group.

3.3. Interaction between Sex and Calcium Intake on the OSI

Table 3 shows the results of a two-way ANCOVA, which was performed to examine
the interaction between sex and calcium intake on the OSI. A significant main effect of sex
on the OSI was observed after adjustments for age, BMI, eGFR, GS/BW, drinking habits, the
smoking status, intact PTH, and the serum 25(OH)D concentrations (p < 0.01), whereas the
main effect of calcium intake was not significant (p = 0.28). A two-way ANCOVA detected
a significant interaction between sex and calcium intake on the OSI after adjustments for
the covariates (p < 0.01).
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Table 3. Interaction between sex and calcium intake levels on the OSI.

Low Calcium Intake High Calcium Intake

Dependent
Variable

Sex Mean SE Mean SE
p for
Sex a

p for Calcium

Intake Levels b
p for

Interactions c

OSI Male 2.61 0.04 2.72 0.03 <0.01 0.28 <0.01
Female 2.44 0.04 2.39 0.03

Notes: Analyses were adjusted for age, body mass index, grip strength divided by body weight, estimated
glomerular filtration rates, drinking habits, the smoking status, intact parathyroid hormone, and the serum
25-hydroxyvitamin D concentrations. p-values < 0.05 are highlighted in bold. a: p-value of the main effect of sex;
b: p-value of the main effect of calcium intake levels; c: p-value of the interaction test between sex and calcium
intake on the OSI; Abbreviations: OSI, the osteo-sono assessment index; SE, standard error.

3.4. Multiple Regression Analysis of the Serum Calcium Concentrations as a Dependent Variable
according to Sex

The relationship between the serum calcium concentrations and intact PTH is shown
in Table 4. Intact PTH negatively correlated with the serum calcium concentrations in all
participants (p < 0.01), males (p < 0.01), and females (p = 0.03). A significant negative association
between the serum calcium concentrations and age was observed in all participants (p = 0.03).

Table 4. Multiple regression analysis of the serum calcium concentrations as a dependent variable
according to sex.

Total Male Female

Variables
Non-

Standardized
β

Standardized
β

p-Value
Non-

Standardized
β

Standardized
β

p-Value
Non-

Standardized
β

Standardized
β

p-Value

Age −0.01 −0.12 0.03 −0.01 −0.10 0.23 −0.01 −0.13 0.10
BMI 0.00 −0.01 0.80 0.00 0.02 0.78 −0.01 −0.06 0.45

Drinking
habits −0.05 −0.12 0.05 −0.04 −0.11 0.19 −0.06 −0.08 0.32

Smoking
status −0.01 −0.01 0.86 −0.02 −0.03 0.71 0.05 0.08 0.36

Intact PTH 0.00 −0.20 <0.01 0.00 −0.23 <0.01 0.00 −0.17 0.03

Notes: β means a partial regression coefficient of each independent variable to the serum calcium concentrations.
p-values < 0.05 are highlighted in bold. Abbreviations: BMI, body mass index; PTH, parathyroid hormone.

3.5. Multiple Regression Analysis of the OSI as a Dependent Variable according to Sex

The results of a multiple regression analysis are shown in Table 5. Among all partici-
pants, the relationship between calcium intake and the OSI was not significant (p = 0.14).
The OSI positively correlated with BMI (p < 0.01), and GS/BW (p < 0.01), and negatively
correlated with age (p = 0.01), and intact PTH (p = 0.01). Moreover, the OSI correlated with
drinking habits (p < 0.01) and the smoking status (p < 0.01).

Table 5. Multiple regression analysis of the OSI as a dependent variable according to sex.

Total Male Female

Variables
Non-

Standardized
β

Standardized
β

p-Value
Non-

Standardized
β

Standardized
β

p-Value
Non-

Standardized
β

Standardized
β

p-Value

Age −0.01 −0.14 0.01 −0.02 −0.26 <0.01 −0.01 −0.31 <0.01
BMI 0.04 0.35 <0.01 0.04 0.32 <0.01 0.02 0.28 <0.01

eGFR 0.00 −0.10 0.06 0.00 −0.03 0.73 0.00 −0.23 0.02
Drinking

habits 0.07 0.16 <0.01 0.03 0.08 0.35 −0.01 −0.03 0.73

Smoking
status 0.11 0.21 <0.01 0.04 0.07 0.33 0.09 0.18 0.03

GS/BW 0.76 0.25 <0.01 0.05 0.02 0.85 0.55 0.19 0.04
Intact PTH 0.00 −0.12 0.01 0.00 −0.09 0.22 0.00 −0.11 0.16

Serum
25(OH)D 0.00 0.09 0.06 0.01 0.16 0.04 0.00 −0.03 0.74
Calcium
intake 0.00 0.07 0.14 0.00 0.24 <0.01 0.00 −0.08 0.27

Notes: β means a partial regression coefficient of each independent variable to the OSI. p-values < 0.05 are
highlighted in bold. Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rates; GS/BW,
grip strength divided by body weight; PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D.
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In males, the OSI positively correlated with calcium intake (p < 0.01), BMI (p < 0.01),
and the serum 25(OH)D concentrations (p = 0.04), and negatively correlated with age
(p < 0.01).

In females, calcium intake did not correlate with the OSI (p = 0.27). However, the
OSI positively correlated with BMI (p < 0.01), eGFR (p = 0.02), and GS/BW (p = 0.04), and
negatively correlated with age (p < 0.01). A significant association between the smoking
status and OSI was observed (p = 0.03).

4. Discussion

The results of this cross-sectional study demonstrated that a higher dietary calcium
intake was associated with a higher OSI in males even after adjustments for covariates.
In females, the OSI did not correlate with calcium intake, but positively correlated with
GS/BW and eGFR.

PTH regulates calcium homeostasis in the body [19]. The secretion of PTH from the
parathyroid glands is altered to keep serum calcium levels within the appropriate range de-
pending on extracellular calcium concentrations. In the present study, a negative correlation
between the serum calcium concentrations and intact PTH was observed. It is considered
that the secretion of PTH was upregulated in individuals with lower serum calcium con-
centrations. In addition, PTH regulates bone remodeling by stimulating osteoblasts and
indirectly activating osteoclasts [20]. These studies indicate that PTH strongly influences
calcium homeostasis and bone metabolism. Therefore, we adjusted the association between
calcium intake and the OSI with intact PTH in the present study.

The relationship between the OSI and calcium intake differed between males and
females in the present study. A discrepancy in this relationship between males and females
was also reported in a previous study [21]. The sex difference observed in the effects
of calcium intake on bone strength may be partially explained by differences in serum
25(OH)D concentrations between males and females. Previous studies reported that serum
25(OH)D concentrations were higher in males than in females [22,23]. In the present
study, males had significantly higher 25(OH)D concentrations than females. Vitamin D
regulates the intestinal absorption of dietary calcium [5,6]. Therefore, calcium absorption
appeared to be more inefficient in females. Furthermore, aging has been shown to decrease
calcium absorption due to vitamin D insufficiency and intestinal resistance to the effects of
vitamin D [7,24]. Therefore, the lack of a relationship between calcium intake and the OSI
was attributed to impaired calcium absorption in older females in the present study.

Several previous studies reported that the SOS and broadband ultrasound attenua-
tion (BUA) measured at the calcaneus were closely associated with BMD assessed using
DXA [25,26]. In addition, the SOS and BUA negatively correlated with age [19,26]. There-
fore, we believe that the SOS and BUA measured by ultrasound reflect the age-related loss
of bone density. However, the possibility that the OSI does not rigorously detect the loss of
bone density should also be considered. The OSI depends not only on the bone density
in the calcaneus but also on the amount of yellow marrow or fat [27]. Furthermore, the
impact of marrow on the quantitative ultrasound transmission of cancellous bone is likely
to be greatest in women with low BMD [27]. A previous study reported that the amount
of marrow fat in the calcaneus does not vary with the development of osteoporosis [28].
Therefore, the lack of significant association of calcium intake with the OSI in females in
the present study may be attributed to the inability of the OSI to detect the reduction of
bone density particularly in females.

GS/BW correlated with the OSI in females in the present study. Previous studies
reported that grip strength positively correlated with BMD in aged adults and post-
menopausal women [29–31]. Mechanical loading generated by muscle is an essential
mechanism for maintaining bone health [32,33]. Therefore, the present results appear to
support previous findings and suggest that the maintenance of muscle strength contributes
to bone strength in older Japanese females.
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However, the relationship between GS/BW and the OSI in females needs to be in-
terpreted with caution because it was not observed in males. Furthermore, the effects of
estrogen on bone mass and muscle function need to be considered. An estrogen deficiency
in women after menopause activates osteoclastic bone resorption, causing osteoporosis [34].
Furthermore, estrogen treatments ameliorate osteoporosis [35,36]. In addition, a decline in
estrogen levels in menopausal women was previously reported to impair muscle strength
via the inadequate preservation of skeletal muscle mass and decrements in the quality
of the remaining skeletal muscle [37,38]. Therefore, estrogen levels may have mediated
the relationship between GS/BW and the OSI in the present study. However, the effects
of estrogen remain unclear because we did not measure estrogen levels. Therefore, the
potential of estrogen as a confounding factor needs to be considered when interpreting the
present results.

There are further limitations that need to be addressed. The causality of the relationship
of the OSI with calcium intake and GS/BW remains unclear because of the nature of a
cross-sectional study. Moreover, selection bias may limit the generalizability of the present
results. The ratio of health-conscious individuals was likely to be high because only
voluntary participants underwent the medical examination in the present study. The lack
of assessment of the bone density at the femoral neck or lumbar may prevent our findings
from providing robust suggestions on the prevention of fractures. However, the previous
studies reported that the SOS and BUA measured at the calcaneus closely correlated with
BMD of the femoral neck, spine, and total body measured by DXA [39–41]. Therefore,
although further studies focused on the femoral neck and spine are needed, our findings
observed at the calcaneus are likely to apply to the other sites of the body.

5. Conclusions

Dietary calcium intake was associated with the OSI in older Japanese males, but not
females. On the other hand, GS/BW correlated with the OSI in females. The present results
suggest that the effects of calcium intake on the preservation of bone strength may differ
between the sexes in an older Japanese population.
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Abstract: A high polyphenol intake has been associated with higher bone-mineral density. In contrast,
we recently demonstrated that the urinary levels of these micronutrients were associated with the
long-term accelerated deterioration of the bone. To expand on the health consequences of these
findings, we assessed the association between urinary level and dietary intake of polyphenols and
the 9-year risk of hip fractures in the InCHIANTI study cohort. The InCHIANTI study enrolled
representative samples from two towns in Tuscany, Italy. Baseline data were collected in 1998 and at
follow-up visits in 2001, 2004, and 2007. Of the 1453 participants enrolled at baseline, we included
817 participants in this study who were 65 years or older at baseline, donated a 24 hour urine
sample, and underwent a quantitative computerized tomography (pQCT) of the tibia. Fracture
events were ascertained by self-report over 9 years of follow-up. Thirty-six hip fractures were
reported over the 9-year follow-up. The participants who developed a hip fracture were slightly
older, more frequently women, had a higher dietary intake of polyphenols, had higher 24-hour
urinary polyphenols excretion, and had a lower fat area, muscle density, and cortical volumetric Bone
Mineral Density (vBMD) in the pQCT of the tibia. In logistic regression analyses, the baseline urinary
excretion of total polyphenols, expressed in mg as a gallic acid equivalent, was associated with
a higher risk of developing a hip fracture. Dietary intake of polyphenols was not associated with
a differential risk of fracture. In light of our findings, the recommendation of an increase in dietary
polyphenols for osteoporosis prevention should be considered with caution.

Keywords: bone-pQCT; dietary polyphenols; longitudinal study; urinary polyphenols; femur
fracture risk

1. Introduction

The aging of the population leads to the increased incidence and prevalence of chronic
morbidity, which imposes high costs of care and challenges the quality of life of patients
and their caregivers. The identification of risk factors for chronic diseases that can be
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prevented through campaigns that promote positive health behaviors play a crucial role
in managing this trend. A gradual loss of bone density and quality occurs with aging
and results in progressive osteopenia and osteoporosis [1,2]. Osteoporosis substantially
increases the risk of skeletal fractures and further morbidity and mortality [3]. The diag-
nostic criteria for osteoporosis include a DEXA bone-mineral density (BMD) measurement
≥2.5 (SD) below the average value for young healthy women (T-score ≤ −2.5 SD), while
osteopenia is characterized by a borderline decrease in BMD and is defined by a BMD
T-score between −1.0 and −2.5 [4]. Preventive measures, apart from pharmacologic agents,
include lifestyle adjustments, nutritional support, fall prevention strategies, and exercise [5].
Most clinical practice guidelines suggest that diets rich in calcium and vitamin D may limit
osteoporosis progression [6,7], and when dietary sources are insufficient or poorly tolerated,
pharmacological supplementation could be useful. However, this recommendation has
been challenged in recent systematic reviews and meta-analyses [8,9]. Another lipophilic
vitamin, menaquinone-7 (vitamin-K2), has been also suggested as potentially useful in
preventing osteoporosis [10]; however, its high cost and the lack of agreement on optimal
dosages have somewhat limited its widespread use.

Polyphenols, bioactive compounds derived from plant-based foods, have antioxidant
and anti-inflammatory properties. It has been proposed that an increased intake of polyphe-
nols can effectively slow down the osteoporosis process because of their bone anabolic
action [11,12]. Among those polyphenols, naringenin, kaempferol, luteolin, quercetin,
epigallocatechin 3-gallate, and resveratrol were reported to be effective in bone metabolism,
at least in animal model studies [13,14]. Epidemiological studies have shown that at least
five cups/day of tea, rich in polyphenols as much as in caffeine, are positively associated
with higher bone-mineral density (BMD) at multiple skeletal sites, while the relationship
with fracture risk is less clear [15,16]. Studies in humans have shown either a reduction or
no difference in the risk of fragility fracture with tea consumption [15,17].

Contrary to this view, in the large population-based InCHIANTI study, we recently
reported that higher urinary polyphenols were associated with a long-term accelerated
deterioration of bone health (bone mass, diaphyseal design, and material quality), measured
by peripheral quantitative computed tomography (pQCT) [18]. At least two hypotheses
must be considered to explain those results: polyphenols form robust, even reversible
complexes with ions, and in particular with iron and calcium (a higher consumption of
polyphenols is associated with a lower prevalence of kidney stones); and the decline in
glomerular filtration rate (GFR) with aging that could reduce the bioavailability of serum
calcium [18]. However, the described deterioration of bone mass, diaphyseal design,
and material quality associated with a higher polyphenol intake does not necessarily
imply an increase in bone fracture. Therefore, the aim of this study was to evaluate the
association of incident femur fractures with urinary total polyphenols (UTPs) and total
polyphenol intake/day, in a cohort of free-living subjects, representative of the over-65
Italian population.

2. Materials and Methods

The design of the InCHIANTI study has been described in detail elsewhere [19]. Briefly,
the study was designed by the Laboratory of Clinical Epidemiology of the Italian National
Institute of Research and Care on Aging (INRCA, Florence, Italy), and was performed in
two small towns in Tuscany. The baseline data were collected in 1998–2000, the three-year
follow-up took place in 2001–2003, the six-year follow-up took place in 2004–2006, and the
nine-year follow-up took place in 2007–2009.

2.1. Samples

Of the 1453 participants enrolled at baseline in the InCHIANTI study, 817 subjects
were included in this study because they were 65 years or older, had at least one follow-up,
and all variables of interest for this study were available. Participants were all European
subjects and of Caucasian race. The Ethical Committee of the Local Health Authority of
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Florence, Tuscany Region, approved the study protocol, and written informed consent was
obtained from each participant. From the InCHIANTI study population, we selected all
participants who reported an incident hip fracture during the follow-up. The subjects that
reported a hip fracture at baseline were excluded from the analysis. Moreover, the few
cases who experienced a bilateral or repeated hip fracture were counted only once.

2.2. Dietary Assessment

At baseline, as in the subsequent follow-ups, usual food consumption and energy in-
take were estimated through personal interviews and by the Italian version of the European
Prospective Study into Cancer and Nutrition (EPIC) [20,21]. For the purpose of this study,
the following variables were used: the number of glasses of wine consumed daily; and
the intake of total dietary polyphenols (TDPs) consumed (mg/day), which was calculated
according to Zamora-Ros as the sum of flavonoids, phenolic acids, lignans, stilbenes, and
other polyphenols expressed as aglycone equivalents (mg/day) [22].

2.3. Urinary Total Polyphenols (UTPs)

At baseline, 24 hour urine samples were obtained from the participants. Urine samples
were aliquoted and stored at −80 ◦C until analysis. Samples were thawed on ice and
analyzed using the Folin–Ciocalteau (F–C) assay after solid-phase extraction, which yields
the elimination of interfering substances that could react with the F–C assay, as described
previously [23]. Intra-batch and inter-batch coefficients of variation were less than 10.5%
and less than 10.7%, respectively [24]. UTP concentrations were expressed as mg of gallic
acid equivalents (GAE) per 24-hour versionurine sample.

2.4. Tibial pQCT

Peripheral quantitative computed tomography (pQCT) was performed by the XCT
2000 device (Stratec Medizintechnik, Pforzheim, Germany). The description of the pQCT
examination in the InCHIANTI study has been published elsewhere [1]. The images
obtained from the pQCT were analyzed using BonAlyse software version 1.2 (BonAlyse Oy,
Jyvaskyla, Finland). The following bone parameters were derived [25]: cortical bone area
(CBA): area of the cortical bone region of the tibia cross-section in cm2; total volumetric
mineral density (vBMDtot) assessed as the average density of the total bone area in mg/cm3;
cortical volumetric mineral density (vBMDc), a selective measure of the apparent volumetric
density of cortical bone, in mg/cm3; cortical thickness (CTh), the average thickness of the
circular crown formed by the centered periosteal and endocortical circumferences, in
mm; medullary area (MedA), which is the difference between total and cortical bone
areas and includes the marrow space and areas of the inner cortex trabecularized by
endocortical resorption that has a cortical apparent vBMD < 710 mg/cm3 and is sensitive
to endocortical resorption, in cm2; tibia cross-section total bone area in cm2. From the
pQCT images measured at 4% tibia length, the following bone parameters were obtained:
bone circumference (mm); total bone area (mm2); and cortical vBMD (mg/cm3). Using the
pQCT images obtained at 66% tibia length from the distal tip of the tibia, we also estimated
the calf muscle cross-sectional area (CMCSA; expressed in cm2), muscle density, and the
bone–muscle ratio, both expressed in mg/cm3. Lastly, from a scan performed at 90% tibia
length, the maximal fat area was calculated and expressed in mm2.

2.5. Covariates
2.5.1. Laboratory Tests

Blood samples were collected in the morning after a 12-hour fast, centrifuged, and
stored at −80 ◦C. Serum creatinine levels (mg/dL) were measured by the Laboratory of
Clinical Chemistry and Microbiological Assays, SS., Annunziata Hospital, Azienda Sanitaria 10,
Florence, Italy, using a colorimetric assay (TP, Roche Diagnostics, GmbH, Mannheim, Germany)
and a Roche analyzer (Roche Diagnostics, GmbH, Mannheim, Germany). At baseline, the
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analyzer used was a Hitachi 917. For the follow-ups, it was a Modular P800 Hitachi. The
glomerular filtration rate was calculated according to the Cockcroft–Gault formula [26].

2.5.2. Physical Performance and Strength

The short physical performance battery (SPPB), based on lower-extremity performance
tests, was used to summarize lower-extremity performance [27]. The SPPB consisted of
walking speed, ability to stand from a chair, and ability to maintain balance in progressively
more challenging positions. Each physical performance measure was categorized into
a five-level score, with 0 representing the inability to conduct the test and 4 representing
the highest level of performance. The score registered in the three measures were then
added to create a summary measure ranging from 0 (worst) to 12 (best).

Handgrip strength was measured using a handheld dynamometer (hydraulic hand
“BASELINE”; Smith & Nephew, Agrate Brianza, Milan, Italy). Participants were asked to
perform the task twice with each hand, and the results were averaged.

Information on smoking status was collected at home interviews. BMI (in kg/m2) was
calculated using measured weight (in kg) divided by height (in m2), both of which were
measured during the medical visit.

2.6. Statistical Analysis

The urinary level of gallic acid and the intake of total dietary polyphenols were not
normally distributed and were therefore normalized. The urinary level of gallic acid was
cubic-root normalized (Skewness p-value = 0.84 and Kurtosis p-value = 0.15), whereas total
dietary polyphenols were natural-logarithm transformed (Skewness p-value = 0.10 and
Kurtosis p-value = 0.32). The baseline characteristics were compared between groups for
all the variables of interest, using analysis of variance for the continuous variables and
χ2 test analyses for the dichotomous or categorical variables; moreover, in the descriptive
table, we reported the p-values adjusted for age and sex using linear and logistic regression
models, respectively. In the descriptive analysis, the normalized gallic acid urinary eq/day
p-value was also adjusted for 24-hour creatinine clearance. The logistic regression model
was used to assess the risk of developing hip fractures associated with the baseline urinary
level of gallic acid considered as a continuous variable, adjusted for potential confounders
that were associated with the risk of fracture at univariate analysis with a p-value < 0.10.
Creatine clearance at 24-hour was forced into the model to counteract its confounding
effect on the gallic acid urinary level. The lower median values for muscle density at 66%
of tibia length (mg/cm3), volumetric bone density BDG at 4% of tibia length (mg/cm3),
and fat area at 90% of tibia length (mm2) were considered in the logistic model as the
reference group. Due to not normally distribution of naringenin, kaempferol, luteolin,
quercetin, epigallocatechin 3-gallate, and total resveratrol, and due to the difficulty in
their normalization, difference comparisons between the groups (hip fracture, sex, and
alcohol consumption) were evaluated through quantile regression to model the effects
of covariates on the conditional quantiles of a response variable. To assess which factors
were associated with TDP variation across the time of the study, a linear mixed model was
analyzed, in which UTPs, age, male sex compared to female, and history of hip fracture
were independent variables. Analyses were conducted using SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA).

3. Results

Thirty-six hip fractures were detected over a 9-year follow-up (4.4%); subjects who
had a femur fracture were slightly older, more likely to be women (p = 0.01), reported
a higher dietary intake of polyphenols (p = 0.01), and had higher values of 24-hour urinary
excretion of gallic acid, independent of sex or age (p = 0.05) (Table 1).
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Table 1. Baseline characteristics of the population according to incident hip fractures. All p-values
were age- and sex-adjusted. Normalized gallic acid urinary eq/day p-value was also adjusted for 24
h creatinine clearance.

Hip Fracture

p-ValueNo Yes

781 36

Age (years) 75.38 ± 7.64 76.75 ± 7.35 0.20
Sex female (n, %) 426 (54.6) 27 (75.0) 0.01

Alcohol consumption 0.92
Teetotal 123 (15.6) 6 (16.7)
Former 175 (22.4) 7 (19.4)
Current 483 (61.8) 23 (63.9)

Cigarette smoking 0.61
Never 462 (59.2) 22 (61.1)

Former 210 (26.9) 11 (30.6)
Current 109 (13.9) 3 (8.3)

Summary Performance Score (0–12) 9.77 ± 3.28 8.70 ± 3.39 0.20
Body Mass Index (kg/m2) 27.49 ± 4.07 26.74 ± 4.77 0.22

Muscle strength (kg) 28.74 ± 12.04 25.17 ± 9.48 0.71
Normalized gallic acid urinary eq/day 1 5.28 ± 0.74 5.43 ± 0.70 0.05
Normalized Tot. polyphenols consumed

(mg/day) 2 443.84 ± 165.88 467.17 ± 166.55 0.01

Creatinine clearance, 24-hour (mL/min) 76.00 ± 25.71 69.99 ± 27.69 0.73
1 Gallic acid was cubic-root normalized. 2 Total polyphenols consumed was natural-logarithm transformed.

During the pQCT, participants who developed a hip fracture, compared to those who
did not, had a smaller fat area (90% of tibia length), lower muscle density (66% of tibia
length) and lower cortical vBMD (4% of tibia length) (Table 2).

Table 2. Baseline pQCT results according to incident femur fractures. All p-values were age-
and sex-adjusted.

Hip Fracture

p-ValueNo Yes

781 36

Fat area 90% tibia (mm2) 2631.46 ± 1521.81 2451.89 ± 1381.59 0.007

Muscle area 66% tibia (mm2) 6233.66 ± 1255.49 5865.70 ± 1417.17 0.79

Muscle density 66% tibia (mg/cm3) 70.59 ± 3.66 69.08 ± 5.88 0.05

Cortical bone area 38% tibia (mm2) 295.73 ± 75.31 275.33 ± 78.27 0.79

Volumetric BMD 38% tibia (mg/cm3) 474.88 ± 45.49 479.21 ± 41.78 0.40

Volumetric Cortical BMD 38% tibia (mg/cm3) 1097.97 ± 78.68 1080.51 ± 81.67 0.52

Total bone area 38% tibia (mm2) 380.09 ± 71.51 361.26 ± 76.18 0.94

Medullar area 38% tibia (mm2) 86.06 ± 32.13 85.93 ± 29.03 0.61

Cortical bone thickness 38% tibia (mm) 4.62 ± 1.24 4.34 ± 1.70 0.67

Bone/muscle ratio 66% tibia 0.10 ± 0.03 0.11 ± 0.04 0.57

Total vBMD 4% tibia (mm2) 1079.87 ± 382.20 1041.26 ± 425.54 0.37

Cortical vBMD 4% tibia (mg/cm3) 256.93 ± 52.96 228.33 ± 38.39 0.01

Bone circumference BDG 4% tibia (mm) 135.59 ± 37.51 139.59 ± 38.87 0.21
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The development of a hip fracture was not associated with the prevalence and incidence of
other morbidities, nor in the number of prescribed drugs, including those relevant for osteoporo-
sis (vitamin D, bisphosphonates, or teriparatide (Supplementary Materials Tables S1 and S2)).

Table 3 shows the results of the logistic regression analysis: in Model 1, we evaluated
the role of the urinary concentration of gallic acid in predicting the risk of hip fractures,
while in Model 2, the effect of total polyphenols consumed daily was evaluated. Urinary
gallic acid values were associated with higher fracture risks OR = 2.10; 95% CI: 1.16–3.81.
The effect of the polyphenols was independent from the effect of other potential con-
founders included in the models, such as age, sex, BMD at 4% of tibia length, the area of
adipose tissue at 90% of tibia length, and muscle density at 66% of tibia length. A greater
muscle density was associated with a lower fracture risk [OR = 0.91; 95% CI: 0.83–0.99]. On
the contrary, the daily dietary intake of polyphenols estimated by the EPIC questionnaire
was not associated with hip-fracture risk.

Table 3. Logistic regression analysis, factors predicting fracture risk. Urinary gallic acid was cubic-
root normalized; total polyphenols consumed was natural-logarithm transformed. Fat area at 90%
tibia length, volumetric bone density BDG at 4% tibia length, and muscle density at 66% tibia length
were contrasted in the analysis according to median level of distribution.

Model 1 Model 2

OR (95%CI) OR (95%CI)

Normalized Gallic acid eq/day 1 2.06 (1.12–3.76) 0.01

Total polyphenols consumed daily
(mg/day) 1 1.71 (0.49–5.96) n.s.

Sex

Female 5.04 (1.53–16.6) 0.008 4.92 (1.43–16.89) 0.02

Male reference group reference group

Age (years) 0.99 (0.94–1.06) n.s. 0.99 (0.93–1.06) n.s.

Fat area 90% tibia (mm2)

Upper median 0.32 (0.13–0.77) 0.01 0.36 (0.15–0.85) 0.02

Lower median reference group reference group

Volumetric bone density BDG 4%
tibia (mg/cm3)

Upper median 0.05 (0.01–0.46) 0.009 0.06 (0.01–0.54) 0.01

Lower median reference group reference group

Muscle density 66% tibia (mg/cm3)

Upper median 0.01 (0.01–0.64) 0.03 0.01 (0.01–0.76) 0.04

Lower median reference group reference group

Creatinine Clearance 24-hour 1 0.99 (0.98–1.02) n.s. 1.01 (0.98–1.02) n.s.
1 risk of femur fracture for one-unit increase. N.S. p-value > 0.05

To assess beyond the total polyphenol daily intake, the possible association of spe-
cific polyphenol intake levels with hip-fracture risk and differences in the median and
95%CI were evaluated for naringenin, kaempferol, luteolin, quercetin, epigallocatechin
3-gallate, and total resveratrol, which were age- and sex-adjusted (Table 4). Only the daily
intake resveratrol showed higher and statistically significant levels in subjects without
a hip fracture compared to those with fractures [−0.08 (−0.1:−0.0); p-value = 0.005]. Look-
ing at a gender effect, we conducted a stratified analysis for sex. Male subjects showed
a statistically significant higher level of daily intake of resveratrol compared to female
subjects [0.18 (0.11:0.21); p-value < 0.001] age-adjusted. Lastly, to assess the potential con-
founding effect of alcohol consumption between sex differences, we also stratified this
voluptuary. After adjusting for age and sex, teetotal subjects showed statistically signif-
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icant lower levels of resveratrol, compared to the prior or current alcohol users group
[−0.12 (−0.15:−0.09) p-value < 0.001]. A multiplicative gender for alcohol effect could not
be assessed, probably due to the limited male sample that experienced hip fractures. Lastly,
to verify role of UTPs independent of resveratrol intake and alcohol consumption in pre-
dicting the risk of hip fractures, we introduced resveratrol and alcohol intake as covariates
in the logistic model predicting hip fractures, but the strength of the predictive risk of hip
fractures associated with UTPs was practically unchanged [OR = 2.11; 95%CI (1.15–3.89);
p-value = 0.01].

Table 4. Quantile regression models. Polyphenols consumed daily at baseline according to follow-up
incident hip fracture. Data were reported as differences of the median estimates and 95%CI. All
p-values were age- and sex-adjusted. The reference group was represented by subjects without
hip fracture.

Estimate (95%CI) p-Value

Naringenin (mg/day) −2.18 (−5.7:1.4) 0.23
Kaempferol (mg/day) 0.28 (−0.1:0.60) 0.09

Luteolin (mg/day) 0.02 (−0.3:0.3) 0.91
Quercetin (mg/day) −0.10 (−0.2:0.1) 0.09

Epigallocatechin 3-gallate (mg/day) −0.28 (−2.6:2.1) 0.81
Total resveratrol (mg/day) −0.08 (−0.1:−0.0) 0.005

To assess factors associated with TDP variation through the times of the study,
linear mixed model analyses were conducted (Table 5). TDPs consumed did not vary
across the time of the study (p-value = 0.39); UTPs were strongly associated with TDPs
(p-value = 0.004), and no multiplicative effect could be demonstrated for the interaction
with time (p = 0.77); with increasing age, lower UTP levels were found (p-value = 0.002).
Lastly, the male sex showed higher levels of TDPs compared to the female sex
(p-value < 0.001).

Table 5. Linear mixed model. Factors associated with total dietary polyphenols (TDPs) assumption,
variation through the times of the study assessed with European Prospective Study into Cancer and
Nutrition s(EPIC) questionnaire. Urinary total polyphenol (UTP) concentrations were expressed as
normalized mg of gallic acid equivalents (GAE) per 24-hour urine. Linear Mixed Model estimates are
reported as β ± SE.

β ± SE p-Value

Intercept 592.49 ± 80.53 <0.001
Time −18.24 ± 21.13 0.39

UTP normalized gallic acid 24.53 ± 8.47 0.004
Time for UTP normalized gallic acid −1.16 ± 3.92 0.77

No hip fracture −17.22 ± 21.82 0.44
Age (years) −2.27 ± 0.73 0.002
Sex (male) 57.09 ± 9.35 <0.001

4. Discussion

The main result of this study was that high urinary polyphenol levels in the InCHI-
ANTI population aged 65 and over were associated with a higher risk of developing hip
fractures. The risk appears to be almost double for subjects with higher UTPs compared
to those with lower values. Moreover, consistent with the previous literature, greater
muscle density, higher median vBMD, and larger median fat area, represented independent
protective factors against the development of hip fractures.
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To the best of our knowledge this is the first prospective study of a large cohort of
free-living subjects that assesses the role of urinary polyphenols in the risk of incident hip
fractures. Several previous works have examined the potential effect of polyphenols on
bone quality [28]. Epidemiological studies on tea consumption (as a source of polyphenols)
demonstrated that tea could be a promising approach for increasing BMD [16]. Addi-
tionally, diet habits, namely the Mediterranean diet [29] and a regular consumption of
fruit [30], have been reported to positively affect bone quality [26]. Recently, findings from
the InCHIANTI study provided evidence that higher UTP levels were associated with
the long-term accelerated deterioration of bone health [18]. In order to assess the level
of bone health, several bone markers can be used, such as bone mass, material quality,
and diaphyseal design; however, a low bone quality does not necessarily imply a higher
risk of fracture, but subjects with low bone quality (osteopenia) suffer more fractures
compared to osteoporotic subjects [31]. Several factors may contribute to this apparent
paradox; among them is the low specificity of BMD as a predictor of femur and vertebral
frailty fractures. Therefore, a higher BMD may not correlate with a reduced incidence of
fracture. The evidence for the role of polyphenols in modulating the risk of fracture is at
best not conclusive. Most research has focused on experimental animal models, demon-
strating that polyphenols increase bone quality and could reduce the time of recovery from
a fracture [32]. Clinical trials involving the oral supplementation of polyphenols in hu-
man subjects showed an enhancement of bone quality but failed to provide solid proof of
a reduction in incident fracture risk [33,34]. On the contrary, our study clearly demonstrates
an increase in fracture risk for the urinary polyphenols analyzed, independent from all the
confounders considered. However, the total polyphenol intake in the diet did not correlate
with the risk of incident fractures. Only resveratrol among the many polyphenols assumed
daily and considered in the analysis showed higher levels in those subjects with incident
hip factures. Additionally, in those subjects who reported to drink alcohol, resveratrol
could not modulate the strength of the association between the urinary level of gallic acid
and fracture risk. All together, these results indicate that resveratrol assumed daily is an
indirect marker of alcohol consumption, which is a well-known factor risk of osteoporosis
and hip fractures. It is difficult to speculate on the mechanism(s) which may account for
our results. We may consider at least two hypotheses: the high affinity of polyphenols
for iron and calcium [35]; and the decline of the glomerular filtration rate with aging [36],
which might interfere with bone homeostasis and could facilitate the urinary formation
of polyphenol–calcium complexes, thus reducing the bioavailability of calcium [36]. This
scenario is not in agreement with a recent meta-analysis showing a reduction in serum
calcium levels after resveratrol supplementation [37].

The still incomplete understanding of polyphenol metabolism is most probably the
reason for these apparently conflicting results. The role of the gut microbiome on the
metabolic transformation and absorption of polyphenols has only recently been
recognized [38]. Therefore, the divergent roles of TDPs and UTPs in fracture risk could
also be due to a phenotypical predisposition to an increased urinary excretion of polyphe-
nols, which may translate into an increased risk of osteoporosis. This may represent an
important limitation of our study, i.e., the use of UTP values as markers of polyphenol
exposure, which may not be consistent with blood levels and/or dietary intake. UTPs
were only measured at baseline, and this single measurement might be insufficient to
fully assess the role of polyphenols in predicting bone health and fracture risk. Moreover,
subjects’ dietetic style could vary during life, and consequently polyphenol assumption
could also vary. Therefore, the hip-fracture risk assessed in our analysis could be somehow
overestimated. However, in our results, as in previous work [22], demonstrated a strong
correlation between UTPs and TDPs, also independently from time (Table 5) and we could
consider the UTP level constant during the time of the study. However, these limitations
can be dismissed because the urinary assessment of polyphenols is a reliable and validated
method [22]. An additional limitation of our study is the lack of consideration for fractures
other than the femur, and the risk might be underestimated in this case. Finally, in our
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study, bone turnover markers were not considered, which have emerged as promising
tools in the management of osteoporosis independently from bone-mineral density (BMD)
measurements [39].

5. Conclusions

This study demonstrated that higher urinary polyphenol levels are predictive of
a greater risk of incident fractures in a representative, free-living Italian population. More
extensive information is needed on the metabolism and effects of polyphenols on bone
homeostasis and confirmed by ad hoc intervention clinical trials. In the light of the present
results, the recommendation of dietary polyphenol supplementation for osteoporosis
prevention should be considered with caution.
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Abstract: Chronic kidney disease (CKD) commonly occurs with vitamin K (VK) deficiency and
impaired bone mineralization. However, there are no data explaining the metabolism of endoge-
nous VK and its role in bone mineralization in CKD. In this study, we measured serum levels of
phylloquinone (VK1), menaquinone 4 and 7 (MK4, MK7), and VK-dependent proteins: osteocalcin,
undercarboxylated osteocalcin (Glu-OC), and undercarboxylated matrix Gla protein (ucMGP). The
carboxylated osteocalcin (Gla-OC), Glu-OC, and the expression of genes involved in VK cycle were
determined in bone. The obtained results were juxtaposed with the bone mineral status of rats with
CKD. The obtained results suggest that the reduced VK1 level observed in CKD rats may be caused
by the accelerated conversion of VK1 to the form of menaquinones. The bone tissue possesses all
enzymes, enabling the conversion of VK1 to menaquinones and VK recycling. However, in the
course of CKD with hyperparathyroidism, the intensified osteoblastogenesis causes the generation of
immature osteoblasts with impaired mineralization. The particular clinical significance seems to have
a finding that serum osteocalcin and Glu-OC, commonly used biomarkers of VK deficiency, could be
inappropriate in CKD conditions, whereas Gla-OC synthesized in bone appears to have an adverse
impact on bone mineral status in this model.

Keywords: bone mineral status; chronic kidney disease (CKD); genes of vitamin VK cycle; vitamin K
(VK); VK-dependent proteins; 5/6 nephrectomy model

1. Introduction

Chronic Kidney Disease Mineral and Bone Disorder (CKD-MBD) is a common com-
plication of CKD, associated with abnormalities in bone metabolism and impaired bone
mineralization [1–3]. In the course of CKD-MBD, both quality and quantity of bone tis-
sue have been compromised, and the development of osteoporosis has an impact on a
substantial increased risk of fractures and mortality in those patients [4,5].

Throughout life, bone undergoes a remodeling process in which the amount of re-
sorbed bone should be equivalent to the amount of new bone formation and appropriate
mineralization [6,7]. In the regulation of the mineralization process in CKD, many fac-
tors play a key role, such as parathormon (PTH), vitamin D, and vitamin K (VK) [8,9].
Vitamin K occurs in two forms—K1 (phylloquinone) and K2 (menaquinones, MKs). The
most common MK in humans is the short-chain menaquinone 4 (MK4), which can be
produced by endogenous conversion of phylloquinone to menaquinones with the enzyme
UbiA prenyltransferase containing 1 (UBIAD1) [10–12]. The long chain MKs, such as
menaquinone 7 (MK7), are found in fermented foods [13]. The pivotal role of vitamin K acts
as a cofactor for the enzyme γ-glutamyl carboxylase (GGCX) in the gamma-carboxylation
reaction, which in proper course is closely associated with its recycling, defined as the
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“vitamin K cycle”. The vitamin K epoxide is converted into the quinone form by vitamin K
epoxide reductase complex subunit 1 (VKORC1). The transformation of the quinone to VK
hydroquinone form occurs through quinone reductase. This form of VK can be reused as a
cofactor for GGCX in the gamma-carboxylation reaction [14]. In the course of that reaction,
carboxyl groups are added to Glu residues in proteins and transformed to Gla domains.
This process transforms inactive (undercarboxylated) proteins into active (carboxylated)
vitamin K-dependent proteins (cVKDPs), such as matrix Gla protein (MGP) and osteocalcin
(OC) [15]. The increased circulating levels of undercarboxylated VKDPs—Glu-OC and
ucMGP—reflect VK deficiency, and the measurement of these proteins is used to determine
VK status [16,17].

Patients with CKD frequently suffer from subclinical VK deficiency, which may result
from dietary restrictions, poor nutrient intake, and using drugs such as proton-pump
inhibitors, steroids, statins, antihypertensives drugs, or broad-spectrum antibiotics, which
decrease vitamin K synthesis by the impairment of the natural intestinal microflora [18–22].
Subclinical VK deficiency was confirmed in hemodialysis (HD) patients on the grounds of
the high levels of ucOC, dephosphorylated-uncarboxylated MGP (dp-ucMGP), and low
levels of VK1 [21,23]. In CKD, VK metabolism and recycling may also be impaired. McCabe
et al. [24] assessed the genes expression of the VK cycle in a rat model of adenine-induced
CKD and observed the reduced GGCX and VKORC1 expression in the thoracic aorta and a
decreased level of UBIAD1 in the kidney.

Despite a small amount of research on the relationship between VK and bone health
in CKD patients, it has been observed that low VK status has been linked to an increased
risk of bone fracture [25,26] or reduced bone mineral density (BMD) [27–30]. Studies on
the effect of VK supplementation on BMD are limited and inconclusive. In some research,
an increase in BMD [31–36] or bone mineral content (BMC) [37] was observed under the
influence of VK supplementation. However, in other studies, the above relationship was
not shown [38,39]. MK7 supplementation reduced the levels of ucOC and dp-ucMGP
in hemodialysis patients [40–42], whereas MK4 supplementation prevented bone loss in
steroid-treated glomerulonephritis patients [43].

In the available literature, there is a lack of research explaining the role of endogenous
VK in the bone mineralization process in the course of CKD. Therefore, the aim of the
present study was the comprehensive assessment of endogenous VK metabolism in rats
with CKD through determination of VK1, MK4, MK7, and undercarboxylated VKDPs—
Glu-OC and ucMGP levels in serum, and the measurement of Gla-OC, Glu-OC levels, and
their ratios in trabecular and cortical region of femurs. Then, the expression of genes related
to VK recycling in bone were investigated. The obtained results were juxtaposed with the
bone mineral status of uremic rats.

2. Materials and Methods

2.1. Animals

Twenty-six 4-week-old male Wistar rats were randomly assigned into two groups: the
control group (CON, n = 10) subjected to sham-operation by renal decapsulation, and the
experimental group (CKD, n = 16) after a two-step surgical 5/6 nephrectomy. During the
experiment, animals were kept in conventional cages in vivarium conditions (humidity of
50%, 24 ◦C, and 12-h/12-h light/dark cycle) with unlimited access to sterilized tap water.
The rats were fed a standard diet (Ssniff R/M-H) composed of 19% protein, 1% calcium,
0.70% phosphorus, 1000 IU of vitamin D3 per kg, and 5 mg of vitamin K as menadione
per kg. The experiment’s overall time course lasted 24 weeks in order to monitor the
development and progression of CKD. Finally, blood samples and femurs were obtained
from the anesthetized animals and were secured for further studies. In the presented
experiment, we employed materials from our previous research, where we gave a detailed
description of animals’ characteristics, tissue collection, and applied procedures [44]. Briefly,
markers of kidney function—serum urea and creatinine concentrations—were increased
in CKD rats compared to CON (both p < 0.001). The animals with CKD had significantly
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higher levels of PTH (p < 0.01), whereas 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] levels
were comparable to healthy animals [44].

2.2. Measurement of Vitamin K Concentrations in Rat Serum

Vitamins K (i.e., phylloquinone (VK1), Menaquinone 4 (MK4), and Menaquinone
7 (MK7) were determined by the Laboratory of Perlan Technologies Polska, based in
Gdynia, Poland. The following reagents and solvents from Merck KGaA were used: LC-MS
grade water, LC-MS grade methanol, acetonitrile, hexane, bovine serum albumin (BSA),
ammonium formate solution, formic acid, and standards of: vitamin K1 (phylloquinone),
vitamins K2: MK4 (Menaquinone-4), and MK7 (Menaquinone-7) from Supelco Analytical
Products(Merck Life Science Sp.z.o.o., Darmstadt, Germany), Deuterium-labelled internal
standard of the vitamin K1-[d7] (phytonadione) were obtained from IsoSciences LLC
(Ambler, PA, USA). Serum samples (100 μL) were spiked with Vitamin K1-[d7] ISTD,
vortexed briefly, and acetonitrile was added to each tube, vortexed for 1 min, followed by
hexane and again vortexed for 1 min. The upper organic layer was transferred to a new
test tube and dried down under nitrogen at room temperature. The final dry extract was
dissolved in acetonitrile and transferred to an MS vial. Aliquots of 10 μL were automatically
injected into the HPLC system.

The Agilent Technologies 1260 LC system(Agilent Technologies, Santa Clara, CA,
USA). was used for vitamins K analysis, including an autosampler, binary pump, and
thermostated column compartment with G6470A Triple Quadrupole LC/MS (Agilent
Technologies, Santa Clara, CA, USA). The sample separation was carried out on a reversed
phase column Zorbax SB-C8 RRHT, 3.0 × 50 mm, 1.8 μm, 600 bar (Agilent Technologies,
Santa Clara, CA, USA). The column temperature was kept constant at 30 ◦C. A gradient
elution system was used with a flow rate of 0.4 mL/min. The binary gradient system
consisted of 0.1% formic acid and 5 mM ammonium formate in water mobile phase (eluent
A) and methanol acidified with 0.1% formic acid (eluent B). Gradient elution was applied
as follows: 0 min—70% A, 30% B; 2 min—10% A, 90% B; 3 min—0% A, 100% B; 15 min—
0% A, 100% B; 20 min—70% A, 30% B. The AJS ESI ion source operated in positive ion
mode with drying gas temperature of 330 ◦C and 8 L/min gas flow. The sheath gas
temperature was set to 320 ◦C with a flow of 11 L/min. Nitrogen was used as a nebulizer
gas (45 psi) and ultrahigh-purity nitrogen was used as collision gas. The capillary and
nozzle voltages were 3000 V and 1000 V, respectively. Identification and quantification
were based on MS/MS multiple reaction monitoring (MRM). An overview of the MRM
transitions, collision energies, and retention time for the analytes is given in Table 1. All
aspects of system operation and data acquisition were controlled using Agilent MassHunter
Workstation Software (version B.10.00).

Table 1. LC-MS/MS parameters.

Precursor ion
(m/z)

Production
(m/z)

Collision
Energy (V)

Retention Time
(min)

K1 451.4 187.2 26 6.02
K1-d7 458.4 194.3 26 6
MK4 445.3 187.3 18 5.42
MK7 649.5 187.2 38 7.35

K1—phylloquinone; K1-d7—deuterium-labelled internal standard of the vitamin K1; MK4—Menaquinone-4;
MK7—Menaquinone-7.

2.3. Serum and Bone Levels of Vitamin K-Dependent Proteins

Undercarboxylated osteocalcin (Glu-OC), carboxylated osteocalcin (Gla-OC), and
total osteocalcin were determined by ELISA kits: Rat Glu-Osteocalcin High Sensitive
EIA, Rat Gla-Osteocalcin High Sensitive EIA (Takara Bio Inc., Shiga, Japan), and Rat
Osteocalcin ELISA kit from Immutopics, Inc., San Clemente, CA, USA, respectively. Rat
undercarboxylated Matrix Gla Protein (ucMGP) was quantified in serum by ELISA kit from
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MyBioSource, Inc., San Diego, CA, USA, according to the manufacturer’s recommendations.
Trabecular and cortical concentrations of Gla-OC and Glu-OC were adjusted for protein
concentration, and the ratio Gla-OC/Glu-OC was calculated.

2.4. Preparation of Bone Tissue Homogenates

The procedure of the preparation of 10% homogenates from bone tissue, using a high-
performance homogenizer (Ultra-Turrax T25; IKA, Staufen, Germany) with a stainless-steel
dispersing element (S25N-8G; IKA), has been described in detail previously [45]. Briefly,
segments of bone tissue were taken from the femoral diaphysis and distal femoral epiphysis
(from the cortical bone region and trabecular bone region, respectively). Collected materials
were weighed, closely rinsed, and then homogenized in the cold potassium phosphate
buffer (50 mM, pH = 7.4; POCh). The supernatant was obtained by the centrifugation of
10% homogenates for 10 min at 700× g at 4 ◦C and stored at −80 ◦C.

2.5. Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from femoral tissue using Thermo Scientific GeneJET RNA
Purification Kit (Thermo Scientific, Vilnius, Lithuania), and Quantitative RT-PCR was
performed as previously described [46]. Briefly, using the Thermo Scientific NanoDrop
2000 spectrophotometer (Waltham, MA, USA), RNA was quantified, and its quality was
confirmed. The RevertAid™ First Stand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA) was used to reverse-transcribe total RNA (1 μg). In order to perform
quantitative real-time PCR, the SYBR Green Master Mix was used (EURx, Gdańsk, Poland),
and relative quantification of gene expression was performed by the comparative CT
method (ΔΔCT). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed
as a housekeeping gene to normalize expression level [46]. Primers were designed using
Primer-BLAST software(Primer3 program). The primer sequences were (5′-3′ forward-
reverse): VKORC1 (5′-TCCCGCGTCTTCTCCTCTC-3′; 5′-CCAACGTCCCCTCAAGCAAC-
3′), GGCX (5′-GGATGCTGACTGGGTTGAGG-3′; 5′-GCTCCTCCGACAACACTAGC-3′)
and UBIAD1 (5′-GCTGTGTGTGTGCTGCTTAC-5′; CCCAGTGCCACGTACTTGAA-3′).

2.6. Genes of Osteoblastogenesis

The expression of key genes involved in osteoblastogenesis, such as: Forkhead
Box Transcription Factor 1 (FOXO1), Activating Transcription Factor 4 (ATF4), Runt-
Related Transcription Factor 2 (RUNX2), Alkaline Phosphatase (ALP), and Bone Gamma-
Carboxyglutamate Protein (BGLAP) were determined previously [46].

2.7. The Mineral Status of Femurs

Using the appropriate small animal software, bone densitometry scans were carried
out on a Horizon QDR Series X-ray Bone Densitometer (Hologic Inc., Bedford, MA, USA).
For all rats were conducted whole-femur measurements—bone mineral area, bone mineral
density (BMD), and bone mineral content (BMC). Moreover, at the distal metaphysis (R1
region) and midshaft (R2 region), the subregional BMC and BMD of small uniform areas
were quantified. The R1 region is constituted of mixed trabecular and cortical bone, whereas
the R2 region represents cortical bone. The results of these densitometric measurements
have been shown elsewhere [44].

2.8. Statistical Analysis

Shapiro–Wilk tests were performed to determine if continuous variables were normally
distributed. Normally distributed data were expressed as mean ± SD. Non-Gaussian data
were presented as median (25th to 75th percentiles). The two groups (CON and CKD)
were compared by using an unpaired t-test with Welch correction or nonparametric Mann–
Whitney Test. p < 0.05 was the accepted level of significance. The correlations between
study variables were calculated using Spearman’s rank correlation analysis. Computations
were performed using Statistica ver.13 software (StatSoft, Tulsa, OK, USA), and the graphic
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design presentation of the results was performed using GraphPad Prism 6.0 software (San
Diego, USA).

3. Results

3.1. The Status of Endogenous Vitamin K in Rats with CKD

As has been shown in Figure 1, the levels of vitamin K were changed in chronic kidney
disease. The concentration of VK1 in CKD was lower than in controls (Figure 1A). In
contrast, we observed a considerable increase in MK7 (Figure 1B), especially in MK4 levels
(Figure 1C) in uremic rats. The ratio of MK7/VK1 and MK4/VK1 indicates how efficiently
phylloquinone is converted to menaquinone (VK2). In the present study, a significant rise
in the above ratios was shown, particularly in MK4/VK1 ratio in CKD compared with the
controls (Figure 1D,E).

Figure 1. Vitamin K1 (A), MK4 (B), MK7 (C) concentrations, and the ratios of MK4/VK1 (D) and
MK7/VK1 (E) in serum rats with chronic kidney disease (CKD) and healthy controls (CON) fed with a
standard rodent diet. The lines correspond to the 25th and 75th percentiles and the median. * p < 0.05,
** p < 0.01 CON versus CKD rats; VK1—phylloquinone; MK4—Menaquinone 4; MK7—Menaquinone
7; the circles represent results in controls; the squares represent results in CKD.

3.2. Serum Levels of Vitamin K-Dependent Proteins in Rats with CKD, and the Impact of Kidney
Function and PTH on Their Concentrations

The concentrations of total osteocalcin, its undercarboxylated form (Glu-OC), and
uncarboxylated matrix Gla protein (ucMGP) are shown in Figure 2. These proteins reflect
VK status and are used as markers of VK deficiency. A significant increase was observed
in both total OC and Glu-OC in rats with CKD in comparison with healthy animals
(Figure 2A,B). However, there was no difference in the ucMGP concentration between
uremic rats and controls (Figure 2C).

Both total osteocalcin and its undercarboxylated form (Glu-OC) in serum were posi-
tively correlated with kidney function markers: creatinine and urea concentrations in CKD
rats (Figure 3A,B,D,E). The inverse relationship was observed between total osteocalcin
and creatinine clearance (Figure 3C), whereas circulating Glu-OC was related to PTH
concentrations (Figure 3F).
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Figure 2. Serum levels of vitamin K-dependent proteins: osteocalcin (A), Glu-OC (B) and ucMGP
(C) in rats with chronic kidney disease (CKD) and healthy controls (CON). The lines correspond
to the 25th and 75th percentiles and the median. *** p < 0.001 CON versus CKD rats; Glu-OC—
undercarboxylated osteocalcin; ucMGP—undercarboxylated Matrix Gla Protein.

Figure 3. The associations between serum levels of osteocalcin and its undercarboxylated form
(Glu-OC), and markers of kidney function: creatinine (A,D), urea (B,E), creatinine clearance (C) and
parathyroid hormone (PTH) concentration (F) in rats with chronic kidney disease (CKD).

3.3. The Levels of Glu-OC, Gla-OC, and Gla-OC/Glu-OC Ratios in Femoral Bone Tissue of Rats
with CKD, and Their Relations with Serum Glu-OC

In the current study, Gla-OC and Glu-OC concentrations and the Gla-OC/Glu-OC
ratio were measured in trabecular (Figure 4A–C) and cortical (Figure 4D–F) bone tissue.
Gla-OC levels in trabecular bone did not differ between the studied groups (Figure 4A),
whereas Glu-OC level was considerably lower in CKD than in controls (Figure 4B). It
is interesting to note that in CKD, the Gla-OC level in cortical bone tissue significantly
increased (Figure 4D), while the Glu-OC concentration was reduced when compared to
healthy animals (Figure 4E). Moreover, in both bone areas, the Gla-OC/Glu-OC ratios in
uremic rats were considerably higher than in CON (Figure 4C,F).
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Figure 4. The levels of carboxylated osteocalcin (Gla-OC), undercarboxylated osteocalcin (Glu-OC)
and their ratios (Gla-OC/Glu-OC) in trabecular (A–C) and cortical (D–F) femoral bone tissue. The
lines correspond to the 25th and 75th percentiles and the median. * p < 0.05, ** p < 0.01, *** p < 0.001
CON versus CKD rats; CKD—chronic kidney disease; CON—controls.

In CKD group, we observed a positive association between Gla-OC concentrations and
Glu-OC/Gla-OC ratios in trabecular (Figure 5A) and in cortical (Figure 5B) bone regions.
The weak correlation was also noticed between Glu-OC and Gla-OC levels in trabecular
(R = 0.512, p = 0.045), but not in cortical bone tissue (R = 0.105, NS). Among the analyzed
parameters, only the Gla-OC/Glu-OC ratio in the trabecular bone region was inversely
correlated with the concentration of Glu-OC in the serum (Figure 5C).

Figure 5. The associations between carboxylated osteocalcin (Gla-OC) and Gla-OC/Glu-OC ratio in
trabecular (A) and cortical (B) bone tissue; the relations between trabecular Gla-OC/Glu-OC ratio
and serum undercarboxylated osteocalcin (Glu-OC) levels; (C) in rats with chronic kidney disease
(CKD).

3.4. The Expression of Genes Coding Vitamin K Cycle Enzymes in Femurs of Rats with CKD, and
Their Associations with Genes Participating in Osteoblastogenesis

The expression of VKORC1 and GGCX gene was significantly higher in uremic rats
compared to the control group (Figure 6A,B), whereas the increase in the UBIAD1 gene did
not achieve a statistically significant level (Figure 6C).
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Figure 6. The expression of genes of vitamin K cycle enzymes in femurs of rats with chronic kidney
disease (CKD) (A–C), and their associations with the expression of genes of osteoblastogenesis and
trabecular Glu-OC levels (D), as well as the relationship between serum MK4 level and BGLAP
expression in bone of rats with CKD (E). ** p < 0.01, *** p < 0.001 CON versus CKD rats; CON—
controls; VKORC1—vitamin K epoxide reductase complex subunit 1; GGCX—the gamma-glutamyl
carboxylase; UBIAD1—UbiA prenyltransferase domain-containing protein 1; FOXO1—Forkhead box
transcription factor 1; ATF4—activating transcription factor 4; RUNX2—Runt-related transcription
factor 2; ALP—alkaline phosphatase; BGLAP—bone gamma-carboxyglutamate protein; Glu-OC—
undercarboxylated osteocalcin; MK4—menaquinone 4; the bold text indicates statistically significant
correlations; italic text indicates tendency to correlation.

Our previous research performed on the bones of rats with CKD established that
the expression of FOXO1, ATF4, RUNX2, and ALP, which are the key genes responsible
for the initial phases of osteoblast development, was significantly increased, whereas the
expression of BGLAP, which is linked to the late stage of osteoblast differentiation, was only
slightly elevated [46]. As has been shown in Figure 6D, the expression of the genes involving
in VK cycle (especially VKORC1 and UBIAD1) was strongly and positively correlated with
the expression of the genes of the early stages of osteoblast development. The tendency
of these positive relationships was also seen between VK cycle genes expression and the
markers of osteoblast differentiation, such as RUNX2 and ALP. Interestingly, we also
observed the association between trabecular Glu-OC levels and the expression of genes
reflecting the osteoblast differentiation (ATF4, RUNX2, ALP). Other interesting observations
were the lack of the correlation between BGLAP expression and the genes belonging to VK
cycle and trabecular Glu-OC levels (Figure 6D), as well as the strong positive association
between BGLAP mRNA and circulating MK4 level (Figure 6E).

3.5. The Relationship between the Expression of VKORC1 and the Concentration of Gla-OC in
Trabecular Bone Tissue and Serum Glu-OC

Next, we analyzed the relations between the expression of VK cycle enzymes and
both forms of osteocalcin in femoral bone of rats with CKD. There was no correlation
between GGCX and the levels of Gla-OC and Glu-OC. Surprisingly, we found a positive
relationship between VKORC1 expression and Gla-OC concentration in trabecular bone
tissue (Figure 7A), as well as a strong inverse relationship between VKORC1 expression
and serum Glu-OC concentration (Figure 7B).
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Figure 7. The association between bone VKORC1 expression and Gla-OC levels in trabecular bone
(A), and VKORC1 expression and Glu-OC levels in serum of rats with CKD (B). MK4—menaquinone
4; BGLAP—bone gamma-carboxyglutamate protein; VKORC1—vitamin K epoxide reductase com-
plex subunit 1; Gla-OC—carboxylated osteocalcin; Glu-OC—undercarboxylated osteocalcin; CKD—
chronic kidney disease.

3.6. The Associations between Bone Glu-OC, Gla-OC, and Bone Mineral Status in Rats with CKD

Rats with CKD had significantly decreased densitometric parameters compared with
controls in the whole-femur measurements, namely in the bone mineral area (p < 0.05),
BMC, and BMD (both p < 0.01). These differences were particularly seen in the metaphyseal
area (R1) of femurs, where the values of BMC and BMD were significantly decreased in
rats with CKD compared to controls (both p < 0.001). In contrast, mineral status measured
in the diaphyseal area (R2) was only slightly impaired—the values of BMC were lower in
CKD than in controls (p < 0.01), whereas BMD did not differ between the studied groups
(for details please see our previous study [44]).

In the present study, we analyzed the associations between both forms of osteocalcin
and their ratios measured in trabecular and cortical bone tissue, with these densitometric
parameters of femurs. At the level of the trabecular bone, we have demonstrated that only
Gla-OC/Glu-OC ratio was strongly and inversely related to bone mineral area (Figure 8A)
and BMC (Figure 8B) in uremic rats.

Figure 8. The associations between Gla-OC/Glu-OC ratio in trabecular bone tissue and the param-
eters of mineral status: bone mineral area (A) and BMC (B) of femoral bone of rats with chronic
kidney disease (CKD). Gla-OC—carboxylated osteocalcin; Glu-OC—undercarboxylated osteocalcin;
BMC—bone mineral content.

Surprisingly, at the level of the cortical bone, we observed that only Glu-OC values
were positively associated with the whole-femur values of BMC (Figure 9A) and BMD
(Figure 9D). These relations were particularly strong in the diaphyseal area (R2), which is
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rich in cortical bone (Figure 9B,E), but they also were noticeable in the metaphyseal area
(R1) of femurs (Figure 9C,F).

Figure 9. The associations between undercarboxylated osteocalcin (Glu-OC) levels in cortical bone
tissue and whole BMC, BMD (A,D), diaphyseal BMC, BMD (B,E) and metaphyseal BMC, BMD (C,F)
of femurs of rats with chronic kidney disease (CKD). BMC—bone mineral content; BMD—bone
mineral density; R1—metaphyseal area; R2—diaphyseal area of femur.

4. Discussion

Although a high prevalence of subclinical vitamin K (VK) deficiency has been de-
scribed in patients with CKD [18–22] and there are suggestions that this condition can
impact bone quality [47,48], there are a lack of experimental data on this issue. To the
best of our knowledge, this is the first comprehensive study in which we determined the
endogenous VK metabolism, the bone levels of VK-dependent proteins (VKDPs), and
the expression of VK cycle enzymes in femoral bone of rats with 5/6 nephrectomy. For
determination of the impact of endogenous vitamins K on bone mineralization in this CKD
model, the obtained results were juxtaposed with the parameters of the mineral status of
femurs.

Among the K vitamins, the concentrations of phylloquinone (VK1), menaquinone 4
(MK4), and menaquinone 7 (MK7) were measured in rats’ serum. Despite the fact that
all rats have received the same standard diet supplemented with menadione, the VK
status of uremic rats was altered, with a decrease in VK1 concentration and a significant
increase in MK7, particularly in MK4 levels. VK1 is the major dietary form of VK, and
the primary form found in circulation [49]. VK1 is endogenously converted to MK4 via a
menadione intermediary [50–52]. Hirota et al. [52] were the first to show that the release of
menadione from VK1 and its conversion to MK4 occurred in the intestine of rats, therefrom
MK4 entered the blood circulation through the mesenteric lymphatic system. On the
other hand, this same group proposed that menadione from intestine is delivered via the
mesenteric lymphatics into the blood and then transported to peripheral tissues, where it
is transformed into MK4 by UBIAD1. Details about MK7 distribution and metabolism in
rats are still limited. Ikeda et al. [53] proposed that MK7 can also be a precursor of MK4
and may be converted to MK4 in the body. Regardless of how MK4 comes to be formed,
it is believed that rodents consuming commercially available rodent chow, fortified with
menadione (a precursor for MK4), have sufficient vitamin K for all tissue functions [54].
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VK1 deficiency has been observed in CKD patients and animals with experimental
CKD [24,48,55], and in this respect our results are in line with these earlier observations.
However, the ratios of MK7/VK1 and MK4/VK1, which provide an index of the efficiency
of conversion of VK1 to vitamins K2 [56], were increased in uremic animals compared
to controls. This suggests that lower VK1 levels observed in CKD rats could be a result
of greater tissue utilization of this vitamin, possibly reflecting an increased physiological
demand, especially for MK4, during uremia. The similar phenomenon was previously
described by Ferland et al. [57] in rats fed different VK1 diets during aging.

The measurement of serum levels of VKDPs, like total osteocalcin and its under-
carboxylated form, Glu-OC, are sensitive indirect tests in detecting subclinical VK defi-
ciency [16]. Both total osteocalcin and Glu-OC were markedly increased in the serum
of CKD rats in this experiment, and similar findings have been consistently observed
by others in human and experimental CKD [19,24,48]. It is generally believed that the
high percentage of Glu-OC reflects insufficient VK intake, low VK status, and impaired
bone mineralization [28–30]. In the present study, we observed the direct associations
between kidney function markers and total osteocalcin, indicating that this parameter can
be accumulated in the blood of CKD animals independently of its release from bone. This
observation is in accordance with the study of Price et al. [58], who demonstrated that
nephrectomy can block the serum clearance of osteocalcin. In turn, renal insufficiency
combined with an increase in PTH levels seems to affect serum Glu-OC concentrations
in our rats with CKD. It is possible that PTH may enhance the synthesis of Glu-OC by
the stimulation of osteoblastogenesis, as has been reported previously [59–62]. Thus, the
increased serum Glu-OC in the condition of uremia and hyperparathyroidism, observed
in this study, does not necessarily reflect VK deficiency. A good alternative to determine
VK status is measurement serum ucMGP, which is a recognized marker of VK status in
nephrectomized rats [63]. In contrast to Glu-OC, ucMGP concentration did not differ be-
tween the studied groups in this study. All these data indicate that VK status was sufficient
in CKD animals.

Osteocalcin is synthesized in osteoblasts, and its three-glutamate residues (Glu-OC)
are posttranslationally converted into γ-carboxyglutamate (Gla-OC) by VK, which is a
cofactor of GGCX [64,65]. Gla-OC strongly binds to hydroxyapatite in bone, whereas
Glu-OC, which does not have this ability, is released into the blood [58]. We measured the
Gla-OC, Glu-OC, and Gla-OC/Glu-OC ratio, being an index of the availability of VK at
the bone level, in trabecular (Figure 4A–C) and cortical (Figure 4D–F) bone tissue. In both
bone regions the Gla-OC/Glu-OC ratios were increased, and Glu-OC concentrations were
reduced in CKD rats compared to controls. These results indicate the accelerated Glu-OC
to Gla-OC transformation in bone of CKD rats, which increased Gla-OC while consuming
Glu-OC [66], reflecting sufficient or even elevated levels of VK in their bones. However, in
trabecular bone of uremic rats, Gla-OC level was comparable with that of controls, and the
only weak relationship existed between Gla-OC and Gla-OC/Glu-OC ratio. In contrast, the
Gla-OC level rose significantly, and it was strongly correlated with Gla-OC/Glu-OC ratio in
the cortical bone region of these animals. These data support our new observation: that the
generation of Gla-OC in trabecular bone, in which a more rapid bone turnover rate occurs,
was not as effective as in cortical bone. Interestingly, serum Glu-OC levels were inversely
related to trabecular Gla-OC/Glu-OC ratio, indicating that the Gla-OC generation process
in trabecular bone region is an important factor influencing the serum Glu-OC level.

Vitamin K undergoes a cycle of oxidation followed by reduction through the “vitamin
K cycle”, which includes VKORC1, GGCX, and UBIAD1 enzymes [65,67]. During γ-
carboxylation of Glu-OC, VK is converted into VK epoxide by GGCX [65], and VK epoxide
can then be reduced by the enzyme VKORC1 to VK-hydroquinone, which can be used
once again for the carboxylation reaction [65,67]. The UBIAD1 gene encodes an MK4
biosynthetic enzyme, which is responsible for VK1 to MK4 bioconversion in extrahepatic
tissues [68].
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The expressions of VK cycle enzymes were previously determined in different tissues
of rats with adenine-induced CKD, and in general, the decreased recycling and utilization
of VK was found [24,69,70]. To the best of our knowledge, this is the first study that
measured the expression of genes involved in VK recycling at the bone level of uremic rats.
There was a significant increase in the expression of VKORC1 and GGCX in the femurs
of CKD rats compared to controls, whereas there was no difference in the expression of
UBIAD1. These results indicated that VK1 to MK4 bioconversion, as well as MK4 recycling
and utilization, can occur in the bones of CKD rats even more effectively than in healthy
animals. Surprisingly, regarding Gla-OC levels in the studied bone regions, it seems that
the enzymes of VK cycle should act better in a cortical, less metabolically active part of the
bone than in the trabecular, which is characterized by more active bone turnover.

Previously, we observed the alterations in osteoblastogenesis process in bone of our
rats with CKD, with the significantly increased expression of genes involved in the early
stages of osteoblastogenesis, like FOXO1, ATF4, RUNX2, and ALP, whereas the expression
of marker of the late stage of osteoblast differentiation, BGLAP, was only slightly increased.
This phenomenon resulted in impaired osteoblast maturation and decreased bone mineral
status [46]. Our findings were in line with clinical observation of Pereira et al. [71], who
also showed that the increase of osteoblastic markers occurred simultaneously with low
osteocytic gene expression in cells obtained from dialyzed patients. In the present study,
we analyzed the associations between the expression of VK cycle enzymes and mentioned
the above genes involved in the individual stages of osteoblastogenesis. As has been
presented in Figure 6D, the expression of enzymes of VK cycles occurred in the early
stages of osteoblastogenesis. What is more, Glu-OC levels in trabecular bone tissue were
also associated with the early markers of osteoblast proliferation/differentiation, but not
with BGLAP. Consistent with previous reports, PTH may accelerate differentiation of
osteoprogenitor cells into osteoblasts [72]. Because PTH level was increased in serum
of our CKD rats [44], and previously we showed that endogenous PTH may influence
the expression of genes engaged in the early stage of osteoblastogenesis in young uremic
rats [73], we speculate that this hormone could also contribute to the increased expression
of VK cycle enzymes in this study. However, BGLAP expression increases significantly
at the late stage of osteoblast differentiation [74], and this fact could explain the lack of
association between BGLAP and the expression of VK cycle enzymes and bone Glu-OC
generation. Interestingly, we noticed that circulating MK4 was positively associated with
BGLAP expression in bone (Figure 6E). This is in accordance with the findings of Weng
et al. [66], who evaluated the effect of MK4 on osteocalcin expression in calvarial bone
defect repair in osteopenic rats. These and the above-presented results (Figure 6) suggest
that in CKD conditions, the VK recycling, expression of BGLAP, and generation of different
forms of osteocalcin may occur in the distinct stages of osteoblastogenesis under the control
of endogenous PTH and MK4. Thus, the lack of difference in trabecular Gla-OC levels
observed in the present study could be a result of the individual effects of PTH, which
stimulates the synthesis of osteocalcin [60]; and MK4, which increased Gla-OC while
consuming Glu-OC. In agreement with this hypothesis, the combined MK4 and PTH1-34
treatment increased serum Gla-OC/Glu-OC ratio in osteopenic rats, however the highest
Gla-OC/Glu-OC ratio was observed not in the combined group, but in the MK4-treated
group [66].

Another interesting finding of the present study is the association between VKORC1
mRNA levels and Gla-OC concentration in the trabecular bone region of uremic rats. In
contrast, such relations were not noticed between GGCX and both forms of osteocalcin in
the bone regions analyzed by us. The posttranslational modification of Glu-OC to Gla-OC
inside osteoblasts generally involves two enzymes, GGCX and VKORC1, which together
constitute the VK cycle. GGCX requires a reduced form of VK as an obligate cofactor, and
γ-carboxylation is dependent on the reduction of VK epoxide by a VKORC1 [65]. Ferron
et al. [75], using cell-specific gene inactivation models, demonstrated that VKORC1 is
required for γ-carboxylation of osteocalcin in osteoblasts. They also showed that animals
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lacking GGCX or VKORC1 presented almost no osteocalcin in their bones, providing the
first in vivo evidence that the generation of Gla-OC is necessary for its accumulation in the
mineral component of bone. This is consistent with the inverse relationship between bone
VKORC1 gene expression and serum Glu-OC levels observed in our uremic rats (Figure 7B),
confirming the significance of VKORC1 in the process of Gla-OC formation in conditions
of CKD.

The second aim of the present study was to establish the potential consequence of VK-
dependent mechanisms for the bone mineral status of uremic rats. Previously, we showed
that CKD development resulted in significantly decreased densitometric parameters in
our uremic animals compared with controls in whole-femur measurements, particularly
in the metaphyseal area (R1). In contrast, mineral status measured in the diaphyseal area
(R2) was damaged to a lesser extent [44]. In the present study, we juxtaposed the param-
eters of bone mineral status obtained in this previous study [44] with the concentrations
of VK-dependent proteins: Gla-OC and Glu-OC in the corresponding regions of the fe-
mur. Unexpectedly, the Gla-OC/Glu-OC ratio in trabecular bone tissue was inversely
associated with the mineral status of femurs (Figure 8). In turn, the positive relations
were observed only between Glu-OC levels in cortical bone tissue and the parameters of
bone mineral status, which were strongest in the diaphyseal area (R2) of femurs (Figure 9).
Although Gla-OC, due to its specific interaction with hydroxyapatite, is thought to be
associated with bone mineralization [76–78], there is also evidence showing that Gla-OC
is not critical for bone mineralization or even that it functions as a “negative regulator
of skeleton” [79]. Genetic osteocalcin depletion does not change the mineral content of
bone matrix in mice [80]. Complete loss of osteocalcin resulted in bones with significantly
increased trabecular thickness, density, and volume, whereas cortical bone volume and
density were not increased in osteocalcin-null male rats [79]. The treatment with warfarin,
despite significantly lowering Gla-OC levels, did not reduce the mineral content of fracture
calluses [59], and is not directly linked with BMD of rat bone [81]. Amizuka et al. [82]
demonstrated that osteocalcin is not related to mineral deposition but does participate
in the growth and maturation of hydroxyapatite. A recent study by Simon et al. [83]
demonstrates that osteocalcin takes on the functions of Ca-ion transport and suppression
of hydroxyapatite expansion. An interesting study by Uchida et al. [84] revealed that the
commensal microbiota prevents excessive bone mineralization by stimulating osteocalcin
expression in osteoblasts, enhancing both osteoblast and osteoclast activity.

Assuming that Gla-OC is the marker of mature osteoblast [84], the relations observed
in this study between bone mineral status and Glu-OC to Gla-OC transformation are
compatible with the results of these teams, which demonstrated that Gla-OC may act
as an inhibitor of bone mineralization [79–84]. We believe that in the trabecular bone
region, PTH-dependent acceleration of osteoblastogenesis resulted in the generation of
immature osteoblasts with insufficient Gla-OC production, which may lead to decreased
bone mineral status [46]. In cortical bone, where Gla-OC level was approximately 1.5 times
that in trabecular bone, the osteoblasts should be more mature. However, the mineral status
in this bone region was directly associated with Glu-OC, representing the part of osteocalcin,
which was not transformed to Gla-OC. The above results indicate an unfavorable role of
Gla-OC in the mineralization of long bones in CKD conditions.

Some limitations should be considered in the interpretation our results. Firstly, the
cross-sectional design of this study does not determine whether a causal relationship
exists between VK metabolism in bone and the parameters of bone mineral status. Sec-
ondly, we cannot exclude the possibility that the observed associations could be partially
attributed to other factors not considered in this study that may affect osteoblast prolifera-
tion/differentiation and bone mineral status, such as the metabolites of tryptophan [44,85].
Thirdly, gonadectomy was not performed in this study, so contributions to mineral and
bone metabolism of sex hormones, especially androgen in the rats, were not examined.

A major strength of our study is the measurement of circulating vitamins K together
with the expression of VK recycling enzyme in bone, and Glu-OC, Gla-OC directly in
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the appropriate bone tissue, as the determination of these compounds in blood may not
accurately represent the bone microenvironment [81]. Moreover, the studied groups were
homogeneous with regard to age, sex, diet, and the absence of medication.

5. Conclusions

This study presents a comprehensive assessment of the metabolism of endogenous
vitamin K, VK recycling in bone, VKDPs at serum and bone levels, and their impact on
bone mineral status of rats with CKD. The obtained results indicate that the reduced
level of VK1 observed in rats with CKD may be caused by the accelerated conversion of
this vitamin to the form of menaquinones. The measurement of serum osteocalcin and
Glu-OC, commonly used as the indicators of VK deficiency, seems to be ineffective in
CKD conditions, especially in the presence of hyperparathyroidism. For the first time, we
showed that bone tissue possesses a set of enzymes that allows for the conversion of VK1 to
the form of menaquinone, as well as to recycling of VK. However, in the course of CKD with
hyperparathyroidism, despite the appropriate conditions for the formation of active forms
of VK, the intensified process of osteoblastogenesis causes the generation of immature
osteoblasts with impaired mineralization capacity. Of particular clinical significance seems
to be the fact that Gla-OC formed at the bone level turned out to be inversely correlated with
bone mineral status in this model. This sheds new light on the metabolism of endogenous
VK and its importance in the process of bone mineralization in CKD, particularly in patients
with hyperparathyroidism.
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1,25 (OH)2D 1,2-dihydroxyvitamin D
ALP alkaline phosphatase
ATF4 activating transcription factor 4
BGLAP bone gamma carboxyglutamate protein; osteocalcin
BMC bone mineral content
BMD bone mineral density
CKD chronic kidney disease
CKD-MBD chronic kidney disease–mineral bone disorders
CON control group
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dp-ucMGP desphospho-uncarboxylated matrix Gla protein
FOXO1 forkhead box transcription factor 1
GGCX γ-glutamyl carboxylase
Gla gamma carboxyglutamic acid
Gla-OC carboxylated osteocalcin
Glu glutamic acid
Glu-OC undercarboxylated osteocalcin
HD hemodialysis
MGP matrix gla protein
MKs menaquinones
MK4 menaquinone 4
MK7 menaquinone 7
OC osteocalcin
PTH parathyroid hormone
R1 metaphyseal area of femur
R2 diaphyseal area of femur
RUNX2 Runt-related transcription factor 2
UBIAD1 UbiA prenyltransferase domain-containing 1 protein
ucMGP uncarboxylated matrix gla protein
ucOC uncarboxylated osteocalcin
VK vitamin K
VK1 vitamin K1; phylloquinone
VK2 vitamin K2; menaquinones
VKDPs vitamin K-dependent proteins
VKORC1 vitamin K epoxide reductase complex subunit 1
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Abstract: Background: Osteoporosis is caused by the deterioration of bone density and microstruc-
ture, resulting in increased fracture risk. It transpires due to an imbalanced skeletal remodelling
process favouring bone resorption. Various natural compounds can positively influence the skeletal
remodelling process, of which naringenin is a candidate. Naringenin is an anti-inflammatory and
antioxidant compound found in citrus fruits and grapefruit. This systematic review aims to present
an overview of the available evidence on the skeletal protective effects of naringenin. Method: A
systematic literature search was conducted using the PubMed and Scopus databases in August 2022.
Original research articles using cells, animals, or humans to investigate the bone protective effects of
naringenin were included. Results: Sixteen eligible articles were included in this review. The exist-
ing evidence suggested that naringenin enhanced osteoblastogenesis and bone formation through
BMP-2/p38MAPK/Runx2/Osx, SDF-1/CXCR4, and PI3K/Akt/c-Fos/c-Jun/AP-1 signalling path-
ways. Naringenin also inhibited osteoclastogenesis and bone resorption by inhibiting inflammation
and the RANKL pathway. Conclusions: Naringenin enhances bone formation while suppressing
bone resorption, thus achieving its skeletal protective effects. It could be incorporated into the diet
through fruit intake or supplements to prevent bone loss.

Keywords: naringenin; osteoblasts; osteoclasts; osteocytes; osteoporosis

1. Introduction

Osteoporosis is a degenerative skeletal condition characterised by reduced bone mass
and microstructural deterioration, which subsequently lead to decreased bone strength
and an increased fragility fracture risk [1]. Osteoporosis is asymptomatic until it presents
as low-trauma fractures of the hip, spinal, proximal humerus, pelvis, and/or wrist [2].
Osteoporosis is more prominent in postmenopausal women because estrogen insufficiency
accelerates bone loss [3]. The use of antiresorptive (e.g., bisphosphonates, denosumab, and
selective estrogen receptor modulators) and anabolic medications (e.g., teriparatide and
abaloparatide) can improve bone mineral density (BMD) and reduce the fracture risk of
patients with osteoporosis [4,5]. However, they come with various side effects [6,7].

Bone loss occurs when the rate of osteoblastic bone formation is lower than the rate of
osteoclastic bone resorption [8]. Various factors could influence the bone turnover process.
Inflammation, known to promote bone resorption, is a risk factor for osteoporosis [9]. Proin-
flammatory cytokines stimulate the expression of receptor activators of nuclear factor-B
(RANK) and its functional ligand (RANKL), along with macrophage colony-stimulating
factor (M-CSF), which enhance osteoclast formation and function [8]. Furthermore, modifi-
cations in redox systems have been linked to the pathogenesis of osteoporosis. Reactive
oxygen species (ROS) inhibit osteoblast formation, stimulate apoptosis in osteoblasts and
osteocytes, and encourage the formation of osteoclasts [10], all of which result in bone loss
and osteoporosis.

Apart from calcium and vitamin D routinely used in osteoporosis prevention [11],
dietary antioxidants and anti-inflammatory compounds may slow the progression of os-
teoporosis [10,12]. Naringenin (Figure 1) is a flavanone present in citrus fruits, grapes,
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and tomato skin [13]. Naringenin has been investigated for its antioxidant [14] and anti-
inflammatory properties [15]. Previous research found that naringenin suppressed nuclear
factor-kappa B (NF-kB) p65 activity and expression in streptozotocin (STZ)-induced diabetic
mice [16] and carrageenan-induced paw oedema in rats [17]. In STZ and nicotinamide-
induced diabetic rats, naringenin significantly increased the activities of pancreatic enzy-
matic antioxidants, plasma non-enzymatic antioxidant levels and decreased pancreatic
tissue malondialdehyde levels [18]. Meanwhile, another report indicated that naringenin
lowered lipid peroxidation and enhanced the activity of antioxidant enzymes, such as
superoxide dismutase, catalase, glutathione-s-transferase, glutathione peroxidase and re-
duced glutathione in the liver of STZ-induced diabetic mice [19]. The studies mentioned
above point to the potential of naringenin as an antioxidant and anti-inflammatory agent,
which could help to suppress bone loss.

Figure 1. The molecular structure of naringenin.

Considering the effects of inflammation and antioxidants in the pathogenesis of os-
teoporosis, naringenin may be positioned as a functional food component in preventing
bone loss. The objective of this review is to encapsulate the protective effects of narin-
genin on bone as evidenced by currently available studies. Furthermore, naringenin may
also exert specific mechanisms to enhance bone health, which would be discussed in the
current review.

2. Materials and Methods

2.1. Literature Review

This systematic review followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines for scoping review (Table S1). To discern studies
on the potential benefits of naringenin on bone, a systematic literature search was conducted
using the PubMed and Scopus databases in August 2021. The keywords used in the
search were (1) naringenin AND (2) (bone OR osteoporosis OR osteoblasts OR osteoclasts
OR osteocytes).

2.2. Article Selection

Articles with the following features were included: (1) original research articles in-
vestigating the skeletal effects of naringenin; (2) studies conducted using cell cultures,
animal models, or human subjects. Articles with the following characteristics were rejected:
(1) conference abstracts, reviews, letters or commentary, editorial and opinion articles lack-
ing original data; (2) studies not using pure naringenin; (3) articles written in a language
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other than English. The search was executed by two authors (MLNM and SOE), using both
databases and the keywords listed. The inclusion of an article was based on consensus by
both authors. If no consensus could be obtained, the opinions of other authors were sought
after (SKW and KYC) to determine the outcome of the article.

2.3. Data Extraction

The list of articles was organised using Mendeley (Elsevier, Amsterdam, The Nether-
lands). Identification of duplicated items was performed using Mendeley and manually.
The authors’ names, publication year, study design, dose, treatment period, outcomes, and
study limitations were all extracted using a standardised table by two authors (MLNM
and SOE).

3. Results

3.1. Article Selection

The literature search resulted in 210 unique articles, which were from PubMed and
Scopus. Following the removal of duplicates (n = 51), 159 articles were screened. One
hundred and forty-three articles were excluded because they did not fit the inclusion
criteria (not original article = 63, out of scope = 60, not written in English = 4, raw ex-
tract/mixture/formulation = 16). Eventually, the review included 16 articles that met all
the criteria (Table 1). The selection process is depicted in Figure 2.

 

Figure 2. Flowchart showing selection of articles.
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3.2. Study Characteristics

The studies selected for this review were published from 2005 to 2021. There were
eleven in vitro studies included in this review. The studies were either osteoblastoge-
nesis/osteogenesis or osteoclastogenesis. For osteoblastogenesis/osteogenesis studies,
cells used were rat bone marrow stroma cells (rBMSCs), mouse calvarial osteoblasts, bone
marrow-derived mesenchymal stem cells (BMSCs), rat/mouse calvarial osteoblasts, MC3T3-
E1, human foetal osteoblasts (hOB), primary osteoblast cells (pOB) and human periodontal
ligament stem cells (hPDLSCs) [21–23,26–29]. The osteogenic effect of naringenin was
evaluated through dexamethasone-induced osteogenesis [21,26].

For osteoclastogenesis studies, cells used were rabbit osteoclasts, human primary
osteoclasts precursor cells, co-culture of T-cells with bone marrow macrophages (BMMs),
bone marrow monocytes (BMM), mouse MBMMϕ and RAW 264.7 cell line [20,22,24,25,30].
Macrophage colony-stimulating factor (M-CSF) and receptor activator of NF-kB ligand
(RANKL) were used to induce the conversion of osteoclast precursor cells into mature osteo-
clasts to investigate the effects of naringenin on osteoclast differentiation [20,22,24,25,30].
Doses of naringenin used in the in vitro studies ranged from 0 to 800 μM. The treatment
duration for osteoclastogenesis differentiation was about 2–6 days, while osteogenesis
differentiation lasted 14–16 days.

Meanwhile, eight in vivo studies involved using rats (Wistar, Sprague Dawley, Y59) and
mice (Balb/cByJ, C-57/BL6, and ICR) [23,25,27,29,31–34]. In animal studies, naringenin doses
ranged from 0.005–25 mg/kg, 3–10 mg/mL, and 0.09–0.72% weight of diet [23,25,27,29,31–34].
The disease models used in these studies were ovariectomy (OVX)/oestrogen deficiency,
retinoic acid-induced bone loss, titanium (Ti) particle-induced osteolysis, and soft diet-
induced periodontal hypofunction. In these studies, the bone structure was determined
using micro-computed tomography and histomorphometry. The bone remodelling process
was investigated using circulating bone remodelling markers. The treatment duration for
in vivo studies was between 2–6 weeks. There was no finding from human studies on this
topic. The effects of naringenin on bone health are summed up in Table 1.

3.3. Findings from In Vitro Studies

Osteoblasts are mesenchymal cells that support bone formation by producing a bone
matrix and subsequently mineralising it [35]. Naringenin was found to inhibit etoposide-
and tumour necrosis factor-alpha (TNF-α)-induced osteoblast cell apoptosis in murine
primary osteoblastic cells [27]. Naringenin improved osteoblast differentiation, mineraliza-
tion, and osteogenic function in cultured rat calvarial osteoblasts [22,23,26,27], rBMSCs [21],
and hPDLSCs [28] through the bone morphogenetic protein-2 (BMP-2)/p38 mitogen-
activated protein kinase (p38 MAPK)/runt-related transcription factor2 (Runx2)/Osterix
(Osx)/alkaline phosphatase (ALP) signalling pathway. Enhanced expressions of C-X-C
chemokine receptor type 4 (CXCR4) and stromal cell-derived factor 1 (SDF-1a) levels were
observed in naringenin-treated BMSCs [26] and hPDLSCs [28], suggesting that naringenin
regulated osteogenic differentiation through the SDF-1/CXCR4 signalling pathway. Narin-
genin also exerted BMP-dependent osteogenic effects via the phosphoinositide 3-kinase
(PI3K), protein kinase B (Akt), c-Fos/c-Jun and activator protein 1 (AP-1) dependent sig-
nalling pathways [27]. Another study also found that naringenin increased OPG/RANKL
ratio based on mRNA and protein expression from osteoblasts [22]. This alteration can
potentially alter osteoclast formation. However, no changes in osteocalcin (OCN) were
observed in MG-63 cell lines treated with naringenin. The possible molecular mechanisms
of naringenin’s effect on osteoblasts are summarized in Figure 3.
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Figure 3. Possible mechanism of naringenin effect on osteoblasts. Abbreviations: ALP, alkaline
phosphatase; IL-1β, OPG, osteoprotegerin; OSX, osterix; RANK, receptor activator of nuclear factor-
kappa B ligand; BMP-2; p38MAPK, phosphoinositide 38 mitogen-activated protein kinase; Runx2,
runt-related transcription factor2; OCN, osteocalcin; OPN, osteopontin; P13K, phosphoinositide
3-kinase (PI3K); AKT, protein kinase B; c-FOS; c-JUN; AP-1, activator protein 1; SDF-1, stromal
cell-derived factor 1; CXCR4, C-X-C chemokine receptor type 4.

Osteoclasts are multinucleated hematopoietic cells that serve as the main bone-resorbing
cells and play an important role in bone remodelling [36]. Naringenin significantly inhibited
osteoclastogenesis and secretion of interleukin (IL)-1α, IL-23 as well monocyte chemoattrac-
tant protein-1 in pre-osteoclast cultures. A significant decrease in helical peptide 620–633
release indicating bone resorption activity by naringenin, and an increase in tumour necro-
sis factor-α (TNF-α), IL-8, and IL-4 [24] levels were observed in human pre-osteoclasts, but
no changes were found on IL-6, IL-1b, IL-17, and osteoprotegerin (OPG) levels [20]. Besides,
naringenin also was found to inhibit osteoclast formation and bone resorption activity,
indicated by reduced numbers of osteoclasts, bone resorption pits, and area, as well as
markers of osteoclast maturation, such as tartrate-resistant acid phosphatase (TRAP) and
cathepsin-K [22,24,25]. Naringenin was proven to minimize the number and size of F-actin
rings, lower the expressions of cathepsin K, c-Fos, dendritic cell-specific transmembrane
protein (DC-STAMP), nuclear factor of activated T-cell 1 (NFATc1), tartrate-resistant acid
phosphatase (TRAP) and vacuolar type proton-translocating ATPase (V-ATPase d2) of
osteoclasts at mRNA and protein levels [24,25]. Furthermore, naringenin has been shown
to reduce the RANKL-induced p38 phosphorylation signalling in pre-osteoclasts and cause
no changes in gene expression of nuclear factor-κB (NF-κB), extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK), nuclear factor kappa light polypeptide gene
enhancer B-cells inhibitor alpha (IκBα) and phosphorylated nuclear factor kappa light
polypeptide gene enhancer B-cells inhibitor alpha (p-IκBα) [25]. The possible mechanism
of actions of naringenin on osteoclasts are summarised in Figure 4.
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Figure 4. Possible mechanism of actions of naringenin on osteoclasts. Abbreviations: IL-1 α, -23, -8, -4,
interleukin-1 alpha, -23, -8, -4; NFATc1, nuclear factor of activated T- cells; OPG, osteoprotegerin; OSX,
osterix; RANKL, receptor activator of nuclear factor-kappa B; ligand; TNF-α, tumour necrosis factor-
alpha; TRAP, tartrate-resistant acid phosphatase; p38, phosphoinositide 38; DC-STAMP, dendritic
cell-specific transmembrane protein; V-ATPase d2, vacuolar-type proton-translocating ATPase; MCP-
1, monocyte chemoattractant protein-1.

3.4. Findings from In Vivo Studies

Postmenopausal bone loss due to oestrogen deficiency is caused by a high bone remod-
elling phenomenon that results in an imbalance between bone formation and resorption [37].
Gera et al., (2022) [29] reported that naringenin supplementation (20 mg/kg for 60 days)
in female Wistar rats with OVX-induced osteoporosis increased ALP and decreased acid
phosphatase in the serum. They also reported improved cortical and trabecular bone
architecture following naringenin supplementation. Kaczmarczyk-Sedlak et al., 2016 [31]
reported that naringenin supplementation (50 mg/kg for 4 weeks) in female Wistar rats
with OVX-induced osteoporosis increased the width of trabecular in the epiphysis, de-
creased organic substances in the tibia, periosteal transverse growth of the diaphysis as well
lower the ratio of the transverse cross-section area of the marrow cavity/diaphysis. How-
ever, the study showed no skeletal biomechanical and mineral (calcium and phosphate)
changes probably because of the short duration of supplementation. The supplementation
also did not alter the transverse cross-sectional area of cortical bone in the diaphysis and
cartilage width compared to the negative group.

Swarnkar et al., (2012) [23] discovered that naringenin (10 mg/kg for 6 weeks) treat-
ment in Balb/cByJ mice mitigated OVX-induced trabecular bone changes by increasing
the mineralized nodule, mineral apposition rate and bone formation rate/bone surface
(BFR/BS) compared to negative group. This effect was probably attributed to improved
osteoblastogenesis indicated by the mRNA gene expression of runt-related transcription
factor 2 (Runx-2) and type I collagen. In a preventive model, the same group revealed a lack
of changes in trabecular microstructure at the distal femoral epiphysis and tibial proximal
metaphysis. In the therapeutic model (5 mg/kg/day of naringenin (i.p.) for 6 weeks), they
reported decreased trabecular bone pattern factor but no changes in trabecular microstruc-
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ture in the distal femoral epiphysis and tibial proximal metaphysis with supplementation.
Wu et al., (2008) [27] also claimed that treating OVX ICR mice with naringenin (10 mg/mL
every 2 days for 4 weeks) could enhance BMD, bone mineral content, ALP activity, and
BMP-2 expression.

Retinoic acid-induced bone loss in rats has been used to evaluate the skeletal impacts
of multiple substances on the skeletal system [38]. According to Oršolić et al., (2014) [32],
the administration of naringenin (100 mg/kg for 14 days) in Y59 female rats with retinoic
acid-induced bone loss resulted in increased calcium and phosphorus content in the femur,
higher BMD in the proximal and distal femur and improved femur length. They attribute
the protection to the improvement of the redox status of the rats, but the redox parameters,
such as glutathione and malondialdehyde, were measured in the liver and kidney. Oršolić
et al., (2022) [34] also reported that the administration of naringenin (100 mg/kg for 14 days)
in Y59 female rats with retinoic acid-induced bone loss resulted in decreased serum β-CTx,
IL-1β, IL-6, TNFα, and chemokine ligand 5 (CCL5/RANTES). They also reported decreased
MDA and increased GSH and CAT in the ovary and kidney. However, they reported a lack
of changes in circulating bone formation marker (OCN) level, circulating, bone calcium, and
phosphorus levels, densitometry, and cortical geometry in the supplemented group. A short
duration of treatment might be responsible for the lack of skeletal effects of the treatment.

Osteolysis is the progressive degeneration of periprosthetic bony tissue, which appears
on serial radiographs as progressive radiolucent lines and/or cavitation at the implant-bone
or cement-bone interface. Osteolysis can progress to aseptic loosening and implant failure
if not treated promptly [39]. Based on the study performed by Wang et al., (2014) [25],
naringenin supplementation (10 and 25 mg/kg for 2 weeks) reduced TRAP-positive multi-
nucleated osteoclasts and lowered the number of pores and the percentage porosity in the
calvarial region of interest in C-57/BL6 mice with Ti-particle induce osteolysis. Moreover,
an increase in trabecular bone volume was reported compared to the negative group.

Periodontal hypofunction can occur as a consequence of disassociation with an op-
posing tooth in certain malocclusions, such as open bites and ectopic teeth [40]. Wood
(2005) [33] showed that naringenin supplementation (0.09%, 0.18%, 0.36%, and 0.72% for
42 days) reduced physiological molar crestal alveolar bone (CAB)-cemento-enamel junction
(CEJ) distance in buccal maxilla and mandible as well as in lingua maxilla and mandible
in Sprague Dawley rats with soft diet-induced periodontal hypofunction compared to the
unsupplemented group.

4. Discussion

The currently available evidence shows that naringenin exerts stimulatory effects
on osteoblasts through MAPK, PI3K/Akt, and CXCR4/SDF-1 pathways. Osteoblasts are
responsible for osteogenesis by synthesising and mineralising organic bone matrix (osteoid)
during skeleton construction and bone remodelling [41]. The MAPK cascades regulate
Runx2 phosphorylation and transcription, which promote osteoblast differentiation. MAPK
pathways and their components, JNK, ERK, and p38, which enforce osteoblastogenesis and
establish the non-canonical BMP-2 signal transduction pathways [42–45]. Naringenin stim-
ulates osteogenic gene activation, indicating that it has a stimulatory effect on osteogenic
differentiation [21,22]. Activation of the PI3K/Akt signalling pathway also promotes os-
teoblast proliferation, differentiation, and bone formation activity [46]. Naringenin has
been reported to stimulate BMP-2-dependent osteoblastogenesis through the activation of
the PI3K/Akt signalling pathway [27]. Activation of the CXCR4/SDF-1 signalling pathway
is critical in early osteoblastogenesis and its suppression leads to lower bone formation and
mineralisation [47,48].

Osteoclasts are bone resorption cells originating from hematopoietic lineage cells [49].
Bone resorption is vital in bone remodelling, but excessive resorption can result in patholog-
ical bone loss. Osteoclast differentiation and activation are governed by various hormones
and cytokines. The cytokines RANKL and M-CSF, in particular, are required for osteoclastic
differentiation [50]. To promote osteoclast differentiation, preservation and bone resorption,
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the M-CSF binds to the colony-stimulating factor 1 receptor, whilst RANKL binds to the
RANK receptor [51,52]. TRAF factors such as TRAF 6 are recruited by RANK-RANKL bind-
ing [53], leading to the activation of NF-kB, Akt, and MAPKs (ERK/p38/JNK) pathways.
Furthermore, the RANKL signalling stimulates c-Fos and then NFATc1, a major switch
that plays a role in controlling osteoclast terminal differentiation [54,55]. Naringenin was
reported to reduce M-CSF and RANKL-induced expression of critical markers of osteoclast
differentiation markers such as cathepsin K, c-Fos, and NFATc1 [24,25].

The biological properties of naringenin suggest a broad range of clinical applications.
Naringenin decreased CAB-CEJ distance in buccal maxilla and mandible as well as in lingua
maxilla and mandible, indicating that naringenin supplementation protects against alveolar
bone loss in rats with induced periodontal disease [33]. Supplementation of naringenin also
improved bone mineral microstructure, mineral, and biomechanical strength [23,27,31,32].
However, the bone loss models that have been used to test the effects of naringenin
have been limited to OVX and retinol-induced models. Thus, results from other models,
such as testosterone deficiency and glucocorticoid models, are indispensable before it is
tested on patients with other causes of osteoporosis. Following joint replacement, the
abrasive particles initiated by the prosthesis are primarily responsible for osteolysis [56].
Naringenin supplementation prevented Ti-particle-induced osteolysis, implying that it
may be preferable for treating periprosthetic osteolysis [25].

Pharmacokinetics and safety issues of naringenin should be considered before it
is used clinically. From the pharmacokinetic aspects, naringenin has very low in vivo
bioavailability due to its hydrophobic nature, which limits its practical use. It has a short
half-life and is easily converted to its crystalline form, and therefore it is poorly absorbed
by the digestive system [57–60]. Previous researchers developed a variety of methods to
improve naringenin absorption and low bioavailability, including particle size reduction,
complexation with cyclodextrins [61], salt formation, solid dispersions [62], surfactant
usage, nanoparticles, nanocarriers [63], and self-emulsifying drug delivery system, as well
as prodrug formation [64]. Nanotechnology proved to be an efficient way to improve the
bioavailability of naringenin by multiple delivery routes to enhance its effectiveness in
the treatment of cancer, inflammation, diabetes, liver, brain, and ocular diseases mostly
through numerous in vitro and in vivo methods [65]. Meanwhile, Rodríguez-Fragoso et al.,
(2011) [66] found out that naringenin inhibits some drug-metabolizing cytochrome P450
enzymes, including CYP3A4 and CYP1A2, potentially leading to drug-drug interactions
in the intestine and liver, where phytochemical concentrations are higher. Modification in
cytochrome P450 and other enzymatic activity may influence the outcome of drugs that go
through extensive first-pass metabolism. An acute toxicity study using Wistar rats reported
the lethal dose (LD50) value of naringenin to be 340 mg/kg body weight [67]. Using body
surface ratio conversation [68], the human equivalent dose is 64 mg/kg.

The term “naringenin” was searched for on https://clinicaltrials.gov/ (accessed on
31 August 2022) and the search revealed thirteen registered clinical trials on naringenin. The
trials investigate the effects of naringenin on healthy subjects (NCT02627547, NCT04867655,
NCT05073523, NCT02380144), hepatitis virus/HCV infection/chronic HCV/Hepatitis C
(NCT01091077), energy expenditure/safety issues/glucose metabolism (NCT04697355), safety
issues/pharmacokinetics (NCT03582553), subjective cognitive decline (NCT04744922), car-
diovascular disease risk factors (NCT00539916), intestinal disease (NCT03032861), metabolic
syndrome/vascular compliance/predisposition to cardiovascular disease (NCT04731987),
pharmacokinetics of new curcumin formulations/safety of new curcumin formulations
(NCT01982734) and cardiovascular risk factor/type-2 diabetes mellitus/insulin sensitiv-
ity/metabolic syndrome (NCT03527277). Seven of these clinical trials have been completed,
four are still recruiting, one with an unknown status, and lastly one trial is still active but
not recruiting. However, no attempt has been made to conduct a human clinical trial to
evaluate the impact of naringenin on skeletal diseases. Since pure naringenin has only
been studied in limited clinical trials, more research on free drug and naringenin-loaded
nanosystems in humans is warranted. Further exploration into the interactions of these
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nanoformulations with the human body is required before they can be translated into
pharmaceuticals and nutraceutical supplements [69].

This review also has several limitations. We only include articles written in English
in this review, which potentially excludes studies published in other languages. We did
not exclude studies based on their quality because the number of studies is limited. Never-
theless, the current review provides an overview of the skeletal effects of naringenin and
prospects of its clinical application as a functional food component to protect bone health.

5. Conclusions

Preclinical findings demonstrate that naringenin protects the skeleton by suppressing
osteoclastogenesis and bone resorption while enhancing osteoblastogenesis and bone
formation. Human clinical trials to justify naringenin’s skeletal effects are lacking. Hence,
comprehensive clinical studies should be performed to validate naringenin’s skeletal
properties and reveal the safety of this flavanone compound.

Supplementary Materials: The following supporting information can be downloaded at: https://
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is cited in the supplementary materials.
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Abstract: Background: Inconsistent epidemiological evidence between uric acid (UA) and bone
mineral density (BMD) has been observed. Therefore, we evaluated the association between UA
and BMD in Mexican adults. Methods: This analysis was conducted on 1423 participants from
the Health Workers Cohort Study. We explored cross-sectional associations using linear regression
and longitudinal associations using fixed-effects linear regression by sex and age groups (<45 and
≥45 years). Results: In females <45 years old, the cross-sectional analysis showed that UA levels
were positively associated with total hip BMD. However, in the longitudinal analysis, we observed a
negative association with the femoral neck and lumbar spine BMD. In contrast, in males <45 years
old, we found an increase in total hip and femoral neck BMD in the groups with high levels of UA in
the longitudinal association. On the other hand, in females ≥45 years old, we observed a longitudinal
association between UA and loss of BMD at different sites. We did not observe an association between
UA levels and BMD in males ≥45 years old. Conclusions: Our results suggest higher serum UA
levels are associated with low BMD at different skeletal sites in Mexican females. Further studies are
needed to delineate the underlying mechanisms behind this observation.

Keywords: uric acid levels; bone mineral density; Mexican population

1. Introduction

Uric acid (UA) is an organic compound generated as the final product of purine
metabolism [1]. UA has been considered an essential antioxidant [2]; it is a potent scavenger
of free radicals and may contribute as an endogenous systemic antioxidant against bone
deterioration [3,4]. Nevertheless, abnormally high levels could increase the risk of different
diseases [5]. To date, the role of UA in bone mineral density (BMD) remains unclear.
Different observational studies have demonstrated a positive association between UA and
BMD (subjects with higher UA levels tend to have higher BMD). These findings have been
observed at different skeletal sites such as the lumbar spine, hip, and femoral neck in both
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men and women, and most of the evidence has been obtained through cross-sectional
studies [3,6–8]. However, recent studies have found a negative association between UA
and BMD; a cross-sectional study showed that high levels of UA are a risk factor for
vertebral fractures in postmenopausal women [9]. Longitudinal analysis showed that
UA was negatively associated with BMD, and both studies were performed on subjects
with type 2 diabetes (T2D) [9,10]. Nevertheless, other longitudinal studies did not find an
association between UA and BMD changes in postmenopausal women [11] or between
UA and incident fractures [12,13]. Furthermore, a mendelian randomization analysis in
241 elderly men and 1108 postmenopausal women did not show a causal association of UA
with BMD [14]. Additionally, experiments using hyperuricemic and normouricemic rats
reported no relationship between UA with BMD [15]. Therefore, we aim to evaluate the
cross-sectional and longitudinal association between UA levels and BMD in Mexican adults.

2. Materials and Methods

2.1. Study Population

The data used in this study were derived from the Health Worker Cohort Study (HWCS),
collected at baseline from 2004–2006 and through follow-up waves from 2010–2012 [16]. Work-
ers and their relatives were invited by the Mexican Institute of Social Security (IMSS)
of Cuernavaca Morelos. In this analysis, we included 1737 participants aged >20 with
BMD measurement. Participants with kidney damage (n = 23), missing data on the food-
frequency questionnaire (FFQ; those who answered <75% of the questionnaire or who had
missing data in an entire section of the questionnaire; n = 99), or with implausible energy
consumption estimated through a generalized extreme studentized deviate test (n = 49;
<500 kcal/d or >6500 kcal/d) were excluded. We also excluded individuals with missing
information on UA (n = 3), creatinine (n = 14), or smoking (n = 126). The final sample for this
analysis consisted of 1423 participants (Supplementary Figure S1). The Research, Ethics,
and Biosecurity Committee from the IMSS evaluated and accepted the study protocol
(12CEI 09 006 14). Written informed consent was obtained from all the participants.

2.2. Bone Mineral Density Measurement

BMD measurements were obtained with a dual-energy X-ray absorptiometry (DEXA)
Lunar DPX NT instrument (Lunar Radiation Corp., Madison, WI, USA) by trained ex-
aminers. The same machine was used for both study waves (2004–2006 and 2010–2012).
Measurement sites were the femoral neck, total hip, and lumbar spine (L1–L4). Trained
technicians performed daily quality control checks using the manufacturer phantom; the
daily variation coefficient was within usual operational standards, and the in vivo variation
coefficient was lower than 1.0–1.5% [16].

2.3. Uric Acid Level Assessment

At baseline and follow-up, fasting UA levels were determined through the enzymatic
colorimetric method using a SYNCHRON CX system from Beckman Coulter [16]. We
evaluated UA changes as a continuous as well as a categorical variable (categories defined
by quartiles and hyperuricemia by serum concentrations UA cut-off points of ≥7.0 mg/dL
in men and ≥5.7 mg/dL in women) [17].

2.4. Covariate Assessment

Demographic data such as age, sex, medication use (hormone replacement therapy
[HRT]), consumption of calcium supplements, smoking, physical activity, and dietary
intake were obtained from self-administered questionnaires in both waves [16].

Baseline age was categorized as <45 and ≥45 years old because, based on pre-
vious studies, endocrine changes affecting BMD in women occur around the age of
45 years [18,19]. Furthermore, we explored the age categories <50 and ≥50 years ac-
cording to the WHO criteria for osteoporosis [20,21]. Smoking status was classified as never
smokers, former smokers, and current smokers. Information on dietary intake was assessed
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using a 116-item semi-quantitative FFQ based on a previously validated FFQ [16] and using
food composition tables compiled by the National Institute of Public Health [16]. Dietary
inflammatory index (DII) scores were calculated using a method previously reported by
Shivappa et al., with 30 of the 45 food parameters, such as total energy, carbohydrate,
protein, total fat, cholesterol, saturated fatty acids (SFAs), monounsaturated fatty acids
(MUFAs), polyunsaturated fatty acids (PUFAs), alcohol, fiber, caffeine, iron, magnesium,
niacin, riboflavin, selenium, thiamine, beta carotene, zinc, folic acid, n-3 fatty acids, n-6
fatty acids, onion, trans fat, and vitamins A, C, D, E, B6, and B12 [22]. The leisure time
physical activity (PA) was estimated with data from a previously validated PA question-
naire [23]. World Health Organization’s definition was used to establish two categories:
inactive (<150 min/week of moderate to vigorous activity) or active (≥150 min/week of
moderate to vigorous activity) [24]. T2D was defined as self-reported physician-diagnosed
diabetes, use of hypoglycemic medication, or fasting glucose established cut-off points of
>126.0 mg/dL [25].

Standing height and weight were measured with standardized procedures. We calcu-
lated participants’ body mass index (BMI) (kg/m2) at each wave, and the WHO’s cut-off
points were used for the classification of BMI status [26,27]. Serum creatinine levels were
determined using a compensated kinetic Jaffe assay that offers results traceable to the
isotope dilution mass spectrometry reference method. Glomerular filtration rate (GFR) was
calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI), and
values were expressed as mL/min/1.73 m2.

2.5. Statistical Analyses

For descriptive purposes, continuous variables were summarized with means and
standard deviations (SD) or median and 25th percentile (P25)–75th percentile (P75), and
categorical variables using percentages by sex and age groups. For Table 1, the differences
by sex at baseline were analyzed with Wilcoxon for continuous variables and the z-statistic
for testing the equality of proportions for categorical variables. Differences between UA
categories at baseline were analyzed with Dunn’s test for continuous variables and the
z-statistic for testing the equality of proportions for categorical variables.

Differences between study stages were analyzed with the Wilcoxon rank-sum test
for paired samples, the paired t-test for continuous variables, and McNemar’s test for
categorical variables.

Cross-sectional associations between UA levels (continuous and categorical) and BMD
were analyzed by linear regression models stratified by sex and age groups. The models
were adjusted by age, BMI category (normal, overweight, and obesity, use of HRT, T2D,
calcium supplement consumption, CKD-EPI equation, DII, energy-adjusted calcium intake,
smoking, and leisure time PA. Longitudinal associations with UA levels continuously and
categorically were analyzed by fixed-effects (FE) linear regression models stratified by sex
and age groups. FE models analyze within-person change while eliminating time-invariant
confounding (between-individual differences) [28]. The models were adjusted by covariates
changing over time, such as BMI category (normal, overweight, and obese), use of HRT,
T2D, CKD-EPI equation, DII, calcium supplements consumption, energy-adjusted calcium
intake, smoking, and leisure time PA.

The level of statistical significance was set at α < 0.05. All statistical analyses were
performed using Stata 14.2.
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Table 1. Baseline characteristics of the Health Workers Cohort Study (HWCS) by sex.

Total
n = 1423

Females
n = 1051

Males
n = 372

Age a, years 46(37–55) 46(37–56) 45(36–54) *
BMI a, kg/m2 26.1(23.6–29.0) 25.9(23.5–29.0) 26.5(24.2–28.9)
Overweight, % 43.1 40.8 49.5 **

Obesity, % 19.3 19.6 18.6
Body fat proportion a 40.7(33.8–45.8) 43.2(38.7–47.2) 30.6(27.0–35.0) ***

Diabetes, % 8.6 8.7 8.3
Uric acid a, mg/dL 4.8(3.9–5.9) 4.4(3.7–5.3) 6.0(5.2–6.8) ***
Hyperuricemia, % 18.2 16.9 21.8 *

Creatinine a, mg/dL 0.9(0.8–1) 0.8(0.7–1.0) 1.0(0.9–1.2) ***
CKD-EPI equation a 98.1(91.1–105.5) 98.1(90.8–105.9) 97.8(91.6–104.7)

Dietary inflammatory index a 0.09(−1.41, 1.85) −0.05(−1.48, 1.78) 0.37(−1.09, 2.25) **
Energy a, kcal/day 1980(1528–2536) 1928(1512–2451) 2150(1612–2785) ***
Smoking status, %

Past, % 28.3 23.8 41.1 ***
Current, % 16.0 13.7 22.3 ***

Phosphorous intake a, mg/day 1326(1019–1742) 1298(999–1689) 1419(1085–1835) **
Calcium intake a, mg/day 985(817–1203) 993(825–1208) 950(794–1196)
Calcium supplements, % 14.3 17.9 4.3 ***

Hormone replacement therapy, % - 6.1 -
Hip BMD a, g/cm2 1.019(0.923–1.112) 0.996(0.904–1.082) 1.084(0.997–1.189) ***

Hip T-score a −0.10(−0.82, 0.61) −0.09(−0.85, 0.61) −0.11(−0.72, 0.64)
Low hip BMD, % 20.2 21.0 17.7

Femoral neck BMD a, g/cm2 0.978(0.884–1.077) 0.960(0.867, 1.050) 1.029(0.942, 1.145) ***
Femoral neck T-score a −0.58(−1.35, 0.22) −0.69(−1.45, 0.09) −0.34(−0.95, 0.58) ***

Lumbar spine BMD a, g/cm2 1.113(1.009–1.223) 1.102(0.999–1.213) 1.148(1.041–1.258) ***
Lumbar spine T-score a −0.78(−1.63, 0.09) −0.78(−1.63, 0.09) −0.77(−1.64, 0.09)

High leisure time physical activity, % 38.5 35.3 47.4 ***
a Median (P25-P75). Hyperuricemia was defined as 7.0 mg/dL among males and 5.7 mg/dL among females. The
p-values of the statistical tests were calculated using the Wilcoxon test for continuous variables and the tests on
the equality of proportions for categorical variables. * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results

3.1. Cross-Sectional Associations between UA and BMD Levels by Sex and Age Groups

We explored the characteristics by sex. Statistically significant differences were ob-
served between females and males. Exposures such as amount overweight, UA, hyper-
uricemia, creatinine, DII, energy, smoking status, and phosphorous intake were higher
in males than females. Additionally, females had higher body fat proportions, calcium
supplements, and CKD-EPI than males. Furthermore, we observed that females had less
hip BMD, femoral neck BMD, and lumbar spine BMD than males. We did not observe
statistically significant differences in calcium intake by sex (Table 1). In addition, we ex-
plored the characteristics at baseline by UA categories. In females and males <45 years,
statistically significant differences were observed in BMI, amount overweight, body fat
proportion, hyperuricemia, DII, and calcium intake between the lowest and the highest
quartile of UA. In addition, differences in obesity and low hip BMD were observed in
females. In the ≥45 years old group, BMI, amount overweight, obesity, body fat proportion,
and hyperuricemia showed significant differences between UA categories in females and
males. Furthermore, differences in females were observed at the hip and femoral neck BMD,
while in males they were found in CKD-EPI and MDRD equations and current smoking
status (Supplementary Table S1).

Results from the linear regression showed a positive association between UA with
hip and femoral neck BMD in females <45 years old. The adjusted model showed that an
increase in 1 mg/dL of UA was associated with an increase in total hip BMD of 0.011 g/cm2

(95% CI 0.0009, 0.021). Furthermore, at hip BMD, this association was observed with
hyperuricemia, and at the femoral neck, the association remained in the high and very high
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categories of UA (Figure 1 and Supplementary Table S2). In females ≥45 years old, we
observed UA levels and hyperuricemia to be positively associated with hip BMD (β = 0.010,
95% CI 0.002, 0.018; and β = 0.033, 95% CI 0.011, 0.055; respectively). The association
between UA and lumbar spine BMD was not significant in both age groups of females. We
did not observe a cross-sectional association between UA and BMD in males in both age
groups (Supplementary Tables S2 and S4).

Figure 1. Cross-sectional association between UA and total hip BMD (A), femoral neck BMD (B), and
lumbar spine BMD (C). Errors bars represent 95% confidence intervals.

3.2. Longitudinal Associations between UA and BMD Levels by Sex and Age Groups

The final analysis included 1423 participants with a mean time between baseline
and second wave of 6.8 years (SD 1.4). Females made up 73.9% of the participants, of
which 56.7% were ≥45 years old. At baseline, the median age of the group <45 years old
was 36 years (P25-P75: 31–41) in females and males, while for the ≥45 years old group,
the median age was 55 years (P25-P75: 49–61) for females and 54 years (P25-P75: 55–67)
for males.

Measurements along the two-time points showed a significant increase of UA in
females in both age groups and a decrease in total hip and lumbar spine BMD. Femoral neck
BMD increased in <45 years and decreased in ≥45 years. In both age groups, hyperuricemia,
BMI, body fat proportion, DII, and smoking status increased, while creatinine, energy, and
calcium intake decreased. Furthermore, in females ≥45 years old, the HRT and the high
leisure time physical activity decreased.

On the other hand, in both age groups of males, a significant increase in body fat
proportion and a decrease in creatinine, energy calcium intake, hip BMD, and femoral neck
BMD were observed. In addition, in <45 years, BMI, CKD-EPI equation, and smoking
status increased. In ≥45 years, UA levels, hyperuricemia, lumbar spine BMD, and DII score
increased (Table 2).
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In females ≥45 years old, the fixed-effects linear regression showed that UA was
negatively associated with hip, femoral neck, and lumbar spine BMD change (Figure 2 and
Supplementary Table S3). The adjusted model showed that an increase in 1 mg/dL of UA
was associated with a decrease in total hip BMD of 0.007 g/cm2 (95% CI −0.011, −0.002), in
femoral neck −0.0009 g/cm2 (95% CI −0.014, −0.004), and in lumbar spine −0.010 g/cm2

(95% CI −0.017, −0.004). We observed that these findings were maintained when evaluating
change from a low to a high category of UA and from a low to a very high category of UA
for the different sites. In females <45 years old, significant associations of UA levels were
observed for femoral neck and lumbar spine BMD (Figure 2 and Supplementary Table S3).
When we stratified <50 and ≥50 years, the associations remained in the same direction but
were not statistically significant at >50 years (Supplementary Table S5).

Figure 2. Longitudinal association between changes in UA and changes in total hip BMD (A), femoral
neck BMD (B), and lumbar spine BMD (C). Errors bars represent 95% confidence intervals.

In males, we did not observe a significant association between UA and BMD in
both age groups as a continuous variable. Nevertheless, in the evaluation by change of
categories in <45 years old, we found a positive association; change from a low to a very
high category of UA increased hip BMD by 0.027 g/cm2 (95% CI 0.004, 0.050). In addition,
we also observed a change from normal to hyperuricemia increased femoral neck BMD
in 0.022 g/cm2 (95% CI 0.002, 0.046) (Figure 2 and Supplementary Table S3). When we
stratified <50 and ≥50 years, the associations were similar (Supplementary Table S5).

4. Discussion

Our results suggest a positive cross-sectional association between UA with hip and
femoral neck BMD in females <45 years old. Nevertheless, a longitudinal negative associa-
tion was observed between increased levels of UA and decreased hip, femoral neck, and
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lumbar spine BMD in Mexican women ≥45 years old. Meanwhile, in women <45 years
old, this association was only present at the femoral neck and lumbar spine BMD.

It is essential to interpret the results of the cross-sectional analysis with caution due
to potential residual confounding with unmeasured variables (shared genetic variants or
environmental causes). In our cross-sectional analysis, we observed in women <45 years old
a positive association between UA levels and total hip and femoral neck BMD. Estrogens
could partially explain this observation; estrogens are one key regulator of bone metabolism,
having direct effects on osteocytes (decreasing bone remodeling), osteoblasts (maintaining
bone formation), and osteoclasts (decreasing bone resorption). Therefore, a decrease in
BMD has been observed during menopause due to estrogen deficiency [29]. In previous
studies, women with low estradiol levels (<11 pg/mL) had a more than twofold increased
relative risk of fracture (Risk Ratio [RR] 2.2, 95% CI 1.2, 4.0) [30]. A longitudinal study of
1902 pre-or early perimenopausal women assessed bone loss at each transition stage due to a
decline of ovarian function. Little change was observed during the pre-or early menopause
stages in the lumbar spine and total hip BMD, but the bone loss was accelerated in late
perimenopause (0.018 g/cm2 and 0.010 per year, respectively, p < 0.001) when adjusted
for age, menopausal stage, weight, smoking, ethnicity, intake of vitamin D, calcium, and
alcohol [31]. Estrogens have also been studied because of their effect on UA levels, due to a
higher renal clearance of urate [32,33]. To our knowledge, there is no evidence evaluating
the association between estrogen and UA levels with BMD. Additional studies are needed
to determine the role of estrogen and uric acid levels on BMD in the Mexican population.

Several studies have shown a positive association between UA levels and BMD, espe-
cially in postmenopausal women. A large cross-sectional study of 7502 postmenopausal
women found, after adjusting for multiple confounders (age, weight, height, GFR, cal-
cium and phosphorus concentrations, and lifestyle factors), that serum UA levels were
positively associated with BMD at all sites (per 1 mg/dL UA increase: lumbar spine β:
0.009 g/cm2, femoral neck β: 0.004 g/cm2, total hip β: 0.006 g/cm2, and trochanter β:
0.005 g/cm2, p < 0.001) [34]. Similarly, it was observed in a cross-sectional analysis with
356 twin women ≥45 years old that UA levels were positively associated with BMD in all
skeletal sites (lumbar spine 0.190 g/cm2, femoral neck 0.169 g/cm2, total hip 0.167 g/cm2,
total forearm 0.136 g/cm2, and whole body 0.170 g/cm2, p < 0.01), after adjusting for
multiple confounders (age, GFR, calcium, CTX-I levels, FM/LM/Ht2, HRT, and lifestyle
factors) [35].

In agreement with other studies, we observed higher UA levels in men than in women
and across age categories in women. [36,37].The National Health and Nutrition Examination
Survey (NHANES) 2015–2016 reported that men had higher UA levels (6.04 mg/dL)
than women (4.79 mg/dL), and the hyperuricemia prevalence increased according to age
categories; the highest was at >80 years (27.8%), followed by 26.1% (60–79 years) and 18.7%
(40–59 years) [37]. Compared to older men, one explanation for the decreased UA levels
in older women is the use of HRT due to its effect on insulin sensitivity, reducing UA
concentrations by increasing its renal excretion [38].

On the other hand, some studies have shown that uric acid causes mitochondrial
oxidative stress, stimulating fat accumulation independent of excessive caloric intake [39].
A meta-analysis found that for obesity (BMI > 30 kg/m2), the age-adjusted relative ratio
of gout was 2.24 (95% CI 1.76–2.86) [40]. In our research, we found in men and women a
higher prevalence of obesity in those participants with UA levels in the very high category
compared to those in lower categories. However, the association between the two variables
must be taken with caution because serum uric acid influenced obesity, most likely together
with other related factors not analyzed in this study, such as diet.

For our longitudinal analysis, it is important to consider that the fixed-effects method
controls for unchanging variables, such as genetic factors. While there is currently controver-
sial information regarding the association between UA and BMD, few studies have demon-
strated a negative association. A cross-sectional study, including 356 postmenopausal
women and 512 men older than 50 diagnosed with T2D, found that higher UA levels were
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significantly associated with vertebral fractures only in women (odds ratio [OR] = 1.38,
95% CI = 1.01–1.88, p-value = 0.041) [41]. In older adults from a Cardiovascular Health
Study, men with higher urate levels had a 60% increased risk of hip fracture (Hazard Ratio
[HR] 1.6; 95% CI 1.1, 2.5). In addition, it was observed that urate levels >10 mg/dL had a
higher risk of hip fracture (HR 3.0, 95% CI 1.5, 6.1), followed by urate >9 mg/dL (HR 1.9,
95% CI 1.2, 3.0) and >8 mg/dL (HR 1.4; 95% CI 1.1, 1.8). In contrast, there was no association
between UA levels and hip fractures in women [13]. One explanation for this negative
association is the generation of oxidative stress by hyperuricemia, which inhibits bone cell
differentiation and promotes osteoclast function [38,42,43]. Furthermore, during an acute
gout attack, proinflammatory cytokines (interleukin-1, interleukin-6, interleukin-8, and
Tumor Necrosis Factor-α) are released and promote osteoclast differentiation, increasing
bone resorption [36].

There is little information regarding the association between UA and BMD in men,
especially younger adults. In men, we did not observe an association between UA and
BMD in the cross-sectional and longitudinal analysis while considering BMD as a con-
tinuous variable. Nevertheless, we found a positive association when category change
was observed, from a low to a very high UA with increased hip BMD and from normal
to hyperuricemia with femoral neck BMD. The evidence reinforces that the female sex
hormones may be regulating UA handling machinery [33]. Estrogen could explain the
observed sex differences in UA levels associated with BMD. Therefore, understanding the
role of estrogen in regulating serum uric acid levels is critical to unraveling the complex
mechanisms of UA and BMD.

In a cross-sectional study based on the NHANES from 1999 to 2006 with 6704 men
>18 years, no statistically significant association between UA and lumbar spine BMD was
observed after adjusting for confounding factors [44]. Similar results were observed in a
study with 943 males and 4256 postmenopausal females; the association between UA levels
and femoral neck, total hip, and L1-L4 BMD was observed in women, but not in men after
adjusting for confounders [45]. A possible explanation could be the paradoxical antioxidant
effects of UA acting as an electron donor and chelating metal ions to convert them into less
reactive forms incapable of catalyzing free radical reactions, preventing osteoclast bone
resorption [2]. However, studies in younger populations of men are needed to confirm
these findings.

The potential causes for discrepancy between prior studies might be due to different
population characteristics (genetic background, age, obesity, and body fat proportion) or
differences in potential confounders adjusted, primarily related to lifestyle factors. In our
case, we adjusted by DII, but in other studies, adjustments were not made for vegetables,
alcohol, and calcium consumption.

The present study has some strengths and limitations. The main strength is the
longitudinal design that includes women and men of a wide range of ages, allowing age
stratification (<45 and ≥45 years). Standardized procedures with validated instruments
and trained personnel were used to assess the clinical variables. The main limitations
were the low prevalence of osteoporosis and the small number of women who used HTR;
therefore, it was impossible to evaluate these associations and interactions. Unfortunately,
we did not have information on menopausal status for all women; therefore, we used
age categories as a proxy according to previous studies [18,19]. We have no information
regarding the consumption of medications such as diphosphonate, glucocorticoids, and
allopurinol that affect BMD or UA. However, the consumption of HRT and diuretics is low,
so we consider that these could not affect the results.

5. Conclusions

In conclusion, our results suggest that higher serum UA levels are associated with
low BMD at different skeletal sites in Mexican females. This effect on bone metabolism is
independent of the confounding variables analyzed (BMI category, use of HRT, calcium
supplement consumption, energy-adjusted calcium intake, smoking, and PA).
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Abstract: Lipids affect cartilage growth, injury, and regeneration in diverse ways. Diet and metabolism
have become increasingly important as the prevalence of obesity has risen. Proper lipid supplementa-
tion in the diet contributes to the preservation of cartilage function, whereas excessive lipid buildup is
detrimental to cartilage. Lipid metabolic pathways can generate proinflammatory substances that are
crucial to the development and management of osteoarthritis (OA). Lipid metabolism is a complicated
metabolic process involving several regulatory systems, and lipid metabolites influence different
features of cartilage. In this review, we examine the current knowledge about cartilage growth,
degeneration, and regeneration processes, as well as the most recent research on the significance of
lipids and their metabolism in cartilage, including the extracellular matrix and chondrocytes. An
in-depth examination of the involvement of lipid metabolism in cartilage metabolism will provide
insight into cartilage metabolism and lead to the development of new treatment techniques for
metabolic cartilage damage.

Keywords: lipid metabolism; cartilage; osteoarthritis; fatty acid; cholesterol; phospholipid

1. Introduction

Cartilage is a connective tissue dominated by the extracellular matrix (ECM) that
lacks vascular, lymphatic, and nerve supply. Human cartilage is classified into three types:
hyaline, fibrous, and elastic cartilage [1]. Among these, hyaline cartilage is the most com-
mon one in the body. With a glassy appearance and sitting on the surface of the joint,
hyaline cartilage reduces the friction caused by joint movement. Two major components
are present in the ECM of cartilage: collagens and proteoglycans. Proteoglycans are formed
by glycosaminoglycans covalently linked to core proteins through side chains [2]. Hyaline
cartilage contains a large amount of proteoglycans with a gel-like structure and water-rich
glycosaminoglycan chains that provide compressive elasticity to the cartilage, which is the
reason why cartilage can absorb and distribute the pressure applied to the joint [3]. Al-
though they take up only 5–10% of the total volume of the cartilage, chondrocytes and their
progenitor play an important role in maintaining the homeostasis of cartilage [4,5]. Chon-
drocytes synthesize the ECM and are embedded themselves in the matrix [6]. Chondrocytes
and the ECM are functionally interrelated. Chondrocytes play a crucial role in cartilage
formation, degradation and regeneration, and the ECM provides the microenvironment

Nutrients 2022, 14, 3984. https://doi.org/10.3390/nu14193984 https://www.mdpi.com/journal/nutrients106



Nutrients 2022, 14, 3984

in which chondrocytes exist healthily and maintain the normal structure of cartilage [7].
Besides chondrocytes, progenitor cells are also identified in the cartilage which may be
responsible for cartilage repair due to their self-renewal, multilineage differentiation, and
migratory abilities [4].

Lipids including triacylglycerols, phospholipids, and cholesteryl esters play important
roles in many physiological processes in the body [8]. They are known to act as energy
storage substances and elemental components of the cell membranes, as well as precursors
of inflammatory cytokines. Meanwhile, they also maintain metabolic homeostasis in
association with intestinal flora, enzyme activators, glycosyl carriers, and regulating the
function of immune cells [9–11]. The dysfunction of lipid metabolism, however, may lead
to a number of disorders such as obesity, type II diabetes, and atherosclerosis [12]. Cartilage
has many saturated fatty acids such as linoleic acid, oleic acid, and palmitic acid, which
are involved in maintaining its structure and function. When lipid content or metabolism
are disrupted, cartilage dysfunction results [13]. This article aims to review the function of
lipid metabolism in the formation, degeneration, and regeneration of cartilage, which may
shed light on potential therapeutics for cartilage illnesses.

2. Cartilage Development, Degeneration, and Regeneration

2.1. Chondrogenesis and Endochondral Ossification in Cartilage Development

Except for the cranium, the bones in the mesial and appendicular skeleton are gener-
ated from a hyaline cartilage template. The coagulation of mesenchymal cells, which occurs
in the craniofacial region (e.g., middle ear bone and temporal bone) or in the mesoderm
elsewhere in the body as the beginning of endochondral ossification, is essential for carti-
lage differentiation [14]. One of the earliest morphogenetic processes during embryonic
development is the synthesis of cartilage, which serves as the starting point for osteogen-
esis inside cartilage, and then progresses to gradually forming bones and skeletal tissue.
Mesenchymal cells condense, differentiate into chondrocytes, and then, cartilage tissue
transforms into bone (Figure 1). This process is subject to stringent regulation by multiple
stakeholders. The first stage is for undifferentiated mesenchymal cells to migrate to the
osteogenesis site, where they begin to cluster together. The clumping of cells is induced
by changed mitotic activity and the inability of cells to leave the center, which is caused
by cell aggregation toward the center. This cell activity causes an increase in the density
of mesenchymal stem cell (MSC) accumulation and a constant aggregation, but not an
increase in cell proliferation.

This process could be mediated by the ECM promoting cell migration via intercellu-
lar adhesion molecules and gap junctions associated with increased intercellular contact,
allowing for intercellular communication and small-molecule transfer. The process of
mesenchymal cell condensation is critical in cartilage formation. This process is controlled
by cell–cell and cell–matrix interactions, as well as the interrelationships of secreted sub-
stances with their corresponding receptors. [15]. Mesenchymal cells secrete an ECM rich
in hyaluronic acid and type I collagen prior to coagulation, preventing intimate cell–cell
interactions. Hyaluronan promotes cell motility. However, a rise in hyaluronidase ac-
tivity abolishes cell–cell interactions induced by hyaluronan. The activation of one or
more signal transduction pathways that results in the differentiation of mesenchymal cells
into chondrocytes may entail cell–cell interactions. Cell–matrix interactions, in addition
to cell–cell interactions, appear to be important in MSC coagulation. The condensation
of mesenchymal cells generates a scaffold for the formation of skeletal elements within
cartilage, determining the shape, size, location, and number of skeletal elements.
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Figure 1. The formation of endochondral ossification and articular cartilage. Initially, mesenchymal
cells undergo agglutination, mesenchymal cells in the center differentiate into chondrocytes and
secrete type II collagen, chondrocytes continue to proliferate and secrete ECM, and cells around the
agglutination express type I collagen and become cartilage membrane. The cartilage center’s cells
then transform into hypertrophic chondrocytes, and blood vessels invade and create main ossification
centers. Cartilage is progressively replaced by bone, and the cartilage membrane transforms into
periosteum. At the ends of the elements, secondary ossification centers are created, and the epiphyseal
cartilage plate is generated between the secondary and primary ossification centers. At last, the
epiphyseal plate ossifies, leaving permanent articular cartilage at the element’s end.

Through the gradual differentiation of mesenchymal cells into chondrocytes and pre-
chondral condensation, the ECM’s composition changes. Chondrocytes begin to produce
cartilage-specific type II collagen, chondroitin sulfate-rich proteoglycans, aggrecan, and
fibronectin, whereas type I collagen expression is suppressed [16]. Chondrocytes in the
center of condensation undergo rapid proliferation and linear growth of skeletal elements,
after which centrally located chondrocytes stop proliferating and enter the maturation
process; after further differentiation and hypertrophy, chondrocytes express type X collagen,
whereas type II collagen expression decreases, and cartilage development appears in a
different zone [15]. Toward the end of the element are zones with a relatively flattened
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morphology where cells accumulate with each other and chondrocytes have a high prolifer-
ative capacity. Chondrocytes in the zone where proliferation is relatively quiescent (resting
zone) are rounded. In the center of the element are chondrocytes that stop proliferating and
become hypertrophic (the “hypertrophic zone”) [17]. The cells surrounding the condensate
retain the fibroblast morphology and continue to express type I collagen, giving rise to the
chondrocyte membrane. Chondrocytes undergo hypertrophy and cell death during the
process of endochondral ossification, and hypertrophic chondrocytes play an important
role in the process. There are two types of cartilage: temporary and permanent. The healthy
cartilage in a joint is referred to as permanent or resting cartilage. Permanent cartilage has
a low proliferative capacity and does not undergo terminal differentiation under normal
conditions, whereas temporary cartilage will eventually form bone. A portion of chon-
drocytes undergo hypertrophic changes and transform into hypertrophic chondrocytes
during their proliferation [18]. Cellular hypertrophy refers to the increase in cell size and
volume. Both collagenase activity and the cellular matrix are altered during the process of
chondrocyte hypertrophy. During hypertrophy, the ECM changes as a result of the chon-
drocyte volume change, resulting in tissue failure and an increase in collagen type X [19].
Hypertrophic chondrocytes express elevated levels of type X collagen, runt-associated
transcription factor 2 (Runx2), and matrix metalloproteinase 13 (MMP-13). In contrast,
cartilage markers such as aggregated glycan, type II collagen, and Sox9 were reduced
in hypertrophic chondrocytes. Type X collagen is a well-known marker of chondrocyte
hypertrophy. Although the function of type X collagen is unknown, its presence at sites
of chondrocyte hypertrophy and calcification suggests that it may play a role in the early
stages of bone formation within cartilage [20]. Most of these hypertrophic cells at the core
of the element perish over time, whereas the ECM stays intact. In this region, hypertrophic
cartilage produces MMP-13 to modify the extracellular matrix (ECM), thereby promoting
vascular invasion and subsequent vascularization in a process that transforms cartilage
tissue lacking vascular supply into blood-rich bone tissue and necessitates the initiation of
angiogenic programs that require potent angiogenic factors such as vascular endothelial
growth factor (VEGF) [21]. Osteoblasts penetrate cartilage via blood arteries and begin
replacing it with mineralized bone. Endochondral osteogenesis [22] outlines the production
of cartilage, hypertrophy, and mineralization, followed by bone formation.

As stated, the process of endochondral osteogenesis takes place in growth plate carti-
lage, which differs from articular cartilage in terms of ECM content, cellular organization,
and mechanical properties. Articular cartilage contains fewer chondrocytes and is em-
bedded as separate cells in a distinct ECM with more collagen crosslinks than growth
plate cartilage [21]. Mature articular cartilage has a banded organization that divides into
a calcified layer, a deep layer, and a calcified layer from the articular cartilage surface
toward the bone. The three groups of the non-hypertrophic Sox (Sox9/5/6) program are
maintained in this cartilage, and the chondrocyte differentiation process is terminated to
form permanent cartilage at the ends of the long bones [22].

2.2. Cartilage Homeostasis

The ECMs and chondrocytes have a mutually beneficial relationship: chondrocytes
produce ECMs to form a highly organized molecular framework, and chondrocytes require
the surrounding matrix to support their functions. Under normal physiological condi-
tions, chondrocytes regulate the collapse and synthesis of the ECM in a dynamic balance.
Chondrocytes are encapsulated in the ECM, and the stability of the ECM provides a stable
microenvironment for chondrocytes. The mechanism of chondrocyte differentiation and
phenotypic stability is regulated by a complex network of signaling molecules. When
cartilage is injured, the chondrocyte phenotype changes, or even will become apoptotic,
which is followed by ECM remodeling [23].

A wide range of signaling molecules influence cartilage matrix synthesis and mainte-
nance, which are regulated via multiple signaling pathways. TGF-family members include
BMPs, and are considered the major molecules in cartilage anabolism, along with insulin
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growth factor-1 (IGF-1), fibroblast growth factor-2 (FGF-2), and BMP-7. TGF-β binds to the
type I receptors of activin-like kinases (ALK) ALK1 and ALK5, activating the Smad1/5/8
pathway and phosphorylating Smad2 and 3, respectively, causing a cascade of biologi-
cal effects [24]. Smad2 and Smad3 inhibit chondrocyte hypertrophy as well as the entry
of chondrocytes into the terminal differentiation state [25]. The activation of ALK5 and
Smad2/3, on the other hand, induces chondrocyte synthesis of type II collagen and aggre-
gated glycans, maintains chondrocyte stability, and plays an important role in chondrogenic
differentiation regulation [26]. Reduced expression levels of ALK5 in senescent chondro-
cytes or OA cause disruption of the differentiation state of chondrocytes and promote the
conversion of chondrocytes to a hypertrophic phenotype. In contrast, increased ALK1
expression levels activate the Smad1/5/8 signaling pathway, whereas Runx2 seems to have
some synergistic effects with ALK1, promoting chondrocyte hypertrophy with increased
synthesis of type X collagen and MMP-13, leading to cartilage matrix degradation [27].

BMP regulates cartilage development by regulating the Smad1/5/8 and Smad4 signal-
ing pathways, and it is a critical regulator in all stages of cartilage development [28]. Various
members of BMPs have different effects on chondrocytes, either in terms of cartilage matrix
degradation and chondrocyte hypertrophy or in terms of chondrocyte proliferation and ma-
trix synthesis. BMP can increase the synthesis of type II collagen and aggregated glycans in
animal models of cartilage defects, whereas inhibiting BMP activity causes cartilage damage
and reduced synthesis of proteoglycans [29]. In chondrocytes, BMP-7 is thought to induce
extracellular matrix synthesis while inhibiting IL-1, IL-6, and fibronectin fragment-induced
catabolism, promoting cartilage matrix synthesis while inhibiting catabolism [30]. BMP-2
and BMP-7 have different effects on chondrocytes, with BMP-2 promoting hypertrophy
and BMP-7 inhibiting hypertrophy and maintaining cartilage stability [31].

2.3. Chondrocytes and Progenitor Cells in Cartilage Regeneration

Self-repair following cartilage injury is a tough procedure. When articular cartilage
is injured, the mechanical loading of the cartilage changes, and oxidative stress mediates
the harmful effects of shear stress on chondrocytes, resulting in chondrocyte senescence
or death [32]. Normal articular cartilage is in a stable state of differentiation, secreting the
ECM to preserve the structural integrity of the cartilage matrix and the function of the
cartilage. Chondrocytes are induced to diversify into distinct phenotypes when OA arises as
a result of changes in the chondrocyte microenvironment and cell death. Chondrocytes may
undergo dedifferentiation alterations in OA, regaining the ability to proliferate, replenish
chondrocytes that die in inflammation, or replace ECM-degrading components [33]. Both
dedifferentiated chondrocytes and chondroprogenitor cells have the ability to proliferate.
Indeed, numerous dedifferentiation marker genes, including collagen type II (IIA and IIB)
and VI, tendin, and others, are increased in OA, implying a return of the chondroprogenitor
phenotype [34]. Furthermore, during proliferation, osteoarthritic chondrocytes become
senescent and hypertrophic, secreting proteins such as type X collagen and MMP-13 that
are implicated in the matrix breakdown and calcification in OA [18].

Cartilage progenitor cells (CPCs), synovial-derived MSCs (SD-MSCs), synovial fluid-
derived MSCs (SF-MSCs), bone marrow-derived MSCs (BM-MSCs), infrapatellar fat pad-
derived MSCs (IF-MSCs), and MSCs from other origins all play a role in cartilage repair [35].
Bone marrow MSCs have been studied widely, and transplantation of bone marrow MSCs
may reduce pain, enhance joint function, and halt the course of cartilage deterioration
in OA patients [36]. Chondroprogenitor cells are found in both the superficial and deep
zones of cartilage; however, the superficial zone seems to be more abundant, and the
properties of chondroprogenitor cells vary by area. Chondroprogenitor cells in the deeper
layers of cartilage tissue have a larger ability for chondrogenesis, are less phenotypically
differentiated, have more flexibility, and may differentiate into a range of cell types. They
can restore cartilage that has been damaged or degenerated. When cartilage is activated
by injury or inflammation, the cells proliferate faster and migrate to the site of injury for
repair. Superficial chondroprogenitor cells may originate from deeper layers, showing
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higher lubricant expression than the deeper counterpart, and proliferating slowly [37]. Qui-
escent MSCs are also discovered in the synovial membrane of the mouse knee, where they
proliferate and differentiate to heal cartilage injury [38]. The majority of cells expressing
growth and differentiation factor 5 (Gdf5) are located in the synovial lining, including
fibroblast-like synoviocytes (FLS) that express lubricant (or proteoglycan 4 (Prg4)) and the
Yes-associated protein (Yap) to maintain synovial lining proliferation and promote cartilage
regeneration [39]. Besides, MSCs from the infrapatellar fat pad and synovial fluid may also
play important roles in cartilage repair as well as OA development [40–43].

Cartilage damage generates an unfavorable microenvironment for chondrocytes and
the ECM. As recruitment cues for bone marrow MSCs, cell lysates, ECM catabolic fragments,
and high-mobility group box chromosomal protein 1 (HMGB1) can all function [18]. In dam-
aged joints, growth factors, chemokines (chemokine (C-C motif) ligands (CCLs), chemokine
(C-X-C motif) ligands (CXCLs), and chemokine (C-X3-C motif) ligands (CX3CLs)), and
several other cytokines can function as recruitment signals to regulate endogenous bone
marrow mesenchymal stem cells. Synovial fluid can create several chemokines when joint
lesions develop, with CCL25, CXCL10, and XCL1 strongly attracting human subchon-
dral mesenchymal progenitor cells, whereas the cell migration of other cells is missing
or suppressed [44]. In response to recruitment cues, bone marrow mesenchymal stem
cells may undertake directed motility and migration [45]. Bone marrow MSCs move into
injured cartilage to produce a bone marrow MSC–chondrocyte co-culture system. Bone
marrow MSCs can assist chondrocytes in regeneration, and chondrocytes can support
bone marrow MSCs in differentiation and matrix synthesis, therefore interacting to heal
cartilage [46]. In addition to regenerating the ECM, recruited bone marrow MSCs can
ameliorate the microenvironment in damaged cartilage and support chondrocyte survival.
MSCs can suppress the gene expression of COX2 (PTGS2), PGE2, TNF-α, IL-1β, IL-6,
and CXCL8 (IL-8), as well as inflammatory proteins IL-6 and IL-8. CCL2, CCL3, CCL5,
and CCL1 levels are also reduced [47]. In the presence of MSCs, the expression levels of
chondrocyte fibrosis and hypertrophy genes were downregulated, whereas the expression
levels of pro-chondrogenic-related genes, such as ACNA and COL2A1, were increased [47].
Mesenchymal stem cells can also have a supporting impact on chondrocytes by secret-
ing paracrine cytokines such as PDGF and TGF-β, thus stimulating the proliferation of
chondrocytes and playing an essential part in the repair of articular cartilage [48].

2.4. ECMs and Chondrocytes in Cartilage Degeneration

Cartilage is essential in joints, and its malfunction can lead to a variety of disorders,
the most frequent of which is OA. OA is a widespread chronic degenerative disease
characterized by cartilage degeneration, osteophyte formation, and joint sclerosis, with
pain as the primary symptom. OA can affect any joint, including the joints of the hands
and feet, hips, and knees [49]. OA is a considerable expense on society and families, as well
as a serious global public health concern. The annual cost of OA treatment ranges from 1%
to 5% of GDP, and with the rising trend of obesity and aging, the incidence and cost of OA
will continue to increase [50].

Mechanical stress injury is a significant cause of OA. Injury induces the upregulation
of Runx2 and IHH, as well as the expression of proteases. Aggrecan degradation is an early
event in cartilage degradation, and lysosomal histone proteases found in cartilage can de-
grade glycoprotein at an acidic pH [51]. The aggrecan domain is cleaved at the interglobular
structural domain (IGD) between the N-terminal G1 and G2 globular structural domains of
aggrecan by ADAMTSs, which are zinc-dependent metalloproteases of the metalloprotein
family. All of the ADAMTS enzymes degrade aggrecan, but ADAMTS-5 is the most active
“aggrecanase” in vitro, followed by ADAMTS-4, and thus, both are thought to be the main
enzymes responsible for the pathological cleavage of aggrecan on the Glu373~Ala374 bond
in IGD [52]. Drugs that inhibit ADATMS-4/5 are currently being researched as a promising
OA therapy that targets cartilage degradation and has the potential to reduce joint pain and
restore normal function [53]. The specific order of degradation of cartilage tissue’s various
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components is unknown. Aggrecan is thought to protect against collagen degradation,
which is a reversible process in OA. However, collagen degradation is irreversible, and
cartilage cannot be repaired once collagen is degraded [54,55]. MMP-1, MMP-3, MMP-8,
and MMP-13 are all involved in collagen degradation, and MMP-13 is considered to be
the main collagenase with increased expression in OA cartilage [56,57]. In addition, other
MMPs (e.g., MMP-28), a disintegrin and metalloproteinases (e.g., ADAM-12, ADAM-15),
and ADAMTSs (e.g., ADAMTS-16, ADAMTS-17) are also increased in OA [58]. Cathepsin
K, a papain-like cysteine protease, is the only enzyme other than collagenolytic MMP
that hydrolyzes natural triple-helix type I and type II collagen. Cathepsin K expression
in chondrocytes is increased in OA, and the enzyme is thought to be involved in collagen
degradation in the cartilage matrix and subchondral bone [59].

Besides ECMs, chondrocytes also play an important role in cartilage health mainte-
nance and disease development. The phenotype of chondrocytes is determined by the
microenvironment in which they are located. Mechanical stress and pathological stimuli
such as TNF-α, IL-1β, and NO cause chondrocytes to change into various phenotypes, and
these phenotypes respond to inflammatory stimuli in various ways [60]. Chondrocytes
of different phenotypes play different roles in OA, either repairing cartilage or degrading
the joint, and among these phenotypes, the catabolic phenotype dominates, promoting
cartilage matrix degradation [61]. The catabolic phenotype is founded on the secretion of
various hydrolytic proteases. The anabolic phenotype is founded on ECM regeneration
and repair (including type II collagen and proteoglycans). The hypertrophic phenotype
is founded on type X collagen secretion followed by apoptosis. The dedifferentiated phe-
notype is based on type I collagen secretion. Additionally, the chondrogenic phenotype is
dominated by synthetic fetal type II collagen (IIA) and type III collagen [62].

3. Lipid Metabolism in Cartilage

Metabolic disorders such as obesity, diabetes mellitus, and cardiovascular diseases
have been identified as risk factors of OA, and they are regarded as predictive of faster
deterioration of the OA joint. Emerging evidence reveals the role of common pathways of
metabolic diseases and OA, such as lipid metabolism, may have a direct systemic effect on
joints [63].

Lipids are large molecules with a multitude of complex structures that play an im-
portant role in maintaining cellular functions [64]. There are four main lipid classes in the
human body, including triglycerides (TGs), fatty acids (FAs), cholesterol, and phospho-
lipids. Fats are important nutrients in the daily diet because they provide energy but also
serve a variety of other functions, such as aiding in the absorption of fat-soluble vitamins
and playing a role in the production and regulation of eicosanoids [65]. Fats are digested by
lipase into fatty acids, glycerol, and monoacylglycerols, which are subsequently absorbed
by the small intestine via bile salts [66]. Fatty acids can be absorbed by cells and become an
important component of cell membranes. Lipids and their metabolic components can play
an important role in signal transduction as second messengers between cells, and lipids are
important in cartilage (Figure 2) [67].

In cartilage, the transport of lipids is a complex process. The complex structure of the
cartilage matrix endows articular cartilage the ability to resist compressive loads and also
determines how molecules diffuse into the matrix [68]. Recent research suggests two modes
of lipid transport: synovial fluid diffusion and subchondral bone exchange. Synovial fluid
is thought to be the primary source of molecules in articular cartilage metabolism. It has
been discovered that synovial fluid, not subchondral bone, provides sufficient nutrients to
maintain the structure and function of mature articular cartilage. The diffusion of solute
molecules in the synovial fluid is significantly impacted by compression and circulatory
loads in the joint [69]. The cartilage matrix is negatively charged, and only small, neutral
molecules can diffuse freely through the joint fluid, whereas the diffusion of large and
small negatively charged molecules is restricted [68]. To increase solubility, lipids are
typically present in the blood as lipoproteins or bound to carrier plasma proteins. Once

112



Nutrients 2022, 14, 3984

bound to large molecules, the transport of lipids into cartilage will be restricted. Since size
is the determining factor for molecular diffusion, for the diffusion of non-charged small
molecules, there is no discernible difference between immature and mature cartilage [70].

Figure 2. Overview of lipid metabolism in cells including chondrocytes. NPC1L1: Niemann–Pick
C1-like 1, SM: squalene monooxygenase, HMGCR: hydroxymethylglutarate monoacyl coenzyme A
reductase, HMG-CoA: 3-hydroxy-3-methylglutaryl-coenzyme A, CEH: cholesteryl ester hydrolase,
ACAT: acyl coenzyme cholesterol acyltransferase, CYP7A1: cholesterol 7α-hydroxylase, LXR: liver
x receptor, RXR: retinoic acid X receptor, SCAP: SREBP cleavage activation protein, SREBP: sterol-
regulatory element binding protein, TAG: triglyceride, PE: phosphatidylethanolamine, PC: phos-
phatidyl choline (lecithin), GPAT: glycerol-3-phosphate acyltransferase, AGPAT: lysophospholipid
acyltransferase antibody, DGAT: diacylglycerol acyltransferase, G-3-P: glyceraldehyde 3-phosphate,
LPA: lysophosphatidic acid, PA: phosphatidic acid DAG: glycerol diester, PAP: phosphatidic acid
phosphatase. (Figure was created with Biorender.com and accessed 20 September 2022).

In contrast to synovial fluid, vascular penetration from the subchondral bone allows
molecules to be transported in mature joints’ calcified cartilage. The bone–chondral junction
in articular cartilage is viewed as a complex three-dimensional structure known as the tide-
mark, which enables the transport of molecules as the uncalcified cartilage extends across
the calcified cartilage and makes contact with the vessels of bone and bone marrow [71].
However, in mature joints, there is calcified cartilage at the bone–chondral interface, and
this natural barrier greatly limits the entry of lipids and other nutrients from calcified
cartilage to non-calcified cartilage [72]. Recently, it was reported that regardless of body
mass index (BMI), abnormal lipid accumulation in OA chondrocytes may be responsible
for the development and progression of OA [73].
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3.1. Fatty Acid

Previous evidence shows that total free fatty acids (FFAs) and the accumulation of
substantial lipids in articular cartilage have been reported in OA patients prior to the
appearance of histopathological OA features [74]. A higher level of saturated fatty acids
(SFAs) is also closely related to the progression of cartilage degradation, and SFA deposition
in cartilage may alter its metabolism and lead to cartilage damage [73]. Even an SFA-rich
diet is associated with increased OA-like pathophysiological changes [75].

Fatty acids can be taken up from food, but they can also be synthesized by acetyl
coenzyme A through a series of reactions in glycolysis and the citric acid cycle for lipid
synthesis. However, acetyl coenzyme A itself is a byproduct of fatty acid oxidation. Acetyl
coenzyme A, malonyl coenzyme A, and NADPH are required for the synthesis of fatty
acids by fatty acid synthase (FAS) [76]. Malonyl coenzyme A is an important inhibitor
of the carnitine/palmitoyl shuttle system and a C2 donor in the de novo synthesis of
fatty acids. Two different enzymes, acetyl coenzyme A carboxylase 1 (ACC1) and acetyl
coenzyme A carboxylase 2 (ACC2), have evolved for fatty acid synthesis and oxidation [77].
Based on their carbon chain length, fatty acids can be classified into short-chain fatty acids
(SCFAs), medium-chain fatty acids (MCFAs), and long-chain fatty acids (LCFAs). Based on
their degree of saturation, fatty acids can be categorized as SFAs, monounsaturated fatty
acids (MUFAs), or polyunsaturated fatty acids (PUFAs), and each fatty acid has different
biological effects (Figure 3) [78].

 

Figure 3. Classification of fatty acids in joint. Based on the degree of saturation, fatty acids can be
categorized as saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), or polyunsaturated
fatty acid (PUFAs). Those fatty acids can be further categorized into lower grades. (Figure was created
with Biorender.com and accessed 20 September 2022).
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Stearate, a proinflammatory fatty acid, can partially activate hypoxia-inducible factor
1 (HIF-1) in chondrocytes to induce inflammation [79]. Palmitate acts as another proinflam-
matory fatty acid and catabolic factor in OA, which induces cystathione activation and cell
death, stimulates normal chondrocytes via IL-1, and upregulates IL-6 and cyclooxygenase 2
(COX2) expression in chondrocytes through the Toll-like receptor 4 (TLR-4) signaling path-
way [80]. Through the NADPH oxidase 4 (NOX-4) signaling pathway, high palmitic and
oleic acid concentrations in articular cartilage mediate ROS production and chondrocyte
apoptosis [81].

Differences in the desaturation sites of unsaturated fatty acids have resulted in the
emergence of two distinct families of essential fatty acids: omega-3 and omega-6, which play
different roles in the body. Alpha-linolenic acid (ALA) and linoleic acid (LA) are the dietary
precursors of omega-3 unsaturated fatty acids (n-3 PUFAs) and omega-6 unsaturated
fatty acids (n-6 PUFAs). In alpha-linolenic acid (ALA), 18 carbons and 3 double bonds
are present, whereas 18 carbons and 2 double bonds are present in linoleic acid (LA)
(18:2). Alpha-linolenic acid (ALA) and linoleic acid (LA) are both essential fatty acids
because linoleic acid is desaturated by D15 desaturase to produce alpha-linolenic acid
(ALA), but humans lack D15 desaturase. The conversion of n-3 unsaturated fatty acids
to eicosapentaenoic acid (EPA FA, 20:5, n-3) and docosahexaenoic acid is possible (DHA
FA, 22:6, n-3). In inflammation, omega-6 unsaturated fatty acids such as linolenic acid
(LA FA, 18:2, n-6) are converted to gamma-LA (GLA FA, 18:3, n-6) and arachidonic acid
(AA FA, 20:4, n-6) and play their own unique roles [82]. These fatty acids are precursors
to a wide variety of bioactive lipids. In contrast to the proinflammatory effects of SFAs
and n-6 PUFAs, omega-3 PUFAs can be oxidized to specialized proresolving molecules
(SPMs), such as resolvins, protectins, and maresins, as well as other oxylipins with potent
anti-inflammatory and pro-catabolic functions. SPMs function as signaling molecules
that promote the restoration of vascular integrity, tissue regeneration, and repair, and
decrease inflammation by inhibiting inflammatory lipid mediators and cytokines [83]. n-6
PUFAs, like SFAs, have proinflammatory effects that are mediated by lipid metabolites
produced downstream of the precursor. Arachidonic acid is found in n-6 PUFAs and can
be converted by cyclooxygenase (COX) and lipoxygenase (LOX) to eicosanoid compounds,
which are biologically active lipids such as prostaglandins (PGs), thromboxanes (TXs),
leukotrienes (LTs), and hydroxyeicosatetraenoic acids (HETEs). Due to the requirement for
the same enzyme class for the conversion of a-linolenic acid to EPA and arachidonic acid to
arachidonic acid, the synthesis of EPA and arachidonic acid will compete to regulate anti-
inflammatory and proinflammatory homeostasis [84]. Normal cartilage typically contains
low levels of n-6 polyunsaturated fatty acids (PUFAs) and high levels of n-9 fatty acids.
Because the n-9 fatty acids may not function as a substrate for cyclooxygenase (COX), the
cartilage is protected from prostaglandin (PG)-induced inflammatory responses. During
aging, n-9 PUFAs in cartilage decrease while n-6 PUFAs increase [85]. Arachidonic acid is a
widely distributed n-6 unsaturated fatty acid with 20 carbon and 4 double bonds (20:4) that
is present in cell membranes and is an essential component of the lipid bilayer. However,
in the presenting of inflammatory factors, phospholipase digestion of lipid molecules
is stimulated, allowing arachidonic acid to be liberated in the cell membrane and then
converted to PGH2 by COX, and then to leukotrienes by lipid oxidase. In diseased articular
cartilage, the prostaglandins and leukotrienes produced by n-6 PUFAs were found to have
strong proinflammatory and catabolic effects [86]. Furthermore, levels of prostaglandin E2
(PGE2) and 15-HETE (an oxytocin derived from arachidonic acid) in the synovial fluid of
patients with OA were found to correlate with the degree of lesions [87].

Prostaglandin analogues are synthesized from PGH2 by activating PGD synthase or
PGE synthase (PGEs). There are at least four types of PGE2 receptors (EP) in humans
(EP1, EP2, EP3, and EP4), and different PGE2 receptors (EP) on the chondrocyte surface
bind to PGE2 with different effects. When EP2 and EP4 are stimulated simultaneously in
rats, for instance, they promote chondrocyte differentiation [88]. In the diseased joints of
OA patients, synovial fibroblasts and chondrocytes produce proinflammatory cytokines
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(e.g., IL-1β and TNF-α), which result in the upregulation of the expression of MMPs and
cause degenerative changes in articular cartilage. Additionally, that research reveals that
PEG2 can inhibit the expression of MMP-1 and MMP-13 via EP4 and inhibition of the
MKK4-JNK MAP kinase-c-JUN pathway [89]. IL-1β stimulates the production of PGE2
and upregulates the expression of EP1 and EP4 in rabbit chondrocytes, thereby increasing
the sensitivity of chondrocytes to prostaglandins; however, the biological effects induced
by the subsequent binding of the receptor to PGE2 are dependent on the cell’s state [90].
Microsomal prostaglandin E synthase 1 (mPGES-1), the terminal enzyme of PGE2 synthesis,
is upregulated in many inflammatory conditions, including OA, and is regulated by MAP
kinase phosphatase 1 (MKP-1), an enzyme that limits the activity of the proinflammatory
MAP kinases p38 and JNK; thus, MKP-1 may be a new target for the treatment of OA [91].
The response of chondrocytes to different levels of PGE2 varies according to COX/mPGES
and EP expression levels, mechanical stress stimulation in the diseased joint, and the action
of growth factors and cytokines.

3.2. Cholesterol Metabolism

Total cholesterol is derived from the biosynthetic pathway of cellular cholesterol
and dietary intake. Most tissues in the body, including chondrocytes, can synthesize
cholesterol, and the liver is the primary site of synthesis, which occurs in the endoplasmic
reticulum and cytoplasm of cells [92]. The synthetic enzymes required for cholesterol
synthesis are found in the cytoplasm and cytosolic reticulum and are produced through
a series of enzymatic reactions in which ATP provides energy and NADPH provides
hydrogen. Cholesterol synthesis begins with acetyl coenzyme A, from which 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) is synthesized, followed by mevalonate (MVA),
isopentenyl pyrophosphate (IPP), and finally, squalene is converted to cholesterol [93].
Cholesterol is important in the human body not only as a structural component of cell
membranes, but also as a precursor to biosynthetic compounds such as bile acids, vitamin D,
and some steroid hormones. Cholesterol is converted in the adrenal cortex to adrenocortical
hormones, in the gonads to sex hormones such as androgens, estrogens, and progestins,
in the skin to 7-dehydrocholesterol, by ultraviolet radiation to vitamin D3, and in the
liver to bile acids, which aid in lipid digestion and absorption [94,95]. Along with other
intermediates of the cholesterol biosynthesis pathway, cholesterol regulates signaling
molecules including Ras, Hedgehog, and Rho [96–98].

Given that cholesterol is a major component of cell membranes, any alteration may
impair the function and fluidity of cell membranes, resulting in abnormal cellular behavior
and cholesterol accumulation [93]. Cholesterol is distributed in chondrocytes as scattered
dots, primarily in the nucleus. Cholesterol is important in promoting chondrocyte dif-
ferentiation and maturation. It was discovered in animal experiments. Cholesterol may
regulate cartilage formation and promote endochondral osteogenesis by altering the ac-
tivity of IHH, which is inhibited when cholesterol synthesis is inhibited [99]. However,
inflammatory processes can be triggered by the accumulation of persistent low-density
lipoproteins (LDLs) in the cartilage extracellular matrix. The LDL is the primary carrier of
cholesterol from the liver to the cells, and once taken up by the cells via the LDL receptor
(LDLR), lysosomes hydrolyze LDL cholesterol to release cholesterol [100]. Oxidized LDLs
(ox-LDLs) binding to the chondrocyte LOX-1 stimulates ROS production in chondrocytes
and activates NF-κB, thereby promoting the expression of catabolic genes such as MMP-1,
MMP-9, ADAMTS-5, and ADAMTS-13 [101–103]. In addition, it has been discovered
that ox-LDLs binding to LOX-1 under conditions of oxidative stress promotes the expres-
sion of the chondrocyte runt-related transcriptional gene 2, which induces chondrocyte
hypertrophy and the production of type X collagen [104]. C-reactive protein (CRP) is a
sensitive indicator of inflammation, and OA is associated with increased levels of CRP
and interleukin-6 (IL-6) [105]. Recent studies clearly demonstrate the link between inflam-
mation and imbalance in cholesterol homeostasis, with osteoarthritic cartilage exhibiting
a considerable downregulation of cholesterol efflux gene (e.g., ApoA1 and ABCA1) ex-
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pression as compared to normal cartilage. When cholesterol accumulates in cells, the liver
X receptor (LXR) transcription factor is activated and binds to the promoter sequence of
the ATP-binding cassette transporter protein A1 (ABCA1) gene, and ABCA1 plays a key
role in cholesterol efflux by acting as a lipid pump to efflux intracellular cholesterol and
phospholipids to apolipoprotein A1 (ApoA1), a major protein component of HDLs [106].
ABCA1 appears to have a function in anti-inflammation; ABCA1 controls the production of
inflammatory proteins and chemokines in macrophage cells, and an increase in intracel-
lular free cholesterol content in ABCA1 gene-deficient macrophages is associated with an
increase in the macrophage inflammatory response [107]. Cholesterol metabolism-related
proteins have a rigorous regulation mechanism in chondrocytes, with ApoA1 and ABCA1
expression increasing during differentiation and decreasing during hypertrophic differenti-
ation. Serum amyloid A (SAA) has been reported to have proinflammatory effects, and
SAA levels in OA plasma and synovial fluid rise with an increasing Kellgren–Lawrence
grade in OA patients [108]. ApoA1 binds and transports cholesterol during chondrocyte
differentiation, but it is possible that ApoA1 is replaced by SAA in response to inflam-
matory factor stimulation and is present in inflamed hypertrophic chondrocytes, as the
mRNA for SAA is found to be maximally expressed when chondrocytes undergo hyper-
trophy [109]. ApoA1 stimulates the production of IL-6, MMP-1, and MMP-3 in primary
chondrocytes and fibroblast-like synoviocytes, and increased SAA, HDL, and LDL con-
centrations lead to the inflammatory features of the cholesterol regulation-related protein
ApoA1 in chondrocytes [110]. All protein regulation inside chondrocytes aims to strictly
manage cholesterol levels in order to prevent hypercholesterolemia from depositing choles-
terol in the joint. High cholesterol levels may play a role in OA etiology. We are familiar
with hypercholesterolemia, which causes atherosclerosis of the blood arteries, damaging
them and lowering the blood supply. When there is an accumulation of cholesterol in the
joints, there is a danger of vascular injury, which impairs the blood flow to the subchondral
bone. When cartilage loses oxygen and nutrients, this may result in histopathology and
contribute to the development of OA [111]. Furthermore, hypercholesterolemia may also
cause lipid oxidation and deposition in tissues, resulting in cartilage damage. In the pres-
ence of excessive cholesterol intake, the development of medial joint OA is significantly
correlated with cholesterol exposure. In mice fed a cholesterol-rich diet and devoid of the
low-density lipoprotein receptor (LDLr-/-), the size of the osteophyte at the edge of the
tibial plateau increased [112]. The increased expression of cholesterol hydroxylases (CH25H
and CYP7B1) and oxysterol metabolite synthesis, increased cholesterol absorption and
cholesterol content, and increased expression of retinoic acid-related orphan receptor alpha
(ROR) encouraged chondrocyte hypertrophy and catabolic-related proteins (e.g., MMP-13,
ADAMTS-4, and ADAMTS-5). The severity of OA was reduced in mice whose cholesterol
levels were lowered [113]. The process of cholesterol-related synthesis and regulation can
be seen in Figure 2.

Cholesterol can also function as a signaling agent in chondrocytes, and signaling dur-
ing cholesterol overload can increase LXR, upregulate genes for cholesterol efflux-related
proteins (such as ABCA1 and ApoA1) to prevent cholesterol accumulation in cells, and
limit chondrocyte hypertrophy [114]. SREBP transcription factors are crucial processes
for regulating cholesterol homeostasis, and there are three SREBP proteins, SREBP-1a,
SREBP-1c, and SREBP-2, each of which has a particular role. SREBP-2 is involved in activat-
ing cholesterol-related genes, boosting cholesterol absorption and synthesis, interacting
with Smad3, and engaging in the OA process [115]. Through the TGF-β1/Akt/SREBP-2
pathway and the cholesterol efflux-related genes ABCA1 and ApoA1, miR-33a controls
cholesterol production in OA chondrocytes. The expression of miR-33a and its host gene
SREBP-2 was dramatically increased in OA chondrocytes, and cholesterol production via
the TGF-1/Akt/SREBP-2 pathway stimulated a significant increase in chondrocyte MMP-13
expression levels; hence, the OA phenotype is enhanced and contributes to the inflam-
matory process [116]. Cholesterol can potentially facilitate as a second messenger in the
signaling process. Hedgehog signaling is critical in the development of bone and cartilage.
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The G-protein-coupled receptor-like protein Smoothened (SMO) and downstream effectors
transduce Hedgehog signaling pathway activation, and cholesterol is an essential compo-
nent of the HH signaling pathway. Both cholesterol and sterol can activate HH signaling
and cause SMO, but sterol deficiency is sufficient to inhibit HH signaling and cholesterol
is required for HH activation. Subchondral bone has been demonstrated to stimulate HH
signaling in animal OA models and to decrease the course of the lesion in vivo by SMO
blocking [117]. Upregulation of the enzymes human 3-hydroxy-3-methylglutaryl coen-
zyme A synthase 1 (HMGCS1) and cytochrome P450 oxidase (CYP51A1), which synthesize
cholesterol in chondrocytes, increases cholesterol biosynthesis during chondrogenesis, and
cholesterol synthesis can promote the formation of growth plate cartilage by protecting
against apoptosis and IHH expression [99,118].

3.3. Phospholipid Metabolism

Except for mature red blood cells, phospholipids can be synthesized in all human
tissues, with the liver and kidneys serving as the primary sites. Phospholipids can be
classified as either glycerophospholipids or sphingolipids, which are composed of glycerol
and sphingomyelin, respectively. Sphingolipids are primarily synthesized in brain tissue.
Coenzymes such as pyridoxal phosphate, NADPH+, and H+ are required in the reaction
process, and the basic raw materials are palmitoyl coenzyme A and serine. Sphingolipids
are formed after the formation of sphingomyelin and ceramides. Sphingomyelinase, an
enzyme that hydrolyzes the phosphate bond to produce phosphorylated choline and
ceramides, affects the degradation and metabolism of sphingolipids. Glycerophospholipids
are the most common type of phospholipid. After being synthesized in the endoplasmic
reticulum of the cytoplasm and processed by the Golgi apparatus, glycerophospholipids can
be used to form cell membranes or secreted as lipoproteins outside the cell. Cardiolipin (CL)
is a characteristic phospholipid of the inner mitochondrial membrane, where its synthesis
also occurs. In addition to constituting biological membranes, glycerophospholipids are
also bioactive components of the bile and membrane surface. Glycerophospholipids are
also essential for protein recognition and cell membrane signaling [119,120].

LPCAT and PLA are critical for the metabolism of glycerophospholipids since they
enhance the conversion of PC to lysolecithin (LysoPC). Elevated amounts of LPCAT4 and
the essential regulating enzyme phospholipase A2 (PLA2) and its isoenzyme PLA2G5 have
been discovered in OA cartilage, leading to increased levels of LysoPC. LysoPC is not only
linked to an increased incidence of OA, but it may also be utilized to clinically predict
arthroplasty after 10 years. In clinical investigations, the ratio of LysoPC to PC in synovial
fluid has been identified as a novel marker for OA. LysoPC is a potent membrane lysis
agent, and elevated levels are linked to chondrocyte apoptosis and cartilage degradation
in OA, as well as to promoting cartilage inflammation by producing inflammatory lipid
factors throughout the transition process [121]. In addition to its function in chondrocyte
differentiation, hypertrophy, and mineralization, LPCAT4 is also involved in chondrocyte
hypertrophy and mineralization. In mice, LPCAT4 mRNA expression was elevated in the
hypertrophic zone, and LPCAT4 mRNA expression was also elevated in ATDC5 cells at
late stages of development. When LPCAT4 was inhibited, the mRNA levels of cartilage
differentiation markers, including Col10, alkaline phosphatase (ALP), aggregation protein
(aggrecan), and Col10, were decreased [122]. OA synovial fluid is exposed to several
proinflammatory stimuli that encourage the elevation of phospholipase A2 expression,
and an increase in phospholipid composition may influence the inflammatory state of
the joint [122]. Ceramide is one of the substrates for sphingolipid synthesis; it may be
digested by ceramidase to generate sphingosine, which can then be phosphorylated by the
sphingosine kinase to generate sphingosine-1-phosphate (S1P) [123]. Explants of rabbit
articular cartilage treated with high concentrations of C2-ceramide elevated the matrix
metalloproteinase-stimulated MMP-1, -3, and -13 expression and triggered chondrocyte
death [67]. S1P stimulates chondrocyte proliferation by inducing phospholipase c-mediated
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intracellular calcium release while also activating the extracellular signal-regulated kinase
(ERK) and p38 mitogen-activated kinase [124].

4. Interaction of Lipid Metabolism with Other Metabolisms

Vitamin D (VitD) is a micronutrient that may be taken through diet, but is mostly cre-
ated in the human body through the utilization of UV-provided energy. When exposed to
UV light, the process of cholesterol production creates 7-deoxycholesterol (vitamin D prodi-
giosa), which transforms into provitamin D3. Provitamin D3 is converted to 25(OH)D3 in
the liver by 25-hydroxylases (CYP2R1 and CYP27A1). 25(OH)D-1-hydroxylase (CYP27B1)
transforms 25(OH)D3 to 1,25(OH)2D3. VitD circulates in the body and reaches tissues
with vitamin D receptors (VDRs), including bone and chondrocytes. Most biological ef-
fects of VitD are mediated by VDRs, which form heterodimers with retinoid X receptors
and regulate target genes containing VDR response elements (VDREs), increasing cal-
cium absorption and bone formation. VitD affects calcium and phosphorus homeostasis
and promotes calcium absorption and appropriate bone mineralization [125]. It is inti-
mately connected to lipid metabolism, and VDR activity governs the process. As a key
enzyme in the synthetic cholesterol pathway, DHCR7 is controlled by the sterol regulatory
element binding protein (SREBP), together with the other enzymes involved in choles-
terol production. The proteasomal degradation of DHCR7 decreases cholesterol synthesis,
hence, changing the flow to vitamin D3. DHCR7 regulates the synthesis of vitamin D
and cholesterol [126]. SREBP regulates lipid homeostasis by binding to and anchoring in
the endoplasmic reticulum with the SREBP cleavage activator protein (SCAP), which is
needed for SREBP activation (Figure 2). It has been discovered that 25-hydroxyvitamin D
(25OHD) suppresses SREBP activation independently of VDRs, affecting SREBP activation
via the initiating protein hydrolysis processes and ubiquitin-mediated SCAP degrada-
tion. 25OHD physically binds to SCAP at first, allowing serine protease to hydrolyze the
SREBP-binding domain in SCAP. Then, the SREBP-binding domain is hydrolyzed, enabling
25OHD-dependent ubiquitination. SREBP is destabilized as a result of SCAP deterioration.
As a result, downstream adipogenesis-related genes are downregulated in response to
SREBP [127]. The activation of the VDRs by vitamin D increases the expression of MOGAT1
and LPGAT1 in the MG pathway and AGPAT2 in the glycerol-3-phosphate pathway. The
activation of VDRs also causes an increase in phosphatidate cytidylyltransferase 1 (CDS1)
expression, which facilitates the conversion of PA to CDP-DAG, PI, and PG [128]. VitD has
a vital regulatory function in bone and cartilage, and VitD deficiency can result in normal
structural alterations in patellar tendons and collateral ligaments due to fatty infiltration
and inflammation. Low VitD levels are linked to muscle weakness and poor function,
and muscle injury leads to diminished joint cushioning capacity, resulting in cartilage
deterioration, which is considered to be connected with early OA. VitD supplementa-
tion lowers fatty infiltration and inflammation while also benefitting muscular function.
Leptin induces cartilage deterioration by damaging chondrocytes. Lipocalin, in contrast,
has anti-inflammatory properties and inhibits MMPs while suppressing inflammatory
molecules such as IL-6 and TNF-α. VitD raises lipocalin levels while decreasing leptin
levels, lowering inflammation and protecting against OA [129]. In addition, VitD may
alleviate the progression of OA by regulating the ideal condition of the skeletal response to
the disease’s pathological process. In a rat model of VitD deficiency, cartilage matrix degra-
dation and proteoglycan loss occurred, which is comparable to early OA, demonstrating
the detrimental effects of low VitD levels on cartilage [130]. The expression of MMP-9 and
MMP-13 induced by TNF-α could be suppressed in vitro by vitamin D. VitD may have a
cell-state-dependent effect on chondrocytes and could effectively regulate chondrocytes in
the OA state [131]. VitD inhibits the beginning of mTORC1 complex-induced autophagy
in chondrocytes by downregulating mTOR levels and then blocking the AMPK-mTOR
signaling pathway. Increased autophagic flow in OA synovial membranes following VitD
therapy protects against cartilage destruction. In OA animals, an additional VitD therapy
reduced pain, cartilage damage, and inflammation, as well as caused a substantial drop
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in synovial MMP-13, IL-1, and MCP-1 levels [132]. By influencing the conversion of the
macrophage polarization phenotype, VitD modulates the inflammatory response in OA.
M2 appears mostly in the late phase of inflammation and has anti-inflammatory effects,
and VitD promotes the preponderance of M2 phenotype macrophages in inflammation.
VitD supplementation increases the expression of VDR and IL-37 in macrophages, reduces
inflammation, and controls immunological function [133].

Lipid metabolism interacts closely with glucose metabolism and protein metabolism,
not only in the traditional metabolic organs, but also in cartilage, in a relatively slower grade
(Figure 4). Glucose is an essential source of energy, is involved in the composition of the
extrachondral matrix, is engaged in signaling and metabolic control, and plays a crucial role
in cartilage development and maintenance [134]. The transport of glucose, which requires
the involvement of glucose transporters, is the first key step in glucose metabolism. Glucose
transporter 1 (GLUT1), which regulates glucose transport, permits chondrocytes to continue
developing normally. GLUT1 deficiency impairs cartilage development, whereas GLUT1
overexpression causes excessive glucose uptake and the production of advanced glycation
end products (AGEs), resulting in cartilage degradation. After glucose is transported to
the chondrocytes, it can either contribute to the synthesis of other substances or undergo
glycolysis [135,136]. Under normal oxygen levels, one molecule of glucose enters glycolysis
for metabolism, resulting in the production of two molecules of pyruvate, which then
enter the mitochondria for oxidative phosphorylation. Pyruvate enters the tricarboxylic
acid cycle via oxidative phosphorylation to produce 36 molecules of ATP, which serves
as the cell’s energy source. In contrast, glucose is phosphorylated horizontally through
anaerobic glycolytic substrates at low oxygen levels to generate a small amount of ATP, and
eventually, lactate [137,138]. Because the oxygen supply decreases with depth in cartilage,
articular chondrocytes have fewer mitochondria than other tissues, and ATP is mostly
obtained by the Embden–Meyerhof glycolytic route, with only 10% of ATP derived from
aerobic oxidation; however, mitochondrial activity is important in cartilage homeostasis
and metabolism [139,140].

The tricarboxylic acid cycle is an important metabolic pathway that connects glucose,
fats, and amino acids. Glucose is metabolized to produce acetyl coenzyme A, which can
then be used to synthesize lipids, whereas glycerol in lipids is metabolized to produce glyc-
erol phosphate, which can then be converted to glucose, and amino acids can be converted
to glucose after deamination to produce alpha-keto acids, which can then be used as raw
materials for phospholipids [141]. In OA cartilage, glucose and pyruvate consumption rose
dramatically, as did the production of lactate and some TCA intermediates such as citrate,
cis-aconitate, and malate, as well as glutamine and succinate levels. The tricarboxylic acid
cycle acts as a connection between the three primary nutrients, and variations between
distinct metabolic pathways may have consequences for cartilage homeostasis [142].

Different metabolic pathways are affected in pathological states, but the metabolic
pathways are not isolated from one another; rather, they are intricately interconnected and
serve distinct functions. Cholesterol accumulation in cartilage causes degenerative changes
in cartilage. On the one hand, increased PLA2 activity and, thus, more PC conversion to AA
activate eicosanoid and prostaglandin pathways [143]. On the other hand, n-6 PUFAs and
SFAs act as proinflammatory substances, eventually leading to an inflammatory cartilage
microenvironment. The ß-oxidation route catabolizes and provides energy from fatty acids,
and carnitine plays an important regulatory function in mitochondrial fatty acid absorption.
In OA, acylcarnitine levels are lowered and correspond with OA severity, reducing fatty
acid catabolism and ATP generation [144].
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Figure 4. Interactions between glucose and protein metabolism and lipid metabolism in chondro-
cytes. AGEs: advanced glycation end products, ROS: reactive oxygen species, PAF: platelet-activating
factor. AGEs, ROS, PAF, and eicosanoids are implicated in the inflammatory process of osteoarthri-
tis, and their levels rise as OA progresses. (Figure was created with Biorender.com and accessed
20 September 2022.)

Chondrocytes in OA exist in a proinflammatory milieu where hypoxia induces the
elevation of pyruvate kinase M2 (PKM2) expression, reduces the energy supply through
oxidative phosphorylation, and increases ATP generation by glycolysis. Chondrocyte
proliferation and differentiation are hindered as a result of increased glycolysis [145]. An-
imal models of OA were developed using the mechanism through which monosodium
iodoacetate (MIA) alters glycolysis by inhibiting glyceraldehyde-3-phosphate dehydroge-
nase [146]. Lactate dehydrogenase converts pyruvate to lactate during accelerated anaerobic
glycolysis, creating a tiny quantity of ATP and causing lactate buildup and the creation
of an acidic microenvironment. It has been demonstrated that creating an acidic milieu
(the usual pH of cartilage is 6.6) inhibits chondrocyte extracellular matrix formation [147].
The greater ATP demand of chondrocytes in OA is related to increase NO generation.
Arginine, a physiological nitrogenous substrate that targets iNOs, and NO generation in
chondrocytes are linked to the pathophysiology of OA. Specific activation of arginase II
in chondrocytes via the NF-κB pathway leads to the increased production of MMP-3 and
MMP-13 in chondrocytes, resulting in cartilage degradation [148].

5. Lipid Metabolism and OA Treatment

Total plasma n-6 PUFAs and DHA are adversely related with cartilage degradation,
whereas n-6 PUFAs are proinflammatory in the development of OA. Dietary lipid con-
sumption influences systemic lipid levels, and the proper composition of dietary lipids
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may play an important role in preventing articular cartilage health. In an OA mouse model,
adding Antarctic krill oil to the diet enhanced the intake of EPA-PL and DHA-PL and had
a low n-6/n-3 PUFA ratio to block articular cartilage deterioration and slow the course of
OA [149]. According to one study, dietary treatment with tiny levels of n-3 PUFAs helped
repair damaging OA and decreased the consequences of obesity. Dietary SFAs and n-6
PUFAs, on the other hand, increase the development of OA, and food and metabolism
appear to be more relevant than body weight in the relationship between obesity and
post-traumatic OA [75]. Hypercholesterolemia causes mitochondrial dysfunction in chon-
drocytes, resulting in increased ROS and apoptosis, and antioxidants and statins have
been shown in animal experiments to help preserve cartilage [149]. ABCA1 is essential
for cholesterol metabolism. In OA, the expression of serum and glucocorticoid-inducible
kinase 1 (SGK1) is increased, and ABCA1 exerts action mediated by the camp response
element-binding protein (CREB1). As SGK1 silencing stimulates chondrocyte growth and
reduces inflammation, it may be a unique method for treating OA [150]. In OA cartilage, the
increased expression of miR-155 leads to the downregulation of cholesterol efflux-related
gene expression such as LXR, resulting in cholesterol buildup and the development of
inflammation, whereas the serine protease inhibitor vaspin (a protein released by white
adipose tissue) has been found to inhibit miR-155 expression and enhance cholesterol efflux,
therefore slowing the progression of OA [151]. The use of slow-release products containing
PLA2 inhibitors can inhibit PLA2, hence lowering inflammatory reactions induced by
membrane phospholipid hydrolysis that generates inflammatory mediators such as AA
and lysophospholipids [152]. S1P has been demonstrated to inhibit IL-1-induced iNOS,
ADAMTS-4, and MMP-13 expression [153]. MSC MVs require S1P for enrichment and
penetrate cartilage in a cd44-dependent way to drive chondrocyte proliferation, matrix
deposition, and cartilage defect repair, and S1P blockage inhibits the effect of MSC MVs on
cartilage repair [154]. The investigation of S1P agonist-like medicines has the potential to
lead to a significant advancement in the treatment of OA. The effects of lipid metabolism
on cartilage are summarized in Table 1.

Table 1. Summary of the effects of lipid metabolism on cartilage.

Author, Year Study Population Methods Main Outcomes

Shufang Wu, 2003 [99] Sprague Dawley rats Treat with inhibitor of the
cholesterol synthesis

Cholesterol production suppression
inhibits chondrocyte proliferation,
hypertrophy, and differentiation.
Cholesterol controls growth plate
chondrogenesis and longitudinal

bone formation, potentially through
enhancing IHH’s action in the

growth plate.

H. Kishimoto, 2010 [104] Bovine articular
chondrocytes Treat with ox-LDL

ox-LDL stimulates the hypertrophy
of OA chondrocytes, in part,

through binding to LOX-1. The
binding of ox-LDL to LOX-1
promotes intracellular ROS

generation and oxidative stress
in chondrocytes.

Aspasia Tsezou, 2010 [106] Human chondrocytes
with OA Treat with LXR agonist

In osteoarthritis patients, the
expression of ABCA1 and ApoA1

transcriptional regulators LXRa and
LXRb was dramatically reduced.

LXR agonists enhance cholesterol
efflux in chondrocytes

with osteoarthritis.
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Table 1. Cont.

Author, Year Study Population Methods Main Outcomes

C. Gentili, 2005 [109] Chick chondrocytes Treat with
LXR/RXR agonists

Chondrocytes manufacture ApoA1
during development, and ligands

that activate LXR or RXR may lead
to a significant increase in ApoA1

expression and cholesterol efflux in
thicker chondrocytes. Other LXR

target genes are implicated in
cholesterol transport and

homeostasis, including ABCA1 and
SREBP1. The expression of

chondrocyte SAA is inhibited by
ligands that activate LXR or RXR

and induce ApoA1.

Dominique de Seny, 2015 [110] Human chondrocytes
with OA

Incubation with ApoA1,
rhSAA, HDL, LDL

By boosting TLR4 activation, free
ApoA1 particles in OA joints may
directly or indirectly contribute to

the local inflammatory process.
ApoA1’s inflammatory

characteristics on chondrocytes and
fibroblast-like synoviocytes will be

influenced by HDL and LDL
concentrations that are

tightly regulated.

Wouter de Munter, 2013 [112]
LDL receptor-deficient
and wild-type control

mice with OA
Cholesterol-rich diet

In OA, elevated LDL cholesterol
levels stimulate the development of

ectopic bone. The underlying
process may include TGF -β

activation and, to a lesser degree,
BMP activation after ox-LDL

absorption by synovial
intimal macrophages.

W an-Su Choi, 2019 [113] Mice with OA High-cholesterol diet vs.
regular diet

In osteoarthritic chondrocytes,
increased cholesterol absorption,

cholesterol hydroxylase levels, and
hydroxysterol metabolite synthesis
directly activate ROR, contributing
to the pathogenesis of OA. Through

LOX1-mediated augmentation of
CH25H and CYP7B1 absorption

and metabolism, increased
cholesterol levels in chondrocytes
induce experimental OA in mice.
The CH25H-CYP7B1-ROR axis of

cholesterol metabolism in
chondrocytes is a crucial catabolic

regulator in the etiology
of osteoarthritis.
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Table 1. Cont.

Author, Year Study Population Methods Main Outcomes

Margaret Man-Ger Sun, 2020
[114]

Mice primary
chondrocytes

Treat with
specific LXRagonist

Upon activation by its specific
agonist, the LXR-Srebp1-Scd1 axis
functions as a cholesterol sensor,

lowering the buildup of free
cholesterol in cells to mitigate

cholesterol’s cytotoxic effects. LXR
is activated by its particular agonist,
and LXR’s protective impact on OA

may be mediated, in part, by
increased cholesterol excretion and

suppression of
chondrocyte hypertrophy.

Fotini Kostopoulou, 2015 [116] Human cartilage with OA Treat with TGF-β1

miR-33a may influence the
TGF-1/PI3K/Akt signaling

pathway via the regulation of
Smad7 expression. MiR-33

inhibition in OA chondrocytes
raises the levels of ABCA1 and

HDL, resulting in a reduction in
MMP-13 expression.

Shirou Tabe, 2017 [122] ATDC5 cells Silence LPCA4 expression

Other than Col2, Sox9, and Runx2,
knockdown of LPCAT4 decreased

the mRNA expression of
chondrogenic

differentiation-related molecules.
The expression of LPCAT4 rises

during chondrogenic
differentiation, and LPCAT4 is

implicated in
chondrocyte hypertrophy.

Mi-Kyoung Kim, 2006 [124] Rat primary
chondrocytes Treat with S1P and PhS1P

Sphingosine kinase-1 is the key to
the production of S1P from

sphingosine. S1P and PhS1P lead to
cellular proliferation of rat primary

chondrocytes through a
ptx-sensitive G-protein-mediated

pathway, plc-mediated [Ca2+]
increase and activation of MAPKs.

Hongming Miao, 2015 [79] Male C57BL/6 mice HFD

In a way reliant on LDH-a,
circulating stearic acid elevates

lactate levels in plasma and
chondrocytes. Stearic acid increases

the production of VEGF and
cytokines that cause inflammation

through a TLR4 pathway and a new
lactate/HIF1 pathway.

Oscar lvarez-Garcia, 2014 [80]
Human chondrocytes

and fibroblast-like
synoviocytes

Human chondrocytes from
normal and OA were treated

with Palmitate or oleate in
combination with IL-1

Palmitate, but not oleate, stimulates
IL-1 in normal chondrocytes,

causing caspase activation and cell
death, and upregulates IL-6 and

COX2 in chondrocytes and
fibroblast-like synoviocytes through

Toll-like receptor-4 signaling.
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Table 1. Cont.

Author, Year Study Population Methods Main Outcomes

Daniel edina-Luna, 2017 [81] Human chondrocytes
Treatment with FFA blend
consisting of palmitic and

oleic acids vs. control

A high-fat milieu causes cartilage
degradation by raising chondrocyte

IL-1, ROS, and RNS, promoting
autocrine production of IL-6

and IL-8.

Chia-Lung Wu, 2014 [75] Mice with OA HFD, rich in SFAs, n-3
PUFAs, n-6 PUFAs

n-3 PUFA supplementation may
reduce the effects of obesity on OA

and enhance healing. SFAs and
omega-6 PUFAs are both harmful in
OA following joint damage. SFAs

may cause synovial macrophages to
release IL-1 and TNF, both of which

are implicated in
cartilage degradation.

M. Miyamoto, 2003 [88] Primary chondrocytes
from rat rib cartilage Treat with PGE2

Simultaneous stimulation of EP2
and EP4 induces

chondrocyte differentiation

H. Davis Adkisson, 1991 [85] Cartilage from
multiple species

Argentation
high-performance liquid

chromatographic(AHPLC)
separationof fatty acid

Low levels of n-6 PUFAs and high
levels of abnormal n-9 fatty acids

found in normal cartilage

Kohei Nishitani, 2010 [89] Human chondrocytes Treat with PGE2

PGE2 inhibits IL-1β-induced
MMP-1 and MMP-13 synthesis

through EP4 activation and
suppression of MKK4, JNK MAP

kinase, and c-JUN phosphorylation.

Sunderajhan Sekar, 2017 [73] Rat
High-Carbohydrate

Supplements with SFAs vs.
cornstarch diet

High-fat diet can induce metabolic
syndrome in rats. Palmitic acid and

stearic acid combined with IL-1
mediate cartilage damage by

increasing MMP-13, ADAMTS-4,
and ADAMTS-5 gene expression
and increase the severity of OA

Sujeong Park, 2022 [74] ACOT12 knockout mice
Treatment with specific
agonists and inhibitors

of PPARα

ACOT12 is involved in maintaining
cartilage homeostasis. Increased

accumulation of acetyl-CoA due to
PPARα deficiency leads to

stimulation of cartilage-degrading
enzymes and chondrocyte

apoptosis through regulation
of ACOT12.

6. Conclusions

OA is a complicated disease with numerous risk factors, including trauma, age,
obesity, genetics, and metabolism. The majority of the previous research on OA has focused
on traumatic OA, but with the global increase in obesity rates, the role of obesity and
metabolism in OA has also received increased attention. Obesity not only increases pressure
load to the joints, but the hypercholesterolemia and inflammatory response caused by some
adipokines associated with obesity can also cause cartilage damage [155]. Numerous
alterations in lipid metabolism, including cartilage, subchondral bone, and periosteum,
are involved in the pathogenesis of OA, and these alterations interact with inflammatory
mediators to influence the development of the lesion. Previous research on the effect of
lipids on cartilage has paved the way for the development of novel articular cartilage lesion
treatments. Altering a specific lipid metabolism pathway with drugs or diet may be a
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potential treatment target for articular cartilage disease. Because the specific mechanisms
underlying the pathogenesis of OA remain unknown, and there are only a few options for
cartilage treatment, a metabolic approach could be an alternative. The exploration of lipid
metabolism and clear metabolic pathways must be expanded, and further investigation
of the sites of action of lipid metabolism on the function of cartilage and its homeostasis
under normal physiological conditions is still required.
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Abstract: We explored the genetic and environmental inter-relationships among osteoporosis, frac-
ture, arthritis, and bone mineral density concordance in monozygotic twins compared to those in
dizygotic twins. This cross-sectional research assessed data of 1032 monozygotic and 242 dizygotic
twin pairs aged >20 years included in the Healthy Twin Study data of the Korean Genome and
Epidemiology Study between 2005 and 2014. Outcomes of interest included illness concordance and
absolute differences in dual-energy X-ray absorptiometry (DEXA) T-scores. We found comparable
concordances of osteoporosis, fractures, osteoarthritis, and rheumatoid arthritis between monozy-
gotic and dizygotic twins. Medical histories of osteoporosis, fractures caused by accident or falling,
osteoarthritis, and rheumatoid arthritis were not distinct between monozygotic and dizygotic twins.
Accidental fracture occurrence in both monozygotic twins showed significantly lower odds than that
in dizygotic twins. Genetic influence on liability to fracture risk might thus be maintained. DEXA
T-scores for bone mineral density indicated more comparable tendencies within monozygotic twin
pairs than within dizygotic ones, suggesting the relative importance of genetic contribution to bone
mineral density. The relative importance of genetic factors in bone mineral density is sustained
between monozygotic twins; overt disease expression of osteoporosis, fractures, or arthritis may be
affected by environmental factors.
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1. Introduction

Osteoporosis, fractures, osteoarthritis (OA), and rheumatoid arthritis (RA) are highly
prevalent diseases that are associated with considerable morbidity, mortality, and healthcare
costs [1–5]. Age-related bone and joint diseases are closely interrelated and characterized
by multifaceted interactions between genetic and environmental factors [6–9]. While aging
is one of the main risk factors for the development of osteoporosis, fractures, OA, and
RA [9–11], other factors such as genetic predisposition, obesity, inflammation, sex and hor-
mones, or metabolic syndrome contribute to the development of these diseases [8,12–14].

Osteoporosis is characterized by a reduction in bone mineral density and quality, with
a consequent increase in bone fragility and risk of fracture [15,16]. Updates to the epidemi-
ology and pathophysiology of osteoporosis have proposed an inverse relationship with OA
and a positive correlation with RA [17]: higher bone mineral density and lower fracture
risk in patients with OA [2,3], and reduced bone mineral density and high frequency of
osteoporosis in patients with RA compared with those in the general population [1]. In
other rheumatic diseases such as ankylosing spondylitis, a high prevalence of bone mineral
density and osteoporosis is observed in patients with early-stage disease [18]. In this
context, subclinical radiologic changes related to bone mineral density might be a clinically
important intermediate process in overt diseases, in which a potential indicator for disease
expression might be expected.

Twin studies may offer a valuable approach for estimating the relative significance
of genetic and environmental contributions to these bone and joint diseases and complex
traits, given the genetic similarity and shared family and rearing environment between
twins [19,20]. A higher correspondence between monozygotic twin pairs than between
dizygotic ones may be ascribed to genetic factors, while a comparable degree of similitude
between monozygotic and dizygotic twin groups may be attributed to an environmental
influence [19]. A genetic predisposition to age-related bone diseases was suggested in
individual epidemiologic studies, including a few twin studies, with the possible individual
heritability of bone mineral density (60–80%) [21], osteoporosis (36–85%) [22,23], fracture
(68%) [7,8], falls (35%) [24], frailty (43%) [25], OA (39–65%) [14], and RA (52–60%) [26–28].
However, combined analyses of aging-related bone and joint diseases and their relevance to
bone mineral density, with full adjustments for lifestyle factors, have not been determined
in validated twin studies. Since osteoporosis, fractures, OA, and RA appear to share
possible risk factors and reciprocal associations, further studies adjusting for possible
mutual confounders are needed.

This study aimed to evaluate the putative effects of environmental factors on the
genetic predisposition toward aging-related bone disease by comparing twin cohorts. To
explore this issue, we investigated medical histories and concordances of aging-related
bone diseases and absolute differences in dual-energy X-ray absorptiometry (DEXA) T-
scores regarding bone mineral density between monozygotic twins (genetic influence) and
dizygotic twins (environmental contribution over genetic influence) after adjusting for
lifestyle factors.

2. Materials and Methods

2.1. Study Population and Data Collection

The ethics committee of Hallym University (2021-03-004) approved the use of the data.
The requirement for written informed consent was waived by the institutional review board.
This cohort study was based on the Healthy Twin Study (HTS), a nationwide cross-sectional
survey that is a part of the prospective Korean Genome Epidemiology Study (KoGES),
that recruited Korean same-sex twin pairs aged over 20 years who primarily resided in
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Seoul or Busan, the two largest urban areas in Korea [29]. The participants were voluntarily
recruited through advertisements and media at health-related governmental agencies and
participating hospitals since 2005 [30]. The baseline data of KoGES HTS were obtained
from 2005 to 2013 and follow-up data from 2008 to 2014. Zygosity was assessed at baseline
using genetic analysis, including 16 short tandem repeat markers (AmpFlSTR Identifier
Kit; Perkin Elmer, Waltham, MA, USA) [31]. Two-thirds of the participants who completed
the baseline examination were followed up, and their medical histories were updated. The
study data were described in detail in previous studies [29,30,32,33].

2.2. Participants Selection

Among 1300 twin participants, those who did not have the records of DEXA data
measuring bone mineral density (n = 22) and sleep time (n = 4) were excluded. A total of
1032 monozygotic twins (516 pairs of twins) and 242 dizygotic twins (121 pairs of twins)
were enrolled (Figure 1). We then analyzed the concordance of their disease histories and
DEXA T-scores between the monozygotic and dizygotic twin participants.

Figure 1. The study design of the present study; 1032 monozygotic twins and 242 dizygotic twins were
compared for concordance of several aging-related bone and joint diseases, including osteoporosis,
fracture, osteoarthritis, and rheumatoid arthritis between twins. DEXA T-scores for bone mineral
density were also compared.

2.3. Survey

Participants completed the interviewer-administered KoGES Baseline Core Question-
naire officially designed by the Korean National Institute of Health to collect information on
demographic characteristics and lifestyle, including dietary habits, health conditions, and
medical history; the questionnaire is publicly available on the Korean National Institute of
Health website (https://nih.go.kr/contents.es?mid=a50401010300) (accessed on 1 January
2022). Face-to-face interviews by trained interviewers were performed to clarify incomplete
or ambiguous responses [29,34]. The listed questionnaires and data are regularly validated
and updated. Interviewer-administered questionnaires, anthropometric measurements,
and biochemical tests were conducted at the officially designated University hospitals and
medical institutions, as previously described in detail [29].
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Trained interviewers asked the participants about their medical history of osteoporosis,
fracture by accident, fracture by fall, OA, or RA. Bone mineral density was measured using
dual-energy DEXA (Lunar Radiation, Madison, WI, USA; and Delphi W; Hologic, Boston,
MA, USA) for the whole body [20]. We used the mean bone mineral density of the whole
body. All twins underwent bone mineral density measurements using the same DEXA
machine at the same center. These devices were maintained using the standard quality
control procedures recommended by the manufacturer to assure that the calibration of
bone mineral density remained constant, and the coefficients of variation for bone mineral
density measurement were 1.0% for the two machines. The results were expressed as
T-scores. The T-score is a measure of deviation from the expected population mean value
of the peak young adult bone mass [13]. Clinically, it is used to predict fracture risk. All
DEXA data were expressed as mean ± standard deviation (SD).

The income group was divided into low income (<USD2000 per month), middle
income (~USD2000–USD3999 per month), and high income (≥USD4000 per month) groups
based on household income. Education was grouped as under high school, graduated
from high school, dropped out of college, or graduated from college. Marital status was
assessed as unmarried, married, divorced, or other. Physical activity levels were assessed
using hard, moderate, walking, and sitting times. Physical activity was measured both at
home and at the workplace. Body mass index was calculated as kg/m2 using the health
checkup data. Smoking history was classified as nonsmoker (<100 cigarettes in entire life),
past smoker (quit more than 1 year ago), and current smoker. Drinking alcohol habits were
categorized as non-drinkers, ≤1 time per month, 2–4 times per month, and ≥2 times per
week. Sleep time was calculated as 5/7 weekdays plus 2/7 weekends.

2.4. Exposure

Monozygotic and dizygotic twins were considered independent variables in this
study. All the participants were twins. There were no triplets, quadruplets, or
higher-order multiples.

2.5. Outcomes

We calculated the coincidence of medical histories between matched twin participants.
These data were categorized as positive–positive, positive–negative, or negative–negative.

Additionally, we calculated the absolute difference in the DEXA T-scores between the
matched twin participants. For example, one of the twin participants had a T-score of 2,
and the other had a T-score of 1; thus, the absolute difference in T-score was calculated as 1.

2.6. Statistical Analyses

A Chi-square test (categorical variables) or Wilcoxon rank sum test (continuous vari-
ables) was performed to compare the general characteristics of the participants between
different patient groups.

We calculated the odds ratios (OR) with 95% confidence intervals (CI) of the coinci-
dence of disease histories. First, we calculated the OR of monozygotic twins ([positive–
positive or negative–negative]/[positive–negative]) compared to that of dizygotic twins
using a binomial logistic regression model. Second, we calculated the OR of monozygotic
twins ([positive–positive]/[positive–negative]/[negative–negative]/) compared with that
of dizygotic twins using a multinomial logistic regression model.

We calculated the estimated values (EV) with a 95% CI of the absolute difference in the
T-score. EV was measured as the absolute difference between monozygotic twins minus
the absolute difference between dizygotic twins, using a linear regression model.

Crude, adjusted model 1 (age, sex, income, education, marital status, physical activity,
obesity, smoking habit, frequency of alcohol consumption, and sleep time) and adjusted
model 2 (model 1 plus history of each disease [osteoporosis, fracture by accident, fracture
by falling, OA, and RA]) were used.
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Two-tailed analyses were conducted and a p-value < 0.05 was considered statistically
significant. The results were statistically analyzed using SPSS software (version 24.0; IBM,
Armonk, NY, USA).

3. Results

The baseline features of the monozygotic and dizygotic twins are summarized in
Table 1. The medical histories of osteoporosis, fractures by accident or falling, OA, and
RA or DEXA T-scores were not dissimilar between monozygotic and dizygotic twins (all
p > 0.05). The distribution of age groups, sex ratio, and hard-level physical activity showed
differences between the two groups (p = 0.003, p = 0.021, and p = 0.019, respectively). Other
components of household income, education, marriage, overall physical activity except
for hard level, obesity, smoking, alcohol consumption, and sleeping hours did not differ
between monozygotic and dizygotic twins (all p > 0.05).

Table 1. Baseline features of the monozygotic and dizygotic twins.

Characteristics Total Participants

Monozygotic Twins Dizygotic Twins p-Value

Age (years, n, %) 0.003 *
20–24 6 (0.6) 0 (0)
25–29 64 (6.2) 4 (1.7)
30–34 352 (34.1) 85 (35.1)
35–39 242 (23.4) 65 (26.9)
40–44 139 (13.5) 36 (14.9)
45–49 129 (12.5) 20 (8.3)
50–54 82 (7.9) 22 (9.1)
55–59 12 (1.2) 10 (4.1)
60–64 4 (0.4) 0 (0)
65+ 2 (0.2) 0 (0)

Sex (n, %) 0.021 *
Males 378 (36.6) 108 (44.6)

Females 654 (63.4) 134 (55.4)
Income (n, %) 0.959

<2 million (won) 342 (33.1) 81 (33.5)
2 to <3 million (won) 276 (26.7) 68 (28.1)
3 to <4 million (won) 210 (20.3) 48 (19.8)
≥4 million (won) 204 (19.8) 45 (18.6)

Education (n, %) 0.798
Under high school 119 (11.5) 25 (10.3)

Graduated from high school 365 (35.4) 90 (37.2)
Commercial college—Dropped out of college 121 (11.7) 32 (13.2)

Graduated from college 427 (41.4) 95 (39.3)
Marriage (n, %) 0.362

Unmarried 242 (23.4) 50 (20.7)
Married 723 (70.1) 171 (70.7)

Divorced or others 67 (6.5) 21 (8.7)
Physical Activity

Hard (hour/1 week, mean, SD) 3.1 (6.8) 4.6 (9.7) 0.019 *
Moderate (hour/1 week, mean, SD) 5.8 (10.5) 6.2 (10.2) 0.666

Walk (hour/1 week, mean, SD) 6.1 (9.6) 6.9 (10.9) 0.287
Sit (hour/1 week, mean, SD) 40.2 (22) 37.8 (20.8) 0.118

Obesity (n, %) 0.232
Underweight (BMI < 18.5) 27 (2.6) 5 (2.1)

Normal (BMI ≥ 18.5 to <23) 497 (48.2) 112 (46.3)
Overweight (BMI 23 to <25) 217 (21) 67 (27.7)
Obese I (BMI ≥ 25 to <30) 259 (25.1) 52 (21.5)

Obese II (BMI ≥ 30) 32 (3.1) 6 (2.5)
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Table 1. Cont.

Characteristics Total Participants

Monozygotic Twins Dizygotic Twins p-Value

Smoking status (n, %) 0.172
Nonsmoker 678 (65.7) 145 (59.9)
Past smoker 106 (10.3) 33 (13.6)

Current smoker 248 (24) 64 (26.4)
Frequency of drinking alcohol (n, %) 0.360

Nondrinker 302 (29.3) 64 (26.4)
≤1 time per month 232 (22.5) 46 (19)

2–4 times per month 295 (28.6) 79 (32.6)
≥2 times per week 203 (19.7) 53 (21.9)

Sleeping hours (n, %) 0.367
≤5 h 53 (5.1) 16 (6.6)
6–7 h 610 (58.7) 146 (59.8)
8–9 h 349 (33.6) 72 (29.5)
≥10 h 28 (2.7) 10 (4.1)

Osteoporosis (n, %) 27 (2.6) 4 (1.7) 0.491
Fracture by accident (n, %) 80 (7.8) 25 (10.3) 0.189

Fracture by falling down (n, %) 128 (12.4) 23 (9.5) 0.226
Osteoarthritis (n, %) 37 (3.6) 7 (2.9) 0.699

Rheumatoid arthritis (n, %) 20 (1.9) 3 (1.2) 0.598
DEXA T-score (mean, SD) 0 (1.6) 0 (1.8) 0.932

* Significance at p < 0.05. Chi-square test (categorical variables) or Wilcoxon rank sum test (continuous vari-
ables) was performed. Abbreviation: BMI, body mass index; SD, standard deviation; DEXA, dual-energy
X-ray absorptiometry.

With full adjustment analyses, we determined any possible associations of the con-
cordance rates in terms of the presence or absence of osteoporosis, fractures by accident
or by falling down, OA, and RA within monozygotic compared to those within dizygotic
twins (Table 2). Crude or adjusted ORs for concordances of these diseases within monozy-
gotic twins were not significantly higher than those within dizygotic twins (all p > 0.05).
However, we observed a trend toward an increased likelihood of concordant association of
fracture by falling in monozygotic twins with borderline significance (adjusted OR, 1.44
[95% CI, 0.97–2.15]; p = 0.070).

Table 2. Analysis of odds ratios with 95% confidence interval of coincidence of bone diseases in
monozygotic twins compared to that in dizygotic twins (reference: positive/negative of diseases
between twins).

Coincidence of Diseases Monozygotic Twins Dizygotic Twins Odds Ratios (95% Confidence Interval)

n (%) n (%) Crude p Model 1 * p Model 2 † p

Osteoporosis
Concordant 998/1032 (96.7) 238/242 (98.3) 2.03 (0.71–5.77) 0.185 1.97 (0.60–6.41) 0.261 1.99 (0.60–6.58) 0.263
Discordant 34/1032 (3.3) 4/242 (1.7) 1 1 1

Fracture by accident
Concordant 888/1032 (86) 204/242 (84.3) 1.15 (0.78–1.69) 0.484 1.14 (0.74–1.75) 0.563 1.09 (0.71–1.68) 0.688
Discordant 144/1032 (14) 38/242 (15.7) 1 1

Fracture by falling down
Concordant 820/1032 (79.5) 204/242 (84.3) 1.39 (0.95–2.03) 0.089 1.45 (0.98–2.15) 0.066 1.44 (0.97–2.15) 0.070
Discordant 212/1032 (20.5) 38/242 (15.7) 1 1

Osteoarthritis
Concordant 966/1032 (93.6) 228/242 (94.2) 1.11 (0.61–2.02) 0.725 1.19 (0.59–2.41) 0.622 1.09 (0.54–2.19) 0.821
Discordant 66/1032 (6.4) 14/242 (5.8) 1 1 1

Rheumatoid arthritis
Concordant 998/1032 (96.7) 237/242 (97.9) 1.62 (0.63–4.17) 0.322 1.74 (0.63–4.79) 0.287 1.49 (0.53–4.20) 0.452
Discordant 34/1032 (3.3) 5/242 (2.1) 1 1 1

* Adjusted for age, sex, income, education, marriage status, physical activity, obesity, smoking habit, frequency
of drinking alcohol, and sleep time. † Model 1 plus histories of each disease (osteoporosis, fracture by accident,
fracture by falling down, osteoarthritis, and rheumatoid arthritis).“Concordant” means concordant positive–
positive or negative–negative result between monozygotic twins or between dizygotic twins, whereas “discordant”
means discordant positive and negative results between monozygotic twins or between dizygotic twins.
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We further investigated whether the occurrence of at least one incident disease (in
terms of osteoporosis, fractures by an accident or falling down, OA, or RA) in monozygotic
twin pairs was more frequent than that in dizygotic twin pairs (Table 3). The occurrence of
fractures by accident in both monozygotic twin pairs showed lower odds than in dizygotic
twin pairs after full adjustment (adjusted OR 0.25 [95% CI, 0.08–0.79]; p = 0.018). The
occurrence of at least one other bone disease was not higher in monozygotic than in
dizygotic twins (all p > 0.05).

Table 3. Analysis of odds ratios with 95% confidence interval of occurrence of at least one bone
disease in monozygotic twins compared to that in dizygotic twins (reference: negative/negative of
diseases between twins).

Coincidence of Diseases Monozygotic Twins Dizygotic Twins Odds Ratios (95% Confidence Interval)

n (%) n (%) Crude p Model 1 † p Model 2 ‡ p

Osteoporosis
Positive–positive 10/1032 (1) 2/242 (0.8) 1.19 (0.26–5.49) 0.819 N/A N/A N/A N/A
Positive–negative 34/1032 (3.3) 4/242 (1.7) 2.03 (0.71–5.78) 0.184 1.94 (0.61–6.11) 0.260 1.81 (0.57–5.71) 0.315

Negative–negative 988/1032 (95.7) 236/242 (97.5) 1 1 1
Fracture by accident

Positive–positive 8/1032 (0.8) 6/242 (2.5) 0.30 (0.10–0.87) 0.027 * 0.29 (0.09–0.88) 0.029 * 0.25 (0.08–0.79) 0.018 *
Positive–negative 144/1032 (14) 38/242 (15.7) 0.85 (0.58–1.26) 0.422 0.99 (0.65–1.49) 0.946 0.95 (0.63–1.44) 0.809

Negative–negative 880/1032 (85.3) 198/242 (81.8) 1 1 1
Fracture by falling down

Positive–positive 22/1032 (2.1) 4/242 (1.7) 1.38 (0.47–4.05) 0.559 1.67(0.53–5.26) 0.380 1.68 (0.52–5.43) 0.390
Positive–negative 212/1032 (20.5) 38/242 (15.7) 1.40 (0.96–2.04) 0.083 1.42 (0.96–2.09) 0.077 1.41 (0.95–2.08) 0.085

Negative–negative 798/1032 (77.3) 200/242 (82.6) 1 1 1
Osteoarthritis

Positive–positive 4/1032 (0.4) 0/242 (0) N/A N/A N/A N/A N/A N/A
Positive–negative 66/1032 (6.4) 14/242 (5.8) 1.12 (0.62–2.03) 0.720 1.18 (0.61–2.26) 0.625 1.10 (0.57–2.11) 0.781

Negative–negative 962/1032 (93.2) 228/242 (94.2) 1 1 1
Rheumatoid arthritis

Positive–positive 2/1032 (0.2) 0/242 (0) N/A N/A N/A N/A N/A N/A
Positive–negative 34/1032 (3.3) 5/242 (2.1) 1.62 (0.63–4.18) 0.320 1.76 (0.67–4.64) 0.251 1.52 (0.57–4.05) 0.404

Negative–negative 996/1032 (96.5) 237/242 (97.9) 1 1 1

* Significance at p <0.05. † Adjusted for age, sex, income, education, marriage status, physical activity, obesity,
smoking habit, frequency of drinking alcohol, and sleep time. ‡ Model 1 plus histories of each disease (osteoporosis,
fracture by accident, fracture by falling down, osteoarthritis, and rheumatoid arthritis).

We calculated differences in DEXA T-scores between the matched monozygotic and
dizygotic twin pairs to analyze the EV (Table 4). The difference in the DEXA T-score was
significantly higher within dizygotic than within monozygotic twins (EV, 0.62 [95% CI,
0.45–0.79]; p <0.001), indicating a similar tendency within monozygotic twins.

Table 4. Analysis of estimated values of absolute value of difference between the matched twins
(reference: absolute value of difference between monozygotic twins).

Difference of Clinical
Examination

Monozygotic Twins Dizygotic Twins Estimated Values of Absolute Difference between Twin (95% CI)

Mean (SD) Mean (SD) Crude p Model 1 † p Model 2 ‡ p

Difference in DEXA
T-score 0.5 (1.1) 1.1 (1.7) 0.64

(0.47–0.81) <0.001 * 0.62
(0.45–0.79) <0.001 * 0.62

(0.45–0.79) <0.001 *

Abbreviation: DEXA, dual-energy X-ray absorptiometry; 95% CI, 95% confidence interval; SD, standard deviation.
* Significance at p < 0.05. † Adjusted for age, sex, income, education, marriage status, physical activity, obesity,
smoking habit, frequency of drinking alcohol, and sleep time. ‡ Model 1 plus histories of each disease (osteoporosis,
fracture by accident, fracture by falling down, osteoarthritis, and rheumatoid arthritis).

4. Discussion

In this cross-sectional study based on validated twin cohorts, we could not identify any
significant concordances of age-related bone and joint diseases or any increased likelihood
of osteoporosis, fractures, OA, or RA within monozygotic twins compared to those within
dizygotic twins through concurrent adjustments for comprehensive confounding (e.g.,
lifestyle and socioeconomic) factors. Nonetheless, the relationship between DEXA T-
scores and bone density changes indicated a highly comparable trend within monozygotic
twins compared to that within dizygotic twin pairs. Owing to the rarity of qualified twin
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cohort data, our current epidemiological study might promote the understanding of the
environmental influence on genetic contribution in overt osteoporosis, fractures, OA, or
RA, which are critical global issues and a healthcare burden in an aging society.

The combined analysis of osteoporosis, fractures, OA, and RA with full adjustments
for lifestyle and environmental factors has not been conducted in twin studies. We found
that there were no higher concordances of incident osteoporosis or fractures, OA, or
RA within monozygotic twins compared to those within dizygotic twins. However, a
trend toward concordant association of fracture by falling in monozygotic twins with
borderline significance was observed: the occurrence of fractures by accident in both
monozygotic twin pairs showed lower odds than that in dizygotic twin pairs. Because of
the relatively minor excess in concordance in monozygotic twins compared with that in
dizygotic twins, these findings might carefully indicate the low genetic influence on liability
to fracture risk, consistent with a previous twin study [22,35]. Anatomically identical stress
fractures are repeatedly described in monozygotic twins [35–37]. However, the indistinct
or vague concordance in the phenotype of these diseases within monozygotic twins in the
present study might be attributed to the possible contribution of environmental factors
relevant to dissimilar acquired lifestyle behaviors between monozygotic twin pairs who
share an identical genetic background, sex, and age [9]. Molecular studies, including
epigenome-wide association studies, might provide one of the possible explanations for
the discordant disease expressions in monozygotic twins, indicating the complex interplay
between genetic, environmental, and epigenetic influences on osteoporosis, fractures, OA,
and RA [12,38,39]. While twins are epigenetically indistinguishable during the early phase
of life, older monozygotic twins harbor prominent disparities in the genomic distribution
of 5-methylcytosine DNA and histone acetylation [7], which might lead to differential gene
expression signatures and disease phenotypes with age [40]. Similarly, one prospective
study on Finnish twins indicated that environmental factors are more likely to make an
adult population susceptible to fractures [23]. Genetic variations related to osteoporosis
and fracture may depend on fracture type and age [41]. The overall age-adjusted fracture
accounted for a genetic contribution of <20% [41]. Since exclusively adult populations
were included in this study, different environmental or acquired influences might lessen
the concordance likelihood of overt bone and joint diseases in monozygotic twin pairs
compared to those in dizygotic twin pairs.

Although bone mineral density is associated with the risk of osteoporosis, fractures,
OA, and RA, a comparative study using the DEXA T-score in these bone and joint diseases
has not been assessed in twin studies. The clinical significance of baseline radiologic pa-
rameters, such as the DEXA T-score, appears to be underestimated in the evaluation of
genetic contribution when comparing twin pairs. In our study, despite the discordance of
disease expression within monozygotic twins, we have shown a highly similar tendency
of DEXA-T-scores between monozygotic twins compared to that between dizygotic twins
(EV = 0.62, 95% CI, 0.45–0.79, p < 0.001), which seems to suggest the relative importance of
genetic contribution in bone mineral density at the subclinical level over environmental
factors. Our findings support the results of a previous Korean twin study indicating the
high heritability of bone mineral density [20]. Furthermore, the present results are also
in line with those of several European population-twin studies that have shown fewer
differences in bone mass between monozygotic and dizygotic twins, suggesting that there
may be substantial heritability (50–85%) and genetic traits for bone mineral density [26,27].
Genome-wide association studies have revealed several genetic polymorphisms associated
with bone mineral density, osteoporosis, and fracture [8]. However, these genotype de-
terminations have failed to identify individuals at an increased risk of osteoporosis [42],
which might imply additional triggers mediated by extrinsic factors. Gene–environment
interactions, such as smoking, alcohol consumption, diet, physical activity, and epigenetic
differences, might result in discordance in disease expression between monozygotic twin
pairs [27]. Thus, the relative genetic and environmental significance of bone mineral density
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using DEXA T-scores seems to be comparable with those of previous twin studies mainly
based on European populations [26,27].

The strength of this study was based on prospective twin cohort data with follow-up
data composed of both monozygotic and dizygotic twins, KoGES HTS, with qualified data
quality regularly validated by national statisticians, which made our findings more reliable.
We comprehensively considered potential confounders of lifestyle factors, including phys-
ical activity, obesity, smoking, alcohol consumption, sleep duration, and socioeconomic
status, including income level, education level, and marital status, comparing twin pairs.
Adjustments for lifestyle factors (income, alcohol consumption, smoking status, physical
activity, marital status, and obesity) may be additional strengths because they were listed
as relevant risk factors for bone and joint diseases [43]. To the best of our knowledge, this
study is the first combined analysis covering osteoporosis, fracture, OA, and RA with full
adjustment for comprehensive lifestyle and socioeconomic factors.

Our study has some limitations that should be addressed. First, even though substan-
tial variables were adjusted in this study, unmeasured confounders may remain, and they
could not be completely excluded. Second, the causal relationship between twins and bone
and joint diseases could not be confirmed by a cross-sectional study design. Third, the
relatively small number of concordant diseases between both twin pairs may be limited in
this study, despite a large number of twin participants with bone and joint diseases. Fourth,
the absence of genetic data on related bone and joint diseases or no information on diet
may be another limitation. Finally, we did not calculate the bone mineral density from the
thoracic and lumbar spine, which is a common site of fractures due to osteoporosis.

5. Conclusions

In conclusion, while the relative importance of genetic factors in bone mineral density
may be sustained between monozygotic twins, the disease expression of osteoporosis,
fractures, OA, or RA might be affected by environmental factors. Our results provide
supportive evidence that common bone and joint diseases may be preventable.

Author Contributions: M.J.K., investigation, funding acquisition, writing—original draft, review
and editing; H.G.C. and S.Y.K., funding acquisition, project administration; H.S.K., H.L., S.J.C. and
E.S.N., methodology; J.-H.K., J.H.K. and Y.C., formal analysis; K.W.M. and H.Y.P., software; B.C.K.
and N.Y.K., validation. All authors have approved the final version of the manuscript and agree to be
accountable for all aspects of the work. All persons designated as authors qualify for authorship, and
all those who qualify for authorship are listed. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Research Foundation (NRF) of Korea from the
Korean Ministry of Science and ICT, grant No. NRF-2021-R1C1C1004986 to H.G.C. and grant No.
NRF-2022R1F1A1065335 to M.J.K. The APC was funded by NRF-2022R1F1A1065335.

Institutional Review Board Statement: The ethics committee of Hallym University (2021-03-004)
approved the use of these data. The requirement for written informed consent was waived by the
Institutional Review Board.

Informed Consent Statement: Patient consent was waived due to the fact that the study utilized
secondary data.

Data Availability Statement: Restrictions apply to the availability of these data. Data were obtained
from the Korean Genome and Epidemiology Study (KoGES) and are available at https://www.nih.
go.kr/contents.es?mid=a50401010100#1 (accessed on 1 January 2022).

Conflicts of Interest: The authors declare no conflict of interest.

141



Nutrients 2022, 14, 3836

References

1. Lee, S.-G.; Park, Y.-E.; Park, S.-H.; Kim, T.-K.; Choi, H.-J.; Lee, S.-J.; Kim, S.-I.; Lee, S.-H.; Kim, G.-T.; Lee, J.-W.; et al. Increased
frequency of osteoporosis and BMD below the expected range for age among South Korean women with rheumatoid arthritis.
Int. J. Rheum. Dis. 2012, 15, 289–296. [CrossRef] [PubMed]

2. Cauley, J.A.; Fullman, R.L.; Stone, K.L.; Zmuda, J.M.; Bauer, D.C.; Barrett-Connor, E.; Ensrud, K.; Lau, E.M.C.; Orwoll, E.S. Factors
associated with the lumbar spine and proximal femur bone mineral density in older men. Osteoporos. Int. 2005, 16, 1525–1537.
[CrossRef] [PubMed]

3. Vestergaard, P.; Rejnmark, L.; Mosekilde, L. Osteoarthritis and Risk of Fractures. Calcif. Tissue Int. 2009, 84, 249–256. [CrossRef]
[PubMed]

4. Choi, H.G.; Kang, H.S.; Lim, H.; Kim, J.-H.; Kim, J.H.; Cho, S.-J.; Nam, E.S.; Min, K.-W.; Park, H.Y.; Kim, N.Y.; et al. Potential
Cancer Risk in Patients with Rheumatoid Arthritis: A Longitudinal Korean Population-Based Analysis. J. Pers. Med. 2022, 12, 965.
[CrossRef] [PubMed]

5. Kwon, M.J.; Kim, J.-H.; Kim, J.H.; Park, H.-R.; Kim, N.Y.; Hong, S.; Choi, H.G. Incident Rheumatoid Arthritis Following Statin
Use: From the View of a National Cohort Study in Korea. J. Pers. Med. 2022, 12, 559. [CrossRef]

6. Terao, C.; Ikari, K.; Nakayamada, S.; Takahashi, Y.; Yamada, R.; Ohmura, K.; Hashimoto, M.; Furu, M.; Ito, H.; Fujii, T.; et al. A
twin study of rheumatoid arthritis in the Japanese population. Mod. Rheumatol. 2016, 26, 685–689. [CrossRef]

7. Vogt, G.; Huber, M.; Thiemann, M.; Van Den Boogaart, G.; Schmitz, O.J.; Schubart, C.D. Production of different phenotypes from
the same genotype in the same environment by developmental variation. J. Exp. Biol. 2008, 211, 510–523. [CrossRef]

8. Bathum, L.; Hjelmborg, J.V.B.; Christiansen, L.; Madsen, J.S.; Skytthe, A.; Christensen, K. Evidence for an association of methylene
tetrahydrofolate reductase polymorphism C677T and an increased risk of fractures: Results from a population-based Danish twin
study. Osteoporos. Int. 2004, 15, 659–664. [CrossRef]

9. Moayyeri, A.; Hart, D.J.; Snieder, H.; Hammond, C.J.; Spector, T.D.; Steves, C.J. Aging Trajectories in Different Body Systems Share
Common Environmental Etiology: The Healthy Aging Twin Study (HATS). Twin Res. Hum. Genet. 2016, 19, 27–34. [CrossRef]

10. Lopes, K.G.; Rodrigues, E.L.; Lopes, M.R.d.S.; Nascimento, V.A.D.; Pott, A.; Guimarães, R.D.C.A.; Pegolo, G.E.; Freitas, K.D.C.
Adiposity Metabolic Consequences for Adolescent Bone Health. Nutrients 2022, 14, 3260. [CrossRef]

11. Koppula, S.; Akther, M.; Haque, E.; Kopalli, S.R. Potential Nutrients from Natural and Synthetic Sources Targeting Inflammaging—
A Review of Literature, Clinical Data and Patents. Nutrients 2021, 13, 4058. [CrossRef]

12. Svendsen, A.J.; Kyvik, K.O.; Houen, G.; Junker, P.; Christensen, K.; Christiansen, L.; Nielsen, C.; Skytthe, A.; Hjelmborg, J. On
the Origin of Rheumatoid Arthritis: The Impact of Environment and Genes—A Population Based Twin Study. PLoS ONE 2013,
8, e57304. [CrossRef]

13. Li, X.; Chen, S.; Kantorovich, V.; Cheng, L.S.; Cohn, D.H.; Rotter, J.I.; Yang, H.; Adams, J.S. Genetic determinants of osteoporosis
susceptibility in a female Ashkenazi Jewish population. Genet. Med. 2004, 6, 33–37. [CrossRef]

14. Spector, T.D.; Cicuttini, F.; Baker, J.; Loughlin, J.; Hart, D. Genetic influences on osteoarthritis in women: A twin study. BMJ 1996,
312, 940–943. [CrossRef]

15. Kim, S.Y.; Yoo, D.M.; Kwon, M.J.; Kim, J.H.; Kim, J.-H.; Byun, S.-H.; Park, B.; Lee, H.-J.; Choi, H.G. Increased Risk of Temporo-
mandibular Joint Disorder in Osteoporosis Patients: A Longitudinal Study. Front. Endocrinol. 2022, 13, 835923. [CrossRef]

16. Park, C.; Ha, Y.-C.; Jang, S.; Jang, S.; Yoon, H.-K.; Lee, Y.-K. The incidence and residual lifetime risk of osteoporosis-related
fractures in Korea. J. Bone Miner. Metab. 2011, 29, 744–751. [CrossRef]

17. Clayton, E.S.; Hochberg, M.C. Osteoporosis and Osteoarthritis, Rheumatoid Arthritis and Spondylarthropathies. Curr. Osteoporos.
Rep. 2013, 11, 257–262. [CrossRef]

18. Van der Weijden, M.A.C.; Claushuis, T.A.M.; Nazari, T.; Lems, W.F.; Dijkmans, B.A.C.; van der Horst-Bruinsma, I.E. High
prevalence of low bone mineral density in patients within 10 years of onset of ankylosing spondylitis: A systematic review. Clin.
Rheumatol. 2012, 31, 1529–1535. [CrossRef]

19. Hawkes, C.H. Twin studies in diabetes mellitus. Diabet. Med. 1997, 14, 347–352. [CrossRef]
20. Park, J.-H.; Song, Y.-M.; Sung, J.; Lee, K.; Kim, Y.S.; Park, Y.S. Genetic influence on bone mineral density in Korean twins and

families: The healthy twin study. Osteoporos. Int. 2012, 23, 1343–1349. [CrossRef]
21. Piroska, M.; Tarnoki, D.; Szabo, H.; Jokkel, Z.; Meszaros, S.; Horvath, C.; Tarnoki, A. Strong Genetic Effects on Bone Mineral

Density in Multiple Locations with Two Different Techniques: Results from a Cross-Sectional Twin Study. Medicina 2021, 57, 248.
[CrossRef]

22. MacGregor, A.J.; Snieder, H.; Spector, T.D. Genetic factors and osteoporotic fractures in elderly people. BMJ 2000, 320, 1669.
[CrossRef]

23. Kannus, P.; Palvanen, M.; Kaprio, J.; Parkkari, J.; Koskenvuo, M. Genetic factors and osteoporotic fractures in elderly people:
Prospective 25 year follow up of a nationwide cohort of elderly Finnish twins. BMJ 1999, 319, 1334–1337. [CrossRef]

24. Pajala, S.; Era, P.; Koskenvuo, M.; Kaprio, J.; Viljanen, A.; Rantanen, T. Genetic Factors and Susceptibility to Falls in Older Women.
J. Am. Geriatr. Soc. 2006, 54, 613–618. [CrossRef]

25. Dato, S.; Montesanto, A.; Lagani, V.; Jeune, B.; Christensen, K.; Passarino, G. Frailty phenotypes in the elderly based on cluster
analysis: A longitudinal study of two Danish cohorts. Evidence for a genetic influence on frailty. AGE 2012, 34, 571–582.
[CrossRef]

26. Peacock, M.; Turner, C.H.; Econs, M.; Foroud, T. Genetics of Osteoporosis. Endocr. Rev. 2002, 23, 303–326. [CrossRef]

142



Nutrients 2022, 14, 3836

27. Pocock, N.A.; Eisman, J.A.; Hopper, J.L.; Yeates, M.G.; Sambrook, P.N.; Eberl, S. Genetic determinants of bone mass in adults. A
twin study. J. Clin. Investig. 1987, 80, 706–710. [CrossRef]

28. Speed, D.; Hemani, G.; Johnson, M.R.; Balding, D.J. Improved Heritability Estimation from Genome-wide SNPs. Am. J. Hum.
Genet. 2012, 91, 1011–1021. [CrossRef]

29. Sung, J.; Cho, S.-I.; Lee, K.; Ha, M.; Choi, E.-Y.; Choi, J.-S.; Kim, H.; Kim, J.; Hong, K.S.; Kim, Y.; et al. Healthy Twin: A Twin-Family
Study of Korea—Protocols and Current Status. Twin Res. Hum. Genet. 2006, 9, 844–848. [CrossRef]

30. Sung, J.; Lee, K.; Song, Y.-M.; Lee, M.K.; Lee, D.-H. Heritability of Eating Behavior Assessed Using the DEBQ (Dutch Eating
Behavior Questionnaire) and Weight-related Traits: The Healthy Twin Study. Obesity 2010, 18, 1000–1005. [CrossRef] [PubMed]

31. Song, Y.-M.; Lee, D.-H.; Lee, M.K.; Lee, K.; Lee, H.J.; Hong, E.J.; Han, B.; Sung, J. Validity of the Zygosity Questionnaire and
Characteristics of Zygosity-Misdiagnosed Twin Pairs in the Healthy Twin Study of Korea. Twin Res. Hum. Genet. 2010, 13, 223–230.
[CrossRef] [PubMed]

32. Kim, Y.; Han, B.-G.; The KoGES Group. Cohort Profile: The Korean Genome and Epidemiology Study (KoGES) Consortium. Int.
J. Epidemiol. 2017, 46, 1350. [CrossRef] [PubMed]

33. Kim, S.Y.; Yoo, D.M.; Kwon, M.J.; Kim, J.H.; Kim, J.-H.; Bang, W.J.; Choi, H.G. Comparison of the Differences in State-Trait Anxiety
Inventory Scores and Insomnia Histories between Monozygotic and Dizygotic Twins: A Cross-Sectional Study Using KoGES
HTS Data. J. Clin. Med. 2022, 11, 4011. [CrossRef] [PubMed]

34. Sung, J.; Lee, K.; Song, Y.-M. Heritabilities of Alcohol Use Disorders Identification Test (AUDIT) scores and alcohol biomarkers in
Koreans: The KoGES (Korean Genome Epi Study) and Healthy Twin Study. Drug Alcohol Depend. 2011, 113, 104–109. [CrossRef]

35. Beamish, A.J.; Roberts, G.L.; Cnudde, P. A case of patellar fractures in monozygotic twin gymnasts. Sports Med. Arthrosc. Rehabil.
Ther. Technol. 2012, 4, 20. [CrossRef]

36. Van Meensel, A.-S.; Peers, K. Navicular stress fracture in high-performing twin brothers: A case report. Acta Orthop. Belg. 2010,
76, 407.

37. Singer, A.; Ben-Yehuda, O.; Ben-Ezra, Z.; Zaltzman, S. Multiple identical stress fractures in monozygotic twins. Case report. J.
Bone Jt. Surg. 1990, 72, 444–445. [CrossRef]

38. Ceribelli, A.; Selmi, C. Epigenetic Methods and Twin Studies. Adv. Exp. Med. Biol. 2020, 1253, 95–104. [CrossRef]
39. Carry, P.M.; Terhune, E.A.; Trahan, G.D.; Vanderlinden, L.A.; Wethey, C.I.; Ebrahimi, P.; McGuigan, F.; Åkesson, K.; Hadley-Miller,

N. Severity of Idiopathic Scoliosis Is Associated with Differential Methylation: An Epigenome-Wide Association Study of
Monozygotic Twins with Idiopathic Scoliosis. Genes 2021, 12, 1191. [CrossRef]

40. Fraga, M.F.; Ballestar, E.; Paz, M.F.; Ropero, S.; Setien, F.; Ballestar, M.L.; Heine-Suñer, D.; Cigudosa, J.C.; Urioste, M.; Benitez, J.;
et al. From The Cover: Epigenetic differences arise during the lifetime of monozygotic twins. Proc. Natl. Acad. Sci. USA 2005, 102,
10604–10609. [CrossRef]

41. Michaëlsson, K.; Melhus, H.; Ferm, H.; Ahlbom, A.; Pedersen, N.L. Genetic Liability to Fractures in the Elderly. Arch. Intern. Med.
2005, 165, 1825–1830. [CrossRef]

42. Prentice, A. The relative contribution of diet and genotype to bone development. Proc. Nutr. Soc. 2001, 60, 45–52. [CrossRef]
43. An, S.; Ahn, C.; Jang, J.; Lee, J.; Kang, D.; Lee, J.-K.; Park, S.K. Comparison of the Prevalence of Cardiometabolic Disorders and

Comorbidities in Korea and the United States: Analysis of the National Health and Nutrition Examination Survey. J. Korean Med.
Sci. 2022, 37, e149. [CrossRef]

143



Citation: Jiang, H.; Lin, X.; Liang, W.;

Li, Y.; Yu, X. Friedelin Alleviates the

Pathogenesis of Collagenase-Induced

Tendinopathy in Mice by Promoting

the Selective Autophagic

Degradation of p65. Nutrients 2022,

14, 1673. https://doi.org/10.3390/

nu14081673

Academic Editor: Bradley

S. Ferguson

Received: 11 February 2022

Accepted: 13 April 2022

Published: 18 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Friedelin Alleviates the Pathogenesis of Collagenase-Induced
Tendinopathy in Mice by Promoting the Selective Autophagic
Degradation of p65

Huaji Jiang 1,2,†, Xuemei Lin 3,†, Wei Liang 2, Yiqiang Li 3,* and Xiao Yu 1,4,*

1 Department of Immunology, School of Basic Medical Sciences, Southern Medical University,
Guangzhou 510515, China; gukejianghuaji@163.com

2 Department of Orthopaedics, Yuebei People’s Hospital Affiliated to Medical College of Shantou University,
Shaoguan 512026, China; beiji3feng@163.com

3 Department of Pediatric Orthopedics, Guangzhou Women and Children’s Medical Center, Guangzhou
Medical University, Guangzhou 510623, China; lynn_xm@163.com

4 Guangdong Provincial Key Lab of Single Cell Technology and Application, Southern Medical University,
Guangzhou 510515, China

* Correspondence: liyiq@gwcmc.org (Y.L.); xiaoyu523@smu.edu.cn (X.Y.)
† These authors contributed equally to this work.

Abstract: With the development of an aging population, tendinopathy has become a common
musculoskeletal disease in the elderly with a high recurrence rate and no curative treatment. The
inflammation mediated by NF-κB signaling plays an important role in tendon senescence and
degeneration. Friedelin (FR) is a triterpenoid derived from green plants, which has a variety of
pharmacological functions, such as analgesia, anti-inflammation, antioxidation, and anti-tumor
functions. However, the role and mechanism of FR in tendinopathy are unclear. Here, we found that
FR improved the mechanical strength of the Achilles tendon, restored the orderly arrangement of
collagen fibers, reduced inflammatory cell infiltration, and promoted tenogenesis, thereby blocking
the progression of tendinopathy. Mechanistically, FR promoted the autophagic degradation of p65
by enhancing the interaction between p62 and p65 and effectively inhibited the activation of the
NF-κB pathway, thus alleviating the inflammatory response of tenocytes. In addition, FR recruited
E3 ubiquitin enzyme RNF182 to increase the K48-linked ubiquitination of p65 and promoted p62-
mediated autophagic degradation. Furthermore, blocking ubiquitination reversed the degradation
of p65 by FR. Therefore, these findings identify the new pharmacological mechanism of the anti-
inflammatory effect of FR and provide a new candidate drug for the treatment of tendinopathy.

Keywords: tendinopathy; friedelin; autophagic degradation; p65; ubiquitination

1. Introduction

Tendinopathy, a degenerative disease of a tendon, accounts for about 1/3 of muscu-
loskeletal disorders [1,2]. With the development of society and the aging of the population,
the incidence of tendinopathy is increasing year by year [3–5]. In terms of the incidence
group, tendinopathy tends to occur in the elderly [6,7], and epidemiological investigation
shows that the incidence of tendon injury in the elderly is significantly higher than in
the young [8,9]. Tendinopathy is common in the Achilles tendon, patellar tendon, and
rotator cuff tendons [10] and often presents with localized pain and mobility impairment.
Long-term chronic tendinopathy increases the risk of tendon rupture, which can lead to dis-
ability in severe cases [11–13]. Currently, tendinopathy is mainly treated with conservative
therapy, including non-steroidal anti-inflammatory drugs, shockwave therapy, ultrasound-
guided percutaneous electrolysis, and exercise rehabilitation therapy [14,15]. However,
these treatments can only relieve symptoms but not stop the progression of tendinopathy.
Furthermore, non-steroidal anti-inflammatory drugs have many complications, such as
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peptic ulcers, cardiovascular disease, and renal impairment [16]. Patients with tendon
rupture or giant tendon calcification usually need surgical treatment. However, the surgical
trauma is significant, and the recurrence rate is high (40%) [2], causing a heavy blow to
the patient’s body and mind. Therefore, it is urgent to explore novel potential therapies
for tendinopathy.

It is currently believed that tendinopathy begins after an acute reactive tendon injury,
with subsequent disordered or poor repair progressing to chronic tendinopathy [17]. The
etiology is complex and multifactorial, and aging is one of the important risk factors of
tendinopathy [18,19], especially when the immune system undergoes complex remodeling
with age, in which senescent cells are more prone to developing chronic inflammatory
responses. In addition, decreased immune function in elderly patients is associated with
disturbances in the gut microbiota, which may be related to pain in bone and joint dis-
eases [20,21]. Recent studies have shown that inflammation plays a key role in the aging of
tendons [22–24]. Inflammatory mediators (IL-1β, IL-6 and TNF-α) have been reported to be
highly expressed in tendon diseases and accelerate the progression of tendinopathy [22,23].
Meanwhile, inflammatory mediators can also induce tendon fibrosis and reduce the me-
chanical properties of tendons [25]. In addition, inflammatory factors inhibit the tenogenic
differentiation of tendon-derived stem cells, thus preventing tendon healing [25]. Several
studies have also shown that the classical inflammatory pathway NF-κB signaling is acti-
vated during the pathogenesis of tendon senescence [24,26,27]. While inhibiting the NF-κB
pathway reduces the release of pro-inflammatory mediators, tendinopathy progression can
be delayed [27]. Therefore, targeting the NF-κB pathway to inhibit inflammation could be
a feasible and effective method for treating tendinopathy.

Friedelin (FR) is a triterpenoid compound existing in many plants, which can be
derived from Aristotelia chilensis leaves (Elaeocarpaceae), Cannabis roots, and Maytenus
ilicifolia leaves [28]. Especially, FR is most abundant in the cork of trees [29]. FR has a wide
range of biological activities, such as anti-inflammatory [30], analgesic, antioxidant [31],
antitumor [32], and antibacterial effects [33]. Thus, it can be used to treat a variety of
diseases, such as ulcerative colitis [28], gastric ulcer [34], and leukemia. Compared with
non-steroidal anti-inflammatory drugs, the gastric protective function of FR has significant
advantages [34]. Importantly, in the acute toxicity test in rats, FR showed good drug safety
performance, and the maximum dosage was up to 80 mg/kg [34].

In this study, we found that FR ameliorated the structural disorder of the Achilles
tendon, improved the biomechanical properties of the Achilles tendon, and attenuated
inflammatory infiltration, thereby delaying the progression of tendinopathy in mice. Mech-
anistically, FR increases K48-linked ubiquitination of p65 by recruiting RNF182, promotes
the binding of p62 and p65, and subsequently accelerates autophagic degradation of p65,
thus inhibiting the NF-κB signaling pathway to reduce the tendon’s inflammatory response.
Therefore, this study identifies that FR could be a potential drug for the prevention and
treatment of tendinopathy.

2. Materials and Methods

2.1. Reagents and Antibodies

Reagents and antibodies in this study are shown in Table 1.

Table 1. The resource of Reagents and Antibodies.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies
Anti-F4/80 ABclonal A18637
Anti-IL-6 Cell Signaling Technology #12912

Anti-p-IKK Cell Signaling Technology #2697
Anti-IκBa Cell Signaling Technology #4814
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Table 1. Cont.

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-p-p65 Cell Signaling Technology #3039
Anti-p65 Santa Cruz Biotechnology sc-8008

Anti-Actin ABclonal AC026
Anti-Flag agarose gels Sigma-Aldrich A2220

Horseradish peroxidase
(HRP)-anti-Flag (M2) Sigma-Aldrich A8592

Anti-HA Roche Applied Science 12013819001
Anti-Beclin1 Cell Signaling Technology #3738
Anti-ATG5 Cell Signaling Technology #12994
Anti-p62 Santa Cruz Biotechnology sc-48402
Anti-Ub Santa Cruz Biotechnology sc-8017

Anti-K48 Ub ABclonal A3606
Anti-RNF182 Novus Biologicals NBP1-82707

Anti-ING4 ABclonal A5833
Anti-PPARγ ABclonal A11183

Goat anti-rabbit IgG (H&L) Beijing Ray Antibody Biotech RM3002
Goat anti-mouse IgG (H&L) Beijing Ray Antibody Biotech RM3001

Goat anti-rabbit IgG (H&L) Alexa
Fluor 488 Immunoway RS23220

Goat anti-rabbit IgG (H&L) Alexa
Fluor 594 Immunoway RS23420

Anti-IL-1β (ELISA) Elabscience Biotechnology #E-EL-M0037c
Anti-IL-6 (ELISA) Elabscience Biotechnology #E-EL-M0044c

Anti-TNF-α (ELISA) Elabscience Biotechnology #E-EL-M1084c

Reagents
Friedelin MedChemExpress HY-N4110

LPS Sigma-Aldrich L2630
Recombinant IL-1β Abcam ab9723
Recombinant TNFα Biovision 1051-1000

MG-132 Sigma-Aldrich C-2211
Chloroquine Glpbio 1954/5/7

Cycloheximide Sigma-Aldrich C7698
3-methyladenine Sigma-Aldrich 5142-23-4

MLN7243 Sigma-Aldrich HY-100487
DMSO Sigma-Aldrich D2650

Paraformaldehyde Sigma-Aldrich P6148
Lipofectamine 2000 ThermoFisher 11668019

Protein G beads GenScript L00209
Type I collagenase Wako 031-17601

Hematoxylin and eosin solution Beyotime C0105S
Masson's trichrome kit Solarbio G1340

TRIZOL Beyotime R0016
Fetal bovine serum Sigma-Aldrich 12103C

Penicillin/streptomycin Gibco 15140122
Amphotericin B Gibco 15290026
Trypsinization Gibco R001100

Cell Counting Kit-8 Beyotime C0037
Lipofectamine 2000 Invitrogen 11668030

Lipofectamine RNAiMAX Invitrogen 13778150
Enhanced chemiluminescence kit Cell Signaling Technology #12630

2.2. Animals and Treatment

This type of study belongs to basic experimental research. Eight-week-old C57BL/6
male mice were purchased from the Animal Center of Guangdong, Guangzhou, China.
Care and use of all animals conformed to the guidelines set forth by the Chinese National
Institutes of Health. Ethical approval for this study was obtained from the Medical Ethics
Committee of the Medical College of Shantou University (No. SUMC2021-480). The
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experimental mice were randomly divided into four groups: a sham group, a collagenase-
induced tendinopathy (CIT) group, a CIT model + FR group, and an FR group. The model
of CIT was induced as previously described [35]. In short, 20 μL type I collagenase (1%)
was injected around the right Achilles tendon of mice. One week after establishing the CIT
model, the mice were treated with corresponding treatments. Specifically, the CIT + FR
group was treated with a local injection of FR (40 μM, 20 μL) near the right Achilles tendon
in CIT mice. Mice in the sham group and CIT group were injected with the same dose of
saline. FR group mice were treated with a local injection of FR (40 μM, 20 μL) near the
right Achilles tendon of normal mice. Four weeks after treatment, mice were euthanized
and sampled, and the right Achilles tendons connected with the tibia and calcaneus were
obtained for subsequent experimental study.

2.3. Biomechanical Assay

We performed biomechanical testing as in a previous study [36]. Briefly, the collected
Achilles tendon tissue (retaining the calcaneus and the lower 1/3 muscle of the triceps of the
lower leg) was taken out for the biomechanical test. Then, the tensile test was carried out
on the Instron 5943 dynamic and static test system of universal electronic materials (Instron
Corporation, Canton, MA, USA). Both ends of the Achilles tendon were wrapped with
saline gauze and then placed on the test apparatus fixture. After the operating parameters
were entered, the biomechanical testing started.

2.4. Histological Assessments

The collected Achilles tendons were washed twice with PBS and then fixed with 4%
paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) at 4 ◦C for 24 h. Next, the samples
were dehydrated, paraffin-embedded, and finally sliced with a thickness of 5 μm. The
protocol of hematoxylin and eosin (HE) staining was carried out with reference to the
previous research method. Briefly, Achilles tendon sections were dewaxed and hydrated,
followed by hematoxylin staining for 5 min. After washing with PBS, eosin staining was
performed for 3 min, and finally dried and sealed for storage. We referenced the established
histological scoring system to analyze the changes in total histological scores on HE-stained
slides after treatment [37]. The score of the intact group was defined as 20 points.

The staining instructions for the commercial Masson’s trichrome kit were followed
for Masson staining. That is, Masson’s trichrome staining is used to visualize the original
high-intensity collagen (red) and the newly synthesized low-intensity collagen (blue) [38].

For immunofluorescence staining, the Achilles tendon slices were first dewaxed and
rehydrated. After washing with PBS three times, the sections were subjected to antigen
retrieval with sodium citrate solution, followed by blocking with goat serum for 1 h. Then,
primary antibodies were added and incubated overnight at 4 ◦C. On the second day,
sections were incubated with the second antibody in the dark for 1 h and finally preserved
by DAPI sealing. The scanning tissue microscope obtained different histological images
(Olympus BX51, Tokyo, Japan). All histological images were obtained randomly at least
3 times.

2.5. Quantitative Reverse Transcription PCR (qRT-PCR) Assay

Total RNA was extracted from tissues or cells by TRIZOL. Next, we use reverse
transcriptase to generate complementary cDNA. Real-time PCR was carried out using
the ABI Q6 analyzer using the SYBR GreenER qRT-PCR SuperMix Universal and specific
primers. Quantification of the gene expressions was assessed by fold changes normalized
to the housekeeping gene GAPDH. The primers used in this study are listed in Table 2.

2.6. Cell Culture and Treatment

We extracted tenocytes according to previously researched methods [27]. Briefly, mice
were first euthanized. Next, the bilateral Achilles tendons of mice were isolated, and
the adipose tissue and muscle tissue around the Achilles tendon were carefully removed.
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After washing the Achilles tendon with PBS three times, the Achilles tendon was cut into
pieces with ophthalmic scissors and placed in a DMEM medium. Subsequently, type I
collagenase was added to the chopped Achilles tendon for digestion for 3 h. The digested
tissue was passed through a 100 μm cell filter and then centrifuged at 400× g for 5 min. The
supernatant was discarded, and the cells were suspended in a complete medium (DMEM
with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% amphotericin B) and
cultured in an incubator at 37 ◦C, 5% carbon dioxide and 95% humidity. The medium was
changed every three days, and the cells were passaged after trypsinization. When the cells
were cultured to the third passage, they were used for subsequent experimental research.

Table 2. Primers for real-time RT-PCR used in this study.

Gene Sequences Species

Dcn Forward: AGACTCACAGCCGAGTAGGA
Reverse: ACATTCGCATCTCAGACACC Mouse

Scx Forward: CCTTCTGCCTCAGCAACCAG
Reverse: GGTCCAAAGTGGGGCTCTCCGTGACT Mouse

Mkx Forward: CCCCGGACATCGGATCTACTA
Reverse: CTCTTAGGATGAGGATTTAGGTA Mouse

Tnmd Forward: GGGTGGTCCCGCAAGTGAAGGTG
Reverse: GCCTCGACGACAGTAAATACAACAGT Mouse

Il-1b Forward: GCAACTGTTCCTGAACTCAACT
Reverse: GTGCTCATGTCCTCATCCTG Mouse

Il-6 Forward: CTCTGGGAAATCGTGGAAAT
Reverse: CCAGTTTGGTAGCATCCATC Mouse

Tnfa Forward: GACGTGGAACTGGCAGAAGAG
Reverse: TTGGTGGTTTGTGAGTGTGAG Mouse

Gapdh Forward: AGGTCGGTGTGAACGGATTTG
Reverse: TGTAGACCATGTAGTTGAGGTCA Mouse

For the stimulation of tenocytes, the cells were plated in 6-well plates at a density of
2 × 106 cells per well, and then 1.5 mL of complete medium was added. After 24 h of culture,
the cells were pretreated with different concentrations of FR for 3 h. Subsequently, the cells
were treated with IL-1β (10 ng/mL; R&D Systems, Minneapolis, MN, USA) for another 24 h.
Finally, the cell supernatant was collected, and cellular RNA and protein were extracted for
subsequent experiments.

2.7. Cell Viability Assay

We used a Cell Counting Kit-8 (CCK-8) to evaluate cell proliferation and viability. In
short, tenocytes were seeded in 96-well plates at a density of 1 × 103/well. After the cells
adhered, they were treated with different concentrations of FR for 24 h. 10 μL The CCK-8
working solution was added to each well and cultured in the cell incubator for 4 h. Finally,
the absorbance value was measured in a microplate reader with a wavelength of 450 nm.

2.8. Plasmids and Transfection

Plasmids were cloned into the pcDNA3.1 vector for transient expression. HEK293T
transfection was performed using Lipofectamine 2000 according to procedures recom-
mended by the manufacturer. Chemically synthesized 21-nucleotide siRNA duplexes were
obtained from TranSheepBio and transfected using Lipofectamine RNAiMAX according to
the manufacturer’s instructions. The sequences of target siRNAs are shown in Table 3.

2.9. Protein Degradation Inhibition Assays

MG132 (10 μM) was used to inhibit proteasome-mediated protein degradation. Both
3-MA (10 mM) and CQ (50 μM) were used to inhibit autolysosome- or lysosome-mediated
protein degradation.
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Table 3. The sequences of target siRNAs in this study.

Gene Sequences Species

p62 siRNA 5’-GCUGAAACAUGGACACUUUTT-3’
3’-AAAGUGUCCAUGUUUCAGCTT-5’ Mouse

RNF182 siRNA 5’-GCGCCAAAUGCCUCUACAATT-3’
3’-UUGUAGAGGCAUUUGGCGCTT-5’ Mouse

RNF182 siRNA 5’-GACAACAACAUCCUUGUAATT-3’
3’-UUACAAGGAUGUUGUUGUCTT-5’ Human

ING4 siRNA 5’-GAUCCCAACGAACCCACAUTT-3’
3’-AUGUGGGUUCGUUGGGAUCTT-5’ Mouse

PPARγ siRNA 5’-GCAAGAGAUCACAGAGUAUTT-3’
3’-AUACUCUGUGAUCUCUUGCTT-5’ Mouse

2.10. ELISA

Cell supernatants and serum were detected by the mouse IL-1β, IL-6, and TNF-α
ELISA kit (#E-EL-M0037c, #E-EL-M0044c, #E-EL-M1084c; Elabscience Biotechnology Co.,
Ltd., Wuhan, China). Absorbance was detected at 450 nm by the Multiskan FC (Thermo
Fisher, Waltham, MA, USA).

2.11. Western Blotting

Proteins from cells and tissues were extracted with cell lysates (Tris-HCI, pH7.5, 1 M;
EDTA 0.5 M; 10% SDS; NP-40; sodium deoxycholate; CHAPS Triton X-100). The lysed
protein liquid was then placed in the EP tube and centrifuged at 13,000 rpm at 4 ◦C for
5 min. Next, we took the protein supernatant, added the loading buffer, and boiled it in
a metal bath for 15 min to denaturate the protein. After the protein concentration was
determined, it was packed and stored at −20 ◦C. Then the electrophoretic gel was prepared,
and the protein samples were added to the gel for electrophoresis. The gel was taken out
and placed in PVDF membrane for transfer reaction (100 V, 90 min). The PVDF membrane
was placed in 5% skim milk and sealed for 1 h. Then, the primary antibodies were added
and incubated overnight. The next day, the secondary antibodies were added and incubated
for 1 h. Finally, signals were revealed using an enhanced chemiluminescence kit.

2.12. Statistical Analysis

The data were graphed using GraphPad Prism software version 8.0 (GraphPad Soft-
ware Inc., La Jolla, CA, USA). We used a one-way analysis of variance followed by Student’s
t-test to determine statistical differences between treatment groups. Error bars represent
the standard error of the mean in the cell experiment and the standard deviation in the
animal experiment. Differences between the two groups were considered significant when
the p-value was less than 0.05.

3. Results

3.1. FR Alleviates the Progression of Tendinopathy in Mice

To explore the effect of FR on the progression of tendinopathy, we first constructed
a mouse model of CIT. The chemical structural formula of FR is shown in Figure 1A.
In the CIT group, the biomechanical indexes decreased, the histological structure was
disordered, and the transcription level of tenogenic factors decreased, indicating that
the CIT mouse model was successful. Compared with the CIT group, FR significantly
increased the failure load (Figure 1B) and ultimate stress (Figure 1C) in the CIT + FR group.
However, the biomechanical indexes of tendons in the FR group were not affected by FR
alone (Figure 1B,C). In addition, the HE staining indicated that FR effectively alleviated
the structural disorder of tendinopathy, reduced inflammatory cell infiltration, restored
the normal arrangement of collagen fibers, and reduced neovascularization (Figure 1E).
Similarly, histological scoring results showed a consistent trend (Figure 1D). In addition,
the results of Masson staining showed that a large number of low-strength collagen fibers
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(blue part) were produced in the CIT group, while more high-strength collagen fibers (red
part) were produced in the CIT + FR group (Figure 1F). Moreover, FR alone did not affect
the formation of collagen fibers, which indicates that FR functions during the progression
of tendinopathy. To further clarify the effect of FR on tenogenesis in tendinopathy, we
detected the transcriptional levels of tendon forming factors (Dcn, Scx, Mkx and Tnmd) and
found that FR effectively reversed the mRNA expression of Dcn, Scx, Mkx and Tnmd in
mice with tendinopathy (Figure 1G–J). Therefore, these data demonstrate that FR effectively
alleviates the progress of tendinopathy in mice.

 
Figure 1. Progression of tendinopathy is alleviated by FR in mice. (A) The chemical structural formula
of FR. Four weeks after treatment in mice, the Achilles tendons were collected for experimental
detection. Biomechanical detection of the effect of FR on Achilles tendon healing: failure load (B),
ultimate stress (C). (D) Histological score of HE staining. (E) HE staining was used to detect the
effect of FR on the histological healing of the Achilles tendon in mice. (F) Masson’s staining was
used to detect the effect of FR on the formation of collagen fibers in the process of tendinopathy in
mice. (G–J) The effect of FR on the expression of tendon-forming factors (Dcn, Scx, Mkx, and Tnmd)
was detected by qRT-PCR. Scale bar: 100 μm. Data are expressed as the means ± SD from three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.2. FR Attenuates the Infiltration of Inflammatory Factors during Tendinopathy

Inflammation is known to play an important role in the progression of tendinopa-
thy [39]. Next, we investigated the effect of FR on the inflammatory response of tendinopa-
thy in mice. qRT-PCR results showed that the expression of inflammatory cytokines Il-1b,
Il-6 and Tnfa significantly increased during tendinopathy, and this enhancement was re-
versed by FR treatment in the CIT group (Figure 2A–C). Macrophages, the key immune
cells that mediate inflammation, play an important pathogenic role in the progression
of tendinopathy [40]. Then, we explored whether FR could regulate the infiltration of
macrophages in the process of tendinopathy. As shown in Figure 2D, a large number
of F4/80+ macrophages were infiltrated in the CIT group, while the number of F4/80+

macrophages was dramatically reduced in the CIT + FR group. Consistent with this, the
immunofluorescence result showed that the protein expression of IL-6 in the CIT + FR
group was significantly lower than in the CIT group (Figure 2E). Moreover, FR alone did not
affect the expression of F4/80+ macrophages and IL-6 in normal mice. These data suggest
that FR attenuates the infiltration of inflammatory cytokines and cells during tendinopathy
in mice, thereby attenuating the progression of tendinopathy.

Figure 2. FR alleviates the inflammatory response of tendinopathy in mice. (A–C) Four weeks
after treatment in mice, the effect of FR on the expression of inflammatory cytokine (Il-1b, Il-6, and
Tnfa) mRNA was detected by qRT-PCR. The expressions of macrophage marker F4/80 (D) and
inflammatory factor IL-6 (E) were detected by immunofluorescence. Scale bar: 100 μm. Data are
expressed as the means ± SD from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. FR Targets p65 to Regulate NF-κB Signaling to Inhibit the Inflammatory Response
in Tenocytes

To investigate the mechanism of FR in inhibiting inflammation, we then treated the
tenocytes with FR under the condition of inflammatory stimulation. Firstly, the CCK-8
result suggests that the concentrations of 0–40 μM of FR have no effect on the proliferation
of tenocytes (Figure S1A), which indicates that this is the safe concentration range for the
subsequent experiments. It is reported that IL-1β is highly expressed in tendinopathy,
which is a key inflammatory mediator to mediate the inflammatory reaction and accelerate
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tendinopathy [39,41]. We then explored the effect of FR on the IL-1β-mediated inflamma-
tory response of tenocytes and found that FR reduces the mRNA expression of Il-6 and
Tnfa induced by IL-1β (Figure 3A,B). Meanwhile, FR also inhibited the protein expression
of IL-6 and TNF-α proteins mediated by IL-1β (Figure 3C,D). These data indicated that
FR effectively inhibits the IL-1β-mediated release of inflammatory factors in tenocytes. In
addition, we also examined the effect of FR on the inflammatory responses mediated by
other inflammatory factors. Both LPS- and TNF-α-mediated inflammation can be effectively
alleviated by FR (Figure S1B–E). Therefore, FR can effectively inhibit the inflammatory
response of tenocytes induced by various inflammatory mediators.

Figure 3. FR targets p65 to inhibit NF-κB signaling in vitro and in vivo. Tenocytes were stimulated
with IL-1β (10 ng/mL) and FR (0–40 μM) for 24 h. The cell supernatant, total cell RNA, and total
protein were collected for experimental detection. qRT-PCR was used to detect the effect of FR on the
mRNA expression of Il-6 (A) and Tnfa (B) mediated by IL-1β. ELISA was used to detect the effect
of FR on the supernatant protein expression of IL-6 (C) and TNF-α (D) induced by IL-1β. (E) The
expression of NF-κB pathway-related proteins (p-IKK, IκBα, p-p65, and p65) treated with different
concentrations of FR was detected by WB. (F) Tenocytes were treated with IL-1β (10 ng/mL) and
FR (40 μM) for 0–120 min. The expression of NF-κB pathway-related proteins (p-IKK, IκBα, p-p65,
p65) was detected by WB. (G). Four weeks after treatment, the protein expression of p-p65 and p65 in
Achilles tendons was detected by WB. The data are representative of three independent experiments.
Error bars show the means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

It is known that NF-κB signaling is not only one of the most classical pathways to
mediate the inflammatory response but also the key pathway to aggravating the deteriora-
tion of tendinopathy [24]. We further investigated whether the anti-inflammatory effect
of FR is achieved by targeting the NF-κB pathway. As shown in Figure 3E, FR inhibited
the expression and phosphorylation of p65 in a concentration-dependent manner but did
not affect the expression of p-IKK and IkBα. Similarly, FR also inhibited the expression
of p65 and p-p65 without affecting the expression of p-IKK and IkBα after different times
of stimulation (Figure 3F). Consistent results were also obtained in the condition of LPS
or TNF-α mediated inflammation (Figure S1F–H). Furthermore, it was confirmed in vivo
that FR inhibited the expression of p65 and p-p65 (Figure 3G). These data suggest that
FR targets the NF-κB pathway and plays an anti-inflammatory role in tenocytes at the
molecular level of p65.
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3.4. FR Promotes the Degradation of p65 through the Autophagy-Lysosome Pathway

Next, we further explore the mechanism of FR in inhibiting the expression of p65. We
found that FR inhibited the expression of p65 protein (Figure 4A) but did not affect the
transcription level of p65 (Figure 4B). These data suggest that FR may inhibit the expression
of p65 by regulating the degradation of p65. To further confirm that FR promotes the
degradation of p65, we investigated the effect of FR on the degradation of p65 under the
condition of protein synthesis inhibitor cycloheximide (CHX). As shown in Figure 4C, FR
accelerated the degradation of p65 in the presence of CHX, suggesting that FR indeed plays
a role in promoting the degradation of p65.

Figure 4. FR degrades p65 through an autophagy-lysosome pathway. Tenocytes were treated with
IL-1β (10 ng/mL) and FR (40 μM) for 24 h. (A) The expression of p65 protein was detected by WB.
(B) The mRNA expression of p65 was detected by qRT-PCR. (C) Tenocytes were treated with CHX
(50 μg/mL), IL-1β (10 ng/mL) and FR (40 μM) for 0–16 h. The protein expression of p65 was detected
by WB. (D). Tenocytes were pretreated with MG132 (10 μM), or 3-MA (5 mM), or CQ (10 μM) for 6 h,
followed by the addition of IL-1β (10 ng/mL) and FR (40 μM) for 24 h, and then the p65 protein was
detected by WB. (E) WT and Beclin1-knockout HEK293T cells were transfected with Flag-p65 plasmid
for 24 h, followed by 8 h treatment with FR (0–40 μM). Finally, the protein expression of Flag-p65
and Beclin1 were detected by WB. (F) WT and ATG5-knockout HEK293T cells were transfected with
Flag-p65 plasmid for 24 h, followed by 8 h treatment with FR (0–40 μM). Then, the protein expression
of Flag-p65 and ATG5 were detected by WB. Data are expressed as the means ± SD from three
independent experiments.

Since there are at least three protein degradation systems (the proteasome, lysosome,
and autolysosome pathways) [42], we next determined for which pathway FR induces
the degradation of p65. The degradation of p65 by FR was reversed when the autophagy
inhibitor 3-MA and the lysosomal inhibitor CQ were used, but not by the proteasome
inhibitor MG132 (Figure 4D). To further confirm that FR degrades p65 protein through the
autophagy-dependent pathway, we used Beclin1 deficiency or ATG5 deficiency HEK293T
cells for verification. In WT HEK293T cells, FR significantly promoted the degradation of
exogenous p65 protein. However, when Beclin1 or ATG5 was knocked out in HEK293T,
the degradation of p65 by FR disappeared (Figure 4E,F). These results demonstrated that
FR promotes the degradation of p65 through an autophagy-lysosome pathway.
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3.5. FR Mediates Selective Autophagic Degradation of p65 via p62-Dependent Pathway

p62 is a selective autophagy adaptor protein, which plays an important role in me-
diating the autophagic degradation of proteins [42,43]. Next, we explored whether FR
mediates the selective autophagic degradation of p65 through p62. The results showed that
FR could not degrade p65 in p62-knockout HEK293T cells (Figure 5A). Moreover, silencing
p62 in tenocytes could also reverse the degradation of p65 by FR (Figure 5B). Therefore, FR
promoted the degradation of p65 via p62-mediated selective autophagy. Subsequently, we
further explored whether FR affected the degradation of p65 by influencing the interaction
between p62 and p65. In the exogenous IP experiment, FR promoted the interaction be-
tween p62 and p65 (Figure 5C). In addition, FR also enhanced the association of endogenous
p62 and p65 (Figure 5D). These results suggest that FR promotes the selective autophagic
degradation of p65 by increasing the association of p62 and p65.

Figure 5. FR promotes the degradation of p65 via p62-mediated selective autophagy. (A) The Flag-p65
plasmid was transfected into WT and p62 knockout HEK293T cells for 24 h, and FR (0–40 μM) was
added for another 8 h. Finally, WB was used to detect the protein expression of Flag-p65 and p62.
(B) Tenocytes were transfected with p62 siRNA for 24 h and then treated with IL-1β (10 ng/mL) and
FR (40 μM) for 24 h. Finally, the protein expression of p65 and p62 was detected by WB. (C) HEK293T
cells were transfected with HA-p65 and Flag-p62 plasmids for 24 h, then treated with 3-MA (5 mM)
for 6 h, and then treated with FR (40 μM) for another 8 h. Finally, cell proteins were collected for
immunoprecipitation (IP). The expressions of HA-p65 and Flag-p62 proteins in IP samples and
whole-cell lysates (WCL) were detected by WB. (D) Tenocytes were pretreated with 3-MA (5 mM) for
6 h, then stimulated with IL-1β (10 ng/mL) and FR (40 μM) for 24 h, and the cellular proteins were
collected for IP. WB was used to detect the protein expression of p65 and p62 in IP samples and WCL.
Data are expressed as the means ± SD from three independent experiments.

3.6. FR Increases the K48-Linked Ubiquitination of p65 to Promote Its Autophagic Degradation

It is reported that p62 directs ubiquitinated proteins to autophagolysosomes for se-
lective degradation mainly through its C-terminal ubiquitin-associated domain [42,43].
Next, we investigated whether FR could affect the ubiquitination of p65 and found that
FR remarkably increased the poly-ubiquitination of endogenous p65 (Figure 6A). Subse-
quently, we found that FR specifically increased K48-linked (K48-only ubiquitin mutant)
poly-ubiquitination of p65, but not the ubiquitination of p65 with other ubiquitin linkages
in an overexpression system (Figure 6B). Likewise, FR also promoted the K48-linked ubiq-
uitination of endogenous p65 (Figure 6C). In addition, the degradation of p65 by FR was
reversed in the presence of ubiquitin inhibitor MLN7243 (Figure 6D,E). These data sug-
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gest that FR accelerates p62-mediated selective degradation by promoting the K48-linked
ubiquitination of p65.

Figure 6. FR promotes the K48-linked ubiquitination of p65 in vitro. (A) Tendon cells were pretreated
with 3-MA (5 mM) for 6 h, then stimulated with IL-1β (10 ng/mL) and FR (40 μM) for 24 h, and
cell proteins were collected for IP. WB was used to detect the protein expression of p65 and Ub.
(B) Flag-p65 and HA-labeled ubiquitinated plasmids (WT, K11, K27, K33, K48, K63) were transfected
into HEK293T cells for 24 h, then treated with 3-MA (5 mM) for 6 h, and then treated with FR (40 μM)
for 8 h. Finally, the proteins were collected for IP. WB was used to detect the protein expression with
HA tag and Flag tag in IP samples and WCL. (C) Tenocytes were pretreated with 3-MA (5 mM) for
6 h, then stimulated with IL-1β (10 ng/mL) and FR (40 μM) for 24 h, and cell proteins were collected
for IP. WB was used to detect the protein expression of p65 and K48 Ub in IP samples and WCL.
(D) Tenocytes were pretreated with ubiquitination inhibitor MLN7243 (5 μM) for 6 h, then treated
with IL-1β (10 ng/mL) and FR (40 μM) for 24 h, and the expression of p65 protein was detected by
WB. (E) Flag-p65 plasmid was transfected into HEK293T cells for 24 h, then MLN7243 (5 μM) was
added for 6 h, and FR (40 μM) was added for 8 h. WB was used to detect the protein expression of
Flag-p65. Data are expressed as the means ± SD from three independent experiments.

3.7. FR Mediates K48-Linked Ubiquitination of p65 via E3 Ubiquitination Enzyme RNF182

It is reported that E3 ubiquitinase is a key enzyme mediating protein ubiquitination [44].
Although FR promotes the ubiquitination of p65, it is not clear which E3 ubiquitin enzyme
plays a key role in the FR-induced ubiquitination of p65. It is reported that RNF182, ING4,
and PPARγ are E3 ubiquitination enzymes that mediate the K48-linked ubiquitination of
p65 [45–47]. Next, we determined which E3 ubiquitin enzyme plays its role in the FR-mediated
ubiquitination of p65. We silenced the expression of RNF182, ING4, and PPARγ in tenocytes by
the siRNAs (Figure S2A–C) and found that silencing RNF182 reversed the degradation of p65
by FR (Figure 7A), whereas silencing ING4 and PPARγ did not reverse the degradation of p65
(Figure 7B,C), which indicates that FR mediates the degradation of p65 through the RNF182-
dependent pathway. Next, we examined whether FR mediated the K48-linked ubiquitination
of p65 through RNF182 and found that FR failed to promote the K48-linked ubiquitination of
p65 when RNF182 was silenced in the overexpression system (Figure 7D). Meanwhile, similar

155



Nutrients 2022, 14, 1673

results were obtained in the endogenous IP experiment (Figure 7E). In addition, in the case
of overexpression of RNF182, FR could further promote the degradation of p65 (Figure 7F).
These data suggest that FR mediates the K48-linked ubiquitination of p65 by recruiting RNF182,
promoting autophagic degradation. Furthermore, we also found that FR effectively increased
the interaction between RNF182 and p65 in the overexpression and endogenous systems
(Figure 7G,H). Therefore, these data suggest that FR promotes the K48-linked ubiquitination
of p65 by promoting the association of RNF182 and p65, thus accelerating the autophagic
degradation of p65.

Figure 7. FR promotes the K48-linked ubiquitination of p65 by recruiting the E3 ubiquitin enzyme
RNF182. Tenocytes were silenced with RNF182 siRNA (A), ING4 siRNA (B), or PPARγ siRNA (C) for
24 h and then treated with IL-1β (10 ng/mL) and FR (40 μM) for 24 h. Finally, the protein expression
of p65 was detected by WB. (D) HEK293T cells were treated with RNF182 siRNA for 24 h, then
transfected with HA-K48-Ub and Flag-p65 plasmids for 12 h, and next stimulated with 3-MA (5 mM)
for 6 h, and finally treated with FR (40 μM) for 8 h. Cell lysates were collected for IP and WB detection.
(E) Tenocytes were transfected with RNF182 siRNA for 24 h, then treated with 3-MA (5 mM) for 6 h,
and finally treated with IL-1β (10 ng/mL) and FR (40 μM) for 24 h. Cell proteins were collected for
IP. The expressions of p65 and K48-Ub in IP and WCL samples were detected by WB. (F) Flag-p65
and GFP-RNF182 plasmids were transfected into HEK293T cells for 24 h and then treated with FR
(40 μM) for 8 h. Finally, WB was used to detect the protein of the Flag tag and GFP tag. (G) HEK293T
cells were transfected with Flag-p65 and GFP-RNF182 plasmids for 24 h, then 3-MA (5 mM) was
added for 6 h and then treated with FR (40 μM) for another 8 h. Finally, cell proteins were collected
for IP, and proteins with Flag and GFP labels were detected by WB. (H) Tenocytes were pretreated
with 3-MA (5 mM) for 6 h, followed by the addition of IL-1β (10 ng/mL) and FR (40 μM) for 24 h.
Cell proteins were collected for IP. WB detected the protein expressions of p65 and RNF182 in IP and
WCL samples. Data are expressed as the means ± SD from three independent experiments.
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4. Discussion

Tendinopathy is a degenerative disease that occurs after tendon injury, which often
causes local pain and limited mobility and leads to disability in severe cases. With the
development of aging, the incidence of tendinopathy is increasing year by year [3–5].
However, there is currently no cure for tendinopathy, which brings significant challenges
to the prevention and treatment of tendinopathy. FR is a triterpenoid compound with a
wide range of sources, high safety, and a variety of medicinal values [28,48,49]. Although
FR plays a certain role in treating inflammatory diseases, there is a lack of in-depth research
on the target and mechanisms of its disease resistance. Here, we found that FR alleviated
the degeneration of tendinopathy, reduced inflammatory infiltration, and improved the
biomechanical strength, which plays an important role in the prevention and treatment of
tendinopathy. Mechanically, FR inhibited the NF-κB pathway by promoting the autophagic
degradation of p65 and decreasing the inflammatory response, thereby alleviating the
progression of tendinopathy. Furthermore, FR increased the K48-linked ubiquitination of
p65 by recruiting the E3 ubiquitinase RNF182, promoting the association of p65 and cargo
protein p62 and thus mediating the selective autophagic degradation of p65 (Figure 8).

Figure 8. Schematic diagram of the action of FR. FR promotes the K48-linked ubiquitination of p65
through recruiting E3 ubiquitinase RNF182 and then enhances p62-mediated selective autophagic
degradation of p65, thereby inhibiting NF-κB signaling and alleviating the progression of tendinopathy.

After tendon trauma, a large number of immune cells can be recruited to the local area,
in which macrophages release a variety of inflammatory factors to mediate the chronic
inflammation of tendinopathy [13,40,50]. It is reported that a small number of inflam-
matory factors could mediate the regeneration of tendon tissue, but long-term chronic
inflammation will lead to tendon tissue degeneration [13,40,50]. In addition, chronic inflam-
mation can further activate relevant immune cells, produce various pathogenic factors, and
hinder the repair and healing of tendon tissue [17,23,51]. In the long run, normal tendon
tissue is replaced by hyperplastic tissue and even calcification [52,53]. Therefore, targeted
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elimination of inflammation is a good strategy for preventing and treating tendinopathy.
However, drugs that target inflammation and their mechanisms remain unknown, limiting
the development of tendinopathy treatments. Here, our results show that FR improves the
biomechanical strength of the tendon and promotes the generation of high-strength muscle
fibers, which are important for preventing tendon rupture. Meanwhile, FR reduces tendon
fibrosis, restores the orderly arrangement of collagen fibers, and decreases angiogenesis in
tendinopathy. FR effectively inhibits the expression of inflammatory factors and reduces the
infiltration of F4/80+ macrophages. More importantly, FR can also promote the expression
of tendon-forming factors (Scx, Tnmd and Mkx). In addition, the use of FR alone does not
cause pathological changes in the normal tendon. These findings show that FR is a safe
and effective candidate for treating tendon diseases.

Several studies have shown that the NF-κB pathway is a classical pathway that medi-
ates inflammatory cascade [27,54,55]. During the progression of tendinopathy, the NF-κB
pathway is significantly activated, leading to an inflammatory storm and accelerating the
progression of tendinopathy [27,54,55]. It is reported that the progression of tendinopathy
is weakened in IKKβ-deficient mice, indicating targeted inhibition of the NF-κB pathway
is a good strategy for the prevention and treatment of tendinopathy [27]. Our study found
that FR can inhibit the NF-κB pathway, thus inhibiting the release of inflammatory factors.
Unlike other anti-inflammatory drugs, FR acts on p65 molecules downstream of the NF-κB
pathway without affecting the upstream pathway, which shows good selectivity and target-
ing. To clarify the pharmacological mechanism of the anti-inflammatory effect of FR, we
conducted experiments in tenocytes and HEK293T cells. The results showed that FR pro-
moted the autophagy-dependent degradation of p65 but did not affect the transcription of
p65. This indicates that FR inhibits the NF-κB pathway by regulating the post-translational
modification of p65. Further results showed that FR mediated the autophagic degradation
of p65 through autophagy cargo p62. Moreover, FR promotes the interaction of p65 and
p62. Therefore, these results demonstrate that FR promotes autophagic degradation by
increasing the combination of p62 and p65.

Ubiquitination is a form of post-translational modification of proteins by coupling
ubiquitin proteins to substrate proteins [56–58]. Ubiquitin is a protein containing 76 amino
acids that bind to the lysine residue of the substrate protein by an isopeptide bond [56–58].
Ubiquitin contains seven lysine residues (K6, K11, K27, K29, K33, K48 and K63) and one
methionine [56–58]. Since p62 needs to be combined with ubiquitinated substrates [42], we
further explored how FR regulates the ubiquitination of p65. Our results showed that FR
could promote the K48-linked ubiquitination of p65. In addition, after blocking ubiqui-
tination, p65 could not be degraded by FR, which indicated that the degradation of p65
by FR was dependent on ubiquitination. Therefore, targeted regulation of ubiquitination
is also one of the effective strategies for the treatment of tendinopathy. Ubiquitination
occurs through the sequential activities of three enzymes, namely ubiquitin enzyme (E1),
ubiquitin-binding enzyme (E2), and ubiquitin ligase (E3). Several E3 ubiquitin enzymes
have been reported to mediate the K48-linked ubiquitination of p65 [45–47]. Here, we
confirmed that FR mediates the K48-linked ubiquitin of p65 through the E3 ubiquitin en-
zyme RNF182 but is independent of ING4 and PPARγ. Moreover, the interaction between
RNF182 and p65 can be enhanced by FR. Therefore, the targeted degradation of p65 by FR
is closely related to p62 and RNF182, which provides a theoretical basis for applying FR in
the treatment of tendinopathy and other inflammatory diseases.

Although the present study demonstrates that FR has a good alleviating effect on
tendinopathy, some limitations still need to be further studied. Due to ethical issues, this
study only used mouse tenocytes for experiments. However, further study is needed to
determine whether FR has the same effect on human tenocytes. Additionally, although we
have proven that FR shows a good anti-inflammatory effect on tendinopathy, whether it
has a similar effect on other inflammatory bone diseases remains to be explored.
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5. Conclusions

In conclusion, FR reduces the inflammatory response of tenocytes, improves the bio-
logical properties of the tendon, and promotes tendon healing by targeting the degradation
of p65, thus effectively alleviating the progress of tendinopathy. To our knowledge, this
study describes for the first time that FR alleviates tendinopathy by regulating ubiquitin-
autophagy degradation. Therefore, FR is a promising new drug for treating tendinopathy
and inflammation-related diseases. Of course, further clinical trials are needed to prove its
safety and efficacy in human tendinopathy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu14081673/s1, Figure S1: FR inhibits NF-κB signaling in tenocytes.
(A) Tenocytes were treated with FR (0-40 μM) for 24 h, and then cell viability was detected by
CCK8 assay. Tenocytes were treated with FR (0-40 μM) combined with LPS (100 ng/ml) or TNF-α
(100 ng/ml) for 24 h, and then the cellular RNA, protein, and cell supernatant were collected for
the following experiments. (B and C) The mRNA expression of IL-6 was detected by qRT-PCR. (D
and E) The expression of IL-6 protein in cell supernatant was detected by ELISA. (F and H) The
expression of NF-κB pathway-related proteins (p-IKK, IκBα, p-p65, and p65) were detected by WB. (G)
Tenocytes were treated with FR (40 μM) and LPS (100 ng/ml) for 0-120 min, and then the expression
of NF-κB pathway-related proteins (p-IKK, IκBα, p-p65, and p65) were detected by WB. The data
are representative of three independent experiments. Error bars show the means ± SD. * p < 0.05,
** p < 0.01, *** p < 0.001. Figure S2. Silencing efficiency of siRNA. Tenocytes were transfected with
RNF182 siRNA, ING4 siRNA, and PPARγ siRNA for 24 h, and the proteins expression of RNF182
(A), ING4 (B), and PPARγ (C) were detected by WB.
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