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Abstract: Recent evidence has indicated that fibroblast growth factor 21 (FGF21) regulates longitudinal
bone growth, with increased FGF21 levels leading to bone loss. The present study evaluated the
relationship between bone mineral density (BMD) and serum FGF21 levels in patients undergoing
hemodialysis (HD). We analyzed blood samples from 95 patients undergoing HD and measured
BMD using dual-energy X-ray absorptiometry of the lumbar vertebrae (L2–L4). Serum FGF21
concentrations were determined using a commercially available enzyme-linked immunosorbent
assay kit. Thirteen (11.6%) patients were found to have osteoporosis, 27 (28.4%) osteopenia, and 57
patients had normal BMD. Advanced age and decreased body mass index, height, body weight, waist
circumference, and triglyceride level were associated with lower lumbar T-scores, as were increased
alkaline phosphatase, urea reduction rate, fractional clearance index for urea, and FGF21 levels. Low
log-FGF21, increased body mass index, increased pre-HD body weight, and increased logarithmically
transformed triglycerides (log-TG) were found to be significantly and independently associated
with lumbar BMD by multivariate forward stepwise linear regression analysis with adjustment for
significant confounders. We conclude that high serum FGF21 level is negatively associated with BMD
in patients undergoing HD.
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1. Introduction

Chronic kidney disease–mineral bone disorder (CKD-MBD) is a common systemic disorder
which occurs in the context of end-stage renal disease (ESRD) and manifests as mineral metabolism
dysregulation, damage to bone structure, and vascular calcification [1]. As CKD progresses, the elevation
of serum fibroblast growth factor 23 (FGF23) leads to suppression calcitriol production, consequently
inducing hypocalcaemia and stimulating parathyroid hormone (PTH) secretion, ultimately resulting
in decreased bone mineral density (BMD) [2]. This is associated with severe complications such as
fracture, stroke, cardiovascular disease, and mortality [1,2]. Prior to beginning dialysis, 50% of patients
with CKD will experience fracture [3,4]. Furthermore, patients with ESRD or young patients with CKD
are at a higher risk of fractures [5].

Fibroblast growth factor 21 (FGF21) is a peptide hormone mainly secreted by the liver and brown
adipose tissue [6], with potential clinical utility as a therapeutic approach for metabolic diseases due to
its enhancement of insulin sensitivity and weight loss [7–9]. One study on mice showed that weekly
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injection of FGF21 increases bone resorption and decreases bone formation [10]. In rats fed a high-fat
diet, daily injections of FGF21 reduced trabecular volumetric BMD, bone volume, and thickness of
the tibia [11]. Another study indicated that systemic FGF21 downregulates bone formation during
lactation in mice [12]. However, the relationship between FGF21 and human bone remains unclear.
Given that FGF21 might influence BMD, our study aimed to identify the association between FGF21
with BMD in patients undergoing hemodialysis (HD).

2. Materials and Methods

2.1. Patients

We invited all patients in our HD unit above 50 years of age, undergoing 4 h dialysis three times a
week for more than 3 months between June 2015 and August 2015 to participate in the study. Exclusion
criteria were active infection, pulmonary edema, acute exacerbation of heart failure, acute myocardial
infarction, malignancy, regular use of osteoporosis drugs (teriparatide, bisphosphonates, estrogen), and
history of lumbar vertebrae surgery. The study and all its protocols were approved by the Protection
of Human Subjects Institutional Review Board of Tzu-Chi University and Hospital (IRB106-62-B).
The patients were excluded if they did not provide the written informed consent. The Kt/V and urea
reduction ratio (URR) were measured using the single-compartment dialysis urea kinetic model.

2.2. Anthropometric Analysis

Body height was measured to the nearest 0.5 cm. Waist circumference was measured at the
smallest point between the lower rib margin and the iliac crest, to the nearest 0.5 cm. Pre- and post-HD
body weights were recorded to the nearest 0.5 kg with the patient in light clothing and without shoes.
Body mass index (BMI) was calculated as weight (kg) divided by height squared (m). A single operator
performed all the measurements [13–15].

2.3. Biochemical Analyses

Before HD, 5 mL of blood was collected from each patient and immediately centrifuged at 3000×
g for 10 min. Serum samples were stored at 4 ◦C within 1 h of collection. We measured serum levels
of total calcium, phosphorus, alkaline phosphatase (ALP), albumin, globulin, creatinine (Cre), blood
urea nitrogen, glucose, total cholesterol (TCH), and triglycerides (TG) on an autoanalyzer (Siemens
Advia 1800; Siemens Healthcare GmbH, Henkestr, Germany). Intact parathyroid hormone levels
(iPTH) were tested using an autoanalyzer (Siemens Advia Centaur XP Immunoassay System; Siemens
Healthcare GmbH). Serum intact FGF21 levels were measured using an enzyme-linked immunosorbent
assay (ELISA) kit (Phoenix Pharmaceuticals, Inc. Burlingame, CA, USA). Briefly, the human FGF21
in the sample or in the standard solution can bind to the capture antibody immobilized in the wells.
A standard curve of human FGF21 with known concentration can be established accordingly. The
human FGF21 with unknown concentration in samples can be determined by extrapolation to this
standard curve. Reactions were quantified by absorbance optical density using an automated ELISA
reader (Sunrise, Tecan Co., Grödingen, Austria) at 450 nm wavelength. The intra-assay and inter-assay
coefficient of variation in the measurement for FGF21 level was 3.5% and 5.2%, respectively.

2.4. Bone Mineral Density Measurement

Patients underwent BMD examination after blood sampling. Lumbar vertebrae (L1–L4) BMD was
measured using dual-energy X-ray absorptiometry (QDR 4500; Hologic Inc., MA, USA). The T-score
was defined as the number of standard deviations (SDs) from the mean BMD of gender-matched
young control subjects, while Z-scores report the SDs matched by gender, age, weight, and ethnicity.
According to World Health Organization criteria, osteoporosis was defined as a lumbar BMD T-score
of ≤ −2.5 and osteopenia as T-score of −1.0 to > −2.5 [14].
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2.5. Statistical Analysis

All statistical analyses were carried out using SPSS for Windows (version 19.0; SPSS Inc., Chicago,
IL, USA). Data distribution was evaluated using the Kolmogorov–Smirnov test; normally distributed
data are expressed as means ± SD, while non-normally distributed data are expressed as medians and
interquartile ranges. Categorical data are expressed as the number of patients and was analyzed using
the χ2 test. The significance of differences between groups (normal, osteopenia, and osteoporosis) was
determined using the Kruskal–Wallis test for parameters with non-normal distributions and one-way
analysis of variance for normally distributed data. The duration of HD and levels of TG, glucose, ALP,
iPTH, and FGF21 exhibited skewed, non-normal data distributions. Therefore, these were transformed
to the logarithm to the base 10. After transformation, log-HD duration, log-TG, log-glucose, log-ALP,
log-iPTH, and log-FGF21 became normally distributed. Clinical variables that were correlated with
lumbar BMD in patients undergoing HD were evaluated by univariable linear regression analysis
and multivariate forward stepwise regression analysis. A two-tailed p-value of <0.05 was considered
statistically significant.

3. Results

In total, 95 patients using the same high-flux polysulfone disposable artificial kidney (FX class
dialyzer; Fresenius Medical Care, Bad Homburg, Germany) were enrolled (50 males and 45 females).
The subjects ranged in age from 50 to 85 years. Table 1 shows baseline demographics and laboratory
data classified by lumbar BMD group (normal, n = 57; osteopenia, n = 27; osteoporosis, n = 11).
Advanced age (p = 0.001), low body height (p = 0.002), low pre- and post-HD body weight (p < 0.001),
low BMI (p = 0.008), small waist circumference (p = 0.005), low serum TG level (p = 0.027), high serum
ALP level (p = 0.022), high URR (p = 0.009), high Kt/V (p = 0.015), and high serum FGF21 level (p < 0.001)
were found to be associated with lower lumbar T-score.

Table 2 details the lumbar BMD values according to sex, comorbidities of diabetes mellitus (DM)
and hypertension, and use of anti-hypertensive agents. The BMD was significantly lower among
females than males (p = 0.001). Lumbar BMD did not differ statistically according to presence of DM or
hypertension or the use of ACEi, angiotensin receptor blockers, β-blockers, calcium-channel blockers,
statins, or fibrates.

We further examined the correlations of lumbar BMD with several factors by univariable linear
analysis (Table 3) and found height (r = 0.423, p < 0.001), pre-HD body weight (r = 0.423, p < 0.001),
post-HD body weight (r = 0.420, p < 0.001), waist circumference (r = 0.223, p = 0.030), BMI (r = 0.269,
p = 0.008), log-TG (r = 0.315, p = 0.002), and serum Cre level (r = 0.228, p = 0.026) to be positively
correlated; age (r =−0.354, p < 0.001), log-ALP level (r = –0.223, p = 0.030), total calcium level (r = −0.221,
p = 0.032), URR (r = −0.302, p = 0.003), Kt/V (r = −0.299, p = 0.003), and serum FGF21 level (r = −0.477,
p < 0.001) were found to be negatively correlated with lumbar BMD. Lastly, multivariate forward
stepwise linear regression analysis of the siginificant variables (gender, age, height, pre-HD body
weight, waist circumference, BMI, log-TG, Cre, log-ALP, total calcium, log-FGF21, URR, and Kt/V)
showed low log-FGF21, high pre-HD body weight, and high log-TG to be associated with lumbar BMD
in HD patients.
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Table 1. Baseline characteristics by categories of bone density in our study.

Characteristics All Patients (n = 95) Normal (n = 57) Osteopenia (n = 27) Osteoporosis (n = 11) p Value

Age (years) 66.29 ± 9.98 63.65 ± 8.84 70.85 ± 8.55 68.82 ± 6.82 0.001 *
Hemodialysis duration

(months) 50.28 (21.60–104.64) 47.52 (19.26–96.00) 55.68 (24.24–105.00) 89.04 (35.40–190.80) 0.093

Height (cm) 159.86 ± 8.24 162.23 ±7.32 156.67 ± 7.96 155.45 ± 9.62 0.002 *
Pre-HD body weight (kg) 63.54 ± 14.21 67.54 ± 13.77 60.22 ± 13.16 50.96 ± 9.54 <0.001 *
Post-HD body weight (kg) 61.49 ± 13.83 65.32 ± 13.26 58.43 ± 13.12 49.13 ± 9.43 <0.001 *
Waist circumference (cm) 91.64 ± 11.70 93.82 ± 11.76 91.15 ± 9.54 81.55 ± 11.65 0.005 *
Body mass index (kg/m2) 24.98 ± 4.74 25.88 ± 4.80 24.62 ± 4.57 21.18 ± 2.60 0.008 *

Bone mineral density (g/cm2) 0.90 ± 0.20 1.02 ± 0.14 0.75 ± 0.09 0.60 ± 0.08 <0.001 *
Lumbar T-score −0.69 ± 1.49 0.27 ±1.02 −1.81 ± 0.51 −2.92 ± 0.39 <0.001 *
Lumbar Z-score 0.21 ± 1.25 0.84 ± 0.92 −0.37 ± 0.92 −1.57 ± 1.01 <0.001 *

Systolic blood pressure
(mmHg) 142.57 ± 27.60 144.79 ± 26.34 144.37 ± 29.20 126.64 ± 27.25 0.125

Diastolic blood pressure
(mmHg) 75.85 ± 14.95 77.30 ± 15.21 76.93 ± 14.97 65.73 ± 9.83 0.056

Total cholesterol (mg/dL) 141.56 ± 33.92 138.84 ± 36.04 145.33 ± 28.94 146.36 ± 35.47 0.636
Triglyceride (mg/dL) 112.00 (84.00–176.00) 127.00 (94.00–206.00) 105.00 (87.00–150.00) 83.00 (58.00–107.00) 0.027 *

Glucose (mg/dL) 138.00
(110.00–185.00)

143.00
(112.50–196.00)

132.00
(110.00–185.00) 121.00 (103.00–136.00) 0.059

Albumin (mg/dL) 4.11 ± 0.42 4.14 ± 0.32 4.12 ± 0.41 3.94 ± 0.79 0.355
Globulin (mg/dL) 3.15 ± 0.57 3.12 ± 0.48 3.18 ± 0.72 3.21 ± 0.61 0.820

Blood urea nitrogen (mg/dL) 59.23 ± 14.83 58.72 ± 13.67 59.56 ± 15.80 61.09 ± 19.11 0.883
Creatinine (mg/dL) 9.25 ± 1.98 9.62 ± 1.93 8.89 ± 1.96 8.27 ± 1.98 0.061

Alkaline phosphatase (U/L) 79.00 (63.00–107.00) 75.00 (61.00–97.50) 86.00 (72.00–124.00) 107.00 (79.00–127.00) 0.022 *
Total calcium (mg/dL) 9.00 ± 0.70 8.85 ± 0.65 9.22 ± 0.67 9.19 ± 0.93 0.054
Phosphorus (mg/dL) 4.57 ± 1.23 4.68 ± 1.13 4.53 ± 1.42 4.12 ± 1.25 0.385

Intact parathyroid hormone
(pg/mL) 192.90 (58.50–354.10) 184.10 (68.10–272.80) 286.70 (56.70–466.70) 283.50 (58.50–341.10) 0.347

Fibroblast growth factor 21
(pg/mL)

998.24
(604.73–2239.39)

753.49
(493.13–1369.95)

1530.79
(873.18–2392.24)

3475.84
(3289.67–4099.43) <0.001 *

Urea reduction rate 0.73 ± 0.04 0.72 ± 0.04 0.74 ± 0.04 0.76± 0.03 0.009 *
Kt/V (Gotch) 1.33 ± 0.16 1.29 ± 0.15 1.37 ± 0.16 1.42 ± 0.14 0.015 *

Values for continuous variables given as means ± standard deviation and test by one-way analysis of variance;
variables not normally distributed given as medians and interquartile range and test by Kruskal–Wallis analysis. * p
< 0.05 was considered statistically significant after Kruskal–Wallis analysis or one-way analysis of variance. HD,
hemodialysis; Kt/V, fractional clearance index for urea.

Table 2. Clinical characteristics and lumbar bone mineral density levels of the 95 hemodialysis patients.

Characteristic Number (%) Lumbar BMD (g/cm2) p Value

Gender
Male 50 (52.6) 0.96 ± 0.20 0.001*

Female 45 (47.4) 0.83 ± 0.18

Diabetes
No 47 (49.5) 0.86 ± 0.20

0.086Yes 48 (50.5) 0.93 ± 0.20

Hypertension No 49 (51.6) 0.90 ± 0.20
0.877Yes 46 (48.4) 0.89 ± 0.21

ACE inhibitor
or ARB use

No 73 (76.8) 0.90 ± 0.20
0.820Yes 22 (23.2) 0.91 ± 0.22

β-blocker use No 63 (66.3) 0.89 ± 0.22
0.662Yes 32 (33.7) 0.91 ± 0.17

CCB use
No 64 (67.4) 0.89 ± 0.20

0.547Yes 31 (32.6) 0.92 ± 0.20

Statin use
No 78 (82.1) 0.89 ± 0.20

0.702Yes 17 (17.9) 0.91 ± 0.22

Fibrate use
No 84 (88.4) 0.90 ± 0.20

0.853Yes 11 (11.6) 0.89 ± 0.24

Data are expressed as means ± standard deviation and test by Student’s t-test. * p < 0.05 was considered statistically
significan. BMD, bone mineral density; ARB, angiotensin-receptor blocker; ACE, angiotensin-converting enzyme;
CCB, calcium-channel blocker.
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Table 3. Correlation of lumbar bone mineral density levels and clinical variables by simple regression
or multivariable linear regression analyses among the 95 hemodialysis patients.

Variables
Lumbar Bone Mineral Density (g/cm2)

Univariate Regression Multivariable Regression

r p Value Beta Adjusted R2 Change p Value

Age (years) −0.354 <0.001 * – – –
Log-HD duration (months) −0.133 0.200 – – –
Height (cm) 0.423 <0.001 * – – –
Pre-HD body weight (kg) 0.423 <0.001 * 0.616 0.117 0.001 *
Waist circumference (cm) 0.223 0.030 * – – –
Body mass index (kg/m2) 0.269 0.008 * 0.396 0.028 0.028 *
Systolic blood pressure (mmHg) 0.078 0.453 – – –
Diastolic blood pressure
(mmHg) 0.085 0.415 – – –

Total cholesterol (mg/dL) 0.080 0.442 – – –
Log-Triglyceride (mg/dL) 0.315 0.002 * 0.268 0.036 0.003 *
Log-Glucose (mg/dL) 0.159 0.123 – – –
Albumin (mg/dL) 0.169 0.101 – – –
Globulin (mg/dL) −0.059 0.571 – – –
Blood urea nitrogen (mg/dL) −0.032 0.756 – – –
Creatinine (mg/dL) 0.228 0.026 * – – –
Log-Alkaline phosphatase (U/L) −0.223 0.030 * – – –
Total calcium (mg/dL) −0.221 0.032 * – – –
Phosphorus (mg/dL) 0.102 0.327 – – –
Log-iPTH (pg/mL) −0.122 0.240 – – –
Log-FGF21 (pg/mL) −0.477 <0.001 * −0.392 0.219 <0.001 *
Urea reduction rate −0.302 0.003 * – – –
Kt/V (Gotch) −0.299 0.003 * – – –

Data of HD duration, triglyceride, glucose, alkaline phosphatase, iPTH, and FGF21 showed skewed distribution and
therefore were log-transformed before analysis. Analysis of data was done using the univariate linear regression
analyses or multivariate stepwise linear regression analysis (adapted factors were female, age, height, pre-HD
body weight, waist circumference, BMI, log-TG, creatinine, log-alkaline phosphatase, total calcium, log-FGF21,
urea reduction rate, and Kt/V). * p < 0.05 was considered statistically significant. HD, hemodialysis; iPTH, intact
parathyroid hormone; FGF21, fibroblast growth factor 21; Kt/V, fractional clearance index for urea.

4. Discussion

The results presented here show that the serum levels of FGF21 are significantly negatively
correlated with BMD in patients undergoing hemodialysis, as are age, ALP, URR, and Kt/V. In contrast,
pre- and post-dialysis height and weight, BMI, waist circumference, and TG level were found to be
positively associated with BMD.

To date, there is limited information on the relationship between FGF21 and bone density.
Through animal experiments, Wang et al. demonstrated that FGF21 upregulates the secretion
of a pro-osteoclastogenic liver hormone, which binds to osteoclast precursors and promotes
osteoclast differentiation. Similarly, to this receptor activator of nuclear factor-κB ligand
(RANKL)-stimulated effect, FGF21 is known to induce bone resorption [16]. Furthermore, Wei
et al. proposed that FGF21 potentiates the activity of peroxisome proliferator-activated receptor γ

(PPAR-γ), consequently stimulating adipogenesis and inhibiting osteoblastogenesis of bone marrow
mesenchymal stem cells [17]. Thus, FGF21 causes bone loss in rodents either by increasing osteoclasts
or decreasing osteoblasts.

With regards to human studies, a cross-sectional study involving patients with type 2 DM
revealed FGF21 to be negatively associated with procollagen type 1 amino-terminal propeptide (P1NP),
a biomarker of bone formation [18]. Furthermore, a positive correlation has been reported between
FGF21 and bone resorption biomarkers in patients with human immunodeficiency virus (HIV) [19].
While these findings are consistent with those of the present study, FGF21 has been reported to
be positively associated with BMD in women, mostly premenopausal, from a small observational
study [20]. The discrepancy may be attributed to differences in estrogen levels; estradiol regulates the
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physiological function of brown adipose tissue (BAT) [21,22], and FGF21 is primarily secreted from
BAT. The mean age of participants in the present study was over fifty years old, and most of women
were post-menopausal.

Alkaline phosphatase is a marker of bone turnover and vascular calcification in patients with
CKD and was found to be negatively correlated with BMD in our study. A cross-sectional study
involving 157 patients on HD in California reported the same result [23]. In a recent longitudinal study,
this negative correlation was observed to extend to 24 months [24].

We identified a significant negative correlation between BMD and Kt/V, which are parameters of
HD clearance. Another study found a similar correlation with near significance [23], and reported
that patients with high BMI, which is associated with improved bone density, had higher volume
distribution in the Kt/V calculation, thus a lower Kt/V level. This led to the bias of higher clearance ratio
being associated with more severe bone loss. However, there is little information available regarding
the effect of dialysis clearance on BMD, and the precise relationship between URR, Kt/V, and BMD
remains to be clarified.

Overall, we identified a negative correlation between BMD and age, which reflects age-related
osteoporosis, and BMD was significantly lower among postmenopausal females than males due to
estrogen deficiency [25]. Parameters associated with higher body mass such as height, weight, BMI,
and waist circumference were found to have a positive correlation with BMD. Increased lean body
mass increases mechanical loading, which has positive impacts in bone formation [26]. However,
increased BMI above normal may still have positive effect on BMD that may disappear in obesity [27].
Visceral obesity and systemic inflammation by higher BMI appear to impair the protection of weight
on bone, leading to bone loss [28].

PTH plays a major role in the regulation of bone remodeling. Levels of iPTH have been reported
to be negatively correlated with BMD among postmenopausal women [29,30]. In the context of ESRD,
PTH represents the spectrum between high turnover status and adynamic bone disease. In the present
study, iPTH was not found to correlate with BMD.

There are some limitations to our study which should be acknowledged. First, all patients
were Taiwanese individuals who were undergoing hemodialysis, therefore the results may not be
generalizable to other races or patients with CKD before renal replacement therapy. Second, serum
FGF21 concentration gradually increases as estimate glomerular filtration rates (eGFRs) decline from
early CKD to ESRD. Compared to the healthy population, the FGF21 levels were elevated 10 to 20 fold in
ESRD patients. Beyond the renal clearance, accumulation of FGF21 may contribute by insulin resistance,
chronic inflammation, and increased oxidative stress in uremic circumstances [31,32]. However, our
study did not measure insulin resistance, inflammation, and oxidative stress. Furthermore, BMD was
only measured in the lumbar region and no femoral measurements were taken. The BMD level may
be overestimated due to aortic calcification. Moreover, since this was cross-sectional study, it was
impossible to evaluate causal links between FGF21 and BMD.

To our best of our knowledge, this is the first study to investigate the relationship between FGF21
and BMD in hemodialysis populations. It provides a new approach for the prediction of comorbidities
and prognosis of CKD-MBD using FGF21. However, confirming the negative association between
FGF21 and BMD is only the first step, and future cohort studies or randomized control trials are
needed to confirm the nature of the cause and effect relationship. Furthermore, multicenter studies are
required in order to strengthen the generalizability of our results.

5. Conclusions

Our study demonstrates that serum FGF21 levels are significantly negatively associated with
BMD, while BMI, pre-HD body weight, and serum TG levels are significantly positively associated
with BMD in patients undergoing HD.

Author Contributions: Conceptualization, B.-G.H. and C.-H.K.; methodology, B.-G.H. and C.-H.K.; formal
analysis, B.-G.H. and C.-H.K.; investigation, C.-H.W., Y.-L.L., and Y.-H.L.; data curation, Y.-T.W., B.-G.H.,



Int. J. Environ. Res. Public Health 2020, 17, 1938 7 of 8

and C.-H.K.; funding acquisition, Y.-T.W.; writing—original draft preparation, Y.-T.W.; writing—review and
editing, B.-G.H. and C.-H.K.; supervision, B.-G.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by grants from Buddhist Tzu Chi Medical Foundation, Hualien, Taiwan
(TCMF-P 109-03). The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Acknowledgments: The authors would like to thank Enago (www.enago.tw) for the English language review.

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

References

1. Moe, S.; Drueke, T.; Cunningham, J.; Goodman, W.; Martin, K.; Olgaard, K.; Ott, S.; Sprague, S.; Lameire, N.;
Eknoyan, G.; et al. Definition, evaluation, and classification of renal osteodystrophy: A position statement
from Kidney Disease: Improving Global Outcomes (KDIGO). Kidney Int. 2006, 69, 1945–1953. [CrossRef]
[PubMed]

2. Hruska, K.A.; Seifert, M.; Sugatani, T. Pathophysiology of the chronic kidney disease-mineral bone disorder.
Curr. Opin. Nephrol. Hypertens. 2015, 24, 303–309. [CrossRef] [PubMed]

3. Hou, Y.C.; Lu, C.L.; Lu, K.C. Mineral bone disorders in chronic kidney disease. Nephrology 2018, 23, 88–94.
[CrossRef] [PubMed]

4. Mittalhenkle, A.; Gillen, D.L.; Stehman-Breen, C.O. Increased risk of mortality associated with hip fracture in
the dialysis population. Am. J. Kidney Dis. 2004, 44, 672–679. [CrossRef]

5. Bover, J.; Bailone, L.; López-Báez, V.; Benito, S.; Ciceri, P.; Galassi, A.; Cozzolino, M. Osteoporosis, bone
mineral density and CKD-MBD: Treatment considerations. J. Nephrol. 2017, 30, 677–687. [CrossRef] [PubMed]

6. Fisher, F.M.; Maratos-Flier, E. Understanding the Physiology of FGF21. Annu. Rev. Physiol. 2016, 78, 223–241.
[CrossRef] [PubMed]

7. Dong, J.Q.; Rossulek, M.; Somayaji, V.R.; Baltrukonis, D.; Liang, Y.; Hudson, K.; Hernandez-Illas, M.;
Calle, R.A. Pharmacokinetics and pharmacodynamics of PF-05231023, a novel long-acting FGF21 mimetic, in
a first-in-human study. Br. J. Clin. Pharmacol. 2015, 80, 1051–1063. [CrossRef]

8. Gaich, G.; Chien, J.Y.; Fu, H.; Glass, L.C.; Deeg, M.A.; Holland, W.L.; Kharitonenkov, A.; Bumol, T.;
Schilske, H.K.; Moller, D.E. The effects of LY2405319, an FGF21 analog, in obese human subjects with type 2
diabetes. Cell Metab. 2013, 18, 333–340. [CrossRef]

9. Talukdar, S.; Zhou, Y.; Li, D.; Rossulek, M.; Dong, J.; Somayaji, V.; Weng, Y.; Clark, R.; Lanba, A.;
Owen, B.M.; et al. A long-acting FGF21 molecule, PF-05231023, decreases body weight and improves lipid
profile in non-human primates and type 2 diabetic subjects. Cell Metab. 2016, 23, 427–440. [CrossRef]

10. Kim, A.M.; Somayaji, V.R.; Dong, J.Q.; Rolph, T.P.; Weng, Y.; Chabot, J.R.; Gropp, K.E.; Talukdar, S.; Calle, R.A.
Once-weekly administration of a long-acting fibroblast growth factor 21 analogue modulates lipids, bone
turnover markers, blood pressure and body weight differently in obese people with hypertriglyceridaemia
and in non-human primates. Diabetes Obes. Metab. 2017, 19, 1762–1772. [CrossRef]

11. Charoenphandhu, N.; Suntornsaratoon, P.; Krishnamra, N.; Sa-Nguanmoo, P.; Tanajak, P.; Wang, X.; Liang, G.;
Li, X.; Jiang, C.; Chattipakorn, N.; et al. Fibroblast growth factor-21 restores insulin sensitivity but induces
aberrant bone microstructure in obese insulin-resistant rats. J. Bone Miner. Metab. 2017, 35, 142–149.
[CrossRef]

12. Bornstein, S.; Brown, S.A.; Le, P.T.; Wang, X.; DeMambro, V.; Horowitz, M.C.; MacDougald, O.; Baron, R.;
Lotinun, S.; Karsenty, G.; et al. FGF-21 and skeletal remodeling during and after lactation in C57BL/6J mice.
Endocrinology 2014, 155, 3516–3526. [CrossRef] [PubMed]

13. Hsu, B.G.; Ho, G.J.; Lee, C.J.; Yang, Y.C.; Chen, Y.C.; Shih, M.H.; Lee, M.C. Inverse association of serum
long-acting natriuretic peptide and bone mineral density in renal transplant recipients. Clin. Transplant.
2012, 26, E105–E110. [CrossRef] [PubMed]

14. Tsai, J.P.; Lee, M.C.; Chen, Y.C.; Ho, G.J.; Shih, M.H.; Hsu, B.G. Hyperleptinemia is a risk factor for the
development of central arterial stiffness in kidney transplant patients. Transplant. Proc. 2015, 47, 1825–1830.
[CrossRef]

15. Tsai, J.P.; Wang, J.H.; Chen, M.L.; Yang, C.F.; Chen, Y.C.; Hsu, B.G. Association of serum leptin levels with
central arterial stiffness in coronary artery disease patients. BMC Cardiovasc. Disord. 2016, 16, 80. [CrossRef]

www.enago.tw
http://dx.doi.org/10.1038/sj.ki.5000414
http://www.ncbi.nlm.nih.gov/pubmed/16641930
http://dx.doi.org/10.1097/MNH.0000000000000132
http://www.ncbi.nlm.nih.gov/pubmed/26050115
http://dx.doi.org/10.1111/nep.13457
http://www.ncbi.nlm.nih.gov/pubmed/30298663
http://dx.doi.org/10.1016/S0272-6386(04)00958-8
http://dx.doi.org/10.1007/s40620-017-0404-z
http://www.ncbi.nlm.nih.gov/pubmed/28432640
http://dx.doi.org/10.1146/annurev-physiol-021115-105339
http://www.ncbi.nlm.nih.gov/pubmed/26654352
http://dx.doi.org/10.1111/bcp.12676
http://dx.doi.org/10.1016/j.cmet.2013.08.005
http://dx.doi.org/10.1016/j.cmet.2016.02.001
http://dx.doi.org/10.1111/dom.13023
http://dx.doi.org/10.1007/s00774-016-0745-z
http://dx.doi.org/10.1210/en.2014-1083
http://www.ncbi.nlm.nih.gov/pubmed/24914939
http://dx.doi.org/10.1111/j.1399-0012.2011.01575.x
http://www.ncbi.nlm.nih.gov/pubmed/22211802
http://dx.doi.org/10.1016/j.transproceed.2015.06.002
http://dx.doi.org/10.1186/s12872-016-0268-5


Int. J. Environ. Res. Public Health 2020, 17, 1938 8 of 8

16. Wang, X.; Wei, W.; Krzeszinski, J.Y.; Wang, Y.; Wan, Y. A liver-bone endocrine relay by IGFBP1 promotes
osteoclastogenesis and mediates FGF21-induced bone resorption. Cell Metab. 2015, 22, 811–824. [CrossRef]

17. Wei, W.; Dutchak, P.A.; Wang, X.; Ding, X.; Wang, X.; Bookout, A.L.; Goetz, R.; Mohammadi, M.; Gerard, R.D.;
Dechow, P.C.; et al. Fibroblast growth factor 21 promotes bone loss by potentiating the effects of peroxisome
proliferator-activated receptor gamma. Proc. Natl. Acad. Sci. USA 2012, 109, 3143–3148. [CrossRef]

18. Xu, L.; Niu, M.; Yu, W.; Xia, W.; Gong, F.; Wang, O. Associations between FGF21, osteonectin and bone
turnover markers in type 2 diabetic patients with albuminuria. J. Diabetes Complicat. 2017, 31, 583–588.
[CrossRef]

19. Gallego-Escuredo, J.M.; Lamarca, M.K.; Villarroya, J.; Domingo, J.C.; Mateo, M.G.; Gutierrez, M.D.M.; Vidal, F.;
Villarroya, F.; Domingo, P.; Giralt, M. High FGF21 levels are associated with altered bone homeostasis in
HIV-1-infected patients. Metabolism 2017, 71, 163–170. [CrossRef]

20. Lee, P.; Linderman, J.; Smith, S.; Brychta, R.J.; Perron, R.; Idelson, C.; Werner, C.D.; Chen, K.Y.; Celi, F.S.
Fibroblast growth factor 21 (FGF21) and bone: Is there a relationship in humans? Osteoporos. Int. 2013, 24,
3053–3057. [CrossRef]

21. Lizcano, F.; Guzman, G. Estrogen deficiency and the origin of obesity during menopause. Biomed. Res. Int.
2014, 2014, 757461. [CrossRef] [PubMed]

22. Martinez de Morentin, P.B.; Gonzalez-Garcia, I.; Martins, L.; Lage, R.; Fernandez-Mallo, D.;
Martinez-Sanchez, N.; Ruíz-Pino, F.; Liu, J.; Morgan, D.A.; Pinilla, L.; et al. Estradiol regulates brown adipose
tissue thermogenesis via hypothalamic AMPK. Cell Metab. 2014, 20, 41–53. [CrossRef] [PubMed]

23. Park, J.C.; Kovesdy, C.P.; Duong, U.; Streja, E.; Rambod, M.; Nissenson, A.R.; Sprague, S.M.; Kalantar-Zadeh, K.
Association of serum alkaline phosphatase and bone mineral density in maintenance hemodialysis patients.
Hemodial. Int. 2010, 14, 182–192. [CrossRef] [PubMed]

24. Bergman, A.; Qureshi, A.R.; Haarhaus, M.; Lindholm, B.; Barany, P.; Heimburger, O.; Stenvinkel, P.;
Anderstam, B. Total and bone-specific alkaline phosphatase are associated with bone mineral density over
time in end-stage renal disease patients starting dialysis. J. Nephrol. 2017, 30, 255–262. [CrossRef] [PubMed]

25. Seeman, E. Pathogenesis of bone fragility in women and men. Lancet 2002, 359, 1841–1850. [CrossRef]
26. Heidari, B.; Hosseini, R.; Javadian, Y.; Bijani, A.; Sateri, M.H.; Nouroddini, H.G. Factors affecting bone

mineral density in postmenopausal women. Arch. Osteoporos. 2015, 10, 15. [CrossRef]
27. Niels, C.M.; Srikanth, P.; Orwoll, E.S. Obesity and fracture in men and women: An epidemiologic perspective.

J. Bone Miner. Res. 2012, 27, 1–10. [CrossRef]
28. Palermo, A.; Tuccinardi, D.; Defeudis, G.; Watanabe, M.; D’Onofrio, L.; Lauria Pantano, A.; Napoli, N.;

Pozzilli, P.; Manfrini, S. BMI and BMD: The potential interplay between obesity and bone fragility. Int. J.
Environ. Res. Public Health 2016, 13, 544. [CrossRef]

29. Gao, C.; Qiao, J.; Li, S.S.; Yu, W.J.; He, J.W.; Fu, W.Z.; Zhang, Z.L. The levels of bone turnover markers
25(OH)D and PTH and their relationship with bone mineral density in postmenopausal women in a suburban
district in China. Osteoporos. Int. 2017, 28, 211–218. [CrossRef]

30. Mendes, M.M.; Hart, K.H.; Lanham-New, S.A.; Botelho, P.B. Association between 25-hydroxyvitamin
D, parathyroid hormone, vitamin D and calcium intake, and bone density in healthy adult women: A
cross-sectional analysis from the D-SOL Study. Nutrients 2019, 11, 1267. [CrossRef]

31. Suassuna, P.G.A.; de Paula, R.B.; Sanders-Pinheiro, H.; Moe, O.W.; Hu, M.C. Fibroblast growth factor 21 in
chronic kidney disease. J. Nephrol. 2019, 32, 365–377. [CrossRef] [PubMed]

32. Anuwatmatee, S.; Tang, S.; Wu, B.J.; Rye, K.A.; Ong, K.L. Fibroblast growth factor 21 in chronic kidney
disease. Clin. Chim. Acta 2019, 489, 196–202. [CrossRef] [PubMed]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cmet.2015.09.010
http://dx.doi.org/10.1073/pnas.1200797109
http://dx.doi.org/10.1016/j.jdiacomp.2016.11.012
http://dx.doi.org/10.1016/j.metabol.2017.03.014
http://dx.doi.org/10.1007/s00198-013-2464-9
http://dx.doi.org/10.1155/2014/757461
http://www.ncbi.nlm.nih.gov/pubmed/24734243
http://dx.doi.org/10.1016/j.cmet.2014.03.031
http://www.ncbi.nlm.nih.gov/pubmed/24856932
http://dx.doi.org/10.1111/j.1542-4758.2009.00430.x
http://www.ncbi.nlm.nih.gov/pubmed/20345388
http://dx.doi.org/10.1007/s40620-016-0292-7
http://www.ncbi.nlm.nih.gov/pubmed/26994005
http://dx.doi.org/10.1016/S0140-6736(02)08706-8
http://dx.doi.org/10.1007/s11657-015-0217-4
http://dx.doi.org/10.1002/jbmr.1486
http://dx.doi.org/10.3390/ijerph13060544
http://dx.doi.org/10.1007/s00198-016-3692-6
http://dx.doi.org/10.3390/nu11061267
http://dx.doi.org/10.1007/s40620-018-0550-y
http://www.ncbi.nlm.nih.gov/pubmed/30430412
http://dx.doi.org/10.1016/j.cca.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29108880
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patients 
	Anthropometric Analysis 
	Biochemical Analyses 
	Bone Mineral Density Measurement 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

