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Abstract: The pathophysiology of chronic kidney disease–mineral and bone disorder (CKD-MBD) is
complex and multifactorial. Recent studies have identified a link between microRNAs (miRNAs)
and bone loss. In this study, we investigated the expression of miRNAs in CKD-MBD. In this
case-control study, we included thirty patients with CKD-MBD (cases) and 30 age- and gender-matched
healthy individuals (controls). Bone mineral density (BMD) and trabecular bone score (TBS)
evaluation was performed with dual X-ray absorptiometry. The selected panel of miRNAs included:
hsa-miRNA-21-5p; hsa-miRNA-23a-3p; hsa-miRNA-24-2-5p; hsa-miRNA-26a-5p; hsa-miRNA-29a-3;
hsa-miRNA-124-3p; hsa-miRNA-2861. The majority of cases had low BMD values. The relative
expression of miRNA-21-5p was 15 times lower [fold regulation (FR): −14.7 ± 8.1, p = 0.034),
miRNA-124-3p, 6 times lower (FR:−5.9± 4, p = 0.005), and miRNA-23a-3p, 4 times lower (FR:−3.8± 2.0,
p = 0.036) in cases compared to controls. MiRNA-23a-3p was significantly and inversely correlated
with TBS, adjusted for calcium metabolism and BMD values (beta = −0.221, p = 0.003, 95% CI −0.360,
−0,081) in cases. In a receiver operating characteristic (ROC) analysis, expression of miRNA-124-3p
demonstrated 78% sensitivity and 83% specificity in identifying CKD patents with osteoporosis.
Serum expression of miRNAs related to osteoblasts (miRNA-23a-3p) and osteoclasts (miRNA-21-5p,
miRNA-124-3p) is significantly altered in patients with CKD-MBD.

Keywords: CKD-MBD; circulating microRNAs; end stage renal disease; trabecular bone score;
osteoporosis
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1. Introduction

Chronic kidney disease–mineral and bone disorder (CKD-MBD) is a systemic disorder that
presents with low bone mass and impaired calcium metabolism along with vascular and/or soft tissue
calcifications in patients with chronic kidney disease (CKD) [1]. It is associated with increased risk of
fragility fractures, cardiovascular disease, and mortality pointing to the systematic complications of the
CKD-induced impaired calcium and phosphate metabolism [2]. In particular, patients on hemodialysis
(HD) present with a four times higher relative risk of hip fracture [3], more than 50% prevalence of a
vertebral fracture [4], and up to 10 to 20 times higher cardiovascular mortality compared to the general
population [5]. In addition, bone loss and fracture risk remain serious complications after kidney
transplantation, associated with high morbidity and mortality, and high economic costs [6].

Although the Kidney Disease Improving Global Outcomes (KDIGO) guidelines suggest bone
mineral density (BMD) measurements with dual energy X-ray absorptiometry (DXA) for the assessment
of fracture risk in CKD-MBD patients [2], BMD is not as accurate as in the general population and
it tends to underestimate the risk of fragility fractures [7–9]. DXA measurements may also offer
the assessment of trabecular bone score (TBS), which is an additional diagnostic tool that provides
important information about the status of bone microarchitecture at the appendicular skeleton [10].
We and others have shown that TBS is significantly reduced in CKD patients on HD independent
of BMD values [10–13]. Both BMD and TBS measurements, however, are static tests that cannot
provide information on the dynamic bone turnover status or the molecular mechanisms linked to the
pathophysiology of CKD-MBD.

MicroRNAs (miRNAs) are a class of small, non-coding endogenous RNAs (21–25 nucleotides in
length), that play an important regulatory role in various cellular processes in mammals by targeting
specific mRNAs for degradation or translation repression. Recent advances in molecular genetics have
revealed the molecular pathways and the regulatory mechanisms of miRNAs in the pathophysiology
of human diseases, while several preclinical and clinical trials are currently ongoing for miRNA-based
therapeutics. A number of studies have demonstrated significant alterations in the expression profile
of various miRNAs in CKD associated with the progression of CKD of different etiologies, such as
diabetic nephropathy, lupus nephritis, focal segmental glomerulosclerosis, and IgA nephropathy [14].
Neal et al. were the first to use RT-qPCR to show that certain circulating miRNAs are decreased in
various stages of CKD [15]. Relative expression of miRNA-155 and miRNA-223 was increased in the
serum of patients with CKD, but decreased in renal transplant recipients [16], while serum expression
of miRNA-125b, miRNA-145, and miRNA-155 was decreased in a cohort of 90 CKD patients at stage 3
and 4 [17].

Data, however, are scarce regarding the role of miRNAs on bone metabolism in CKD-MBD.
In our previous studies, we have identified a particular expression profile of miRNAs targeting genes
related to both osteoclast and osteoblast function in postmenopausal osteoporosis (PMO) [18–20].
In the present analysis, we sought to investigate whether the expression profile of circulating miRNAs
that we have previously shown to be differentially expressed in PMO is also impaired in patients
with CKD-MBD.

2. Patients and Methods

This was a preliminary case-control study with analysis of data in a specific time point.
Thirty patients (22 males) with end-stage renal disease (ESRD) undergoing HD that were under
regular follow-up at the Dialysis Unit of AHEPA University Hospital (cases) were matched for
age, BMI, and gender with healthy individuals with normal renal function (GFR > 60mL/min)
(controls), recruited by AHEPA Hospital’s personnel in a ratio 1:1. Exclusion criteria were diabetes
mellitus; impaired liver function; malignancy; diseases known to affect bone turnover other than
osteoporosis, such as Paget’s disease of bone; primary hyperparathyroidism; hypo- or hyperthyroidism;
medication that affects bone turnover such as bisphosphonates, calcimimetics, and glucocorticoids
at any dosage or form at the last 6 months before enrollment. All participants gave their informed
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consent. The study was approved by the Scientific Review Board of AHEPA University Hospital
(protocol number 51741, approval date 455/26-02-2015) [12].

2.1. Medical Records

Clinical data such as patients’ age, gender, BMI, dialysis vintage, blood pressure during dialysis,
etiology of CKD, and concomitant medication were retrieved from the hospital’s database in
compliance with the hospital’s general data protection regulation (GDPR). The underlying cause
of CKD in our patient’s cohort was diabetic nephropathy (n = 10), hypertensive nephropathy (n = 2),
chronic obstructive nephropathy (n = 1), amyloidosis (n = 1), focal segmental glomerulonephritis (n = 1),
membranoproliferative glomerulonephritis (n = 2), IgA nephropathy (n = 1), immunotactoid glomerulopathy
(n = 1), polycystic kidney disease (n = 1), unknown cause (n = 10). The proportion of unknown causes
of CKD in our cohort (approximately 33%) is in accordance with the Greek CKD population and similar
to European or US registries. In the European Renal Association-European Dialysis and Transplant
Association (ERA-EDTA) annual report for 2018, unknown etiology for ESRD was accounted for 37% of the
incident Greek patients, 30.1% of the prevalent Greek patients, and 27% of the European ESRD patients
(https://era-edta-reg.org/files/annualreports/pdf/AnnRep2018).

2.2. BMD Measurements

BMD measurements were performed by DXA (Lunar Prodigy, General Electric, San Francisco,
CA, USA) at the lumbar spine (L1–L4; LS-BMD), at 2 femoral sites: femoral neck [FN-BMD] and total
femur [TH-BMD]), and at the lower 1/3 of the nondominant radius. The coefficients of variations were
between 2.5% and 3.7% at LS, 2.2% and 3.1% at FN, 1.5% and 2.7% at TH, and 1.3% and 2.9% at the 1/3
of the radius, as previously described [12]. Osteoporosis was defined as T-score of <−2.5 SD [21,22].
TBS was evaluated in patients ESRD and controls in the same regions as those used for LS-BMD (L1–L4)
using TBS iNsight (Version 1.8, Med-Imaps, Pessac, France). The coefficient of variation for TBS was
between 2.2% and 3.5% and it did not vary among the measured vertebrae, as previously reported [12].
All patients on dialysis had standardized radiographs in anteroposterior and left lateral projections of
the thoracic spine and the LS.

2.3. Blood Sampling and Isolation of MicroRNAs from the Serum

Following an overnight fast, morning blood samples were obtained from both cases and controls.
Serum was separated and stored at −80 ◦C until further analysis. MiRNAs were extracted from 200 µL
of serum samples using the miRNeasy Serum/Plasma Kit, according to the manufacturer’s instruction
(Qiagen GmbH, Hilden, Germany) as previously described [18–20]. A synthetic RNA sequence
(spike ins: C. Elegans miR-39) was added in an appropriate amount to serum preparations after
homogenization with the QIAzol lysis reagent to control for variations in recovery and amplification
efficiency between RNA preparations. As a carrier, we used 1.25 mg/mL bacteriophage MS2 RNA.

2.4. Reverse Transcription and PCR Analysis

Reverse transcription was performed with the miScript II RT Kit (Qiagen GmbH, Hilden, Germany)
and 1µL was used as template for each single miRNA assay, according to the manufacturer’s instruction.
SnoRNAs (SNORD95, SNORD96A) and snRNA (RNU6-2) were used to normalize for variability
in sample loading and real-time RT-PCR efficiency. Cycling was performed under standardized
conditions with QuantiTect® SYBR Green PCR Master Mix (Qiagen GmbH, Hilden, Germany) on the
QIAGEN Rotor-Gene Q (Corbett Rotor-Gene 6000) real-time PCR cycler, as previously described [20].
Performance of PCR was done in triplicates.

https://era-edta-reg.org/files/annualreports/pdf/AnnRep2018
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Quality Control

All cDNAs used in the analysis expressed the spike-in control at normal levels [cycle thresholds
(Ct) < 22 cycles].

2.5. MicroRNA Primer Assays

We used the miRNA primer assays that we have previously described to be differentially expressed
in patients with PMO compared to controls with normal BMD [18–20]. The selection of this specific
panel of microRNAs was based on their role on bone metabolism (targeting both osteoblast and
osteoclast function) (Table 1). In particular, we searched for changes in the relative expression
of miRNA-21-5p, miRNA-23-3p, miRNA-24-2-5p, miRNA-26a-3p, miRNA-29a-3p, miRNA-124-3p,
and miRNA-2861. As in our previous studies, additional search in the following databases:
1. miRBase [23], 2. DIANA TOOLS [24], 3. PicTar [25] 4. miRDB [26], 5. TargetScanHuman [27],
6. miRGator [28], and 7. microRNA [29], was performed for the confirmation of the biological targets of
the selected miRNAs in humans, searching for 8mer, 7mer, and 6mer sites that match the seed region
for each miRNA, using conserved sites and the best cumulative scores (Table 1).

2.6. Biochemical Assays

Corrected total serum calcium (Ca) was calculated as follows: corrected total calcium
(mg/dL) = total calcium + 0.8 × (4 − albumin [mg/dL]).

Serum parathyroid hormone (PTH) levels (pmol/L) were measured by an electrochemiluminescence
immunoassay (Cobas; Roche, West Sussex, UK). Minimum detectable concentration is 0.1 pmol/L,
and the within-run and total run assay coefficients of variation are between 0.6%–2.8% and
1.6%–3.4%, respectively.

Serum 25-OH vitamin D levels (nmol/L) were measured using an RIA (RIA; DiaSorin, Sallugia,
Italy). Minimum detectable concentration is 3.75 nmol/l, and intra-assay and total coefficient of
variation for analytical imprecision of this assay is <12.5% and <4%, respectively.

Bone markers were measured by a second-generation electrochemiluminescence immunoassay on a
Cobas e411 automated analyzer (Roche Diagnostics, Mannheim, Germany) as previously described [18].
The measurement range and total analytical imprecisions are: for C-terminal cross-linking telopeptide
of type I collagen (β-CTX), 10 to 6000 ng/L and 3.5%, respectively, and for total procollagen type 1
N-terminal propeptide (P1NP), 5 to 1200 ng/mL and 4.5%, respectively.

2.7. Statistical Analysis

All statistical analyses were performed with SPSS Statistics 25.0 (SPSS Inc., Chicago, IL, USA).
We used Shapiro–Wilk’s test to assess for normality of distributions and we present our results as
mean ± SD or mean (range), as applicable.

Student’s t-test was used for mean comparison of parametric variables and Mann–Whitney U-test
if otherwise distributed. Pearson’s or Spearman’s test were used for parametric and nonparametric
correlations, respectively.

In the group of patients with CKD on HD (cases), linear regression analysis was performed
to examine the association between the relative serum expression of the tested miRNAs on the
BMD, adjusted for Ca, phosphate (PO4), alkaline phosphatase (ALP), PTH, and 25-OH vitamin D.
Receiver-operating characteristic (ROC) curves were analyzed to assess the specificity and sensitivity
of the relative expression of specific miRNAs in identifying osteoporotic patients within our cohort of
CKD patients. All p-values are two-sided and a value of p < 0.05 was considered statistically significant.
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Table 1. Pre-specified panel of selected microRNAs linked to bone metabolism.

MiScript Primer Assay Gene Symbol Predicted Target-Genes MicroRNA Sequence Predicted Mechanism of Action

MS00009079 hsa-miRNA-21-5p SPRY1; PDCD4; FASLG 5′UAGCUUAUCAGACUGAUGUUGA Increases osteoclastogenesis and is up-regulated during
RANKL-induced osteoclastogenesis [30–32].

MS00031633 hsa-miRNA-23a-3p RUNX2; SATB2 5′AUCACAUUGCCAGGGAUUUCC Decreases osteoblastogenesis, through inhibition of
RUNX2 translation [33,34].

MS00009205 hsa-miRNA-24-2-5p TCF-1; CALB1; SATB2 5′UGCCUACUGAGCUGAAACACAG Decreases osteogenic differentiation through targeting the expression
of transcription factor TCF-1 in osteoblastic cells [35].

MS00029239 hsa-miRNA-26a-5p TOB1; IGF-1 5′UUCAAGUAAUCCAGGAUAGGCU Increases bone formation through repressing TOB1 protein
expression, negative regulator of BMP/Smad signaling pathway [36].

MS00003262 hsa-miRNA-29a-3p SPARC 5′UAGCACCAUCUGAAAUCGGUUA Decreases osteonectin-bone matrix protein-synthesis [37].

MS00006622 hsa-miRNA-124-3p NFATC1; NFATC2 5′UAAGGCACGCGGUGAAUGCC Decreases osteoclastogenesis by suppressing NFATc1 [38].

MS00042140 hsa-miRNA-2861 HDAC5 5′GGGGCCUGGCGGUGGGCGG Increases osteoblastogenesis through repression of HDAC5 that
degrades expression of the RUNX2 gene [39].

MS00019789 Cel-miRNA-39-3p Spike in control 5′UCACCGGGUGUAAAUCAGCUUG

All selected primers are mature microRNAs. hsa, homo sapiens; miRNA, microRNA; SPRY1, sprouty homolog 1, antagonist of FGF signaling; PDCD4, Programmed cell death protein 4;
FASLG, tumor necrosis factor ligand; RUNX2, Runt-related transcription factor; SATB2, SATB homeobox 2; TCF-1, T-cell factor-1; CALB1, calbindin 1, 28kDa; TOB1, Transducer of Erb-2, 1;
IGF-1, insulin-like growth factor 1; SPARC, Secreted protein, acidic, cysteine-rich (osteonectin); NFATC1, Nuclear factor of activated T-cells, cytoplasmic, 1; NFATC2, nuclear factor of
activated T-cells, cytoplasmic, 2; HDAC5, Histone deacetyl transferase 5; Cel, Caenorhabditis elegans.
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We used QIAGEN Website for analysis of the PCR data supported by SaBiosciences (miRNA primer
assay data analysis version 3.5, GeneGlobe Data Analysis). All analyses were based on fold-change
(2ˆ(−Delta Delta Ct)), defined as the normalized gene expression (2ˆ(−Delta Ct)) in cases divided by the
normalized gene expression (2ˆ(−Delta Ct)) in controls. Fold-change values less than one were defined
as down-regulation of the gene expression, and fold-change values greater than one were defined as
up-regulation, accordingly. The p values were calculated based on a Student’s t-test of the replicate
2ˆ(−Delta Ct) values for each gene in cases and controls. Mean Ct values less than 33 were used as the
cutoff threshold.

3. Results

3.1. Study Population

Demographic, anthropometric, and biochemical characteristics of the study cohort are presented
in Table 2.

Table 2. Anthropometric characteristics and biochemical values of the study group.

Parameters Patients with CKD on HD
(Cases = 30)

Healthy Individuals
(Controls, n = 30) p-Value *

Age (years) 58.3 ± 12.4 54.7 ± 5.5 0.256

BMI (kg/m2) 25.8 ± 3.9 25.5 ± 1.5 0.821

Males, n (%) 22 (73%) 22 (73%) 0.132

Duration of Hemodialysis (years) 5.9 ± 4.7 NA NA

Smoking, n (%) 4 (13%) 6 (20%) 0.156

LS T-score −1.7 [(−3.7), (+1.7)] 0.4 [(−1.9), (+0.7)] 0.001

LS-BMD (gr/cm2) 0.967 ± 0.21 1.177 ± 0.13 <0.001

TBS 1.144 ± 0.16 1.219 ± 0.15 0.004

LFN T-score −2.4± 1.1 −0.87 ± 0.93 <0.001

LFN BMD (gr/cm2) 0.740 ± 0.15 0.956 ± 0.12 <0.001

LH T-score −2.2 ± 1.18 −0.6 ± 0.81 <0.001

LH BMD (gr/cm2) 0.775 ± 0.17 1.013 ± 0.11 <0.001

RFN T-score −2.47 ± 1.15 −1.0 ± 0.93 <0.001

RFN BMD (gr/cm2) 0.729 ± 0.15 0.940 ± 0.12 <0.001

RH T-score −2.2 ± 1.15 −0.68 ± 0.78 <0.001

RH BMD (gr/cm2) 0.770 ± 0.16 1.003 ± 0.11 <0.001

Radius T-score −2.83 ± 2.25 −0.38 ± 0.93 <0.001

Radius BMD (gr/cm2) 0.366 ± 0.11 0.96 ± 0.09 <0.001

TBS 1.242 ± 0.12 1.280 ± 0.12 0.098

Serum Calcium #
(NR: 8.2–10.6 mg/dl) 8.8 ± 0.5 9.2 ± 0.2 0.004

Serum Phosphate
(NR: 2.7–4.5 mg/dl) 4.5 ± 1.6 3.2 ± 0.4 0.002

Intact PTH
(NR: 1.58–6.03 pmol/l) 32.25 (4.9, 101) 5 (3.7, 6.0) <0.001

Serum 25-OH-Vitamin D (nmol/l) 31.75 (10.0, 99.2) 55.0 (22.2, 100) 0.040

Serum ALP (U/lt) 122.0 (52, 386) 71 (45, 117) 0.0013
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Table 2. Cont.

Parameters Patients with CKD on HD
(Cases = 30)

Healthy Individuals
(Controls, n = 30) p-Value *

Serum P1NP (ng/mL) 53.8 ± 12.4 46.9 ± 11.9 0.040

Serum β-CTX (ng/l) 420 ± 120.2 330 ± 95.8 0.048

Clinical/morphometric
Vertebral Fractures 0 0 NA

Other Fractures 0 0 NA

Values are expressed as mean ± SD for normally distributed variables, or median (range; min, max) for variables
without normal distribution, and n, % for categorical variables. * comparisons are performed between cases and
controls. #: Ca values are corrected for albumin. NA, not applicable, BMI, body mass index; LS, lumbar spine; BMD,
bone mineral density; TBS, trabecular bone score; LFN, left femoral neck; LH, left total hip; RFN, right femoral neck;
RH, right total hip; NR, normal range.

None of the participants had a history of a prior vertebral or non-vertebral fracture. Serum 25-OH
vitamin D levels were significantly lower in cases compared to controls with 33% of cases suffering
from severe vitamin D deficiency (defined as 25-OH vitamin D levels < 25 nmol/l), while 100% of
the cases had secondary hyperparathyroidism, defined as PTH levels > 7 pmol/L according to the
reference values given by the hospital’s central laboratory. Bone mass was also significantly lower at
all skeletal sites tested and similarly, TBS values were significantly lower in cases compared to controls
(Table 2). According to WHO criteria for BMD measurements, 27 (90%) of the cases had low bone mass,
of whom 16 (53%) were osteoporotic and 11 (36%) osteopenic. On the contrary, only five (16%) of the
controls were osteoporotic with the rest being within the normal range of BMD. Serum levels of bone
turnover markers were marginally but significantly higher in cases compared to controls (Table 2).

3.2. Differential Expression of the Selected Panel of MiRNAs Linked to Bone Metabolism in the Serum of
Patients with CKD on HD Compared to Controls

Three out of the seven tested miRNAs were significantly down-regulated in cases compared to
controls (Table 3). In particular, the relative serum expression of miRNA-21-5p was approximately
15 times lower (fold regulation −14.7 ± 8.1, p = 0.034), miRNA-124-3p, 6 times lower (fold regulation
−5.9 ± 4, p = 0.005), and miRNA-23a-3p, 4 times lower (fold regulation −3.8 ± 2.0, p = 0.036) in cases
compared to controls (Figure 1).

Table 3. Differential expression pattern of microRNAs linked to bone metabolism in the serum of
end-stage renal disease (ESRD) patients compared controls.

MicroRNAs Fold Regulation 95% CI p-Values

hsa-miRNA-21-5p −14.7 (−18.8, −3.9) p = 0.034

hsa-miRNA-23a-3p −3.8 (−8.7, −2.0) p = 0.005

hsa-miRNA-24-2-5p 1.14 (0.80, 2.11) p = 0.23

hsa-miRNA-26a-5p 1.02 (0.05, 4.12) p = 0.32

hsa-miRNA-29a-3p 1.31 (0.01, 2.76) p = 0.36

hsa-miRNA-124 −5.9 (0.97, 9.50) p = 0.005

hsa-miRNA-2861 1.0 (0.02, 3.79) p = 0.51

Comparisons are performed between patients with ESRD and controls. hsa, homo sapiens; miRNA, microRNA;
ESRD, end-stage renal disease; 95% CI, confidence interval.
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Figure 1. Box plot of the relative expression of the circulating miRNA-21-5p, miRNA-23a-3p,
and miRNA-124-3p in cases compared to controls. Values are expressed as gene fold regulation
and are displayed in a standardized way (n = 30; 25th percentile; median; 75th percentile,). The error
bars are showing the minimun and the maximum values. miRNA, microRNA

Within the group of cases, miRNA-23a-3p was significantly and inversely correlated with TBS
(rho = −0.503, p = 0.005), and this correlation remained robust when adjusted for the parameters of Ca
metabolism and BMD values (beta = −0.221, p = 0.003, 95% CI −0.360, −0,081).

BMD values at right femoral neck (RFN) and left femoral neck (LFN) but not LS were also
significantly correlated with the relative expression of miR-124-3p (Figure 2A,B), but these associations
did not remain significant after adjusting with the parameters of calcium metabolism.

No correlations were found between the relative serum expression of the tested miRNAs and
the serum values of the calcium metabolism parameters, the bone turnover markers, or the years
of dialysis.

A ROC analysis was performed for the differentially expressed miRNAs in the serum of
ESRD patients on HD to assess their potential value in distinguishing between cases with and
without osteoporosis.

The associated area under the curve (AUC) of the relative serum expression of miRNA-124-3p on
cases compared to controls was 0.815 (95% CI 0.643–0.988, p = 0.006) (Figure 3), showing a sensitivity
of 78% and specificity of 83% in identifying ESRD patients with low BMD in the osteoporotic range
(T-score < −2.5 at FN and/or LS). The respective AUC for miRNA-21-5p was 0.488 (95% CI 0.234–0.742,
p = 0.13) and for miRNA-23a-3p was 0.607 (95% CI 0.339–0.875, p = 0.447).
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4. Discussion

In the present study, we investigated the relative expression of circulating miRNAs linked to bone
metabolism, in our group of patients with ESRD on HD. Bone loss and impaired calcium metabolism
in this group of patients is associated with systematic disorders of the vascular axis and thus the
identification of the implicated underlying molecular mechanisms is of critical importance towards
a prompt diagnosis and an optimal management of CKD-MBD. We have shown here an altered
expression pattern of circulating miRNAs that target function and differentiation of both osteoblasts
(miRNA 23a-3p) and osteoclasts (miRNA-21-5p and miRNA-124-3p) in our patients. In particular,
we report significant down-regulation of the relative serum expression of miRNA-21-5p, miRNA-23a-3p,
and miRNA-124-3p in our patients with CKD-MBD compared to age and gender matched controls
with normal renal function.

MiRNA-21-5p and miRNA-124-3p regulate osteoclastogenesis through opposite directions.
MiRNA-21-5p is highly expressed in osteoclast precursors and is up-regulated during receptor
activator of nuclear factor kappa-B ligand (RANKL)-induced osteoclastogenesis [30,31]. In addition,
mice models lacking miRNA-21-5p display inhibition of bone resorption and osteoclast function [32].
On the other hand, expression of miRNA-124 inhibits osteoclastogenesis by suppressing nuclear factor
of activated T-cells (NFATc1) and RANKL-mediated osteoclast differentiation of mouse bone marrow
macrophages [38]. Thus, decreased relative expression of both miRNA-124-3p and miRNA-21-5p
regulate osteoclastogenesis in a fine-tuned mechanism mainly through interfering with the RANKL
pathway. RANKL seems to play a critical role in the regulation of bone metabolism in CKD-MBD and
is considered a significant link between vascular calcification [40], immune dyregulation [41], and bone
disease in these patients. The alterations in the expression of miRNAs that interfere with the RANKL
signaling lends further support to the key role of this cytokine in the pathogenesis of CKD-MBD.

Expression of miRNA-21 and miRNA-124 has been previously reported in different conditions of
CKD both in animal models and in humans.

In particular, in CKD mice models miRNA-21 contributes to epithelial disease in response to
injury and development of fibrosis, while miRNA-21−/−mice are protected against the development of
kidney fibrosis [42]. In humans, circulating and urinary expression of miRNA-21 levels are significantly
increased in patients with severe interstitial fibrosis [43].

Expression of miRNA-124 was also found significantly reduced in patients with active lupus
nephritis (LN) compared with patients with non-active LN and was negatively correlated with the
mRNA expression in the serum of interleukins (IL) 1β and 6, tumor necrosis factor-alpha (TNF-α),
and TNF receptor associated factor-6 (TRAF6) [44].

Chronic inflammation due to chronic exposure to uremic toxins, increased intracellular oxidative
stress, and endothelial dysfunction has a significantly negative impact on bone turnover and
cardiovascular system of ESRD patients [45,46]. A potential role of deregulated miRNAs in this
link deserves further investigation.

MiRNA-23a-3p targets osteoblastogenesis and osteoblast function through inhibition of the RUNX2
mRNA translation in terminally differentiated osteoblasts [33]. In vivo studies have demonstrated that
down-regulation of miRNA-23a-3p expression increases osteoblasts proliferation and differentiation
through unleashing its negative effect on RUNX2 expression and WNT/β-catenin signaling in
osteoporotic rats [34]. Serum expression of miRNA-23a-3p has been studied in patients that
developed acute kidney injury (AKI) after an acute myocardial infarction (AMI), showing significant
down-regulation in this group of patients compared to those that did not develop AKI [47].

In the present study, significant down-regulation of both miRNA-23a-3p and miRNA-124-3p is
expected to increase osteoblastogenesis and osteoclastogenesis, and this is in line with the high bone
turnover status of our patients, defined by the high PTH levels and the values of the bone turnover
markers P1NP and β-CTX. On the other hand, significant down-regulation of miRNA-21-5p would
decrease osteoclastogenesis, probably as a regulatory feedback mechanism of bone tissue to attenuate
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enhancement of osteoclastogenesis caused by secondary hyperparathyroidism and high bone turnover
status in CKD-MBD.

In addition, we found significant correlation of the relative expression of miRNA-23a-3p with
bone microarchitecture, as assessed by the TBS, after adjustment for BMD values and parameters of
calcium metabolism that are significantly altered in CKD-MBD.

Lower TBS values in ESRD patients are associated not only with increased prevalent or incident
fragility fractures [48,49], but also with increased prevalence of cardiovascular events and increased
risk of mortality [50]. Therefore, correlation of the low TBS values with the down-regulation of
miRNA-23a-3p expression independent of the BMD and the impaired calcium metabolism in our
cohort of ESRD patients lends further support to the epigenetic role of altered miRNAs in the
pathophysiology of CKD-MBD.

Our results showing altered expression of circulating miRNA-21a-5p, miRNA-23a-3p,
and miRNA-124-3p in patients with CKD-MBD compared to controls with normal renal function is
in line with our previous results in women with PMO [20], and in patients with acquired immune
deficiency syndrome (AIDS) and low bone mass [51], suggesting a common pattern of miRNA
expression profile in bone loss independent of the underlying cause. In addition, in the present study,
the relative expression of miRNA-124-3p showed 78% sensitivity and 83% specificity in identifying
patients with CKD-MBD and osteoporosis based on DXA measurements, suggesting its role as a novel
diagnostic biomarker and potential therapeutic target in this patient group.

Our study has several limitations. First, its cross-sectional design did not allow us to have a better
view of changes in the bone-remodeling status over time in this group of patients that are characterized
by a significantly dynamic and complex bone and calcium metabolism. Second, the relatively small
number of participants and the pre-specified profile of the miRNAs investigated in the serum. Third,
one could argue that secondary hyperparathyroidism might probably be the cause of the miRNAs’
altered expression in our patients. However, the common pattern of miRNA changes in CKD-BMD,
PMO, and AIDS-induced bone disease suggests that these miRNAs are probably significant key factors
in the pathophysiology of bone loss in all osteoporotic cases.

Nevertheless, this is the first study investigating the molecular profile of circulating miRNAs
linked to bone metabolism and osteoporosis in patients with CKD-MBD and suggests an epigenetic
molecular component in this group of patients and deregulation of both osteoclastogenesis and
osteoblastogenesis at the tissue level.

Novel biomarkers are urgently needed for the diagnosis and monitor of CKD-MBD progression
in order to promptly identify specific CKD-MBD-associated complications and guide appropriate
management. MiRNAs are suitable candidates for noninvasive biomarkers, as they can be tissue- and
cell-specific, are very stable in the blood, and their serum expression reflects the pathophysiology of
the diseased tissues.
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Abbreviations

miRNA microRNAs
CKD-MBD Chronic kidney disease-mineral and bone disorder
HD Hemodialysis
KDIGO Kidney Disease Improving Global Outcomes
DXA Dual energy X-ray absorptiometry
TBS Trabecular bone score
PMO Postmenopausal osteoporosis
ESRD End Stage Renal Disease
BMI Body Mass Index
GDPR General data protection regulation
BMD Bone mineral density
LS Lumbar spine
FN Femoral neck
TH Total hip
PTH Parathyroid hormone
CVA coefficient of variation for analytical imprecision
B-CTX C-terminal cross-linking telopeptide of type I collagen
P1NP Procollagen type 1 N-terminal propeptide
SD Standard deviation
RANKL Receptor activator of nuclear factor kappa-B ligand
NFATc1 Nuclear factor of activated T-cells
LN Lupus nephritis
IL Interleukins
TNF-α Tumor necrosis factor-alpha
TRAF6 TNF receptor associated factor-6
RUNX2 Runt
AKI Acute kidney injury
AMI Acute myocardial infarction
TGF-β Transforming growth factor beta
AIDS Acquired immune deficiency syndrome
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