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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



Nutrients 2022, 14, 4754 4 of 11

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.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14224754/s1, Table S1: New drug prescriptions in the follow-
up and drugs prescribed at the baseline to patients with hip fracture compared to subjects without
hip fracture. Table S2: Diagnosis reported at baseline and during follow-up in patients with hip
fracture compared to those subjects without hip fracture.

Author Contributions: Conceptualization, A.D.I. and R.P. (Roberto Paganelli); methodology, C.A.-L.,
R.Z.-R. and A.C.; formal analysis, A.D.I. and R.P. (Raffaello Pellegrino); investigation, E.S.; resources,
L.F. and S.B.; data curation, S.B. and A.D.I.; writing—original draft preparation, A.D.I., E.S. and R.P.
(Raffaello Pellegrino); writing—review and editing, S.B., C.A.-L., R.Z.-R., A.C. and L.F.; supervision,
L.F.; project administration, S.B. and L.F.; funding acquisition, S.B. and L.F. All authors have read and
agreed to the published version of the manuscript.

Funding: The InCHIANTI study was supported as a “targeted project” (ICS 110.1/RS97.71) by the
Italian Ministry of Health and by the U.S. National Institute on Aging (contracts N01-AG-916413,
N01-AG-5-0002, and N01-AG-821336, and grant R01-AG-027012).

Institutional Review Board Statement: The InCHIANTI study baseline was approved by the Ethical
committee at INRCA, Ancona (protocol 14/CE, 28 February 2000) as the FU1 (protocol 45/01, 16
January 2001). InCHIANTI study FU2 and FU3 were approved by the Local Ethical Committee at
Azienda Sanitaria Firenze (protocol n◦ 5/04, 12 May 2004) The study was conducted in accordance
with the Declaration of Helsinki, and approved by the Ethics Committee of INRCA di Ancona (Italy).
Clinical Trial Registration: NCT01331512.

Informed Consent Statement: Written informed consent was obtained from the patients to publish
this paper.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the responsible authors for the InCHIANTI study (Luigi Ferrucci) on reasonable
request. Data of the InCHIANTI study is available to all researchers upon justified request using the
proposal form available on the InChianti website (http://inchiantistudy.net/wp/how-to-submit-a-
proposal/, accessed on 8 October 2022).

Conflicts of Interest: The authors (Angelo Di Iorio, Roberto Paganelli, Stefania Bandinelli, Antonio
Cherubini, Cristin Andres-Lacueva, Raffaello Pellegrino, Eleonora Sparvieri; Raul Zamora-Ros, and
Luigi Ferrucci) declare no conflict of interest.

References
1. Russo, C.R.; Lauretani, F.; Bandinelli, S.; Bartali, B.; Di Iorio, A.; Volpato, S.; Guralnik, J.M.; Harris, T.; Ferrucci, L. Aging bone in

men and women: Beyond changes in bone mineral density. Osteoporos. Int. 2003, 14, 531–538. [CrossRef] [PubMed]
2. Russo, C.R.; Lauretani, F.; Seeman, E.; Bartali, B.; Bandinelli, S.; Di Iorio, A.; Guralnik, J.; Ferrucci, L. Structural adaptations to

bone loss in aging men and women. Bone 2006, 38, 112–118. [CrossRef] [PubMed]
3. Hauger, A.V.; Bergland, A.; Holvik, K.; Ståhle, A.; Emaus, N.; Strand, B.H. Osteoporosis and osteopenia in the distal forearm

predict all-cause mortality independent of grip strength: 22-year follow-up in the population-based Tromsø Study. Osteoporos. Int.
2018, 29, 2447–2456. [CrossRef] [PubMed]

4. Iolascon, G.; de Sire, A.; Curci, C.; Paoletta, M.; Liguori, S.; Calafiore, D.; Gimigliano, F.; Moretti, A. Osteoporosis guidelines
from a rehabilitation perspective: Systematic analysis and quality appraisal using AGREE II. Eur. J. Phys. Rehabil. Med. 2021, 57,
273–279. [CrossRef]

https://www.mdpi.com/article/10.3390/nu14224754/s1
https://www.mdpi.com/article/10.3390/nu14224754/s1
http://inchiantistudy.net/wp/how-to-submit-a-proposal/
http://inchiantistudy.net/wp/how-to-submit-a-proposal/
http://doi.org/10.1007/s00198-002-1322-y
http://www.ncbi.nlm.nih.gov/pubmed/12827220
http://doi.org/10.1016/j.bone.2005.07.025
http://www.ncbi.nlm.nih.gov/pubmed/16242391
http://doi.org/10.1007/s00198-018-4653-z
http://www.ncbi.nlm.nih.gov/pubmed/30094609
http://doi.org/10.23736/S1973-9087.21.06581-3


Nutrients 2022, 14, 4754 10 of 11

5. Kanis, J.A.; Cooper, C.; Rizzoli, R.; Reginster, J.Y. European guidance for the diagnosis and management of osteoporosis in
postmenopausal women. Osteoporos. Int. 2019, 30, 3–44. [CrossRef]

6. Levis, S.; Lagari, V.S. The role of diet in osteoporosis prevention and management. Curr. Osteoporos. Rep. 2012, 10, 296–302.
[CrossRef]

7. Tangestani, H.; Djafarian, K.; Emamat, H.; Arabzadegan, N.; Shab-Bidar, S. Efficacy of vitamin D fortified foods on bone mineral
density and serum bone biomarkers: A systematic review and meta-analysis of interventional studies. Crit. Rev. Food Sci. Nutr.
2020, 60, 1094–1103. [CrossRef]

8. Bolland, M.J.; Leung, W.; Tai, V.; Bastin, S.; Gamble, G.D.; Grey, A.; Reid, I.R. Calcium intake and risk of fracture: Systematic
review. BMJ 2015, 351, h4580. [CrossRef]

9. Bolland, M.J.; Grey, A.; Avenell, A. Effects of vitamin D supplementation on musculoskeletal health: A systematic review,
meta-analysis, and trial sequential analysis. Lancet Diabetes Endocrinol. 2018, 6, 847–858. [CrossRef]

10. Zhang, Y.; Liu, Z.; Duan, L.; Ji, Y.; Yang, S.; Zhang, Y.; Li, H.; Wang, Y.; Wang, P.; Chen, J.; et al. Effect of Low-Dose Vitamin K2
Supplementation on Bone Mineral Density in Middle-Aged and Elderly Chinese: A Randomized Controlled Study. Calcif. Tissue
Int. 2020, 106, 476–485. [CrossRef]

11. Torre, E. Molecular signaling mechanisms behind polyphenol-induced bone anabolism. Phytochem. Rev. 2017, 16, 1183–1226.
[CrossRef] [PubMed]

12. Qiu, R.; Cao, W.T.; Tian, H.Y.; He, J.; Chen, G.D.; Chen, Y.M. Greater intake of fruit and vegetables is associated with greater bone
mineral density and lower osteoporosis risk in middle-aged and elderly adults. PLoS ONE 2017, 12, e0168906. [CrossRef]

13. Jamal, R.; LaCombe, J.; Patel, R.; Blackwell, M.; Thomas, J.R.; Sloan, K.; Wallace, J.M.; Roper, R.J. Increased dosage and treatment
time of Epigallocatechin-3-gallate (EGCG) negatively affects skeletal parameters in normal mice and Down syndrome mouse
models. PLoS ONE 2022, 17, e0264254. [CrossRef] [PubMed]

14. Martiniakova, M.; Babikova, M.; Mondockova, V.; Blahova, J.; Kovacova, V.; Omelka, R. The Role of Macronutrients, Micronutri-
ents and Flavonoid Polyphenols in the Prevention and Treatment of Osteoporosis. Nutrients 2022, 14, 523. [CrossRef]

15. Nash, L.A.; Ward, W.E. Tea and bone health: Findings from human studies, potential mechanisms, and identification of knowledge
gaps. Crit. Rev. Food Sci. Nutr. 2017, 57, 1603–1617. [CrossRef]

16. Duan, P.; Zhang, J.; Chen, J.; Liu, Z.; Guo, P.; Li, X.; Li, L.; Zhang, Q. Oolong tea drinking boosts calcaneus bone mineral density in
postmenopausal women: A population-based study in southern China. Arch. Osteoporos. 2020, 15, 1–10. [CrossRef] [PubMed]

17. Chen, B.; Shi, H.F.; Wu, S.C. Tea consumption didn’t modify the risk of fracture: A dose-response meta-analysis of observational
studies. Diagn. Pathol. 2014, 9, 44. [CrossRef] [PubMed]

18. Di Iorio, A.; Abate, M.; Bandinelli, S.; Barassi, G.; Cherubini, A.; Andres-Lacueva, C.; Zamora-Ros, R.; Paganelli, R.; Volpato, S.;
Ferrucci, L.; et al. Total urinary polyphenols and longitudinal changes of bone properties. The InCHIANTI study. Osteoporos. Int.
2020, 32, 353–362. [CrossRef]

19. Ferrucci, L.; Bandinelli, S.; Benvenuti, E.; Di Iorio, A.; Macchi, C.; Harris, T.B.; Guralnik, J.M. Subsystems Contributing to the
Decline in Ability to Walk: Bridging the Gap Between Epidemiology and Geriatric Practice in the InCHIANTI Study. J. Am.
Geriatr. Soc. 2000, 48, 1618–1625. [CrossRef]

20. Pisani, P. Relative validity and reproducibility of a food frequency dietary questionnaire for use in the Italian EPIC centres. Int. J.
Epidemiol. 1997, 26, 152–160. [CrossRef]

21. Bartali, B.; Turrini, A.; Salvini, S.; Lauretani, F.; Russo, C.R.; Corsi, A.M.; Bandinelli, S.; D’Amicis, A.; Palli, D.;
Guralnik, J.M.; et al. Dietary intake estimated using different methods in two Italian older populations. Arch. Gerontol.
Geriatr. 2003, 38, 51–60. [CrossRef]

22. Zamora-Ros, R.; Achaintre, D.; Rothwell, J.A.; Rinaldi, S.; Assi, N.; Ferrari, P.; Leitzmann, M.; Boutron-Ruault, M.C.;
Fagherazzi, G.; Auffret, A.; et al. Urinary excretions of 34 dietary polyphenols and their associations with lifestyle factors in the
EPIC cohort study. Sci. Rep. 2016, 6, 26905. [CrossRef] [PubMed]

23. Zamora-Ros, R.; Rabassa, M.; Cherubini, A.; Urpi-Sarda, M.; Llorach, R.; Bandinelli, S.; Ferrucci, L.; Andres-Lacueva, C.
Comparison of 24-hour volume and creatinine-corrected total urinary polyphenol as a biomarker of total dietary polyphenols in
the Invecchiare InCHIANTI study. Anal. Chim. Acta 2011, 704, 110–115. [CrossRef] [PubMed]

24. Semba, R.D.; Ferrucci, L.; Bartali, B.; Urpí-Sarda, M.; Zamora-Ros, R.; Sun, K.; Cherubini, A.; Bandinelli, S.; Andres-Lacueva, C.
Resveratrol Levels and All-Cause Mortality in Older Community-Dwelling Adults. JAMA Intern. Med. 2014, 174, 1077–1084.
[CrossRef] [PubMed]

25. Capozza, R.F.; Feldman, S.; Mortarino, P.; Reina, P.S.; Schiessl, H.; Rittweger, J.; Ferretti, J.L.; Cointry, G.R. Structural analysis of
the human tibia by tomographic (pQCT) serial scans. J. Anat. 2010, 216, 470–481. [CrossRef]

26. Garasto, S.; Fusco, S.; Corica, F.; Rosignuolo, M.; Marino, A.; Montesanto, A.; De Rango, F.; Maggio, M.; Mari, V.;
Corsonello, A.; et al. Estimating Glomerular Filtration Rate in Older People. Biomed Res. Int. 2014, 2014, 1–12. [CrossRef]

27. Guralnik, J.M.; Ferrucci, L.; Simonsick, E.M.; Salive, M.E.; Wallace, R.B. Lower-extremity function in persons over the age of 70
years as a predictor of subsequent disability. N. Engl. J. Med. 1995, 332, 556–562. [CrossRef]

28. Sacco, S.M.; Horcajada, M.N.; Offord, E. Phytonutrients for bone health during ageing. Br. J. Clin. Pharmacol. 2013, 75, 697–707.
[CrossRef]

29. Byberg, L.; Bellavia, A.; Larsson, S.C.; Orsini, N.; Wolk, A.; Michaëlsson, K. Mediterranean Diet and Hip Fracture in Swedish Men
and Women. J. Bone Miner. Res. 2016, 31, 2098–2105. [CrossRef]

http://doi.org/10.1007/s00198-018-4704-5
http://doi.org/10.1007/s11914-012-0119-y
http://doi.org/10.1080/10408398.2018.1558172
http://doi.org/10.1136/bmj.h4580
http://doi.org/10.1016/S2213-8587(18)30265-1
http://doi.org/10.1007/s00223-020-00669-4
http://doi.org/10.1007/s11101-017-9529-x
http://www.ncbi.nlm.nih.gov/pubmed/29200988
http://doi.org/10.1371/journal.pone.0168906
http://doi.org/10.1371/journal.pone.0264254
http://www.ncbi.nlm.nih.gov/pubmed/35196359
http://doi.org/10.3390/nu14030523
http://doi.org/10.1080/10408398.2014.1001019
http://doi.org/10.1007/s11657-020-00723-6
http://www.ncbi.nlm.nih.gov/pubmed/32189157
http://doi.org/10.1186/1746-1596-9-44
http://www.ncbi.nlm.nih.gov/pubmed/24588938
http://doi.org/10.1007/s00198-020-05585-9
http://doi.org/10.1111/j.1532-5415.2000.tb03873.x
http://doi.org/10.1093/ije/26.suppl_1.S152
http://doi.org/10.1016/S0167-4943(03)00084-0
http://doi.org/10.1038/srep26905
http://www.ncbi.nlm.nih.gov/pubmed/27273479
http://doi.org/10.1016/j.aca.2011.07.035
http://www.ncbi.nlm.nih.gov/pubmed/21907027
http://doi.org/10.1001/jamainternmed.2014.1582
http://www.ncbi.nlm.nih.gov/pubmed/24819981
http://doi.org/10.1111/j.1469-7580.2009.01201.x
http://doi.org/10.1155/2014/916542
http://doi.org/10.1056/NEJM199503023320902
http://doi.org/10.1111/bcp.12033
http://doi.org/10.1002/jbmr.2896


Nutrients 2022, 14, 4754 11 of 11

30. Hooshmand, S.; Kern, M.; Metti, D.; Shamloufard, P.; Chai, S.C.; Johnson, S.A.; Payton, M.E.; Arjmandi, B.H. The effect of two
doses of dried plum on bone density and bone biomarkers in osteopenic postmenopausal women: A randomized, controlled trial.
Osteoporos. Int. 2016, 27, 2271–2279. [CrossRef]

31. Schuit, S.; Van Der Klift, M.; Weel, A.; de Laet, C.; Burger, H.; Seeman, E.; Hofman, A.; Uitterlinden, A.; Van Leeuwen, J.; Pols, H.
Fracture incidence and association with bone mineral density in elderly men and women: The Rotterdam Study. Bone 2004, 34,
195–202. [CrossRef] [PubMed]

32. Ornstrup, M.J.; Brüel, A.; Thomsen, J.S.; Harsløf, T.; Langdahl, B.L.; Pedersen, S.B. Long-Term High-Dose Resveratrol Supplemen-
tation Reduces Bone Mass and Fracture Strength in Rats. Calcif. Tissue Int. 2017, 102, 337–347. [CrossRef]

33. Arjmandi, B.H.; Johnson, S.A.; Pourafshar, S.; Navaei, N.; George, K.S.; Hooshmand, S.; Chai, S.C.; Akhavan, N.S. Bone-protective
effects of dried plum in postmenopausal women: Efficacy and possible mechanisms. Nutrients 2017, 9, 496. [CrossRef] [PubMed]

34. Bo, S.; Gambino, R.; Ponzo, V.; Cioffi, I.; Goitre, I.; Evangelista, A.; Ciccone, G.; Cassader, M.; Procopio, M. Effects of resveratrol
on bone health in type 2 diabetic patients. A double-blind randomized-controlled trial. Nutr. Diabetes 2018, 106, 1292–1299.
[CrossRef] [PubMed]

35. Ahmed, S.; Hasan, M.M.; Khan, H.; Mahmood, Z.A.; Patel, S. The mechanistic insight of polyphenols in calcium oxalate
urolithiasis mitigation. Biomed. Pharmacother. 2018, 106, 1292–1299. [CrossRef]

36. Kurajoh, M.; Inaba, M.; Nagata, Y.; Yamada, S.; Imanishi, Y.; Emoto, M. Association of cystatin C- and creatinine-based eGFR with
osteoporotic fracture in Japanese postmenopausal women with osteoporosis: Sarcopenia as risk for fracture. J. Bone Miner. Metab.
2018, 37, 282–291. [CrossRef]

37. Asis, M.; Hemmati, N.; Moradi, S.; Nagulapalli Venkata, K.C.; Mohammadi, E.; Farzaei, M.H.; Bishayee, A. Effects of resveratrol
supplementation on bone biomarkers: A systematic review and meta-analysis. Ann. N. Y. Acad. Sci. 2019, 1457, 92–103. [CrossRef]

38. Cladis, D.P.; Debelo, H.; Lachcik, P.J.; Ferruzzi, M.G.; Weaver, C.M. Increasing Doses of Blueberry Polyphenols Alters Colonic
Metabolism and Calcium Absorption in Ovariectomized Rats. Mol. Nutr. Food Res. 2020, 64, e2000031. [CrossRef]

39. Bhattoa, H.P.; Cavalier, E.; Eastell, R.; Heijboer, A.C.; Jørgensen, N.R.; Makris, K.; Ulmer, C.Z.; Kanis, J.A.; Cooper, C.;
Silverman, S.L.; et al. Analytical considerations and plans to standardize or harmonize assays for the reference bone turnover
markers PINP and β-CTX in blood. Clin. Chim. Acta. 2021, 515, 16–20. [CrossRef]

http://doi.org/10.1007/s00198-016-3524-8
http://doi.org/10.1016/j.bone.2003.10.001
http://www.ncbi.nlm.nih.gov/pubmed/14751578
http://doi.org/10.1007/s00223-017-0344-6
http://doi.org/10.3390/nu9050496
http://www.ncbi.nlm.nih.gov/pubmed/28505102
http://doi.org/10.1038/s41387-018-0059-4
http://www.ncbi.nlm.nih.gov/pubmed/30237505
http://doi.org/10.1016/j.biopha.2018.07.080
http://doi.org/10.1007/s00774-018-0913-4
http://doi.org/10.1111/nyas.14226
http://doi.org/10.1002/mnfr.202000031
http://doi.org/10.1016/j.cca.2020.12.023

	Introduction 
	Materials and Methods 
	Samples 
	Dietary Assessment 
	Urinary Total Polyphenols (UTPs) 
	Tibial pQCT 
	Covariates 
	Laboratory Tests 
	Physical Performance and Strength 

	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

